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Automated air pressure control system in a motorised breathing apparatus

Abstract. The relevance of the study is to develop an effective system for controlling the pressure in the air supply
in motorised breathing apparatus to ensure effective protection of employees from dangerous aerosols and improve
their health. The goal was to create an automated air pressure control system in a motorised breathing apparatus using
a proportional-integral-derivative controller. For this purpose, the simulation method was used. In order to avoid
unforeseen situations of deterioration of the level of protection, the structure of the pressure control system of a motorised
respirator has been developed with the selection of the appropriate controller based on the obtained dependences of the
influence of the parameters of the breathing mode and the amount of pressure in the under-mask space of the respirator,
which ensures an appropriate comfortable mode of operation. This allowed developing a simulation model with a PID
controller that would provide the appropriate pressure values within the permissible limits (50-370 Pa). It is proved that
the proportional-integral-derivative controller maintains the pressure in the respirator mask within certain limits both with
an increase and with a decrease in the control signal, preventing excessive fluctuations in the controlling variable, which
leads to an extension of the service life of the filter elements and a reduction in electricity consumption for the operation
of the fan motor. Based on modelling the operation of the pressure control system in different modes of operation, it is
shown that when using a PID controller with defined parameters, the system provides compensation for changes in air
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Automated air pressure control system...

pressure in the under-mask space of the respirator in different breathing modes of the user. The results can find practical
applications in the field of safety and health, in industrial environments where workers are at risk of inhaling dangerous
aerosols, such as toxic particles, gases, or other harmful substances

Keywords: identification; simulation model; motorised respirator; controller; setpoint; pressure

INTRODUCTION

The need to ensure effective protection of employees
from potentially dangerous aerosols and pathogens that
can cause diseases of the pulmonary system makes this
problem relevant. The use of motorised respirators is de-
termined by their efficiency, comfort, and performance,
depending on the pressure in the air supply system. High
pressure reduces the protection efficiency and reduces the
operating time, since increasing the resistance on the fil-
ters leads to battery power consumption. In this regard,
there is a need to develop an automated air pressure con-
trol system in motorised respirators. This system allows
controlling the period of protective action, which is criti-
cal for the safe operation of respirators. Existing models of
respirators have limited control systems that do not con-
sider all possible use situations. For example, insufficient
pressure can cause untreated air to enter, and lack of res-
piratory rate control can cause discomfort and disability.
Thus, the task of developing an air pressure control system
for motorised respirators, which considers the variability of
the parameters of the human breathing cycle under varia-
ble physical activity, environmental pollution, and climatic
conditions, becomes urgent.

Many studies have been devoted to the issue of de-
termining parameters and configuring the control system
for various technological processes. S.S. Zhou et al. (2018),
P. Otrisal et al. (2021) proposed a model for simulating
breathing based on the user’s physical activity. Their de-
velopment is quite interesting for building simulation
models that allow selecting parameters for the pressure
control system in motorised respirators. The disadvantag-
es of the proposed model include the lack of a description
of the effect on the dynamics of the respiratory rhythm
of the interaction of central circuits that generate bio-
mechanics through feedback from peripheral signalling
pathways, as indicated by the authors of another study
(Brook et al., 2017).

An interesting problem was solved by P. Otrisal et
al. (2020), which consisted in evaluating the performance
of a pneumatic installation for transporting various mate-
rials. The researchers used a stimulation approach to solve
the problem, which they implemented in the Matlab Sim-
ulink software suite. The value of the proposed approach
is to develop a flexible model for evaluating the effective-
ness of moving materials in pneumatic installations, which
considers various parameters: changes in the resistance of
the system, the weight of materials, the amount of air, and
energy costs for moving materials. However, the use of the
proposed model for controlling the pressure in the system
of a motorised respirator, unfortunately, is only partially

possible to determine the cost of electricity due to changes
in parameters. Unfortunately, the system does not provide
for dynamic fluctuations in the human breathing process
and requires appropriate processing.

The study by R. Weiss et al. (2021) developed a model
for regulating the air supply to the under-mask space of a
respirator based on the design of a blower, which can con-
trol the centrifugal fan in automatic mode, in accordance
with the breathing patterns. The researchers obtained sev-
eral important conclusions, which were later used in the
development of a new simulation model. In particular, they
established a relationship between the duty cycle and the
fan speed (W410F1) from the respiratory flow. It was not-
ed that the control system, which is based on a single-chip
microprocessor (STM32F103VET6), creates prerequisites
for delaying the supply of air flow due to a sharp change in
load. This disadvantage was proposed to be reduced by the
presence of an additional control system, which will reduce
the amount of delay.

G. Gheorghe et al. (2021) simulated the operation of
a motorised respirator on a dummy with three different
breathing modes to build an appropriate mathematical
model that will allow for the control process of air purifica-
tion. However, when considering the process of correcting
aerosol particles into the under-mask space, the research-
ers did not consider the dynamics of changes in respiratory
modes due to stress in the mathematical model.

N. Al-Naggar (2015) conducted a simulation study of
the work of anesthesiologists who used motorised respira-
tors to determine the comfort of their use. Ease of breath-
ing, noise, heat changes, visibility, and speech intelligibil-
ity were evaluated. In one of the conclusions of the study,
it was noted that the rapid discharge of the battery leaves
users defenceless, which requires further improvement
of the design, which would ensure the operability of the
motorised respirator in a given service life. Similar con-
clusions regarding the provision of a comfortable feeling
when using motorised respirators were obtained by S. Che-
beryachko et al. (2020) and A. Licina & A. Silvers (2021),
where participants in the experiment also addressed the
need to ensure the required duration of their work.

The analysis of the conducted studies confirmed a sig-
nificant interest in the development of motorised respira-
tors that ensure their comfortable use, based on working
conditions, physical activity, and breathing patterns. A
study of the effectiveness of using such devices by users
showed an inappropriate level of electrical charge of bat-
teries, which did not allow them to work out the entire re-
quired service life. Analysis of other papers has shown that
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such a situation can occur when there is no effective pres-
sure control system or other variable parameters.

The purpose of the study was to develop an automated
air pressure control system in a motorised breathing appa-
ratus based on a proportional-integral-derivative control-
ler (PID controller).

In order to achieve the research objective, the follow-
ing tasks need to be completed:

O to develop the structure of the air pressure control
system of a motorised respirator with the selection of the
appropriate controller and to obtain the dependences of
the influence of the parameters of breathing modes on
the functioning of the control system, based on the initial
conditions;

D. Slavinskyi et al.

O to select the characteristics of the controller that
ensure the approximation of the air pressure value to ra-
tional values based on the analysis of the dependence of
the influence of the parameters of breathing modes on the
functioning of the control system;

O to compare the simulation results with experimental
data on changes in air pressure in the respirator mask un-
der different operating modes.

MATERIALS AND METHODS
An experimental stand with a physical model of a motor-
ised respirator was used for the study (Fig. 1), the design
of which was described in the paper by S. Cheberyachko et
al. (2020).

10
High
presfure 5 16 Control unit _e g%
37 wone 36 =
3 : §
~ 31 4 in Monitoring unit |
33 B I 23
.m._
W) Controller
32 | e, {7 28
The operating parameters 9
control sensors of the * & I 29
working environment 7 pressure 30
Line adapter 24
25

Figure 1. Test stand with a physical model of a motorised respirator

Note: helmet mask (1), gas seal (2), headband straps (3), air purification device (4), flexible corrugated duct (5), inhalation
valve (6), exhalation valve (7), air purification device housing (8), filter elements (9), control unit (10), toggle switch “on/off”
(11), button No. 1 (12) - “Information adjustment” (time, day of the week, month, ambient temperature, humidity); button
No. 2 (13) “Mode adjustment” (automatic mode, turbo mode, emergency mode); button No. 3 (14) — “Display backlight”;
light indicators: red indicator light (15) - “Accident”, blue indicator light (16) - “Turbo”, green indicator light (17), memory
card (18), display (19) speaker (20), battery charger (21), USB connector for connecting to a PC for configuring and adjusting
the software of the air purification device (22), monitoring unit (23), power supply unit (24) consisting of three batteries
(25), channel (26), fan (27), controller (28), tachometer (29), surge protector (30), sensor for monitoring the presence of
dust in the atmosphere of the working area (31), sensor for monitoring temperature and humidity in the atmosphere of
the working area (32), sensor for monitoring the concentration of carbon dioxide in the atmosphere of the working area
(33), pressure monitoring sensor in the low pressure zone (34), pressure monitoring sensors in the high pressure zone (35),
temperature and humidity monitoring sensor in the high pressure zone (36), purified air heater (37)

Source: S. Cheberyachko et al. (2020)

To create a control system that would qualitatively
regulate the selected technological parameters of mo-
torised filtering respirators, it was necessary to obtain
detailed information about the dynamic properties and
behaviour of the control object: changes in air pres-
sure in the mask of a motorised respirator developed by

J. Schumacher et al. (2020), which depend on the depth
and frequency of human breathing during different work
(Fig. 2), characterised by the minimum pressure (during
inhalation, p_, , Pa); maximum pressure (during exha-
lation, p__, Pa); inhalation duration (t,, s); exhalation
duration, (t_,, s).
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Figure 2. Pressure changes during breathing
Note: the vertical line shows the change in pressure (Pa) in the respirator mask during the process of inhalation and

exhalation of air from the lungs: p

max

- maximum exhalation pressure and p

— maximum rarefaction that is formed during

min

inhalation; the horizontal line shows time interval of exhalation (t,,) and inhale (¢, ,)

Source: 1. Dediv (2012), J. Schumacher et al. (2020)

To build a simulation model of a motorised filtering
respirator, the human breathing process is given in the
form of an equation (Cheberyachko et al., 2022):

p(t)=A-sin(27nt/60) - h, (1)

where p(t) — pressure created during breathing, Pa; A - res-
piratory amplitude, Pa; n — respiratory rate, n = 60/T, min™';
T - period of the breathing cycle, s; h - signal displacement,
which depends on the ratio of respiratory phases (exhala-
tion/inhalation), Pa; t — time, s.

The signal offset was defined as:

where h, , - rarefaction during inhalation, Pa; h_, — exhala-
tion pressure, Pa.

At the same time, h,, and h_, are calculated as the
average value of the maximum values of rarefaction and
pressure of the respiratory cycle over the selected time in-
terval of experimental data, for example, when performing
light physical work (Fig. 3):

1 . 1 .
hinh = EZ{Ll hinhl and hexh = EZ{Ll hexhl) (3)
where h, i — maximum inhalation dilution for i-th cycle of

breathing, Pa; h_,i - maximum exhalation pressure for i-th
cycle of breathing, Pa; N - number of breathing cycles on

h=(h,,-h,)/2, (2)  the selected time interval of experimental data; i — breath-

ing cycle number, i=1,2...N.
T=33s
30 hexrl hexi2 hingN
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Figure 3. Characteristics of human breathing when performing work of the category “Light physical work 1b”
Note: T - period of the breathing cycle, s; h,,i — maximum inhalation dilution for i-th cycle of breathing, Pa; h_ i -
maximum exhalation pressure for i-th cycle of breathing, Pa; N - number of breathing cycles on the selected time interval
of experimental data; i — breathing cycle number, i=1,2...N; experimental data were obtained in the process of human
respiration when performing work of the 1b category of severity, which is determined based on the requirements of State
Sanitary Standards 3.3.6.042-99 (1999); the period of the inhalation-exhalation process is 3.5 seconds; the change in
pressure drop reaches 160 Pa
Source: S.S. Zhou et al. (2018), P. Otrisal et al. (2021)
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Considering the given model of the respiratory signal in
accordance with equation (1), a simulation model of a mo-
torised filter respirator was developed (Fig. 4), which shows
the relationship between the fan speed (u, rpm) applied to
the input of the motorised respirator as a task signal and
the pressure that the fan creates (p;,, Pa), and the pressure
created by a person during breathing (p,, ., Pa), which

D. Slavinskyi et al.

together allows determining the total pressure in the un-
der-mask space of the respirator (y, Pa), which is based on the
fact that breathing effort increases by 60% at rest and up to
35% during physical activity. This was due to both the struc-
tural elements of the respirator (filter, inhalation/exhalation
valves) and the presence of a “dead” space in the respirator
mask — the remaining oxygen-depleted air after exhalation.

Model of )
. Dbreathing
signal

“Breathing”

The object
u i fan
Signal of task Motorized | Pjun_, @L»

respirator

Figure 4. Block diagram of the simulation model
Note: the relationship between the fan speed is shown (u), which is applied to the input of the motorised respirator as
a task signal, and the pressure p, , which at the same time creates a fan based on the resistance of filters and channels,
and the amount of derivative pressure that the user creates (p,,,,;,)» Which ensures the appropriate mode of operation of

the research object

Source: developed by the authors based on P. Otrisal et al. (2020), S. Cheberyachko et al. (2022)

Since a harmonic signal was used for the simulation,
this allows reproducing the breathing mode in a motorised
respirator for the category “Light physical work 1b”, with
an air flow rate (200 1/min) at the limit of rarefaction with
breathing pressure drop amplitude not exceeding 60 Pa.
While for the breathing mode for the categories of work
“Moderate severity 2a” and “Moderate severity 2b”, charac-
terised by a pressure amplitude of up to 90 Pa, the second
level of air flow rate (250 I/min) and for the categories of
work “Heavy 3” — the third level: 120 Pa and 320 I/min, re-
spectively (Makaveckas et al., 2023; Lee, 2024). With this
approach, the user may not always be able to switch the de-
vice to the required flow rate in a timely manner, which can
cause outside air to enter the mask through leaks when in-
haling. This requires the development of a new motorised
respirator control system that maintains the required air
pressure in the under-mask space by changing the speed of
rotation of the fan turbine. To solve this control problem,
it is proposed to use two types of controllers: two-position
and PID (proportional-integral-derivative).

Quality criteria that the air pressure control system in
the respirator mask must meet:

1. Static accuracy (steady-state accuracy):

O established error or mismatch error (e,,) - the maxi-
mum permissible deviation of the air pressure in the mask
from the set value in the steady-state mode should not ex-
ceed 25 Pa.

2. Dynamic accuracy (transition quality):

O transition time (¢, ) - time it takes for the motorised
respirator to reach the operating mode (the constant val-
ue of the corresponding parameter is the pressure in the
mask), no more than 0.5 s;

O re-regulation (6) — maximum permissible pressure
deviation in the mask during operation should not exceed
20 Pa.

Approximation of experimental and theoretical data
was performed using the normalised root-mean-square er-
ror (NRMSE), which was calculated in MATLAB using the
“goodnessOfFit” function (Lutska et al., 2019).

RESULTS AND DISCUSSION

In general, the system of automatic control of air pressure
in the under-mask space of a motorised respirator with
feedback is shown in Figure 5.

r e u y
‘9@—9 Regulator Object

Figure 5. Block diagram
of the automatic control system with feedback

Note: the difference between the setpoint (reference,
r) of the pressure that must be maintained in the under-
mask space of the respirator and the current value of the
controlled value (y) determines the error or mismatch signal
(e), based on which the output value of the controller or the
controlling influence (u) is formed on the control object —
a motorised respirator

Source: compiled by the authors

To adjust the two-position controller due to the set-
point U_, and deviations AU. The value of AU is selected
equal to 0.5-0.7 of the permissible deviation range of the
adjustable value. Reduction in AU leads to an increase in
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the frequency of operation of the controller, and the ex-
pansion of the zone AU may lead to an undesirable devia-
tion of the adjustable value. Value of U_, is selected if:

U,=U,,+0.5-U, 4

set a

where U, - average value of the regulated value:

That is, with an acceptable pressure fluctuation range
of 20 Pa, the deviation will be +10 Pa. Hence, the first block
diagram of the simulation model of the control system of
a motorised respirator with a two-position controller is
shown in Figure 6. A block diagram of the simulation model
of the control system of a motorised respirator with a PID
controller is shown in Figure 7.

Uavg= (Umax+ Umin)/z‘ (5)
Model of )
. Dbreathing
signal
“Breathing”
Unit Lr, @LA two-position| u Fﬁl:tgrt?zeecdt DPfan @_y
ressure regulator
® ) gl respirator (_>

T

Figure 6. Block diagram of a control system with a two-position controller
Note: based on the pressure setpoint (r), which must be maintained in the under-mask space of the respirator, and the

current pressure value in the mask (y), which is determined by the pressure generated by the fan (p

) and the user’s

vent

breathing modes B yreathing> the output value of the controlling influence (u) from the two-position controller is determined —

the fan speedr
Source: compiled by the authors

Unit r

€ PID
—>
(pressure) controller

Model of
signal Dbreathing
“Breathing”
The object
Motorized —%@—)‘C—)
respirator

Figure 7. Block diagram of a simulation model of a control system with a PID controller
Note: based on the pressure setpoint (r), which must be maintained in the under-mask space of the respirator, and the
current pressure value in the mask (y), which is determined by the pressure generated by the fan (p,,) and the user’s

breathing modes (p, _ ..
controller is determinedg

Source: compiled by the authors

The use of a PID controller requires appropriate con-
figuration, which is performed using empirical and heu-
ristic methods. It is proposed to change the controller pa-
rameters in the following sequence: first, adjust the gain
of the proportional component K, when other channels
are turned off, the gain of the integral component K. is
adjusted, and the last one determines the gain of the de-
rivative component K,. The controlling influence u(t), gen-
erated at the output of the PID controller, contains propor-
tional and integral components:

de(t)
dt ’

u(t) =ky-e(t) + k- [ e(O)dt + kg - (6)
where u(t) - controlling influence; e(t) — error (discrepancy
between the setpoint and the actual value); k- gain of the
proportional component; k. - gain of the integral compo-
nent; k, — gain of the derivative component.

), the initial value of the controlling influence (u) from the proportional-integral-derivative (PID)

This provides the necessary level of control over the
air pressure in the respirator mask, based on the user’s pre-
set breathing modes. At the first stage, to identify the de-
pendence of the influence of environmental parameters on
the functioning of the air pressure control system during
the respiration process, the experimental data of pressure
changes were compared when performing works of the cat-
egory “Light physical work 1b”, which are published in the
study N.M. Lutska et al. (2019) with a pressure change curve
defined by a mathematical model, which is mapped by equa-
tions (1-3). The results of the approximation of experimental
and theoretical data shown in Figure 8 are 58.74%, the corre-
lation coefficient is 0.915, and the Fisher statistical criterion
is 10273 (Lima et al., 2023). This indicates sufficient relia-
bility of the mathematical model, which allows it to be used
in further studies of the air pressure control system in mo-
torised personal respiratory protection equipment (PRPE).
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Figure 8. Experimental data for the category of “Light physical work 1b” and data from the mathematical model

Source: compiled by the authors

The next step was to test the operation of the mo-
torised respirator on its simulation model, the block

diagram shown in Figure 7, under different air supply
modes (Fig. 9).
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Figure 9. Result of the simulation model when changing the flow rate
as a controlling influence under different operating modes

Source: compiled by the authors

Figure 9 shows that the disadvantage of the func-
tioning of the simulation model of a motorised respira-
tor is the drop in air pressure in the mask beyond the
lower permissible limit (below 50 Pa), which can cause
the suction of external polluted air into the mask, and
there is also no compensation for forces during inhala-
tion/exhalation.

Studies of the operation of the control system with
a two-position air pressure controller in motorised

respirators when performing work of the category “Light
physical work 1b” and category “Heavy 3”, considering
the respiratory rate of 15 cycles per minute at a pres-
sure amplitude of 60 Pa and 30 l/min at an amplitude
of 120 Pa, respectively, are shown in Figures 10 and 11.
However, the air pressure value was set for light phys-
ical work of 120 Pa, with fluctuations in the permissi-
ble range of 110-130 Pa, and for heavy physical work —
260 Pa with fluctuations in the range of 250-270 Pa.
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Figure 10. Simulation results at a sinusoid frequency corresponding to respiration
of 15 cycles per minute with an amplitude of 60 Pa, a setpoint of 120 Pa

Source: compiled by the authors
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Figure 11. Simulation results at a sinusoid frequency corresponding to respiration
of 30 cycles per minute with an amplitude of 120 Pa, a setpoint of 260 Pa

Source: compiled by the authors

Analysis of the results obtained when modelling a con-
trol system with a two-position controller showed that dur-
ing operation there are exceeding the control limits up to 1
Pa during inhalation compensation and up to 2 Pa during
exhalation. In addition, the fan is in the mode of constant
fluctuations in the speed of rotation (min/max), up to 20

Hz, which can lead to premature exhaustion of the working
life and its failure, cause additional noise and vibration.
Studies of the operation of the control system under
the air pressure controller in motorised respirators when
performing work of the category “Light physical work 1b”
and category “Heavy 3” are shown in Figures 12 and 13.
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Figure 12. Simulation results at a sinusoid frequency corresponding to respiration
of 15 cycles per minute with an amplitude of 60 Pa, a setpoint of 120 Pa

Source: compiled by the authors
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Figure 13. Simulation results at a sinusoid frequency corresponding to respiration
of 30 cycles per minute with an amplitude of 120 Pa, a setpoint of 260 Pa

Source: compiled by the authors

Based on the results of modelling the air pressure con-
trol system in the mask of a motorised respirator using a
PID controller, it was found that:

O gain of the proportional component K, of the PID
controller significantly affects the established error: within

the coefficient values Kp from 50 to 967, the steady-state
error varies from -60 Pa to -1 Pa. When the value is K more
than 250, there is an appearance of minor fluctuations,
which gradually increase until the appearance of system
overshoot at K, above 967;
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O the gain of the integrating component in the range
of 0.1-10 affects the static accuracy of the system, reducing
the established error. An increase in K, when changing the
setpoint due to an increase/decrease in physical load on
the user (changing the amplitude and frequency of breath-
ing), increases the established error;

O when increasing the gain of the derivative compo-
nent K, from 0.01 to 5, the established error decreases. A
further increase causes fluctuations to appear; while a de-
crease in K, allows expanding the boundaries of changes K,
up to 500 without any fluctuations;

O changing the breathing mode causes the need to in-
crease the setpoint to compensate for the exhalation pres-
sure and decrease it to prevent useless operation of the fan
at high speeds (saving battery power).

The next step was to compare the results of simulation
models of control systems with a two-position and PID con-
troller, respectively, as shown in Figure 14, where the advan-
tage of using a PID controller in air pressure control systems is
demonstrated, which eliminates fluctuations in the controlling
influence - the fan speed and reduces the deviation of the air
pressure in the mask from the set value (air pressure setpoint).
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Figure 14. Comparison of the results of simulation models
of control systems with a two-position and PID controller

Source: compiled by the authors

At the last stage, the operation of the simulation
model of the control system was checked when provid-
ing experimental data — the “Breathing” test signal. The
test results, shown in Figure 15, showed that when using
a PID controller with defined parameters, the control

system compensates for changes in air pressure in the
under-mask space of the respirator under different res-
piratory modes of the user (changes in breathing fre-
quency and depth). The air pressure is within certain
limits (50-370 Pa).
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Figure 15. Operation of the control system simulation model when a test signal is sent

Source: compiled by the authors
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Studies have shown that the process of human
breathing in a motorised respirator can be set by a har-
monic signal in the form of a sinusoid with a frequency
and amplitude corresponding to different modes of phys-
ical activity of the user while working in a motorised res-
pirator. The obtained conclusion does not contradict a
number of studies conducted on changing the respiratory
mode when the load changes, which indicate the possi-
bility of calculating changes in air pressure according to
the harmonic law, considering coefficients that reflect the
sinusoid (Vitazkova et al., 2024). This allows using the
proposed model to test the effectiveness of various sim-
ulation models. At the first stage, it was found that the
well-known simulation model for controlling air pressure
does not allow providing the necessary air flow rates when
changing signals to maintain both the required pressure
level in the under-mask region and when increasing the
filter resistance. Similar results, which showed the pres-
ence of problems in the control system of motorised res-
pirators, were obtained by G. Teng et al. (2023), who inves-
tigated the effect of various artificial ventilation regimens
on the effectiveness of nebulised bronchodilators in the
treatment of intubated adult patients with obstructive
pulmonary disease.

According to M. Bergman et al. (2017), the structure
and configuration of the respirator blower monitoring sys-
tem requires refinement and verification in real process
conditions. This allows adjusting the parameters based
on the appropriate working conditions. S. Xu et al. (2019),
N.A. Kamaluddin et al. (2022) note the need to create sys-
tems that will adapt to the individual parameters of the
user, and to external influences, such as filter contamina-
tion, the presence of moisture, etc.

The paper by L.F. Miles et al. (2021) proposed a math-
ematical model of mechanical air supply for artificial
ventilation with various modes of pressure-controlled
ventilation (PCV). The model considers the possibility of
obtaining dynamic signals to monitor the amount of air
that needs to be supplied to the under-mask space. How-
ever, the model does not provide for the possibility of in-
creasing the resistance of filters due to dust, which does
not allow it to be used to describe the operation of mo-
torised respirators. The study by C. O’Toole et al. (2020)
included an analysis of a number of key indicators, such
as inhalation and exhalation volume, respiratory rate, and
analysis of oxygen and carbon dioxide concentrations in
the exhaled air. The obtained data help to determine the
effectiveness of the respirator in simulating situations
associated with possible equipment failure. Analysis of
these ventilation parameters under controlled conditions
allows understanding how the system responds to stress-
ful scenarios and determines how effectively it provides
volunteers with the necessary amount of fresh air and ap-
propriate gas levels during respiration. These results can
be useful for further improving the design and function-
ality of respirators, which will provide optimal protection
and comfort for users in various situations.

D. Slavinskyi et al.

C. Pintavirooj et al. (2022) reviewed an emergency ven-
tilator based on a fan with a sensor and ventilation drive of
a new design. They described in detail the emergency ven-
tilator, which uses a new fan with an innovative sensor and
ventilation drive. This device is designed for use in emer-
gency situations and is highly efficient and reliable due to
the use of advanced technologies in the sensor and venti-
lation control system. The integration of these innovations
into the design of the device ensures a fast and accurate
response to the patient’s needs, making it an effective tool
in emergency medical cases. X. Zhao et al. (2024) describe
the improvement of power supply systems for electric
respirators for air purification, which involves optimising
the design parameters of the impeller of a centrifugal fan.
This allows increasing the efficiency and productivity of
the ventilation system, ensuring an optimal volume of air
supply with minimal energy consumption. Optimisation
of impeller parameters involves manufacturing elements
based on their shape, size and material, which maximises
air movement and ensures optimal pressure. This helps to
increase productivity and ensure efficient operation of the
respirator in air purification from contaminants and parti-
cles. This approach to optimising the fan design ensures a
reliable and energy-efficient operating process of the res-
pirator power system, which is important in the context of
ensuring the safety and comfort of users in situations relat-
ed to air pollution.

To avoid these shortcomings in this study, it was pro-
posed to develop new simulation models of the control
system of a motorised respirator with a two-position con-
troller and a PID controller. As a result of the conducted
research, it was found that the simulation model of the air
pressure control system in a respirator mask with a config-
ured PID controller fully meets the quality criteria put for-
ward: static error of 0.3 Pa (average value), transition time
of 0.135 s, and no system overshoot. However, to determine
the parameters of the PID controller, it is not possible to
use analytical calculation methods due to the non-linearity
and unsteadiness of processes to ensure the necessary com-
pensation by the control system for pressure fluctuations
in the mask caused by the user’s breathing during various
physical exertion, which are responsible for the air supply
to motorised respirators, as an object of control. This re-
quires additional research to determine the parameters of
the controller that allow maintaining the air pressure in
the under-mask space of a motorised respirator within ac-
ceptable limits (50-370 Pa), which will ensure the comfort
of using a motorised respirator (Teng et al., 2023). Prevent-
ing excessive fluctuations in the controlling variable also
helps to reduce the wear and breakage of system elements,
which can occur due to constant loads and instability in
operation (Diekman et al., 2017; Damiani et al., 2023). This
can significantly reduce the time and cost of equipment
maintenance and repair, and ensure smooth and efficient
operation of the system for a long time. This management
approach is key to production and helps to conserve re-
sources and energy, which is critical in modern industry.
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CONCLUSIONS

The structure of the pressure control system in the mid-
dle of a motorised respirator is developed with the selec-
tion of the appropriate controller based on the obtained
dependencies between the change in the breathing mode
and the pressure value in the under-mask space, which al-
lows providing an appropriate comfortable mode of oper-
ation for users. It is determined that the simulation mod-
el with a PID controller will provide appropriate pressure
values within the permissible limits (50-370 Pa), which
increases the comfort of using a motorised respirator,
providing the necessary compensation by the control sys-
tem for pressure fluctuations in the mask caused by the
user’s breathing during various physical exertion, charac-
terised by changes in the pressure drop and the volume of
air consumed.

It is proved that the PID controller maintains the pres-
sure in the respirator mask within certain limits, both with
an increase and with a decrease in the control signal, pre-
venting excessive fluctuations in the controlling variable,

with defined parameters, the system provides compensa-
tion for changes in air pressure in the under-mask space
of the respirator in different breathing modes of the user.
It was found that the simulation model of the air pressure
control system in a respirator mask with a configured PID
controller fully meets the quality criteria put forward: stat-
ic error of 0.3 Pa (average value), transition time of 0.135 s,
and no system overshoot.

Future studies may include the evaluation of the ef-
fectiveness of the system during different physical activi-
ties and in different climatic conditions, to determine the
optimal regulation parameters for maximum user comfort
and safety. Another possible area for further research is to
expand the functionality of the control system, considering
the individual characteristics of users and the dynamics of
their breathing. The integration of additional sensors and
algorithms can further improve the system and expand its
capabilities to provide the highest level of comfort and pro-
tection for respirator users.

which leads to an extension of the service life of the filter ACKNOWLEDGEMENTS
elements and a reduction in electricity consumption for = None.
the operation of the fan motor. Based on modelling the op-
eration of the pressure control system in different modes CONFLICT OF INTEREST
of operation, it is shown that when using a PID controller = None.
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ABTOMaTM30BaHa cCMCTeMa KepyBaHHSl TUCKOM MNOBIiTps
Yy MOTOPU30OBaHOMY AUXaJIbHOMY anapari

AHoOTaLif. AKTYa/IbHICTh JOCTiIKEHHS MOMISITae B po3po01li e(peKTUBHOI CUCTEMM KePYBAaHHS TMCKOM B TIOfaui MOBITPS Y
MOTOPM30BaHMX IUXAJTbHUX arapaTax Jjis 3a6e3rneueHHs1 eeKTMBHOTO 3aXMCTY MPAIiBHMKIB BiJ He6e3[eUHIX aepo30iB
Ta MOKpaIleHHSs IXHbOTO 34,0POB’s. MeTo0 6y/10 CTBOPEHHS aBTOMAaTM30BaHOI CUCTeMU YIIPAB/IiHHS TUCKOM MOBIiTpPS B
MOTOPM30BaHOMY AMXAJIbHOMY anaparti, BUKOPUCTOBYIOUM MPOIOPIifiHO-iHTerpajbHO-audpepeHiaIbHII PETYISITOD.
IIist boro 6ys10 BUKOPMCTAHO METOJ, imMiTaliiiiHoro moaentoBaHHs. [I[o6 yHeMOK/IMBUTY HellepeabaveHi cuTtyartii 3
TIOTipIeHHST PiBHSI 3aXUCTY, PO3PO6IEHO CTPYKTYPY CMCTEMI KepyBaHHSI TMCKOM MOTOPM30BaHOTO peciipaTopa 3 06paHHIM
BiJIIOBiJHOTO pery/siTopa Ha OCHOBI OTPMMaHMX 3a/Ie)KHOCTE BIUIMBY ITapaMeTPiB PEXXMMY AMXaHHS Ta BEIMYMHY TUCKY Y
MiZMacKOBOMY ITPOCTOPIi pecmipaTopa, o J03BoJIsIe 3a6e3MeunTy BiMoBiqHMI KOMOPTHIIT pexkum po6oTu. Le 103Bonmio,
po3pobuTH imiTaniitny mogens 3 ITI[I-peryasiTopoMm, sika 3a6e3MeunTh BifMOBiAHI BeTMYMHY TUCKY B JOITYCTUMMUX MeKax
(50-370 ITa). JoBemeHO, 1110 MPOMOPIIiIHO-iHTeTrpaabHO-IMdepeHLiaTbHMIT PETYISTOp 3a6e3Meuye MiATPUMKY TUCKY B MacIii
pecmipaTopa y BU3HaUeHMX Meskax SIK Py 36i/IbIllIeHHI TaK i pM 3MeHIlIeHH] CUTHATy KepyBaHHsI, 3a106iraioun 3aiiBum
KOJIMBAHHSIM KepYIOUOoi BeIMUMHMU, 10 TPU3BOAUTH 40 MTOJOBXKEHHS pecypcy GibTpyBaJIbHUX €JIeMeHTIB Ta 3MeHIIeHHS
BUTpAT efleKTpoeHeprii Ha poboTy fBUryHa BeHTMIsITopa. [Toka3aHo Ha OCHOBI MOJ@/TIOBaHHS POOOTH CUCTEMU KepyBaHHS
TUCKOM TIPU Pi3HUX peXXumax poboTH, 1o npu BukopuctanHi [TI]]-perynsTopa 3 BU3HaYeHMMM [1apaMeTpaMu, CUCTeMa
3abe3meuye KOMIIEHCAI[il0 3MiH TUCKY MOBIiTPs B IMiIMAaCKOBOMY ITPOCTOPi pecripaTtopa mpu pi3HUX peXXUMax AVMXaHHS
KopuctyBaua. OTpMMaHi pe3yapTaTy MOXKYTb 3HATY MPaKTUUHE 3aCTOCYBaHHS B cdepi 6e3meky Ta OXOPOHU 3[J0POB’s, B
MIPOMMCIOBUX YMOBAX, Jie TIPalliBHUKY MiAAalI0ThCSI PU3MKY BAMXAHHS He6e3IeuHX aepo30iB, TAKMX SIK TOKCUYHI YaCTKH,
rasy Uy iHIi NIKigaMBi peuoBUHU

Knio4oBi cnoBa: inentudikaiiis; imitariiina Moenb; MOTOPM30BaHMIi PECITiPATOD,; PETY/ISITOP; YCTaBKa, TUCK
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Investigation of deformation of the spring tooth
of agricultural implements from the action of the force applied to it

Abstract. The relevance of the study lies in the need to investigate the dependence of the force applied to the spring
tooth on its parameters, which is an important task due to the widespread use of spring teeth in agricultural implements,
such as balers, reapers, rakes, etc. The purpose of the study is to establish an analytical description of the spring tooth
deformation depending on the amount of applied force. For this purpose, the theory of bending rods from the resistance
of materials was applied, without simplifying it, as is common in construction, where the deflection of a beam is small
compared to its length. The calculation is based on the well-known dependence of the curvature of the elastic axis of
the beam (tooth) on the applied moment and the stiffness of its cross-section. The study considers a cantilevered tooth,
which at the point of pinching is a spring with several turns, followed by a smooth transition to a rectilinear shape. The
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tooth is divided into two parts along its length: curvilinear and rectilinear. Calculation of the deformation, i.e., finding
the shape of the elastic axis after the action of the applied force, is carried out for both parts separately. The need for
this approach is dictated by the fact that the curvature of the elastic axis of the tooth in the free state changes abruptly
from the stable value of the curvilinear part to a zero value of the straight part. The main result of the study is to find
the shape of the elastic axis of individual parts of the tooth under the action of the applied force and combine them into
one whole. This helps to determine the amount of movement of the free end of the tooth depending on the amount of
force applied to it. The application of the obtained data can help in the development of more efficient and productive
agricultural tools, and increase their durability and efficiency when interacting with the soil

Keywords: curvature; elastic axis; applied force; moment

INTRODUCTION

In agriculture, in particular in the mechanisation of pro-
cesses, it is important to understand and improve the pa-
rameters of agricultural tools. The effectiveness of these
tools is directly related to the reliability of their compo-
nents. The investigation of spring tooth deformation due to
applied force determines not only the stability and efficien-
cy of tools, but can also help improve their design and func-
tionality. Tools with optimised spring teeth can provide in-
creased productivity and reduce wear, which are key factors
in modern farming. The use of new technological solutions
in agriculture can help to increase yields, reduce resource
costs, and improve the environmental sustainability of ag-
ricultural activities. Thus, the study is an important step to-
wards optimising and modernising agricultural production.

The results of the study of the influence of operational
factors on the technical condition of agricultural machinery
in the process of its use are described in detail by L. Seme-
nenko et al. (2021). Based on a systematic analysis of meth-
ods for increasing the durability and wear resistance of the
working bodies of tillage machines, it is established that
their increase in 90% of cases is achieved by technological
methods. According to S. Mudarisov et al. (2019), a new area
in the development of agriculture is emerging in the world,
in fact, it is a new strategy based on the use of modern in-
novative technologies for tillage and the development of
combined units for their implementation. However, the
study of the process of interaction of tillage working bodies
with the soil when designing new structures requires sim-
ple analytical physical and mathematical models of such a
process. Thus, K. Aikins et al. (2023) modelled the interac-
tion process of the most common tillage implements, such
as cultivator tine, disc harrow on an elastic rack, deep rip-
per (chisel plough), mouldboard plough, and smooth roll-
er. Analysing the interaction of these working bodies with
the soil, the researchers paid attention to such parameters
as the depth of cultivation, the degree of soil destruction,
rolling resistance, energy costs, and other characteristics.
They found that the efficiency of tillage significantly de-
pends on the selection and adjustment of working bodies,
as well as on soil parameters such as humidity and soil type.
The results of the study helped to improve tillage technol-
ogies and reduce energy consumption, which corresponds
to modern principles of sustainable agriculture. S. Cao et
al. (2022) analysed the trajectory of the hook-shaped teeth,

and determined the optimal operating parameters of the
harvesting device. The results of the study showed that
the optimal operating parameters of the harvesting de-
vice significantly affect the harvesting efficiency, reducing
plant damage and grain loss. Analysis of the trajectory of
the hook-shaped teeth determined the optimal depth of
penetration of the teeth into the soil, the angle of inclina-
tion, and the speed of movement of the device. Q. Wang et
al. (2021) proposed a new method for modelling the clutch
for a pickup baler using automatic dynamic analysis of
mechanical systems and the discrete element method.

The speed of movement of the strip, filling of buck-
ets with seeds, backflow, surface areas of working bodies,
clamping of grains in the gaps between the bucket and the
strip, and other factors in the aggregate and relationship
with the biological and mechanical-technological prop-
erties of grain seeds affect the injury of grains and their
quality indicators. I. Rogovskii et al. (2020) investigated the
modes of interaction of an elastic riser pipe of a spherical
disk with the ground medium using ballast loading when the
translational velocity of a mobile energy vehicle changes.

Spring teeth play a key role in the tillage process, pro-
viding the necessary flexibility and adaptability in harsh
working conditions. Their certain ordered number forms
rakes, which are the working bodies of balers, reapers, rakes,
cultivators, and harrows. An important function of mulch-
ing the soil in the spring-autumn period, and the effective
distribution of stubble in autumn after harvesting, is most
effectively performed by heavy wide tooth harrows, the
tools of which consist of a pivotally installed conical spring
with one or two free tips (a tool with a spring tooth). The
study by L. Tulaganova et al. (2022) is devoted to improv-
ing the resource performance of cultivator legs when using
a combined strengthening method. The article presents a
scheme of combined three-layer cultivator blade forma-
tion, which ensures an increase in resource indicators due
to the application of powdered abrasion-resistant materi-
als by arc surfacing. V. Bulgakov et al. (2018) proposed the
design of a new spring-toothed harrow that has mechanical
selectivity for weed germination. The study by H. Sheng et
al. (2022) is devoted to the construction of mathematical
models of the stability of the functioning of a mechanical
rotor system. In the paper, a dynamic model of the rotor is
developed using the theory of blade elements.
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The elasticity of the material must be considered in
many cases. For example, S. Pylypaka et al. (2020) consid-
ered the movement of a flexible strip up the surface of a
horizontal cylinder. Moving along the inner surface of the
cylinder, the strip is forced to take on its shape. Addition-
al force is required to overcome the elasticity of the strip,
unlike a completely flexible strip. The elastic bending of
the riser of the cultivator tine is discussed by S. Pylypaka et
al. (2023). The study considers the elastic axis of the tine
when it is bent during operation. The study by V. Khopost
& I. Demchuk (2023) is devoted to the search for the elas-
tic axis of a spiral spring in a free state. A characteristic
feature of these studies is that the elastic element is not
divided into parts, that is, the change in the curvature of
the elastic axis is natural.

The spring tooth of an agricultural tool consists of two
sections: rectilinear and curvilinear in the form of a spring.
The curvature of the elastic axis of these sections at the
junction point changes abruptly from zero to a stable val-
ue. This circumstance does not allow considering the tooth
as a single whole, in mathematical terms. All this deter-
mines the purpose of the study aimed at mathematically
describing the deformation of the tooth, which consists of
rectilinear and curvilinear sections, under the action of a
force applied to it.

MATERIALS AND METHODS
The elastic tooth of an agricultural machine can be made
either paired or not paired. Figure 1 shows the tooth vari-
ants and the solid model of the unpaired tooth, which was
tested for bending in this study.

————

Figure 1. Spring tooth options and its solid-state model
Note: this model was adopted for bending tests under the
applied force
Source: compiled by the authors

The tooth is conventionally divided into two parts:
rectilinear and curvilinear in the form of a spring. Given
that the spring pitch is a small value compared to other di-
mensions, a simplification was adopted, according to which
it is equal to zero. From the design of the teeth, it can be
seen that the end of the curvilinear part of the tooth is rig-
idly attached to the shaft on which the rake is located, that
is, it is cantilevered.

S. Pylypaka et al.

An elastic tooth with the dimensions given on the Lidi-
us website (n.d.) was used for consideration. Figure 2 shows
a paired tooth for a heavy harrow in two projections with
the required dimensions.
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Figure 2. Spring tooth
Note: the dimensions required to calculate tooth bending
under the applied force are provided
Source: Lidius (n.d.)

The radius of its elastic axis can be found from a given
internal diameter of the spring: r,=0.039 m. Value k can be
defined as the inverse of r : k =25.64 m™. The cross-section
of the tooth is a circle. Its moment of inertia I is known:
I=mr*/4, where r=0.007 m according to Figure 2. The tooth
material is spring steel. Its Young’s modulus is also known:
E=2.2-10" N/m’ Hence, the stiffness of the tooth is:
EI=414.9 N-m°.

The research methods were based on the theory of ma-
terial resistance and differential geometry of curves. The
first part was based on the position of the resistance of ma-
terials, in relation to which the relationship between the
curvature of the elastic axis of the beam, the moment ap-
plied to it, the shape of the cross-section of the beam and
the Young’s modulus of the material from which it is made
are established. This relationship has a form:

M(s)
) (1)

k(s) =

where k=k(s) — dependence of the curvature k of the elastic
axis depends on the length of its arc s; M(s) - dependence
of the applied moment M to the beam from the arc length
of its elastic axis; EI — stiffness of the beam, which is the
product of the Young’s modulus E at the moment of inertia
I of the beam cross-section. In this case, the cross-section
is constant along the entire length of the beam, hence the
stiffness ET is also a constant value.
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The second part was based on the position of differ-
ential geometry, which establishes a relationship between
the natural equation of the elastic axis, that is, the depend-
ence of its curvature on the arc length, and parametric
equations. Deformation of a cantilevered rectilinear beam
under the action of an applied force P is shown in Figure 3.

Figure 3. Graphic illustration for determining the
curvature of the elastic axis of a beam at the current point
Note: under the action of the applied force P cantilevered
rectilinear beam has acquired a curvilinear shape. P -
applied force; M - current point on the elastic axis of
the beam; s — length of the elastic axis from the point of
application of the force to the current point; o — angle by
which the elastic axis deviated, starting from the current
point M, due to the action of force P
Source: compiled by the authors

By drawing a tangent at the current point M and at the
point where the force P is applied, an angle a will be created
between them. The value of this angle over the arc length
interval s characterises the degree of deviation of the curve
from the rectilinear shape, and their ratio is the average
curvature. When moving to the boundary, the exact value
of the curvature can be obtained at the current point:

da
k(s) =22, @)
Given (2), expression (1) can be rewritten as follows:

da _ M)
ds  El " ©)

If the dependency a=0(s) is known, which is found by
integrating expression (3), then the parametric equations
of the curve have the form of the following integrals:

x=Jcosa.(s)ds; y=[sina.(s) ds. 4

Even for the simplest cases of rod bending, expressions
(4) cannot be integrated and require the use of numerical
methods. With the advent of computer technologies, it
became possible not only to numerically integrate ex-
pressions, but also to visualise the results obtained, which
for this case is the construction of curvilinear elastic axes
when bending rods.

RESULTS AND DISCUSSION

First, it is advisable to consider the cantilevered rectilinear
part of the tooth. Under the action of the applied force P,
which can be the reaction of the soil, it will take on a cur-
vilinear shape (Fig. 3). Moment of force M, is determined
from the dependence:

M, =Ps,, (5)

where s, - length of the elastic axis, which starts from the
point of application of the force P.
After substituting (5) into (3) and integrating:

Ps?
a= Z—E; (6)

Further substitution of expression (6) in (4) provides
parametric equations of the elastic axis, for the construc-
tion of which it is necessary to apply numerical integration
methods. Arc length s, changes from zero to the value of
the length of the rectilinear part of the tooth.

The second part of the tooth is a cantilevered spring.
In the free state, it has an initial constant curvature k,
which is the inverse of the radius r, of the circle, the spring
axis. The same force P will be applied to it, which is called
a tracking force because it remains perpendicular to the
elastic axis when it is deformed. Moment of force M, can
increase or decrease the curvature of the elastic axis of
the spring depending on how the force P is directed - on
“twisting” or “untwisting” the spring. With this in mind, it
can be written as:

d_a _ + My(s3) _ Ps,

= ko2, M

ds ~ 0= gl
where s, - length of the elastic spring axis.

Equation (7) describes the shape of the elastic axis of a
spring, provided that the force P is applied at the opposite
end from fitting, that is, without considering the additional
action from the rectilinear part of the tooth. This action
is determined by the numerical value of the moment M,,
which can be found by equation (5). Therefore, the equa-
tion of the elastic axis of the curvilinear part of the tooth,
considering the transfer of force from the rectilinear sec-
tion, is written:

=kt T ®)

Under the transfer of force from a rectilinear section
of the tooth, it should be understood that this section was
such before the deformation. After the applied moment, it
also becomes curvilinear. After integrating expression (8):

Ps2+2M;s,

a=kys, +
0°2 =" 2E

€]

Further application of equations (4) to construct the
elastic spring axis after deformation requires numerical in-
tegration.
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Firstly, it is necessary to consider the deformation of
the rectilinear part of the tooth under the action of the ap-
plied force P. The length of its axis according to Figure 3 is
5,=0.664 m. The force P=200 N was assumed. Equation (6)
determines the angle a between tangents at the start and
end points of the elastic axis: a=0.11 rad=6.3°. The shape
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of the elastic axis can be found by numerically integrating
equations (4) by substituting expression (6) in them and
changing s, within s,=0...0.664. The integration result is
shown in Figure 4a. It shows that with increasing distance
s,, the curvature of the axis increases as the moment M,
increases.

X

-0.075 -0.074 -0.073 -0.072 -0.071

Y

-0.07

Figure 4. Graphic illustrations for finding the shape of the elastic axis
of individual parts of the tooth and the tooth as a whole after the applied force of P=200 N
Note: a) elastic axis of the rectilinear section of the tooth after deformation; b) elastic axis of the curvilinear section of the
tooth after deformation; c) enlarged fragment in the vicinity of the point C; d) elastic axis of the tooth

Source: developed by the authors based on research

The next step is to consider the deformation of the
curvilinear part of the tooth in the form of a spring. The
length of the elastic axis of 3.5 turns in the free state at
r,=0.039 is 5,=0.858. The angle of rotation of the tangent
corresponding to 3.5 turns is 22 rad. After “twisting” the
spring (i.e., with the “+” sign in equation (9), the new an-
gle value is 22.45 rad. The difference between these values:
o =0.45 rad = 25.8°. After numerical integration of equa-
tions (4), after substituting the dependence (9) in them,
it is possible to obtain the shape of the elastic axis of the
spring after “twisting” due to the action of the applied
force P (Fig. 4b). At first glance, it may seem that no chang-
es have occurred. However, the twisting angle increased by
a, that is, the free end of the spring has moved from point B
to point C. Point A is the point of cantilever attachment of
the spring to the harrow body. Figure 4b shows a repeatedly
enlarged fragment that is located near point C highlighted
with a rectangle. It shows that the elastic axis of the spring
has turned from a circle into a spiral with a very high den-
sity of twists, which can be approximately determined from
the scale of the enlarged fragment. To get an image of the
elastic axis of the tooth as a whole after deformation by
its force P=200 N, it is necessary to combine the two parts
shown in Figure 4a and 4b. This connection should occur
at the top point of the first tooth element (Fig. 4a) with the
second element (Fig. 4b) at the point C along the first order
of smoothness, i.e., with a common tangent to both curves

at this point. Based on known coordinates and angles a,
this connection is shown in Figure 4d. It shows the spring
tooth before and after deformation. From the obtained im-
ages, it can be concluded that the deviation of the tooth
from its original position in the free state largely depends
on the curvilinear part, that is, on the spring and the num-
ber of its turns. The total deviation for the given example in
angular measurement is 25.8°+6.3°=32.1°.

Reversing the direction of the force P to the opposite
direction will not change the shape of the elastic axis of the
straight part of the tooth, but will simply change its curva-
ture to the opposite direction. In the curvilinear part, in-
stead of “twisting”, there will be “untwisting”. Equation (9)
with the “-” sign gives the value 21.55 rad. The difference
is 21.55-22=-0.45 rad =-25.8°. Thus, “twisting” and “un-
der-twisting” occurs at the same angle. For the case of “un-
der-twisting” in Figure 4b corresponds to the point D. In
general, for both the first and second parts of the tooth,
the law of angle growth « it is linear with different propor-
tionality coefficients. The incremental angle o is denoted
by a, for the rectilinear part of the tooth and by a, - for a
curvilinear part:

2 2
S S5+251S
a; = - 22 p
2EI

=—=+P; a, ==
28l T2 T =

(10)

The graph of the angle o growth depending on the
amount of applied force P is shown in Figure 5.
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Figure 5. Graph of dependence of angle a on force P
Notes: for rectilinear (o) and curvilinear (o,) areas of the
tooth
Source: developed by the author based on research

From the graph in Figure 5 it can be seen that the in-
tensity of angle growth « on a curvilinear section is several
times higher than on a rectilinear one. From the second
equation (10), it can be seen that its value largely depends
on the length s, of the elastic axis of a curvilinear section,
i.e.,a spring. As its length decreases, the angle o, decreases.
However, it is possible to reduce the stiffness proportion-
ally by reducing the cross-sectional diameter of the tooth.
This can achieve virtually the same effect, i.e., for a given
force P, the angle a, will remain the same. As the stiffness
decreases, the angle a, will increase according to the first
equation (10). It is necessary to reduce the length of the
spring by one twist. Then its length will be s,=0.61 m. Next,

substitute the expression of the moment of inertia in the
second equation (10) I=7r*/4 and solve it with respect to r:
r= 4 2P52(251+52)- (11)

T E

All previous values of the values included in expres-
sion (11) must be taken into account, and the new value
s,=0.61 m. After substituting in (11) and calculating, it is
possible to obtain: r=0.0062 m. Instead of the previous wire
diameter 14 mm to make a tooth, it requires 12.4 mm. Next,
the first equation (10) determines the value of the angle a,
with a new stiffness value: a,=9.9°. Thus, the deformation
of the rectilinear part of the tooth increased slightly — in-
creased from o, =6.3° to 0, =9.9°.

In the future, the elastic axis calculations were per-
formed according to the previous algorithm for new values
s,=0.61 m and EI=255.3 N-m? Figure 6 shows the same
images as in Figure 4, but with the new data, i.e., the tooth
diameter is 12.4 mm and the spring has 2.5 twists instead of
3.5. For clarity, an image of the tooth and its elements with
preliminary data is shown next to dashed lines. In both cas-
es, the applied force is the same: P=200 N. The figures show
that the differences between the shape of the tooth for the
first and second cases are not significant. Figure 6¢ shows
that with fewer twists, the distance between them increas-
es, and the diameter of the shaft on which they should be
fitted should be smaller. However, this difference can be
seen under multiple magnifications. However, this must be
considered, because the lack of clearance between the shaft
and the spring in the free state will cause the spring to not
work on twisting.
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Figure 6. Comparative images of elastic axes of two tooth variants after applied force P=200 N
Notes: a) elastic axis of the rectilinear section of the tooth after deformation; b) elastic axis of the curvilinear section of
the tooth after deformation; c) enlarged fragment in the vicinity of the point C, highlighted by a rectangle; d) elastic axis

of the tooth
Source: developed by the author based on research

This study showed that with a slight decrease in the
length of the curvilinear part (spring) and a correspond-
ing decrease in the thickness of the tooth, it is possible
to achieve almost the same power characteristics of the
tooth, namely, the amount of movement of its free end

under the action of a given force. In this case, the cur-
vature of the elastic axis of the rectilinear section of the
tooth is insignificant. This reduces the consumption of
material for its manufacture and the weight of the fin-
ished product.
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The studies by L. Babitskiy et al. (2020) and Ch. Li et
al. (2021) are devoted to the investigation of the process of
wear of the blades of cultivator tine blades under various
types of strengthening and their influence on changes in
the traction resistance of a tillage unit. The papers pres-
ent dependences for predicting changes in the thickness of
cutting edges reinforced with various options, on the line-
ar wear of the blade in width and angle of its sharpening.
Increasing the wear resistance of the working bodies can
also be implemented by using the latest structural mate-
rials (Antoszewski et al., 2017) and methods of surface na-
nostructuring of working surfaces (Gaponova et al., 2019;
Martsynkovskyy et al., 2020).

B. Antoszewski et al. (2017) investigated the use of a
UV laser with picosecond pulses to create microstructures
on the surface of elastomeric plastics, which opens up new
prospects in the field of material modification. This ap-
proach allows creating precise and detailed microstructures
that can be used to improve the adhesion, hydrophobicity,
antibacterial properties, and other characteristics of ma-
terials. The use of picosecond pulses reduces the thermal
effect on the material, which ensures accuracy and control
in the formation of microstructures, and also reduces the
risk of deformation or damage to elastomeric plastics.

V. Martsynkovskyy et al. (2020) developed technologi-
cal solutions to protect the contact surfaces of the coupling
from fretting wear, which opens up opportunities to ensure
long-term and reliable operation of mechanical connec-
tions. These technological innovations aim to prevent or
minimise the impact of fretting wear on contact surfaces
by applying appropriate coatings, surface treatment, or
the use of special materials. This allows increasing the
efficiency and service life of mechanical connections and
reducing the cost of their maintenance and repair. O. Ga-
ponova et al. (2019) evaluated the quality parameters of
an aluminised coating produced by the electric spark al-
loying method, which is an important stage in the research
and production process. This method allows influencing
the properties of the material by injecting aluminium into
the surface of the part by spark discharge. Evaluation of
the quality of an aluminised coating includes analysis of
parameters such as coating thickness, structure, adhesion
to the substrate, microhardness, and other characteristics.
Using this method improves the quality and functionality
of products with an aluminised coating and ensures high
quality of production.

The problem of determining deflections of beams un-
der the action of an applied force is common in construc-
tion mechanics. However, there the deflections in compar-
ison with the length of the beams are insignificant, that is,
the curvature of the elastic axis of the beam is close to zero,
that is, to a straight line. The expression of the curvature
of the axis includes the first and second derivatives of its
equations. Due to the fact that the deflections of the beams
are small, respectively, the curvature of the axis is small,
in the construction industry it is customary to neglect the
second derivative, since it does not matter significantly.

S. Pylypaka et al.

The problem of determining deflections is greatly simpli-
fied, that is, there is a transition from the theory of nonlin-
ear bending to linear. If this simplification gives practical
results for small deflections, then this approach is not ac-
ceptable for large deflections.

In the case of significant deflections of the rods, a
nonlinear bending theory is applied. The simplest case of
bending a cantilevered rod occurs when it has a rectilin-
ear elastic axis in the free state. The study by V. Khopost
& I. Demchuk (2023) considered the bending of the rod,
which is the riser of a cultivator tine. The curvature of its
elastic axis in the free state is constant, that is, the riser of
the cultivator tine is outlined in an arc of a circle. A force
is applied to the attachment point of the tine, the moment
from which “spins” the riser, that is, reduces its curvature.
If the initial curvature value is equated to zero, then the
dependences obtained in this study describe the bending
of a rectilinear rod. What is common to the current study is
that the applied force changes during operation, since the
working elements in the form of elastic elements interact
with the soil environment, which resists variable values.

An important practical task is to determine the vibra-
tions of elastic rods of considerable length in deep drilling
structures. In them, the role of elastic rods is played by drill
columns, the length of which can reach tens of meters, as
noted by O. Vlasiy et al. (2017), M. Vasilenko et al. (2021).
The researchers suggest that optimising the shape and
size of the protective ring, which increases its thickness,
is important for improving the stability of aluminium drill
pipes. This optimisation is aimed at reducing the risk of
damage and wear to pipes during drilling. By improving
the design of the protective ring, it is possible to provide
more effective protection of pipes from external influences
such as friction, shock, and other mechanical loads. This
approach helps to increase the service life of drill pipes and
reduce the cost of their maintenance and replacement. For
example, T. Wang & J. Ye (2023) consider the oscillation
of a rod with a length of 100 metres. In this case, the solu-
tion to the problem is reduced to finding the functions that
most accurately describe the shape of the bend line. Such a
function can be polynomial. The study notes that for rods
of small length, a full-scale function of the 6% order can be
used. However, for rods of considerable length, this func-
tion can give a significant error. Therefore, in such cases,
the bend line should be considered as a spline divided into
several spline functions.

An analytical description of the problem of nonlinear
rod bending is given in the paper by Q. Wang et al. (2021).
The description is based on the dependence of the curva-
ture of the elastic axis on the applied moment and stiff-
ness, i.e., equation (1). However, if in the current study the
arc length of the elastic axis, which is natural, is taken as an
independent variable, then in this paper such a variable is
the coordinate “x”. Accordingly, the curvature of the elastic
axis is determined by the well-known equation, if the axis
is defined by the dependence y=y(x). Further transforma-
tions lead to a single parametric form and are expressed
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in terms of Jacobi elliptic functions. This approach is cum-
bersome and complex. The study considers three cases of
rod loading: 1) bending of the rod occurs as a result of the
action of a constant force in the direction, when its vector
moves parallel to itself during deformation of the elastic
axis; 2) bending of the rod occurs by a tracking force. In
this case, the force vector retains a constant angle to the
tangent of the elastic axis at the point of its application. In
a special case, this angle can be a straight line. As for the
conducted studies, the calculations consider the tracking
force, which is perpendicular to the elastic axis at the point
of its application. In general, an elastic tooth is affected
by the resistance force of the soil medium, which can be
decomposed into two components: perpendicular to the
tooth axis and tangent to it. The ratio of these forces is of
no interest, since the purpose of this study is to establish
an analytical description of the deformation of a spring
tooth depending on the magnitude of the applied force,
which has certain limits; 3) the general case of bending is
considered, when the force vector changes its direction ac-
cording to a certain law, i.e., it does not follow the rotation
of the elastic axis of the rod.

Characteristic of these papers is that the curvature of
the rod, which can be constant or variable, is described by
one equation. A characteristic difference of this study is that
the elastic axis of the existing spring tooth shape cannot be
described by one equation, since there is a point at which
the curvature changes abruptly from zero to a certain con-
stant value. This point is the transition from a rectilinear
shape of an elastic tooth to a curvilinear one in the form of
a spring. To solve such a problem, which is fundamentally
different from the ones considered, it was proposed to con-
ditionally divide the elastic axis of the tooth into two parts:
curvilinear and rectilinear. When considering the deforma-
tion of a rectilinear part, it was assumed that the point of
cantilever fitting is the point of interface with the curvilin-
ear part. The expression of the change in angle a (Fig. 3)
was found according to equation (6). Numerical integration
of parametric equations (4) revealed a curvilinear elastic
tooth axis that was rectilinear before the action of the force.

When considering the deformation of the curvilinear
part of an elastic tooth, the point of cantilever attachment
is the place where the tooth is attached to the unit frame.
The initial curvature of the elastic axis is constant, and
with this in mind, the change in the angle a was calculat-
ed using equation (9). A special feature of this equation is
that, firstly, it considers the deformation of the elastic axis
during “twisting” — the “+” sign, or when “untwisting” - the
“-” sign. Secondly, the transfer of force from the area of the
tooth that is in contact with the soil is considered. If for
some reason the ground resistance force is zero, this part
of the tooth becomes rectilinear and does not transmit any
force to the curvilinear section of the tooth. The final stage
is the connection of two sections of the tooth after defor-
mation into a single whole along the common tangent at
the point of their interface.

CONCLUSIONS

To solve the problem of mathematical description, the
tooth was conventionally divided into two sections: rec-
tilinear and curvilinear in the form of a spring. These two
sections were considered separately. For this purpose,
the well-known statement of the theory of material re-
sistance on the dependence of the curvature of the elastic
axis on the applied moment was applied. First, the defor-
mation of the rectilinear section of the tooth was deter-
mined, and then the curvilinear one. However, the effect
of the first section on the second was considered, since
they are rigidly connected to each other, that is, they form
a single whole. For both sections, it was necessary to ap-
ply numerical integration methods to find the shape of
the elastic axis after their deformation. After that, both
sections of the elastic axis were connected into a single
whole. This approach provided an idea of the deviation of
the tooth from its original position under the action of an
applied force to its free end.

The proposed approach allows modifying the spring
tooth, while maintaining its functionality. In particular,
a variant is considered when the tooth diameter can be
reduced and at the same time the length of its curvilinear
section can be reduced, provided that the deviation value
of its free end is commensurate with the unmodified ver-
sion under the action of the same force. At the same time,
it is necessary to consider the side effect, which is that
the curvature of both parts of the tooth increases. This
growth is characterised by the value of the angle between
the tangents at the initial and final points of the elastic
axis of the tooth. In the course of the study, it was found
that the growth rate of this angle is much higher for the
curvilinear section of the tooth. In practice, this means
that the rectilinear area of the tooth has little effect on its
deviation from its original position. The determining val-
ue of this deviation is the deformation of the curvilinear
section of the tooth in the form of a spring. This leads to
a smooth reduction in the radius of the elastic axis of the
spring, which must be considered to ensure the necessary
clearance between the spring and the shaft on which it is
attached. If the tooth works to “untwist” the spring, that
is, the applied force is directed in the opposite direction,
there is a smooth increase in the radius of the elastic axis
of the spring and the size of the gap or its absence does
not matter.

Future studies should open up opportunities for de-
veloping new technological solutions in the field of ag-
ricultural machinery aimed at improving productivity,
reducing wear, and improving consistency with other ma-
chine elements.
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OocnimkeHHa aedpopmalii Npy)>XMHHOro 3y6a
cinbcbKorocnogapcbKux 3Hapaab Big Aii npuknageHoi 4o Hboro cuMnm

AHoOTaUiqa. AKTYya/lbHICTb JOCTiAKEeHHS MOJATae B HeO6XiMHOCTI BUBUEHHS 3aJI€KHOCTI C1JIN, SIKY 3aCTOCOBYIOTh 10
MIPY>KMHHOTO 3y6a, BiJl /10ro mapameTpiB, 110 € BASKIMBOIO 33[jaUel0 Y 3B'SI3KY 3 IIMPOKUM 3aCTOCYBAHHSIM MIPYKMHHUX 3y0iB
Y CiIbCHKOTOCIIONAPChKUX MAIIMHAX, TAKUX SIK Mpec-TMigbupaui, kaTku, rpabii Ta inimri. MeToio po60TH € BCTAHOBIEHHS
AHATITMYHOTO omnucy AedopMariii Mpy>KMHHOTO 3y6a B 3aJIeXKHOCTI BiJl BeMMUMHY IPUKIaLeHoi cuiin. [IJis 1boro 6ysao
3aCTOCOBAHO TeOPil0 3TMHY CTEPXKHIB i3 OMOPY MaTepiasiB, IpM 1IbOMY BOHA He CIIPOUIYETHCS, K Lie IPUIHATO B
6yzmiBenbHili CrIpaBi, ie IPOTMH 6aIKM B TIOPiBHSIHHI 3 11 JOBKMHOIO € BeIMYMHA Maa. 32 OCHOBY PO3PaxXyHKY B3SITO BioMy
3aJIeXKHICTh KPUBMHU MPYXKHOI oci 6pyca (3yba) Bif MpUKIaZeHOT0 MOMEHTY i SJKOPCTKOCTI #10T0 MoIepeyHoro nepepisy. B
CTATTi PO3MISIHYTO KOHCOJMBHO 3allleMJIeHNH 3y0, SIKMii B TOULi 3allleMJIeHHS MTPe/ICTaBIsIE COO0I0 MPYKUHY 3 IeKiTbKoMa
BUTKaMM 3 MOJABIINM TUIABHMUM II€PEXOL0M JI0 MPSMOTiHiiHOI popmu. 3y6 10 TOBXKMHI PO36MBAETHCS HA Bi YACTUHMA:
KPMBOJIiHIlHY i mpsiMoniHiitHy. Po3paxyHok gedopmariiii, To6To 3HaxomKeHHsI hopMu IMPYKHOI oci mics gii mpuKianeHoi
CWIIU 3/ ICHIOETHCS 171 060X YaCTUH OKpeMo. Heo6XigHiCTh y TaKOMY MiAXOA1 TPOAMKTOBAHA TUM, 1[0 KPMBMHA TIPYKHOI
oci 3y6a y BiIbHOMY CTaHi 3MiHIOETbCSI CTPUOKOIOAIOHO BiJl CTAJIOr0 3HAUEHHS KPUBOJIiHITHOT YaCTUHM 10 HY/IbOBOTO
3HAUeHHSI MPSIMOiHiTHOT yacTrHM. OCHOBHMM Pe3yabTaTOM JOCTiIKeHHSI € 3HaXOIKeHHs (HopMu MPY>KHOI 0Ci OKpeMMx
YyacTUH 3y6a Mij gieio npukiaageHoi cuin ta ix 06’eHaHHS B ofHe 1iine. Lle ae MOKIMBICTD BUSHAUUTYU BEIMIMHY
nepeMillleHHSI BiIbHOTO KiHIIs 3y6a B 3a71€3KHOCTI BiJl BeIMUMHM MPUKIALEHOI 1O HbOTO CU/IU. 3aCTOCYBaHHS OTPUMAaHUX
IaHUX MOXKe JOTIOMOT'TY B pO3po0611i 6inbiil e(heKTUBHMX Ta MPOLYKTUBHMUX CiIbCHKOTOCTIOAAPCHKMUX iHCTPYMEHTIB, 8 TAKOK
i ABUIIUTY IXHIO JOBrOBiUHIiCTb Ta €(PeKTUBHICTb IIPU B3aEMO/Iii 3 I'PYHTOM
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Integration of advanced technologies
to improve the efficiency of gas condensate field development

Abstract. In the context of constantly growing global energy demand and rapid changes in the energy sector, the study
and implementation of advanced technologies in the development of gas condensate fields is of critical importance. The
purpose of this study is to investigate methods to increase the efficiency of production and sustainable use of energy
resources by optimising the development of gas condensate fields using advanced technologies. The methods used include
analytical method, classification, functional method, statistical method, synthesis. Within the framework of this study,
the technological aspects of using wells of the Altyguyi gas condensate field were investigated and extensive laboratory
and field analyses were conducted aimed at the correct implementation of the double injection method for simultaneous
extraction of gas from one reservoir and oil from another, with an emphasis on their contribution to the development of
wells through this approach. The paper also considers aspects of operation and technology, including hydrodynamic and
thermohydrodynamic studies, when analysing well designs considering compatibility intervals and mining and geological
drilling conditions, based on predictive curves of reservoir pressure and rock fracture pressure. As a result of the analyses,
studies and calculations, the implementation of the method of intensification of gas condensate field production using
the oil and gas approach of dual injection in one well was substantiated. This approach is focused on reducing capital
investments and accelerating the development process. The practical significance of this research lies in the development
and implementation of innovative technologies to optimise the production processes of gas condensate fields, which
contributes to improving the efficiency of hydrocarbon production and promotes the sustainable use of energy resources

Keywords: sustainable use; optimisation of processes; double injection; prognostic curves; production intensification

INTRODUCTION

The study of technologies for the development of gas con-
densate fields and their optimisation through the inte-
gration of advanced methods is an integral aspect in the
context of dynamic changes in the energy sector and the
ever-growing global demand for energy. Efficient use of
gas condensate resources is becoming a key element for
ensuring energy sustainability and promoting sustainable
development. Approaches such as double injection, hydro-
dynamic research, and the integration of innovative tech-
nologies not only contribute to improving production effi-
ciency, but also reduce capital investment and accelerate
the development process, which is critically important in

the context of the current challenges of the energy indus-
try and rapid changes in the global energy paradigm.

The research focuses on identifying and solving com-
plex technological and organisational issues related to the
development of gas condensate fields. These difficulties
include not only technical aspects, such as optimising the
processes of extraction, processing, and transportation of
gas condensate, but also organisational issues related to
project management, interaction with stakeholders, and
ensuring compliance with regulatory requirements and en-
vironmental standards. Solving these problems requires an
integrated approach that includes both scientific research
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Integration of advanced technologies...

and practical expertise, and consideration of economic and
social factors.

A. Deryaev (2023a) considers in detail the effective-
ness of the double injection method in gas condensate
fields, analysing its pros and cons in detail and offering
recommendations for optimising its application. The study
does not address alternative methods for optimising the
production processes of gas condensate fields, which may
limit the understanding of possible effective strategies.
V.G. Golubev et al. (2020) consider the technological as-
pects of wells using the example of a gas condensate field,
paying attention to the influence of mining and geological
conditions on the choice of well designs. However, due at-
tention is not paid to the diversity of geological conditions,
which may reduce the generality of the results obtained.

A study conducted by B.R. Pulatov (2021) emphasises
the hydrodynamic and thermohydrodynamic aspects of the
exploration of gas condensate fields, substantiating their
importance for determining optimal solutions in the devel-
opment process. The study does not consider thermohydro-
dynamic aspects sufficiently, which may be key in adapting
technologies to various thermal conditions of deposits.
R. Al Dhaif et al. (2022) argue that forecasting of surface
oil flows in unstable oil and gas condensate reservoirs us-
ing artificial intelligence methods is an advanced approach
with significant potential in the modern oil and gas indus-
try. This method is based on the use of artificial intelligence
algorithms such as machine learning and neural networks
to analyse complex and multidimensional data related to
oil and gas fields. One of the advantages of using artificial
intelligence methods in forecasting of oil flow rates is their
ability to identify complex relationships between various
parameters and factors affecting production. This includes
not only the geological and physico-chemical characteris-
tics of deposits, but also dynamic changes in production
conditions (Kondrat & Matiishyn, 2023).

The purpose of this study is to explore the possibil-
ities of increasing the efficiency of production and sus-
tainable use of energy resources through optimising the
development of gas condensate fields using advanced
technologies.

MATERIALS AND METHODS

In the study conducted on the territory of the western re-
gion of Turkmenistan, the main attention was paid to two
deposits: Altyguyi and Korpedje. Data from several wells in
each of these fields were analysed. During the study, in-
formation was collected on the geological characteristics
of deposits, gas composition, and data on temperature and
pressure in wells. These data were used to assess potential
gas condensate reserves at the sites under consideration.

The analytical method helped in a detailed review
of the existing production parameters of gas condensate
fields, which helped to identify key factors affecting the
efficiency of development processes. This method contrib-
uted to the development of optimisation strategies and
became the basis for making informed decisions on the

introduction of advanced technologies aimed at increas-
ing the efficiency and sustainability of the use of energy
resources. Comprehensive data studies were carried out
using the statistical method, which identified trends and
patterns in the production of gas condensate fields. These
statistical patterns helped to assess the current efficiency
of processes and predict possible development scenarios,
which significantly enriched the knowledge base and pro-
vided the basis for developing strategies to improve the
extraction and sustainable use of energy resources.

Using the functional method, the main functions and
parameters affecting the efficiency of the development of
gas condensate fields were identified. This method helped
to systematise mining processes and identify optimal
strategies for the introduction of advanced technologies.
The results obtained using the functional method provid-
ed the basis for the development of innovative solutions
aimed at optimising processes and increasing the sustain-
ability of the use of energy resources in the context of gas
condensate fields.

The deduction method helped in the systematic iden-
tification of general patterns and principles underlying the
efficient production of gas condensate fields. This method
helped formulate the fundamental principles of optimis-
ing development processes by logically establishing causal
relationships. Employing the deduction method yielded a
deeper understanding of the key factors impacting produc-
tion efficiency and facilitated the development of strate-
gies promoting the sustainable use of energy resources in
gas condensate production.

By applying the synthesis method, various aspects of
the development of gas condensate fields were combined
into a single whole. This method provided a comprehensive
view of the relationship between technological, environ-
mental, and economic factors in the mining process. The
results of the synthesis revealed optimal solutions that
ensure not only increased efficiency, but also compliance
with the principles of sustainable use of energy resources
in the development of gas condensate fields.

The classification method helped in the systematisa-
tion and grouping of various factors affecting the develop-
ment of gas condensate fields. This method identified key
categories and parameters, which made it easier to assess
the importance of each element in the context of optimisa-
tion. The results of the classification method provided the
basis for developing individual strategies for the introduc-
tion of advanced technologies, depending on the specifics
of each group of factors, thereby contributing to increasing
the efficiency and sustainability of the use of energy re-
sources in the development of gas condensate fields.

Using the induction method, general patterns were
derived based on observations and specific cases of the
development of gas condensate fields. This method al-
lowed identifying the main trends and successful prac-
tices that can be applied in a broad context. The insights
gained through the induction method pave the way for
the development of general guidelines for optimizing gas
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condensate field development, incorporating advanced
technologies. As such, this method plays a crucial role in
establishing overarching strategies to improve efficiency
and sustainability in the use of energy resources during
gas condensate production.
The following equation was used in the study (1-5):
Tsep = Tent - ATthr. - ATTO’ (1)
where T, - gas temperature at the inlet to the gas process-
ing point (GPP); AT, - throttle temperature drop due to
the Joule Thompson effect; AT, , - gas temperature drop in
the heat exchanger.

ATy, = =0, @)
where AP, - throttle pressure drop (MPa) and Joule-
Thompson coefficient (g): ¢=0.27 MPa/°C (assumed based
on throttling conditions).

AT

thr.

=2AT, , 3)

=P +P

PenL cr. T oreq. thr.? (4)

where P - outlet pressure of the gas processing plant
(GPP).

P eq = Pter. + APg.p.’ (5)

T

where P - final pressure allowed under gas supply condi-
tions, equivalent to 5.6 MPa.

A. Deryaev

The key benefit of these calculations lies in their abil-
ity to illuminate the impact of various factors on gas con-
densate field development processes.

RESULTS

A full range of studies and systematic measurements are
carried out at the gas condensate fields of Turkmenistan.
These activities are designed to complement the main
complex of hydrodynamic and field geophysical studies
and measurements. They have received the approval of
the relevant authorities and strictly comply with the re-
quirements set out in the approved project document for
the development of the field. This complex of studies and
measurements covers various important aspects, including
the rapid detection of wells that may be sources of under-
ground leaks and interplastic flows. Implementing such a
comprehensive approach is vital for achieving the sustain-
able and safe development of these gas condensate fields.

Table 1 comprehensively details the operational and
technical specifications of Altyguyi’s productive oil wells. It
is noteworthy that the flow rates of 24 fountain wells in the
field range from 82 to 6 tonnes per day, the watercut varies
from 1% to 30%. It is worth emphasising that the watercut
in three of these wells (designated as wells 7, 16, and 18) is
73%, 71%, and 77%, respectively. The gas factor for these
wells ranges from 205 to 1129 m?® per tonne, and the solidifi-
cation temperature of the oil ranges from 36 to 37°C. These
detailed characteristics provide valuable information about
the operational characteristics and composition of pro-
ductive wells of the Altyguyi field, which are necessary for
effective field management and production optimisation.

Table 1. Key operational and technical details of Altyguyi’s high-performing wells

Fitting Gas supply

No. of well Work method Horizon Borehole, m e e depthym Note
21 fountain PC-8 4007 5 2200
3 fountain/gas lift PC-9 3757 4
fountain PC-9 3770 8
7 fountain PC-9 3758 5
10 fountain PC-9 3674 6
11 fountain PC-9 3868 6
12 fountain PC-9 3740 8
16 fountain/gas lift PC-9 3875 5 Punch 2000 m
17 fountain PC-9 3860 8
18 fountain PC-9 3905 4
19 fountain PC-9 3910 8
24 fountain PC-9 3751 8
51 fountain/gas lift PC-9 3685 5 Punch 2000 m
52 gas lift PC-9 3685 6 2200 Punch 2000 m
102 fountain PC-9 3727 6
104 fountain PC-9 3760 4
105 fountain PC-9 3860 8
106 fountain PC-9 3810 5
107 fountain PC-9 3885 5
108 fountain PC-9 3829 6
110 fountain PC-9 3820 4
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Continued Table 1.
Fitting

Gas supply

No. of well Work method Horizon Borehole, m B £ v Shy o Note
111 fountain PC-9 3880 8
112 fountain PC-9 3771 4
113 fountain PC-9 3705 8
114 fountain PC-9 3700 6

Note: PC — pumping and compressor equipment

Source: developed by the author based on A.R. Deryaev (2023b)

In 2011, two wells numbered 3 and 51 underwent sig-
nificant changes in operation as a result of switching to gas
lift mode. However, in 2014, these wells were switched to
semi-spontaneous operation, which led to the termination
of the supply of working agent. As a result, these wells are
now operating in fountain mode (Deryaev, 2023c). During
the use of the gas lift method, a number of notable trans-
formations have occurred, marking a dynamic evolution
over time. A gradual decline in annular pressure caused gas
to come out of the oil, while the amount of dissolved gas
in the extracted products simultaneously increased. These
developments necessitated a shift from gas lift to fountain
operation in the wells (Sahu et al., 2021).

Due to the decrease in reservoir pressure in productive
formations, it becomes necessary to carry out measures to
restore gas supply, which necessitates a return to the gas
lift method of operation. This adaptive strategy is of par-
amount importance to ensure the sustainable efficiency
and productivity of these wells. Due to the flexibility of op-
erational methodologies, the goal is to optimise the pro-
duction process in direct response to fluid and changing
conditions within the reservoir. This adaptive approach
serves as a strategic imperative, ensuring that mining
operations remain finely tuned and aligned with the ev-
er-changing dynamics of the reservoir, which ultimately
supports the overall efficiency of the mining process. The
field currently boasts 52 operational wells. In line with
the field’s meticulous development plan, a comprehensive
evaluation is being conducted to determine if all existing
naturally flowing wells can be converted to gas lift opera-
tion. This potential change is being meticulously evaluat-
ed with the primary objective of boosting industry-wide
productivity and efficiency (Syed et al., 2022). Such a step
will not only increase operational efficiency, but will also
meet the changing needs and requirements of the field’s
development strategy.

Table 2 provides a detailed overview of proposed strat-
egies for the systematic transition to gas lift operation in

the field’s existing flowing wells. The subtleties of this gas
lift method are revealed as a well-thought-out operational
paradigm strategically focused on improving the efficien-
cy of production at the Altyguyi field. In this innovative
gas lift method, a decisive shift in operation occurs in the
depth range of 2000-2200 m. Here, a carefully selected
working agent, often in the form of a heated gas, becomes a
catalyst for improving extraction dynamics. The introduc-
tion of this agent is carefully controlled using specialised
gas lift valves temporarily installed on the drilling site with
precision (Giglio et al., 2021). This thoughtful operational
plan is not just a procedural adjustment, but represents a
fundamental aspect of a comprehensive field development
strategy. A special infrastructure has been carefully creat-
ed to ensure the smooth execution of gas lift operations at
the field. This infrastructure is designed in such a way as
to ensure uninterrupted and efficient gas supply to gas lift
wells. The gas supplied at an operating pressure of 70 to
85 kgf/cm? passes through specialised gas compressor lines
to reach its destination. It is important to note that each
well within the framework of gas lift operation requires
an average gas consumption of about 15 thousand m3/
day. This infrastructure is not just a logistical basis; it is
an integral component that ensures the viability and sus-
tainability of the gas lift method throughout the field. The
significance of this operational transition goes beyond just
improving efficiency. This is a strategic step that meets
the changing requirements of field management, optimis-
ing production volumes while maintaining environmental
considerations. The careful implementation of the gas lift
method, combined with a reliable infrastructure supporting
its implementation, is evidence of the field’s commitment
to advanced technologies and best practices in the field of
oil production (Borj et al., 2024). As the industry continues
to evolve, these strategic operational shifts highlight the
adaptive nature of resource management, ensuring that
the Altyguyi field remains at the forefront of efficient and
sustainable energy production.

Table 2. Proposed option for conversion of flowing wells at the Altyguyi field to gas lift operation mode

Unit of measurement

Indicators

2022 2023 2024 2025 2026 2027

Oil production thousand tonnes

Liquid extraction thousand tonnes

Gas related resources million m?

Conversion of wells to gas lift method well
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Continued Table 2.
Indicators Unit of measurement 2022 2023 2024 2025 2026 2027
Fund of gas lift wells that will be put
into operation by the end of the year well 1 6 12 19 19 19
Average oil flow rate of operating wells t/day
Liquid t/day
Water restriction %
Gas resource required for the gas lift million m3 1.9 5.9 30.2 32.3 43.1 41.7

Source: developed by the author based on A.R. Deryaev (2023b)

The ideal flow rate is crucial for the most efficient op-
eration of the gas lift system, which requires a reduction
in specific consumption. For optimal flow rate, the gas lift
needs to be submerged as deeply as possible below the dy-
namic fluid level. Ideally, the lift’s length should closely
match the well’s depth. In scenarios where maximum flow
rate is required while minimising specific flow, a relative
immersion value of £=0.5 is ideal. For optimal efficiency,
a relative maximum flow rate of £=0.6 is employed (Rod-
rigues et al., 2021). Efficiently operated gas lift wells need
careful optimisation using proven techniques. Based on
calculations, gas lift wells where the gas is injected at a
depth between 2300 and 2500 meters, specific operating
pressures P =6.4, 7.4, and 8.4 MPa are considered fea-
sible. For wells with gas receivers at depths from 3000 to
3500 m, the standard operating pressures range from 10 to
12 MPa. Gas condensate fields benefit significantly from
the implementation of closed-cycle compressor gas lift
systems (Wang et al., 2022). To effectively support gas lift
operations and guarantee export-quality gas delivery to
the pipeline, this system necessitates the incorporation of
advanced gas treatment technologies. Such an integrated
approach not only improves operational efficiency, but also
meets environmental and safety standards, contributing to
the overall success of the gas condensate field development.

The Altyguyi field’s wellhead infrastructure for prod-
uct collection and processing is seamlessly integrated with
the adjacent Korpedje field’s systems. This compatibility
allows for a unified and standardized approach to handling
products from both regions, leading to improved operation-
al efficiency and enhanced resource utilization. Figure 1 il-
lustrates the Altyguyi field’s gas condensate collection and
processing technology. The collected gas and condensate
from the Altyguyi field’s wells are directed through pipe-
lines to sophisticated measuring equipment. Subsequently,
they are transported via collectors to the Korpedje field’s
gas treatment plant for initial processing. This intercon-
nected system simplifies the transportation and processing
of gas condensate, optimising the use of resources and con-
tributing to increased overall operational efficiency.

As a sample of gas condensate field development tech-
nology in the energy sector, a study of a gas field in the
Western region of Turkmenistan was conducted. Part of
this is the inspection of production wells, collection sys-
tems, treatment systems, and compression of produced
gas. The purpose is to assess the practicality and necessity
of potential modifications or reconstruction in the context

of future field development projects. Such an assessment
is crucial to ensure that the field’s energy infrastructure
remains adaptive and efficient in response to changing
operational requirements and environmental considera-
tions. Such a far-sighted approach helps to maintain the
sustainability and competitiveness of the operation of gas
condensate fields in the long term.

Instalation of
collection and
treatment of gas

é

Figure 1. Ityguyi field gas condensate well collection
and processing system
Note: IGT - industrial gas turbine, MPS — multiprocessor
system, GT - gas turbine
Source: developed by the author based on A.R. Deryaev
(2023b)

The compressor station (CS) plays a crucial role in
ensuring the efficient operation of the gas processing
complex (Zhou et al., 2021). The main function is to com-
press the associated gas when it enters the station via a
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gas pipeline. This process is carried out in three separate
compression stages. During compression, the gas under-
goes transformations as its pressure rises from 0.3 MPa to
7.5 MPa. This compression procedure is crucial to ensure
the flow and utilisation of the appropriate gas inside the
installation. The CS is also responsible for the compres-
sion of associated gas entering the station from several oil
and gas collection points, namely, a conventional pump-
ing compressor station 1 and 2 located near the respective
fields. These integrated gas pipelines combine several as-
sociated gas sources, consolidating their flows and sub-
jecting them to the necessary compression. The CS also
compresses natural gas directly produced at the gas con-
densate field. This gas arrives at the station through a ded-
icated combined gas pipeline, meticulously connected to
the corresponding group measuring equipment (GME) for
accurate flow measurement. This compression operation
ensures that the natural gas from the field is under suf-
ficient pressure for further processing and transportation,
which corresponds to the overall operational objectives of
the facility. The multifaceted functions of the compressor
station are an integral part of the uninterrupted processing
and transportation of various gas flows, which contributes
to improving the overall efficiency and productivity of the
gas processing complex.

The CS has a number of technical and technological
characteristics necessary for its effective operation. The CS
is equipped with two separate installations, each of which
has cooling systems responsible for the first and second
stages of associated gas compression. The CS is also re-
sponsible for compressing the corresponding gas entering
the station from the oil and gas collection stations of the
production pumping station 1 and 2. This intermediate
pressure serves as the inlet pressure for the subsequent
final or third compression stage. To guarantee optimal
efficiency by keeping the equipment within its operating
temperature range, cooling systems are indispensable. The
compressor station features three dedicated units for the
third compression stage: one for associated gas and two
for natural gas directly from the pipeline. This design en-
ables efficient and separate compression of different gas
streams, contributing to optimized operations.

A noteworthy feature of the CS is its low-temperature
mechanical cooling system. This system employs steam
compression technology with a refrigerant, often freon, to
achieve low-temperature condensation for cooling purpos-
es. This cooling system is crucial to maintain the proper gas
temperature, prevent overheating, and protect the integ-
rity of the compressor station equipment. Together, these
technical and technological characteristics allow the CS
to effectively manage and process associated and natural
gas flows, while maintaining the necessary operating con-
ditions and equipment integrity. The cooling systems and
compression stages are carefully designed to improve the
overall efficiency of the gas processing complex. The gas
resources that can be efficiently shipped to consumers with
a given gas quality exactly correspond to the annual design

capacity of the CS. A constant pressure is maintained at the
inlet of the CS by utilizing two distinct gas streams, which
helps preserve equilibrium (Moldabayeva et al., 2021).

The integrated gas treatment plant at the current de-
velopment stage faces a unique challenge: maintaining the
required inlet pressure while guaranteeing export gas qual-
ity. This pressure ensures the gas meets the specified water
and hydrocarbon dew point parameters outlined in the gas
supply contract, crucial for reliable and compliant gas de-
livery to consumers. The GPP plays a key role in achieving
these standards and maintaining stable export gas quality.
However, a current study of the GPP’s operational parame-
ters reveals insufficient reservoir pressure at the inlet com-
pared to the original design plan. This pressure shortfall
impacts the overall efficiency of the gas cooling process,
which utilizes low-temperature gas separation technology
with regenerative heat exchange. It’s crucial to recognize
that the specific heat exchanger employed plays a signifi-
cant role in the cooling process efficiency. This dependence
is directly linked to the heat exchanger’s design and the
surface area of its heat exchange plates. In simpler terms,
the choice and characteristics of the heat exchanger direct-
ly impact the gas cooling process efficiency.

Integrated heat exchangers within the GPP are crucial
for this cooling process, significantly lowering the gas tem-
perature before it enters the low-temperature separator.
This reduction is achieved using a method known as regen-
erative heat transfer and results in a temperature reduction
of almost half compared to the traditional Joule-Thompson
throttling effect. The introduction of these state-of-the-art
heat exchangers underlines the plant’s commitment to im-
prove cooling efficiency and maintain the necessary quali-
ty standards for the processed gas. Using equation (1), the
required operating temperature of gas separation was cal-
culated, especially in a low-temperature separator. The de-
crease in throttle temperature due to the Joule-Thompson
effect is calculated using equation (2). Based on operation-
al data, equation (3) describes the decrease in gas temper-
ature occurring within the heat exchanger. The reference
pressure at the inlet of the integrated gas treatment plant,
where the gas is conditioned to meet the required specifica-
tions, depends on two factors. Then, a specific ratio is eval-
uated based on equation (4). Then the estimated pressure at
the pipeline’s end (obtained from equation (5)) and the to-
tal pressure losses throughout the pipeline are considered.

Based on the calculated ratios, obtaining conditioned
gas with a specific water dew point requires T, =0°C,
the required pressure drop at the GPP installation is ap-
proximately DR~3 MPa in the summer months and about
DR~1.5-2 MPa in the winter months. To meet these con-
ditions, the pressure at the inlet to the GPP should be ap-
proximately P, ~9.5 MPa in summer and P, ~8.5 MPa in
winter. To ensure the inclusion of suitable high-pressure
gas resources in the current field development project,
this document defines the necessary criteria. These re-
sources must be treatable to meet the specified GPP con-
ditions and align with the calculated inlet pressure values
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(Leontidis et al., 2023). To ensure export-quality gas is de-
livered even with the anticipated decrease in high-pressure
gas supplies, the gas compressor station needs to maintain
operation in gas treatment modes. To address this critical
challenge, the immediate construction of a booster com-
pressor station is essential. It’s important to note that gas
lift wells receive their supply through dedicated gas pipe-
lines connected to the main pipeline. These injection lines
operate at pressures from 6.2 to 11 MPa, providing gas
supply to gas lift wells. Effective operation of gas lift wells
requires optimisation based on proven techniques. Calcu-
lations show that for gas lift wells with gas injection points
at depths from 2300 to 2500 m, the recommended operat-
ing pressures are P =6.4, 7.4, and 8.4 MPa. For wells with a
gas inlet depth of 3000 to 3500 m, the operating pressure
should be in the range of 10 to 12 MPa.

DISCUSSION

The integration of advanced technologies into the devel-
opment of gas condensate fields represents a key aspect in
the modern oil and gas industry. This topic is highly rele-
vant, since oil and gas companies face the constant chal-
lenge of increasing production efficiency under conditions
when gas condensate fields present complex technological
and engineering tasks. The integration of advanced tech-
nologies included a variety of innovations, ranging from
the use of modern methods of geophysical research and
seismic analytics to accurately determine the structure of
the field, to the introduction of automated well manage-
ment systems and the use of advanced production methods
such as hydraulic fracturing. One of the important aspects
of the study was to reduce the environmental impact of hy-
drocarbon production. The use of advanced technologies
allowed for more precise control of production processes,
reducing the risks of leaks and minimising the impact on
the environment (Shmandii et al., 2022).

According to S. Matkivskyi et al. (2021), methods for
extracting hydrocarbon resources are evolving rapidly,
investigating the impact of CO, injection rates on water
pressure system behavior during gas condensate field de-
velopment is becoming increasingly crucial. The growing
popularity of CO, injection to enhance gas condensate
production necessitates a thorough understanding of its
effects on the field’s water management system. (Dzhala-
lov et al., 2021). One of the key aspects of the study un-
der discussion is the assessment of the effect of different
injection rates of CO, on hydrodynamic processes in the
water pressure system. This includes studying pressure
changes, water flow rates, and interactions with the reser-
voir and adjacent gas condensate layers. The data obtained
can significantly influence the development of optimal CO,
injection strategies that ensure efficient extraction of gas
condensates with minimal negative impacts on the water
supply. These data are consistent with the theses given in
the previous section. This study represents an important
step towards improving the efficiency of gas condensate
production, while emphasising the importance of balancing
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technological advantages and environmental sustainabili-
ty of water supply.

Referring to the definition of L. Jia et al. (2021), the ap-
plication of changing the wettability of gas to improve the
efficiency of methane drainage is an innovative approach
that can significantly improve the efficiency of natural gas
production processes. This method uses the possibility of
changing the interaction of gas with the surface of a porous
medium, which contributes to more efficient displacement
and drainage of methane from gas fields. A practical ex-
ample of the application of this method may include the
use of modified surfactants or coatings capable of affecting
the wettability of gas in porous formations. Such technolo-
gies can be applied in field conditions where conventional
methods of methane extraction face limitations. For exam-
ple, changing the wettability can increase the permeability
of rocks, which, in turn, will reduce the resistance to gas
flow and increase its yield (Tileuberdi et al., 2021). It should
be noted that when implementing such innovative meth-
ods, it is important to consider potential challenges. These
include the need for thorough testing and adaptation to
specific geological and technological features of the depos-
it, and an assessment of the environmental consequences
of the impact of new substances on the environment. Ef-
fective management and optimisation of these technolo-
gies require a systematic approach and balanced attention
to technical and environmental aspects.

A.R.B. Abad et al. (2021) have shown that the use of
hybrid machine learning algorithms for predicting conden-
sate viscosity in the bottomhole zone of gas condensate
deposits is a promising approach aimed at improving the
accuracy and reliability of estimates in conditions of com-
plex geological formations. These hybrid algorithms com-
bine the advantages of various machine learning methods,
which makes it possible to better understand a variety of
factors affecting the viscosity of condensate. One of the
key advantages of hybrid algorithms is their ability to pro-
cess large amounts of data, including a variety of forma-
tion parameters and mining conditions. This is especially
important for gas condensate fields, where the complexity
of geological structures and variable operating conditions
can significantly affect the viscosity of condensate. It can
be agreed with this view that successful implementation of
hybrid algorithms requires good quality training data and
constant updating of models to reflect changes in mining
conditions. Such an approach to predicting condensate vis-
cosity can significantly reduce time and resource costs in
the production process and ensure more efficient manage-
ment of gas condensate fields.

As noted by M.Z. Kamali et al. (2022), forecasting of the
permeability of inhomogeneous carbonate gas condensate
reservoirs using a group data processing method is a signif-
icant step in the field of accurate modelling and manage-
ment of hydrocarbon production. Carbonate gas conden-
sate reservoirs have a complex structure and heterogeneity,
which complicates the prediction of their permeability, an
important parameter for optimising production. The group
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data processing method is an innovative approach that
allows considering groups of variables and dependencies
between them when predicting permeability. This meth-
od can efficiently process large amounts of data, including
various reservoir characteristics, geological parameters,
and mining conditions. The use of the group method in
predicting the permeability of carbonate gas condensate
reservoirs can improve the accuracy of forecasts by consid-
ering many factors affecting this parameter (Ismailova et
al., 2021). It also provides the ability to adapt to changes in
the geological structure and operating conditions, which is
key to successful production management over time. Ana-
lysing the results and conclusions obtained, it is necessary
to have high-quality and detailed data on the geological
characteristics of the deposit for effective implementa-
tion. The application of the group data processing method
in predicting the permeability of carbonate gas conden-
sate reservoirs is a promising tool for improving produc-
tion strategies and optimising the operation of deposits.

J. Tongwen et al. (2021) determined that the develop-
ment of a three-element mechanism for cyclic injection of
gas into condensate-gas formations represents an innova-
tive approach to optimising the extraction of hydrocarbons
from complex formations. This mechanism is based on the
cyclic introduction of gas into the reservoir and its subse-
quent extraction, which contributes to the efficient pro-
duction of condensate and gas. Such a method can provide
better control of production processes and increase oil re-
covery, especially in conditions where conventional meth-
ods are ineffective. A new method of increasing condensate
oil recovery, associated with a three-element mechanism
of cyclic gas injection, provides an opportunity to optimise
reservoir pressures and control the migration of hydrocar-
bons (Matkivskyi & Kondrat,2023). This is especially true for
condensate and gas fields, where proper pressure balancing
cansignificantlyincrease the volume of extracted resources.

In addition, the successful implementation of this
three-element mechanism requires a detailed study of the
geological and physico-chemical properties of the deposit
and the supporting infrastructure. The new method of con-
densate extraction through cyclic gas injection represents
a promising way to optimise hydrocarbon production and
can make a significant contribution to the sustainable and
efficient use of energy resources.

CONCLUSIONS

The study investigated how integrating advanced tech-
nologies can improve the efficiency of developing gas
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AHoOTaUif. B yMoBax MOCTiifHO 3pOCTa0Y0Oro CBITOBOTO MOIMMTY Ha €HEPTiio Ta CTPiIMKMX 3MiH B eHepreTMYHOMY CeKTOPi,
BUBUYEHHS Ta BIIPOBA/IKEHHS MePeIOBUX TEXHOJIOTiI Y pO3pOOKY Ira30KOHIEHCATHUX POAOBUII HAOYBAa€ KPUTUUYHOTO
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3 TiApOAMHAMIUHMMM i TEPMOTigApPOAMHAMIUHUMM OOCTiI>KeHHSIMU, MMiJ, YaC aHa/li3y KOHCTPYKIIili CBepAJOBUH 3
ypaxyBaHHSIM iHTepBaIiB CYMiCHOCTI Ta TipHMYO-TEOJIOTiUYHMX YMOB OYPiHHS, 3 OCHOBOIO Ha MMPOTHOCTUUHUX KPUBUX
I1JIACTOBOT'O TUCKY i TUCKY PYJiHYBaHHS ripCbKUX Mopif. Y pesyabTaTi NpOBeLeHUX aHasli3iB, JOCTIiI)KeHb 1 pO3paxyHKiB
OOT'PYHTOBAHO BITPOBA/IKEHHS MeTOy iHTeHcHpikallii BUI0OYTKY ra30KOHIEHCATHOTO POAOBUINA 3 BUKOPUCTAHHSIM
HadTOTra30BOro0 MigX0My MOABIAHOTO 3aKauyBaHHS B OJHili cBepA/I0BUHi. Lleit migxim opieHTOBaHMIT HA CKOPOYEHHS
KariTalbHMX BKJIAJEHb i IPUCKOPEHHS MPOLIECY PO3BUTKY. IIpakTHUHe 3HAUEHHS 1[bOTO AOCTiKEHHS TIOJISITa€ B pO3pooiii
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for the analysis of the results of ultrasonic testing

Abstract. Conducting a study on this topic becomes relevant due to the great importance of the safety of critical
infrastructure facilities and the presence of operational defects in equipment elements and pipelines, which poses
serious threats, including the possibility of equipment destruction and negative environmental impact. The purpose of
this work is to study the possibility of using the diffraction-time technique of ultrasonic non-destructive testing together
with a deep convolutional neural network to accurately determine the numerical value of the height of an operational
crack. The methods used include the analytical method, classification method, functional method, statistical method,
synthesis method, and others. The study found that an automated approach to measuring crack height, based on
diffraction signals and the use of neural networks, significantly improved the quality and accuracy of non-destructive
testing. Ultrasonic testing is one of the most common inspection methods for detecting service cracks and is considered
to be the most effective. It allows for reliable detection of defects and determination of their size without destroying the
product. The results of the study emphasize the high potential and efficiency of the method in analysing the data obtained
and provide confirmation of its applicability for determining the condition of objects during ultrasonic inspection. The
paper emphasizes that these technologies are particularly important and effective. It is noted that their widespread use
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in various industries, such as medicine, aviation, and machine learning, demonstrates their power in solving complex
problems. The practical significance of the work lies in the development of advanced approaches that provide new insights
and methods to improve the efficiency of analysing the results, which can be applied in industry to improve the quality

of control and reliability of technical facilities

Keywords: non-destructive testing; operational defects; diagnostic efficiency; Data Processing; automation of

procedures; industrial monitoring

INTRODUCTION

The use of regression neural networks significantly im-
proves the efficiency of ultrasonic data analysis, helping
to detect operational defects, thereby ensuring safety and
reliability. Automated analysis enables faster defect detec-
tion, reducing inspection and maintenance time and costs.
Deep neural networks provide high accuracy in detecting
even small defects, contributing to reliable diagnostics.
The study of this topic promotes the use of innovative
technologies in the security of critical facilities and con-
tributes to progress in science and technology. All this is
aimed at ensuring more efficient and safer monitoring of
the condition of infrastructure facilities. The challenge of
this study is the difficulty of detecting operational defects,
in particular cracks, which may be hidden or invisible using
traditional inspection methods. In addition, the challenge
is to develop ultrasonic inspection methods that effective-
ly detect defects and guarantee reliability and accuracy to
avoid potential errors and incorrect results.

According to D.V. Pronyaev & V.V. Melnyk (2022), arti-
ficial neural networks have provided unique opportunities
to improve healthcare systems and increase the effective-
ness of medical education. They have been introduced into
the training process of medical specialists to simulate re-
al-life clinical scenarios. This has allowed students to gain
practical experience in a safe environment and develop di-
agnostic and treatment skills. However, this study did not
address the security and reliability of Al algorithms in the
context of medical data, which is a key aspect in the use of
such technologies in sensitive areas.

The purpose of the study by A. Atamanchuk (2022) was
to develop and test a method for detecting and identifying
an unmanned aerial vehicle (UAV) based on neural net-
works, aimed at improving the efficiency and accuracy of
the recognition process. An effective method has been de-
veloped that can be used to detect and identify UAVs with
high accuracy. The results obtained have practical applica-
tions in various industries where they detect and recognize
unmanned aerial vehicles. However, this work did not take
into account the possible challenges and threats associated
with the analysis of unmanned aerial vehicles, which may
raise questions about the protection and confidentiality of
the information revealed.

In their study, O.M. Berezsky et al. (2021) apply the
linear regression method to analyse the quantitative
characteristics of cytological images in order to obtain
objective indicators and improve diagnostic capabilities.
The use of linear regression in the analysis of cytological

images simplified the interpretation of quantitative data
and allowed for objective comparisons between different
cellular structures. The research is aimed at improving the
methods of analysing cytological images, which is essen-
tial for the development of modern medicine. The applica-
tion of the linear regression method is an important step
in improving the objectivity and speed of diagnosis based
on cytological data. However, the study did not conduct a
comparative analysis with other machine learning meth-
ods to determine the advantages and disadvantages of us-
ing linear regression.

In their study, O. Burlieiev et al. (2021) determine the
level of efficiency and benefits of using artificial neural
networks in various sectors of the economy, including mar-
ket analysis, forecasting economic indicators, and financial
management. The study highlights the high potential and
efficiency of using artificial neural networks in the econo-
my, with the ability to analyse complex relationships and
make accurate forecasts, making them a key tool for solving
the problems of the modern economic environment. How-
ever, the authors did not consider all aspects and specific
cases of application of artificial neural networks.

In their paper, N.V. Kuznietsova & Z.S. Chernysh (2020)
analyse the use of regression models in the financial analy-
sis of enterprises and determine their effectiveness in pre-
dicting financial performance indicators. As a result, the use
of regression models has allowed enterprises to more accu-
ratelyanalyse and forecast financial performance indicators,
which, in turn, will help improve management strategies
and make informed decisions. However, the study lacked
additional analysis, which could include a comparison of
the effectiveness of regression models with other methods,
such as time series analysis or machine learning methods.

The purpose of this study is to determine the feasibil-
ity of using the diffraction-time technique of ultrasonic
non-destructive testing in combination with a deep con-
volutional neural network to accurately determine the nu-
merical value of crack height.

MATERIALS AND METHODS
This study was carried out by applying methods that reveal
the theoretical and practical content of the object, provid-
ing a comprehensive view of innovative approaches to the
use of a regression neural network for analysing ultrasonic
inspection results. The analytical method in this study was
used to thoroughly review the theoretical aspects of re-
gression neural networks used for the analysis of ultrasonic
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inspection results. This method made it possible to under-
stand and describe the mathematical foundations of the
functioning of neural networks in the context of studying
ultrasonic inspection. The analysis of the mathematical
foundations of regression neural networks in the context of
ultrasonic control contributed to the understanding of their
potential in accurate analysis and processing of results.

The classification method made it possible to system-
atize different types of ultrasonic data and define their
categories for the needs of applying regression neural net-
works. The classification results helped to determine the
optimal network parameters for specific data classes. The
application of this method made it possible to identify dif-
ferent types of ultrasound images and to distinguish their
main categories, depending on the needs of regression
neural network analysis. This method made it possible to
adapt the structure and parameters of regression neural
networks to different types of information, which increased
their efficiency and accuracy of analysis of the results.

The functional method considered the existing capa-
bilities of regression neural networks and their application
to analyse the results of ultrasonic testing. This method
considered how the regression neural network performed
specific tasks and solved problems related to ultrasonic
inspection. The functional method determined the effec-
tiveness and efficiency of regression neural networks in
solving specific ultrasonic data analysis tasks. This meth-
od made it possible to determine how the neural network
adapts to various conditions and identifies key functions
during information processing, which provides important
guidance for further improvement of its performance.

The statistical method allowed combining the data
obtained, and identifying statistical patterns and risks
associated with the use of regression neural networks in
the context of ultrasound inspection, which is important
for assessing the reliability and validity of the results. The
synthesis method in this study was used to create and opti-
mize regression neural networks for ultrasound data anal-
ysis. This includes the synthesis of network parameters,
structure, and weights to achieve optimal performance.

I. Andriievskyi et al.

In the study, ultrasonic data obtained using diffrac-
tion time-of-flight technique was collected. The data was
carefully processed and prepared for further use in the
neural network. A deep convolutional neural network was
tuned and trained using the ultrasound data. A regres-
sion approach was used to accurately determine the crack
parameters. The results were validated and analysed to
determine the effectiveness of the regression neural net-
work for analysing ultrasonic data and determining crack
heights. The results of the regression neural network ap-
plication were compared with other approaches and meth-
ods of ultrasonic inspection to determine the advantages
and disadvantages.

A thorough review and analysis of the diffraction-time
technique used to measure crack parameters in materials
was carried out. Different approaches and techniques that
use ultrasound for defect detection are considered. The pa-
per uses a deep convolutional neural network to analyse
and process the received diffraction signals. The applica-
tion of a regression neural network allows accurately de-
termining the height of cracks in materials based on the
obtained ultrasonic data.

In this work, a convolutional neural network for im-
age recognition was developed and used to reduce errors
in determining the height of the defect. To train a neural
network, it is necessary to have so-called labelled data,
i.e. data for which the correct answer is known in advance,
in this case, the height of the crack. For this purpose, the
training data were modelled using the CIVA software. Ex-
perimental measurements with real defects would have
been more efficient, but this would have required ultrason-
ic equipment, transducers, and a huge number of samples
with real defects. CIVA is a platform for non-destructive
testing tasks consisting of modules: modelling, visualiza-
tion, and analysis. In this study, the software was used to
model rectangular defects with different heights, lengths,
and defect angles (Table 1). In the end, the artificial crack
database consisted of 3 sets: test, validation, and training.
In total, the database contains approximately 100 images
and took about 30 hours to generate.

Table 1. Parameters of the training model

Model parameters

Sample form Rectangular
Material Steel
Length 200 mm
Thickness 100 mm
Height 30 mm
Converter parameters
Type Contact
Emitter shape Disk
Diameter 6.35 mm
Angle of refraction 60°
Angle of incidence 23.165°
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Continued Table 1.

Model parameters

Scanning scheme

Location Symmetrical
Distance between centres 38 mm
Initial position 71x37 mm

Scan move along the axis
Step (x-axis) 0.5 mm
Number of steps (on the x-axis) 120
Simulated defect
Height 0-30 mm
Length 30 mm, 40 mm

Angle of inclination of the crack

0°,2°,4°

Source: created by the authors

The structural similarity index (SSIM) was used to
quantify the structural similarity between images, which
allows determining the degree of correspondence between
the structures and content between them. In this study,
a convolutional neural network (CNN) was developed to
solve the problem of determining the height of cracks us-
ing the Keras library, TensorFlow framework. The training
process of this neural network was performed on an Intel
Core i5-7300HQ CPU. Despite the fact that the CPU train-
ing speed is less efficient compared to using graphics cards,
it was sufficient in this case. This is due to the small num-
ber of parameters in the neural network structure and the
size of the training set, which contained only 52 images. In
general, the training process for 100 epochs usually takes
from 10 to 30 minutes.

RESULTS
A crack is one of the most dangerous operational defects,
which, depending on its size, particularly its height, can
lead to equipment failure. Non-destructive testing tasks

=

Lateral wave

play a key role in ensuring the safety, reliability, and ef-
ficiency of NPP equipment. Non-destructive testing is the
inspection of the quality of products using various fields
or radiation. The ultrasonic inspection method is based on
the ability of high-frequency vibrations to penetrate the
material and reflect scratches from the surface.
Time-of-flight diffraction (TOFD) technology, in turn,
is used to record diffraction signals that occur at the edges
of a defect using two sensors (Fig. 1). This technique makes
it possible to establish the coordinates of cracks quite ac-
curately (Hecht, 1997). The system of this method contains
a transmitter and a receiver of ultrasonic waves, which are
directed to a single point inside the welded joint. If no de-
fect is present, then after the compression wave is emitted
from the transmitter, the first signal to reach the receiver is
a side wave representing the outer surface, and the second
signal to reach the receiver is an echo from the back wall
representing the inner surface. If a defect is present, the dif-
fraction signal is generated at the top of the defect and ar-
rives before the signal generated at the bottom of the defect.

Pipe wall

Back wall echo

Figure 1. The working principle of TOFD technology

Source: created by the authors

Simple geometric considerations can be used to es-
timate the height of a crack, knowing the scan angle,
the difference in the arrival time of the two signals, and

a constant, the speed of sound propagation in the materi-
al. However, in reality, the signals are very difficult to rec-
ognize (Fig. 2).
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Figure 2. Real TOFD signal

Source: created by the authors

Deep learning is a machine learning technique that
is one of the best for solving problems of processing large
amounts of data, processing speed, and reducing error.
Deep learning models are often called deep neural networks
because they consist of a multi-layered architecture. Each
layer of the network receives input and performs a certain
operation before passing the results to the next layer. As
mentioned earlier, a convolutional neural network special-
izes in image analysis. The peculiarity of this architecture
is that it highlights the features of images and at the same

SCANNING

ETIT

&0

time reduces the amount of information by identifying the
most informative part of it. In fact, each convolutional layer
of a neural network is a set of digital filters whose kernels
are optimized during training (Protsenko, 2022). Examples
of modelling control results are shown in Figure 3. It is pos-
sible to see a slight difference between the results, but cal-
culating the height of the defect without significant errors
is a task beyond the reach of humans. Therefore, computer
processing is used in this work (Bowles, 2015; Yousefi et
al.,2018; Lee et al., 2023).

SCANNING

Figure 3. The result of ultrasonic control in the form of an amplitude image
for defects with a height of 3 mm and 4 mm, respectively

Source: created by the authors

As a result of the modelling in the CIVA software, a
dataset was obtained that contained 118 images, each of
which was uniquely indexed (labelled), i.e. had unique pa-
rameters of the crack for which the signal was modelled.
The modelling itself is manual and contains many proce-
dures and processes involving humans, so errors are pos-
sible when generating, naming result files. Therefore, to
exclude their influence on the study, all photos were ana-
lysed for uniqueness by comparing each photo with all oth-
ers using a code. In the process, only 52 images were found
to be unique. Since the rest of the photos had at least one

duplicate (the same photo), but with different indexing,
none of them could be used, as it was no longer possible to
establish which indexing was correct. Therefore, all non-
unique images were excluded from the database that would
be used to train and test the neural network.

For the selected 52 images, Figure 4 shows the so-
called heat similarity matrix — how similar one photo is
to another. The Structural Similarity Index (SSIM) is then
used to quantify the similarity between the photos, which
allows finding out the degree of correspondence between
the structure and content between them. Usually, in such
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cases, it is possible to use a comparison by calculating
the mean square error (MSE), but this means only a pix-
el-by-pixel comparison of images with complete disre-
gard for the structures on it. Unlike MSE, SSIM gives more
weight to structures than to the colour of a single pixel
pair. That is, this similarity assessment is better at recog-
nizing similar photos that are similar to the human eye
than MSE, i.e. it calculates the so-called perceived similar-

ity (Wang et al., 2004; Wang & Bovik, 2009). According to
the obtained SSIM index, a cell on the similarity matrix is
coloured. Red indicates full similarity, and blue indicates
the least similarity of all. Ideally, only the main diagonal
should be red, i.e. the photo should be similar only to itself.
In the matrix above, it is possible to see other red cells, but
the similarity coefficient is different, which means that the
data is not identical.

00489

00487

00828

00693

Figure 4. Thermal similarity matrix of the used data set

Source: created by the authors

The dataset was divided into three smaller datasets:
a training dataset of 39 images, a validation dataset of 7
images, and a test dataset of 6 images. The training set
is used to train the neural network, the validation set is
used to evaluate the trained models and compare them
with each other to select the best hyperparameters, and
the test set is used to evaluate the final neural network
with the hyperparameters already selected. To train the
neural network, it was decided not to use any augmenta-
tion, i.e. artificially expanding the database by enlarging/
decreasing, shifting, rotating the image. Despite the small
dataset, augmentation would not be very correct in this
case. In contrast to object classification tasks, where aug-
mentation is almost always a standard approach and can
be applied to object images without losing their essence,
this task analyses an ultrasound signal (Wong et al., 2016).
Any manipulation of the data can lead to signal distortion,

which in turn can affect the accuracy of its analysis. This
data-driven approach ensures that the network training is
based on original, untouched data, and thus maximizes its
accuracy in recognizing ultrasound signals.

Modern machine learning methods make heavy use
of frameworks such as TensorFlow, which provide pow-
erful tools for developing and training neural networks.
Achieving optimal results required careful selection of
hyperparameters. This included determining the optimal
number of Conv2D and MaxPooling2D convolutional lay-
ers, adjusting the number of filters and kernel sizes for
each Conv2D layer, defining the parameters of fully con-
nected layers, dropout values, and batch sizes. After that,
the best configuration was selected based on the results
of testing on the validation dataset. The structure of the
best neural network is shown in Table 2 and schematically
depicted in Figure 5.
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Table 2. Architecture of classification convolutional neural network

Layer Activation function Characteristics
Conv2D ReLU The number of filters — 64 The core size — 6x6
MaxPooling2D - The core size — 2x2
Conv2D ReLU The number of filters — 32 The core size is 5x5
MaxPooling2D - The core size — 2x2
Conv2D ReLU The number of filters — 32 The core size — 4x4
Flatten - -
Dense ReLU The number of neurons — 64
Dropout - Rate - 0.4
Dense ReLU The number of neurons — 32
Dropout - Rate - 0.4
Dense Softmax The number of neurons - 6
Number of parameters 3,124,390

Source: created by the authors

] InputLayer

m Conv2D

@ MaxPooling2D
@ Flatten

@ Dense

] Dropout

Figure 5. Classification model architecture
Source: created by the authors

The results of testing the checkpoint-preserved clas-  from the actual crack height, indicates the importance of
sification network after training for 100 epochs are shown further improvement and development of the system. In
in Table 3. order to quantify the error and improve the accuracy of

The error of the model in classifying one image, which  predictions, it is worth considering the use of a regression
was assigned to a class located at a distance of only 1 mm  neural network (Fig. 6).

Table 3. Results of training the classification model

Cracked Test ID Crack height, mm Height class Estimated height class Classification result
1 3mm 0-5 mm 0-5 mm True
2 9 mm 5-10 mm 10-15 mm False
3 11 mm 10-15 mm 10-15 mm True
4 17 mm 15-20 mm 15-20 mm True
5 19 mm 15-20 mm 15-20 mm True
6 25 mm 25-30 mm 25-30 mm True
7 29 mm 25-30 mm 25-30 mm True
Precision 85.71%

Source: created by the authors
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[ InputLayer
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B MaxPooling2D
M Flatten

M Dense

[[] Dropout

Figure 6. Architecture of the regression model

Source: created by the authors

Regression neural networks allow solving problems re-
lated to the prediction of numerical values, which in this
case is ideal for determining the specific height of a crack.
Compared to classification, where only two categories are
possible (correct/incorrect), the regression approach pro-
vides quantitative values that determine the degree of de-
viation of the predicted value from the actual value. The
changes in the architecture that provided for the transition
from the classification to the regression model included

important modifications that contributed to the solution
of the problem of predicting numerical values, namely the
height of a crack in the material. The original six-neuron
output layer that used the softmax activation function for
classification was replaced by a single output neuron with-
out an activation function responsible for predicting the
numerical value. During the hyperparameter selection, the
dropout value was reduced and another convolutional layer
Conv2D and MaxPooling2D were added (Table 4).

Table 4. Architecture of regression convolutional neural network

Layer Activation function Characteristics
The number of filters — 64
Conv2D ReLU The core size — 6x6
MaxPooling2D The core size — 2x2
Conv2D ReLU The number o_f filters — 32
The core size — 5x5
MaxPooling2D The core size — 2x2
The number of filters — 32
Conv2D ReLU The core size — 4x4
MaxPooling2D The core size — 2x2
The number of filters — 32
Conv2D ReLU The core size — 4x4
Flatten -
Dense ReLU The number of neurons — 64
Dropout - Rate - 0.1
Dense ReLU The number of neurons — 32
Dropout Rate - 0.1
Dense The number of neurons — 1
Number of parameters 393,745

Source: created by the authors

The results of testing the regression network stored
by the checkpoint after training for 100 epochs are shown
in Table 5. The average absolute error was 0.46 mm, and
the average relative error was 4.86%, which indicates that
this neural network is well-trained to determine the crack

height, but only in the material sample specified in the
simulation. Therefore, it is important to consider that the
results obtained on this specimen may not be equally trans-
ferable to other specimens due to variations in the material.
For a wider and more universal application of the model, it is

Machinery & Energetics. Vol. 15, No. 1

v



necessary to expand the size of the training dataset and con-
sider the variability of material properties. The findings show
that the regression neural network performs well in the task

I. Andriievskyi et al.

of determining the crack height on a given material sample.
Scaling to other materials can be achieved by expanding
the training set and optimizing the network parameters.

Table 5. Results of regression model training

Height, predicted

ID test with a crack Height, real value, mm Absolute error, mm Relative error, %
value, mm

1 3 3.49 0.49 16.39
2 9 8.47 0.53 5.87
3 11 10.47 0.53 4.82
4 17 17.18 0.18 1.05
5 19 19.16 0.16 0.84
6 25 25.72 0.72 2.89
7 29 28.39 0.61 2.12

Average values 0.46 4.86

Source: created by the authors

In order to successfully scale the developed model to
other materials and inspection conditions, two key steps
are required. First, the training dataset should be expand-
ed to include different defect shapes and sizes. This will
help the model to adapt to the different nature of materials
and avoid transferring sample properties to a specific ma-
terial only. Second, it is important to optimize the neural
network parameters. This involves experimenting with hy-
perparameters, such as network architecture, learning rate,
and other parameters that affect its performance. These
steps can be used not only to achieve high accuracy on a
particular material, but also to ensure the overall adapt-
ability of the model to different conditions and types of
materials, which would make it more versatile and effective
in practical applications (Erkmen & Yildirim, 2008; Qiao et
al., 2020). Additionally, the modelling allowed determining
the optimal size of the training set to achieve maximum
efficiency. Sensitivity analysis of hyperparameters, such
as training speed and data set size, revealed their impact
on the model’s performance and identified optimal values.
Validation on real data confirmed the model’s adaptabil-
ity to new conditions and data, which will enhance its ap-
plicability in real-world scenarios. Comparison with other
methods of analysing ultrasonic inspection results also
shows the high efficiency of the developed neural network.
In general, the results obtained confirm the great poten-
tial and practical value of the regression neural network for
analysing ultrasound data, and also indicate ways to fur-
ther improve and expand its applications in various fields
of technical diagnostics and control.

The paper emphasizes the importance and effective-
ness of advanced deep learning and neural network tech-
nologies. It is noted that their widespread use in various
fields, such as medicine, aviation, and machine learning,
indicates their power in solving high-level problems. In
medicine, they help automate diagnostics and develop ef-
fective treatments. In the aviation industry, these technol-
ogies ensure efficient monitoring and maintenance of air-
craft, increasing safety. In machine learning, they expand
the possibilities in forecasting and task classification. The

paper highlights that these technologies are key to solving
modern challenges in science and technology. Their wide-
spread adoption in various industries demonstrates a deep
approach and potential for solving various problems, em-
phasizing the importance of their application in the mod-
ern technological environment.

DISCUSSION

This research article discusses a key topic in the field of
non-destructive testing, namely improving the accuracy
of crack height measurements using diffraction signals
and the use of neural networks to optimize this process.
Much emphasis was placed on analysing the methodolo-
gy of using machine learning technologies, in particular
neural networks, which can improve the efficiency of the
inspection procedure. Specific aspects of the use of neural
networks in crack height measurement were discussed in
detail. The peculiarities of diffraction signals were careful-
ly considered, and machine learning-based models were
developed to accurately determine the size of cracks in ma-
terials. The regression neural network is highly effective
in determining the parameters of ultrasonic inspection,
which has led to a significant increase in measurement
accuracy, a critical aspect for ensuring the reliability and
safety of industrial facilities (Fomin et al., 2023). The use of
neural networks has made it possible to automate the pro-
cess of analysing ultrasonic data, reducing dependence on
the human factor, and speeding up the time to detect de-
fects (Smailov et al., 2023). This contributed to the efficient
use of resources and optimization of production processes.
The results of the study indicate that the regression neural
network can be scaled up and applied to different materials
and conditions. This makes it a versatile tool for solving
control problems in various industries.

One of the key advantages of this study is its relevance
in the modern context. In particular, measuring the height
of cracks turns out to be a critical task in ensuring the
safety and reliability of infrastructure facilities (Babak et
al., 2021). The importance of this study is emphasized by
the fact that in the nuclear industry, this issue is becoming
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particularly relevant to prevent possible accidents. It is
noted that solving the problems of crack measurement has
the potential to improve safety and reliability in these stra-
tegically important industries (Ripetskyi et al., 2023). The
paper identifies new opportunities for applying modern
technologies and studying their impact on the sustainabil-
ity and safety of infrastructure systems.

In their study, O. Tymchuk et al. (2023) developed a
model that uses recurrent neural networks to accurate-
ly estimate the value of real estate. The developed RNN
model is capable of accurately predicting the value of real
estate objects, considering various factors and variables,
which contributes to improving real estate decision-mak-
ing processes and improving the accuracy of valuations.
This study is aimed at expanding the possibilities of using
recurrent neural networks in the field of real estate valu-
ation. These results are expected to improve the accura-
cy and objectivity of real estate pricing, which opens new
prospects for market participants. The regression neural
network demonstrates high efficiency in detecting and
analysing defects, and the recurrent neural network is suc-
cessfully used to accurately estimate the value of real es-
tate (Shults et al., 2023). Both studies harness the power
of neural networks to solve important problems in their
respective fields. The regression and recurrent neural net-
works demonstrate high accuracy and efficiency in solving
the problems of ultrasonic inspection and real estate valu-
ation, respectively.

The work by V. Gerus & S. Vitruk (2022) on the study
of the effectiveness of neural networks in economics and
their impact on the analysis and forecasting of economic
indicators reveals significant aspects, contributing to the
development of new methods and approaches in this area.
As a result, the use of neural networks in the economy has
led to improved forecast accuracy, increased decision-mak-
ing speed and optimization of economic processes. The re-
search of these authors focuses on the effectiveness of neu-
ral networks in economic analysis and decision-making, as
well as on the accuracy of defect detection in materials. The
study of the effectiveness of neural networks in econom-
ics is important for understanding the potential of these
technologies in improving economic processes and making
informed management decisions. The regression neural
network has been shown to be effective for physical anal-
ysis of materials, while the application of neural networks
in economics can improve analysis and management deci-
sion-making in the financial sector (Petchenko et al., 2023).

In his study, M. Gertsiuk (2022) described the devel-
opment and use of a mathematical model based on a neu-
ral network to predict the effects of river pollution. As a
result, mathematical modelling based on a neural network
is a promising approach for predicting the effects of river
pollution, and this study aims to further develop this area
in the field of water resources protection. Both studies use
neural networks for different tasks, but they both demon-
strate the power of these methods to solve important prob-
lems in their respective fields. The use of regression neural

networks in technical applications and mathematical mod-
elling for environmental research are promising areas of
neural network use in various fields.

The study by U.M.R. Paturi et al. (2018) was aimed at
comparing the effectiveness of regression analysis and in-
tegral numbers of microgeometry (INM) in modelling the
surface roughness of AISI 52100 steel during hard turning.
As a result, the regression analysis and INM proved to be
effective in modelling the dependence of surface rough-
ness on turning parameters, and INM demonstrated high-
er accuracy for complex nonlinear dependencies between
turning parameters and roughness. The work is relevant in
the context of improving turning and manufacturing tech-
nologies, which can lead to higher quality of manufactured
parts and reduced production costs. Both studies are dis-
tinguished by their relevance and importance for certain
industries but have differences in the areas of application
and approaches to solving the relevant problems.

In their study, N. Ceryan et al. (2012) described the
development and application of generalized regression
neural networks for predicting the unconfined compressive
strength of carbonate rocks. The results of this study are
useful for geologists, engineers, and material manufactur-
ers working with carbonate rocks. The model serves as a
tool for fast and accurate prediction of mechanical prop-
erties of materials. The research aims to develop knowl-
edge in the use of neural networks for predicting the me-
chanical properties of rocks, contributing to the further
development of methods and technologies in the field of
geology and mining. Both studies consider the use of re-
gression neural networks in different areas: determining
ultrasonic inspection parameters and predicting the me-
chanical properties of carbonate rocks. These two studies
demonstrate the importance and effectiveness of using re-
gression neural networks in solving analysis and prediction
problems in various fields. They complement each other,
providing a valuable contribution to the development of
materials control and research methods.

An analysis of various studies on the use of neural net-
works in various industries has shown that these technolo-
gies do indeed have high potential and efficiency in solving
complex problems. These studies not only demonstrate the
power of neural networks in their respective fields, but also
point to their versatility and applicability in various con-
texts. These technologies have the potential to revolution-
ize approaches to analysis, forecasting and management in
a variety of industries, from industry to the environment
to finance. This article provides an understanding of how
diffraction signals are generated and measured, making
the findings and research methodology accessible to a wide
range of readers. This approach promotes mutual under-
standing and popularization of the topic among specialists
and researchers working in the field of non-destructive
testing. An interesting aspect is the use of neural networks
to analyse diffraction signals and determine the height of
cracks. Automating the process and improving the accuracy
of measurements using this approach may prove to be key
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to the further development and improvement of inspection
systems. Overall, the study not only solves an urgent prob-
lem in the field of non-destructive testing, but also offers
a technological approach that has the potential for wide-
spread practical implementation and improved accuracy
of crack height measurements, which can have a positive
impact on safety and efficiency.

CONCLUSIONS

A study on the use of a regression neural network to an-
alyse the results of ultrasonic testing has revealed the
great potential of this technology in the field of non-de-
structive testing. Using advanced deep learning and neu-
ral network techniques, it was possible to significantly
improve the accuracy and efficiency of determining the
parameters of controlled objects. The results obtained al-
low concluding that the regression neural network is suc-
cessful in detecting defects using ultrasonic inspection.
This opens prospects for the widespread adoption of this
technology in various industries, including industry, con-
struction, and infrastructure.

In the course of the work, an ultrasonic inspection

L. Andriievskyi et al.

improved to classify cracks in materials by their height. The
resulting neural network showed a result of 85.61% accu-
racy on the test dataset. Based on the developed classifica-
tion convolutional neural network, a regression model was
developed to determine the exact numerical value of the
crack height, which is an important aspect in non-destruc-
tive testing. After selecting the hyperparameters, testing
on the test dataset showed the result: the average absolute
error in determining the crack height was only 0.46 mm,
the average absolute error was 4.86%.

The obtained results confirm the possibility of success-
fully using convolutional neural networks to determine the
crack height from ultrasonic inspection signals and pro-
vide grounds for further research into the use of neural
networks in the analysis of ultrasonic inspection results.
To further improve the accuracy of predictions, the train-
ing dataset should be expanded and improved by adding
data from different samples: different materials, different
shapes, and sizes with a wider range of crack characteris-
tics, and real ultrasonic inspection data of the correspond-
ing TOFD technology.

dataset was generated, analysed, and cleaned using TOFD ACKNOWLEDGEMENTS
technology and developed a convolutional neural network  None.
architecture for classifying defect heights based on ultra-
sonic inspection signals. The architecture and hyperpa- CONFLICT OF INTEREST
rameters of the created convolutional neural network were ~ None.
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YABTPA3BYKOBOTO METOAY HePYIHiBHOTO KOHTPOJIO Pa30M 3 IJTMO0KOI0 3TOPTKOBOIO HEePOHHOI0 MepeXkelo JIJIs TOUHOTO
BU3HAUEHHS YMCIOBOTO 3HaUEHHS BUCOTHU eKCIlTyaTalifiHol Tpimyuan. Cepef, BUKOPUCTaHMUX METOJIB C/Iif] 3a3HaAYUTU
aHaAJTITUYHMIT MeTOoI, MeTo[, Kiacudikallii, PyHKIIiOHaJIbHMI METOI, CTATUCTUYHUIT METO/I, METO/I, CUHTE3y Ta iHIi. B
XOAi mocminskeHHs 6y/10 BUSIBJIEHO, 110 aBTOMATU30BaHMIA MiJXi[L 1O BUMIPIOBAaHHS BUCOTHU TPIiLl[MH, SIKMI1 6a3YETHCS HA
IundpakiiiHuMX CMrHaIaX Ta BUKOPUCTAHHI HePOHHUX MepesK, CYTTEBO MOKPAIIMB SIKICTh Ta TOYHICTbh HePYyITHIBHOTO
KOHTpO/10. ONHUM 3 PO3MOBCIOJI)KEHMX METO/1iB KOHTPOJIIO /1J1S1 BUSIBJIEHHSI eKCIUTyaTalifiHMX TPILlMH € yAbTPa3ByKOBUIA
KOHTPOJIb, SIKMI1 BBASKAETHCSI HAM161/1bII epeKTUBHMUM. BiH 003BOJISIE HAiIHO BUSIBJISITU NedeKTU Ta BU3HAUATH iXHi
po3Mipu 6e3 pyiiHyBaHHS BUPOOY. Pe3ynbTaTy JOCTiIsKeHHS MiJKPeCTI0I0Th BUCOKIIA ITOTeHIlial Ta e(eKTUBHICTb
MeTO[y B aHaJIi3i OTPMMaHMX JaHUX Ta HANAIOTh MMiATBEPAsKeHHS 10Tr0 3aCTOCOBHOCTI JJ1s1 BU3HAUEHHSI CTaHy 00 €KTiB
ITiJT Yac yIbTPa3BYKOBOIO 06CTesKeHHSI. PO60TA ITiIKPECIIIOE, IO I1i TEXHOJIOTI1 € 0COBIMBO BaXKIMBUMM Ta €(heKTUBHUMMA.
3a3Havya€eThCs, 110 iX IIMPOKe 3aCTOCYBAHHS Y Pi3HUX ranyssix, TakuX K MeJUIMHA, aBiallis Ta MalllHHe HaBUaHHS, CBiIUNTD
PO iX MOTYKHICTh y PO3B’SI3aHHI CKIALHMX 3aBIaHb. [[pakTMUHe 3HAUeHHST POOOTHU TOJISITa€ B PO3BMHEHHI ITepeoBUX
MiJXO/iB, [0 HAAI0Th HOBI iHCATY Ta MeTOAM IJIsl MOKpaleHHs e(eKTUBHOCTI aHaTi3y pe3yabTaTiB, SIKi MOXKYTb OyTH
3aCTOCOBaHi B MPOMMCIOBOCTI IJIsI TIOJIITIIIIEHHSI SIKOCTi KOHTPOJTIO Ta HALifHOCTi 06’€KTiB TeXHIYHOTO IMPU3HAYEHHS

Knio4yoBi cnoBa: HepyiiHiBHMIT KOHTPOJIb; eKCIUTyaTalliliiHi nedexTy; epeKTUBHICTh OiaTHOCTUKM; 06pOOKa [aHUX;
aBTOMaTM3allisl IpoLenyp; iHAyCTpiaabHMUII MOHITOPUHT
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Welding processes in the restoration of industrial and energy facilities

Abstract. The research relevance is determined by the constant development and changes in the production environment
and technological requirements to ensure increased safety, durability, and efficiency of industrial and energy facilities.
The study aims to analyse methods and strategies for improving the efficiency of welding and joint quality control, to
achieve greater stability and reliability of energy facilities. The methods used include observation, comparative and
descriptive, monitoring, abstraction, and others. The study analysed various welding technologies and their impact on the
quality of welded joints. Various methods of calculating welded structures concerning materials and technical requirements
were considered. In addition, various methods of quality control of welded joints, including visual inspection and non-
destructive testing, were investigated. The study determined that the correct choice of technology, calculations and quality
control can improve the strength, reliability, safety, and economic feasibility of welded structures. The studied welding
technologies and quality control methods used are more effective for use in specific conditions and there is no general
solution. In addition, the proper application of these methods demonstrated that they can significantly reduce the recovery
time and increase the overall productivity of the process of restoring industrial and energy facilities. Therefore, the optimal
use of welding technologies and quality control methods can significantly improve the efficiency and durability of industrial
and energy facilities. The practical significance of the study is to contribute to improving the safety, reliability, and efficiency
of the rehabilitation of industrial and energy facilities by improving the quality control procedures for welded joints

Keywords: non-destructive testing; microstructure; bond strength; electrodes; quality control methods

INTRODUCTION

The application of welding processes in the restoration
of industrial and energy facilities is critical in the modern
technological context. This aspect is becoming increasing-
ly important as infrastructure wear and tear increases and
the need for efficient rehabilitation. Welding is a key pro-
cess in many industries, including construction, engineer-
ing, shipbuilding, and energy. Weld quality determines the
safety, strength, and durability of welded structures, as well
as the efficiency of industrial and energy facilities. Welded
joints that do not meet quality standards can lead to serious
accidents, injuries and even death. Studying welding tech-
nologies and quality control methods helps ensure the safe
operation of welded structures. Welds must have sufficient
homogeneity and chemical composition similarity to the

base metal to withstand operational loads. The calculation
of welded structures helps to determine the required weld-
ing parameters and weld dimensions at the design stage.
The right choice of welding technology and quality control
methods can significantly reduce the cost of welding, as
well as the maintenance and repair of the entire structure.
Welding technologies are constantly being improved, and
new technological solutions are emerging that are chang-
ing welding and quality control methods for the better. It
is necessary to constantly increase the level of knowledge
and improve skills to meet modern requirements.

The research addresses the need to adapt welding
methods to modern requirements of technological devel-
opment and standards, as well as to ensure the quality,
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safety, and efficiency of the infrastructure rehabilitation
process. With the development of technology, new welding
methods and materials are emerging that can be more ef-
ficient and safer. The research aims to adapt these innova-
tions to the needs of infrastructure rehabilitation. Welding
standards are constantly being reviewed and updated to
ensure that production and quality are maintained. There-
fore, it is important to continuously monitor and modify
welding process flow charts in production to meet new
requirements. Defects and damage in welded joints can
lead to serious accidents and damage. The development of
welding methods should aim to minimise these risks. Ef-
ficient use of materials and optimisation of work time is
important for the economic viability of the infrastructure
rehabilitation process.

Following V. Korzhyk et al. (2024), the development of
new welding technologies and the improvement of qual-
ity control methods for welded joints are important to
ensure the reliability and safety of industrial and energy
facilities. The study does not consider the impact of envi-
ronmental variables on welding quality. V. Kachynskyi &
M.P. Koval (2021) emphasise the need to consider the indi-
vidual characteristics of each welding process and choose
the optimal approach to quality control. The paper does
not focus on the need to further investigate the impact of
welding defects on the service life of structures. According
to A.S. Novodranov et al. (2023), the developed conditions
and criteria for assessing the effectiveness of welding tech-
nologies and inspection methods can increase production
efficiency and ensure high-quality welded joints. The study
does not address the possibility of introducing new meth-
ods of non-destructive testing of welded joints.

O.F.Kryvyi & Yu.O. Morozov (2022) note that ensuring
the stability and uniformity of the quality of welded joints
is a key task in the implementation of any project. The
researchers do not mention the need to further study the
impact of vibrations on the strength and reliability of weld-
ed structures. Yu.K. Bondarenko & Yu.V. Loginova (2022)
emphasises the importance of continuous monitoring and
updating of welding quality control methods by modern
standards and technologies. However, the study does not
provide sufficient information on the possibility of using
new materials in welding. V. Lebedev et al. (2022) raise
the important issue of developing effective quality man-
agement systems aimed at continuous improvement of
welding processes and quality control of welded joints. The
study does not address the important issue of the influence
of preliminary mechanical stresses on welding quality.

The study aims to evaluate methods and strategies
aimed at improving the efficiency of welding and quality
control of joints, ensuring greater safety and reliability of
energy facilities.

MATERIALS AND METHODS
Using the observation method, the welding processes were
studied in detail in practice. The observation took place
at the E.O. Paton Electric Welding Institute, Kyiv, during
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May-July 2023. During this method of direct observation
of the workflow, the various stages of welding were mon-
itored, and any deficiencies or malfunctions identified
were carefully considered. This method was used to obtain
important practical information about real welding condi-
tions that cannot always be reflected in theoretical models.

A detailed study of different types of welding was car-
ried out using comparative and descriptive methods. The
characteristics of each method, including its advantages
and disadvantages, as well as the impact on the quality
and reliability of welded joints, were studied. This method
made it possible to make an objective assessment of differ-
ent welding technologies and determine the best approach
for a particular task.

Using the monitoring method, various welding pa-
rameters were checked over a long period, from September
2023 to February 2024. During the welding process, con-
tinuous monitoring was carried out, during which data on
temperature, welding electrode speed and other important
parameters were recorded. This contributed to the timely
detection of changes in the quality of the welded joints and
was used to respond promptly to any deviations from the
optimal parameters.

The abstraction method was used to identify the main
general principles and patterns of welding processes and
their impact on the rehabilitation of industrial facilities. By
separating the essentials from the details of specific situa-
tions, this method was used to focus on the key aspects of
welding and to consider them in a generalised way, which
contributed to the development of general principles and
recommendations for industrial site restoration.

The functional method was used to determine the op-
timal welding quality functions and their dependence on
various process parameters. This method was used to study
the functional dependencies between the input welding
parameters and the output quality of the joints. Synthesis
methodology was used to combine various aspects of weld-
ing and joint quality control to create a comprehensive
strategy. This method was used to compare different meth-
ods and approaches to optimise the use of resources and
achieve maximum results. The classification method was
used to help structure various aspects of the welding and
joint quality control processes. By grouping the input data
according to certain criteria, a structured picture of the
processes was obtained, and the main trends and patterns
were identified. The analogy method was used to establish
parallels between already known and new situations in the
field of welding and industrial facilities restoration. This
method was used to transfer the knowledge and experience
gained in previous cases to new conditions, which con-
tributed to a more effective understanding and solution of
problems in the restoration process.

The induction method was used to thoroughly inves-
tigate the available data and examine their interrelation-
ships to formulate general statements and conclusions. By
studying the experience and observations already made in
the field of welding, the main regularities and principles
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governing the processes of welding and joint quality con-
trol were identified. This was used to draw conclusions
about the effectiveness of certain welding methods and
identify key areas for further research.

RESULTS

Welding plays are valuable in the restoration of industrial
and energy facilities that have been worn out due to vari-
ous factors. This technology opens up wide opportunities
for the restoration and improvement of metal structures,
allowing for effective solutions to several problematic sit-
uations. Welding is used to repair damaged components
(Tanaskovic et al., 2021). This can include repairing cracks,
tears, distortions, and other types of defects in metal struc-
tures such as beams, pipes, machine bodies, and tanks. A
wide range of welding processes allows for effective repair
of various types of damage, ensuring their strength and
durability. In addition, welding can be used to manufac-
ture new parts to replace worn or damaged ones. This pro-
vides effective restoration of the functionality of an object
and extend its service life. Welding can be used to produce
exact replicas or modified versions of parts that meet the
specific needs of the facility. Finally, welding can be used
to connect new components to existing structures when
a facility is being modernised or expanded. This process
allows new elements to be integrated into existing infra-
structure, ensuring their reliability and interaction with
the entire system.

Manual metal arc welding (MMA) is the most common
and versatile method used in refurbishment (Fig. 1). It al-
lows welding different types of metals and repairing differ-
ent parts and structures (Nalle et al., 2024). This technique
enables welding in hard-to-reach places, even in the ceiling
position, which is often necessary to avoid an emergency.

MMA
Electrode

Electrode rod
Electrode coating

Welding bath

Welded component Welding arc

Protective gas

Figure 1. MMA (manual metal arc)
Source: Main types of welding (2020)

Metal inert gas (MIG) and metal active gas (MAG) use
an automatically fed electrode wire that delivers a high-
er welding quality than manual arc welding (Fig. 2). This
welding method is widely used in remanufacturing appli-
cations where production and cost-effective processes with
high quality are important.

MIG/MAG
Metal wire
Nozzle
Wire guide tube
Welding arc
Welding bath

Seam metal deposits Protective gas layer

Figure 2. Metal inert gas (MIG) and metal active gas (MAG)
Source: Main types of welding (2020)

Automatic submerged arc welding uses a flux that
protects the weld pool from weathering. This method is
designed for thick-walled structures, special steels, and
high-performance welds in industrial environments where
maximum welding quality and uniformity are required.
Each of these methods has its advantages and limitations,
and the choice of a specific welding method in the reha-
bilitation process depends on the welding quality require-
ments, the characteristics of the object being repaired and
the availability of equipment. The use of welding in the
restoration of metal structures has several significant ad-
vantages that make it the only effective method.

Welding ensures a high-quality joint that is compa-
rable to the strength of the base metal. This guarantees a
long-lasting repair and high resistance to stress and en-
vironmental influences. Welding can be a more cost-ef-
fective way to repair damage, especially in cases where
replacing entire components is not cost-effective or an
option. The use of welding can save money while main-
taining the functionality and useful life of the facility.
Welding is a versatile method that can be used to repair a
wide range of metal components, from the smallest parts
to large structures (Chludzinski et al., 2021). This versatil-
ity makes welding an important tool in the restoration of a
wide variety of objects.

Thus, welding proves to be not only an effective but
also a practical solution for the restoration of damaged
metal structures due to its durability, cost-effectiveness,
versatility, and speed of repair work. The choice of weld-
ing type for a particular project or restoration work is in-
fluenced by several important factors that determine the
quality and efficiency (Ghiasvand et al., 2021):

O chemical and physical parameters of the base metal;

O operating conditions of the structure;

O conditions of repair operations;

O welding position;

O units in the repair batch;

O availability of qualified employees;

O repair timeframes.

Furthermore, the choice of welding type may be limited
by budgetary considerations. Some methods can be costly
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in terms of equipment and materials, so it is important to
balance cost with capability. Welding work should be carried
out by qualified specialists with relevant experience and
certificates. Welding plays an important role in the rehabil-
itation and maintenance of industrial and energy facilities.

Welding can effectively repair and strengthen boiler
and turbine vessels that have been damaged by cracks or
other defects. Welds reliably seal damaged areas, ensuring
the safe and efficient operation of the equipment. Welding
is used to repair and strengthen damaged or old pipelines.
This prevents leakage of liquids or gases and ensures re-
liable and safe operation of the system. Welding can be
used to manufacture and install new parts on machines,
machinery, and other equipment that have worn out or
failed (Zhang et al., 2021). This extends the service life of
the equipment and ensures its efficient operation. Weld-
ing is used to connect new structures or parts to existing
systems when modernising or expanding industrial and
energy facilities. This ensures the stability and reliability
of structures that can withstand heavy loads and keep the
facility running smoothly. All of these examples demon-
strate the possibilities and diversity of welding applica-
tions in the rehabilitation and maintenance of industrial
and energy facilities.

When repairing and restoring industrial and energy fa-
cilities, the choice of welding technology is one of the key
aspects of project success. A variety of welding processes,
including arc, gas, surfacing and electron beam welding,
offer a wide range of possibilities for the restoration of var-
ious types of structures and materials (Skoblo et al., 2001).
The choice of a particular technology depends on several
factors. The material to be welded is important in deter-
mining the most effective method. Different materials have
different properties and react differently to different weld-
ing processes. For example, different methods can be used
to weld steels, such as Tungsten Inert Gas (TIG) for high
quality and precise welding, or Metal Inert Gas (MIG) for
fast and high productivity welding (Kesse, 2021). An impor-
tant aspect is the size and shape of the welded joint. For
large structures or bulky components, automated methods
such as submerged arc welding or laser welding can be ef-
fective, allowing for faster turnaround times without sacri-
ficing quality. At the same time, for small or complex parts,
more precise methods such as spot welding or vacuum
welding can be chosen. The technical requirements for a
welded joint include requirements for strength, tightness,
thermal effects and other parameters. The choice of tech-
nology must meet these requirements and ensure compli-
ance with quality and safety standards. All of these factors
are considered when choosing a welding technology for the
rehabilitation of industrial and energy facilities. The right
choice of technology not only allows for efficient perfor-
mance of the task but also ensures high quality and dura-
bility of the restored facilities, which is important for the
stable operation of industrial systems (Korzhyk et al., 2017).

The calculation of welded structures is an integral
part of the process of rehabilitation and construction of
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industrial and energy facilities. There are various welding
methods used for this purpose. Today, the most common
are electric welding, which can be arc or resistance welding,
and gas welding. In addition, there are manual, semi-auto-
matic and automatic welding methods. Depending on how
the elements to be welded are arranged, there are different
types of joints: butt, corner, lap and tack. Before starting
welding, a set of calculations must be performed that con-
sider various aspects and requirements of the structure.
The calculations include the choice of materials. This is
important because the material determines the strength,
durability, and other characteristics of the structure. For
example, corrosion-resistant materials can be used for
facilities that operate in aggressive environments, and
heat-resistant materials can be used for structures that are
exposed to high temperatures. The next important step
is to determine the dimensions of the welded joints. This
includes selecting the optimal weld parameters, such as
penetration depth, width, and length. The correct weld size
ensures not only strength but also ease of use during the
welding process (Li et al., 2022). Another important aspect
is the calculation of material thickness. The thickness of
the material determines not only the strength but also the
resistance of the structure to external influences. When re-
storing industrial or energy facilities, properly performed
calculations ensure the required strength, reliability, and
safety of the structure. They are used to avoid unforeseen
situations and ensure the long-term and efficient opera-
tion of the facility throughout its entire service life.

Reliability is assessed by the ability of a product to per-
form its functions over a certain period of service life while
maintaining its characteristics within the limits provided
for its operation. The quality of welded joints depends on
many factors, which can be divided into two main catego-
ries: technological and structural and operational. Tech-
nological factors include welding materials, equipment,
preparation, and execution of welding operations, as well
as the experience and qualifications of the operator. As
for the design and operational aspects, these include the
properties of the base material, product design, operating
conditions, quality control methods and system, and the
requirements of standards. All of these factors must be
considered and controlled to effectively manage welding
quality. After the welding process is complete, quality con-
trol of welded joints is an important step. This is a neces-
sary procedure to ensure that the welded joint meets the
established standards and is free from defects that could
adversely affect the safety and reliability of the structure.

Product quality is defined as a set of characteristics
that affect its suitability to meet the established needs fol-
lowing its intended use. Product quality control is aimed
at ensuring that these characteristics meet the established
requirements, which can be defined in standards, drawings,
specifications, product passports and other regulatory and
technical documentation. Quality parameters of weld-
ed joints are established based on various characteristics
shown in Figure 3.
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Weld strength

O Physical and chemical properties of the weld should be close to the properties of the base metal of the structure
) Homogeneous structure of the seam and the seam zone

O Absence internal residual stresses

Reliability of the received connection

O Ability to withstand repeated cyclic applied loads

O Ability to operate within guarantee period without visual changes

Absence of defects

O Visual absence of pores and cracks
) No detected defects on special inspection equipment

Correct chemical composition of the weld

O Particularly important for operating conditions in harsh corrosive or thermal industries

Figure 3. Criteria that determine the quality of weld seams

Source: compiled by the author

One of the inspection methods is visual inspection,
during which the inspector assesses the appearance of
welded joints for cracks, unsuitability, and other defects.
In addition, non-destructive testing methods are also used,
including ultrasonic and radiographic inspection. These
methods can reveal internal defects that may not be visible
by visual inspection, providing a more complete assess-
ment of the quality of welded joints. It is also important to
conduct mechanical tests, such as tensile or impact tests,
which allow us to assess the strength and deformation

Stage 1. Initial control

properties of welded joints (Ran et al., 2021). Quality control
of welded structures is not only a means of verifying com-
pliance with standards, but also an important component
in the process of ensuring the safety and reliability of in-
dustrial and energy facilities. Responsible implementation
of this procedure is key to preventing potential industrial
accidents and ensuring the long-term and safe operation
of structures. As shown in Figure 4, inspection methods are
divided depending on where they are applied in the produc-
tion process, at a certain stage of the technological process.

O Quality control and conformity of welded materials

O Certification of the main materials and surface cleanliness

O Analysis of the conformity of drawings and the quality of design development
O Inspection of the quality of pre-assembled components (if any)

O Confirmation of the quality of personnel training for a particular type of work

Stage 2. Operational process control

) Compliance of welding parameters with the specified and applied ones

O Consistency of assembly quality (gaps)
Stage 3. Final

O Hardness of the weld and weld zone
O Compliance with geometric parameters
O Visual absence of pores and cracks

Stage 4. Control by special equipment (if necessary)

O Ultrasonic inspection or ultrasonic diagnostics

O Destructive

Figure 4. The general approach to welding quality control depends on the complexity of the structure

Source: compiled by the author

Initial inspection includes inspection of both the basic
and welding materials that make up the products and the
finished welded assemblies and parts that come from other
enterprises or sites. At this stage, the operating capability of
the welding equipment and the qualifications of the workers
are also assessed. Operational inspection includes an assess-
ment of the welding process that is carried out after a specific
operation has been performed (e.g., pre-welding preparation

inspection, weld seam assembly inspection), as well as in-
spection during the welding process itself. Final testing is
the evaluation of the finished weld after all manufacturing
processes have been completed. This stage includes an ex-
ternal inspection of the product, measurement of its dimen-
sions and testing. During acceptance testing, it is checked
whether the manufactured product meets the requirements
set out in the regulatory and technical documentation.
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Based on this inspection, a decision on the suitabili-
ty of the structure for use is made. Acceptance testing is
the final and most critical step in the production of welded
joints. Thus, welding technologies, calculation of welded
structures and quality control of welded joints are key stag-
es in the restoration of industrial or energy facilities that
ensure their strength, reliability, and safety.

DISCUSSION

The use of welding processes in the restoration of indus-
trial or energy facilities is a key aspect of maintenance and
repair in modern industrial production. It is an effective
way to repair damaged components and ensure their func-
tionality and durability. It is important to note that weld-
ing is an extremely effective method of repairing damaged
parts or components of industrial structures. It produces
strong welded joints that can withstand heavy loads and
operating conditions. Various welding methods, such as arc
welding, gas welding, surfacing and others, enable the res-
toration of various types of materials and structures, mak-
ing them versatile in various manufacturing industries.
The use of welding in the restoration of industrial facilities
can significantly reduce repair costs compared to replacing
damaged parts. This is a cost-effective approach, especially
in cases where replacing components requires significant
time and resources.

Welding processes used in the restoration of industrial
and energy facilities have a significant impact on the effi-
ciency of production processes and resource conservation.
This approach allows elements and structures that have
been damaged or worn out to be preserved and restored
instead of being completely replaced. This saves resourc-
es that would otherwise be spent on manufacturing new
components, as well as reducing waste and negative envi-
ronmental impact (Mehmeti et al., 2019). Keeping facilities
running smoothly is another important aspect of the use of
welding in remanufacturing. Replacing damaged or worn
components without delay avoids production downtime
and ensures continuous operation of industrial and ener-
gy facilities (Sidliarenko, 2023). This approach to mainte-
nance and repair helps to ensure production stability, re-
duce maintenance costs, and increase the overall efficiency
of industrial enterprises. Thus, welding processes in the
restoration of industrial or energy facilities are a necessary
and effective means of ensuring the reliability and pro-
ductivity of industrial equipment. This approach helps to
conserve resources, reduce costs, and ensure the smooth
operation of production processes.

According to A. Ahola et al. (2022), study of the fatigue
characteristics of welded parts of an old, deteriorated steel
railway bridge is an important aspect when considering its
rehabilitation. Fatigue performance determines the ability
of a material to withstand repetitive loads, which is critical
for the safety and durability of a structure. In the context of
a railway bridge, which is subjected to significant dynamic
loads from trains, the fatigue analysis of the joints and welds
plays a crucial role in determining the extent of damage
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and the possibility of repair. These data are consistent with
the theses presented in the previous section. The study of
fatigue performance of welded bridge components involves
the analysis of many factors, including the geometry of the
welded joints, the type of materials used, the load history
and the operating conditions. Understanding these char-
acteristics helps engineers develop rehabilitation strate-
gies and ensure the safety of the rehabilitated structure.
Referring to the definition of K. kyczkowska & J. Ad-
amiec (2022), the phenomena associated with the cracking
of repair welds are an important aspect of welding technol-
ogies. Cracking can occur as a result of various factors, such
as incorrectly selected welding parameters, the presence of
internal stresses in the material, insufficient surface prepa-
ration, and metal structure features. These phenomena can
lead to the formation of microcracks in the welded joint,
which can significantly reduce the strength characteristics
of the weld and impair its durability. It is worth noting that
several criteria must be considered, and appropriate meas-
ures taken to prevent cracking of welds in repair. This may
include the correct choice of welding materials, consider-
ing their composition and heat treatment, optimal adjust-
ment of welding equipment, control of stresses in the ma-
terial, as well as ensuring sufficient surface pretreatment
and removal of possible defects. This approach minimises
the risk of cracking and ensures a high-quality repair joint.
H. Zhou et al. (2021) determined that predicting and
reducing out-of-plane welding deformations are key
challenges in the manufacture of typical blocks such as
semi-submersible lifting and dismantling platforms. These
deformations can occur due to uneven thermal effects dur-
ing welding, leading to distortion of geometric parameters
and structural failure. Even minor deformations can have
a significant impact on the subsequent assembly and op-
eration of the platform, so their prediction and control are
important stages of the production process. These results
confirm the above study, as various methods and technolo-
gies are used to reduce out-of-plane welding deformations.
This may include optimising the welding process by select-
ing optimal parameters, using special clamping, and fixing
devices, as well as applying local heating and stress control
methods. In addition, preliminary modelling and analysis
of potential deformations using modern software tools
plays an important role (Kostenko et al., 2023). This inte-
grated approach allows for effective control of the welding
process and minimisation of the negative effects of defor-
mation on the quality and reliability of the final product.
B.E. Kogo (2021) demonstrated that the analysis of
thermal and residual stresses in welded joints of clad pipe-
lines is a key aspect of the welding process. Clad pipelines,
consisting of a base steel pipe and a protective coating lay-
er, pose special technological challenges during the weld-
ing process. When heated during the welding process, the
materials expand and contract, which can lead to thermal
stresses in the welded joints. Residual stresses in welded
joints can occur due to uneven cooling and shrinkage of
the metal during the cooling process after welding. These
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stresses can affect the mechanical properties of the joint
and the ability of the pipeline to withstand operational
loads such as pressure and temperature. In agreement with
this opinion, various numerical modelling and experimen-
tal analysis methods are used to analyse thermal and resid-
ual stresses in welded joints of clad pipelines. Numerical
models based on finite element methods allow for predict-
ing the stress distribution in the joints and optimising the
welding process to minimise their impact. Experimental
methods, such as strain measurements and bell tensile
testing, are used to verify and validate the results of nu-
merical modelling and assess the quality of welded joints
(Oliinyk & Tuts, 2023).

As noted by Y. Li et al. (2022), a new approach to oc-
cupational health risk assessment in welding projects in-
cludes a comprehensive approach to analysing the poten-
tial hazards faced by welders in the work environment. This
approach considers not only the physical aspects of the
job, such as exposure to hazardous substances and work-
ing conditions but also the psychological and social fac-
tors that can affect the overall well-being of welders. The
application of a new approach to occupational health risk
assessment in welding projects allows for a more accurate
and comprehensive assessment of potential health hazards
to welders and the development of appropriate measures
to prevent and minimise them. Analysing the results and
conclusions obtained, it is possible to note that such an
approach may include training personnel in safe working
practices, the use of special protective equipment, regular
medical examinations and health monitoring, as well as
regular audits of the working environment to identify and
eliminate potential hazards.

J. Choi et al. (2023) determined that modelling predic-
tive maintenance systems for laser welders on continuous
galvanising lines based on machine learning with welder
control data is an important area of research in industri-
al production. This system can predict possible failures or
malfunctions in the equipment used for laser welding based
on data collected in real-time from the welding process sys-
tems. One of the main advantages of using machine learn-
ing models in predictive maintenance systems is their abil-
ity to process large amounts of data and identify complex
relationships between various welding process parameters
and possible malfunctions. This allows for a quick response
to potential problems and minimises equipment down-
time, which in turn helps to improve production efficiency.

CONCLUSIONS

Welding processes are a critical aspect of modern engineer-
ing practice in the rehabilitation of industrial and energy
facilities. Not only does it allow for the restoration of dam-
aged or consumable components, but it also ensures their
durability and functionality. Welding is a technology that

creates stable and strong joints that can withstand signif-
icant mechanical loads and harsh environments, making
them indispensable for industrial applications. This is es-
pecially important in industrial production environments
where equipment and structures are subject to significant
wear and tear and require reliable connections to ensure
smooth operation and worker safety.

For decades, around the period 1950-2000, welding
trends were directed in two aspects: increasing productiv-
ity and quality of the joint, where the amount of applied
metal was given precedence, and this was the impetus for
the development of submerged arc welding, electro slag
welding. However, this required highly skilled workers and
high equipment costs. In recent years, advances in inverter
technologies, a reduction in the metal intensity of struc-
tures, and a shift from specific welder skills to semi-au-
tomation, even manual welding was observed. Further
development of welding is seen in the robotisation of the
process and the unification of welding materials. Various
welding methods, such as arc welding, gas welding, sur-
facing and others, provide versatility in restoring different
types of materials and structures, which allows them to be
widely used in various industries. In addition, welding in
the restoration of facilities can significantly reduce repair
costs compared to replacing damaged parts, making it a
cost-effective solution.

Welding processes used in the refurbishment of indus-
trial and energy facilities help to conserve resources, in-
crease the efficiency of production processes, and ensure
production stability. This maintains the uninterrupted op-
eration of facilities and ensures the reliability and perfor-
mance of industrial equipment. Thus, the use of welding
processes in the rehabilitation of industrial and energy fa-
cilities is an important element of modern industrial prac-
tice, ensuring efficiency, cost-effectiveness, and reliability
in production processes. In addition, the use of welding
processes opens up opportunities for the introduction of
innovative technologies and methods in the restoration
of industrial and energy facilities. This contributes to the
continuous improvement of the quality and efficiency of
repair work, which in turn contributes to the competitive-
ness of enterprises. Thus, the use of welding in the rehabil-
itation of industrial and energy facilities plays an impor-
tant role in ensuring the sustainability and development
of the industrial sector. The impact of the welding process
parameters on the structure and properties of the restored
materials should be further studied.
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49000, Bysn. Torons, 29, m. [IHinpo, Ykpaina
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3acTocyBaHHA NpoLleciB 3BaploBaHHA
Yy BiAHOBNEHHi NPOMUCIOBUX Ta eHEepreTUYHMNX ob’eKTiB

AHoTauiq. JoctiakeHHs € He06XiIHUM Y 3B’SI3KY 3 IMOCTiIHUM PO3BUTKOM i 3MiHAMU Y BUPOGHUYOMY CepeOBUIITi
Ta TEXHOJOTIUHMX BUMOTaX [IJisl 3a6e3IeueHHs MiIBUILeHHS 6e3MeKkn, MilHOCTi Ta eeKTUBHOCTI TPOMMUCIOBUX Ta
eHepreTMYHMX 00’€KTiB. MeTa JaHOTO MOCTiIKeHHS — aHaJIi3yBaTy METOIM Ta CTpaTerii, CIpsSMOBaHi Ha IiIBUIEHHS
edeKTMBHOCTI 3BaplOBaHHS Ta KOHTPOJIIO SIKOCTi 3’€HaHb, 3 YPaXyBaHHSIM HOCSITHEHHS 6isblioi cTabiJibHOCTI
Ta HaZiHOCTi eHepreTUYHMUX 06’eKTiB. Cepes, BUKOPUCTAHMUX METOJiB CJIiJi 3a3HAUNTHU, TaKi SIK CIIOCTepeskeHHs,
MOPiBHSIIbHO-OMMCOBUI, MOHITOPUHT, abcTparyBaHHs Ta iHii. Y gocaigskeHHi 6y/10 MpoBeseHO aHali3 pisHUX
3BapIOBaJbHUX T€XHOJIOTIi Ta iX BIUIMB Ha SIKiCTh 3BapHUX 3’€qHAaHb. PO3IISIHYTI pi3HI MeTOIM PO3paxyHKY 3BapHUX
KOHCTPYKIIiil 3 ypaxyBaHHSIM MaTepiasliB Ta TeXHIYHMX BUMOT. Kpim Toro, 6y710 gOCTiaKeHO pi3Hi MeTOA KOHTPOJIIO
SIKOCTi 3BapHUX 3’€IHaHb, 30KpeMa Bi3yaJIbHUIT OIS, Ta HEPYHHIBHMIT KOHTPOJb. B pe3yabTaTi mocaigskeHHs 6Y10
BCTAHOBJIEHO, [0 TIPaBWJIbHUII BUOIp TEXHOIOTII, PO3PaxyHKiB Ta KOHTPOJIIO SIKOCTi J03BOJISE MiABUIIUTHA Mil[HiCTb,
HaZiliHiCTh, 6e3MeKy Ta eKOHOMIUHY OOIPYHTOBaHICTh 3BapeHMX KOHCTPYKIIiii. B mocmimkeHMX 3BapIOBaIbHMUX TeXHOJOTISIX
Ta BUKOPUCTAHMUX METOJax KOHTPOJIIO SIKOCTI € 6inbI edeKTUBHI [7Is1 3aCTOCYBaHHS B crienudiyHMX yMOBax i He iCHYe
3arajabHOTO pimeHHs. Kpim TOro, BUSIB/IEHO, 110 TPaBU/IbHE 3aCTOCYBaHHS LIMX METO/,iB MOXe 3HaUYHO CKOPOTUTU Yac
BiJTHOBJIEHHSI Ta MiABUIIUTHU 3arajbHy MPOSYKTUBHICTH MIPOIIECYy BiJHOBIEHHS TPOMMCIOBMX Ta €eHEePreTUIHMX 00 EKTiB.
OT>xe, ONITMMalbHe BUKOPUCTaHHS 3BaplOBa/IbHMX TEXHOJIOTiH Ta METOAiB KOHTPOJIIO SIKOCTi MOYKe 3HAYHO IMOKPAaLIUTU
e(deKTMBHICTH Ta OBrOBiUHICTh MPOMMUCIOBUX Ta €HePreTMIHMX 00°eKTiB. [IpakTUUHe 3HAUEHHS JOCTiIKeHHS TOJISITae
B CIIPUSIHHI MiABUIEHHIO 6e3TMeKn, HaAiifHOCTi Ta e(eKTUMBHOCTI BiJHOBIEHHS ITPOMMCIOBYX Ta eHePreTUYHMX 00 €KTIB
IIJISIXOM BJIOCKOHATEHHS MPOIeAyp KOHTPOJIIO SIKOCTi 3BapHUX 3’€THAHD

Knio4yoBi cnoBa: HepyiiHiBHIIT KOHTPOJIb; MiKDOCTPYKTYPa; MIl[HICTb 3’€JHAHHS; €JIEKTPOM; METOIM KOHTPOJIIO SIKOCTi

Machinery & Energetics. Vol. 15, No. 1

N


https://orcid.org/0009-0000-5403-2153
https://doi.org/10.37434/as2023.01.03
https://doi.org/10.37434/as2023.01.03
https://ebzr.nung.edu.ua/index.php/ebzr/article/view/544
https://doi.org/10.1016/j.tws.2020.107286
https://doi.org/10.24025/2306-4412.3.2023.287845
https://doi.org/10.1023/a:1014857107509
https://machinery.mas.bg.ac.rs/bitstream/handle/123456789/3645/3642.pdf?sequence=1&isAllowed=y
https://machinery.mas.bg.ac.rs/bitstream/handle/123456789/3645/3642.pdf?sequence=1&isAllowed=y
https://doi.org/10.29391/2021.100.006
https://doi.org/10.1016/j.marstruc.2021.102964

Machinery & Energetics Journal homepage:

Vol. 15, No. 1. 2024 https://technicalscience.com.ua/en

UDC 623.438
DOI:10.31548/machinery/1.2024.65

Oleksandr Krakhmalyov

PhD in Technical Sciences, Associate Professor
National Technical University “Kharkiv Polytechnic Institute”
61002, 2 Kyrpychov Str., Kharkiv, Ukraine
https://orcid.org/0000-0002-3338-9724

Viktor Klitnoy

PhD in Technical Sciences, Associate Professor
National Technical University “Kharkiv Polytechnic Institute”
61002, 2 Kyrpychov Str., Kharkiv, Ukraine
https://orcid.org/0000-0002-6710-3579

Olena Zinchenko

PhD in Technical Sciences, Associate Professor
National Technical University “Kharkiv Polytechnic Institute”
61002, 2 Kyrpychov Str., Kharkiv, Ukraine
https://orcid.org/0000-0003-2961-5861

Vitalii Brusentsev

PhD in Technical Sciences, Associate Professor
Kharkiv State Academy of Culture
61057, 4 Bursatskyi Descent, Kharkiv, Ukraine
https://orcid.org/0000-0002-0020-4025

Anna Shelestova

PhD in Social Communication Sciences, Associate Professor
Kharkiv State Academy of Culture
61057, 4 Bursatskyi Descent, Kharkiv, Ukraine
https://orcid.org/0000-0003-4866-1767

Analysis and optimization of torsion shafts in the context
of improving the strength and durability of a light armoured vehicle

Abstract. In the context of the continuous development of armoured vehicles and the increasing requirements for the
strength and efficiency of armoured vehicles, the study and improvement of torsion shafts becomes relevant to ensure
high service life and optimal functioning. The aim of this study is to analyse the torsion shafts of light armoured vehicles
to identify possible areas of optimization to increase the strength and durability of these vehicle elements. The methods
used include the analytical method, classification method, functional method, statistical method, synthesis method, and
others. As a result of the study, a comprehensive analysis and optimization of torsion shafts for light armoured vehicles
was carried out to increase their strength and durability. The choice of high-strength material and weight consideration
helped to reduce the weight of the vehicle, increasing its efficiency. Geometric design included the use of advanced
techniques to optimize the shaft shape, and stress and strain analysis helped determine the optimum parameters. The use
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Analysis and optimization of torsion shafts...

of computer modelling and simulation simplified the analysis of the shaft’s behaviour under load. The use of safety factors
and consideration of impact loads during operation helped to improve the reliability and durability of the structure. The
use of the latest materials and manufacturing technologies allowed achieving the optimum parameters of the transmission
element. Testing of the prototypes in real conditions confirmed their efficiency and durability. The optimization of weight
and weight distribution was aimed at improving the stability of the armoured vehicle, taking into account the requirements
of a particular application and manufacturer. The results indicate the potential for improving the design of torsion
shafts to increase the performance and stability of light armoured vehicles. This study makes an important contribution
to science, as the identified optimizations and improvements in the design of torsion shafts of light armoured vehicles
contribute not only to increasing their strength and durability, but also to the rational use of resources and increasing

the overall performance of the vehicle

Keywords: geometry; composite materials; suspension; smoothness of movement; tension; deformations

INTRODUCTION

A detailed study of the aspects of torsion shafts, especially
in the context of their use in light armoured vehicles, is an
important task. This is due to the constant development
of modern armoured vehicles and the growing require-
ments for their strength and efficiency. Consideration of
this topic allows identifying the most effective ways to im-
prove the design and use of torsion shafts to ensure high
performance and stability of armoured vehicles in modern
conditions. Torsion shafts, as key components of the trans-
mission, are important parts that carry a significant part
of the mechanical load. Their role is to transmit rotational
motion and influence the overall performance and stabil-
ity of the vehicle. Improvements in their design can lead
to significant improvements in strength, durability, and
weight and size characteristics.

Considering the aspects of the study, an important
task is to address specific challenges, namely, improving
the configuration of torsion shafts for light armoured ve-
hicles. One of the key issues is to achieve an appropriate
balance between the strength and weight of torsion shafts
to ensure high durability and efficiency under heavy loads.
Another important issue is the selection of a suitable ma-
terial for the shafts that has high strength and endurance
under various operating conditions. These problems define
the current research objectives aimed at improving the de-
sign and functional characteristics of torsion shafts in the
context of the requirements of modern armoured vehicles.

According to the study by M. Manziak et al. (2021),
the importance of optimizing torsion shafts for light ar-
moured vehicles is gaining special emphasis due to the
increasing technical requirements for armoured person-
nel carriers. The need to improve these elements to meet
modern requirements for vehicle efficiency and durability
is emphasized. The study does not consider aspects re-
lated to the impact of the operating environment on the
strength of torsion shafts and their possible adaptation to
different operating conditions of armoured vehicles. In the
work by I. Polyak et al. (2023), the authors emphasize that
a detailed analysis of the geometry and materials used in
torsion shafts is a key step in finding optimal solutions to
ensure their strength and reliability. The importance of a
systematic analysis of these parameters to achieve optimal

shaft characteristics in the context of their operation in ar-
moured vehicles is indicated. The paper does not address
issues related to the dynamics of torsion shaft operation
and the possibility of their optimal adaptation to different
modes of operation of armoured vehicles.

According to the study by I. Kyrychenko et al. (2021),
the importance of using computer modelling to estimate
stresses and strains at different points of the shaft empha-
sizes the need for modern approaches to studying this topic.
The need to apply modern methods in the study of this topic
to achieve more accurate and comprehensive results in ana-
lysing the behaviour of these elements is highlighted. The
study does not take into account the impact of external fac-
tors, such as temperature changes or exposure to aggressive
environments, on the strength and service life of these el-
ements. Researchers M.V. Sklyarov & O. Shapovalov (2021)
note that improved geometry and the use of high-strength
composite materials are becoming key factors in reducing
shaft weight and improving the efficiency of an armoured
vehicle. The importance of these aspects for achieving opti-
mal transmission element parameters was emphasized. The
researchers do not consider the possible effects of operating
conditions, such as wear or abrasion, on the strength and
service life of the torsion shaft and composite materials.

A study by M. Hrubel et al. (2023) emphasizes that pro-
totype testing plays a crucial role in confirming the effec-
tiveness of proposed changes and their impact on durability
and sustainability. The importance of conducting compre-
hensive testing to reliably assess the response and practical
effectiveness of the modifications is highlighted. The paper
does not consider the possibility of adapting the test results
to different operating conditions of armoured vehicles in
real-life scenarios. The paper by M. Tkachuk et al. (2022)
raises an important question about the potential for im-
proving the design of torsion shafts as a way to increase
the performance and sustainability of light armoured ve-
hicles in the modern military context. The researchers
identify the relevance of developing technologies to opti-
mize shafts in order to improve their functionality with-
in current military requirements. The study does not take
into account ergonomics and safety in the design of shafts,
which is significant in military use.
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This study aims to analyse torsion shafts used in light
armoured vehicles. To achieve this goal, the following tasks
have been identified:

1. To conduct a safety analysis, considering the rele-
vant safety factors and assessment of impact loads during
operation.

2. To determine a high-strength material for the tor-
sion shaft, providing high strength and endurance under
heavy loads, considering the lightness of the selected ma-
terial to reduce the overall weight of the vehicle.

3. To analyse in detail and evaluate the possibilities of
using modern technologies such as composite as or high-
tech alloys, and implement advanced manufacturing meth-
ods, including additive technologies and CNC machining.

MATERIALS AND METHODS

The analytical method helped to identify potential weak-
nesses and determine the optimal parameters, including
stress concentration points and other possible problems.
The study of material selection contributed to the selection
of a high-strength material that meets the requirements
for sustained loading, thereby ensuring increased strength
and service life of the torsion shafts.

Using a statistical method, the critical parameters and
their interaction were identified, which allowed the devel-
opment of optimization strategies to achieve the best re-
sults in the production of torsion shafts. The study of safe-
ty factors proved to be key to ensuring the reliability and
durability of the design in real-world operation. The de-
duction method helped to formulate general principles and
approaches to optimizing torsion shafts. Determining the
cause-and-effect relationships between the shaft parame-
ters and its characteristics made it possible to consider the
influence of various factors on its functionality. The func-
tional method was used to determine the parameters and
configurations of torsion shafts aimed at achieving max-
imum strength and optimal performance. The functional
method made it possible to take into account the influence
of various factors, such as load, rotational speed and tem-
perature conditions, on the operation of torsion shafts.

By applying the synthesis method, new concepts and
strategies for optimizing torsion shafts were developed,
considering a comprehensive approach to their improve-
ment. This method allows combining various aspects, such
as material properties, geometrical parameters, safety fac-
tors and the use of the latest technologies, to achieve opti-
mal results. The classification method helped to define the
main characteristics of torsion shafts and their properties,
considering the various factors that affect their function-
ing. The study of a large amount of data using this meth-
od allowed creating a classification system that takes into
account different types of shafts, materials, geometry and
operating conditions. The induction method was used to
generate new ideas and concepts aimed at improving tor-
sion shafts in light armoured vehicles. This method pro-
vided new insights into potential areas of improvement in
shaft geometry, materials, and manufacturing techniques.

O. Krakhmalyov et al.

The use of the generalization method in the context
of the study of torsion shafts in light armoured vehicles al-
lowed systematizing and summarising the results obtained
to determine the chosen optimization path. This method
allows for a detailed study of a large amount of data and
takes into account the various influences of factors on
torsion shafts. Geometric design, based on advanced tech-
niques, helped to achieve the optimal shaft shape, ensur-
ing efficient load distribution, and increasing its stability.
The use of computer modelling and simulation software
ensured high accuracy in assessing the performance of
torsion shafts under various operating conditions. The use
of the latest technologies in production, such as additive
technologies and computer numerically controlled ma-
chines (CNC), contributed to the accurate implementation
of the designed parameters and ensured the high quality of
the manufactured torsion shafts.

This comprehensive approach to the study and opti-
mization of torsion shafts for light armoured vehicles takes
into account important aspects necessary to improve the
performance, strength, and durability of vehicles in a mil-
itary context.

RESULTS AND DISCUSSION
Optimization of structures and characteristics
of the suspension of light armoured vehicles
to improve passability and dynamic properties
Traditionally, the main design parameters and suspension
characteristics of general-purpose vehicles have been for-
mulated taking into account the rated loads and driving
conditions on Category I and II roads with asphalt concrete
pavement. At the same time, all-wheel drive modifications,
known as multipurpose vehicles, which have remained the
basis of the Armed Forces of Ukraine’s fleet since the days
of the Union of Soviet Socialist Republics (USSR), were
based on the use of the maximum equipment with basic
general-purpose models with minor modifications. These
modifications included changes to the drive axles, a lower
transmission range, a single-slope layout to meet off-road
requirements and allow for a 6x6-wheel configuration, a
centralized tyre pressure management system and other
similar changes. These additional changes were introduced
to improve the vehicle’s off-road capability. However, in the
case of off-road driving, in addition to the issues of off-road
traction, the actual maximum speed is limited by an artifi-
cially set crew corresponding to the wheeled vehicles. This
limitation is due to the achievement of extreme driving
discomfort due to significant vibration oscillations caused
by bumps in the road. These limits of vibration load and
the permissible duration of their impact on the crew are
already known and described in the modern scientific liter-
ature on wheeled vehicles (Nussupbek et al., 2023).

The development of a new generation of tactical vehi-
cles was determined by significant requirements for mine
and ballistic protection, which were taken into account at
the conceptual and working design stage for new models.
The traditional way to protect against mines and bullets was
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to improve the existing vehicles of the previous generation
by installing modern protective equipment and making ap-
propriate changes to the serial designs of the chassis, frame,
suspension, and other components. However, this approach
is complicated because it significantly affects the driving dy-
namics of vehicles that were not designed to accommodate
the increase in overall weight. Another important aspect
was the increase in maximum driving speeds, especially off-
road. This is because when driving on paved roads, the max-
imum speed is limited primarily by engine power, and there
is a steady upward trend in this parameter. This also applies
to heavy tactical vehicles with a GVWR of 12 to 40 tonnes,
which have changed their top speeds from 70-80 km/h to
105-120 km/h over the past fifty years with the introduc-
tion of the KAMAZ-4310 model (Krainyk et al., 2022).

In today’s world, light armoured vehicles are becom-
ing an increasingly important component of the transport
environment, especially in the face of growing demand for
safety and mobility (Fig. 1). The efficient operation of such
vehicles depends on numerous factors, among which the
design and quality of the components used, in particular,
the torsion shafts, are of key importance. The analysis and
optimization of these shafts are becoming an integral part
of the development process to improve the strength and
durability of light armoured vehicles. To achieve this goal,

an important step is the selection of suitable materials for
the torsion shaft construction. The use of high-strength
alloys or special composite materials can significantly im-
prove the strength and lightness of the shaft, providing
an optimal balance between functionality and service life
(Feyye et al., 2021). Optimizing the torsion shaft geome-
try plays a key role in achieving high performance. Taking
into account stress concentration points, load analysis, and
the influence of external factors allows for optimal shaft
shapes and geometries designed for maximum strength
and durability. The use of computer modelling and simu-
lation software plays an important role in the development
of torsion shafts. It allows virtually testing different de-
signs and materials, determining the optimal parameters,
and predicting the behaviour of the shaft under different
loading conditions. Another important aspect is the con-
sideration of safety factors. The use of safety factors helps
ensure that the torsion shaft can withstand not only stand-
ard operating conditions, but also unforeseen situations
that may arise during extreme conditions. The final stage is
the development of prototypes and their intensive testing
in real-world conditions. This stage allows verifying the ac-
tual efficiency and strength of the optimized torsion shaft,
identifying possible shortcomings, and making the neces-
sary adjustments.
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Figure 1. Light armoured vehicle
Source: Light armoured vehicles for the Armed Forces are undergoing the final stage of national trials (2019)

The analysis and optimization of torsion shafts for
light armoured vehicles is a multidisciplinary task that re-
quires the interaction of various engineering disciplines.
By integrating aspects of material science, geometric de-
sign, software modelling and prototype testing, engineers
can create torsion shafts that meet high standards of
strength and durability, ensuring optimum performance of
light armoured vehicles.

Material selection for torsion shaft optimization:
balance of strength and lightness

In today’s world, where technology is improving every day,
the development of vehicles, especially light armoured ve-
hicles, is a task that requires high engineering and scien-
tific expertise. Optimization of torsion shafts, as key ele-
ments of the drivetrain, is becoming an important aspect to
ensure the efficiency, strength, and durability of vehicles.
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In this context, the choice of material for torsion shafts is
determined not only by its strength, but also by its light-
ness, where the balance of these characteristics becomes
the key to success.

The strength of torsion shafts is a crucial factor, as
these elements are subjected to significant rotational loads
during the movement of an armoured vehicle (Huda, 2021).
Stress and strain analysis allows engineers to determine
how the material can withstand these loads and avoid pos-
sible flaws or loss of efficiency. Thus, choosing a material
with high strength and fatigue resistance is a top priority.
However, the issue of material lightness is equally impor-
tant. In modern automotive and military equipment, great
attention is paid to weight reduction to improve fuel con-
sumption and manoeuvrability. Torsion shaft optimization,
which includes the selection of lightweight yet highly du-
rable materials, can play a key role in achieving these goals.

An important aspect of material selection is the engi-
neering ability to take into account the conditions of actual
operation. Consideration of temperature fluctuations, ag-
gressive environments and other factors is essential to en-
sure the reliability and durability of torsion shafts in a varie-
ty of conditions. The material choice for optimizing torsion
shafts can also include the use of modern composite mate-
rials that combine high strength and lightness. This opens
new horizons for engineers and designers, allowing them to
create vehicles with an optimal combination of properties.

According to the results of recent research by H. Ban-
kar et al. (2013), material optimization and weight reduc-
tion of the drive shaft using composite materials is an
important area of technology development. Composite
materials consist of two or more components with differ-
ent physical properties that interact to create a material
with improved characteristics. The use of composite mate-
rials in drive shafts allows for an optimal balance between
strength and weight. Composites often have a high relative
modulus of elasticity and strength at low weight, making
them an attractive choice for applications where equip-
ment weight is important. Optimizing drive shaft material
and weight can also help reduce fuel consumption and im-
prove system efficiency, which is critical for vehicles and
other mechanical systems.

Material selection for torsion shaft optimization in
light armoured vehicles requires a careful balance between
strength and lightness. Engineers must carefully analyse
the operating conditions and use advanced material tech-
nologies to create optimal designs that meet the high per-
formance and safety requirements of today’s world.

Geometric design of torsion shafts: a path to

optimization and performance improvement

The geometric design of torsion shafts is recognized in
modern mechanical engineering as a key step in the de-
velopment of efficient and reliable transmission systems
for light armoured vehicles. The use of advanced design
techniques is essential to achieve an optimal shaft geom-
etry that maximizes strength and efficiency in real-world
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applications. The use of advanced design techniques is an
important step in the geometric design of torsion shafts.
Engineers use computer programmes and engineering
solutions to create three-dimensional models of shafts,
taking into account various aspects such as geometric pa-
rameters, materials and operating conditions.

Stress and strain analysis is an important step in deter-
mining the optimal shaft shape in the geometric design of
torsion shafts. By using mathematical models and compu-
tational software, engineers can determine how different
torsion shaft shapes affect the stress and strain distribu-
tion in the structure. This allows them to choose a geom-
etry that minimizes stress concentrations and increases
the shaft’s resistance to fatigue. One of the most advanced
techniques is the finite element method (FEM), which al-
lows engineers to virtually simulate stresses and strains
in real-world operating conditions (Kushwah et al., 2021).
This method considers a variety of factors such as loads,
temperature changes, and other operating conditions, al-
lowing engineers to more accurately determine the optimal
geometry. It is important to note that the design of torsion
shafts is not a static task. As technology advances and new
materials become available, engineers must constantly im-
prove their geometric design techniques. Regular updates
and adaptations to shaft geometry can not only improve
strength, but also reduce weight, which is important for
light armoured vehicles.

Referring to the definition of D.E. Osakue et al. (2015),
shaft fatigue testing, considering its bending and torsion,
is a key step in the development of mechanical systems. A
shaft that is subjected to constant loads must be thorough-
ly tested for the possibility of deformation and material
fatigue. During bending tests, it is important to consider
the loads that may occur during operation and to check
whether the shaft can withstand these loads without dam-
age or deformation. Torsional testing, on the other hand,
is important for determining the selective rotational sta-
bility of the shaft and for preventing possible problems
related to torsional loads. These tests help to confirm the
reliability and stability of the shaft design under real-world
operating conditions, as well as identify possible areas for
improvement to optimize its performance and service life.
The geometric design of torsion shafts is a key element in
optimizing the transmission systems of light armoured
vehicles. The use of advanced techniques and mathe-
matical methods allows engineers to create efficient and
fatigue-resistant designs that meet the high demands of
modern technical development.

Modelling and simulation in the design

of torsion shafts: strength analysis and improvement
In today’s rapidly evolving engineering environment, the
use of computer modelling and simulation software is an
essential component of torsion shaft design. This stage not
only provides the ability to analyse the shaft’s behaviour
under load, but also allows engineers to identify and re-
solve potential problems, ensuring optimum strength and
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safety. It is to be started with the use of computer mod-
elling software, which gives engineers the ability to cre-
ate virtual models of torsion shafts. This includes taking
into account shaft geometry, materials, and factors such as
loads and operating conditions. Computer simulation soft-
ware allows engineers to reproduce real-time operating
conditions and evaluate the impact of various factors on
shaft strength and reliability.

Simulation, in turn, is a key step in analysing the be-
haviour of a torsion shaft (Wang et al., 2022). Using the
resulting models, engineers can perform virtual tests by
subjecting the shaft to various loads and operating condi-
tions. The simulation allows them to identify stress con-
centration points, determine areas of maximum force, and
identify possible problems that may arise as a result of ma-
terial deformation or fatigue. The assessment of stress con-
centration points is particularly important in the design of
torsion shafts. These points can indicate where stresses
may be highest, which can lead to damage or fatigue of
the material in the future. Simulation allows engineers to
effectively correct these problems by optimizing the shaft
geometry, selecting the best materials, or making other de-
sign changes (Hajiyev & Damirov, 2023).

Researchers M. Liang et al. (2022) determined that
modelling the torsional resistance of a small-diameter hol-
low shaft using ABAQUS software is an important step in
the design and analysis of mechanical systems. ABAQUS is
a powerful engineering tool for numerical modelling and
simulation of the behaviour of materials and structures
under various loading conditions. When modelling the tor-
sional resistance of a hollow shaft, a variety of parameters
such as shaft geometry, material properties, loading condi-
tions and boundary conditions must be taken into account.
ABAQUS allows engineers to create sophisticated models
that consider real-world operating conditions. Analysing
the torsional resistance of a hollow shaft can provide im-
portant data on its strength and deformation characteris-
tics, which helps to improve the design and ensure a high
level of reliability in operation. This approach allows en-
gineers to optimize designs and improve their efficiency
before physically manufacturing prototypes.

In modern engineering practice, the use of computer
modelling and simulation software is becoming a key ele-
ment in the optimization of torsion shafts. This allows not
only to increase their strength and durability, but also to
effectively deal with potential problems, ensuring safety
and reliability in operation.

Consideration of safety factors in the design

of torsion shafts: ensuring reliability and durability

In the field of mechanical engineering, where high relia-
bility and durability are key success parameters, consider-
ation of safety factors in the design of torsion shafts is a
mandatory component. The application of safety factors
and careful consideration of impact loads allow for not only
optimal shaft performance, but also its reliability in re-
al-world operating conditions (Nuraliyev et al., 2023). The

first step in taking safety factors into account is to establish
safety factors for all key parameters of the torsion shaft de-
sign. These factors consider the various uncertainties and
variations that can occur during design and manufacturing.
In addition, they provide an additional safety margin to en-
sure the shaft’s reliability in extreme conditions and when
exposed to unforeseen factors.

Considering the magnitude of impact loads is another
important aspect in the design of torsion shafts. In the op-
erating environment of light armoured vehicles, a variety
of situations can arise, such as jolts, obstacles, or unfore-
seen explosions, which can cause impact loads on torsion
shafts (Chovnyuk et al., 2022). Analysing these scenarios
allows engineers to consider these safety factors and incor-
porate them into the shaft design, ensuring reliability and
durability. It is important to emphasize that safety factors
are determined not only on paper, but also by experimental
studies and prototype testing. Consideration of real-world
operating conditions and the ability of the design to with-
stand unexpected loads are important to ensure the safety
and reliability of the shaft in the real world.

Researchers A. Koch et al. (2023) have shown through
their work that identifying safety issues related to torsional
side shafts in electrified vehicles plays an important role
in ensuring reliable and safe system operation. Side shafts
in electrified vehicles, such as electric or hybrid vehicles,
are subject to particular dynamic and thermal loads due
to their interaction with electric motors. Systems for de-
tecting side shaft torsion problems can include sensors
that measure torsional parameters and monitoring algo-
rithms that analyse this data for deviations from normal
operation. Prompt detection of such problems allows time-
ly measures to be taken to prevent accidents and improve
the safety of passengers and the vehicle as a whole. The
development and implementation of effective systems for
detecting torsional problems in side shafts in electrified
vehicles is an important aspect of engineering work in the
field of electromobility aimed at improving the safety and
reliability of new technologies.

Consideration of safety factors in the design of torsion
shafts is a critical element to ensure the reliability and du-
rability of the structure. The application of safety factors
and careful consideration of impact loads allow creating
not only technically advanced shafts, but also those that
can operate effectively in real-world conditions where
safety is a priority.

The use of the latest technologies in the design of
torsion shafts: innovations for efficiency and quality
In today’s industrial landscape, the use of the latest tech-
nology is key to achieving high efficiency, durability, and
product quality. In the context of torsion shaft design, the
use of the latest materials and manufacturing technol-
ogies plays an important role in improving their perfor-
mance and functionality. An innovative area is the use of
advanced materials such as composites or alloys with high
performance characteristics. Composite materials, which
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combine different components to achieve optimum prop-
erties, can be used to create lighter but stronger torsion
shafts. High-strength alloys can withstand heavy loads,
ensuring high safety and reliability (Pavlikov et al., 2019).

An important innovation is the use of advanced man-
ufacturing technologies, such as additive technologies or
CNC machining. Additive technologies, such as 3D print-
ing, allow for the creation of complex geometries and op-
timized shaft design to accommodate internal cavities and
structures, which improves weight and mechanical perfor-
mance. CNC technologies, on the other hand, provide high
machining accuracy and the ability to produce complex
parts (Zhu et al., 2022). The use of the latest technologies
also includes the application of manufacturing methods
that allow for the use of thin and resistant materials, en-
suring efficiency and minimizing weight. Engineers and
designers must constantly improve their approaches and
use advanced technologies to optimize and meet the chal-
lenges in torsion shaft design.

As noted by E. Bilalis et al. (2022), optimizing the de-
sign of drive shafts made of composite materials is a hot
topic in the engineering and manufacturing industries,
aimed at increasing the strength and lightness of the el-
ements. Composite materials consist of a combination of
two or more different materials, usually fibres and a ma-
trix, working together to achieve optimum properties (Sko-
rokhod et al., 1995). Optimizing the design of a drive shaft
involves considering various parameters such as geometry,
fibre orientation, fibre type and number, and the compos-
ite matrix. These parameters can be carefully tuned to
achieve the desired mechanical characteristics, including
high strength at low weight. The use of composite materi-
als in the design of drive shafts allows for weight reduction
while maintaining the required strength, which is impor-
tant in the production of vehicles, aircraft, power gener-
ation equipment and other industries (Averin & Borovyt-
skyi, 2023). This approach helps to improve the efficiency
and service life of mechanical systems.

The use of the latest materials and production tech-
nologies allows us to create not only strong, but also light-
weight and efficient shafts that meet the high standards of
modern mechanical engineering.

Testing torsion shaft prototypes:

ensuring high efficiency and strength

Prototype testing is a critical step in the torsion shaft de-
velopment process, as it provides an opportunity to deter-
mine the real-world performance of a design and refine it
before large-scale production. This approach allows engi-
neers not only to identify possible shortcomings, but also
to improve and optimize torsion shafts to achieve the high-
est efficiency and durability. Manufacturing physical pro-
totypes of torsion shafts is the first step in this process. The
use of advanced manufacturing technologies, such as addi-
tive manufacturing or CNC machining, allows for the pre-
cise realization of structural elements that meet the pro-
ject requirements (Kassay et al., 2023). However, prototype
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production is only the beginning of the process, as its ef-
fectiveness and durability must be objectively verified.

Intensive tests play a key role in ensuring the quali-
ty and reliability of torsion shafts. These tests must reflect
the actual operating conditions as well as additional fac-
tors that may affect the product in real life. Loads, tem-
perature effects, vibrations, and impact loads should all be
taken into account during testing. The test results provide
engineers with important data on the operating strength
and efficiency of the torsion shaft. They can identify weak-
nesses, optimize the design, and improve material and
geometric aspects. This iterative approach allows for high
quality and efficiency in the design of torsion shafts. Proto-
type testing also opens up opportunities to improve tech-
nical solutions and use the latest technologies. Engineers
can implement changes in real time, refining and optimiz-
ing the design of torsion shafts based on the data obtained.

Researchers A. Wieczorek et al. (2022) determined tha t
vibration analysis of a drive system equipped with an inno-
vative prototype of a flexible torsion coupling is an impor-
tant step before implementing this element in real-world
applications. Flexible torsion couplings are used to trans-
mit torque between shafts, while providing some flexibility
to compensate for vibrations and torsional oscillations. It
is important to conduct a vibration analysis to determine
how well a new coupling prototype will meet the perfor-
mance and durability requirements under various operat-
ing conditions. Analysis methods can include measuring
vibration frequency, amplitude, and shape, as well as tak-
ing into account the dynamic properties of the prototype
material. Such analysis allows engineers to refine the de-
sign and parameters of the flexible torsion coupling pro-
totype, ensuring its optimal performance and durability in
real-world applications. Preliminary vibration tests help to
identify and eliminate potential problems during the de-
velopment phase, contributing to the further efficiency and
safety of the drive system.

Prototype testing of torsion shafts determines the suc-
cess of their functionality and durability in real-world con-
ditions. This stage allows confirming concepts, identifying
weaknesses, and achieving high standards of efficiency and
quality in the manufacture of torsion shafts.

Optimization of mass and weight distribution

in the design of torsion shafts: impact on the
efficiency and stability of an armoured vehicle

In today’s engineering world, mass optimization and
weight distribution has become a key aspect in the devel-
opment of torsion shafts for armoured vehicles (Venczel et
al., 2022). This optimization is crucial to ensure not only
high efficiency and strength of the shaft, but also to im-
prove the overall stability of the armoured vehicle. Opti-
mizing the torsion shaft mass with respect to efficiency and
fuel consumption is one aspect of this process. It is impor-
tant to strike a balance between strength and lightness of
the shaft, as this directly affects the overall performance of
the armoured vehicle. The use of high-strength materials
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and optimized geometry can help reduce shaft weight
while still providing the required strength.

Uniform weight distribution is an important factor in
improving vehicle stability, especially when driving on un-
even roads or in combat situations. Optimal weight distri-
bution can be achieved by taking into account not only the
weight of the torsion shaft but also other components of
the suspension system. Additive manufacturing and CNC
machining technologies can be used to create optimized
shaft geometries that contribute to weight reduction. It
is also important to use analytical methods and computer
modelling programmes to accurately determine the opti-
mal shaft parameters, considering its functionality and in-
teraction with other armoured vehicle systems.

In their study, W. Zeng et al. (2023) found that Opti-
struct-based modelling and lightweight design of auto-
motive transmission shafts is a state-of-the-art approach
to optimize weight and maintain the required strength of
these important automotive transmission components.
Optistruct is a topological and topographic optimization
software that allows engineers to automatically structure
material and geometry to optimize part properties. Mod-
elling shafts with Optistruct allows engineers to perform
topological optimization by considering various param-
eters such as shape, dimensions, and materials. This ap-
proach helps reduce shaft weight while maintaining the
required strength and stiffness. The lightweight design
process is made more efficient by using the optimization
tools offered by Optistruct. The use of this software not
only improves the mechanical properties of transmission
shafts, but also reduces their weight, which contributes to
the efficiency of the automotive transmission and the fuel
efficiency of the vehicle as a whole.

By considering the above aspects, engineers can create
torsion shafts that not only meet high standards of strength
and efficiency, but also make a significant contribution to
improving the stability and control of an armoured vehi-
cle. Optimization of weight and weight distribution is be-
coming a strategic approach in the development of torsion
shafts that meets the modern requirements of high-perfor-
mance and stable armoured vehicles. The development and
optimization of torsion shafts for light armoured vehicles
is a task that requires a thorough understanding of the spe-
cific application of these components and the manufactur-
er’s capabilities. Taking into account the requirements of a
specific application ensures that the engineering challeng-
es associated with armoured vehicles are addressed accu-
rately and efficiently.

Engineers must examine the characteristics and fea-
tures of the light armoured vehicle for which the torsion
shafts are being designed. This includes the weight and
dimensions of the vehicle, the types of materials used
in the construction, the anticipated operating condi-
tions, and the specific tasks the vehicle performs. Next,
engineers must carefully analyse the manufacturer’s ca-
pabilities, which include process limitations, available
materials, production methods and technical capabilities.

Taking these factors into account allows for optimized
solutions that consider realistic production capabilities
and deliver efficiency in terms of serviceability and cost.
When optimizing torsion shafts, the specifications and
requirements of the specific application should be the
focus. For example, if a light armoured vehicle has high
requirements for speed and manoeuvrability, optimizing
shaft weight may be a priority. In a case where safety and
stability play an important role, weight distribution and
shaft strength may be key factors.

All these aspects interact in the development and op-
timization of torsion shafts, where balancing the require-
ments of the specific application with the capabilities of the
manufacturer is essential to achieve high standards of qual-
ity and performance in the light armoured vehicle sector.

CONCLUSIONS

The analysis and optimization of torsion shafts in the
context of improving the strength and durability of a light
armoured vehicle is an important step in the develop-
ment of vehicles designed to operate in high-risk envi-
ronments. It is a key aspect of the engineering approach,
as torsion shafts play an important role in the mechanical
structure of vehicles, providing torque transmission and
supporting loads during movement. The analysis of tor-
sion shafts involves the study of their geometry, material
properties, and operating conditions. This process allows
engineers to identify potential problems, such as stress or
strain points, that could lead to damage or material ex-
haustion of the shaft. The detailed analysis is also aimed
at determining the optimal shaft design for maximum
strength and efficiency.

The use of the latest technologies in the design of tor-
sion shafts is a key stage in the development of transmis-
sion systems and mechanisms for light armoured vehicles.
Innovations in this area are aimed at improving the effi-
ciency, durability, and overall quality of shafts to optimize
their performance in the high-risk conditions and require-
ments of military operations. Prototype testing of torsion
shafts is a critical step in their development process to
ensure high efficiency and durability. This process allows
engineers to evaluate the actual performance of the shafts
when operating under conditions that most closely repli-
cate real-world operating conditions.

Optimization of torsion shafts, in turn, involves the
use of advanced engineering methods such as topological
optimization or finite element analysis. These methods
help reduce shaft weight while maintaining the required
strength and stability. The use of new materials such as
composites or high-strength alloys can also make a signifi-
cant contribution to improving the performance of torsion
shafts. This analysis and optimization are important steps
in ensuring that armoured vehicles are as strong and dura-
ble as possible, with a high level of safety for their crews.
This helps to improve the design and functionality of the
vehicles, ensuring they have the optimum parameters for
optimal performance in the causal environment.
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When developing the next generation of tactical
vehicles, the importance of mine protection and tor-
sion shaft optimization for improved strength should be
considered. Changes in the suspension design of gener-
al-purpose vehicles and all-wheel drive modifications
are aimed at increasing the off-road capability, but the
limitation of the artificially installed crew of military

O. Krakhmalyov et al.

of the transmission system and the impact of various
operating conditions, such as temperature fluctuations
or high humidity, on their performance. In addition, the
interaction of torsion shafts with external factors, such
as impacts or explosions, should be analysed to develop
technologies for increased durability and safety in ex-
treme conditions.

vehicles arises when driving off-road due to vibration.
This aspect, together with the increase in maximum
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AHani3 Ta onNnTUMI3aLia TOPCiOHHUX BasliB B KOHTEKCTI NOJlinweHHs MILHOCTI
Ta AOBroBiYHOCTI Nerkoi 6poHbOBaHOI MaLLUMHU

AHoTauifa. Y KOHTEKCTi MOCTiiHOTO PO3BUTKY OPOHETEXHIKM Ta 3POCTAHHSI BUMOT IO MilITHOCTi Ta e(heKTUBHOCTI
6pOHBOBAHMX MalllMH, BUBUEHHSI Ta YIOCKOHATEHHS TOPCIOHHMX BaJliB CTa€ akKTyaabHUM 151 3a6e31e4eHHs BUCOKOi
TPUBAJIOCTI CTY>KOM Ta ONTUMAIBHOTO QYHKIIIOHYBaHHS. MeTOI0 JaHOTO JOCTiPKeHHS € TPOBeJeHHS aHali3y TOPCIOHHMUX
BaJTiB JIETKMX OPOHBOBAHMX MAIMH IS imeHTUdiKalii MOKIMBUX HATIPSIMKIB ONITUMi3allii 3 MigBUIIEHHSIM MillHOCTi
Ta JOBTOBIYHOCTI IMX eJleMeHTiB TPaHCIIOPTHOTO 3acoby. Cepes, BUKOPUCTAaHMUX METOZIB CJTif] 3a3HAUUTY aHATITUIHMIA
meToq, Metop kinacudikaiii, QyHKIiOHAIbHNUIT METO/I, CTATUCTUUYHMIT METOM, METOH, CUHTEe3Y Ta iHlIi. Y pe3ynbTaTi
IOC/TimKeHHS OYII0 3/1i/iCHEHO KOMIUIEKCHMIA aHaJIi3 Ta ONTUMIi3allilo TOPCiIOHHMX BaliB IJIsl IETKMX OPOHbOBAHMX MaIIVH
3 MeTOIO MigBUIIEHHS IXHbOI MILIHOCTi Ta JOBrOBiYHOCTI. B1bip BMCOKOMIIITHOTO MaTepiany Ta ypaxyBaHHS Baryu CIIpUsIIN
3HIDKEHHIO Baryu TPaHCIIOPTHOTO 3aco0y, MigBUILy0un iioro eeKkTMBHICTh. [eoMeTpUUHe MPOEKTYBAaHHS BKIIOYATIO
3aCTOCYBaHHS IIepeJOBUX TEXHIK /151 onTuMisaliii popmu Basa, a aHasi3 HanpykeHb Ta AedopMalliit JO3BOIUB BU3HAUUTHI
OTITUMAJbHI apameTpy. BUKOpMCTaHHSI KOMIT IOTEPHOTO MOJETIOBAHHS Ta CUMYJISILIIT CITPOCTIU/IO aHaTi3 MOBeAiHKM BaJia
Mg, HaBaHTakKeHHSIM. 3aCcTOCyBaHHS KoedillieHTiB 6e31eKky Ta BpaxXyBaHHS iMIIAaKTHMX HABAHTAXKeHb ITiJ] Yac eKCIuTyaTarii
CIIPUSIIO MiABUIEHHIO HAJliJiHOCTI Ta JOBrOBiYHOCTI KOHCTPYKILii. BuUKOpMcTaHHS HOBITHIX MarepiajiB Ta TeXHOJIOTriN
BUTOTOBJIEHHS JO3BOJIMJIO JOCATTY ONTUMAa/JIbHUX [TapaMeTPiB TPAHCMIiCiliHOTO esieMeHTa. TecTyBaHHS IPOTOTUIIIB B
pearpbHIX YMOBaX MiJTBEPAIIO IXHIO e(eKTUBHICTh Ta MillHiCTh. ONITUMI3allis Macy Ta pO3MOAiTy Baru 6y/ia CrpsMoBaHa Ha
MOKPAIeHHS CTiiKoCTi 6pPOHBOBAHOI MAIIVHY, 3 YPaxyBaHHSM BMMOT KOHKPETHOTO 3aCTOCYBaHHsI Ta BUpOOHMKA. OTpUMaHi
pe3y/nbTaTy BKasyloTh HAa MOTEeHIlia/l BAOCKOHAIeHHS KOHCTPYKIIii TOPCIOHHMX BaJTiB [J1s1 MiABUIEHHS TPOIYKTUBHOCTI
Ta CTiIKOCTi JIerkux 6POHbOBAHMX MaIINH. Ile TOoCTimKeHHS] TIPUHOCUTD BaskJIMBUIT BHECOK Y HAYKY, OCKI/TbKY BUSIBJI€HI
OMTHMMIi3allii Ta MoKpalleHHsI B KOHCTPYKI[il TOPCIOHHUX BaJliB JTeTKMX OPOHbOBAHMX MALIMH CIIPUSIIOTH He JIMIIe
36i/bLIIeHHIO IXHbOT MiITHOCTi Ta BUTPMBAJIOCTI, aje i parioHaIbHOMY BUKOPUCTAHHIO PeCypCiB Ta MigBUIIEHHIO 3araabHOL
MIPOAYKTUBHOCTI TPAHCIIOPTHOTO 3aC00y

Knio4oBi cfioBa: reoMeTpisi; KOMIIO3UTHI MaTepiain; MiiBicKa; IVIaBHICTb PyXY; HAMPYKeHiCTh; nedopmariii
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Technical solutions to prevent blackouts in order to provide
the population with electricity: The case of Ukraine

Abstract. Due to the deteriorating condition of the power grids and the increasing number of power outages, research on
technical solutions to prevent blackouts in the Ukrainian energy system is becoming an extremely relevant and necessary
task. This study aims to analyse technical solutions aimed at increasing the resilience of Ukraine’s energy system to
prevent blackouts and ensure reliable electricity supply to the population. The methods used include the analytical method,
classification method, functional method, statistical method, synthesis method, and others. The study analysed modern
technical solutions to improve the resilience of the Ukrainian energy system. The study included a detailed analysis of
innovative approaches to modernizing the energy infrastructure. The primary objective was to study and evaluate modern
technologies for designing new power lines with improved transmission characteristics. The study emphasized the
importance of expanding automation systems to effectively monitor and control the state of the power grid. The study
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also identified the importance of using energy storage, developing renewable energy sources and improving electricity
consumption forecasting systems. Flexible load management measures and improved cybersecurity systems were identified
as critical. It is noted that the implementation of the project to provide electricity to the conditional area will be a key step
in improving the lives of the local population and providing the necessary conditions for the development of the area’s
infrastructure and economy. In addition, the operation of generators for electricity supply will help to reduce the feeling
of lack of electricity among residents and ensure reliability in the use of electricity for all sectors of the district’s economy.
The overall conclusion is that the implementation of such technical solutions will significantly increase the resilience of
Ukraine’s energy system. The results obtained make it possible to effectively avoid blackouts and ensure a sustainable
electricity supply to the population. This allows energy companies, government agencies and other stakeholders to optimize
energy resource management and make informed decisions to ensure the sustainable and efficient operation of Ukraine’s
energy system in the face of a possible blackout risk

Keywords: power grids; infrastructure modernization; power automation system; renewable energy sources; flexible

load management

INTRODUCTION

Against the backdrop of the war between Russia and Ukraine,
the study of technical solutions to prevent blackouts and
ensure the resilience of energy systems is becoming par-
ticularly important. The war reinforces the need to improve
technical means for effective management and protection
of power grids in the face of possible increased risk and chal-
lenges arising from martial law. Increased burden on power
grids and possible attacks on infrastructure may pose se-
rious challenges to Ukraine’s energy security. Ensuring the
stability and reliability of energy systems is becoming a stra-
tegic task to ensure the normal functioning of the economy
and the living standards of the population in times of war.
The study of technical aspects, such as protection against
cyber threats, enhancing cybersecurity and emergency re-
sponse, is becoming an important element of the strategy
to ensure energy security in the face of a military threat.

The research is aimed at developing and implement-
ing effective technical solutions to prevent blackouts in
the power supply system, in particular, in the conditions
specific to Ukraine. Ensuring a sustainable and reliable en-
ergy infrastructure is an important task, as blackouts can
have serious consequences for society, the economy and
vital infrastructure. The study aims to improve monitoring
systems, demand management, renewable energy sources,
backup power supply and other technical aspects to mini-
mize the risks and consequences of energy accidents.

V. Shchelkunov et al. (2023) emphasize the critical
need to introduce new technical solutions to increase the
resilience of the Ukrainian energy system. The authors in-
sist on the importance of modernizing infrastructure and
applying innovative methods of automation and control.
As noted, the study does not consider the impact of ener-
gy systems on environmental aspects and the possibility
of improving energy efficiency, considering environmental
requirements. V. Vashchenko & I. Korduba (2023) note that
the efficiency of energy supply is of particular importance
in the context of increasing load on the power grid and un-
predictability of electricity consumption, which can lead to
serious problems. It is important to note that the research-
er did not consider the relationship between flexible load

management and emissions reduction, which may prove to
be key in measuring environmental impact.

In their work, P.P. Myrutenko & L.K. Listovsh-
chik (2022) note that the use of energy storage and the pro-
motion of renewable sources are key elements of a strategy
to increase the resilience of the energy system. However, it
should be noted that the study does not consider the pos-
sibilities of using hybrid energy systems to maximize the
use of renewable sources and increase the resilience of en-
ergy infrastructure. Researchers S.M. Stezhko & V.M. Fit-
sa (2021) note the importance of implementing flexible
load management and improvements in energy systems
to ensure resilience and protect against potential cyber
threats. However, it should be noted that the researcher’s
attention is not focused on specific cyber defence technol-
ogies and strategies, which may have an impact on the ef-
fectiveness of measures to counter cyber threats.

In the work by A.V. Polukhin et al. (2023), special atten-
tion is paid to the analysis of current technical solutions
and their impact on increasing the resilience of the Ukrain-
ian energy system. However, it is important to note that the
study does not pay due attention to the dynamics of chang-
es in electricity consumption and their possible impact on
the stability of energy systems in the future. In the study
by R. Hryshchenko (2022), the author raises an important
issue of effective forecasting of electricity consumption,
which is a key element in improving forecasting systems
and optimizing resource use. It is worth noting that the
study does not go into greater depth on the importance of
introducing intelligent forecasting systems that consider
socio-economic factors and changes in consumption.

The purpose of this study is to analyse technical solu-
tions that can increase the resilience of Ukraine’s energy
system and prevent power outages.

MATERIALS AND METHODS
The analytical method helped to thoroughly analyse
technical solutions aimed at improving the resilience
of Ukraine’s energy systems. The use of this method al-
lowed for a detailed consideration of the effectiveness and
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possible limitations of each technical solution, which be-
came the basis for further conclusions and recommenda-
tions for improving the energy infrastructure. The statis-
tical method was used to study trends and patterns in the
functioning of the energy system, which allowed for relia-
ble forecasts of possible variations in electricity production
and consumption. This method has proven to be an effec-
tive tool for formulating energy management strategies
and identifying the best ways to improve system efficiency.

Using the functional method, the key functional com-
ponents of the energy system and their interactions were
identified. This method allowed understanding important
aspects of the internal interaction of the system compo-
nents, which is critical for optimizing the operation and
ensuring the highest efficiency of energy processes. The
results of the functional method serve as the basis for fur-
ther recommendations to improve the system’s operation.

The deduction method helped to study the cause-and-
effect relationships between different elements of the en-
ergy system and identify the main factors that affect its sus-
tainability. This method helped to identify the key aspects
that determine the efficiency and reliability of the system.
Based on the findings, sound strategies can be developed
to further improve and optimize the energy infrastructure.

By applying the synthesis method, integrated concepts
for improving the energy system were created. This method
allowed combining various technical solutions and strate-
gies into a single harmonious system aimed at increasing
sustainability and efficiency. The synthesis method helped
to find optimal combinations of technical solutions that
can be implemented to achieve the goal of ensuring the
stability of energy systems. The results of the synthesis
identify practical steps for implementing innovations and
optimizing system performance.

The classification method helped to structure various
technical solutions and components of the energy system,
identify their main characteristics and group them by com-
mon features. This method helped to systemize informa-
tion and make the variety of available technical solutions
clear. The classification method has become an important
tool for selecting the optimal system components, which
contributes to the goal of increasing the resilience and re-
liability of the energy infrastructure.

The induction method, in the context of this study, was
used to investigate the collected facts and data to identi-
fy general trends and patterns in energy systems. This
method helped to identify the internal relationships and
dynamics of the system, considering various influences
and factors. This method allowed considering the specific
conditions and context of the Ukrainian energy system in
order to develop balanced recommendations and strategies
to improve its performance and reliability.

The synthesis method combined the findings and con-
clusions to provide an overall picture of the energy sys-
tem. This method allowed abstracting from the details and
identifying the main trends and key relationships, which
is important for understanding the overall dynamics of

energy processes. Summarizing the findings helped to
identify strategic areas for further research and action to
improve the efficiency and stability of the energy system.

RESULTS

The energy crisis in Ukraine is the result of a variety of fac-
tors. The crisis is driven by the difficult situation in the en-
ergy market, including insufficient infrastructure develop-
ment, malfunctioning of the electricity supply system, and
institutional weaknesses in the management of the energy
sector. Not only socio-economic factors contributed to the
energy crisis, but also political, institutional, environmen-
tal, and regional aspects. The threats in this context are the
war on the part of Russia and the occupation of Donetsk,
Luhansk, Kherson and Zaporizhzhia regions, where the
main thermal coal production is located, which is used to
generate electricity for thermal power plants (TPPs). Oth-
er challenges include the monopolization of the electricity
market, high depreciation of power plants, the constant
decommissioning of unprofitable coal mines, low penetra-
tion of alternative electricity sources, ongoing ambiguity
over Energy Community reforms, reduced dependence on
external supplies, institutional imbalances in the energy
market, and others. As a result of these threats, a situa-
tion has arisen where energy demand has exceeded supply,
which necessitates the creation of mechanisms to ensure
Ukraine’s energy security (Kulcsar et al., 2021).

To ensure the stability of electricity supply, measures
are taken to protect power grids from possible enemy at-
tacks. Attacks can take many forms: physical (including
bombings, shelling, and sabotage), cyber (such as hacking,
viruses, and hacker attacks), and electromagnetic (high
voltage or frequency pulses). A variety of strategies can be
implemented to successfully defend against various attacks
(Karako & Dahlgren, 2022). Physical protection includes
strengthening the structures and materials of equipment
and power transmission lines, installing barriers and fenc-
es, as well as using video surveillance and alarm systems,
and organizing security and patrols.

Protection against cyber threats includes the use of en-
cryption, authentication, and access control to information
systems and networks. Equally important is the installation
of antivirus and anti-spyware software, regular updates of
software and operating systems, as well as data backup and
the creation of alternative communication channels. Elec-
tromagnetic protection includes the use of means of filter-
ing, stabilizing, and controlling the voltage and frequency
of electrical energy. It is also essential to install protective
devices against overloads, short circuits, and overvoltage,
as well as to use shielded cables and equipment.

Ensuring the resilience of power supply in the face of
a full-scale invasion and restoring years of experience in
critical situations (the process of restoring and applying
the experience of operating systems or technologies accu-
mulated over many years in conditions of critical situations
or emergencies) involves the use of a set of measures. For
example, the creation of additional sources of electricity,
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such as diesel generators, batteries, and renewable energy
sources, which can be switched on when the main sources
fail. An important element is the use of automation, control,
and protection systems for power grids that can respond
quickly to changes in electricity parameters and the net-
work situation, such as relay protection, automatic backup,
and remote control. Also, important is the development of
small distribution generating systems, such as microgrids,
mini-hydroelectric power plants and solar panels, which can
operate independently or in parallel with centralized grids,
contributing to decentralization. This set of measures is
aimed at guaranteeing the reliability, quality, and efficien-
cy of electricity supply during wartime, as well as increas-
ing the resilience of electricity grids to extreme impacts.

In addition to quality and reliability aspects, there is
another important factor in the electricity supply sector —
efficiency, which is determined by the ratio of the costs of
electricity generation, transmission, and distribution to its
efficient use (Butt et al., 2021). The efficiency of electricity
supply is determined by the choice of optimal schemes and
designs of system elements, as well as the rational distri-
bution of loads in accordance with different reliability cat-
egories. In addition, the efficiency of electricity supply is
closely related to the reduction of electricity losses during
transmission and distribution, as well as to the improve-
ment of energy efficiency of consumers.

When considering the structure of electricity genera-
tion in the United Energetic System of Ukraine (UES), it is
important to note that nuclear power plants (NPPs) account
for more than half of the total, exceeding 50% (Fig. 1).

49 ® Nuclear power plant

m Hydroelectric power plant and
gas-fired nuclear power plant

Thermal power plant of a gas
compressor station

Wind power plant

= Combined heat and power plant

Figure 1. Ratio of electricity generation

in UES of Ukraine during maximum load
Source: compiled by the authors based on M.P. Pablo-
Romero et al. (2021)

The ratio of electricity generation in the UES of Ukraine
during peak load determines an important aspect of the
country’s energy system. During this period, it is possible
to note which energy sources provide the largest contribu-
tion to electricity generation. This information is impor-
tant for planning and managing energy resources, allowing
to optimize the use of different sources and ensure stable
operation of the system during peak load. Analysing this
ratio is an important step in improving generation strat-
egies and ensuring the efficiency of Ukraine’s energy sys-
tem. The distribution of electricity consumption in Ukraine
is shown in Figure 2.
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Figure 2. Distribution of electricity among
different groups of consumers in Ukraine,
except for temporarily occupied territories
Source: compiled by the authors based on A. Szeberényi
& F. Bako (2023)

The distribution of electricity among different con-
sumer groups in Ukraine, excluding the temporarily occu-
pied territories, is a key aspect of analysing the country’s
energy system. This structure determines how different
sectors of the economy and the population use electricity
and can indicate the needs and requirements of different
industries. It is advisable to take this distribution into ac-
count when developing strategies to ensure the sustaina-
bility and reliability of energy supply, as different segments
may have different requirements for power, quality, and re-
liability of electricity consumption. Such an analysis also
helps to identify potential areas for improving and opti-
mizing energy infrastructure, considering the needs of dif-
ferent sectors of the economy and the population.

It is worth considering a notional district with a pop-
ulation of 100,000 people that was left without electricity
supply. The area of the district is 100 km?. The total elec-
tricity demand for the district’s population is about 10 MW.
This electricity demand includes different areas of con-
sumption, including housing, transport, trade, and public
facilities. Residential use, which includes lighting, heating
and household appliances, accounts for 7 MW. Transport
infrastructure requires 1 MW of electricity, trade uses 1
MW, and public facilities require another 1 MW. In total,
these sectors have a combined need for 10 MW of electric-
ity. The total cost of purchasing and operating the gen-
erators to provide electricity to the district is estimated
at approximately UAH 100 million. This financial amount
includes an amount of UAH 50 million for the purchase of
generators and an additional UAH 50 million to be spent
on the purchase of fuel for the continuous operation of
these generators.

Various technical solutions can be used to ensure the
district’s electricity supply. The most reliable solution is to
install generators at critical infrastructure facilities. This
option ensures uninterrupted power supply for vital facil-
ities, but is costly due to the need to purchase and operate
numerous generators. Installing generators at critical in-
frastructure facilities is the best solution in terms of reli-
ability. However, this solution is also the most expensive.
The distributed power generation option involves installing
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generators at every home or business. This approach is less
reliable; as other generators may be overloaded if one of
them fails. However, it is more cost-effective because it re-
quires fewer generators. Distributed power generation is a
less reliable solution, but it is also cheaper. This option may
be acceptable for areas with limited financial resources.

The combined approach includes both the installation
of generators at critical infrastructure facilities and distrib-
uted power generation. This option is the most optimal, as

it ensures reliable power supply at relatively low costs. The
combined option is the most optimal in terms of reliability
and costs. This option may be acceptable for most areas.
Within the combined option, different technical solutions
can be used to provide electricity supply in different areas
(Fig. 3). For the residential sector, solar power plants are
an effective solution, providing clean and affordable ener-
gy. However, gas generators can be used for uninterrupted
power supply at night.
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Figure 3. Scheme of an electro-dependent district during a power outage

Source: compiled by the authors

It is recommended to use electric buses for transport,
which are more environmentally friendly than traditional
diesel buses. However, due to the limited range of electric
buses, charging stations can be used to ensure uninter-
rupted power supply at night. Diesel generators are recom-
mended for use in retail and public facilities. Diesel fuel
is more affordable, which can make diesel generators a
cost-effective solution for providing power to these facil-
ities. Implementation of the technical solutions described
above could help ensure reliable power supply for the pop-
ulation of Ukraine even in the event of a power grid failure.
These solutions will require significant investment, but
they can bring significant social and economic benefits.

The current challenges in the energy sector require ap-
propriate technical solutions and strategies, including in-
frastructure expansion and modernization. One of the key
areas of this process is to increase the capacity of transmis-
sion lines. The installation of new transmission lines and
the modernization of existing ones are critical elements
for increasing the capacity and resilience of energy systems
(Ghiasi et al., 2023). New technologies and materials are
enabling transmission lines to be built with high efficien-
¢y, ensuring optimal transmission of electricity over long
distances without losses. In addition, the development
of automation and control systems is a necessary step in
the evolution of energy infrastructure. The introduction
of modern automation systems allows grid operators to
instantly interact with system components, monitor the
status of grid elements in real time and respond effectively

to any deviations or emergencies. This approach to infra-
structure expansion and modernization not only improves
the efficiency and resilience of the energy system, but also
enables the integration of renewable energy sources, which
contributes to sustainable development and reduces emis-
sions. These measures set the right course for building a
future energy landscape that meets the current and future
needs of society.

The introduction of battery storage is an important
step in improving grid resilience and reliability. These
storages can effectively compensate for electricity losses,
smooth out demand peaks and provide energy reserves in
the event of accidents or grid failures. They allow for the
accumulation of excess energy generated during periods of
low consumption and its use during peak times, which is
key to ensuring the resilience and efficiency of the system.
The development of renewable energy sources, such as so-
lar and wind power, is a strategic step towards sustaina-
ble development (@stergaard et al., 2022). Increasing the
share of renewable energy sources allows for decentralized
electricity production, reduced dependence on traditional
sources, and lower greenhouse gas emissions. In addition,
it contributes to the creation of a sustainable energy sys-
tem capable of addressing the challenges of climate change
and ensuring a stable electricity supply in all conditions.

In general, increasing the efficiency of electricity sup-
ply through the use of energy storage and renewable sourc-
es is a key step towards a sustainable, efficient and envi-
ronmentally friendly energy future. The development and
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implementation of energy efficiency systems includes the
use of advanced technologies and energy saving systems
in industry, businesses, and households. The use of ener-
gy-efficient technologies can significantly reduce energy
consumption, ensuring optimal use of resources and thus
reducing the negative impact on the environment.

The use of “flexible” control technologies allows for
the regulation of electricity consumption depending on the
needs of the system (Ma et al., 2022). This means that the
load can be adapted to changes in energy demand, reduc-
ing the risk of overloading and ensuring efficient energy
use. Flexible control also makes it possible to use renewa-
ble energy sources in the most optimal way, helping to bal-
ance production and consumption. Load management and
energy efficiency not only ensure the stability of energy
systems, but are also strategic steps towards a sustainable,
efficient, and environmentally friendly energy sector. This
is an investment in the future, where modern technologies
and innovative approaches define the path to an energy sys-
tem that meets the current challenges and needs of society.

In today’s world, where electricity is an integral part of
life, improving forecasting systems is becoming a strategic
task to ensure the sustainability and reliability of energy
systems. It is important to improve electricity consump-
tion forecasting systems. The use of modern algorithms
and technologies allows accurately predicting peak loads
and optimizing the operation of power supply systems.
This is especially important in the context of growing de-
mand and various factors that can affect the energy system.
Accurate forecasts allow system operators to fine-tune the
production and distribution of electricity, avoid congestion
and ensure efficient use of resources. Improved forecast-
ing systems are also a key element for the integration of
renewable energy sources (Erdiwansyah et al., 2021). With
accurate forecasting of weather conditions and renewa-
ble energy production, systems can effectively account for
fluctuations in production and align it with consumption.
This enables optimal use of renewable sources and contrib-
utes to system resilience.

With rapid technological developments, improving
forecasting systems is a strategic step in building the future
of energy. Accurate and efficient forecasts not only ensure
the sustainability of systems, but also lay the foundation for
the development of intelligent energy systems that can meet
the challenges of today and contribute to sustainable devel-
opment. In the era of digital transformation and the growing
number of connected systems, resilience to cyber threats is
becoming an integral part of ensuring the security of energy
networks. A key aspect is protection against cyber threats,
which involves the development and implementation of
effective cybersecurity measures. Energy infrastructure is
becoming an attractive target for cybercriminals, and it is
therefore important to develop and implement strategies and
technologies that effectively protect systems from attacks
and intrusions. This may include improving authentication
systems, encrypting data, and even implementing artificial
intelligence to detect and remediate threats in real time.

O. Sikorska et al.

The knowledge and skills of cybersecurity personnel
can be a key factor in preventing and detecting attacks
(Zwilling et al., 2022). Regular training, simulations and
updates to security procedures can significantly increase
the resilience of systems. Resilience to cyber threats is be-
coming a top priority in a world where technology is evolv-
ing rapidly and threats are becoming more sophisticated
and complex. Protecting energy infrastructure from cyber-
attacks is not only a security measure, but also a guarantee
of the stability of energy systems and protection against
the negative impact of external factors.

Successful implementation of the above technical
solutions opens up the prospect of ensuring the resilience
of the power grid in Ukraine and effective prevention of
possible blackouts. This will help to create a more relia-
ble and resilient energy infrastructure, reducing the risks
of situations that could lead to major power outages. Giv-
en the growing burden on the power grid and the threat
of blackouts, the successful implementation of these solu-
tions is key to ensuring uninterrupted and stable power
supply for the population and various sectors of the econ-
omy. This step will help improve energy security and meet
the requirements of the modern energy landscape.

DISCUSSION

Energy security is a critical aspect of any country’s life, es-
pecially in times of geopolitical conflict and war. Ukraine,
being at the centre of energy tensions due to the war with
Russia, is studying and implementing technical solutions
to prevent blackouts and ensure the resilience of the power
grid. One of the key challenges for Ukraine is the need to
increase the resilience of the energy system in the context
of the escalating war. An important part of this process is
the development and modernization of infrastructure. The
installation of new power lines and the modernization of
existing ones play a key role in increasing the capacity and
resilience of the system.

Consideration and implementation of the latest au-
tomation and control technologies is another perspective.
The use of systems that allow operators to monitor the grid
in real time and respond effectively to deviations in power
consumption can significantly improve the response to po-
tential threats. Increasing the efficiency of electricity sup-
ply also requires the introduction of energy storage. Battery
storage can compensate for power losses and ensure grid
resilience. The development of renewable energy sources,
such as solar and wind power plants, is also a key element
of the energy security strategy (Sadykov et al., 2023). How-
ever, all these technical solutions must be combined with
cybersecurity considerations. In the face of cyber threats, it
is important not only to develop the resilience of physical
infrastructure elements, but also to implement effective
cyber defence measures to prevent attacks on information
systems and energy infrastructure management.

Ukraine has extensive experience of working in war-
time, and studying its approaches to technical solutions
can serve as an example for other countries that also face
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similar challenges in ensuring the resilience and security of
their energy systems. According to the research by S.V. Kal-
antar et al. (2021), the study of consumer behavioural
potential plays an important role in developing effective
solutions to prevent a power outage crisis. Understanding
and analysing electricity consumption patterns can identi-
fy consumer patterns and help develop strategies to opti-
mize energy consumption. Applying artificial intelligence
and data analytics technologies to study electricity con-
sumption habits can provide valuable insights into how to
effectively manage load and generation. The development
and use of solar energy is also an important aspect in pre-
venting an energy supply crisis. Increasing the capacity of
solar power plants can make the energy system more resil-
ient and less dependent on traditional sources. The use of
solar technologies will not only reduce the responsibility
for CO, emissions, but also ensure stability in energy sup-
ply, even in the event of a crisis (Rausch & Suchanek, 2021).
These findings are in line with the theses presented in the
previous section. The combination of behavioural potential
analysis and active development of solar technologies can
contribute to a more resilient and sustainable energy sys-
tem, providing the necessary reserves and energy sources
for unforeseen circumstances.

Referring to the definition of N. Sharma et al. (2021),
large-scale power outages are a serious problem that can
have a significant impact on society and the economy. One
of the main reasons for such outages is the obsolescence of
energy systems and infrastructure, which is not always able
to withstand the load during rapid changes or emergencies.
Technical failures, malfunctions in network equipment and
insufficient preventive measures also contribute to the oc-
currence of major outages (Panov & Tymchuk, 2023). To
prevent such situations, it is important to consider rec-
ommendations for modernizing energy systems. This may
include infrastructure improvements, the use of new tech-
nologies such as monitoring and remote control systems,
and increased maintenance activities. However, there are a
number of challenges to improving energy resilience, such
as the financial costs of modernization, difficulties in im-
plementing new technologies, and coordination between
different energy sector actors (Selvakumar et al., 2023). It
is worth noting that addressing the problem of large-scale
power outages will require a comprehensive approach, com-
bining technical innovations, modernization strategies and
sound decisions to increase the resilience of energy systems.

Researchers D. Majchrzak et al. (2021) determined
that the preparedness of the crisis management system
in Poland plays a key role in addressing long-term and
large-scale problems related to electricity shortages and
possible power outages. This preparedness is determined
by the effectiveness and coordination of measures aimed
at ensuring the resilience of the energy system in times of
great difficulty. An important aspect is the development
of crisis management strategies that include large-scale
power outages. This includes not only technical aspects,
but also evacuation plans, ensuring the living environment

for the population and maintaining critical infrastructures.
Emergency response systems must be ready to take imme-
diate action to prevent a humanitarian crisis and ensure
the safety of citizens. In addition, the effectiveness of the
crisis management system is determined by the level of
interaction between different branches of government,
local authorities, energy companies and other stakehold-
ers (Ostudimov & Kaminska, 2023). It is important to have
communication and information exchange mechanisms in
place to respond quickly to any challenges that may arise
as a result of a long-term electricity shortage. These re-
sults confirm the above study, as the Polish crisis manage-
ment system should also consider supporting measures to
increase the efficiency and flexibility of the energy infra-
structure, such as the development of energy storage and
the use of renewable energy sources. Taking these aspects
into account, a more resilient and crisis-ready electricity
supply system in Ukraine could be created.

G. Mutani et al. (2021) have shown through their
work that the creation of energy communities is a strate-
gic step to ensure territorial resilience and minimize the
risks of power outages. One of the key advantages of en-
ergy communities is their ability to introduce innovative
technologies and effectively coordinate the operation of
the electricity supply system at the local level. This cre-
ates opportunities for load sharing and the use of local
renewable energy sources. The measure of blackout risk
is becoming an important tool for energy communities to
define response strategies and plan for negative scenarios.
Measuring this risk involves analysing factors such as the
technical condition of the grid, the dynamics of electric-
ity demand, the degree of renewable energy use, and the
interaction with neighbouring power systems (Zhuravel et
al., 2023). This view can be agreed with, as the develop-
ment of an effective load monitoring and forecasting sys-
tem can be critical to reducing the risk of blackouts. These
measures are aimed at ensuring the elasticity of power sup-
ply management to respond to changes in consumption, in
particular, in blackouts and emergencies. Implementing
smart solutions at the local level can help optimize system
performance and ensure the sustainability of the electricity
infrastructure, especially in the face of emergencies.

As noted by R. Bajo-Buenestado (2021), the power
outages have a significant impact on household electrifi-
cation, especially in countries where access to energy may
be limited. In Kenya, for example, the electricity supply
system has been challenged by numerous outages due to
technical failures, inadequate infrastructure, and unsta-
ble power generation. Power outages in Kenya can have
serious socio-economic impacts on households. Many
homes and businesses may have limited access to light-
ing, communications, and electrical appliances, affecting
the convenience and efficiency of their operations. This
is especially true in rural areas, where a large proportion
of the population may be dependent on electricity for
agricultural activities. Analysing the results and conclu-
sions obtained, we can assume that the results proposed
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by the authors in the analysed papers may be appropriate
not only under normal conditions, but also in the context
of emergency outages and blackouts. Adaptation to such
challenges will require the implementation of technical
and infrastructural solutions, such as the development of
stable power supply systems, the use of alternative energy
sources and effective crisis management strategies.

Researchers N. Fabra et al. (2022) identified that devel-
opingresilience strategies in electricity markets is important
to ensure efficient and reliable electricity supply. Lessons
that can be learnt from electricity markets can help develop
effective strategies to ensure the resilience and reliability of
energy systems. An important element is to understand the
impact of market mechanisms on the resilience of electrici-
ty supply. For example, the introduction of electricity trad-
ing systems can create incentives for the development of
new technologies and increase competition in the market.
However, at the same time, it is necessary to avoid the “too
much flexibility” effect, where a high dependence on mar-
ket mechanisms can be vulnerable to extreme situations.

Considering the issue of blackouts and blackouts, it can
be noted that the implementation of a resilience strategy
in electricity markets requires a comprehensive approach
that considers technical, economic, and environmental as-
pects. At the same time, it is important to assume that the
results of the analysed work are applicable in situations of
emergency outages, not just in normal conditions. Learn-
ing from the experience of other markets can be a valuable
tool for developing effective strategies aimed at sustaina-
ble and resilient energy systems.

CONCLUSIONS

Infrastructure development and modernization is an im-
portant step in ensuring the resilience of the electricity
supply system. Installing new transmission lines and im-
proving the efficiency of existing structures is crucial to
increase the capacity and reliability of the grid. Given the
consideration of an off-grid scenario and the different con-
sumption sectors, a combined approach is recommended to

O. Sikorska et al.

respond effectively to potential threats can significantly
improve system resilience.

One of the key tasks was to research and evaluate
the latest technologies for the installation of new power
lines with improved transmission characteristics. The im-
portance of expanding automation systems to effectively
monitor and control the state of the power grid was noted.
Increasing the efficiency of electricity supply in Ukraine
is also driven by the development of energy storage and
the use of renewable energy sources. Battery storage and
renewable energy sources play a key role in ensuring grid
stability and compensating for electricity losses. It is im-
possible to ignore the issue of cybersecurity in the context
of technical solutions. The use of effective cyber defence
measures to protect energy infrastructure from attacks and
intrusions is an integral part of the strategy.

Ukraine, in the midst of a difficult military conflict,
is studying and implementing these technical solutions
to provide electricity to its population and maintain the
stability of the energy system. The country’s experience
can serve as an important source of information for other
countries facing similar challenges and create the basis for
further development and improvement of technical aspects
of energy security. Implementation of these technical solu-
tions in Ukraine can significantly increase the resilience of
the energy system, ensuring the efficiency and reliability
of electricity supply. Optimization and modernization of
infrastructure, use of innovative technologies and im-
plementation of cybersecurity measures are key steps for
Ukraine’s modern energy sector.

In the future, for a more complete understanding and
successful implementation of technical solutions to pre-
vent blackouts in Ukraine, it is important to study in detail
the interaction between these technological solutions, as-
sess their cost and cost-effectiveness, and analyse poten-
tial challenges and limitations in their implementation in
the Ukrainian context.
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TexHi4yHi pilleHHa Wopao 3anob6iraHHAa 6nekayTty
3aans 3a6e3nevyeHHs HaceleHHS! eNIeKTPOEHEPri€lo: Kernc YKpaiHu

AHoTaUia. V 3B’I3KY 3 MOTipIIeHHSIM CTaHy eJIeKTpoMepex Ta 361/IbIIeHHIM KiJIbKOCTi BiZIMOB y IIOCTauyaHHi
eJIeKTpoeHeprii, MpoBeJeHHSs NOCTiIKEHDb IOA0 TEXHIUHMUX pillleHb AJIg 3amobiraHHs 6jiekayTaM YKpaiHChbKOIO
€HepTeTUYHOIO CUCTEMOIO CTA€ BKPail aKTyaIbHMM Ta HEOOXiTHMM 3aBHaHHSM. Lle mOCIiIsKeHHST Ma€ Ha MeTi aHai3
TeXHIYHUX pillleHb, CIIPSIMOBAHMX Ha MiABUILEHHS CTIIKOCTi eHepreTUYHOI cucteMu YRpainm st 3anmobiraHHs 6ekayTam
Ta 3a6e31evYeHHs Ha/liifHOTO eJIeKTPOITOCTauaHHsI HacesleHH0. Cepell BUKOPUCTaHMX METOAIB CJIij] 3a3HAYMTY aHaJTi TUYHUI
MeTo[I, MeToA, Kinacudikarlii, GyHKIiIOHATbHMIT METOM, CTATUCTUYHMI METO, METOM, CMHTE3Y Ta iHIi. Y XO/Ii JOC/TiIKeHHS
6y710 TIPOBEIEeHO aHali3 CYJYacHUX TeXHIYHMX PillleHb JJIsT MiABUILEHHS CTiiIKOCTi YKpaiHCbKOI eHepreTUYHOI CUCTeMMU.
VY pamKkax IociaskeHHs 6y/10 3/i/iCHeHO NOKIaAHM aHai3 iHHOBAliMHMX TiAXOIiB 70 MOJepHisallii eHepreTMyHo1
indpactpykrypu. [TepiioueproBoo 3amauero 6y/0 BUBUEHHS Ta OIiHKA CyuyaCHUX TEXHOJIOTI i ITPOEKTYBAHHS HOBUX JIiHiii
elleKTporiepesadi 3 MOKpalleHMMI XapaKTepUCTUKaMMy Iiepefadi enekTpoeHeprii. ITlifkpecieHo Bask/IMBICTh PO3LIMPEHHS
cyucTeM aBTOMaTH3allii AJis1 eeKTMBHOTO MOHITOPUHTY Ta KepPyBaHHS CTAHOM eHepreTUUHOi Mepexi. JJoc/iIskeHHS TaKOK
BM3HAUYWJIO BaXKJIMBiCTh BUKOPUCTAHHS CXOBMUIL €Heprii, pO3BUTKY BiJHOB/IIOBaJbHMX JIKepesl Ta YA,0CKOHAa/IeHHS CUCTEM
MIPOTHO3YBaHHS CIIOXKMBAHHS elIeKTPOeHePrii. 3aX0Ay 3 THYYKOro KepyBaHHSI HaBaHTa)XeHHSIM Ta MOKpaIleHHS CUCTeM
Kibep6e3rieku 6y/M BU3HAUYEHI SIK KpUTUYHI. 3a3HaUeHO, 1110 peani3allisi IPOeKTy 3abe3reueHHs e/IeKTPOIOCTauaHHs
YMOBHOT0O paitoHy 6y/e KIUY0BMM KPOKOM Yy ITOKpaIeHH]i KUTTSI MiCLIeBOTO Hace/leHHSsI Ta 3a6e3reueHHi HeOOXiTHMUX
YMOB I PO3BUTKY iHPPaCTPYKTypu Ta eKOHOMiKM paitoHy. KpiMm TOTo, eKCIuTyaTallisi reHepaTopiB Jis e/IeKTPOIIOCTaYaHHSI
JOTIOMOKe 3MEeHIIIUTHM BiIUyTTs BiICYTHOCTI eJleKTpOeHeprii cepe]; MelIKaHIIiB Ta 3a6e311eYnTh HaJiiiHICTh Y BUKOPUCTAHHI
eJIeKTPUYHOI eHeprii [711 BCiX CeKTOPiB rocriofapcTsa paiioHy. 3arajJbHMM BUCHOBKOM € Te, 110 BIIPOBA/I)KeHHS TaKUX
TeXHIUHUX pillleHb JO03BOJIUTb 3HAYHO MiJABUIIUTHU CTiliKiCTb eHepreTUUHOi cuctreMu Ykpainu. OTpuMaHi pe3yabTaT
IO3BOJISIIOTh e(DeKTUMBHO YHUKATHU 671eKayTiB Ta 3a6e31euyBaTy CTajle eJIeKTPOIIOCTauaHHs HaceleHH0. Lle no3Boisie
eHepreTMUYHMUM KOMIIaHisIM, yPSILOBMM OpraHaMm Ta iHIIMM 3allikaBJIeHMM CTOPOHaM ONTMUMIi3yBaTy yIIpaBIiHHSI
eHepreTUYHMMM pecypcaMy Ta IpuiiMaTyi OGIPYHTOBAHI pillleHHSs AJ1s 3a6e3mevyeHHsT cTanoi Ta eheKTUBHOI po60TH
eHepreTMYHOI cucTeMu YKpaiHM B yMOBAaX MOXK/IMBOTO PU3UKY GiieKayTiB

Knio4yoBi cnoBa: eynekTpoMepexki; MofepHisalis iHGpacTpyKTypu; cucTteMa aBTOMATK3allii eJIeKTPOeHeprii;
BiIHOBJIIOBaHi Jikepesia; FTHyYKe KepyBaHHS HaBaHTaKeHHSIM
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Possibilities of landfills and solid waste sites for energy production in Ukraine

Abstract. Dynamic changes in the energy sector towards the priority of renewable energy are stimulated by the political
decisions in the European integrated environment aimed at achieving climate neutrality within the framework of the
European Green Deal. The study aims to provide an in-depth investigation of the potential of landfills and solid waste
sites for energy production in Ukraine. The study was conducted using general scientific methods, in particular, analysis
and synthesis, abstraction, and comparison. The study examined the issues of developing the bioenergy potential of solid
waste sites in Ukraine, including organisational, regulatory, technological, financial and investment aspects. The position of
various operations for bioenergy waste processing in the solid waste management system, in particular, anaerobic digestion
and solid fuel production, was identified, and an analysis of several thermal waste processing technologies was carried
out. Among the features and characteristic requirements for the biogas production process using anaerobic methodology,
the aspects of technological availability and economic feasibility are highlighted. The study examines the experience of
production and use of organic Refuse Derived Fuel and Solid Recovered Fuel produced from solid waste sites, proving the
need to optimise the regulatory support for biogas production at solid waste sites storage sites in the national legislative
field. The article emphasises the possibility of practical use of Refuse Derived Fuel and Solid Recovered Fuel, in a partial
format, to offset the shortage of fossil fuels in Ukraine and actively implement the concept of a sustainable green course
for rational waste management. The results obtained can be used to improve the optimisation of strategic programmes for
solid waste management in terms of their bioenergy potential
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INTRODUCTION

The priority of developing the biogas and biomass potential
is intensified by the introduction of the principles of cir-
cular production processes and climate neutrality against
the background of general European integration processes.
Solid waste sites (SWS) have a significant bioenergy poten-
tial due to their specific morphological composition. The
overall morphological composition of municipal waste in
Ukraine is made up of food waste (30-45%), paper and card-
board (5-15%), secondary polymers (8-17%), glass (9-14%),
and other waste (Davydov and Chebanenko, 2023). Among
the key priorities of biofuels derived from SWS, particular
emphasis should be placed on the potential for a signifi-
cant contribution to electricity production and reduction
of energy dependence, and the possibility of replacing tra-
ditional fuels in heat and power generation and transport.

The relevance and urgency of the need to study the bi-
oenergy potential of SWS is determined by the irrationality
of the traditional approach to municipal waste processing
in Ukraine, which involves the joint disposal of components
dumped in landfills, landfills and unauthorised locations.
A particular danger is posed by the prevalence of biogenic
fractions in the morphological composition of household
waste, which is a source of potential pollution of the water
and soil environment, as well as the air, and an increased
level of fire hazard due to the presence of biogas (Chupa &
Adamenko, 2023). If the optimal management and techno-
logical concept of waste management based on recycling is
implemented, opportunities for the effective transforma-
tion of biogenic waste into a sustainable source of energy
needs are opened.

The interdisciplinary concept of the problem under
study has created the need for a preliminary study of a sig-
nificant volume of scientific sources from various fields of
knowledge. Modern studies highlight the basic concepts
of the potential of using landfills and landfills for energy
production and consider the risks and challenges related
to their practical implementation. L. Haponych et al. (2022)
study the algorithm of technology for the production and
use of organic fuels such as Solid Recovered Fuel (SRF) and
Derived Fuel (RDF) produced from SWS. Scientists see the
advantage of the method of producing RDF/SRF from SWS
fractions as the conversion of waste into renewable fuel
that can be accumulated, stored, transported and used in
the energy sector. The researchers believe that this concept
can partially meet the shortage of organic fuels while com-
plying with EU waste management requirements.

Yu. Holik et al. (2023) study the environmental aspects
of using the potential of solid waste as a source of biogas,
in particular, in terms of the complication of the situation
due to martial law. The researchers note that Ukraine is
experiencing a shortage of primary energy resources and
is highly dependent on external supplies. They also note
that significant volumes of waste pose a real danger to the
environment, which is a complex problem that needs to be
addressed urgently. At the same time, V.M. Marchenko et
al. (2022) study the peculiarities of fuel characteristics in
approximation with the emission of pollutants in the pro-
cess of thermal utilisation of biomass. The scientists note
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that the volume and efficiency of thermal waste treat-
ment are determined by the state environmental policy,
the availability of sufficient natural energy sources, and
the ability of the facilities to ensure that the technological
process meets environmental standards. In continuation,
O.A. Trehub (2022) thoroughly investigates the econom-
ic feasibility of introducing modern recycling and biofuel
production technologies. The author emphasises that the
definition of “landfill” biogas as a pollutant rather than a
potentially efficient fuel dominates in the Ukrainian waste
legislation. According to O.A. Trehub (2022), such a signif-
icant inconsistency requires immediate elimination as part
of the adaptation to Directive 1999/31/EU on landfill.

Modern studies addressed the criteria for developing
and assessing the possibilities of effective SWS processing
to maximise their potential as a source of alternative ener-
gy, which is positioned as a current trend in the global in-
tegrated environment. In particular, S. Kobzar et al. (2021)
substantiate the priority vectors of transformation of the
use of biogas potential, considering the global concept of
growing interest in biofuel production at waste storage
sites. 0.0. Romaniuk & V.S. Yarovenko (2020) focus on the
complexities of implementing biogas production and use
systems. The researchers argue that the efficiency of ther-
mal waste treatment plants depends on the structure of
SWS, with the fractions with the highest bioenergy poten-
tial characterised by the least controllability of combustion
product indicators. According to the authors, the maximum
efficiency can be achieved under conditions of continuous
receipt of large volumes of waste.

Despite the relevance of the issue of using landfills and
landfills for energy production by scientists, the issues of
developing the bioenergy potential of solid waste in the
national space remain poorly understood. The study aims
to provide an extended investigation of the potential of
landfills and landfill sites for energy production in Ukraine
through innovative technological approaches.

MATERIALS AND METHODS

The study was carried out using several general scientific
methods. The systemic approach, as well as the accepted
concepts of complexity and dialectic, were chosen as the
basis of the methodological and theoretical framework.
The systemic concept created the prerequisites for an ef-
fective analysis of the phenomenon under study as a sys-
temic phenomenon in the entirety of interconnections.
The analytical method was used to identify opportunities
and trends in the development of the subject of research.
Using the analytical and synthetic methods, the essence
and strategic directions of unlocking the potential of us-
ing landfills and landfills for energy production in Ukraine
were identified. The article also identifies the characteris-
tic features of the functionality of the influencing elements
on the dynamics of the development of biofuel production
opportunities in places of solid waste storage within the
current socio-economic realities.

The identification of basic categorical concepts was
carried out employing abstraction. It was used to form the
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concept of integrity and the structural and consequential
nature of the processes of the solid waste recycling system.
Using this method, the characteristic properties and rela-
tions of the research object were separated, focusing on the
most valuable ones. As a logical continuation of abstrac-
tion, the method of generalisation was applied, which in-
volves approximating the characteristic range of potential
opportunities for solid waste recycling, summarising the
dynamics of scientific thought from a general judgement to
a specific vision of the possibilities of using the identified
potential. The method of specification was used to identify
the effectiveness and feasibility of implementing SWS en-
ergy transformation technologies, select the best solutions
to maintain optimal environmental conditions and miti-
gate environmental risks in the case of using waste storage
sites for biogas production.

Induction was used to study the facts that characterise
the properties of SWS, which led to the generalised charac-
teristics of biofuels produced from SWS. Along with induc-
tion, the deductive method was used to identify the specif-
ics of biofuel production in the process of waste recycling
for Ukrainian realities. A comparison method was used to
compare the performance indicators of individual methods
of obtaining renewable energy from waste, as well as their
environmental impact. The formalisation method was used
to identify the priority aspects of optimising the waste man-
agement system to tap the potential of using landfills and
landfill sites for energy production in Ukraine. To track and
analyse the actual state of solid waste management, we used
statistics from official sources, namely the State Statistics
Service of Ukraine (2024) on the morphological composi-
tion of waste and the state of implementation of productive
waste processing operations. Data on the energy use of SWS
were obtained through the Bioenergy Association of Ukraine.

RESULTS
The production of biogas from solid waste is one of the
most promising areas, as Ukraine generates approxi-
mately 10 million tonnes of waste annually (State Sta-

Methane tan

S

Solid waste landfill
Pump

Receiving hopper

tistics Service of Ukraine, 2024). The intensification of
the involvement of the bioenergy potential of SWS use
is driven by the national strategy for climate change pre-
vention and environmental security stabilisation, which
positions the vector development of energy towards the
involvement of renewable sources as promising (Order
of the..., 2021). The waste management hierarchy oper-
ating in Ukraine provides for the main strategic vectors
of waste prevention, reuse and recycling, as well as re-
generation through energy production. For bioenergy,
the object of research, development and practical use is
the bioorganic component of SWS. Energy operations,
by their very nature, do not fall within the definition of
recycling, as they are a one-time use of raw materials
without variability in their prospective recovery. An-
aerobic decomposition of the bio-organic component of
SWS is considered an exception. This approach allows to
produce biogas to meet energy needs, as well as organic
fertiliser for agronomy.

In general, two modes of anaerobic digestion are basic,
with a temperature range 28-40°C (mesophilic) and 41-
55°C (thermophilic). In the case of the mesophilic mode,
the processes are slower and with lower biogas produc-
tion, but despite these disadvantages, mesophilic reactors
are used more often due to low energy costs (Kolienko et
al., 2023). The anaerobic digestion process algorithm in-
cludes a certain order of processes, which include acid gen-
esis, hydrolysis, methanogenesis and acetogenesis, with
the specifics of the process depending on the nature of
the interaction of microorganisms that can participate in
each stage of digestion (Atelge et al., 2020). In the case of
single-stage batch reactors, the entire volume of waste is
loaded at the same time, so all stages of the process algo-
rithm can be carried out sequentially in one location.

Figure 1 shows that the basic functional component of
the proposed plant is a methane digester, which directly
implements the process of biomass decomposition using
methanogenic bacteria, provided that the required temper-
ature for anaerobic digestion is met.

A Gas tank

Biogas
I & I 1
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To the consumer
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Heat exchanger

-
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Cogeneration plant

Biofertiliser storage

Figure 1. Anaerobic SWS treatment process in a single-stage reactor
Source: compiled by the authors based on M.R. Atelge et al. (2020), V.M. Marchenko et al. (2022)
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It is worth characterising each stage of the anaerobic
digestion process to identify potential productivity and,
therefore, to search for promising optimisation. Hydrolysis
is the process of transformation of biogenic fractions into
individual components involved in the functional activi-
ty of acidogenic bacteria (Ghosh et al., 2020; Zupancic et
al., 2022). The acetogenesis stage involves the conversion
of the resulting substances into acetate compounds, which
is accompanied by the release of hydrogen. The resulting
hydrogen forms a synthetic functional bond — an interspe-
cies hydrogen delegation. At the same time, excessive par-
tial pressure is considered extremely harmful to acetogenic
microorganisms (Atelge et al., 2020).

Methanogenesis is the final stage of the anaerobic di-
gestion algorithm, where methanogenic microorganisms
consume available variations of intermediates to produce
methane. It is worth noting that methanogens require
more time for regeneration than other microorganisms in
the overall anaerobic digestion process. The difference is,
on average, 5-16 days (Ghosh et al., 2020). The completion
of the methanogenesis process in batch reactors is identi-
fied by the stop of biogas production. At the same time, the
degree of sludge digestion is determined based on infor-
mation on the content of volatile solids and their ability to
completely dewater (Zupancic et al., 2022).

In the case of the multi-stage method, the fermenta-
tion process is differentiated into several reactors or cham-
bers in one fermenter. Considering the need for different
environmental conditions for microorganisms at different
stages of the process, this method allows for greater pro-
cess efficiency, although it requires more significant finan-
cial costs. Multistage methods are more appropriate in case
of mandatory substrate hygiene, the need to increase the
degree of hydrolysis with a small volume of the fermen-
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tation chamber, in case of difficulty in implementing the
mixing process at maximum fermenter loading. Thus, the
recommended optimal approach to ensuring the process of
digestion of the organic fraction of SWS is the mesophilic
digestion mode, single-stage digestion and wet fermenta-
tion, with continuous operation of the digester.

The energy generated from the thermal treatment of
SWS has a significant potential for transformation into
electricity and heat. The concept of Waste-to-Energy
(WtoE) includes the production of biogas, as well as SRF
and RDF fuels (Nwokolo et al., 2020; Arias et al., 2021).
The approach proposed by WtoE technology is currently
positioned as the main effective vector for saving fossil
energy resources and minimising greenhouse gas emis-
sions. Today, the most popular basic technological solu-
tions for the extraction of a high-calorie specific SWS
fraction that is appropriate for RDF are mechanical and
biological treatment (MBT) of waste and dry stabilisation
(Marousek et al., 2020). MBT is based on the convergence
of mechanical and biological methods, with the separat-
ed recyclable materials being processed. The fractions of
waste that are biodegradable are sent to composting and
anaerobic digestion processes, while the rest is used to
produce solid fuels RDF or SRF.

In the case of the dry stabilisation process, the selected
SWS is subject to biological treatment, during which it is
dried and stabilised by composting. As a result, a fuel with
a high calorific value is produced. Thus, RDF is identified
as an organic fuel obtained by separating recyclable mate-
rials from waste. Equipment based on pyrolysis processes
for SWS processing consists of certain elements (detectors,
separators, crushers, dryers, vibrating screens). The pro-
cess of processing SWS directly into RDF fuel follows a cer-
tain universal algorithm (Fig. 2).

Manual Y
sorting
Polyethylen' e
Lol separati ’ Crushing
 ( \ and drying
n Recyclable
materials
C collection y
Primary processing . RDF-fluid
after loading Technological process preparation

Figure 2. A general algorithm for processing solid waste into RDF fuel
Source: compiled by the authors based on S. Kobzar et al. (2021), N. Nwokolo et al. (2020)

Analysing the algorithm shown in Figure 2, an impor-
tant point is the fact that this type of equipment is advan-
tageous due to the variability of parameter adjustment for a
specific type of raw material, maximum process automation
and remote control, and high productivity. The RDF produc-
tion process begins with the loading of household waste into
a conveyor hopper, which is stripped of its plastic packaging
through an automated process, followed by its separation

into fractions and transport to the manual sorting and mag-
netic separation stage. At this stage, metal components,
stones and glass are removed. Subsequently, crushers are
used to crush the waste in stages, followed by drying it in a
special drum. The hammer crusher crushes the raw material
to a fraction of no more than 5-10 mm (Arias et al., 2021).

Pyrolysis equipment for SWS processing has an at-
tractive payback period. RDF fuel is positioned in the
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energy market as an inexpensive source of thermal energy.
Additional benefits of the RDF production process include
reduced funding for solid waste disposal and the possibil-
ity of extracting glass and metal fractions. An incinerator
is a modern facility with the functionality of processing
various wastes based on thermal treatment, with man-
datory subsequent maximum purification of combustion
products. For incineration, certain types of thermal treat-
ment of SWS are used, including incineration, pyrolysis
and gasification (Nwokolo et al., 2020). Technologies for
the production and practical use of RDF/SRF fuels are
most popular in developed European countries — the UK,
Germany, Italy, and Austria. The annual demand for RDF/
SRF in these countries reaches 55-67 million tonnes (Ma-
rousek et al., 2020). According to experts, Ukraine has a
significant potential for RDF/SRF production, so the latter
is considered an affordable and economically viable source
of renewable energy (Marchenko et al., 2022; Davydov &
Chebanenko, 2023).

The implementation of the WtoE concept in practi-
cal projects is characterised by significant financial costs,
so the potential of solid waste to energy in the national
field will only be unlocked if the process of waste dispos-
al is costlier than its recycling. There is a need for signif-
icant changes in the legal and regulatory framework for
Ukraine’s obligations in this area. According to the national
strategy, the rate of solid waste disposal through thermal
recycling should reach 10% by 2030, through the construc-
tion of thermal recycling facilities (Romaniuk & Yaroven-
ko, 2020). Ukraine should take advantage of the practical
experience of developed countries, where the main advan-
tage of this approach is the transformation of waste into
marketable products. Thus, the biogenic component of
SWS is seen as an effective feedstock for biogas produc-
tion and a component of solid fuels such as SRF and RDF.
The outlined concept finds active support at the level of
the state management paradigm and can be intensified by
attracting available international support tools during the
post-war recovery period.

The phenomenon of a certain struggle for priority be-
tween biogas and multicomponent solid fuels is based on
the fact that anaerobic waste processing can be carried out
inbothwet and dry environments, so that biogas is produced
from identical biogenic fractions of SWS through recycling,
and solid fuels are produced through recovery operations
(Pak & Pak, 2017). The hierarchy of the waste management
system prioritises recycling, i.e. biogas production using
anaerobic digestion, over waste incineration. However, it is
necessary to consider the practical difficulty of maintain-
ing the desired strategic line due to the influence of the
commercial component (Order of the..., 2021; Zupancic et
al., 2022). In the process of searching for variations in ener-
gy transformation towards sustainable energy generation
solutions, the possibilities of effective development of the
potential of sustainable biomass are seen as relevant. The
production of biogas and biomethane through anaerobic
digestion is seen as an optimal alternative to the current

paradigm of solid waste management. Aerobic and anaero-
bic ways of using landfills and landfills for energy produc-
tion are technologically more accessible and cost-effective
than thermal utilisation of pre-treated (RDF, SRF) of SWS.

In a globally integrated environment, the resolution
to maximise the efficiency of reducing methane emissions
from landfills through its controlled collection and utili-
sation is a priority. In addition, the successful implemen-
tation of energy recovery projects minimises greenhouse
gas and air pollutant emissions, which positively affects
environmental quality and reduces potential risks to pub-
lic health (Abdibattayeva et al., 2021). Such projects sig-
nificantly reduce dependence on certain types of energy,
contributing to savings, the creation of new jobs and the
overall regional development of economic processes. Sig-
nificant opportunities for expanding the use of landfill
bioenergy potential are identified. At the same time, the
priority of selecting a particular method of biogas utilisa-
tion is formed under the influence of determining factors,
such as individual conditions of economic activity at the
landfill and the availability of a solvent consumer of ener-
gy produced from biogas. In most developed countries, this
process is stimulated by the state through regulatory and
legislative regulation. The cost-effectiveness of biogas pro-
duction and use projects demonstrates the feasibility and
profitability of the proposed concept of solid waste man-
agement, which is intensified by the presence of an indus-
trial gas consumer near the waste storage site.

Currently, about 6,000 landfills and landfills cover-
ing an area of more than 9,000 ha have been identified in
Ukraine (State Statistics Service of Ukraine, 2024). At the
same time, only 19 landfills are equipped with a biogas ex-
traction system. Thus, the biogas resource of solid waste
disposal sites is not used on a national scale in today’s re-
alities. The absence of developed infrastructure for energy
transformation of waste in the Ukrainian national space
creates optimal preconditions for the implementation of
an effective and viable system of solid waste management.
The proposed concept will help to expand the capabilities
of recycling technologies, which will allow full use of land-
fills and landfills for energy production in Ukraine. This ap-
proach will maximise the expected positive effects in terms
of environmental optimisation, energy imbalance and ag-
ricultural-technical intensification.

DISCUSSION

Research on the possibilities of using the potential of or-
ganised solid waste storage sites for renewable energy
production is reflected in the results of numerous scien-
tific studies by modern researchers, which reveal several
characteristic features of the field under study in diametric
positions, which stimulate the intensification of improving
approaches to studying the potential of bioenergy in the
concept of strategic development of Ukraine.

M. Govarthanan et al. (2022) focus on the individual
qualities of renewable fuels, which are seen as potentially
possible based on WtoE solutions. The authors argue that
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the directions of development of technological possibilities
for the use of landfills and landfills for energy production
are formed using optimal design of regional development
and economic efficiency for business, which is synergistic
with the findings of this study.

Contemporary researchers K.R. Chew et al. (2021)
consider the large-scale use of RDF and SRF to be one of
the positive factors influencing the air protection system
against excessive pollution and reducing carbon emissions.
The researchers claim that, compared to the environmen-
tal burden of traditional solid waste disposal, the introduc-
tion of thermal treatment methods for pre-treated waste
has environmental benefits. The statement is valid only
in terms of the catastrophic consequences of spontaneous
waste disposal, as the relative advantages of thermal treat-
ment of pre-treated waste do not offset the destructive
impact of these processes on environmental parameters,
which becomes apparent against the background of more
advanced waste management methods that exclude inter-
ference with the system of morphological and functional
concepts of the environment (Rausch & Suchanek, 2021).

The conclusions of Q. Haar (2023) identify the man-
agement support of the solid waste management para-
digm as a basic prerequisite for energy transformation
within the framework of a green development course. The
scientist shows that the concept of waste management is
characterised by the dynamics of functionality against the
background of the global trend of greening, being identi-
fied as a hub of potential concepts within the general vec-
tor of the modern ecosystem approach towards sustainable
development. The scientist emphasises that efficient and
cost-effective growth in biogas production and utilisation
is possible only in the case of successful convergence of
regulatory support, management support and investment
intensification. Comparing the results of the researcher
with the conclusions of the current study, the priority task
of the state administrative paradigm in the field of waste
management policy implementation, within the frame-
work of the post-war regeneration paradigm, is the active
implementation of innovative technologies for thermal
utilisation of municipal solid waste components.

F. Aliaghaei et al. (2020) emphasise the priority role of
sustainable biomass and biogas in the green energy trans-
formation, while, according to scientists, waste incinera-
tion is less competitive. The separation of the biogenic flow
from the total volume of solid waste for biogas production
is important to ensure that the destructive trends of the
national energy crisis are levelled. According to scientists,
this approach meets global requirements for decarbonising
energy generation.

A separate strategic vector for the optimal use of the
bioenergy potential of SWS is the production of biogas di-
rectly at waste disposal sites (Danylyshyn & Koval, 2023).
This is supported by the research by S. Gerassimidou et
al. (2020). This approach is significantly inferior in the func-
tional aspect to the organised process of anaerobic diges-
tion of waste fractions, but, according to these researchers,
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it is possible to produce almost three times more methane
under artificially created conditions, removing up to 70%
of biogas from the landfill body. The scientists insist that
their proposed method of biogas production has certain
disadvantages, including the financial burden of building
a special complex biogas collection system. Nevertheless,
the scientists argue that the installation of innovative bio-
gas collection systems at solid waste sites with their subse-
quent utilisation is not only technically feasible but also a
cost-effective and environmentally sound solution. The re-
sults of the study by the researchers are synergistic with the
conclusions of the current study in terms of the priority of
the renewable energy concept using the potential of SWS.

]J.S. Chae et al. (2020) note that the phenomenon of
biogas uncontrollably generated in places of large-scale
accumulation and disposal of municipal waste in urban
agglomerations should be considered in two concepts of
impact: negative — as an environmental hazard of a sub-
stance, and positive — as a renewable fuel. The research-
ers analyse the algorithmic structure of a typical scheme
of controlled biogas production, expanding the traditional
vision of the technological target potential and justifying
the need to intensify investment in this area. The authors
strongly believe that renewable nature is the main compo-
nent of a sustainable approach to the management para-
digm in the field under study, which allows ensuring the
sustainability of ecosystems that can function effectively
without requiring significant investment.

A. Calbry-Muzyka et al. (2022) provide a list of the main
prerequisites for the priority reorganisation of the munici-
pal solid waste management system in the concept of stim-
ulating biogas production. While assessing the practical
effectiveness of waste management system optimisation
in several developed countries, scientists have found that
local requirements, obstacles and advantages are the prior-
ity factors influencing the implementation of optimisation
measures. Considering the specifics of the current study, it
is necessary to formulate an individual strategy for the de-
velopment of the waste management system in the context
of Ukrainian realities. This approach will allow stabilising
and development of the sustainability and competitiveness
of national economic processes (Piskun et al., 2024).

A. Sobczak et al. (2022) combine the effectiveness of
technologically competent waste management with the
principles of sustainable development. The scientists ar-
gue that the bioenergy approach balances the balance in
the socio-economic space and promotes the rational use
of resource potential and the overall optimisation of the
environment. In addition, scientists draw attention to the
need to implement the principles of sustainable develop-
ment in the waste management sector, highlighting the
related issues of financing, investment and availability of
qualified personnel. Considering the results of scientific
research in the context of the specifics of the current study,
it should be noted that promising opportunities to involve
international cooperation mechanisms in post-war recon-
struction will allow for to resolution of the issue of targeted
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investments and subsidies for the introduction of modern
technologies for the use of landfills and landfills for energy
production in Ukraine.

Active motivation and economic tools to stimulate
the use of innovative bioenergy projects at the national
and regional levels are currently positioned as the main
effective means of optimising the situation in the indus-
try. The proposed strategy of solid waste management al-
lows us to expect optimisation of the socio-economic and
environmental microclimate in society, an increase in the
financial efficiency of projects, and an overall improve-
ment of the social environment of urban agglomerations.
The effectiveness of the practical testing of the outlined
concept directly depends on the level of formation of the
management paradigm in the industry, the establishment
of strict standards and measures of responsibility for their
violation, and the motivation of process participants in the
effectiveness of measures. The prognostic perspective is to
expand the functionality of the urban agglomerations’ sol-
id waste management system as a component of a success-
ful management paradigm in the energy sector of post-war
Ukraine. This concept involves intensifying the indicators
of the economic feasibility of innovations and the success-
ful implementation of green energy development projects.

CONCLUSIONS

The current study provided a detailed analysis of the pos-
sibilities of using the potential of landfills and landfills for
energy production in the national Ukrainian space. In the
process of studying the problems of developing the bioen-
ergy potential of solid waste in Ukraine, the importance
of various operations for bioenergy waste processing in
the solid waste management system was highlighted. The
analysis of several technologies for thermal waste process-
ing has made it possible to identify the characteristic fea-
tures and requirements for the biogas production process
using an anaerobic methodology, in particular, technolog-
ical prerequisites, organisational and economic aspects,
and the specifics of the innovative concept.

anaerobic digestion was argued, which is considered to
be the best alternative to the existing waste management
paradigm. The results of the study show that aerobic and
anaerobic ways of using landfills and landfills for energy
production are more technologically accessible and cost-ef-
fective than thermal utilisation of pre-treated (RDF, SRF)
SWS. There is a need to optimise the regulatory framework
for biogas production in specialised SWS storage facilities
in the national legislative field. The production and practi-
cal use of RDF and SRF can partially offset the shortage of
fossil fuels in Ukraine. In addition, innovative technologi-
cal capabilities will satisfy the accepted integrated require-
ments for sustainable waste management.

Bioorganic components of SWS are positioned as a val-
uable renewable energy resource, the rational management
of which contributes to strengthening energy independence
and solving global climate problems. The functional para-
digm of SWS management in Ukraine requires a gradual
transition towards the introduction of economically and en-
vironmentally efficient waste management methods,among
which the priority is given to the technology of anaerobic di-
gestion of SWS components. The study established the need
to understand the risk of redistributing the functionality of
processing bioorganic components of SWS in favour of ther-
mal treatment processes of waste as RDF and SRF, which will
slow down the integration of anaerobic biogas production.

The direction of promising research in this area is the
establishment of special criteria in the national legal field
for the positioning of waste decomposed in the anaerobic
environment as such that has undergone the recycling pro-
cess, which will create preconditions for the integration
of innovative opportunities to regulate household waste
management. In the process, it is advisable to use the re-
sults of practical testing of the successful experience of
other countries, involving a range of innovative approach-
es and methods of waste management based on regenera-
tion and sustainable development.
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MOXXNMBOCTi BUKOPUCTaHHS 3BaJIULL Ta NONIroHiB
TBepAMX No6yToBUX BiaxoAiB AN BUpo6HULTBA eHeprii B YKpaiHi

AHoTauiqa. [[MHaMiyHi 3MiHM Y eHepreTuili B HarpsIMKY MPiOPUTETHOCTI BiJHOB/IIOBAHOI €HEPreTUKM iHTEHCUDIKYEThCST
CIIPSIMOBAHICTIO MOMITUYHMX PillleHb y €BPOiHTETPOBAHOMY CepeOBUIII Ha NOCITHEHHS KIiMaTUUHOI HeITpaabHOCTI
y MeXax peastizaiiii EBpomneiicbkKoro 3eJIeHOro Kypcy. MeTa CTaTTi IoJsArae y nornbieHoMy JOCTiIKeHH] MoTeHITiany
3BaJINII, Ta MMOJIITOHIB TBEpAMX MOO6YTOBMX Bigx0omiB mJist BUpOOHMIITBA eHeprii B VKkpaiHi. Peanizaris goctigkeHHS
MIPOBOAMIIACH i3 3a/IyUeHHSIM 3arajlbHIX HAYKOBMX METOZiB, 30KpeMa, aHai3y Ta CMHTe3Y, abCcTparyBaHHs, TOPiBHSHHSI.
BuBUeHO MPO6IeMaTUKy OCBOEHHSI 6i0eHEepPTeTMYHOIO MOTEeHIIiaay TBepAuX MoOyTOBUX BiIxoiB B YKpaiHi, y ToMy
YMCITi, OpraHisaliiHuit, HOpMaTUBHO-IPaBOBMIA, TEXHOMOTTUHMIT Ta hiHAHCOBO-iHBECTUILiITHMIT acriekTH. IIpoBeneHa
imeHTHdIiKaisg MO3uIIii pi3HOIUIAHOBUX OTepalliif o0 6ioeHepreTMYHOI MepepobKM BiIX0IiB y CUCTEMI ITOBOMISKEHHS 3
TBepIMMM TOOGYTOBMMM BiixomaMu, 30Kpema, aHaepoOHOT0 3He3apakeHHSI Ta BUPOOHMIITBA TBEPIOro MainBa, peaaizoBaHa
aHaJIiTMKa HU3KU TeXHOJIOTil TepMiuHOi mepepo6ku Bigxoxis. Cepell 0cO6AMBOCTEN Ta XapaKTepPHUX BUMOT L[0/0
Tpollecy BUPOOGHMIITBA 6Giorasy 3 3aCTOCYBaHHSIM aHaepOOHOI METOIMKM BUIiEHI aCITeKTM TEXHOIOTiYHOI JOCTYITHOCTI
Ta EKOHOMIUHOI IOLJIbHOCTI. Y HOWTiIKeHHi pO3TVISIa€ThCs JOCBIL BUPOOHMUIITBA i BUKOPUCTAHHSI OpPraHi4YHOTO TajayBa 3
Bigxozis (RDF) Ta TBepmoro BizHoOBIIOBaHOTO NanuBa (SRF), 1110 BUPOOISIOTHCS 3 TBepAMX MMOOYTOBMX BiIXOMiB, JOBeLeHA
HeOoOXiIHICTb ONTUMIi3allii HOpMaTMBHOTO 3abe3IeueHHs] BUPOOHUIITBA 6i0rady y MiCIIsIX CKIafyBaHHS TBepPAMUX MTOOYTOBUX
BiJIXOZiB y HalliOHaJIbHOMY 3aKOHOJ@BUOMY I10JIi. AKIIEHTOBaHO CIIPOMOXXHICTb IIPAKTUYHOTO BUKOPUCTAHHS OPTaHiuHOTO
nanuBa 3 Bixxozis (RDF) Ta TBepmoro BifHoBmM0BaHOTO nanua (SRF), y yactkoBomy dhopmari, HiBenoBatu gediuut
BUKOITHMX BUJIiB ManauBa B YKpaiHi Ta aKTMBHO BTiJIIOBATM KOHIIEMIIiI0 CTAJIOTO 3€JIeHOT0 KypPCY 11010 pallioHaIbHOTO
MOBOJKeHHS 3 Bigxomamu. OTpuMaHi pe3yabTaTi MOKYTb OYTH 3aCTOCOBaHi IPM BAOCKOHAJTIEHHI ONMTUMIi3aliiiHUX
CTpaTeriyHMx Mporpam yrpasIiHHS TBepAVMM TOGYTOBMMU BiAXoAaMu y acrieKTax ix 6ioeHepreTMYHOTO MOTeHLiany
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Experimental study of the time of pressure rise
and fall in the sprayer pipe

Abstract. A wide variety of meteorological factors, soil and climatic conditions, the saturation of fields with many types
of weeds, a significant set of cultivated plants and many other factors necessitate the implementation of innovative
technological schemes for the use of pesticides, which will reduce the pesticide load as much as possible and determine
the safe environmental effect of preparations. Experimental studies were carried out to determine the time of pressure
rise and fall in the sprayer pipe and to establish the corresponding functional dependencies. The automatic adjustment
system of the application rate was set to change the pressure when the green simulation surface hit 0.5 MPa, and the
yellow surface hit 0.2 MPa. Sensor impact on a surface of different colours was simulated. At the same time, the pressure
in the system changed. The pressure in the sprayer pipe of trailer sprayer OP-2000-2 was measured using a WIKAI EN837-1
pressure gauge and the readings were recorded with a Panasonic NV-GS75 digital video camera mounted on a Continent
TRIPOD A2 stand. As a result of calculating the experimental data, it was found that the arithmetic mean of pressure
reduction from 0.5 to 0.2 MPa is 1.94 s. And the arithmetic mean for four experiments, a pressure reduction of 0.05 MPa is
0.32 s. When calculating the experimental data of the pressure rise, it was found that the arithmetic mean of the pressure
rise from 0.2 to 0.5 MPa is 2.37 s. And the average value for four experiments, the pressure rise by 0.05 MPa is 0.395 s. After
approximation of experimental data obtained during single-factor experiments, when the pressure P and the corresponding
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time values t change, the corresponding polynomial functions describing the characteristic t=f(P) when operating a sprayer
with automatic application rate control were obtained. The results obtained would allow calculating the time of delay or
advance opening of the spray torch when working with variable standards for target plans, in order to avoid non-compliance

with the application rate with the specified values

Keywords: polynomial functions; boom; field sprayer; plant protection; application rate; spray swath

INTRODUCTION

Agricultural production is a complex process that requires
thoughtful and rational use of natural and climatic condi-
tions, soil resources, and the biological potential of plants.
To achieve optimal yields and ensure the sustainability of
crop production, it is important to effectively control factors
that may threaten the crop. In this context, the control of
weeds, pests, and diseases that can attack crops plays a key
role. These threats can spread to a variety of plant species,
creating significant difficulties for agricultural producers.

Due to the wide variety of meteorological conditions
and soil characteristics, and the presence of various types
of weeds in the fields, production faces various challenges.
This is where the introduction of advanced technological
methods for the use of pesticides becomes important. This
includes the use of advanced integrated plant protection
techniques that help reduce the pesticide burden on the
environment. This approach allows for effective control
of pests and diseases, while maintaining safety for nature
and agroecosystems. Consequently, the introduction of ad-
vanced technological solutions in the field of plant protec-
tion becomes a strategically important stage for ensuring
the sustainability and efficiency of agricultural production.

Many researchers have studied technological processes
and working bodies for chemical plant protection. M. Hu-
lin et al. (2021), M. Djoubhri et al. (2023) investigated models
of the drift of sprayed pesticides, the processes of scatter-
ing, evaporation of droplets, their deposition to the ground
and interception by air flow, and atmospheric stability and
turbulence modes. The researchers considered drift pat-
terns of sprayed pesticides by analysing the processes of
scattering, evaporation of droplets, precipitation to the
ground, and interception by air flow. In addition, they ana-
lysed atmospheric stability and turbulence regimes, which
contributed to a deeper understanding of the dynamics and
effects of sprayed pesticides in the environment.

B. Xiahou et al. (2020) conducted modelling and exper-
imental studies of the characteristics of droplet flow and
their deposition in the air flow field. They focused on care-
fully analysing the impact of these factors on the distribu-
tion of pesticides and developing strategies to optimise the
use of plant protection products to ensure efficiency and
environmental safety.

C.Dereumeaux et al. (2020), LW.P. Paulson et al. (2022)
studied in detail the experimental characteristics of the
aerodynamic footprint of a high-clearance sprayer when
changing the operating parameters. This helped to es-
tablish optimal conditions for ensuring the efficiency
of cutting and minimising the negative impact on the

environment. The study also revealed important relation-
ships between spray parameters and the distribution of
pesticides in the atmosphere, contributing to the develop-
ment of recommendations for improving the efficiency and
sustainability of sprayers in agriculture.

According to the findings by R.N. Martins et al. (2021),
the effect of sprayer types and sprayer pipe pressure on the
characteristics of sprayed droplets was determined. These
results provide important information for understanding
the impact of these factors on droplet size, distribution,
and behaviour, which are key aspects of effective pesticide
use in agriculture. In addition, this study contributed to
the development of recommendations for optimising the
operating parameters of sprayers, which can lead to an im-
provement in the quality of spraying and minimise the loss
of pesticides as a result of uncontrolled dispersion of parti-
cles into the atmosphere. Consideration of these factors is
an important step in the practical implementation of envi-
ronmentally effective spraying strategies.

H.V. Mercaldi et al. (2017), J. Wawrzosek & S. Parafin-
iuk (2022) considered the use of a permutation algorithm
to suboptimise the location of spent nozzles on the spray-
er boom. The use of this algorithm allows optimising the
location of the nozzles, considering various parameters,
such as the width of the droplet flight, their concentration,
and uniformity of distribution. This approach may prove
important for improving the efficiency of sprayers by pro-
moting more accurate and cost-effective distribution of
pesticides. The results will help to identify optimal nozzle
configurations, contributing to the improvement of spray
technologies and reducing the impact on the environment.

The analysis of the papers by prominent researchers
showed that no studies of the time of pressure rise and fall
in the sprayer pipe have been carried out. Therefore, the
purpose of the experimental study was to determine the
time of pressure rise and fall in the sprayer pipe and estab-
lish the corresponding functional dependencies.

MATERIALS AND METHODS
The research was carried out at the National University of
Life and Environmental Sciences of Ukraine at the Depart-
ment of Agricultural Machinery and System Engineering
named after Academician P.M. Vasylenko in 2021-2023.
Since it is impossible to record the time of pressure rise and
fall in the sprayer pipe using a stopwatch and eyesight, it
was decided to record the pressure gauge readings using a
Panasonic NV-GS75 digital video camera (Japan), which al-
lows 25 frames per second. Experimental OP-2000-2 trailer
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sprayer (Ukraine) (Fig. 1) transported to the test site. A
driveshaft was attached to the sprayer pump and connect-
ed to the power take-off shaft (PTO) of the MTW-82 tractor
(Belarus). The tractor’s PTO speed was set at 540 rpm.
Collector pressure was monitored using a WIKAI
EN837-1 pressure gauge (WIKA Group, USA) in accordance
with DSTU 7224:2011 (2011). Since the sprayers operated
at a pressure of 0.2 to 0.5 MPa, the test was performed at
a pressure of 0.2 to 0.5 MPa. The Panasonic NV-GS75 digi-
tal video camera was mounted on a Continent TRIPOD A2
(Continent, China) stand. The height of the video camera

B. Onyshchenko et al.

installation was 1.5 metres above the ground, and 1 metre
from the WIKAT EN837-1 pressure gauge. The video camera
was set to a shutter speed of 1/500 of a second, an aper-
ture of D=8 to ensure the greatest clarity of shooting, and
a 5x optical zoom (Fig. 2). The automatic application rate
control system was set to change the pressure when the
green simulation surface hits by 0.5 MPa and the yellow by
0.2 MPa. They simulated the sensor hitting a surface of dif-
ferent colours. At the same time, the pressure in the system
changed. The survey was carried out in four-fold repetition,
to raise and lower the pressure.

Figure 1. Conducting experiments on a prototype trailer
sprayer OP-2000-2
Source: photo by authors

After the research, the camera was connected us-
ing a FireWire connector to a PC based on the Athlon
2800+ processor (China). The video was processed using

P | MateriaFoider
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Figure 2. Recording the readings of the WIKAI EN837-1
pressure gauge when raising and lowering the pressure in
the pipe

Source: photo by authors

Motion DV STUDIO 5.3 E (Fig. 3), where the time for

the pressure to drop and rise from 0.2 to 0.5 MPa was
calculated.
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Figure 3. Video data analysis in Motion DV STUDIO 5.3E

Source: photo by authors

The research data were processed using the method of
statistical processing of empirical data and evaluated by
the arithmetic mean of the time of pressure rise and fall
in the sprayer pipe, the standard deviation, and the coef-

ficient of variation. Calculations were performed using the
following equations (1)-(4):

O the arithmetic mean of the time of pressure rise and
fall in the sprayer pipe (Bugutsky, 1999):
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- XX
x =24, 1)

where x — time, s; N - number of experiments,
) mean square deviation (variance):

T(xi—%)?
o? ==, (2)

O mean square deviation (standard):
c=Vo?, (3)

O coefficient of variation based on the standard deviation:

. Average pressure reduction
No. of experiment 8ep

value t, s, by 0.05 MPa

Table 1. Results of experimental studies of pressure reduction

Variance

vV =7-100%. )

Experiments to determine the time of pressure rise
and fall in the sprayer pipe were carried out in four repeti-
tions. Calculations were performed using Microsoft Office
Excel 2007 software suite.

RESULTS AND DISCUSSION
The results of calculating the standard deviation (variance),
standard deviation (standard) and coefficient of variation
are presented in Table 1 (calculations were performed us-
ing equations 1-4)

Mean square deviation Variation coefficient

1 0.27 0.01 0.11 39.87
2 0.29 0.01 0.12 41.06
3 0.44 0.06 0.25 57.21
4 0.29 0.01 0.12 41.06

Source: compiled by the authors

As a result of calculating the experimental data, it was
found that the average value of the pressure drop from 0.5
to 0.2 MPa is 1.94 s. And the average value for four experi-

ments, a pressure drop of 0.05 MPa is 0.32 seconds. Results
of pressure drop by 5 to 2 atm (in increments of 1 atm) are
shown in Figure 4.

0.8 -
0.7
0.6
0.5
0.4 -
0.3
0.2
0.1 ~

Time t, s

Pressure P, atm

From 3 to 2 atm

From 4 to 3 atm

From 5 to 4 atm

Figure 4. Diagram of the time t required to reduce the pressure in the sprayer pipe by 1 atm

Source: compiled by the authors

As a result of approximation of experimental values
obtained during a single-factor experiment with pressure
changes P and the corresponding calculated time values
t, it is established that the best corresponding function-
al dependencies are described by a polynomial function.
Therefore, the functional dependence describing the char-

acteristic t=f(P) (Fig. 5) when the sprayer with automatic
application rate control is as follows:

P=0.4017 - t*- 2.4051 - t + 5.1017, 5)

where P - pressure in the sprayer pipe, atm; t — time, s.
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Figure 5. Dependence of pressure in the sprayer pipe P on time t

Source: compiled by the authors

Coefficient of determination of this dependence
R?=0.9936. Equation (5) is appropriate, given that the
probability is 0.99 for the calculated value of the Fisher’s
criterion F_, =156 is much larger than the table value of
Fisher’s criterion F_, = 12.25. Based on the findings of
]J.F. Reyes et al. (2015), it can be argued that equation (5) is
significant and its coefficients cannot be ignored. The ma-
teriality of the coefficient of determination was estimated

using the Student’s t-test. The coefficient of determina-

tion of this dependence is significant because the proba-
bility of R=0.99, t_, =508 is much higher than ¢_, =3.50
(Bugutsky, 1999).

The arithmetic mean of the pressure rise from 0.2 to
0.5 MPa, by 0.1 and 0.05 MPa was determined by the equa-
tion (1). The results of calculations of the standard devi-
ation (variance), standard deviation (standard) and coef-
ficient of variation are presented in Table 2 (calculations
were performed using equations 1-4).

Table 2. Results of experimental studies of pressure rise
Average value of pressure

No. of experiment rise t, s, by 0.05 MPa Variance Mean square deviation Variation coefficient
1 0.31 0.02 0.14 46.42
2 0.26 0.03 0.17 64.36
3 0.65 0.004 0.07 10.00
4 0.36 0.03 0.18 50.18

Source: compiled by the authors

As a result of calculating the experimental data, it was
found that the average time of pressure rise from 0.2 to
0.5 MPa is 2.37 s. And the average value for four experi-
ments, the pressure rise by 0.05 MPa is 0.395 s. As a result
of approximation of the experimental values of pressure
rise from 0.2 to 0.5 MPa obtained during a one-factor ex-
periment with a change in pressure P and the correspond-
ing calculated values of time t, it was found that the func-

tional dependencies described by the polynomial function
are the most appropriate. Therefore, a functional depend-
ency describing a characteristic t=f(P) (Fig. 6) when using
sprayer with automatic adjustment of the application rate,

has the following form:
P=0.2024-t2+0.8171-t + 1.9864, (6)

where P - pressure in the sprayer pipe, atm; t — time, s.

6

P y=0.2024x%+0.8171x+1.9864
g R2=0.9971 /‘/#
Ay
gs
=}
] *4//
g 2
="

1

0

0 0.5 1 1.5 2 2.5

Timet, s

Figure 6. Dependence of the pressure in the sprayer pipe P on time t

Source: compiled by the authors
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Coefficient of determination of this dependence is
R?=0.9971. Equation (6) is appropriate because, with a
probability of 0.99, the calculated value of the Fisher’s
criterion F__ =172 is much larger than the table value of
Fisher’s criterion F,_ = 12.25. Based on the findings of
J.F. Reyes (2015), it can be argued that equation (6) is sig-
nificant and its coefficients cannot be ignored. The mate-
riality of the coefficient of determination was evaluated
according to the Student’s t-test. The coefficient of deter-
mination of this dependence is correspondingly signifi-
cant because if the probability p=0.99, t_, =607, which is
much larger thant,_, =3.50 (Bugutsky, 1999).].V. Fabula et
al. (2020) investigated the effect of pipe pressure uniform-
ity and droplet size when using pulse-width modulation
spray technology. D. Nuyttens et al. (2017) investigated
the drift of working fluid droplets by different application
methods using a drift test bench and compared it with oth-
er evaluation methods.

Similar studies have been conducted by D.G. Voy-
tyuk (2015), where the researcher reviewed and analysed
machine protection devices, describing their character-
istics, technological schemes, settings, and methods of
use. The study has provided important insights into un-
derstanding the diversity and functionality of protective
devices, including their adaptation to different conditions
and types of cultivated fields, and highlighted not only the
technical aspects of plant protection machines, but also
considered their technological purpose and optimal set-
tings for effective use. The review included an analysis of
various technological schemes used in such machines, and
determined their suitability for various types of agricultur-
al land. Special attention is paid to the adaptation of pro-
tective devices to different conditions and types of culti-
vated fields. This is important to ensure optimal efficiency
in a diverse agricultural landscape. The results of the study
helped not only to improve existing plant protection ma-
chines, but also to develop recommendations for the selec-
tion and effective use of such technical means, depending
on specific business conditions.

A. Sharda et al. (2011) investigated the norm of work-
ing fluid from a single series of sprayers when using wa-
ter-sensitive paper maps. This approach helps to deter-
mine in detail the distribution of liquid on the surface and
evaluate the efficiency of sprayers. The study considered
the interaction of the liquid with the surface based on the
characteristics of each sprayer. The results obtained have a
positive impact on improving the accuracy and efficiency
of sprayers in agriculture, and on the rational use of work-
ing fluids. O.I. Melezhik (2010) improved the dispersion of
pesticide spraying, and developed a new type of centrifu-
gal sprayer. This approach helps to determine in detail the
distribution of liquid on the surface and evaluate the effi-
ciency of sprayers. The study considered the interaction of
the liquid with the surface based on the characteristics of
each sprayer. The results obtained have a positive impact
on improving the accuracy and efficiency of sprayers in ag-
riculture, and on the rational use of working fluids.

V.M. Polischuk (2005) substantiated the parameters
of the pneumohydraulic system for dosing and supply-
ing working fluid in sprayers. He investigated the optimal
characteristics of this system to maximise the accuracy and
efficiency of spraying, reduce fluid loss, and optimise the
flow rate of working material. Based on the findings, it can
be stated that the developed parameters of the pneumohy-
draulic dosing system are of great importance for improv-
ing the control of the spraying process. This approach helps
not only to increase the efficiency of sprayers, but also to
reduce the negative impact on the environment through
more accurate dosing of the working fluid. J.D. Luck et
al. (2011), A.B. Dorneles et al. (2018) investigated the flow
characteristics, spray pattern, and droplet spectra of an ac-
tively controlled nozzle with a variable opening at constant
carrier pressure. Their results helped to identify optimal
operating modes of the nozzle, ensuring maximum spray
efficiency and saving working material. This study occupies
an important place in understanding the technical aspects
of the operation of actively controlled injectors and indi-
cates the prospects for their use in modern spray systems.
The analytical approach to investigating the characteristics
of injectors contributes to the development and improve-
ment of spraying technologies, which affects the quality
and efficiency of using working fluids in agriculture.

O. Baranovskyi & V. Polischuk (2001), O. Barano-
vskyi et al. (2010) studied a jet pump for direct delivery of
pesticides to the sprayer discharge line and analysed the
metering systems of boom sprayers. They analysed the
dosing systems of boom sprayers aimed at improving the
accuracy and efficiency of the distribution of working fluids
during spraying.

Research on this aspect of spraying technology is im-
portant for agriculture, as it aims to develop and improve
systems that ensure efficient delivery of pesticides to the
field. The results obtained can affect the rational use of
working fluids, increase productivity, and reduce material
losses during spraying. These results should be consid-
ered when developing and implementing modern spraying
technologies in order to optimise the use of pesticides and
ensure sustainable production in agriculture.

CONCLUSIONS

As a result of calculating the experimental data, it was
found that the arithmetic mean of pressure reduction from
0.5 to 0.2 MPa is 1.94 s, and the arithmetic mean for four
experiments, a pressure drop of 0.05 MPa, is 0.32 s. As a
result of approximation of experimental values obtained
during a single-factor experiment with pressure reduction
P and the corresponding calculated time values t, it is es-
tablished that the best corresponding functional depend-
encies are described by a polynomial function. Therefore,
a functional dependency describing a characteristic t=f(P)
when the pressure drops, has the following form: P=0.4017
t*+2.4051 t+5.1017. When calculating the experimental
data of the pressure rise, it was found that the arithmetic
mean of the pressure rise from 0.2 to 0.5 MPa is 2.37 s. And
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the average value for four experiments, the pressure rise
of 0.05 MPa is 0.395 s. As a result of the approximation of
the experimental values of the pressure rise from 0.2 to
0.5 MPa obtained during a single-factor experiment with
a change in pressure P and the corresponding calculated
values of time t, it was found that the polynomial func-
tion describes the best corresponding functional depend-
ences. Therefore, a functional dependency describing a
characteristic t=f(P) when the pressure rises, is P=0.2024
t?+0.8171 t + 1.9864. These experiments in the future
would allow calculating the time of delay or advance of
opening the spray swath when working with variable
standards on target plans.

Further research can be aimed at experimentally stud-
ying the time of pressure rise and fall in the sprayer pipe.
A detailed analysis of these parameters is key to optimis-
ing the operation of sprayers and improving the efficien-
cy of pesticide use in agriculture. The study of the pres-
sure rise time in the pipe will help determine the optimal

B. Onyshchenko et al.

parameters for a quick and efficient start-up of the spray-
ing system. Pressure reduction is a critical factor in ensur-
ing the accuracy of the working fluid distribution, so a de-
tailed study of this process can lead to improvements in the
design and functionality of sprayers. Optimisation of these
parameters can improve spray efficiency, reduce working
fluid loss, and affect the consistency and accuracy of the
process. Such studies will be an important contribution to
the improvement of modern spraying technologies in agri-
cultural production.
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EKCnepuMeHTaslbHe AOCNIMKEHHS Yacy NiAHATTS Ta 3SHUKEHHSA TUCKY
B KONeKTopi o6npuckyBava

AHoTAaUiq. Beke pisHOMaHITTS MeTeoponoridyHMX HaKTOPiB, IPYHTOBO-KIIMAaTUYHUX YMOB, HACUMYEHICTh MOJIiB 6araTbma
BUIamu 6yp’siHiB, 3HAYHMIT Habip KyJIbTYPHMUX POCINH i 6araTo iHmmx GakTopiB 06yMOBIIIOIOTh HEOOXiIHICTb BTiI€HHS
iHHOBaIIi/IHMX TEXHOJOTIUHMX CXeM BMKOPUCTaHHS OTPYTOXiMiKaTiB, 11e JJ03BOIUTbh MakCYMaIbHO 3MEHUIUTY TEeCTULIMIHE
HaBaHTasKeHHS Ta 3yMOBUTb 6e3MeUHy eKOJIOTiuHy Jio mpernapariB. EkcriepyuMeHTanbHi JOCTiIKeHHS Oy/Iy MPOBeJeHi
3 METOI0 BU3HaUEHHS Yacy MMiTHSATTS Ta 3HMKEHHS TUCKY B KOJIEKTOPi O6IIPMCKyBaya Ta BCTAHOBJIEHHS BifMOBiTHUX
¢dbyHKIIiOHANBHUX 3a7eXXKHOCTel. CHCTeMY aBTOMATUMYHOTO PETY/II0OBAaHHS HOPMY BHECeHHSI Oy/I0 HA/IalITOBAHO Ha 3MiHY
TUCKY ITPY IOTPAIVISIHHI 3eeHoi imiTauiiiHoi moBepxHi Ha 0,5 MITa, a skoBToi Ha 0,2 MITa. IMiTOBaHO MOTPATUISTHHS CEHCOPA
Ha MOBePXHIO Pi3HOT0 Kombopy. IIpu 11bOMY 3MiHIOBABCSI TUCK B cucTeMi. THMCK B KosieKTOpi ob6mpuckyBaya OIT-2000-2
BUMIipIoBaBcs 3a mornomoroio maHomerpa WIKAI EN837-1 ta ¢inbMoBaHO moka3aHHs IM(POBOIO BigeoKaMepoio
Panasonic NV-GS75 BcraHoBneHolo Ha mtaTuB Continent TRIPOD A2. B pe3ynbTaTi 06paxyHKy eKCcriepuMeHTaaAbHUX
IaHVUX BCTAHOBJIEHO, IO CepeaHE apudpMeTHUHe 3HAUEHHS 3HVDKeHHST TUCKY Bif 0.5 o 0.2 MITa ctraHoBuTb 1.94 c. A
cepenHe apubMeTHUHe 3HAYEHHS [10 YOTUPHOM JIOCTigaM, 3HMKeHHSI TUCKy Ha 0.05 MIIa cranoBuTb 0.32 c. IIpy 06paxyHKy
eKCTIepMMeHTaTbHMX JaHUX MiIHSATTS TUCKY BCTAHOBJIEHO, 10 cepeqHe apudmeTryHe 3HAUEHHS MiTHATTS TUCKY Big 0.2 1o
0.5 MITa craHOBUTb 2.37 C. A cepefHe 3HAUEHHS 110 YOTUPHOM AO0CTiAaM, MigHITTs TUCKY Ha 0.05 MIIa craHoBuTb 0.395 c.
ITicnst ampoKcuMaliii eKcriepMMeHTaTbHIX JAaHUX, OTPUMAaHMX IIPU MPOBeJeHHi 0fHO (HaKTOPHUX eKCTIepUMEHTIB, TPy 3MiHi
TUCKY P i BiIMOBiIHMX 3HaUeHb Yacy t, OTpUMaHi BiAoBigHi mosiHOMianbHi QyHKIIi1, [0 OMMUCYIOTh XapaKTePUCTUKY t=f(P)
mpu po6OTi 06TIPUCKyBaya 3 aBTOMATUYHUM PeryIi0BaHHSIM HOpMM BHeceHHsI. OTpUMaHi pe3ynbTaT B MaitbyTHbOMY Ial0Th
MOX/TMBiCTb PO3PaxyBaTH Yac 3aTPUMKM ab0 BUITIepeIKeHHSI PO3KPUTTS dhakeny po3nmioBava Mpu poboTi 3 3SMiHHUMU
HOpMaMU 110 KapTaM 3aBJaHb, /151 YHUKHEHHS HeBiIMOBiAHOCTI HOPMi BHECEHHS 3a[laHMM 3HaUeHHSIM
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occur during fuel combustion. The functional scheme of the test stand is described, the research methodology is presented,
and statistical modelling of the influence of parameters on the length of the liquid jet is carried out. Studies of the energy
efficiency of the initial stage of the interaction of thermal potentials during the generation of a liquid jet in a recuperative
heat exchanger of mixed action to ensure storage conditions and potential movement in front of the nozzle are presented.
A mathematical model for describing the length of a continuous water jet when flowing out of the nozzle is proposed and
an analysis of the laminar flow of liquid from the nozzle is performed. The length of the continuous water jet when flowing
out of the nozzle is determined and the technical capabilities of the process are identified. The efficiency of installing the
tip in front of the nozzle for creating turbulent mixing and the method of controlling the water supply during the mixing
of thermal potentials are determined. To control the water supply process, a step-by-step method has been developed that
allows gradually increasing or decreasing the length of a continuous water jet through the nozzle. The results of the study
provide an opportunity to optimise heat exchangers and mixing machines to increase their efficiency and productivity

Keywords: nozzle; continuous jet; experiment; jet feed length; jet feed length control

INTRODUCTION

The energy resources of each country have historically been
a key systemic factor in the economic structure. Nowadays,
there is a physical limitation, which leads to a gradual de-
crease in these resources and, accordingly, to an increase
in their value on the world market. The availability and use
of energy-efficient technologies define long-term trends
that can model the energy landscape over several decades,
influencing the energy strategy of different countries and
global energy trends. An important moment in this context
was the energy crisis of 1973 (Rosen, 2002), which defined
a new course in energy policy and acted as a catalyst for
change. This crisis has played an important role in shaping
approaches to energy consumption, improving energy effi-
ciency, and developing alternative energy sources. As a re-
sult, new strategies and approaches to energy security and
sustainable development have emerged and are emerging.

One of the strategic areas for achieving this goal
is to optimise the use of heat and power resources in an
in-depth analysis of the energy potential of the system.
For this purpose, mathematical modelling methods can
be used, considering the parameters of thermal systems,
thermodynamic characteristics, and dynamics of energy
flows. G. Lohar et al. (2019) noted that the implementation
of optimisation is based on consideration of the influence
of various factors on the thermal efficiency of the system.
This includes analysis of thermal resistance, heat transfer
efficiency, and other physical and technical aspects that
determine energy losses in the system. Implementation
of the results of research and optimisation of heat and
power systems may include the development of new tech-
nologies, improvement of existing heating networks, and
rational distribution of energy in the system. According to
O.M. Yanchuk & O.V. Marchuk (2020) liquid flows are wide-
ly used in various technological processes, this is especially
important when creating their uniform thermal potential
and developing dispersed systems. The interaction of these
flows occurs due to the interaction of flows through the de-
sign parameters of equipment or factors of tangential lig-
uid supply to the system.

Results of experimental studies by P. Martin Diaz (2022)
indicate that high-speed fluid flows significantly affect

flow characteristics, in particular jet expansion, injection
processes, heat-mass transfer, and diffusion. I. Stadnyk et
al. (2020) noted that even small changes in the flow rate of
the jet can lead to significant changes in the width of the
jet itself. It is important to note that exposure to a low lig-
uid flow rate leads to an increase in the width of the jet core
while reducing the speed of the central part of the flow.
However, the weak characteristics of the interaction of lig-
uids limit the application of this phenomenon in studies
aimed at optimising the energy potential.

The interaction of flows is the result of the interaction
of flows through the design parameters of equipment or
factors of its tangential supply to the system. Ya. Mykhay-
lovskyi et al. (2021) argue that experimental studies show
that high-speed fluid flows have a significant impact on the
flow field: jet expansion, injection processes, heat-mass
transfer, and diffusion. The influence of a low jet outflow
rate leads to an increase in the width with a decrease in
the flow core velocity, which limits the use of temperature
potential stabilisation in studies.

Existing advanced new methods in which the initia-
tive of dosing and mixing in the system is already provid-
ed. Findings of A. Mehralizadeh et al. (2021) showed better
process control, shorter reaction time, and better product
quality and process time. In addition, in this process, due to
dose variation in several stages, interaction management
will be easier. Therefore, with the increasing use of various
factors in the interaction of liquid mixtures to save energy
potential at the present stage, they have become more im-
portant because of their characteristics. Mixing flows can
create new systems that have new properties at standard
thermal potential formations and be economical.

The use of suspended bed mixing in contact heat ex-
changers to obtain a homogeneous temperature of sub-
stances in the food and pharmaceutical industry requires
constant modernisation of the hardware design. To reduce
the size of the equipment, one method is to increase the
relative velocity of the continuous and dispersed phases, as
indicated by A. Mehralizadeh et al. (2020). This is achieved
by using vortex and highly turbulent flows in suspended
layer devices. An increase in productivity (phase load) for
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devices with this type of flow movement leads to a smaller
increase in their dimensions and energy costs to ensure the
uniformity of the temperature system. This raises an im-
portant task of upgrading existing equipment to use two-
phase flows in these processes.

The purpose of the study is to consider the process of
controlling the flow of mixing liquids with different values
of thermal potential through experimental and theoretical
studies when creating a scientifically based methodology
for calculating them, depending on variable factors.

Therefore, it is necessary to solve the following tasks:
1) to conduct theoretical and experimental studies to de-
termine the rate of outflow of a continuous water jet by
a nozzle from variable factors affecting the process of its
control during heat transfer; 2) to present a mathemati-
cal model for determining the change in temperature flows
when they are mixed; 3) to develop a methodology for con-
trolling the process of the length of a continuous water jet
in front of turbulent dispersion devices.

MATERIALS AND METHODS

The research was conducted in the laboratory of the Terno-
pil Ivan Puluj National Technical University and at the Ter-
nopil confectionery factory “Tera”. According to the objec-
tives of experimental research, the test stand of 2021 was
upgraded to investigate the interaction of liquid flow with
elements of dynamic devices. The initial design was based
on the discrete pulsed injection of liquid components
when they were mixed in the specially developed mixing
machine. The upgraded test stand had more advanced ca-
pabilities for studying the energy potential involving tem-
perature gradients.

Figure 1 shows the functional diagram of the test stand.
The elements of the test stand are grouped as follows:

O equipment — a model of modular dynamic contact
recuperative mixing heat exchanger, a nozzle for accelerat-
ing the flow of liquid, a turbulent mixing nozzle tip;

O devices — a nozzle device, a container for further re-
covery of heat flows of liquid.

Figure 1. Functional diagram of the test stand
Note: 1 — water supply pipelines; 2 — rotameter Winsen F1012; 3 — water heater with voltage regulator RNO-250/25; 4 —
Arduino MEGA 2560; 5 — measuring device G1/4; 6 — Arduino MEGA 2560; 7 — heat exchanger capacity for heat recovery;
8 — water supply pipe with pre-mixing; 9 — nozzle; 10 — turbulent nozzle tip; 11 - tank of homogeneous warm water
Source: compiled by the authors

The test stand works as follows: Water from two pipe-
lines 1 with different temperatures (or air) is supplied with
the pressure that is created in the pipeline to the nozzle
channel 9. If necessary, the channel was connected to the
nozzle and the turbulent nozzle tip 10 to create a turbu-
lent movement of the water jet and its high-quality mix-
ing. Next, the water droplet mixture of thermal potential
was fed into the modular lattice device, which captures
dispersed particles, while creating pressure on the surface
of the grid 7. The liquid was discharged from the grid in the
form of trapped water film droplets through its drainage
channels to the main part of the heat exchanger. In the
main part, the water was finally reheated for recuperative
heating. A measuring system has been developed to deter-
mine the process parameters.

Devices. A water heater with a voltage regulator RNO-
250/25 (Ukraine) and a pressure sensor G1/4 with an an-
alogue converter (Switzerland) were used to obtain the
data of the measured values during the study on the test
stand. Its range is 0-3 MPa with an operating constant
voltage of 5 V and a relative measurement error of 0.01;
rotameter Winsen F1012 (China) with a measurement
range of 0.02-1.5 dm%min and the relative measurement
error of 1.5% and the G1/4 measuring device. Arduino
MEGA 2560 system (Italy) with software, connected to a
PC via a USB cable, was used to collect data from the sen-
sors. The saved data was viewed and processed using MS
Excel® software suite.

Statistical mathematical modelling. Experimental
studies have been carried out to determine the rate of
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outflow of a continuous water jet by a nozzle from varia-
ble factors using a fractional factorial experiment of type
251, The factors are coded to translate natural factors into

A. Derkach et al.

dimensionless values in the construction of a standard
orthogonal plan-matrix of the experiment. The encoded
data is shown in Table 1.

Table 1. Levels of change in factors

Working pressure P, MPa
Factor levels

Outlet nozzle diameter, mm

Nozzle tilt angle, o

X, Inx, In x, X, In x,

upper (+1) 0.2 -1.6094 3.47 40 3.68
zero (0) 0.1 28.5 25 -

lower (-1) 0.09 -2.4079 3.23 10 2.28

Source: compiled by the authors

The dependence was used to transform variables of in-
dependent factors x, into dimensionless

x =2(Inx -Inx )/Inx _-lnx . +1. 1)

in ax 1mi

Expression of code variables:
y=b,+bx, +bx,+b.x.. 2)

To ensure the reliability and reproducibility of find-
ings, the number of replications (r) was assumed to be 2. To
consider the influence of random factors on the result of
the experiment and reasonably use the methods of math-
ematical statistics, an element of randomness was intro-
duced. Maintaining the number of repeated experiments
equal to 2 and introducing random factors helped to create
conditions for a reasonable analysis of the results of the ex-
periment and determine their reproducibility in different
situations. A random order of experiments was established
in time, i.e., randomisation. For this purpose, random
number tables were used.

The specified sequence of experiments — 2, 3, 1, 2, 4,
1, 3, 4 - indicated that each experiment number (level)
was repeated twice, which corresponds to the set num-
ber of repetitions (r=2). This allowed for parallel studies
to assess the reproducibility of the process and statistical
assessments. In this case, the mathematical model can be
represented as:

y=3.97+0.21x,+0.08x,+0.018x,. )

Based on the use of dependency (1), obtained:

x,=4.02In-P-1.62x,, “4)
x,=8.34In-d-27.62, (5)
x,=1.44In-0-1.64. ©6)

Next, the reproducibility of the experiments was
checked using the Cochrane criterion. The scattering vari-
ance was determined, where §? - the highest value of the
scattering variance. To bring the equation with coded fac-
tors to the form with natural variables, the data on the tran-
sition from natural values of factors to coded dimension-
less ones were used using dependence (1). The length of a
continuous jet L in CM was determined by the dependence:

y=3.97+0.21(4.02InP-1,62) +0.08(8.34In -
-27.62)+0,018(1.44na- 1.64), )

then: InL=Ine*®+[nP% +Ind*8"Ino %.
After potentiation,

L= 5.41P0‘18d0‘87(10'03. (8)

RESULTS AND DISCUSSION

In the limited space of the proposed initial temperature
mixing of liquids, the nature of the movement of the free
convective flow depends on a number of parameters:

O temperature condition of surfaces;

O directions of heat supply;

O shape and size of the space in which substance moves.

Characteristic types of fluid circulation in a confined
space are shown in Figure 2.

1) 3
—(T ______ >2 =
it \&
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(,1 ( (’\
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™
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e

2) () &\ b)

Figure 2. Types of fluid circulation in a confined space
Note: a — in wide channels, b — in narrow channels;
& — distance between the channel walls
Source: compiled by the authors

In vertical channels, the nature of circulation depend-
ed on the distance & between the channel walls as follows:
in wide channels (Fig. 2a) upstream and downstream flows
move without interference and do not affect each other; in
narrow channels (Fig. 2b) upstream and downstream flows
create mutual interference, resulting in circulation circuits
whose dimensions depend on the temperature difference
and channel width. Due to the complexity of processes
that occur in a limited enclosed space, it is impossible to

Machinery & Energetics. Vol. 15, No. 1

N



Achievements and problems in studying the mechanism...

determine the coefficient based on the characteristics of
circulation. Therefore, the coefficient of equivalent ther-
mal conductivity is used in practice (Nochnichenko &
Yakhno, 2020):

Ay =8 )
where: - correction factor that considers free convection
(depends on the number Re=Pr Gr); A — thermal conductiv-
ity of the medium (liquid). For Re >3'°, the correction factor
is equal to: g =0.18 Re®*. The characteristic linear size is
taken as the interlayer thickness 8, and the average liquid
temperature t=0.5(t, +t,). For a flat channel, the heat flux
density will be determined by the equation: q=1,(t, +t,)/3.

Modelling of a laminar flow jet. The conditions of
mixing two liquids with different thermal potentials when
they are fed into the nozzle were considered, according to
the developed stand (Fig. 1). The source analysis described

above established the main regularities of liquid flow with
different temperatures and considered its behaviour in the
cylindrical part of the pipe and at the outlet of the nozzle
opening. This connection helped to consider the pre-mix-
ing of two liquids and determine the possible length of the
jet flowing out of the nozzle. The non-scattered jet length
is kinetic and thermal energy for further use in scattering
nozzle tips when creating a turbulent flow regime.

It was assumed that a mixed jet of liquids with an initial
temperature T, and speed w, and with temperature T, flows
out of a circular hole with a radius r, in the space in front
of the nozzle tip, friction on the interfacial surface was
ignored. Under these conditions, the radial component of
the temperature gradient is greater than the axial compo-
nent. The radial velocity variable is not taken into account.

1.Computer modelling. The programme visualised the
movement of liquids before and after the nozzle (Fig. 3).

Figure 3. Generation of isotherm flow in a free water jet
Note: 1 - initial mixing area, 2 - flow of two liquids, 3 — flow at the outlet of the nozzle; a - free flow of water, b — a turbulent
spot of the water jet
Source: compiled by the authors

From the obtained data, it follows that the maximum
heat transfer corresponds to a laminar turbulent transition
(LTT) in a long pipe. For this mode, it is established that
LTT is implemented in accordance with the discontinuity
scenario, that is, when areas with laminar flow alternate
with areas with turbulent flow (turbulent spots — torque-
ing) (Kutsenko et al., 2020). This process is illustrated in
Figure 3 on the example of propagation a free flow of water
(d=3 mm, Re=2,850). Visualisation was performed using
the Hilbert method (Nochnichenko & Yakhno, 2020). Ac-
cording to Figure 3a at the initial site of the jet is an ex-
tended laminar region, at the end of which there is a rather
sharp transition to turbulence. In Figure 3b there is a turbu-
lent spot about 10-12 pipe diameters long at the beginning
of the jet. In the near field of the jet, an intermittent nature
of instantaneous speed changes over time can be observed,
which is associated with the presence of turbulent spots.

The change in heat transfer isolines can be determined
based on the specified data. The transition from laminar
flow to turbulent flow affects the distribution of heat trans-
fer along the pipeline. These changes in the flow mode
(from laminar to turbulent) cause changes in the distribu-
tion of heat transfer along the long pipeline. According to
the obtained data, the change in heat transfer isolines re-
flects the process of laminar-turbulent transition.

An unbounded volume whose dimensions are so large
that a thermal disturbance (e.g. caused by a temperature

difference) in this volume does not affect all its boundaries.
This means that temperature anomalies do not extend over
long distances, and the system can be considered unlimit-
ed. The laminar mode of flow and movement of the coolant
occurs layer by layer without crossing mass currents. The
liquid flow is divided into thin layers, each of which moves
parallel to the other. In a turbulent flow mode, chaotic and
confusing movements of a liquid or gas occur. Here, the
current is no longer divided into separate layers, and a large
number of vortices and turbulence occur. Convection along
a vertical pipe is considered. The laminar flow mode is es-
tablished in the boundary layer, but over time this laminar
layer goes into a transient mode and, at a certain distance
from the input section, becomes turbulent. The thickness
of the laminar layer increases in the direction of movement.

Figure 3a shows that heat transfer isolines can be more
concentrated in the initial section of the jet. At the end of
this region, there is a sharp transition to a turbulent flow,
which can lead to the expansion of isolines. In Figure 3b,
near the beginning of the jet, a turbulent spot can be de-
tected where the change in heat transfer insulators can be
significant. In the near field of the jet, due to the intermit-
tent nature of instantaneous velocity changes, there are
turbulent spots, which also affect the distribution of heat
transfer isolines. This highlights the effect of changes in
the flow mode on the distribution of heat transfer and uses
a scientific approach to explain these phenomena.
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Figure 4 shows experimental data on the average value
of the heat transfer coefficient at the stagnation point. As
can be seen from the Figure 4, for leakage from the nozzle,
there is a monotonous dependence of the average value of
the heat transfer coefficient o, from the Reynolds number
of the jet in the range of its values Re=200-20,000.

ay W/m?2K
1 Re=3320
e= =
300

200+
—n—1

100- —o—2

0

10000 15000 20000

Re

0 5000

Figure 4. Dependence of the heat transfer coefficient
on the Reynolds number
Note: 1 — nozzle, 2 - pipe
Source: compiled by the authors

The behaviour of o is significantly different for leak-
age from a pipe. There are three characteristic zones: in the
first zone (Re<3,300), an increase in o, was observed, in the
second zone (Re=3,300-3,500), a marked decrease in a,, was
observed, and in the third zone (Re >3,500), the parame-
ter o, increased again. Thus, in the region of low Reynolds
numbers (Re <4,000), a non-monotonic change in the aver-
age value of the heat transfer coefficient o, was detected at
Re=13,320, which is 12%, and for the third zone (Re >3,500),
a monotonous decrease in velocity is observed.

Rational use of production resources becomes a key
factor for optimising the efficiency and competitiveness of
enterprises. The implementation of this principle signifi-
cantly affects various aspects of the activity, in particular,
reducing costs and increasing the profitability of produc-
tion. Optimisation of processes and implementation of
modern technologies reduces production costs, while effec-
tive resource management contributes to their economical
use (Stadnyk et al., 2020). This is important for enterprises
in a competitive environment, where production efficiency
is a key success factor and an important component of a
successful enterprise development strategy in a changing
economic environment.

Researchers are tasked with developing new ener-
gy-saving and, in particular, energy-efficient technologies
related to the creation of high-performance and intensively
operating devices. The actual task is to develop multifunc-
tional devices of combined action, in which it is possible to
perform several processes simultaneously. In such devices,
the efficiency of using the working volume should be 2-3
times higher than in existing analogues (Shullie, 2020).

A. Derkach et al.

Many branches of the food industry use heterogeneous
processes and heat transfer that occur in the “gas-lig-
uid-liquid-solid” system. These processes play a special
role among others, since their speed is determined by the
patterns of mass and heat transfer between the interacting
phases. Hydrodynamics and heat-mass transfer serve as
the theoretical basis for these processes and the creation
of methods for engineering and optimisation calculations
of equipment. Considering the relationship and interde-
pendence between the hydrodynamic and heat-mass trans-
fer characteristics of the interacting phases, the study by
A. Kovalyov et al. (2018) considers the stage-by-stage use
of the thermal potential of industrial furnaces.

There is little information about the mechanisms of
motion, structure, hydrodynamics, and heat-mass transfer
in a suspended vortex layer when mixing liquids to obtain
their uniform temperature. A. Mehralizadeh et al. (2021)
revealed the mixing of liquids in mixers of various designs
to obtain temperature uniformity. Such data could be used
as the basis for the methodology of engineering calculation
of equipment of this type, in particular, contact recupera-
tive heat exchangers. Scientific studies of hydrodynamics
and mass-heat transfer in devices with one-and two-phase
flows have become more intensive. These studies indicate
the feasibility of highly turbulent flows during heat trans-
fer. Investigation of the mechanisms of vortex formation
and interaction in a liquid depending on various param-
eters, such as the size and shape of suspended particles,
the influence of rheological properties of a liquid on the
structure and movement of vortex layers.

When developing mathematical models of hydrody-
namics for describing fluid motion in vortex suspended
layers, V.M. Atamanyuk (2019) studied the influence of
various parameters (velocity, concentration of suspended
particles) on the nature of hydrodynamic processes. Heat-
mass transfer in vortex flows contributed to the develop-
ment of heat transfer models for various conditions and
configurations of mixing contact vortex heat exchangers.
To develop methods of engineering calculation, the effi-
ciency of vortex flows is used, considering hydrodynamic
and heat-mass transfer processes.

Research by V.V. Mykytenko (2004) highlights aspects
of accessibility and implementation of energy-saving tech-
nologies. The document states that the development and
implementation of energy-saving technologies have a de-
cisive impact on long-term trends in energy consumption.
Improvements in technology can lead to a significant re-
duction in energy costs in various industries, which affects
overall energy demand. According to J.C. Wu (2018), migra-
tion of energy consumption centres and the development of
new industrial enterprises can lead to changes in the struc-
ture of energy consumption. This may include an increase
in energy demand as a result of the growth of new industries
and the settlement of consumers. Given these factors, there
isaneed fora global approach to the use of energy resources.

Investigation of advantages and possibilities of using
highly turbulent flows in various types of equipment (heat
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transfer, granulation, separation) by O.F. Luhovskyi et
al. (2011) helped to establish their optimal design and op-
erating conditions. Their data in these areas not only help
to understand the features of hydrodynamics and heat-
mass transfer in suspended vortex layers, but can also lead
to the creation of new technologies and designs that will
improve the efficiency of liquid mixing processes.

I. Stadnyk et al. (2019) highlight important aspects of
implementing technologies in production in the context of
minimising energy losses, avoiding problems, automating
and optimising the entire technological process, and con-
siders some key aspects that may be important for achiev-
ing these goals. The introduction of automation systems
for controlling technological processes based on the use
of modern technologies, such as sensorics, machine learn-
ing and artificial intelligence is revealed. The use of robots
for handling, transferring materials, and other operations
to reduce energy and material costs, reduce human inter-
vention, and increase productivity. This includes the use of
monitoring and control systems that allow real-time deter-
mination of process parameters and modular technologies
that can be easily modified and updated. These approaches
are aimed at creating efficient and environmentally friend-
ly production processes that consider product quality, pro-
duction efficiency, and compliance with modern standards
of sustainable development.

The liquid flow spray method is widely used in the food
industry for forced decomposition of liquid jets to form drop-
let structures. It is important that the resulting droplets are
monodisperse, that is, they have the same size and temper-
ature distribution. This is achieved with the help of special-
ly designed technical devices, vibrations in achieving mon-
odispersity of particles, which is important for high-quality
products. This method using centrifugal or static vibra-
tion devices is promising in modern heat transfer and
meets high standards of quality and production efficiency.

Theoretical aspects of hydrodynamics, heat transfer
and mass transfer are considered in the study by I. Bel-
jakova et al. (2020). The study of systems of differential
equations that describe the heat-mass transfer between
a thermal agent is considered on the analysis of the laws
of conservation of heat and mass in the context of the fil-
tration drying process, which helps to understand how en-
ergy and matter are stored and transferred in the system.
The basic equations of heat-mass transfer can be used to
describe the heat and mass transfer between water heat
transfer agents. Based on the above-mentioned theoretical
foundations, it is possible to better understand and opti-
mise the process of heat and mass transfer.

Therefore, one of the potential areas of development
in this context is the use of heat flow recovery. By consid-
ering this aspect, it is possible to increase energy efficien-
cy and reduce losses, which helps ensure a more environ-
mentally sustainable and rational approach (Kudelya &
Dubovskyi, 2020).

Thus, the effectiveness of water flow control directly
depends on the serviceability of the valves. Even a small

leak can lead to significant resource losses. Moreover,
faulty fittings not only ensure constant water leakage, but
also increase the risk of damage to the water supply system.

The use of dispersing nozzles for water taps and faucets
can significantly affect the optimisation of water consump-
tion. These devices, which inject a significant amount of air
intothewaterjet,canachieve savings of up to 30% (Luhovsky
& Lyashok, 2014). Their application is an important step
towards sustainable use of water resources. Mixing air with
water, provided by dispersing nozzles, contributes not only
to the preservation of water, but also provides a comfort-
able water supply. Technological innovations also include
automatic measurement and control systems that improve
the accuracy of flow control and optimise water efficiency.

The results of the analysis of the study by Yu. Maibo-
roda (2020) are related to technical means of heat transfer.
They establish the absence of data on the characteristics of
the nozzles in the development of uniformity of the tem-
perature field of mixed liquids. The creation of a water jet
depends on the pressure of the liquid, the diameter of the
nozzle, the angle of inclination, and the height of place-
ment above the surface of the liquid in the heat exchanger
housing. In the process of heat transfer recovery, it is nec-
essary to direct a continuous jet into the heat exchanger
assembly by changing the pressure, nozzle diameter, in-
clination angle, etc. To solve this problem from the stand-
point of process management, the task is to conduct exper-
imental research and develop an empirical mathematical
model based on the results obtained. This model should
consider the influence of various factors on the length of
a continuous jet.

The studies by M.I. Gorbiychuk et al. (2021) indicate
that the working pressure of 0.6 MPa creates a continu-
ous water jet length of 61-68 m. The analysis of the cur-
rent state of continuous water jet supply length controls
has shown that they are not available today. Therefore,
the solution to the problem involves conducting theoret-
ical and experimental studies to determine the influence
of parameters on a continuous water jet. Establishing the
variable factors affecting the process of controlling the for-
mation of a homogeneous jet of heat flow of a liquid should
substantiate the idea of a new recuperative heat exchanger
of combined action.

Mathematical modelling. The general form of the
thermal conductivity equation for a continuous medium in
polar coordinates has the form:

9 1 1 2

2ol 30225
where: 0 — excess temperature of the liquid; t — time; o - co-
efficient of thermal conductivity; r - radius. This equation
is a partial differential equation of thermal conductivity
that describes the temperature regime of a liquid jet. It has
a form of a simplified equation for a liquid jet with mixed
temperatures. However, in order to provide a concrete
solution, additional conditions, such as initial conditions
or boundary conditions, describing the physical context of

(10)
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the fluid movement, need to be known. Usually, velocity w
is defined as the ratio of a change in coordinate to a change
in time: v=dx/dr.

The expression dx=w-x-dr is accepted, which indicates
that the velocity is defined as the product of the velocity w
times the coordinate x multiplied by the time element dz.
Ignoring the change in velocity w, in the direction of the
radius, it can be assumed that the velocity w_ it is a con-
stant parameter, i.e., w =w,, and it does not change with
the radius. This allows simplifying the equation of thermal
conductivity, especially considering that the change in ve-
locity along the radius is not included. This can greatly fa-
cilitate the analysis and solution of the equation. Thus, the
equation of thermal conductivity with respect to the coor-
dinate X with the condition wx=w_w, can be expressed as:

96 _ (62_9 1 .@) (11)

ax ar2 r or)

where x — coordinate (if it is a space, such as a radius).

The coefficient of thermal conductivity varies along
the length of the jet, i.e. a=a(L). If a depends on L, that
is a=a(L), then the derivative da/dx represents the rate of
change of a relative to L, a dL — length element. Thus, based
on the differentiation of a function by another function,
dra can be expressed as dL representing the change in
the coefficient of thermal conduct1v1ty over an elementary
length segment. This allows considering the change in the
coefficient of thermal conductivity relative to the depend-
ence of the coordinate L in the analysis along the jet. The
initial equation of thermal conductivity with the depend-
ence of the coefficient of thermal conductivity can now be
written as follows:

a6 REL] 1 06
S=aw (G 15

r

(12)

under the conditions w =w, and a=a(L). For a dimension-
less form, dimensionless variables are introduced into the
thermal conductivity equation. Typically, dimensionless
coordinates and dimensionless time are entered. Dimen-
sionless variables are denoted as follows: 7 = ¢/L, where
L - characteristic jet length. Dimensionless time is also
introduced where a, - initial value of the thermal conduc-
tivity coefficient. Then the dimensionless temperature is

indicated:
0-6,

*
6_9fW

(13)

where 6, — temperature of the initial liquid, 6, - initial tem-
perature of the liquid. With these definitions in mind, the
thermal conductivity equation can be rewritten in a dimen-
sionless form:

1 . 1 a%°
gg “a '%(n%)-" nz a2’
where ¢ — dimensionless time.

This dimensionless equation can be useful in analys-
ing heat transfer along a liquid jet. The use of the Bessel
function of the first (J)) and the second (Y,) order of the ze-
ro-order kind, will allow expressing a dimensionless equa-

(14)
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tion in some variable form. Considering the dependence of
the coefficient of thermal conductivity on the coordinate
T°, as a =a(7"), the Bessel function is also used as part of
the solution. The solution of such an equation may in-
clude other conditions or definitions that depend on the
specific physical situation or boundary conditions of the
problem. The use of Bessel functions is usually associated
with problems where it is important to consider cylindri-
cal symmetry.

Considering the boundary case when ¢ (or #) coincides
to 0, and the Bessel function of the second kind Y, increases
to infinity, this indicates the need to adjust the coefficient
at Y, so as to avoid infinity of temperature on the jet axis.
When considering equation (2), where n = E and t* = “LLZT, i
is defined as:

0-6,

6 = .
616

This equation is complex with a number of symbols
and differentiable functions. To solve this problem, it is
necessary to apply the rules of differentiation step by step
and solve for the given variables. Next, it is necessary to
consider each member of the equation: ai* — partial deriv-
ative of " by 77, e (n an) — the second term depends on
nwhere 5=¢/L, %- "a 2 — the third term contains ‘; o

To solve this equation, a specific type of function is
considered §"and the equationis solved taking into account
the specified parts. Providing a function ¢ =60-6,/0, - 6,
it can be used to express the necessary derivatives and
substitute them into a given equation. Next, there are
derivatives for T", N and ¢: ar*’ﬁ ai( %)n—lz -i:;z The
obtained derivatives are then substituted into the given
equation (14):

a9
06* _ (01=60) 57=

a7 = ey (15)
1,0 (3 _1 1  98( 3 _
7 '5(77 an) =0 -6, o (TI an) (0 —6y), (16)
1 9% _ 1 (6,-6)70%6
n? 092 - 72 (6—6,)3 292" (17)

Accordingly, this equation is simplified and solved to
obtain the expression for ¢ relative to 77, 5, and ¢. After the
introduction of the Bessel function of the first kind ], and
Bessel functions of the second kind Y, the expression of
the dimensionless equation of thermal conductivity can be
represented in a new form:

a0
01605+ 1 1 3 (
(6-60)2 n

N (81-60) o

n%)®—9®+

1 (81-80)* 9?8
T e-e0)io0r (18)

Value (¢, - 6,) is removed, and both sides are divided
by 1/5:
26 _ a3
T an (

It is assumed that #=¢/L. For simplicity, both sides can
be divided into &:

)(9_ °)+_ a;ez
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Both parts are discussed below. The first part is the
derivative with respect to, what can be integrated with re-
spect to 7. This is considered as a form of the derivative
of the function f(6, 5, ¢) by T". The second part can be ex-
pressed as a differential equation of the form:

(19)
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This equation can be solved depending on the specific
conditions and values. Having specific task conditions that
determine the type of function f and the initial / boundary
conditions, then it will be possible to solve this equation
and find the expression for ¢ relative to 7, 5 and ¢.

The differential equation that is obtained has a form:
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If there are additional boundary conditions, for exam-
ple, the value of a function or its derivatives for certain val-
ues 7, ¢, then these conditions must be considered when
solving the equation. This may require the use of numerical
methods or analytical methods, depending on the specific
conditions and form of the equation. Some other condi-
tions or parameters may affect the solution.

Use of the Bessel function. The solution of the tem-
perature field in a liquid jet can be represented as a series
using Bessel functions. If we assume that A, =0 in the Bes-
sel function, then the second-order Bessel function Y is
not included in the solution. Therefore, a number of the
following type is considered:

6" (n,7%) = ey An(t )Jo(Aa), (22)
where ) - roots of the equation J(2)=0,a A (z) - coeffi-
cients that depend on time. This form of the series is one
of the possible ones, and it uses the Bessel function of the
first kind J. This form of the series looks like a Fourier se-
ries for the function ¢ of  and ", where ], - Bessel function
of the first kind; 4 - roots of the equation J(2,)=0; A (') -
coefficients that may depend on time 7. This series can be
used to decompose a function ¢ as an infinite sum. Each
term in this series has the form A ('), J (“nn). Bessel func-
tions are used to represent various types of quantities, such
as temperature distribution, etc.

To solve the equation, it is necessary to use the prop-
erties of Bessel functions and consider the conditions of
the problem for determining the coefficients A (z'). There
is an indefinite number of terms in a series (from n=1 to
infinity), and these coefficients should be determined ac-
cording to the problem. Usually, for such problems, or-
thogonal properties of Bessel functions and normalisation
methods are used to determine the coefficients of a series.
This includes integral transformations, solving systems
of differential equations, or using boundary conditions.
The use of orthogonal properties of Bessel functions and

normalisation methods for determining coefficients A (r")
in the Fourier series for the function ¢ is considered,
which has a form 0°(y, 7°)=3=_ A (7] (4,1). Orthogonality
of Bessel functions of the first kind ], used as an integral
fOL 0 ( Amn)Jo (A, Mndn = Smn %, where 3 - a Kroneck-
er symbol that is equal to 1 if m=n, and 0 in other cas-
es. Now this orthogonality can be used to find the coeffi-
cients A (7). Both sides of the equation are multiplied by
J,(2man)n and integrated from 0 to L:

Jy' 8 (0. T))o (A 1) ndn =

=32 AT [ To@un) - Jomm)ndn.  (23)
According to the orthogonality of Bessel functions, the
right-hand side becomes: 2§=1W =A, (T L; Now
it remains to express A (77) as an integral of the expression
0 (i, )] (Ann)n from O to L:

Am(T*) £ = [} 0° (0, T)O@mmydny.  (24)

This integral equation (18) can help find the coeffi-
cients A (77) in the problem. It is necessary to use boundary
conditions or other properties of the problem to determine
the specific form and values of these coefficients. In addi-
tion, there is a time dependence a(z), which can be entered
into the equation for the coefficients A (77), considering
the relevant conditions of the task. It is necessary to pro-
vide that the exact type of solution may depend on the
specific conditions of the problem and additional details of
the model. Certain specific data from the conducted experi-
ments allow making calculations and analysis. To continue,
when applying the theory of heat transfer, the dimension-
less heat conduction equation can be used to define certain
dimensionless numbers, such as the Biot and Nusselt num-
bers. A characteristic temperature difference AT =T/ - T0
can be determined, where T4 — temperature of the jet at the
nozzle outlet. The defined Biot number (Bi) indicates the
ratio of internal thermal conductivity to external convec-
tion: Bi=aR /4 where a - heat transfer coefficient; 1 - coef-
ficient of thermal conductivity of the liquid.

Example of analysis. Dimensionless numbers based
on the parameters must be found. It was found wheth-
er it is possible to obtain certain conclusions about heat
transfer from the nozzle. Preset parameters: nozzle diam-
eter: d=6 mm=0.006 m; water velocity at the nozzle out-
let — w,=0.115 m/s (minimum value); Reynolds numbers:
Re = wy/dv = 0.115x0.006/v (minimum value). The Casey
and Prandt]l numbers 5.5 are also provided. Now, using the
specified values, dimensionless numbers can be calculated.
The Biot and Nusselt numbers for this calculation are very
small, which may indicate that the convection heat trans-
fer from the water nozzle may be insignificant compared to
the internal thermal conductivity.

With dimensionless numbers, it is important to con-
tinue analysing heat transfer based on their values. For
example, the effect of these numbers on the temperature
profile of the jet and other parameters can be considered.
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They can also be compared with critical values or consider
the influence of other factors. Therefore, further considera-
tion of the effect of the Biot and Nusselt numbers on the jet
temperature profile is considered from the dimensionless
thermal conductivity equation introduced earlier (14).

There are two important dimensionless quantities: the
Biot number (Bi) and the Nusselt number (Nu), which de-
scribe the relationship between convection heat transfer
and internal thermal conductivity. Next, their impact was
determined. If Bi is very small (close to zero), this indi-
cates that convection heat transfer is dominant, and heat
transfer occurs quickly compared to internal heat conduc-
tion. If Bi is large, then internal heat transfer dominates,
and convection has less effect on the temperature profile.
Large values of Nu indicate a large influence of convection
on heat transfer, while small ones may indicate the impor-
tance of internal thermal conductivity. Given a laminar
water jet characterised by smooth fluid movement, inter-
nal thermal conductivity and convection usually work si-
multaneously and are important for heat transfer. Heat is
transferred through the inner layer of the liquid (thermal
conductivity), and through the movement of the liquid
mass (convection). Figure 5 shows data for comparing ex-
perimental and calculated heat transfer during local brak-
ing of the outgoing jet from the pipe and nozzle.

100+

10 7

10> 10° 10°

Figure 5. Heat transfer during local braking
of the flowing jet
Note: 1 - pipe jet, 2 — nozzle jet
Source: compiled by the authors

Studies have shown that local heat transfer in the
outgoing jet depends not only on similarity criteria (Re,
Pr, h/d, Nu), but also on the characteristics of the meth-
od of forming the jet when it flows out of the nozzle, pipe
and hole. There is also consistency in the calculation for
laminar and turbulent flow modes. Especially in the area
of laminar-turbulent transition, which will allow consider-
ing heat transfer in more detail. The Nusselt number (Nu),
describing the degree of convective heat transfer based on
the correlation for the heat flow from the cylinder or nozzle
(Sherwood number) for the output heat flow from the cyl-
inder has the expression:

Nu=0.3+0.62-Re0.5-
-Pr1/3/(1 + 0.4-Pr2/3)1/4(1 + (Re/282000)5/8)4/5, (25)

A. Derkach et al.

where Re = w0Od/v — Reynolds number, Pr = v/a — Prandtl
number.

With this in mind, numerical calculations can be per-
formed for specific values of the Biot and Nusselt numbers,
or general conclusions can be drawn about the effect of
these numbers on the jet temperature profile. In a turbu-
lent jet, there may be a displacement of the thermal front
or thermal layers, since turbulent vortices and currents
can cause nonlinear effects. In addition, vortices can occur
in a turbulent jet that separate the “hot” and “cold” lay-
ers of liquid, which can affect the efficiency of convective
heat transfer. Thus, in both modes, both local heat transfer
through the inner layer and convection can be observed,
which is determined by the mass of the moving liquid.

Given the turbulent flow, simplified correlations for
heat flow can be used. One such correlation for turbulent
flow through a cylindrical body (such as a nozzle) is the
Duque-Hunt correlation (Baldino et al., 2014):

N, =0.3+0.62Re0.5-
-Pr1/3/(1+0.4-Pr2/3)1/4 (1+(Re/282000)5/8)4/5, (26)

where N - Nusselt number for cylinder (nozzle), Re -
Reynolds number, Pr - Prendtl number. This correlation is
calculated for the turbulent flow regime, that is, for large
values of the Reynolds number, since the jet under study
belongs to high velocities. Knowing N , determined by the
heat transfer coefficient a using the equation:

a=2-N, /R, (27)
where A - coefficient of thermal conductivity of the liquid.
Therefore, for specific conditions, it is necessary to deter-
mine the value of the Reynolds number and the Prandtl
number for a turbulent flow, and then calculate the heat
transfer coefficient a and then use it to analyse the thermal
profile of the water jet. Longitudinal component of speed
w,_ does not change either in cross-section or length of the
jet and is equal to the initial outflow velocity w,. In reality,
the nozzle has a finite length and the flow undergoes par-
tial stabilisation. At the nozzle outlet, the dynamic bound-
ary conditions change, which should lead to a change in
the distribution of the jet over the jet cross-section. In ad-
dition, at low outflow velocities, the acceleration of the jet
under the influence of gravity can have an impact.

From the standpoint of the latest research on the mo-
tion of liquids, there is no single mechanism for the decay of
jets. It all depends on various factors, such as the volume of
liquid and other various parameters. The paper by M.I. Gor-
biychuk et al. (2021) described variants of liquid jet decay
due to capillary instability under various conditions. An ex-
ample is forced capillary decay of a jet or Kelvin-Helmholtz
instability. The decay of liquid jets and the occurrence of
instabilities in these situations are completely different. In
the first case, the main cause is the influence of capillary
forces, while in the second case, the gradient of the fluid
velocity in the jet plays a key role. The latter mechanism
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becomes dominant at high jet speeds, especially if there is
a gap in speed between the jet itself and its environment.

The decay of liquid jets under the action of capillary
forces in the stability of the system depends on an increase
or decrease in the potential energy of the system, which is
not minimal for such a geometric configuration, as noted
by A. Lugovskoy & A. Lyashok (2019). This is defined as an
instability problem, and the cylindrical shape of a liquid jet
cannot exist in nature without breaking down into small-
er spherical volumes. This decay into spherical volumes (a
process known as Reynolds instability) is typical of liquid
systems and arises from the system’s desire to reduce its
potential energy. This can lead to the development of drop-
lets or other more stable forms. Their disintegration does
not require strong external influence.

The study by V. Suvolapov et al. (2020) explains that
the phenomenon of instability of a liquid cylindrical body
is caused by the surface tension force (the potential ener-
gy of a liquid cylinder and droplets). It is determined by
the surface energy (capillary forces) formed in the pres-
ence of a phase interface. Their action leads to intensive
development of capillary waves. Therefore, there is a local
reduction in the jet diameters relative to the initial value
with a corresponding displacement of the liquid to form a
jet expansion. Accordingly, it alternates between compres-
sion and swelling. Areas of reduced diameter are gradually
stretched in length and torn to form droplets.

There is another theory of jet instability, which was
expressed by I. Nochnichenko & O. Yakhno (2020). In
their opinion, surface elastic vibrations of jets can occur,
but they will always have a fading character along the jet.
Therefore, the decay of the jet can only occur in the place
where such fluctuations occur. The sequence of alternating
constrictions and expansions along the jet is explained not
by elastic vibrations, but by Laplace forces, which have a
constant direction. Fluid from the place of narrowing nec-
essarily flows to the places of expansion, and this process is
irreversible, since Laplace forces act in one direction. Thus,
a narrowing that occurs at a certain intersection will only
contract, while an expansion will only expand. Each nar-
rowing will necessarily affect the formation of a series of
extensions by squeezing the liquid there, and each expan-
sion, in turn, will cause a narrowing due to a symmetrical
distribution of forces. A sequential chain of constrictions
and extensions is formed along the jet.

Therefore, the nature of the influence of the flow rate
on the heat transfer coefficient during the interaction of
liquids in the sprayed layer depends on the difference in
the heat flow value. G. Kosmadakis (2019) noted that with a
small heat flow, the heat transfer coefficient is completely
determined by flow conditions and practically independent
of q. Free-flow heat transfer occurs due to the difference
in the density of heated and cold layers. In this case, the
intensity of heat transfer depends on the parameters of the
channel in space relative to gravity. In addition, the nature
of free convection is affected by the conditions in which
the flow occurs: in an unlimited space or in a limited vol-

ume. This is a typical situation for free convection, when
a thermal disturbance causes a liquid or gas to move, and
the flow mode can change depending on the conditions and
parameters of the system.

In papers by A.P. Vragov (2003) and A.P. Vragov et
al. (2008) reported that in the initial sections of the chan-
nel, the flow structure corresponds to the phase separation
model proposed by Lockhart and Martinelli. This mod-
el treats the liquid as two separate phases separated by a
clear interface. Features of this model are shown in how
they affect the phase distribution in the liquid jet. In this
model, a characteristic phase distribution profile is defined
at the initial channel segments, which may vary depending
on specific parameters and flow conditions. In particular,
the interaction of liquids along the interface is important,
which can be determined by the design parameters of the
equipment. The importance of the model in the analysis and
explanation of flow dynamics at the initial stages is high-
lighted since it considers the features of phase interaction
and jet structure. Consideration of these aspects is impor-
tant in the context of understanding thermal mass transfer,
diffusion, and other physical phenomena in flow systems.
Therefore, the Lockhart-Martinelli model helps to reveal
more deeply the features of the operation of fluid flows at
the initial stages of their movement through the channel.

CONCLUSIONS

As a result of the experiments, the length of the continu-
ous water jet that can be produced by the nozzle was deter-
mined depending on various factors. These studies allowed
the authors to more accurately determine the technical
capabilities of this process and develop a way to control
the water supply during the mixing of thermal potentials.
A mathematical model was developed that describes the
length of a continuous jet of water coming out of the noz-
zle and, accordingly, the adequacy of this model is checked
using the Fisher’s optimisation criterion To control the wa-
ter supply process in accordance with the required distance
to the centre of the nozzle, a step-by-step method has been
developed. This method allows gradually increasing or de-
creasing the length of a continuous jet of water through
the nozzle.

Temperature changes in the heat exchangers depend
on several factors, including the specific heat transfer con-
ditions, the characteristics of the system, and the devices
used to generate the heat flow. Some of the key factors that
can influence temperature changes include:

O thermal conditions: temperature of the medium
with which the heat transfer takes place and the tempera-
ture of the walls that carry out the heat transfer;

O heat transfer characteristics: heat transfer area and type
of heat transfer (convection, condensation, evaporation, etc.);

O physical properties of the working medium: heat ca-
pacity and thermal conductivity of the working medium;

O characteristics of heat flow generating devices:
heat output of devices and types of heat generators (heat
pumps, heating elements, solar collectors, etc.);
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O flow mode: laminar or turbulent flow mode;

O geometry of the heat exchanger: shape and dimen-
sions of the nozzle and equipment.

These factors interact with each other, and their im-
pact can be complex and contextual. When designing and

A. Derkach et al.

exchangers and reduce energy consumption, or to the
development of more accurate mathematical models and
simulation methods for analysing the dynamics of heat
transfer in liquids to predict and control this process in
real time.

operating heat exchangers, it is important to consider all
these aspects to achieve optimal efficiency and meet the
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A. Derkach et al.

MOTEHIIiaJIOM, & TAKOXX BMBYEHHSI BIUIMBY KOHCTPYKTUBHMX (GAKTOPIB HA iIHTEHCUBHICTH i eDeKTUBHICTb CTPyMEHSI TIOTOKY.
BuKopuCTaHO eKcIiepuMeHTaabHi MeTOIM /i1 BU3HAUEHHSI IiApoAMHAMIYHMX Ta MaCOTEeIIOOOMiHHUX MMapaMeTpiB
MpolLecy 3MilllyBaHHS PiiMH, @ TAKOK MOJETIOBAHHS IJIs1 aHaTi3y BIUTMBY KOHCTPYKTUBHMX (HAKTOPiB Ta pO3pOOKMU
HAYKOBO OOGIPYHTOBAHOI METOAMKM PO3PaxXyHKy HOBUX KOHCTPYKIIiif armapartiB. OTpMMaHo Miaxif, SKuit 103BoIsE
BUPILIMTHK ABi TPO6IE€MY OLHOYACHO: 3MEHIINTY BUTPATH HA eHeproHOoCii MIIIXoM iXHbOI paljioHaaAbHOI eKcIruTyaTarii
Ta 3MEHUIUTU 3a6pyLHEeHHS] HaBKOIUIIIHbOTO CepefOBUILa, YHUKHYBIIN MKiIAMBUX BUKMUIB, SIKi BUHUKAIOTb ITiJI yac
3ropaHHs nanusa. [logaHo omnuc QyHKITIOHATBHOI CXeMI eKCIIepUMEeHTaIbHOTO CTeHY, HaBeJJeHO MeTOLMKY MTPOBeeHHS
JNOCITiKEeHHS Ta IPOBeJeHO CTaTUCTUUHE MO/ e/I0BaHHS BIUIMBY [1apaMeTpiB Ha JOBXMHY CTpyMeHs pigvunu. HaBegeHo
IOCTiIKeHHST eHeproedeKTUBHOCTI ITOYaTKOBOI CTalii B3aeMO/ii TelIOBUX MOTEHIiaiB TPy YTBOPEHHI CTPyMeHSI pigyHu
B peKyIlepaTMBHOMY TeIUIOOOMIiHHMKY 3MilIaHoi Aii aJis 3ab6e3mneueHHs] yMOB 36epiraHHsi Ta repeMilleHHs TTOTeHIliany
repes HacaJkolo. 3alIpOIIOHOBAHO MaTeMaTUUYHY MOZe/b OMMCY AOBXMHY CYLIJIbHOTO CTPYMEHS BOAY IIPU BUTiKaHHI
i3 comuia Ta IpOBeJleHO aHalli3 JaMiHapHOI Teuii pifguHM i3 comia. BcTaHOB/IEHO NOBXUHY CYLiIbBHOTO CTPyMeHS BOAY
MIpM BUTiKaHHI i3 corvia Ta BU3HAUEHO TeXHIUHi MOKJIMBOCTI Ipoliecy. BusHaueHO eeKTUBHICTb BCTAHOBJIEHHS COTLIA
repe] HacaJKoIo JJIs1 CTBOPEHHS TypOYJI€eHTHOTO 3MilllyBaHHSI Ta CITOCIO YIIpaBJIiHHS ITOIau€et0 BOAM ITiJT Yac 3MilllyBaHHS
TEIUIOBMX MTOTeHIiamiB. [IJis yIipaB/IiHHS MPOIecoM I0Jaui BOAY po3po6IeHO TOKPOKOBUI METOI, 110 A03BOJISIE TOETAITHO
361/bLIYBaTV 60 3MEHIIyBaTH JOBKMHY CYLIJIbBHOTO CTPYMEHS BOAM Uepe3 COIIo. Pe3ynbTaTu LOCTiIKeHHS Ha1al0Th
MOSKJIMBICTD ONTUMIi3allii TeNI0060MiHHMX arnapaTiB Ta 3MilllyBaJbHUX MAILIWH IJIS MMiIBUIIEHHS IXHbOI e(heKTUBHOCTI
Ta NPOAYKTMUBHOCTI

Knio4oBi cfioBa: corio; CyIiIbHUII CTPYMiHb; €KCIIEPMMEHT; NOBXKMHA IMOJadyi CTPYMEHS; KePYBaHHS JOBKUHOIO
1ojiavi CTpyMeHst
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