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THE ORGANIZATION OF IRON ORE AGGLOMERATE
AND PELLETS PRODUCTION WITH REDUCED
ENVIRONMENTAL IMPACT

Boiko M. M., Petrenko V. O.

INTRODUCTION

In 2022, steel production amounted to 1.878 million tons, and according
to the recorded demand?, it is expected to continue growing in the near future.
At the same time, the rising cost of traditional energy resources and their
negative impact on the environment are leading to an increase in the use of
renewable energy sources worldwide. The use of biomass to generate energy
using modern technologies is environmentally safer compared to the energy
utilization of traditional organic resources like coal. An important aspect is
that transitioning from fossil fuel-based energy sources to renewable sources
will be more efficient by utilizing local resources and existing infrastructure.

One of the most promising types of renewable energy sources is biomass,
which ranks fourth among fuels in significance. Biomass is the only form of
energy in nature that contains carbon reserves in a sufficiently large quantity
to effectively use it as a substitute for fossil fuels. Annually, biomass provides
about 2 billion tons of equivalent fuel, accounting for approximately 14% of
the total primary energy consumption in the world (up to 50-80% in some
countries). In the EU’s energy plans, there is a goal to increase the share of
energy produced from renewable energy sources in gross final energy
consumption to 20% by 2020, including 14% from biomass. By 2030, this
figure is expected to reach 27%?2.

According to the estimation of the Bioenergy Association of Ukraine, as
of 2015, the total potential of energy from biomass was 20.2 million tons. The
main components of this potential include agricultural by-products (straw
from cereals and rapeseed, corn stalks, sunflower stalks, etc.) — 37.6%, and
energy crops (willow, poplar, miscanthus) — 39 % 2. However, according to
the State Statistics Service of Ukraine, in 2015, the overall supply of primary
energy from biomass was only 2.2%. Therefore, finding ways to increase the
share of biomass utilization is a relevant task. A significant reserve for

! December 2022 crude steel production and 2022 global crude steel production totals.
World Steel Association AISBL

2 Heletukha H., Zheliezna T. Bioenerhetyka zamist hazu. Ekonomichna pravda

3 Praktychnyi posibnyk z vykorystannia biomasy v yakosti palyva u munitsypalnomu
sektori Ukrainy (dlia predstavnykiv ahropromyslovoho kompleksu). Ahentstvo z
vidnovliuvalnoi enerhetyky. Kyiv, 2017. S. 16-17.



increasing the use of energy from biomass is concentrated in industries that
are major consumers of energy resources. Metallurgy is one of such industries.

1. Analysis of the potential use of fuel biomass
in the production of iron ore agglomerate

Specialized scientific laboratories around the world have been actively
studying the use of biomass instead of fossil fuels in various metallurgical
processes over the past decade. The ways of utilizing biomass and its
derivatives in metallurgy are detailed in the research® It has been
demonstrated that the utilization of biomass in metallurgical production is
complex in terms of scientific, technological, and economic considerations
and requires both theoretical and experimental research.

A significant amount of research has been conducted on the efficiency of
using biomass in the agglomeration process of iron ore. The study®
meticulously investigates the use of sunflower seed husks as additional fuel in
the sintering of iron ore. It has been determined that during sintering, with the
involvement of sunflower seed husks, replacing 10% of coke breeze does not
result in significant changes in combustion characteristics during the sintering
of iron ore or in the quality of the produced agglomerate.

The use of wood charcoal instead of some portion of coke or coal during
the sintering of iron ore increases the combustion rate. The level of increase
depends on the type of initial biomass and its proportion in the fuel
composition. The effectiveness of adding wood charcoal decreases in the
following order: straw > wood > peat. Additionally, adding biomass reduces
the maximum temperature of the sintering material layer, the time required to
reach the maximum sintering temperature, and widens the temperature range
of sintering. It is also noted that changes in combustion conditions and
gasification rates when using biomass do not contribute to the formation of
liquid calcium ferrite. This leads to a decrease in the strength of the
agglomerate due to a lower proportion of calcium ferrite in the mineralogical
structure of the agglomerate®. Similar findings are reported by the authors of

4 Suopajérvi H., Kemppainen A., Haapakangas J., Fabritius T. Extensive review of the
opportunities to use biomass-based fuels in iron and steelmaking processes. Journal of
Cleaner Production. 2017. V. 148. P. 714-716.

500i T. Ch,, Aries E., Ewan B.C.R., Thompson D., Anderson D.R., Fisher R., Fray T.,
Tognarelli D. The study of sunflower seed husks as a fuel in the iron ore sintering process.
Minerals Engineering. 2008. V. 21. P. 177.

& Gan, M., Fan, Xh., Jiang, T. Fundamental study on iron ore sintering new process of
flue gas recirculation together with using biochar as fuel. Journal of Central South
University. 2014. 21. P. 4114,
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another study’, who note that regardless of the type and quantity of biomass
used in the sintering process, the output of agglomerate and its strength
decrease. Possible mechanisms for adjusting the sintering process may
involve changes in the particle size and quantity of biomass, the amount of air
drawn in, and the properties of the biomass.

It is known that iron ore sintering is a source of a large number of harmful
emissions — CO, CO,, SO,, NOy and organic compounds 8. It has been found
that the addition of sunflower seed husk reduces the formation of 2,3,7,8-
polychlorinated dibenzoparadioxin and polychlorinated dibenzofuran by
about 10 % — from 1 ng/nm?® to 0.91 ng/nm3 °. When 20 % of coke was
replaced with charcoal, dioxin emissions were reduced by about 33 %. Studies
have shown that the use of charcoal derived from straw and sawdust in the
amount of 40, 20 and 15 wt.%, reduces SO, emissions by 38 %, 32 % and
43 %, respectively, and NOy emissions by 27 %, 18 % and 31 %, respectively.
Thus, the use of biomass can reduce the consumption of fossil fuels and reduce
emissions. However, the negative effect of replacing coke with biomass is an
increase in the CO content of sinter gas. The CO concentration in the gas
increases from 2.07 to 2.85-3.11 vol. % for different types of biomass and
from 3.0 to 5.0 vol. % when using different types of charcoal in the studies *°.
This problem can be solved by changing the amount of air that enters the fuel
combustion zone.

Of particular note is that the use of biomass in metallurgy will reduce CO,
emissions. This effect is particularly important in terms of the impact of
metallurgical processes on climate change'’.

The report of the European Commission’s Research Fund for Coal and
Steel on the use of alternative carbon materials in iron ore sintering deserves
special attention'?. Blast furnace dust and slag, petroleum coke, anthracite,
sunflower husks and olive pits were used as alternative fuels. As for the studies
with biomass, its grinding to a size smaller than the optimal size of coke fines

”Wei R., Zhang L., Cang D., Li J., Li X., Xu C.C. Current status and potential of
biomass utilization in ferrous metallurgical industry. Renewable and Sustainable Energy
Reviews. 2017. V. 68. P. 524.

8 Mok Y.S., Nam I. Positive pulsed corona discharge process for simultaneous removal of
SOz and NOx from iron-ore sintering flue gas. IEEE Trans Plasma Sci. 1999. V. 27. P. 1188.

90oi T. Ch,, Aries E., Ewan B.C.R., Thompson D., Anderson D.R., Fisher R., Fray T.,
Tognarelli D. The study of sunflower seed husks as a fuel in the iron ore sintering process
Minerals Engineering. 2008. V. 21. P. 177.

10 Kawaguchi T., Hara M. Utilization of biomass for iron ore sintering. 1SI1J
International. 2013. V. 53. Ne 9. P. 1606.

11 Norgate T., Haque N., Somerville M., Jahanshahi S. Biomass as a Source of Renewable
Carbon for Iron and Steelmaking. ISIJ International. 2012. Vol. 52. Ne 8. P. 1481.

12 European Commission. EUR 25151 — Alternate carbon sources for sintering of iron
ore (Acasos). Research Fund for Coal and Steel. Final report. Luxembourg: Publications
Office of the European Union. 2013, 8 p.
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contributed to the improvement of sintering temperature parameters, although
the process performance and sinter quality were lower than when using non-
coke fines. The main advantage of using biomass is the reduction of SO,
emissions and improvement of the CO; balance.

Based on the literature analysis, it seems relevant to study practical
approaches to the use of renewable raw materials as a fuel for iron ore
sintering. In accordance with this, the goal was formulated and the main
research objectives were defined.

The aim of the study is to experimentally investigate the impact of
alternative fuels based on plant biomass on the iron ore sintering process and
the quality of the resulting sinter. The main objectives of the study were:

— to investigate the impact of using different types of biofuels on the
sintering process and sinter quality by conducting experimental studies using
biomass alone as a fuel and in a mixture with coke fines;

— to analyse the differences in the sintering process using biomass
compared to traditional fuels such as coke fines and anthracite.

The following materials were used for the study: iron ore, iron ore
concentrate, coke fines, common limestone, lime, anthracite, walnut shells,
sunflower seed husks and charcoal.

The chemical composition of the charge materials is shown in Table 1.
Table 2 shows the technical analysis of the fuels used in the research.

Table 1
Chemical composition of charge materials
Content, %

Materials Feor | FeO | Fe0s | Sio. | ALOs | cao | mgo | ror | Oter

oxides
Iron ore 6588 | 2827 | 6271 | 644 | 030 | 017 | 026 | 185
concentrate
Iron ore 5775 | 1,76 | 8054 | 1271 | 160 | 172 | 062 | 182 0,47
Common 0,28 - 0,40 15 056 | 485 | 092 | 4356
limestone
Lime 12,66 - 1809 | 18 | 2661 | 868 | 1,40

Biomass is characterised by a high content of volatile substances, but low
ash content and almost no sulphur. The highest content of non-volatile carbon
is noteworthy for charcoal.

The composition of the sintering charge for each sample was calculated
individually. The calculation was based on an agglomerate basicity of 1.40.
The return flow rate was 25%. The content of iron ore concentrate in the
charge was 68%, ore 15%, lime 2%, limestone 15%, and fuel consumption
was calculated based on a 6% non-volatile carbon content.




Technical analysis of charge materials

Table 2

o Volatile Total Non_-

Materials Humidity, | Ash content, matter sulphur volatile

W2, % AY % outcome, sd o | carbon

V9% 570 Cc 9%
Coke fines 15,1 15,3 15 1,2 82,0
Anthracite 2,0 12,2 8,7 1,8 77,3
Charcoal 3.3 3.7 12,5 - 83,8
Walnut shells 7,2 0,3 75,6 0,2 23,9
Sunflower seed hulls 8,0 2,6 73,0 - 24,4

According to the charge calculation, the materials were weighed, mixed,
moistened, mixed again and pelletized in a drum-type pelletiser. The water
consumption for each sintering when using coke fines was 7%, while for other
sinterings the water consumption varied depending on the moisture content of
the raw materials.

The pelletized charge was loaded into a bowl with a grate on which a bed
of sinter of 5-10 mm fraction was laid in advance.

A schematic diagram of the sintering unit is shown in Figure 1.

Sintering was carried out in the following sequence. The initial vacuum
under the grate was set to 500 mm H-0. It should be noted that not in all cases
sintering could be started exactly at the specified vacuum. This is due to
significant fluctuations in the gas permeability of the charge column when
using different types of fuel. Next, the charge fuel was ignited for 60 seconds
to start the sintering process, with an ignition temperature of 1250°C.

Fig. 1. Schematic diagram of the iron ore sintering plant:
1 —sintering bowl; 2 — ignition horn; 3 — exhauster;
4 — grate; 5 — vacuum chamber; 6 — thermocouple (type R); 7 —
temperature indicator; 8 — vacuum gauge; 9 — valve for vacuum control
in the vacuum chamber



Sintering was carried out in the following sequence. The initial vacuum
under the grate was set to 500 mm H>O. It should be noted that not in all cases
sintering could be started exactly at the specified vacuum. This is due to
significant fluctuations in the gas permeability of the charge column when
using different types of fuel. Then, for 60 seconds, the charge fuel was ignited
to start the sintering process, the ignition temperature was 1250°C.

During the sintering process, the temperature of the exhaust gases and the
discharge under the grate were monitored. These indicators were recorded
every minute. Sintering was completed when the temperature of the exhaust
gases reached a maximum and began to decrease.

After the sintering process was completed, the finished sinter was tested.
The impact strength was determined as a percentage of the sinter fraction after
a destructive load of more than 5 mm. The specific productivity of the
sintering process was also calculated.

Based on the sintering results, the values of the main indicators of the
sintering process, sinter quality and specific productivity of the sinter plant
were calculated. The key technical and economic indicators of the sintering
process using biomaterials are shown in Table 3.

Table 3
Key indicators of the agglomeration process
Indicators
Biomaterial Type of Sintering Oﬂggglteof Specific Impact
content fuel speed, aaglomera | ca acFi)t t/m2h | Strengt
mm/min g%e % pacity, h, %
- Coke 30,5 70,4 1,76 92
100% Biofuel Charcoal 22,9 35,8 0,58 435
. Walnut
100% Biofuel shells 30,5 24,2 0,406 25
1009 Biofuel | SUPflower 275 14,4 0,12 *
75% Coke +
25% Biofuel Charcoal 30,5 61,9 1,42 88,5
75% Coke + Walnut
25% Biofuel shells 34,375 46,7 1,087 555
75% Coke + Sunflower *
25% Biofuel husks 916 36,1 0.13
50% Coke +
50% Biofuel Charcoal 32,3 63,9 1,552 87
50% Coke + Walnut
50% Biofuel shells 392 629 1,791 945
50% Coke + Sunflower
50% Biofuel husks 68,75 212 0.825 "
25% Coke +
75% Biofuel Charcoal 42,3 55,1 1,52 71,5
25% Coke + Walnut
75% Biofuel shells 305 23 0,426 "
25% Coke + Sunflower
75% Biofuel husks 61,1 9.9 0173 "




The addition of biomaterials to the sinter charge improves the gas
permeability of the sinter layer. Biomaterial particles are located between the
charge granules and increase the open porosity of the layer.

Considering the effect of different types of solid fuels on the outcome of a
suitable agglomerate, significant fluctuations are observed from 10 to 75 %.
The lowest values are achieved when using Sunflower husks and charcoal.
This can be explained by a decrease in the bulk density of biomaterials, which
results in a sponge-like structure that produces a large amount of fines when
crushed. The results of measuring the bulk density of biomaterials in
comparison with anthracite and coke are shown in Table 4.

Table 4
Bulk density of biomaterials and fuels

Type of biomass Bulk density, kg/m®
Sunflower husk 180-210
Walnut shell 350-400
Charcoal 200-250
Coke fines 300-350
Anthracite 600-700

The minimum values of bulk weight correspond to sunflower husk and
charcoal 180-210 kg/m® and 200-250 kg/m®. They also correspond to the
minimum values of the outcome of usable agglomerate. In general, it should
be noted that the addition of biomaterials in an amount exceeding 50 %
significantly reduces the output of usable agglomerate.

The vertical sintering rate increases dramatically when using Sunflower
husks. At the same time, the maximum temperature of the exhaust gases was
200-280 °C. This indicates a low temperature and thermal regime of the
sintering process. This is due to the shorter burning time of biomaterial
particles compared to coke and anthracite particles. The study ** examined
the change in the combustion time of anthracite and coke particles depending
on their size. The authors point out that for the standard size of fuel particles
during agglomeration, the combustion time of coke fines is 48-52 s, and that
of anthracite is 72-76 s. However, for sunflower husk particles up to 3 mm in
size, the combustion time is up to 40 s. This does not allow to ensure the
required temperature level of agglomeration and the proper time for the charge
to stay in the temperature zone sufficient for the sintering process.

As a result of the lower temperature level of the process, the amount of
primary ore in the heat has increased, which leads to a decrease in the content
of hematite formed during the secondary oxidation of magnetite.

13 Zhang X., Zhong Q., Liu C., Rao M., Peng Z., Li G., Jiang T. Partial substitution of
anthracite for coke breeze in iron ore sintering. Scientifc Reports. 2021. 11:1540.



It should be noted that the low combustibility of anthracite resulted in
incomplete fuel consumption during sintering: the amount of residual carbon
in the heat was up to 10% of the initial content in the charge.

The specific productivity of the sinter plant depends on the outcome of
suitable and vertical sintering rate. Thus, it can be seen that despite the
increase in the vertical sintering speed, the addition of biomaterials reduces
the vertical specific productivity by reducing the outcome of usable sinter. The
maximum content of biomaterials can be called 25 % for charcoal and 50 %
for walnut shells. When using sunflower husks, it was not possible to obtain
an acceptable specific productivity of the sintering process with 25 % or more.
Therefore, this biomaterial requires preliminary preparation to be used in the
sintering of iron ore.

It can be seen that the use of more than 25 % charcoal and more than 50 %
walnut shells in the fuel leads to a sharp deterioration in impact strength. This
is due to an increase in the porosity of the sinter. It should be noted that in the
course of the study, due to the very low yield, the amount of agglomerate used
when using sunflower husks was insufficient for the strength test.

Thus, based on the results of an experimental study of the impact of
alternative fuels based on plant biomass on the iron ore sintering process and
the quality of the resulting sinter, it was found that charcoal can be used in an
amount of up to 25 % while maintaining the sintering performance at an
acceptable level, and walnut shells — up to 50 %. The use of sunflower seed
husks is possible with preliminary preparation of the material, such as
reducing the bulk weight, for example, by pressing.

To further improve the technological performance of agglomeration when
using biomaterials as fuel, it is necessary to conduct research on the use of
various pre-treatment methods. Another possible way to improve the
agglomeration technology using biomaterials is to use separate pelletising
methods.

2. Iron ore pellets production with partial replacement
of natural gas with biomaterials

Currently, over 99% of industrial iron ore pellets are produced by high-
temperature processing in roasting facilities. The most widely used industrial
processes for roasting pellets are the conveyor machine and the grate-tube
furnace-cooler unit. The global pellet production accounts for about 60% of
the world’s pellets produced by conveyor machines and 40% by the grate-tube
furnace-cooler. Both schemes are used to produce high-quality pellets for blast
furnaces and pellets for direct reduction .

14 Kovalov D.A., Vaniukova N.D., Ivashchenko V.P. Yaholnyk M.V., Boiko M.M. Fizyko-
khimichni protsesy vyrobnytstva okuskovanoi syrovyny. Ch. 1. Teoretychni osnovy ohrudkuvannia
zalizorudnykh materialiv: Konspekt lektsii. Dnipropetrovsk NMetAU, 2007. 17 s.
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Firing in a rotary kiln produces pellets with more uniform properties. The
movement in the furnace causes the pellets to be mixed during heating, and
their firing temperature becomes more uniform. The use of fuel in this case is
more flexible compared to a conveyor machine. In addition to gaseous and
liquid fuels, solid fuels such as coal and biomaterials can also be used. This is
of particular interest in regions with cheap solid fuels.

Faced with climate change and societal impacts from emissions of harmful
pollutants, the steel industry is increasingly shifting its focus towards more
sustainable and environmentally conscious production methods °. In the
search for ways to reduce CO, emissions, the use of biomass in metallurgy as
a fuel and reducing agent in the pelletising of iron ore raw materials is
considered promising?®.

The possibility of partial substitution of fossil fuels during pellet firing
with pyrolysed oil, wood pellets, and charcoal pellets was investigated. It was
found that for conveyor roasting machines, the replacement of fossil fuels with
biofuels is problematic due to changes in the temperature profile of pellets
heating during roasting. For the grate-tube furnace-cooler system, it is
possible to partially replace fossil fuels with the above biomaterials without
significantly changing the process parameters'’.

Various methods of biomass gasification as a substitute for natural gas in
the production of pelletised feedstock were evaluated. All the gasification
processes evaluated were determined to be economically feasible for full
substitution of natural gas, with the exception of the biosynthetic natural gas
production process'®.

The paper considers the possibilities of producing partially metallised iron
ore pellets containing carbon using agricultural waste. It is established that the
use of biomass as a reducing agent for the partial reduction of iron oxides is
an attractive method of metallisation and also contributes to the reduction of
CO; emissions*®.

15 Kieush L., Yaholnyk M., Boyko M., Koveria A., lhnatenko V. Study of Biomass
Utilization in the Iron Ore Sintering. Acta Metallurgica Slovaca, 2019. Vol. 25. P. 55.

16 Lina Kieush, Maksym Boyko, Andrii Koveria, Maksym Yaholnyk, Natalia Poliakova
Manganese Sinter Production with Wood Biomass Application. Key Engineering Materials,
2020. Vol. 844. P. 124.

17 Henrik Wiinikka, Alexey Sepman, Yngve Ogren, Bo Lindblom, and Lars-Olof
Nordin. Combustion Evaluation of Renewable Fuels for Iron-Ore Pellet Induration. Energy
Fuels 2019, Vol. 33. P. 7829.

18 Mariana M.O.C. , Marcelo C., Esa K.V. Biomass gasification for natural gas
substitution in iron ore pelletizing plants. Renewable Energy, 2015, Vol. 81. P. 577.
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This paper analyses the efficiency of using sunflower husks as an
alternative fuel for pellet firing in a grate-tube furnace-cooler system at the
Poltava Mining and Processing Plant (Ferrexpo Poltava Mining), Ukraine.

The schematic diagram of the firing process at the grid-tubular furnace-
annular cooler installation is shown in Figure 2. Pellets are dried on the grate,
as well as pre-heating zones are located, where the maximum temperatures
are 1000-1100 © C. Pellets acquire mechanical strength during preheating to
resist destruction in a rotating kiln where they are fired. Heating is carried out
by a burner located in the discharge part of the rotary kiln.

RECOUP STREAM 2

WASTE HEAT FAN

RECOUP STREAM 3

SUPPLY FAN

COOLING FAN 2 COOLING FAN 1

Fig. 2. Grid Installation Diagram — Tubular Kiln — Ring Cooler?

The pellets are fired at a temperature of 1240-1265°C. The furnace
dimensions are 6705 mm in diameter and 45720 mm in length. After firing,
the pellets are sent to a ring cooler, where they are cooled to temperatures of
100-120°C and then transported to the finished goods warehouse via a
conveyor system.

The pellets are produced using magnetite concentrate from the
concentrator (iron content 65-67%), dolomitised limestone and bentonite. The
fuel is usually natural gas.

Sunflower husks are a safe and environmentally friendly fuel. When
burned, it releases the same amount of CO; as the natural decomposition of
the biomass used for its production.

The storage conditions are an undeniable advantage. Sunflower husks have
a low flammability, which means that they can be stored in close proximity to
heating units. Since it does not absorb moisture, its ability to release heat does
not decrease over time, which does not require special storage conditions. In
addition, this type of fuel takes up little space, is lightweight, and is easy to
transport and store.

20 Grate Kiln Pelletizing Plant. Metso
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Sunflower husk is an agricultural waste, a waste product of processing
agricultural products with different moisture content. We use raw materials
with a moisture content of up to 12%. During the first stage of cleaning,
stones, roots and other foreign objects are separated. Then the raw material is
sent by gravity to the drying and grinding section. Crushing involves grinding
the raw material into a 2-4 mm fraction using a self-priming hammer crusher
at the bottom of the unit. The raw material is then dried by rising in a hot
coolant stream to a dynamic classifier located in the upper part of the drying
and grinding unit. The dynamic classifier, the frequency of which is set from
the control panel, passes only fine and dry raw materials, while large and wet
particles of raw materials are returned down to the rotor of the unit. Thus, this
process is repeated until the required moisture content and degree of grinding
of the raw material is obtained. The output fraction is controlled by a sieve
and the size of the hammers.

Table 5 shows the requirements for biofuels and Table 6 shows the main
characteristics of sunflower husks used for calcination of iron ore pellets in
the grate-tubular Kkiln-ring cooler unit.

Table 5
The requirements for biofuels
Ne Indicator Features
1 Fraction size, mm 2-4
4 Mass fraction of moist and light substances, %. No more than 12,0
5 Ash content, %. No more than 4,0
6 Mass fraction of fat and extractive substances in | No more than 4,5
absolutely dry matter, %.
7 Calorific value, MJ/kg No more than16,89
8 Bulk density, kg/m® Up to 150
9 Mass fraction of total sulphur, % No more than 0,23
10 Mass fraction of crude fibre in terms of absolutely | From 35,0 to 60,0
dry matter, %
Table 6
Main features of sunflower husks
Features Indicators for sunflower husks
C,% 45.82 +0.08
H, % 6.32+0.02
N, % 2.61 +0.05
S, % 0.14+0.02
0, % 38.31+£0.08
Ash, % 6.81 £0.51
Combustion heat, MJ/kg 19.31+£0.13

To determine the impact of the introduction of the technology of replacing
natural gas with biofuels, two periods were compared — when the
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technological lines worked only on natural gas and the period when biofuels
were used together with natural gas. Qualitative and quantitative data of plant
operation are given in Tables 7 and 8.

In the experimental period, part of the natural gas was replaced with
sunflower husk, the consumption of natural gas was reduced by 38-60%, and
the amount of husk was added based on maintaining the required temperature
of the pellets burning and the heat flow of combustion products. The
productivity of the plant, the strength of the pellets and the iron content in
them were determined.

It can be seen that the qualitative and quantitative indicators are approximately
the same when using only natural gas and when partially replacing it with
sunflower husks, so we can conclude that during the use of biofuels, quantitative
and qualitative indicators remain normal. The specific gas consumption decreased
by almost 50% and at the same time, this does not have any effect on the pellet
production technology. At the same time, the replacement coefficient of natural
gas by sunflower husks was about 1.8 kg/m?®.

The maximum degree of replacement of natural gas by sunflower husks
reached 60%. The specified value of the degree of replacement was achieved
for conditions of low consumption of natural gas and minimum firing
temperatures. With an increase in the total consumption of natural gas, it was
possible to replace up to 38% of the gas with sunflower husk. This is due to
the fact that with a high consumption of natural gas, a large heat flow is
formed, and since the combustion rate of sunflower husks is limited, then with
a large amount of husk supplied to the burner, it does not have time to burn
completely in the flare zone and the heat flow and thermal profile of the pellets
burning changes.

Quality indicators of the rounded materials play a decisive role in the blast
furnace process and significantly affect the technical and economic
performance of blast furnace smelting.

Table 7
Process parameters of pellet production using natural gas
Natural gas specific - Iron content Strength of
Day consumgtionr,) m3/t Capacity, t/day in pellets,% pellets, Igg/pellet
1 2 3 4 5
1 11,8 7106,2 63,34 231
2 11,89 7555,7 63,44 231
3 12 7662,3 63,98 232
4 12 7926,3 63,98 236
5 12,09 7963,8 64,77 237
6 12,13 8055,5 64,82 237
7 12,14 8246,5 64,88 237
8 12,16 8721,3 65,01 237
9 12,21 8757,6 65,06 237
10 12,24 8803,1 65,07 241
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Continuation of table 7

1 2 3 4 5
11 12,24 8805,7 65,13 248
12 12,33 8826,9 65,17 249
13 12,38 8838,7 65,17 250
14 12,52 8933,6 65,17 255
15 12,96 8954,8 65,19 255
16 13,47 9033 65,2 258
17 14,07 9072,4 65,24 258
18 14,08 9115,3 65,25 258
19 14,44 9229,3 65,33 258
20 14,49 9304,2 65,37 261
21 14,61 9381,6 65,39 263
22 14,62 9420,9 65,4 264
23 14,81 9515,8 65,42 264
24 14,82 9532,7 65,46 264
25 14,89 9606,1 65,51 265
26 15,88 9620,3 65,58 265
27 16,85 9631,6 65,6 273
28 17,01 9678,3 65,66 284
29 18,31 9772,5 65,68 284
30 18,48 9790,9 65,68 285
Table 8
Technological indicators of pellet production using sunflower husk
and natural gas
Day Natural gas specific Capacity, t/day Iron content Strength of
consumption, m%/t in pellets,% pellets, kg/pellet
1 2 3 4 5
1 4,64 7262 63,19 225
2 4,85 7560,3 63,29 225
3 4,99 7980,8 63,34 226
4 5,01 8348,2 63,84 232
5 5,03 8353,3 63,98 237
6 5,45 8504,1 64,65 237
7 5,59 8640,1 64,66 237
8 5,6 8689,7 64,73 241
9 5,61 8703,1 64,77 252
10 5,67 8803,1 64,77 254
11 571 8823,6 64,81 254
12 5,78 8838,7 64,82 255
13 5,83 8889,9 64,88 258
14 5,91 8908,4 64,96 258
15 6,02 8933,3 65 261
16 6,04 8943,7 65,01 263
17 6,25 8960,8 65,1 263
18 6,34 8971,9 65,13 264
19 6,44 8972,8 65,17 264
20 6,55 9005,8 65,19 264
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Continuation of table 8

1 2 3 4 5
21 6,58 9017,8 65,33 264
22 6,86 9041,8 65,33 265
23 7,17 9059,9 65,39 265
24 7,23 9115,8 65,4 266
25 7,36 9187,1 65,42 267
26 7,74 9187,1 65,58 269
27 7,89 9210,9 65,6 273
28 8,81 9213,6 65,66 277
29 9,47 9271,6 65,68 282
30 11,01 9284,3 65,68 284

An important indicator is the content of alkali metals in iron ore materials.
Exceeding the permissible content of alkali metals in materials that are loaded
into the furnace domain per ton of cast iron causes a deterioration in the
technological process and reduces the productivity of blast furnaces?.
Increasing the content of alkaline elements by 0.1% for different operating
conditions of the blast furnace increases the specific coke consumption by 15—
60 kg/t of cast iron. It is definitely impossible to determine the permissible
content of alkali in iron ore materials, since this value depends on the melting
conditions and the content of alkali metals in other charge materials and fuels,
primarily coke?.

According to the practical experience of blast furnaces, the acceptable
limit of the amount of alkali metals, which is expressed as the sum of Na2O +
K20, depending on the blast furnace and its operating conditions, is in a wide
range from 2.5 to 8.5 kg/t of cast iron?3. An important role in this case is played
by the quality of the ore raw materials used, which affects the amount of
alkaline elements entering the primary metallurgical processes. The K,O
content in the charge for pellets can reach a value from 0.08% to 1.5%, and
the Na,O content ranges from 0.1% to 1.2%2.

The K20 content of sunflower seed ash can reach 25% 2, but it is worth
noting that there are no changes in the amount of alkaline earth metals in
pellets obtained from sunflower husks. This indicates that during the firing

21 Besta P., Samolejova A., Lenort R., Janovska K., Kuta¢ J., Sikorova A. Alkaline
Carbonates in Blast Furnace Process. Metalurgija, 2014. V. 53 Ne 4. P. 551.

22 Smallman R. E., Ngan A. H. W. Physical Metallurgy and Advanced Materials.
Butterworth-Heinemann. 2011. P. 145-146.

23 Pietsch W. Agglomeration in Industry: Occurrence and Applications. Wiley-Vch
Verlag. 2008. P. 382.

2 Reddy L. K. Principles of engineering metallurgy, New Age International. New
Delhi. 2007. P. 198.

% Ppaleckiené R., Sviklas A.M., Slinksiené R., Streimikis V. Complex Fertilizers
Produced from the Sunflower Husk Ash. Polish Journal of Environmental Studies. 2010.
V. 19(5). P. 975.
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process, compounds containing alkaline earth metals are transferred to the gas
phase. However, when the gas comes into contact with the lining of a rotary
kiln, such compounds can be deposited on refractories along with other
elements of sunflower husk ash.

Severe fuel ash deposits on the lining of a tube furnace for the production
of iron ore pellets can reduce pellet quality and production efficiency. The
initial stage of ash deposit formation is crucial for the adhesion and growth of
ash deposits on the refractories in the furnace. The study?® modelled and
experimentally investigated the peculiarities of slag deposit formation when
pulverised coal is used for pellet firing. The results showed that adhesion on
refractory bricks increases with a decrease in the combustion efficiency of
pulverised coal and this leads to an increase in the Na,O content in the
deposits, which leads to premature destruction of refractories.

However, crushed sunflower husks have a higher reactivity than coal and
their combustion efficiency in pellet firing is much higher. In addition, the ash
content in sunflower husks is up to 4%, which is significantly lower than in
coal, where its content can reach more than 12%. This minimises ash deposits
on the lining of the rotary kiln and extends its service life. No significant ash
deposits on the furnace lining were observed in the operation of the grate-tube
furnace-ring cooler system using sunflower husk.

The results obtained suggest the effective use of biomaterials in the
production of pelletised raw materials. Expanding the types of biomaterials
that can be used in pellet agglomeration and firing requires studying the
behaviour of other types of biofuels, including after preliminary preparation
(pelletising, pressing, pyrolysis), in terms of the possibility of replacing fuels
in the pelletising of iron ore raw materials.

CONCLUSIONS

Research has been carried out to study the impact of different types of
biomaterials on the iron ore sintering process and the quality of the resulting
sinter. The studies revealed that it is possible to replace up to 25% of coke
fines with charcoal and up to 50% with walnut shells. At the same time, the
process performance and strength of the sinter remain at an acceptable level.

The use of sunflower seed husks due to their low bulk weight in
agglomeration technology is possible only if they are prepared beforehand.

The main feature of biomaterials as a fuel for sintering is bulk density,
which determines the thermal parameters of the process and the structure of
the sinter.

% Shuai W., Yufeng G., Jianjun F., Yu H., Tao J., Feng C., Fugiang Z., Lingzhi Y.
Initial stage of deposit formation process in a coal fired grate-rotary kiln for iron ore pellet
production. Fuel Processing Technology. 2018. V. 175. P. 63.
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The use of biomass will reduce the negative environmental impact of sinter
plants.

The article analyses the use of sunflower husks as an alternative fuel by
adding crushed husks to the already installed pellet firing system for the grate-
tubular kiln-ring cooler installation for the conditions of the Ferrexpo Poltava
Mining. It was found that when replacing up to 50 % of natural gas with
sunflower husk, the quantitative and qualitative indicators of pellet production
remained at the baseline level.

The influence of sunflower husk ash and the content of alkali metals in it
on the quality of pellets and the operation of the rotary kiln was analysed. It
was found that the content of alkali metals in pellets does not increase. No
significant amount of ash deposition on the refractories of the rotary kiln was
observed.

It is prospective to investigate the use of other types of bio-raw materials
in pellet firing.

SUMMARY

The steady rise in the cost of traditional energy resources and their
negative impact on the environment is leading to an increase in the share of
renewable energy sources worldwide. The use of biomass for energy
generation based on modern technologies is environmentally safer compared
to the energy use of traditional organic resources such as coal. A significant
reserve for increasing the use of energy from biomass is concentrated in the
metallurgical industry, including the production of pelletised iron ore.
Research has been carried out to study the impact of different types of
biomaterials on the sintering process of iron ore and the quality of the resulting
sinter. The study found that, provided that the process performance and sinter
quality are maintained at the appropriate level, it is possible to replace up to
25% of coke fines with charcoal and up to 50% with walnut shells. An analysis
of the use of sunflower husks as an alternative fuel was carried out by adding
them to the already installed pellet firing system for the grate-tubular kiln-ring
cooler installation. It was found that when replacing up to 50 % of natural gas
with sunflower husks, the quantitative and qualitative indicators of pellet
production remained at the baseline level.
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STUDY OF THE PROCESS OF BREAKING ROLLED STEEL
BY BENDING FOR STAMPING UNDER IMPACT
AND COMBINED LOADING

Karnaukh S. G., Markov O. Ye.

INTRODUCTION

At the present stage of mechanical engineering development, the problem
of energy resources and metal economical use during its processing specifies
ever increasing requirements to technology and equipment for separating raw
materials into workpieces. This requires the development of already known
and the creation of new effective separation processes and equipment for their
implementation?.

At every engineering enterprise, the rolled stock separating is typical and
massive. Considering that ten millions of workpieces from rolled stock are
produced every month in the world, the relevance of works aimed at
improving the existing and developing new technologies for the production of
workpieces becomes evident. Among the known methods of separating of
rolled stock into dimensional workpieces, used in modern procurement
production, the most productive and economical ones are waste-free methods
of separating rolled stock. They are cutting by shearing and cold breaking by
bending. During this time, a large amount of material has been accumulated
on the destruction nature, mechanisms and criteria®. The following scientists
made a significant contribution to the development of this science: K. Kessler,
O. Keller,  T.Nakagawa, T.Ekobori, E.Orovan, G.V.Kolosov,
M. I. Muskhelishvili, G. I. Barenblatt, M. Ya. Leonov, S. O. Khristianovich,
G. P. Cherepanov, V.V.Panasyuk, O.l. Tselikov, K. M. Bogoyavlensky,
V. G. Kononenko, V.M. Finkel, V. T. Meshcherin, V.P. Romanovsky,
S. S. Solovtsov, N. L. Lisunets, V. A. Timoshchenko and many others®.

1. Analysis of literature data and goal setting
In this paper, a method of separating rolled stock using cold breaking by
bending is considered. The idea of the method consists in a preliminary stress

1 Tang B., Liu Y., Mao H. Investigation of a novel modified die design for fine-blanking
process to reduce the die-roll size. Procedia Engineering. 2017. Ne207, P.1546—
1551. doi:10.1016/j.proeng.2017.10.1076.

2 Joun M. S., Jeong S. W., Park Y. T., Hong S. M. Experimental and numerical study
on shearing of a rod to produce long billets for cold forging. Journal of Manufacturing
Processes. 2021. Ne62. P. 797-805. doi: 10.1016/j.jmapro.2020.12.062.

3 Lisunets N. L. Usage of physical and mathematical simulation for improvement of the
processes of metal shear cutting. CIS Iron and Steel Review. 2019. Ne17. P. 34-38.
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concentrator applying to the rolled stock and bending of the rolled stock until
it breaks in the stress concentrator. A brittle crack in terms of its potential is
an ideal tool for waste-free separation of solid materials into parts. At the same
time, the energy consumption for cutting is approaching to its minimum
possible theoretical level*. However, the widespread adoption of this
separation method is hindered by the unstable nature of crack propagation.
This leads to a low quality of the resulting workpieces.

The development and application of effective methods of destruction
control can significantly improve the method of breaking of rolled stock into
workpieces and also create fundamentally new methods suitable for obtaining
workpieces for machining. They are based on understanding the reasons
leading to undesirable fracture deviations from a given trajectory. This allows
to propose effective ways to improve the quality of the resulting surface.

Promising trends for improving breaking by bending are increasing the
loading rate and creating a complex stress state that impedes plastic flow in
the fracture area. The papers shows that an increase in the loading rate changes
the behavior of the metal and also the nature of plastic deformation and
fracture, the stress-strain state of the metal, the ratio of the plastic stage and
the stage of destruction, the shape and size of the deformation zone. This
ensures the minimum possible level of plastic deformation, which precedes
the initiation of the main crack, and low energy consumption of the process.

However, in the process of shock loading at high rates, the bending of the
specimen is accompanied by elastic deformations and vibrations at the contact
with the supports and the tool. In this case, the fracture process becomes
uncontrolled due to the instability of the crack trajectory®. Insufficient
information about the causes of this phenomenon and possible methods of
dealing with it contributes to the belief that supercritical destruction is an
uncontrolled process. It cannot be used for high-quality separating of rolled
stock into workpieces®. This is explained, among other things, by the
complexity of describing the destruction dynamics, and by the prevailing
disproportion between the development of theoretical and experimental
methods for studying the cracks propagation in dynamic fracture mechanics.

It is also necessary to take into account the inertial loads arising from the
displacement and rotation of the specimen halves in the process of separation
using the method of breaking by bending.

4 Lisunets N. L. Improving the efficiency of the processes of billets manufacture from
rolled metal via shift cutting based on simulation. Chernye Metally. 2018. Ne6. P. 31-35.

5 Karnaukh S. G., Markov O. E., Aliieva L. I., Kukhar V. V. Designing  and
researching of the equipment for cutting by breaking of rolled stock. International Journal
of Advanced Manufacturing Technology. 2020. Ne 109. P.2457-2464. DOI:
https://doi.org/10.1007/s00170-020-05824-7.

6 Zheng Q., Zhuang X., Zhao Z. State-of-the-art and future challenge in fine-blanking
technology. Production Engineering. 2019. Nel3. P. 61-70.
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To solve this problem, it is proposed to load the specimen with a static
force before separation. This allows to provide the initial displacement of the
specimen in contact with the supports and to reduce the vibration of the
specimen and the tool. The possibility of preliminary static loading in
combination with a high deformation rate allows to create a complex stress
state scheme in the specimen, which provides the required geometric accuracy
and quality of the resulting workpieces.

In the papers’, mathematical models of the specimen separation in the
plane of the stress concentrator are proposed. Existing design models have
been developed for impact tests on pendulums and hammers, when the mass
of the movable tool is much greater than the mass of the specimen. In this
case, during impact, there is no significant reduction in the speed of the
moving parts. On a press-hammer, the mass of the intermediate punch can be
commensurate with the mass of the specimen. Therefore, it is necessary to
take into account the change in the punch speed during loading.

In the papers®, the well-known model of specimens’ impact testing for
concentrated bending with an elastic-plastic hinge was used. In the study of
plastic flow in the separation plane at three-point bending, conclusions are
drawn. Despite the change in the zone of plastic deformation, with an increase
in the angle of rotation in the central region, a rigid zone is formed, bounded
by the shear strain rate rupture lines. With respect to this zone, which is an
elastic-plastic hinge, the halves of the specimen rotate. The known model is
applicable only for cold bending breaking, when the angle of the specimen
rotation halves before fracture is small and brittle fracture occurs through
crack propagation without significant plastic deformation.

Analysis of the known fracture models and the proposed complex model
of specimen fracture establishes that the behavior of a crack depends on a
number of uncontrolled factors. The task becomes more complicated with
dynamic and static-dynamic loading, when it is extra necessary to take into
account the influence of the equipment design parameters.

The papers®, consider numerical modeling of experiments to determine the
dynamic crack resistance of materials. It is shown that for impact testing of
specimens according to the three-point bending scheme, a significant
simplification of the procedure for determining the basic solutions is possible.

" Karnaukh S. G., Karnaukh D. S. Research of the influence of deformation speed on
energy and power adjectives of the process of three-point cold bend breaking and on
alignment integrity of raw parts. Metallurgical and Mining Industry. 2011. Ne3. P. 107-114.

8 Karnaukh S. G., Karnaukh D. S. Research of the influence of deformation speed on
energy and power adjectives of the process of three-point cold bend breaking and on
alignment integrity of raw parts. Metallurgical and Mining Industry. 2011. Ne3. P. 107-114.

®  Kapnayx C.T., Birynos O.0., Myunuk O.€.  JlocHikeHHs — HpoLecy
CTaTI/IKO-JlI/IHaMi‘IHOFO HaBaHTA>XCHHA 3pa3KiB 3a CXEMOKI TPHUTOYKOBOI'O XOJIOAHOI'O
JIaMaHHsI 3TMHOM Ha mpec-MonoTtax. Mawunosnascmeo. 2000. Ne12. C. 31-36.
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This becomes possible when using the theories of Euler — Bernoulli or
Timoshchenko. In this case, the presence of a crack is modeled by introducing
an additional angle of rotation in the corresponding section. The data obtained
with this approach correlate adequately with the experimental data, which also
testifies in favor of the chosen model of impact tests with a flexure hinge.

The papers™® presents a complex mathematical model of the specimen
static-dynamic loading according to the scheme of three-point bending on a
press-hammer with the same direction of deforming forces. It differs from the
known models by taking into account the preliminary static loading and design
features of the press-hammer. In this case, at the moment of impact, the speed
of the tool is equal to the speed of the moving parts. On press-hammers, the
mass of the intermediate punch can be comparable to the mass of the
specimen, and its speed at the moment of impact is equal to zero. The
intermediate punch accelerates upon impact simultaneously with the
deformation of the specimen; therefore, it is necessary to take into account the
change in the punch speed during loading.

The purpose of the work is to improve the quality of workpieces obtained
by breaking rolled stock by studying the separation process under dynamic
and static-dynamic loading on a press-hammer.

2. Mathematical modeling of the dynamic and static-dynamic breaking
of rolled stock according to the three-point bending scheme
Dynamic and static-dynamic loading of rolled stock can be carried out on a
press-hammer. The Fig. 1 shows a diagram of the static-dynamic loading of
specimens according to the three-point bending scheme on a press-hammer. The
press-hammer has the following advantages: the ability to create quasi-static,
shock and combined loads in a wide range of rates, energies and forces; precise
metering of energy and force during deformation of the rolled stock, etc.*
Dynamic loading of the specimen 6 is carried out by a hydroelastic
cylinder, which uses a previously compressed liquid as an energy
accumulator. The pump (Fig. 1, b) creates pressure in the working chamber 8
of the hydroelastic cylinder. When a predetermined pressure value is reached,
the control cavity 9 is cut off from the overflow and connected to the pumping
under pressure.

10 Karnaukh S. G., Aliiev I. S. Research of process of division of grade rolling on the
measured blanks by method of breaking bend at static and shock loading. Scientific journals
of Vinnitsa national agrarian university. Engineering, energy, transport. 2021. Vol.112,
Ne 1. C. 81-87. doi: 10.37128/2520-6168-2021-1-10.

11 Karnaukh S. G., Markov O. E., Kukhar V. V., Shapoval A. V. Research of the rolled
stock separating into workpieces using breaking by bending with dynamic and static-
dynamic force. The International Journal of Advanced Manufacturing Technology. 2022.
Ne120. P. 2763-2776. doi: 10.1007/s00170-022-08902-0.
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Fig. 1. Schematic diagram of a press-hammer: a — calculation scheme
of specimen with dynamic and static-dynamic loading by the method
of cold breaking by bending on a press-hammer; b — construction
diagram of a press-hammer hydroelastic cylinder

There is a loss of sealing in the control cavity 9. The working fluid under
high pressure affects the whole area of the top end 10 of the rod 1. The rod 1,
together with the head 2, is rapidly moving down. At the same time, it loads
the intermediate punch 3 with a punch 4, installed along the axis of the
hydraulic cylinder 5 (Fig. 1, a). Under the shock loading, the specimen 6 is
broken by bending.

To implement the static-dynamic loading mode, a plunger 7 is provided in
the design of the press-hammer (see Fig. 1, a). The plunger 7 moves under the
action of high fluid pressure in the hydraulic cylinder 5 and acts on the end
face of the punch 4. In this case, a preliminary static loading of the specimen
6 occurs in the same direction with its final separation. After that, dynamic
(shock) loading of the specimen 6 occurs before fracture. The press-hammer
cycle is reproduced.

The movement of the rotating parts (see Fig. 1, a) occurred under the
action of the drive force F; = f[U;(x; = 0)], where Uj; is the rod movement
the section x,. Intermediate punch 3 with the mass m; was presented in the
form of a variable cross-section rod with parameters A;(x3), elasticity
modulus E5, length 5, and punch 4 had the form of the concentrated mass m,.
The impact time 1... 2ms is small as compared to the period of natural
longitudinal oscillations of the intermediate punch section. Therefore, for the
correctness of the mathematical model, it is necessary to take into account the
wave processes occurring in the intermediate punch. Since the length of the
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punch [; is commensurate with the length of the rod [;. It was assumed that
the dependence of the change in force at the contact between head 2 and
intermediate  punch 3 on deformation F, = f,(A,) is nonlinear.
Linearized stiffness of the contact between head 2 and intermediate punch
3 - C, = const. Technological force F, = f,(A,) is applied in the middle to
specimen 6 with mass m,, located on two supports. The element stiffness
Cpqr = const reflects the elastic properties at the contact of the specimen with
the punch. Two symmetric elements with stiffness C; = const simulate the
elastic properties in the contact of the supports with the specimen and act on
the specimen by Fg forces. Such modeling of the supports influence on the
specimen by two equal forces Fy is coherent with experiment. In the static-
dynamic loading mode at the first stage, the specimen 6 with the stiffness
Cpqr = const is loaded by the static force F,, of the hydraulic cylinder 5,
which causes deformation of the engine bed elements, which has the stiffhess
C. = const.

The proposed complex model of the specimen static-dynamic loading
according to the scheme of three-point bending on a press-hammer, partially
used the well-known model of specimen impact testing for concentrated
bending with an elastic hinge, characterized by the presence of initial
deformations of sections under the action of a preliminary static force. A
specimen of mg mass was presented in the form of two rigid halves connected
to each other by an elastic hinge, the rotation angle a of which is proportional
to the bending moment M_,,,.,, in the central section:

My =a- l(% /(8" Cpar), 1)

where a — rotation angle of specimen halves;
[, — distance between supports;

E — elasticity modulus of specimen material;
Cpqr — Static stiffness of the specimen:

Cpar = d - E/(2+ (a/d)), @)
where d — specimen diameter;
E — elasticity modulus of specimen material;
A —dimensionless specimen calibration factor;
a — crack length.
The equation of motion for an arbitrary section of masses m,, m; is:

02U;/0t? = ¢ - [(1/A) - (0A;/x) - (U /9x;) + (82U;/8x?)],i = 1,3 (3)

where U; — section displacement i — that core;
¢; — speed of sound in metal.
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The differential equations of concentrated masses motion m,, m,:
m; - (d%x;/dt?) + Fo(Ag) — Fpi(Bp) = 0,0 = 2,4, 4

where x; — mass motion m;;
F,i(Agp), Fyi(Ay;) —forces acting on i —mass m; from the side of the elements
in contact with it, located on opposite sides;
A, Ap; — absolute deformations of the corresponding elastic elements.
For the head — m,:

Fop = Ey * Ay - (U1/0x1)|xy=1, )
Fyp = f[U1|x1:11 - U3|x3:0] under Uy [y, =, > Uslx,=o» (6)

otherwise F,, = 0, since there is a violation of the contact between the
elements of the system, and in the case of a linear dependence

Fyy = Cq [U1|xl=l1 - U3|X3=0]' )
For the punch — my:

Foy = E3 - A3+ (0U3/0t)|x,=1,; (8)
Fb4 = f[U3|x3:l3 - xbar] npu U3|x3=l3 > xbar! (9)

Otherwise F,,, = 0, and in the case of a linear dependence

Fpo =Cp - [U3|x3=13 = Xpar]- (10)

In addition to the equations of the rotating parts and the intermediate punch
motion, the equations of forces and moments in the central section were written
taking into account the inertial components arising under shock loading. Within
the framework of the proposed mathematical model for the specimen deformation
according to the three-point bending scheme, we obtain the system of equations

Meyry = (ms - L+ 344, /8) — (M5 - 12 @/24) + (Fs - 1y/2);
Fy—2-Fg =mg - Xpgr — (@/4-1-mg);
Fy = Cpar (X4 — Xpar), At X4 > Xpgr;
Fe = Cd'(xbar _0-’/2'10)' at Xpgr > a/z'lo,

(11

where [ — specimen length;
Xpqr — acceleration of specimen halves;
& — angle acceleration of specimen halves.
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After transformations and substitutions, we obtain the system of equations:

Fpar = —(6 Ly * Cpar * Xpar/(Ms D) + (Cpgr " Lo/ (4 C4) = 1/3 +1,/2) x
X 6°Fg/(ms-1) + F,/ms;
@ =—2-1§- Cpar - a/(ms - 1%)) + 24/(ms - 1) x
x(2-1l,/l—1)-Fg+12/(mg-1) - F,.

(12)

In accordance with the method of initial parameters in the Cauchy form,
the displacements of the «press-hammer — specimen» elements in local
coordinates were considered. To switch to a common coordinate system, its
origin was aligned with the position of the contact point between the specimen
and the support before static loading. Then, the initial displacements of the
specimen central section — x;4,-¢, Masses m,, bed deformation — x5, occurred
under the action of the static force F,;. Taking into account the displacement
of the rod sections due to the action of the force F;, the origin of the local
coordinate system of the rod was shifted by the value (U;pqx + X50) SO that
the movement at the contact between the head and the intermediate punch at
the moment of impact was equal to the static one. The total shift of the central
section of the specimen was determined as: X, = Xg + Xg4.

When solving this problem, the finite difference method was used, which
is well suited for similar calculations. The derivatives were approximated by
finite differences using a «cross» pattern.

The calculation of the dynamic and static-dynamic cold breaking by
bending on a press-hammer of original design was carried out using the
developed program «Impactbreaking». Press-hammer parameters: impact
energy W =0..1300/; static drive force F;;=0..100kN;
F,=0..12kN; F,=0..80kN; m,=200kg; m,=022kg;
l, =155 mm;l; = 206 mm; C, = 100...500 MN/m; speed of moving
parts of the press-hammer V =0..20 m/s. Specimen parameters:
d =16 mm; l=76mm; ly = 60 mm; E =2,05-10° MPa;
ms = 0,25 kg. Calculations were carried out for steel specimens €45 with
stiffness in the plane of separation — Cp4 =5,5MN/m, which was
determined by calculation by the formula (2).

The way of modeling the contact conditions between the specimen and the
supports significantly affects the obtained results. Therefore, based on the
available loading scheme and recommendations, it was assumed that the shape
of the contact surface of the intermediate punch corresponds to the shape of
the supports — C,or = C4 = 120 MN /m.

The values of the cross-sectional areas of the rod 1 and the intermediate
punch 3 along the length were set in the points (i = 0 ...n) of computational
grid (n, = 31, n, = 34), where n — the number of points.

The influence of the static force F,;, the contact stiffness of the head 2 and
the intermediate punch 4 — C, on the shape of the change, the amplitude values
of the forces F,, F; and the corresponding displacements of the system
elements (Fig. 2) was studied.

27



Graph analysis F, = f(t) u Fg = f(t) shows, that in the absence of static
loading at the initial moment of time, the specimen is detached from the

supports (see Fig. 2, a).
Thus, the loading scheme at the initial time is actually unsupported — Fg = 0.
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Fig. 2. Mathematical curves for the forces change in the contact
of punch with F, = f(t) and total reaction of supports F¢ = f(t):
a - shock loading €, = 100 MN /m; b — static-dynamic loading
F,, =12 kN,C, = 100 MN/m; c — static-dynamic loading
Fy, =17 kN, C, = 500 MN/m
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The deformation process during three-point bending occurs with bending
vibrations of the specimen, which are overlapped with vibrations of a higher
frequency, associated with the specimen contact zone compliance to an
intermediate punch and supports, and the natural frequency of system
elements vibrations.

The presence of a static load F,; at the moment of impact (see Fig. 2, b)
leads to a smoother loading of the specimen, sharp peaks of forces on the
mathematical curves disappear. An increase in the static component F; leads
to an increase in the amplitude of the forces F,, F, (see Fig. 2, c), although the
maximum value of the amplitude for shock loading is higher due to the
presence of forces peak values. The averaged forces values F,, Fg slightly
increase with the growth of the static component F,.

The value of the static load F,;, necessary to prevent the separation of the
specimen 6 from the supports, increases with the increase in the stiffness of the
contact between the head 2 and the intermediate punch 3 — C, (see Fig. 2, ¢).

An increase in the static force F,; causes a proportional increase in the
initial bending angle of the specimen 6 — a. This reduces the time t,,,, tO
reach the maximum bending angle a,,,,.., the value of which should be limited
within 0,14 rad to ensure the quality of the resulting workpieces.

Analysis of the graphs F, = f(t) and Fg = f(t) for different values of C,
(see Fig. 2) shows that a decrease in the stiffness of C, smoothes the curves.
At high values of C,, the deformation of the specimen occurs after several
collisions of the moving parts with the intermediate punch. The design of the
intermediate punch determines its mass and contact stiffness — C,. The
required compliance of the punch can be ensured by increasing its length,
reducing the cross-sectional area due to axial drilling, the shape of the contact
surface, and the use of elastic inserts.

3. Experimental studies of the separating long products according to the
three-point bending scheme under dynamic and static-dynamic loading

To test theoretical calculations, experimental studies of the separating long
products according to the scheme of three-point cold breaking by bending
under dynamic and static-dynamic loading were carried out.

For the experiments, the previously considered press-hammer of the
original design was applied using the parameters presented above:
W =0..1300/; hydraulic cylinder force 5 (seeFig.1l,a) -
F; =0..100kN; V =0..20m/s; compressible working fluid volume
Q = 12-1073 m3; working fluid pressure p = 0...18 MPa; m, = 2,00 kg.
The stiffness of the contact between the head and the intermediate punch —
C, =100 MN/m.

The Fig. 3 shows: the scheme of data registration during experiments
(Fig. 3,a): 1 — breaker, 2 — strain indicator, 3 — specimen, 4 — supports;
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construction diagram (Fig. 3, b), including photographs of the press-hammer
(Fig. 3, ¢) and equipment (Fig. 3, d).

The installation for separating specimens by the method of cold breaking by
bending (see Fig. 3, c) consists of: engine bed 1, in its guides there are breaker
mechanisms and supports. The breaker and supports are installed with the
possibility of reciprocating movement, limited by detents 2 and straps 3, which
are attached to the engine bed 1 with screw-bolts. The position of the clamping
mechanism, breaker and supports is fixed using bolts 4 screwed into stops 2, nuts
5 and spacers 6. The breaker mechanism consists of a body 7, the breaker itself 8,
installed with the possibility of reciprocating movement in the guides of the body.
The support mechanism consists of a body 9 and a supporting plate 10, which is
held by a strap 11. Specimen 12 is placed on the supports 10.

The stiffness of contact between breaker 8 and specimen 12 is
Cpar = 120 MN /m, the rigidity of the specimen 12 contact with the supports
10 isequal to C; = 120 MN /m.

The information from the strain indicators through the E — 440 universal
multi-channel data collection device was fed to a computer, where, after
processing using the original program, it was stored in worksheets and
graphics convenient for subsequent analysis.

! a: | Processing
°

k ‘47 L progrém
5 —
3 I
2 Module E-440 ‘
a b

AT
)=

Fig. 3. The registration scheme of experimental data (a), structural
scheme (b) and photographs of experimental equipment (c) and setup (d)
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Main characteristics of the E — 440 recorder: digital signal processor
ADSP — 2185M with a clock frequency of 48 MH; 16 differential channels
or 32 channels with common ground for analog input with automatic zero
correction; the maximum operating frequency of the 14 — bit ADC is
400 kH, which allows to use this device for studying shock processes.

A several recording channels, signals were simultaneously recorded
through two channels: on the breaker and on the supports (see Fig. 3, a).

In the experiment, we used cylindrical specimens with dimensions:
=16 mm; | = 76 mm; |, = 60 mm; mg = 0,25 kg, made of rolled stock
from different grades of steel in plastic — C20, elastoplastic — €45, 37Cr4 and
brittle state — 60Si7.

The specimens were preliminary applied with the stress concentrators in
the form of an annular groove of a triangular profile using a turning tool. The
following parameters are: depth AH =1,5mm; apical radius —
Ar = 0,15 mm. Loading arms — 30 mm. The sizes of the deformation and
fracture zones of the specimens were determined by analyzing the fracture
surface using a microscope.

Specimens under dynamic loading were separated by the breaking method
according to the three-point bending scheme at the pressure of the working
fluid p = 15 MPa, which corresponds to the maximum impact speed —
V = 18m/s. Typical oscillograms of specimens cold breaking according to
the three-point bending scheme under dynamic loading are shown in Fig. 4.
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1 - support; 2 — breaker

Fig. 4. Typical oscillogram of the time dependence on the breaker forces
and supports (readings of three channels taken simultaneously)
for steel 60Si7 (X — axis — time, scale — 10° measurements in 1 s)
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The smoothed graphs of the change in the force parameters of the three-
point bending as a function of time for specimens of different materials under
dynamic loading are shown in Fig. 5.

Analysis of the experimental results (see Fig. 5) shows the absence of
contact between specimen 15 and supports 13 in the initial phase of loading.
The reason for the separation of the specimen from the supports is the inertia
of its halves and the high stiffness of the supports with a relatively low
stiffness of the specimen.
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Fig. 5. Experimental data of the change in forces at the contact
of the breaker with the specimen F, = f(t) — 1 and total reaction
of supports F¢ = f(t) — 2 (readings of two channels taken
simultaneously) for steel specimens: a— €20; b — €C45; c - 37Cr4;
d - 60Si7 under dynamic loading

This confirms the conclusion that at the initial moment of time the
specimen is detached from the supports. Maximum values of forces:
F, =32 kN, Fg = 30 kN (steel C45) slightly differ from those calculated
above, in accordance with the developed mathematical model: F, = 29 kN,
F¢ = 28 kN. The somewhat overestimated experimental results are explained
by a more correct calculation of the specimen stiffness C,,, in the plane of
separation and stiffness of the contact between the head and the intermediate
punch — C,,.

The time during which the destruction process occurs for specimens from
different steel grades was: C20 — t = 2,0 ms; €45 - t = 0,8 ms; 37Cr4 —
t = 0,9 ms; 60Si7 —t = 0,5 ms, which corresponds to the design model.
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Specimens under static-dynamic loading were separated by the breaking
method according to the three-point bending scheme with a preliminary static
force Fg; = 12 kN, the value of which was determined experimentally, taking
into account the recommendations.

The smoothed graphs of the change in the force parameters of the three-
point bending depending on the time for specimens made of different
materials under static-dynamic loading are shown in Fig. 6.
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Fig. 6. Experimental data of changes in forces at the contact
of the breaker with the specimen F, = f(t) — 1 and total reaction
of supports F¢ = f(t) — 2 (readings of two channels taken
simultaneously) for steel specimens: a— €20; b — C45; c - 37Cr4;
d - 60Si7 under static-dynamic loading

Analysis of the experimental results (see Fig. 6) shows that the presence
of preliminary static loading excludes the separation of the specimen from the
supports, which confirms the adequacy of the mathematical model.
Preliminary static loading of the specimen on the press-hammer increases its
stiffness and ensures its initial displacement at the contact with the supports.

The maximum values of the forces F,, Fy under static-dynamic loading
turned out to be higher in comparison with dynamic loading (Table 1), but not
significantly. This is due to the presence of the static component F,.

The time during which the fracture process occurs for specimens from
different steel grades under static-dynamic loading corresponds to the time
under dynamic loading.
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Table 1
Experimental measurements of forces F,, Fq under dynamic
and static-dynamic loading

Separation force at, kN
Steel grade dynamic loading static-dynamic loading
F, Fg F, Fg¢
€20 32 30 33 31
C45 32 30 34 32
37Cr4 40 38 42 41
60Si7 34 32 36 34

In paper®?, recommendations were developed for choosing a method for
separating rolled bars into cut-to-length blanks according to the value of the
values of synergistic criteria: «crack growth criterion» — K, «brittleness
criterion» — Py,.. The higher the values of K, Pr,., the higher the tendency of
the material to brittle fracture, and the higher the quality of the blanks obtained
during cold bending.

The results of calculations of synergistic fracture criteria for the materials
of the samples used in the experiment are presented in Table 2.

Table 2
Mechanical characteristics of steels and calculated values
of fracture criteria

Hard- 5 8
002, og, | 6, | ¥ W, | Kep - 103, Py, - 108, s
Steel | vpa | MPa | % | % Ir}e;s my/me | Ket | mypmay2 | (mjymeys | M 10
€20 250 | 420 | 25 | 55 | 163 309 1,2 | 058017 | 0,10878108 | 3,282
C45 360 | 610 | 16 | 40 | 197 273 | 08| 073623 | 0,19878279 | 1,395
37¢r4 | 324 | 588 | 14 [ 50 | 168 345 1,1 | 083739 | 0,20348584 | 2,176
60Si7 | 1175 | 1270 | 6 | 25 | 269 363 | 03| 319587 | 2,81636126 | 0,174

Table 3 presents the results of calculations of the complex criteria: «crack
growthy and «brittlenessy». These criteria are the basic information attributes.
These criteria allow to classify material to next groups: «material in plastic
state», «material in elastoplastic state» and «material in brittle state». Based
on the analysis of obtained calculations the ranges of values of these criteria
for classification of materials by mechanical properties are determined.

12

Karnaukh S. G., Markov O. E., Kukhar V. V., Shapoval A. V. Classification of
steels according to their sensitivity to fracture using a synergetic model. The International
Journal of Advanced Manufacturing Technology. 2022. Nel19. P. 5277-5287. DOI:
https://doi.org/10.1007/s00170-022-08653-y.
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mechanical properties

Table 3
Ranges of values of the complex criteria of «crack growthy
and «brittleness» for groups of materials with different

Steel group Koy (M]/m®)? Pry, (M) /m®)?
«In plastic state» <7-10* <15-10°
«In elastoplastic statex» <20-10* <100-10°
«In brittle state» >20-10* > 100-10°

The results obtained are in good agreement with the measurements of the
geometric accuracy of the specimens obtained experimentally. Photographs of
workpieces from different steel grades, separated according to the three-point
bending scheme under static and shock loading, are shown in Fig. 7, 8.

Measurement of geometric parameters characterizing the geometric
accuracy of the separated specimens was performed by the method of
macrostructural analysis by measuring the absolute and relative values of
geometric distortions using a universal measuring tool and a microscope.

The results of measurements for the fractal dimensions of workpieces
obtained by the method of separating specimens according to the three-point
bending scheme under dynamic and static-dynamic loading are shown in

Fig. 9, 10.
a C

Fig. 7. Photographs of workpieces obtained under dynamic loading
by the method of cold bending breaking:
a— C20;b-C45;c-37Cr4; d-60Si7

a c d

Fig. 8. Photographs of workpieces obtained under dynamic loading
by the method of cold breaking by bending:
a—-C20;b-C45;c-37Cr4; d-60Si7

b

d

b
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Fig. 9. Example of measuring fractal dimensions of the workpieces
ends made of 60Si7 steel under static-dynamic loading
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Fig. 10. Results of workpieces fractal dimensions measurements
obtained by the method of separating specimens according to the three-
point bending scheme under dynamic and static-dynamic loading

The analysis of the obtained results shows an improvement in the quality
of the specimens under static-dynamic loading as compared to dynamic
loading. The highest quality was observed for 60Si7 steel specimens: the
fracture is brittle, the fracture surface is brushed, the crack trajectory is
straight, and the specimen areas near the stress concentrator are practically not
deformed. The roughness of the workpieces ends surface in the plane of
separation from steels: 20, C45, 37Cr4 is decreases. The specimens of steel
C45 were obtained as a result of viscoelastic fracture, the fracture surface is
streaky, rough R,134. The specimens of steel 37Cr4 were obtained as a result
of viscoelastic fracture, the fracture surface is streaky, rough R;140. A more
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noticeable improvement in the quality of workpieces will be manifested when
separating specimens of large cross sections.

The quality of workpieces depends on the efficiency of the stress
concentrator applied to the rolled product in the separation plane. There are
many ways to apply stress concentrators to rolled productsOQuuéka!
3aknaoka ne onpedenena.. The essence of the method lies in the fact that the
energy of elastic deformation of the bed and the drive accumulated in the press
during the separation of rolled products, at the moment of destruction, is spent
on doing useful work — applying a stress concentrator for breaking by bending
the next workpieces.

According to the received charts F = f(t) (see fig. 5, 6) for specimens
from different steel grades with a sufficiently high resolution in both
coordinates, the following zones can be distinguished: I — crack nucleation
zone; Il — ductile crack growth zone; III — brittle destruction zone;
IV —viscous break zone. Besides, given the high performance characteristics
of the system and the possibility of accumulating a large amount of data, it is
possible to selectively consider the received signal with a duration of several
milliseconds in very narrow time ranges of interest to the researcher (on the
order of units and tens of microseconds). This allows to estimate the value of
the crack propagation velocity correctly.

For example, for steel €45 (Fig. 11), the duration of the brittle fracture
zone is approximately 0,15 ms.
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Fig. 11. Zones of crack propagation under dynamic loading
of specimens from steel €45 according to the three-point
bending scheme (F, = f(t))

This allows to estimate with sufficient accuracy the average velocity of a
brittle crack propagation (the crack penetration trajectory was determined
from the fracture of the fractured specimen (see Fig. 7)), which was
approximately 80 m/s.
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The duration of the brittle crack breakthrough for other steel grades was
determined in a similar way, which is t = 0,1...0,8 ms. Including average
rates of brittle cracks propagation: 60Si7 — 120m/s; 37Cr4 — 70 m/s;
€20 -50m/s.

Analysis of the brittle cracks breakthrough rates values shows that they are
practically the same under dynamic and static-dynamic loading and do not
reach critical values, and therefore the quality of the separated workpieces is
quite high.

CONCLUSIONS

1. Combined static-dynamic loading during cold breaking by bending allows
to reduce high-frequency vibrations of the «tool — specimen — support» system,
and also to eliminate the violation of the specimen contact with the supports, to
reduce the peak values of the forces from the side of the punch and supports.

2. The presence of a static force at the moment of impact provides a certain
initial level of tensile stresses in the zone of the stress concentrator, which
increases crack controllability. It is assumed that a fracture crack will always
propagate in the area of tensile stresses, which improves the quality of the
workpieces being separated. A more noticeable improvement in the quality of the
workpieces will manifest itself when separating specimens of large cross-sections.

3. The reactive forces from the side of supports from the static force action
coincide with the direction of the inertial forces of the specimen halves and
additionally break the specimen. In this case, with an increase in the specimen
length, the value of its separation from the supports in the initial phase of loading
decreases, which has a positive effect on the quality of the obtained workpieces.

4. The magnitude of the static force required to eliminate the separation of
the specimen from the supports depends on the stiffness of the contact
between the head and the intermediate punch and increases with the increase
in the stiffness of the contact between the head and the intermediate punch.
The contact stiffness value between the head and the intermediate punch
should be selected as optimal one due to the special design of the punch.

5. The obtained experimental results confirm the adequacy of the
specimen separation mathematical model by the breaking method under
dynamic and static-dynamic loading. It has been experimentally established
that the value of the preliminary static force must be at least 40% of the force
at which the specimen is failed.

6. Analysis of the values for the brittle cracks breakthrough rates shows
that they are practically the same under dynamic and static-dynamic loading
and are, respectively: 60Si7 — 120m/s; C45 - 80m/s; 37Cr4 — 70 m/s;
€20 -50m/s. The crack velocities do not reach critical values, and therefore
the quality of the separated workpieces is quite high.

7. The obtained results can be used to improve the technology of the
separating rolled stock into dimensional workpieces by the method of cold
breaking bending.
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SUMMARY

The aim of the work is to improve the quality of workpieces obtained by
breaking rolled stock products by researching the separation process under
dynamic and static-dynamic loading on a press-hammer. Combined static-
dynamic loading during cold breaking by bending allows to reduce high-
frequency vibrations of the “tool — specimen — support” system, to eliminate
the violation of the contact of the specimen with the supports, to reduce the
peak values of the forces from the side of the hatchet and supports. The static
force at the moment of impact provides a certain initial level of tensile stresses
in the area of the stress concentrator. This has a positive effect on the quality
of the obtained workpieces. The magnitude of the static force required to
exclude the separation of the specimen from the supports depends on the
stiffness of the contact between the head and the intermediate punch and
increases with increasing this stiffness. The obtained experimental results
confirm the adequacy of the mathematical model of specimen separation by
the breaking method under dynamic and static-dynamic loading. It has been
experimentally established that the value of the preliminary static force must
be at least 40% of the force at which the specimen is broken down. Analysis
of the brittle cracks breakthrough rates values shows that they are practically
the same under dynamic and static-dynamic loading and are, respectively:
60Si7 —120m/s; C45-80m/s; 37Cr4 —70m/s; C20 — 50 m/s. The crack
velocities do not reach critical values, and therefore the quality of the
workpieces being separated is quite high. The results obtained results can be
used to improve the technology of the separating rolled stock into dimensional
workpieces by the method of cold breaking by bending.

Key words: breaking, bending, press-hammer, impact, dynamic loading,
static-dynamic loading, rate/velocity, crack, energy, quality, rolled stock,
workpiece.
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IMPLEMENTATION OF QUALITY MANAGEMENT SYSTEM
FOR PRODUCTION OF TMCP TREATED 10MN2VNBAL STEEL
HEAVY PLATES

Kukhar V. V., Kurpe O. H., Malii K. V.

INTRODUCTION

The quality of hot-rolled steel products depends on technological means
as a complex of mechanical, environmental, surface, and other operating
properties of rolled products that determine its suitability to meet certain
customers’ needs 1. To obtain an increased level of plate steel mechanical
properties, a number of effective but energy-intensive heat treatment process
flows with preliminary modification of alloying elements and formation of
multiphase structures? are used: ART treatment of steels with an average
manganese grade, isothermal hardening of nanostructured steels with carbide-
free bainite, Q&P and D&P processing. In most hot plate rolling mills, more
energy-efficient  thermo-mechanically  controlled process (TMCP)
technologies are suitable for implementation, but to obtain rolled products
with increased quality indicators, the quality control system should be
continuously improved®. To ensure the full functioning of the enterprise or
company and its development in all process areas, from raw material supply,
including supplier management and equipment maintenance, to customer
(consumer) management, the quality management system is essential for
implementation in accordance with the 1ISO 9000 and ISO 9001 requirements.
For complex rolling operations at full-cycle steel-making facilities, the
development of a proactive quality management system becomes especially
important when developing new product types and improving existing
technologies.

1. Literature Review
The quality management system (QMS) at steel-making enterprises has
long been formed around technologies by the introduction of global
certification and implementation of Total Quality Management (TQM)

! Sheyko S., Matiukhin A., Tsyganov V., Andreev A., Ben A., Kulabneva E. Energy power
parameter effect of hot rolling on the formation of the structure and properties of low-alloy
steels. Eastern-European Journal of Enterprise Technologies. 2021.No. 6. P. 20-26.

2 Markulik S., Nagyova A., Turisova R., Villinsky T. Improving Quality in the Process
of Hot Rolling of Steel Sheets. Applied Sciences. 2021. VVol.14. Issue 12. P. 5451.

3 Bleck W., Briihl F., Ma Y., Sasse C. Materials and Processes for the Third-generation
Advanced High-strength Steels. Berg Huettenmaenn Monatsh. 2019. No. 164. P. 466-474.
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principles using a number of selected quality initiatives and practices*°. The
involvement of a quality system in steel-making infrastructures is formal, but
not everywhere. The paper® shows that 1SO 9001 is the world’s most popular
QMS, certifying over 1 million different companies; moreover, Europe and
the Far East make up nearly 90% of all ISO 9001 certificate amounts. These
are mainly infrastructure and manufacturing companies whose adherence to
QMS principles contributes to global competition. There are positive
experiences of TQM implementation in the industrial sectors of developed’
and developing countries®. Special expert evaluations and questionnaires were
developed to identify components (factors) affecting the efficiency and
sustainability of enterprises. The study® proposes a model confirming that the
TQM practices have a positive relation with sustainability and organisational
performance and showed that leadership, continuous improvement, customer
satisfaction, training and education, and customer relations have the greatest
influence on organisational effectiveness. To develop the TQM strategy, the
authors'® suggest using a qualitative research technique to collect secondary
data from empirical studies and literature reviews. This work!! is presented as
the implementation guide for QMS and follows the four pillars of 1ISO 9001.:
quality management principles, process approach, risk-based thinking, and
Plan-Do-Check-Act (PDCA, or Deming) cycle.

4 Kukhar V.V., Kurpe O.H., Prysiazhnyi A.H., Khliestova O.A., Burko V.A,
Balalayeva E.Y., Yelistratova N.Y. Improving of preventive management for flat rolling
products quality indices. IOP Conference Series: Materials Science and Engineering. 2021.
Vol. 1037. P. 12024.

5 Bajaj S., Garg R., Sethi M. ldentification of TQM Practices for Successful
Implementation of TQM in Steel Industries: A Review and Analysis. International Journal
of Engineering and Management Research. 2016. Vol. 6. Issue 3. P. 208-214.

6 Tervonen P., Pahkala N., Haapasalo H. Development of TQM in Steel Manufacturers’
Production. IBIMA Business Review. 2009. Vol. 1. P. 14-21.

" Priede J. Implementation of Quality Management System 1SO 9001 in the World and
Its Strategic Necessity. Procedia — Social and Behavioral Sciences. 2012. P. 1466-1475.

8Petcharit A., Sornsaruht P., Pimdee P. An Analysis of Total Quality Management
(TQM) within the Thai Auto Parts Sector. International Journal of Online and Biomedical
Engineering. 2020. Vol. 16. Issue 2. P. 131.

® Safar H., Bielova O. Implementation of Total Quality Management Components in
Libyan Iron & Steel Company “LISCO”. Economics, Finance and Management Review.
2021. Vol. 2. Issue 6. P. 81-91.

10 Wwassan A., Memon M. S., Mari S. I., Kalwar M. Impact of Total Quality
Management (TQM) practices on Sustainability and Organisational Performance. Journal
of Applied Research in Technology & Engineering. 2022. Vol. 3. P. 93-102.

11 Bisho A. H. A.lL, Sam M. F. B. M. Total Quality Management Integrated Strategy:
Its Implication to Organizational Success. Proceedings on Engineering Sciences. 2022.
Vol. 4. Issue 3. P. 371-378.
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The combination of the 1ISO 9001 quality system with the tools of the Lean
production system'? shows effective results, ensuring long-term
competitiveness with lower losses while manufacturing in exact accordance
with consumer requests. A proactive quality management system should be
formalised according to the SMART principles: Specific, Measurable,
Attainable, Relevant, and Time-bound®. In rolling production, such
integrated approaches are still being developed, and the following analysis
tools, which are widely used in the Lean system and statistical processing
methods®*, can be used, among other things, to monitor the status and
continuously improve the quality system: process mapping, benchmarking,
the Ishikawa (fishbone) diagram, and the Pareto principle.

Articles®>!6 show that an effective formalisation under 1SO 9001:2015 is
risk-based thinking, which allows us to identify factors causing deviations in
the rolling technology and quality indicators from the planned results. The
process of thermo-mechanical processing of rolled products is highly sensitive
to the process stability, making the risk-based approach assessment
reasonable. Data on already manufactured products and the results of their
quality control (at the enterprise and following customer feedback) is the basis
for creating control criteria. Corrective actions are integrated into QMS
processes as an element of Deming cycle (PDCA), which is successfully
implemented in relation to TMCP rolling of low-carbon, low-alloy steel heavy

12 Farinha L. Guidelines for the Implementation of a Quality Management System in
Industrial Companies. The Romanian Review Precision Mechanics, Optics & Mechatronics.
2016. Vol. 50. P. 195-201.

13 Ratter E., Nader S. The Use of Lean Management Tools in Production Companies
with Implemented Total Quality Management (TQM). European Research Studies Journal.
2022. Vol. XXV. Issue 3. P. 357-368.

14 Bashynska I. Realities of Ukrainian industrial enterprises on the way to smartization.
Economics Finances Law. 2019. Vol. 12. Issue 2. P. 34-37.

15 Harel Z., Silver S. A., McQuillan R. F., Weizman A. V., Thomas A., Chertow G. M.,
Nesrallah G., Chan C. T., Bell C. M. How to Diagnose Solutions to a Quality of Care
Problem. Clinical Journal of the American Society of Nephrology. 2016. Vol. 11. Issue 5.
P. 901-907.

16 Syreyshchikova N., Pimenov D., Yaroslavova E., Gupta M., Aamir M., Giasin K.
Managing Risks in the Improved Model of Rolling Mill Loading: A Case Study. Journal of
Risk and Financial Management. 2021. Vol. 14. Issue 8. P. 359.
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platest’. It follows!31%20 from papers that each production builds its quality
control system, which takes into account the specifics of its structure and
management methods. At the same time, proactive quality management
systems?+?2 are widely used, including methods of controlling technological
parameters??*, testing quality indicators®>%, and forecasting based on
mathematical models (e.g., statistical?”?® or neural network?*%®). Thus, in

17 Kukhar V.V., Kurpe O.H., Prysiazhnyi A.H., Khliestova O.A., Burko V.A.,
Balalayeva E.Y., Yelistratova N.Y. Improving of preventive management for flat rolling
products quality indices. IOP Conference Series: Materials Science and Engineering. 2021.
Vol. 1037. P.12024.
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order to control the production process and ensure the predicted quality of
thermo-mechanically processed rolled products, it is necessary to develop a
proactive quality management system to establish and control the relevant
technological factors, which is the objective of this study.

The study aims to improve the structure of quality management methods
as applied to the plate manufacturing processes by thermo-mechanically
controlled rolling to upgrade the mechanical properties of 10Mn2VNbAI steel
products.

2. Methodology of Research
Establishment of indicators. Technological indicators affecting quality
parameters (other indicators can also be determined, if necessary) that need to
be monitored can be established in the following ways:
—  establishing already known indicators stated in the process flow
documentation, etc.;
—  setting indicators using the Ishikawa diagram, Fig. 1.

| 1. Man ] | 2. Method, technology | | 3. Mechanism, mean |
111 31
1. \ 2.
1212 221 82
1 \ N A\
/ Process quality
612, 612
,:_1_1\44 2, / . ./ 1N N
621 622
PP
| 4. Material ‘ | 5. Management control | | 6. Environment |

Fig. 1. General view of the Ishikawa diagram

11,111,112, 121, 1.2.2 — levels and sub-levels of indicators through
which the ‘Man’ category (compliance with the production method,
experience, qualification) affects the quality parameters;

2.1, 2.2, 2.2.1 — levels and sub-levels of indicators through which the
‘Methods and Technology’ category (production method, level of technology
used, control methods) affects the quality parameters;

3.1, 3.2, 3.3 — levels of indicators through which the ‘Mean, Mechanism’
category (equipment, devices for control, tests, research) affects the quality
parameters;

4.1, 4.1.1, 4.1.2 — levels and sub-levels of indicators through which the
‘Material’ category (used material, properties, anisotropy) affects the quality
parameters;
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5.1 — the level of indicators through which the ‘Management Control’
category (means of control and timely correction of technological parameter
deviations) affects the quality parameters;

6.1, 6.1.1, 6.1.2, 6.2, 6.2.1, 6.2.2 — levels and sub-levels of indicators
through which the ‘Environment’ category (conditions under which the
production process and tests are carried out) affects the quality parameters

Indicators can be established for a set of quality parameters in general or
for individual parameters/groups of quality parameters. Additionally,
benchmarking results on similar production facilities can be used for
establishing indicators if such data is available. The list of indicators can be
endless. Therefore, in some cases, controlling only the significant indicators
is possible and necessary. Determining a list of significant indicators affecting
product quality is possible using the Pareto method, Fig. 2. To determine
significance, it is definitely necessary to have an array of factors.

Establishment of indicator values. The values of technological
indicators can be established directly on the basis of. an analysis of
manufacturing similar products, statistical processing of available data,
scientific research, literature, and other technological or statistical methods.

Statistical data accumulation. In the production of rolled products, it is
necessary to monitor the values of all established indicators and store
information that will be the basis for processing and improving product quality
in the future. The established technological or other indicators should be
combined with product quality parameters using a traceability system. A
traceability system is a mandatory requirement for modern production,
without which tracking and quality improvement are impossible.

Processing of accumulated information. Processing is carried out as a
multivariate analysis. Each of the quality parameters should be analysed
separately or in a group with parameters of a similar level. For example, a
group may include all or some parameters of mechanical properties, some
parameters of roll geometry, and others. The first step of the analysis is to
build distribution diagrams for each of the quality parameters with a limit set
according to the 36 or 60 rules, depending on the process, Fig. 3.
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& 20000 70% 03
= 60%
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g 10000 0%
E 30%
sa00 20% 0.1
10%
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Fig. 2. General view Fig. 3. General view of the
of the Pareto chart normal distribution diagram
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It should be borne in mind that the limits set should be consistent with or
stricter than those stipulated in the relevant product standards or other
regulatory documents. That is, if, according to a distribution, the yield stress
of rolled steel is 235 MPa with a standard deviation of +/-10 MPa, and the
limit according to the regulatory document is 210-255 MPa, then according
to the 3o rule, the yield stress distribution is 205-265 MPa. In this case, the
set limit should not exceed the limits of 210-255 MPa according to the
regulatory document.

30000 100% 0.4
25000 Zg:
E‘ 20000 70% 03
60%
% 15000 — ig:: 0.2
® 10000 — 30%
[
5000 20% 0.1
10%
0 DABEGCGC % 0.0
Problem 36 20 -0 p 10 20 30
Fig. 2. General view of the Fig. 3. General view of the
Pareto chart normal distribution diagram

If the process is not stable enough, limits can be set at the level of
regulatory requirements. The gradual narrowing of limits will further improve
the stability of the production process. Only those quality parameter data that
meet the set limit are used for further processing of the array. Next, for each
technological indicator that affects the quality parameter under consideration,
it is necessary to build distribution diagrams and set limits that ensure the
desired quality result. Separate setting of limits for interdependent
technological parameters should be avoided, as well as setting different limits
for the same parameter that affects different quality indicators. To set limits,
including those for interdependent parameters, it is recommended to use
comprehensive statistical models based on the data arrays obtained. Such
models can be conveniently built into specialised software applications or the
Microsoft Excel analysis package.

Setting markers and boundaries. Coloured markers, which help visually
assess a process’ state, have been recently widely used. When setting limits of
technological indicators/parameters, coloured markers can be applied as
follows, Fig. 4:

— a red marker is set when the technological indicator/parameter deviates
from the limits that ensure obtaining a quality parameter in accordance with
the standard,;

— a yellow marker is set when the technological indicator/parameter
deviates from the limits that ensure the increased requirements set within the
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limits of the quality system management while the parameter is still within the
limits of compliance with the standard;

—a green marker is set when the technological parameter meets the limits
of the established (increased) requirements.

Quality index / Levels of the process

leqhgplotgﬁa' needs needs
Indicator attention attention

Yield stress 210-214 251-255

Finishing rolling
temperature

800-809 831-840

Fig. 4. An example of using colour markers
to assess the rolling process state

Depending on the current state of the quality system and technology, as
well as at the initial stages of technology development, only red and green
markers can be set. It should be noted that this approach not only helps to
stabilise the technological process and improve product quality but also
provides an opportunity to reduce production costs within the framework of a
combination of ISO and Lean systems by applying restrictions on extremely
high levels of quality parameters. For example, stable maintenance of the
mechanical properties of rolled products at the average level of requirements
allows us to save microalloying elements.

Tracking the Shewhart chart result. Tracking the result and monitoring
compliance with the established limits on technological parameters should be
carried out using any convenient methods available at the enterprise. This can
be direct control by a quality control officer at the place of parameter locking,
using a visualisation (control) system of technological parameters, or using an
automatic process control system. One of the most well-known ways to
analyse the results of tracking process stability is through Shewhart control
charts®, which are a graph of changes in a sample of parameters, usually the
mean value and standard deviation, which is calculated while accumulating
data, Fig. 5.

81 Ratter E., Nader S. The Use of Lean Management Tools in Production Companies
with Implemented Total Quality Management (TQM). European Research Studies Journal.
2022. Vol. XXV. Issue 3. P. 357-368.
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Fig. 5. General view of the Shewhart control chart

If the permissible level of deviation is exceeded, or if the indicator falls
into the yellow or red field, the process staff ensures the indicator enters the
required limits/green field. A product unit, batch, or other product
manufactured outside the green field must be tracked separately.

Decision-making on products manufactured with deviations from the
standards. Obtaining information on deviations allows us to manage the further
fate of such products in accordance with the requirements of Clauses 8.6 and 8.7
of 1SO 9001%2, Batch products, every single unit of which has indicators within
the green marker during the production, are considered conforming. Batch
products, some units of which have indicators within the yellow marker during
the production, are subject to additional quality control. Products with indicators
within the yellow marker are subject to additional control/testing. Products with
yellow markers are considered conforming only after confirmation by the results
of additional control. This method can be used up to the point of individual product
inspection, unless the customer objects.

Batch products, some units of which have indicators within the red marker
during production, unless agreed with the customer, are considered non-
conforming and are transferred to lower quality or rejected. A batch of rolled
products may contain a set of units with a combination of any markers, if
agreed with the customer, or be separated into different batches according to
the markers.

When manufacturing new products, the basic limits of technological
parameters may be the parameters of analogue products, if any. In general, the
proposed method is applicable to products that have passed the assimilation stage
and are produced on an industrial scale. The proposed principle can be applied to
partner companies that provide manufacturer’s products with additional added

%2 Bajaj S., Garg R., Sethi M. Identification of TQM Practices for Successful
Implementation of TQM in Steel Industries: A Review and Analysis. International Journal
of Engineering and Management Research. 2016. Vol. 6. Issue 3. P. 208-214.

49



value (e.g., additional surface treatment of rolled products) if the final product is
sold by the manufacturing company or its affiliated companies or to process
product quality data based on data provided by customers.

Methodology improvement. Thus, the quality management methodology,
which involves setting and establishing the values of technological indicators
affecting product quality, their control, accumulation, processing, and
improvement mechanisms, as a separate element of the quality system, is subject
to the PDCA cycle and confirms the integrity of the quality system in general and
its individual elements. The presentation of the proposed methodology in the form
of the PDCA cycle is presented in the paper3?.

The update period of the PDCA cycle may vary for different products. The
data update period can be static or dynamic. A stationary, or ‘scheduled’,
period is a time-based update frequency for a specific product type, depending
on the production volume, for example, every 50 thousand tons, or depending
on the production time, for example, every month or every quarter.

The dynamic, or ‘operational’, update period is applied for a specific
product type or range and can be divided according to the following
principles:

—cycle update when a set limit for the non-compliant products is exceeded,
e.g. 3%;

—cycle update when the set limit for the number of indicators falling within
the yellow and/or red markers is exceeded;

— cycle update when the set limit by the number of products requiring
additional control is exceeded, for example, by more than 10%.

Cycle performance is closely related to the technology, as it is
continuously monitored and analysed, and technology is adjusted to improve
quality. The technological information used and its processing results are part
of an enterprise’s general ‘Knowledge Base’.

3. Result of Research

Application example. Let us consider the application of the developed
methodology to establish the current level of quality and directions for
improving such indicators as yield stress (YS), ultimate strength (US), and
percentage elongation (E%) in the production of 14 mm thick plates using
10Mn2VNDbAI steel produced by thermo-mechanical rolling with accelerated
cooling on the 3600 mill. The indicators affecting the quality parameters, such
as yield stress, ultimate strength, and percentage elongation, were taken from
the plant’s technological documentation. The indicators include the chemical

33 Sheyko S., Matiukhin A., Tsyganov V., Andreev A., Ben A., Kulabneva E. Energy
power parameter effect of hot rolling on the formation of the structure and properties of
low-alloy steels. Eastern-European Journal of Enterprise Technologies. 2021. Vol. 6.
P. 20-26.
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composition of steel with the following elements affecting the mechanical
properties (C, Mn, Nb, V, Mo, Cr, Ni, Cu) and technological parameters:
rolling start temperature in the roughing stand (TRSr), the temperature of the
beginning of the second rolling stage in the roughing stand, which is caused
by the onset of recrystallisation inhibition (TIR), the temperature at the rolling
start and finish in the finishing stand (TRS, TRF), the metal temperature at the
accelerated cooling start and finish (TACS, TACF).

To identify indicators affecting the quality parameters under study, we will
build the Pareto chart for each of the parameters from the entire specified list
of indicators, Figs. 6-8.

The basis for building Pareto charts is the value of the approximation
probability R? and the value of the Pearson correlation coefficient (modulo),
which are obtained when determining the correlation between each indicator
and the quality indicator. For the array used in the calculations, the critical
value of the Pearson correlation is 0.17 (significance level 0.05). Indicators
with the Pearson correlation coefficient to the respective quality parameter
less than 0.17 are insignificant.

Indicators that are significant according to the results of statistical data
processing are listed in Table 1. Actions on quality improvement processes
are developed only for significant indicators.

Table 1
Significant indicators in determining the quality parameter regarding
the production process of thermo-mechanically treated 10Mn2VNDbAI steel

Indicator Pearson correlation values for quality parameters
YS uUs E%
TIR 0.316 0.379 -
\ 0.236 0.252
TACS -0.224 -0.334
Ni -0.213 -0.219
Mo -0.196 -
Cu -0.188 -0.202
C 0.178 0.246 -
TRF - -0.241 0.412
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Fig. 6. Distribution diagrams of the approximation probability (a)
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and the Pearson correlation coefficient (b) according to the indicators
affecting the percentage elongation of rolled products made of thermo-

mechanically treated 10Mn2VNbAI steel

Insignificant indicators remain at the level set by the technology. Let us
build distribution diagrams by quality parameters to determine the current
state of the technology for the production of 14 mm thick rolled products using

10Mn2VNDbAI steel on 3600 mill, Fig. 9-11.
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Statistical indices

According to the distribution diagrams (see Figs. 9-11), we have the
following quality status of the rolled products under study:

— the yield stress distribution has cases of below-standard and borderline
with minimum standard requirements. The overall distribution is shifted to the
lower level of requirements;

— the ultimate strength distribution also has cases of below-standard
requirements;
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— the percentage elongation distribution has many cases of below-standard
requirements. The percentage elongation distribution indicates the instability
of the technological process in obtaining this quality parameter.

To stabilise the technological process and improve product quality
according to the parameters under study, let us set the following restrictions,
Table. 2. In order to obtain the required level of technology indicators
according to the set quality parameter limits, we will use filters to leave only
those data in the data array under study that correspond to a stable or green
level of the process and set their limits, Table 3.
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Table 2
Setting limits on quality indicators

Quality Process levels
parameter/ - .
technological attention stable attention
indicator required required
Yield stress, 511
MPa 505-510 570 571-580
Ultimate 600—
strength, MPa 590-600 660 661-710
Percentage 22.5—
elongation, % 22-22.5 25 25-26
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Table 3
Set limits of indicators and corresponding quality parameters

Quality Process levels
parameter/ - attentio
technological process non- attention stable 0 process non
-nnofog conformances required - conformance
indicator required
Y'e'lsl;t;ess' 505-510 511-570 557816
Ultimate 661
strength, 590-600 600-660
710
MPa
Percentage
elongation, 22-22.4 22525 | 25.1-26

%

876-908 909-1008
0.056-0.059 0.06-0.08
718-720 721-737
0-0.29
0-0.07
0-0.28
0.08-0.11
542-595 596-640

Filtering should begin with the most unstable parameter, which is the
percentage elongation in our case. Because the list of significant indicators
overlaps between quality parameters, they will be the same for all three
parameters. When setting the yellow and red levels, it is necessary to consider
the Pearson correlation’s negative or positive value, see Table 1. Boundaries
of the yellow level for the indicators are the data that meet the limits of the
regulatory requirements for the quality parameters.

Also, the quality of the initially developed technological process plays an
important role in setting process levels when using this method. In this case,
the plant developed a false technology of thermo-mechanical rolling with
accelerated cooling, which does not allow obtaining the required mechanical
properties by cooling, which is evident from the negative correlations of
cooling parameters.

The required properties are achieved mainly through the rolling process
parameters. The advantage of the proposed method is the additional possibility
of detecting errors in the developed technologies. After establishing the
required levels of technological indicators to obtain stable quality parameters,
we have the following distribution, Figs. 12-14.
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Statistical indices

Thus, the green level of the process ensured that mechanical properties
were obtained within the regulatory requirements, while decreasing the
standard deviation of yield stress, ultimate strength, and percentage elongation
by 44%, 31%, and 46%, respectively, indicating an increase in the stability of
the technology and the results obtained. The distribution of percentage
elongation is not normal, but after the appropriate changes are introduced in
the technology, its results should stabilise.

Therefore, within the framework of proactive quality management, a
methodology for establishing and identifying the values of technological
indicators affecting product quality, their control, accumulation, processing,
and improvement mechanisms has been proposed and formalised for the first
time. It uses the Pareto principle, 35, and the Pearson criterion and aims to
continuously improve the quality of technological processes and products.

CONCLUSIONS

Based on the analysis, it has been found that additional requirements for
rolled products exceed the values established by regulatory documents and
need to be taken into account when developing technologies. It has been
proved that based on the relationships between the technological parameters
of rolled products and the mechanical properties of the finished TMCP rolled
steel established using a set of statistical data processing methods, which are
incorporated into the quality management methodology, it is possible to
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improve the stability of rolling processes. The verification of the proposed
methodology showed a reduction in the standard deviation of yield stress,
ultimate strength, and percentage elongation by 44%, 31%, and 46%,
respectively, from the primary data obtained during the rolling of
10Mn2VNDbAI steel on a heavy plate mill 3600, which indicates the possibility
of increasing the stability of the thermo-mechanical rolling process.

SUMMARY

The goal of the work was to formalize and implement in the conditions of
a heavy plate rolling mill shop the quality management methodology for
10Mn2VNDAI steel flat products produced by a thermomechanical controlled
process (TMCP) rolling with a predicted increasing of mechanical properties
indices. It is shown that the quality management system is relevant to be
implemented in all process areas, from the supply of raw materials to the
processes of working with consumers of products, in order to operate and
achieve the enterprise development. On the basis of the analysis, it has been
established those additional requirements for quality indices of rolled products
exceed the values established by normative documents, which should be taken
into account when developing technologies. The proposed methodology
includes the use of Ishikawa’s approaches to establish factors affecting quality
indicators, processing of statistical information with the construction of Pareto
charts and determination of compliance of the distribution of indicator values
with the normal law. Designation for stability of the process and indicators
levels performed by the method of coloured markers with tracking of results
(by Shewhart charts, as an example). Decision-making on technology
improvement with control of influencing factors of the thermomechanical
rolling process, as a separate element of the quality system, is subject to the
Deming cycle (PDCA). The testing of the proposed methodology showed
decreases in the standard deviation of yield strength, tensile strength and
percent elongation by 44%, 31% and 46% respectively, regard to the primary
data obtained when rolling 10Mn2VNDbAI steel at heavy plate mill 3600.
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DOl

CHUCTEMA MOJIEJIOBAHHS IMTPOIECIB TEINJIOBOI POBOTH
®YTEPOBKHN YABYHOBO3HUX KOBIIIB

JeBunpka T. O., lydokina M. 1O.

BCTYII

lNpando-meranypriiHui KOMIIIEKC Ykpainu 3a HassBHUMU
MOTY>KHOCTAMH Mocimae m’ste micue B cBiTi micast SAnonii, CIIA, Kuraro i
Pocii i Bimirpae mpoBigHy pojib B CTPYKTypl eKoHOMiku Ykpainu. YopHa
METaIypris BXOAUTH B 11’ ATIPKY NPIOPUTETHUX HATIPSIMKIB PO3BHUTKY JIepKaBU
1 po3riIsAAaeThesl AK 0a30Ba Taiysb, sika MOBUHHA 3a0€3MIEYUTH BUKOHAHHS
HaWBa)X/IMBIIIMX PUHKOBHMX MIEPETBOPEHD. *

[Ipobiema eHepro3depexeHHss B YKpaiHi € HaWOLIbII BaxJmBoio. e
CTOCYETHCS B MEPINY YEpTy A0 YOPHOI METaIyprii, sKa € HaWOLTbIT eHepro- i
MaTepiaioMiCTKOIO raiy33io BUPOOHMIITBA. I'onoBHmi CeHC
€HEepro30epeKCHHS — IIe CKOHOMIYHHUKN €EKT, KU MOXKe OyTH JOCITHYTHHA
JIVIIE 32 YMOBH ITPOBEJICHHS aKTHBHOI 1 dKOPCTKO1, 3aKOHOAABYO i IKPIIICHOT
TIOJITUKH.

VYockoHaNeHHS TEXHOJOTIYHUX TIPOLECIB MOXE 3HU3UTH IUTOMI
BUTpaTu eHepropecypciB HeoOXigHOI yMOBOIO BHCOKHX TEXHIKO-
€KOHOMIYHHMX TIOKa3HHKIB KHCHEBO-KOHBEPTEPHOTO BHPOOHUIITBA CTali €
SIKICTh YaBYHY, Ky BU3HAYaOTh BUCOKa TEMIIEpaTypa i CTabijIbHUI XiMIUHHIA
CKJIaJl Bif IUTaBKH 10 tutaBku OTke, HEOOX1MHO AOCIIHKYBaTH HACTYITHUMN 3a
BUIUIABKOIO TIPOIEC Tepefadi pIiJKOro 4YaByHYy [0 CTaJelIaBHIBHOTO
arperary i 3HalTH pe3epBH LIOA0 BJOCKOHAIECHHS LBOTO IIPOLECY 3 TOUKH
30py 30epexkeHHs Temia’, 30epeikeHHs BHCOKOI TEMIIEPATYpH piIKOTrO
YaByHy CHpHsi€ HOro ekoHoMii. ICHyroUl MeToan OLIHKK TepMOIUHAMIYHHX
MPOIIEeCiB, IO MAlOTh MICIle TPH TPAHCIOPTYBaHHI PIiIKOTO YaBYyHY 1
MPOBEICHHI TEXHOJOTIYHUX ONepalliif, MalTh BEIHKY CIUIBHICTH 1 HE
MOXYTh OyTH Oe3nocepeHbO BUKOPHCTAHI IJIsl KOHKPETHHUX IIiIIPHEMCTB.
VY 3B’A3Ky 3 UMM BHMHHUKAa€ HEOOXIIHICTh NPOBEACHHS TEOPETUUHHX 1
EKCIIEPUMEHTAIbHUX JOCIKeHb HA BCIX €Tamax nepeaadi po3IuiaBiIeHOro
MeTay JJO CTalIeIJIaBUIBHOTO arperary.

1 KpaBuyk H.M., Matpocosa [.JI. TeHnenmii po3BUTKY METANYpriiiHOT POMHUCIOBOCTI
VYkpainu: riobaibHa KOHKYPEHTOCIIPOMOXKHICT Ta 1HHOBAIIHHIK actekT. [Ipra3oBcbkuit
ekoHoMiyHui BicHUK. 2020. Nel. C. 32-37.

2 Sources of Iron Beyond 2015 // Steel Times.- 2005. V. 223. Ne 5. P. E-25-E-27, E-30
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1. BUHHKHeHHS NepeayMoB NnpodjemMu Ta GopMyJII0BaHHS Po0OJIeMH

YopHa MeTaTypris € 6a30BO0 raqy33t0 B €KOHOMILI KpaiHu®. Y PUHKOBHX
yMOBaxX, KOJM JIO SIKOCTI CTaJi Npen sSBISIOTHCS IiJABHINECHI BHUMOTH,
3a0€3MeUnTH BHXiJ TMPOIYKIlii Ha CBITOBUH PHHOK B YMOBaX >XOPCTKOL
KOHKYpEHIii, MOXIIMBO JIHIIE JOTPUMYIOUYNCh OCHOBHUX IPHUHIUIIB PHUHKY:
BHCOKa fAKICTh MPOMYKINi, IO BHUITyCKA€THCS, HU3bKA miHa®, a Takox
3a0e3MeueHHs] €KOIOTIYHOI OE3MeKH.

KucHeBO — KOHBEPTEpHH IMPOIEC 3aiHSB IEpIIe Miclle cepel Pi3HUX
MPOIIECiB  BHPOOHMIITBA CTadi. BiH sBIsie COOOI TOETHAHHS CYyYacHUX
TEXHOJIOTIH BUILIABKH, MO3aMiYHOI 00pOOKH 1 O€3MepepBHOTO PO3IUBAHHS.

Jnst KUCHEBO — KOHBEPTEPHOTO BUPOOHUIITBA BEJIMKE 3HAYCHHS Mae€ siK
CTaOlIBHUI XIMIYHUM CKJIaJ, TaK i TemMrepaTypa 4aByHy. L{e no3Bosse 3Ha4HO
30UIBIIUTH IPOMYKTUBHICTh CTAJCIUIABMJIBHUX arperariB B pe3yJbTarTi
CTaHIAPTHU3AIII] MPOIIECIB 1 YCYHCHHS IIABOK 3 TOYBKH, & TAKOXK CKOPOTUTH
BTpaTH METay".

HeBix’eMHOIO JTaHKOIO B TEXHOJIOTIYHOMY IPOIECi BUIUIABKU CTalll 3
piZKoro yaByHy B KOHBEPTEPHHX I€XaX € JOCTaBKa PIAKOrO MeTaly 3
JOMEHHOTO LIEXy J0 MIKCEpiB IIbOTO IEXY B YaBYHOBO3HHUX KOBINAX.

TexHomoriuHi omnepariii, Aecyabypallis i ckadyBaHHS IUIAKy, a TaKOX
opraHizamiiiHi 3aTPUMKH INPH NPOCYBaHHI YaByHY /O CTaJeIIaBUILHOTO
arperary TATHYTb 3a COOOI0 3HW)KEHHS TEeMIlepaTypH MeTaly. 3BICHO XK
Ba)XJIMBUM MIiHIMI3yBaTu BTpaTH TeIlla MPU TPAaHCIIOPTYBaHHI MOPOXKHIX 1
HATIOBHCHMX YaBYHOBO3HMX KOBINIB 3 THM, MO0 Temmeparypa, IO
3aJIMBAETHCS B CTAJICTUIABMIIBHUH arperat yaByHy Oyjia MakcumanbsHo. [pn
LIbOMY BHHHUKAE JOCUTH BiJUyTHA EKOHOMIisl eHEprOpeCypCiB.

Ha moBepxHi 3iTKHEHHS 9aBYHY 3 (DYTEpOBKOIO KOJOOIB MAalOTh MicCIe
BTPaTH TeIUIa TEIUIONPOBIAHICTIO Yepe3 KJIAJIKYy, a TAKOXK Ha aKyMYJISIIIO.
3aKOHOMIpHICT, BTpaT Tella B TNPOMDKHHX €MHOCTSX (TOJOBHOMY 1
TPAaHCIIOPTHOMY %k0J100ax), a TAKOXK 9aBYHOM B KOBILIax, OJHAKOBi. BtpaTtn B
KOBIIN BiJOYBalOTBCS B pe3yibTaTi aKyMyJIlii TeIUla KIAAKOK, BTpaT
TEIUIOTIPOBITHICTIO Yepe3 CTIHU 1 JHHINE i BUIIPOMIHIOBAHHSM 3 BiIKPUTOIO
MOBEPXHI LIJIAKY 1 CTPYMEHs YaBYyHY, IO CTiKae B KiBuI. TpuBaiicTh pod0OTH
TPAHCIIOPTHOTO JK0JI00A, ICHYBaHHS CTPYMEHS 1 3allOBHEHHS KOBIIIB
OJIHAKOBO OJTHO YaCy BHITYCKY, BTPATH TEIUIA Ha KOXHIM JUISHII 3aJIe)kKaTh
BiJl TEMIIEpaTypu 4YaBYHY 1 TEIUIO(I3SUUHUX BIACTHBOCTEH (QyTEpOBOK BCiX
€MHOCTEH, 1[0 CTUKAIOTHCS 3 HUM, a TAKOX CITIBBIIHOIIEHh MacH YaByHY B

% Becapa6 C.O. CywacHi TeH/EHI{i PO3BUTKY MiANPHEMCTB METATYpriliHOi ramysi
VYxpainu. [aBecTunii: npaktuka ta gocsin. 2016. Ne 23. C. 62-65.

4 Amomra O.1., Canomarina JI.M. [HHOBaNiifHAIH PO3BATOK MPOMHUCIIOBHX I APHEMCTB
y perioHax: mpo0iemu ta nepcrnextiuBy. Exkonomika Ykpainu. 2017. Ne 3. C. 20-34.

5. Nilles P.E. Steelmaking of the future // International Steelmak conference. 2008.
Design centre Linz (Austria). P. 1-5.
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HUX 1 TewloBianarouux nosepxoHs® Temmeparypa uaByHy Ha BHUITYCKY i B
3aNOBHEHOMY KOBIII Bijipi3HsAeThCs mpubmusHo Ha 500°C, To6To mpubnusHO
Ha 3%, a Temodi3uyHi BIACTUBOCTI (PyTEPOBKH B pe3yibTaTi B3aEMOMIi 3
PIAKAM YaBYHOM MPHUOIM3HO OJHAKOBI, TOJI IIUILHOCTI MOTOKIB TeIjia Ha
aKyMYJISIIiI0 B KOBIII, @ TAKOXK TOJIOBHOMY 1 TPAHCIIOPTHUX K0JI00ax Oy IyTh
omHakoBi (3 TouHicTIO MO0 3%). OTXe, BTpaTH TeIIa Ha aKyMyJSIIIO B
KO0J00axX JIMBapHOTO ABOPY i B KOBII OYAyTh BiIPi3HATHUCS HPOTIOPIIHHO iX
MOBEPXOHb.

AXTyallbHMM ~ 3aBJaHHAM € TpaKkTH4HAa ToTpeda B po3poOui
MaTeMaTUYHOTO afapary Ui BUBUYCHHS TEIIOOOMIHHHMX IIPOLECIB, IIO
MIPOTIKAIOTH ITiJ] 4ac MPOCYBaHHS PIAKOTO YaBYHY BiJl MOMEHTY Bumycky 3 JI1
JI0 3aJIMBaHHS HOTO B CTaJIeIJIaBUIIbHUM arperar. Ta cTBOpeHHs IpOrpaMHOro
3abe3nedeHHs IS Bidyanizalii npouecy, po3paxyHKy HOro XapakTepHCTHK 1
ONTHMI3alil TEXHOJOTIYHMX 1 KOHCTPYKUIMHMX NapaMeTpiB 3 METOI0
HiIBUIIEHHS AKOCTI IIPOYKITii’

1. 1 Ananiz memooie pivienns

3a wac mocraBku yaByHy Big Il 10 cTanmemmaBHIBHOTO arperary
3HWKEHHS TEMIIEpaTypu B cepenHboMy craHoButh 100°C. BrpaTu Temma
PIAKIM YaBYHOM CIIOCTEPIraloThCs Ha BCIX AINITHKAX JOcTaBKU. Ha BHITyCcKy
BOHU CTaHOBIATL Oym3bko 50% Bim 3aradbHUX BTpaT 1 TOB’s3aHi 3
OCOOJMBOCTSIMH TIPOBEACHHS BHITYCKY, IPUCTPOEM IJHUBAPHOTO ABODPY, a
TaKOX TEeMIIepaTyporo (yTEepOBKH MOAAIOTHCS IIiJl HaIWB KOBLIB. BTparn
TeIJla Ha BHIYCKY BHM3HAYAIOTHCS BHUIIPOMIHIOBAaHHSM BiJl CTPYMEHs, 3
MOBEPXHI YaBYHY, YacTKOBO IOKPHTOTO IIUIAKOM, aKyMyJISLI€K Teruia
KJIQJIKOI0 KOJI00iB. 32 YMOBOIO 3HIDKEHHS BTpaT Temia Oyno O JOUiJIbHO
CKOpOYYBaTH 4ac BHITYCKY, ajie IIPH [[bOMY IOTIPIUIYETHCS TOALT HPOIYKTIB
IUTaBKH 1 30UTBIIYIOTBCS BTpPATH YaBYyHY 31 mmiakoM. [lpu 30inbIneHHi
TPHUBAJIOCTI BUITYCKY BUHUKAIOTH JOJATKOBI BTPATH TEILIA.

B nanwmit wac HeMae 4iTKO C(OPMYIHOBAHHX 3aXOJIB MIOAO 3HIDKCHHS
aKyMYJIIOIOUMX BIIACTHBOCTEH KOBIIIB, $KI TOHAIOTHCA IIiJ] HAIUB 3
TeMmepaTypolo kiaaxku He Menie 700°. Ieit GakT He 103BOJIAE EKOHOMUTH
JOJATKOBOTO TeIl1a. Takok HeMae HayKOBOTO MMiAXOJy O 3HIKEHHS BTpaT
Termjaa KOXKyXOM KOBIIA. BibIICTh 3aXOAiB 3IIACHIOETHCSA Bi3yallbHO i
3aJeXUTh Big KBamidikamii nepconamy. Sk BitoMo JTrOACHKHN (haKTOp MOKe
MIPUBECTH 1O TIOMWJIOK, a TOYHHH MaTeMaTHYHHUI PO3paxyHOK 3aBXKIN €
OUTBII HANIHHIM IHCTPYMEHTOM.

6 Levitska T.O Dubovkina M.Y- Some aspects of changing the thermal properties of
the lining of metallurgical units of periodic action. M. Mapiynomns, 28 kBiths 2021 p. /
Mapiynonscbkuit nepxaBHuit yniepcurer; Mapiynons: MY, 2021. — 197 c..

” CutHuk B. @., Opnenko H. C. Imitaniiine MonentoBanHs: Hapu. mocionnk. — K.:
KHEY, 2008. — 232
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MareMaTiyHa MOJIENb TEIUNIOOOMIHHUX TPOLECIB MIX PiIKAM YaBYHOM i
(yTepOBKOIO J103BOJIUTH 3pOOHMTH BUCHOBOK ITPO JIOLIIBEHICTE BUKOPUCTAHHS
OUTBII MIITFHOTO BOTHETpHUBA. [IMTaHHS PO CKOPOUYCHHS BTPAT TEIUIOTH Ha
AKyMYJIAIII0 MOKJIMBO TiJIBKH TICJISA PETEIHHOTO BUBUCHHS TEIJIO0OMIHHUX
MPOIIECIB MK PIIKKM YaBYHOM 1 ()yTEpOBKOIO TPOTATOM YCHOTO ITUKIY
pobotu koBmia. Takok HAYKOBE MHUTAHHS PO 3MEHIICHHS MPOHUKHEHHS
piaKoro MeTaly, sIK B TIOPH, TaK i B IIIBH, IO JIO3BOJIMTH HE TUTLKH 30€perTH
Horo Temaodi3udHI BIACTHBOCTI, ajie 1 30IMBIIMTH CTIHKICTH (yTEPOBKH.
Termnodi3nyHi BIACTUBOCTI BHYTPINIHBOTO MIapy (yTEpOBKH (aKTHBHOTO
mapy), 3MIHIOIOThCS 32 PaxyHOK B3a€MOJIi 3 PIAKMM YaBYHOM 1 TUIBKH
MaTreMaTu4Ha MOJIeJb JO3BOJIUTh BU3HAYMTH SKOIO MOBUHHA OyTH BEIMYMHA
KoedillieHTa aKyMyJsMii Ui ONTUMAIBLHOTO TPOIECY, SIK 3MCHIIUTH
B33a€MO/Ii10 ()Y TEPOBKH 3 YaBYHOM, TOOTO 3HU3UTH HMOBIPHICTh MPOHUKHEHHS
METally B MIOPUCTHI BOTHETPHB 1 5IKi OCHOBHI 3aX0/J4 HEOOXIJIHO BUKOHATH,
o0 akTHBHUN poOoumii map (yTEepoBKH MEHIIE 3HOIITYBABCS B IIPOIECi
eKCILTyaTallii.

VY mpoiieci 0XOJ0IKEHHS MOPOKHBOTO KOBIIIA TEMIIEPATYpa BHYTPIIIHBOT
oBepXHi 3MiHIOETHCSA Bifl Tx 10 Tox, MpuaoMy Tox, K OyJI€ MTOKA3aHO HIDKYE,
3aJICKUTh Bil Yacy OXOJOMKEHHA 1 TemIo(Qi3sWIHUX BIACTHBOCTEH
(byTepoBKH.

BuzHaueHHsT Temmeparypu Ha KOPJIOHI aKTHBHOTO IIapy 1 peUTH
(GyTepoBKM HEOOXiJHO s pPO3paxyHKy 3O0BHIIIHIX BTpaT Yepe3 KOKYyX
KOBILIA, IIPOTE AOBIIKOBI JIaHi MaOTh PO301XKHOCTI, TOMY 1110 BOHH OTpUMaHi
0e3 ypaxyBaHHs 3MiH Teruio(i3MYHNX BIACTUBOCTEH akTHBHOTO Hiapy. Tpeba
B34TH JIO YBaru, 10 B MpoOLeCi eKcIulyaralii 3MiHIOITbhCS TeIuodi3ndHi
BIIACTUBOCTI maMoTy. CKOpIII 3a BCe, B MEPITY Yepry 3MIHIOETHCS MIUTBHICTS.
SIxmIo BBaXkaTH, 0 TEIUIO(i3WYHI BIIACTHBOCTI IIAMOTY 3aBXKIH MOCTIiHI, 11e
MNPUBOJMTH JIO TOTO, IO Pa3paxyHKH IO JOBIIKOBUM JaHUM 3HAYHO
BiJIPI3HSFOTECS BiJ EKCIICPUMEHTAIbHAX JAHUX.

MaremaTtiyHa MOJENb JIO3BOJUTh OTPUMATH (akTUuHI JgaHi 10
TEIUIO(I3UIHUM BIIACTHBOCTSIM OyIb-1KOI TOBepxHi ((hyTepoBKH), sKa
KOHTaKTy€ 3 pO3IUIABJICHHUM METaJIOM Ta OUIbII TOYHO pPO3paxyBaTH 4Yac
OXOJIO[DKCHHST 1 MPUUAHATH PpillleHHS Mpo Te, sKy (yTepoBKy Tpeda
BUKOPHUCTOBYBATHS.

1. 2 Ozna0 icuyrouux piwiensv ma npozpam
AHaIoriB MporpaMHOro 3ab0e3nedeHHs Uil pOo3paxyHKiB TeIUIO(i3NIHNX
BIIACTUBOCTEH (yTepoBKH HEe Mae. B poOOTi BUpINIyETHCS OfHA 3 MPOOIEM
CTBOPEHHS HaWOULIbII e(heKTUBHOI pecypco30epirarouoi TeXHOJIOTI] TOCTaBKU
PiIKOro 4aByHY 10 CTaJIeTUIaBMIIBHOTO arperary. Bcro TeXHOIOrio 10CTaBKH

8 Nlepunpra T.O. Jly6oskina M.FO. MoieoBaHHs BTPaT TEMIIEPATYPH B HATIOBHEHOMY
xoBuri JIBH3 «I1ATY». — Mapiynons: IIATY, 2021. — 115 ¢. C. 106-107
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YaByHy HEOOXiJTHO pO3MISHYTH SK HOCHIJOBHICTH B3a€EMOIIOB’SI3aHUX
€JIEMEHTIB IMKIy, L0 CTaHOBIATH €uHe Line. Lle m03BOIMTH PO3KpPHUTH
HEBUKOPHUCTAHI paHIIe MOXIUBOCTI IO CKOPOYCHHIO BTpaT TeIua i
i ABUIIECHHS €(pEKTHBHOCTI 0OPOOKH YaBYHY.

2. MaTteMaTH4YHA MOJie]b

YV KO)KHOMY LIMKJII BHYTPIITHS YacTHHA (yTEPOBKHU IMMOPOKHHOTO KOBIIIA 32
9Yac TPAaHCHOPTYBAaHHS OXOJIOMXKYETHCS HE Ha BCIO TTIMOHHY, a JINIIE YaCTKOBO.
[Tro yacTHHY Ha3BEMO aKTHBHHUM LI1apoM. TemrnepaTypHe 1oJie 1HIO0T YaCTHHU
(yTepOBKH 3aJUIIAETHCS TPAKTHYHO 0€3 3MiH MPOTATOM YCiX LUKIIIB.

Hdnst otpumaHHs Oe3mnepepBHOI iH(pOpMaNii NMpo TEIUIOBOMY PEXKHMI
pobotu ¢yTepoBku Oyia po3poOiicHa BHMIpIOBallbHA CXEMa, MO SKii
KOHTPOJIIOBAIM TeMIepaTypHe Ioje KIaJKu Ta ii 3HOC MO XOoay poOOTH
KOHBepTepa. BigmoBiTHO M0 TEXHOJOTIYHUX €TamiB pPoOOTH KOHBEpTEepa
TeMIiepaTypa 3MiHIOBaJacsd TIIbKH B «aKTHBHOMY» IIapi (yTepoBKH, IO
Oe3rocepeIHbO MPUMHKAE 10 poO04O0I MoBepXHi. TOBIIMHA IBOTO MIAPY IS
KOHBEpPTEpa KOJMUBAETHCS B Mexkax 80—120MM.

Hame 3aBnaHHs mossirae B TOMY, 100 BU3HAYMTH TOBIIMHY AKTHBHOTO
mapy CTOCOBHO 4YaByHOBO3HOro kosma’. PosrisHeMO 1o  3amady
noknanauimre. Ileprnr 3a Bce, Clia 3a3HAYMTH, MO JUIS HAOIMKECHHX
pospaxyHkiB, kond d,. dg <2 (d, — 30BHImHINA giameTp, g — BHYTpilIHIH
JiaMeTp), MOXXHA PO3MIANATH LIHIPUYHY CTIHKY 3 TOBIIMHOIO IIapy
Ax = 0,5 (d, — dgy). TToBepXHIO i€l CTIHKKA MOKHA BU3HAYATH 110 CEPETHHOMY
niamerpy do, = 0,5 (d, + den). Tomi F = 0,57 (ds + dax) |. TIpu Takomy
CHPOLIECHHI MOMUIKa Y BU3HaueHHI Q He nepesuilye 4% (B Oik 30ibIIeHHS)

Cxema 4aByHOBO3HOTO KOBIIA 1 MOTPYKHOH (ypMH Uit MPOIyBaHHS
MeTay MpeACcTaBieHa Ha PUCYHKY 1.

dyTepoBka 4YaBYHOBO3HOIO KOBIIA CKJaJieHa 3 IIAMOTHOI LETIH 3TiIHO
TEXHOJIOTIYHOT IHCTPYKIii. BHyTpimHii giameTp KoBIma mo kna dg, = 2918Mmm,
3oBHimmHii d, = 3535mm. KiBir g0 minotku Bmimtye 102,7 T 4yaByHy HIIbHICTIO
6750 kr/M3. 3MeHIIICHHS MacH Metany Ha 10 TOHH BiIIIOBiTa€ 3HKEHHIO PiBHS
metany Ha 222 mm. Jl3epkano MeTaly B KOBII CTaHOBMTHL 6,687 Mm% Kibm
BUKJIQJICHUI IMaMOTHOK YIIUTBHEHOIO Iernoro 3 BMmictom AlOs 32-37%
winbHicTIo 2150 kr/M® i Mae BinkpuTy TopucTicTb 19%.

Hecyua tpy0a i po3mmproBad ¢pypmu GyTrepoBaHi BOTHETPHBKOIO MacoIo,
0 CKJTAJIAEThCS 3 AFOMOCHITIKATHOI YACTHHHM 1 BYTJIENIEBOI — KOKCHKA.
Yactka amoMocwmitikataoi yactuau 0,74 1 xokcuka 0,26. LlinpHicTE Mach
1410 xr/m® i nopucricte 35,5%. 3 ypaxyBauHsam apmatypu (25% Bin
3arajbHOi Macu (ypMH) cepeiHs MinbHICTh GypMu cTaHoBUTh 1770 kr/m3,

® Jlesumpka T.0. Jly6oskina M.IO. MonemoBanHs MpoleciB TEMIOBOi PoGOTH
(bytepyBanHs yaByHoBo3HMX KoBIiB JIBH3 «I1ITY». — Mapiynons: ITITY, 2020. — 106 c.
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Puc. 1. Cxema 4aByHOBO3HOI'0 KOBIIA i MpoaAyBHOI pypMu

KiBmr npusHavyeHH 1)1 TPAHCIIOPTYBaHHS YaBYHY 3 JOMCHHOTO IIEXY B
CTaJleIyIaBWIbHUA. TeIUIoBI MPOIeCH, TOB’s3aHi 3 TPAHCIIOPTOM PiIAKOTO
YaByHy € HectamioHapHHMH. OIHAK Ha PI3HUX CTamisgX IX BIIXHJICHHS BiJ
CTaIliOHAPHUX TPOIECIB HEOJTHAKOBO 1 3aJIE)KHUTH BiJl TPUBAJOCTI €IEMEHTIB
LUKITY, SIKI TPOXOJUTH KiBII B EPi0f eKCILTyaTallii.

[Ticns nexinpKoX HAUBIB YaBYHY (pOPMYIOThCS JIBI TeMIIEpaTypHi 30HU —
aKTMBHUH 1m1ap i pewra ¢pyrepoBku. [licis 3mMBy yaByHY 3a 4ac JIOCTaBKH
MTOPOYKHBOT'O KOBIIIA ITi]] HAJIUB aKTUBHUH I1ap (yTEPOBKU OXOJIOKYEThCS Ha
by O (pucyHok 2). TIOHATTS axkTMBHOTO IIapy CyHEpEeYHTh
TPamUI[IHHOMY BHPIIICHHIO 3aBIaHb TEIUIOMPOBIMIHOCTI, 3TIAHO 3 SKOIO
UIBUJKICTh TOIIUPEHHS TEIUIa € HECKIHYCHHO BEIHMKOK. TeopeTHIHO
BU3HAYHNTH TOBIIMHY AaKTHBHOTO IIapy MOXKHA, NpPUHMArO4d KiHIIEBOT
IIBUJIKICTH IOIINPEHHS TeIlIa.
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Puc. 2. Po3nogin remnepatypu B pyreposui ToBmuHo0 S [13]
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Cepennst mIBUIKICTh HOMMpeHHs U TeIUla TEIUIONPOBIAHICTIO MOXHA
3HAUTH INUISXOM JUICHHS KOC(DIli€HTy TEeMIepaTypONpoOBIIHOCTI & Ha
BiJICTaHB, Ha SIKy MTOIINPIOETHCS e moTik (hopmyna 2.1):

v=2 2.1)
3
1e a — koedillieHT TeMmepaTyponpoBiAHOCTi, M? / c;
O — BiJICTaHb, Ha IKE MPOHUKAE OOYPEHHS, M,
TOJIi Yac TOMMPEHHS IIOTOKY TeIlIa 7 BIH3Ha4YaeThes (hopmyna 2.2)

5 &
=—=— 2.2
U (2.2)
3BIOKH
5 =at. (2.3)

[Ticnsa 3amoBHEHHS KOBIIA BiIOYBAETHCS MPOTPIBAaHHA MAapy (yTESPOBKU
Ha TIMOWHY aKTUBHOTO Imapy O - /ar . Ilpu oxonomkeHHI MOPOXHBOTO
H H

KOBIIA, OXOJIOJUKCHHS NPOHHMKAE Ha TDIMOMHY, K4 BH3HAYAETHCS YacoM
OXOJIOJPKEHHS. PO3IIITHEMO BUITAI0K, KOJIM Yac HArpiBaHHS Ta OXOJIOKEHHS
piBHI.

[Ticns 3amoBHEHHS KOBILA BiOYBAa€ThCsl NPOTPiBaHHS Iapy (GpyTepoBKH
Ha TIMOWHY aKTUBHOTO IIApy 8H = \/Z . Ilpr 0XOJNOKEHHI TTOPOKHBOTO

KOBIIA, OXOJIOJDKEHHSI NMPOHUKAE Ha TIHOMHY, sIKa BH3HAYAETHCS 4acoM
0XO0JI0/KEeHHsI. PO3rIIsiHEMO BUIAI0K, KOJIM Yac HArPiBaHHS Ta OXOJIOKEHHS
piBHi. Toxi 3a1exHO BiJ CE30HY TeMIleparypa HaBKOJHUIIHBOTO MOBITPs T
konuBaeThest Bij + 32°C Britky s10 -23°C B3uMKYy, TOOTO 3MiHa TeMIIEpaTypH
He Moxe nepesuiryBatd 60°C, a nporsarom 250 HalMBIB B3UMKY pPi3HUIA
Mmoxe mocsratu 30°C.

Ile o3Hauae, mo TeMmeparypa Ha KOPJOHI aKTHBHOTO MIapy 1 pemTH
¢yTepoBku T, , a Takok TemIeparypa 30BHIUIHBOT moBepxHi KoBuma T,

c1a00 3MIHIOIOTECS 32 Yac eKCIDTyaTallii KOBIIA i 3 JOCTATHIM JJIS TIPAaKTHKU
HaOIDKEHHSIM TeMIIepaTypHe Tojie (yTepoBKH, 3a BHHSATKOM aKTUBHOTO
1apy 3aBTOBIIKH O,, MOJKHA TIPUIHATH CTAllIOHAPHUM. A B aKTUBHOMY IIapi
3ay4ac 7, TeMIepaTypa Ha BHyTPilIHIi moBepxHi GpyTepoBKH Oy/1e KOIUBATHCS
BiJl TEeMIIepaTypu KOHTAKTY Ty 0 TemIeparypu 0XomoKkeHHS Tox. Y mporieci
OXOIIOJKCHHS TOPOKHBOI'O KOBIIA TEMIlEpaTypa BHYTPIIIHBOI MOBEPXHi
3MIHIOETBCS BilTl Ti 10 Tox, puaoMy Tox, K OyJie IOKAa3aHO HIDKYE, 3aJICKHUTh
BiJl 4acy OXOJIOJKEHHSI 1 TeTI0(iI3UIHUX BIACTUBOCTEH DYyTEPOBKH.

BusHayeHHs TemImeparypd Ha KOPJOHI AKTHBHOIO Iapy 1 peIITd
(byTepoBKH HEOOXiTHO IS PO3paxyHKY 3OBHINIHIX BTpaT dYepe3 KOXKyX
kxoBma. [impbHICTh TIOTOKY TEIJIa B HABKOJWIIHE CEPEIOBUIIE KOHBEKIIIEIO
BHU3HAYAETHCS 32 (POPMYIIOIO:
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q.=a(T,-T,), (2.4)

Jie 0. — KOHBEKTUBHHUII Koe]ilieHT Temnosianadi, Br/m?K,
a BUMpOMiHIOBaHHA (popmyna 2.5)

g =Gy K 1?)" T - (Ifo ﬂ , 2.5)

ne Co = 5,67-10® — BunpomiHioBabHa 3/1aTHICTH a0COJIOTHO YOPHOTO Tija
Br/m? K*;
&— CTYIiHb YOPHOTH [UIsl TOPJIOBHHH NPUAHSATA PiBHOMO 1.

IipHICTS TIOTOKY, SIKA& BH3HAYAa€ThCS 3TigHO 3 (dopmynamu 2.4 i 2.5,
JIOPIBHIOE IIUIBHOCTI MOTOKY 4epe3 Inap (yTepoBKH TOBIIMHOIO S —3§ i
BHU3HAYAETHCS 32 BUpazoM (hopmyna 2.6):

(1, -T,) (2.6)

A
q}_:q)c_‘—qux/l':S_S ox
3 SIKOTO MOJKHA 3HAUTH TEMIICpATypy Ha KOp)IOHi AKTUBHOI'O 1Iapy i peuiTu

dbyTeposku (dhopmyna 2.7)
T, =T,+4, (S_SOX)-
. »

TeMneparypa KOHTakTy MDK [BOMa TiJaMH MOXe OyTH BH3Ha4YeHa
LULIXOM BUpIlIEHHS MU(EepeHiHHOro pIBHSHHS TEIUIONPOBIHOCTI HpHU
KpalOBHX yMOBaxX 4eTBEPTOTrO MOPSIKY.

TeroBi mois MNEPHIOro 1 JOPYroro CTPMXKHSA, @ TAKOX PO3MOALT
TEeMIIepaTypHy B HUX NPEACTABIICHI Ha PUCYHKY 3 1 BU3HAYarOThCS BiIOBITHO
JI0 Takux BUpa3iB (popmyna 2.8, popmymna 2.9)

ToD Ty K, 1, x
T - Ty, 1+ K, K, 2at

(2.7)

) (2.8)

Lx,0)-T, _ K,
= erfc .
T, - T, 1+ K, " 24/a2r) (2.9)
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Puc. 3. TemnepaTtypHe noJie ABOX JOTHYHUX
HaniBOOMesKeHUX CTPUIKeHb

3 uX piBHSAHB TEMIIEPATypa KOHTAKTY MOKe OyTH 3HalIeHa, akmo X =0,
Yy OhOMY BHMNANKy OCTaHHIM momaHOK B (opmyii 2.8 NOPIBHIOE HYIIO, a

X . .o
erfcz‘i‘ JOPIBHKOE OAWHHIl 1 TEMIEparypa KOHTakKTy 7;(0,v)u7,(0,7)
a,t

3HAXOJUTKCS 3 HACTYITHHX PiBHsAHB (popmyina 2.10 Ta 2.11):

LO00)-T, __K

Ty-T, 1+ SKE 7 (2.10)

LO9y-T, __K

T, - T, 1+ kg . (2.11)

3BiJIKM BUILIMBAE, L0 TEMIIEpATypa KOHTAKTY 3aJIe)aTh Bijl KPUTEPILO, 10
XapaKTepu3ye TEIUIOBY aKTHBHICTH MEPLIOT0 CTPHIKHS MO BiJHOIICHHIO 0
apyroro (dopmyna 2.12),

_A & _ |Acs
“TaVa \ien (2.12)

TOOTO BiA TeO(i3MYHNX BIACTUBOCTEH MOTHYHMUX T KoedimieHTa
temnonposignocti — A, Br/m °C, Temmoemuocri — ¢, xJlx/kr °C, koedinienra
TEMIIEPATyPONPOBIAHOCTI — a, M%/c, U minbHOCTI — p, Kr/M3. Tlpu 7 = oo
TeMIIepaTypu B 000X CTEpKHSX CTAlOTh PIBHUMHU TeMIepaTypi KOHTAKTy,
TOOTO TeMIlepaTypa KOHTaKTy HE 3MIHIOEThCS IPOTSATOM YChOTO 4acy
KOHTakKTy (¢popmyna 2.13). Orxe,
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T2 _|_'|1( ;llcipl )0,5

_ ACP,
Tk T U — 2.13
L+ (2CPys 213)
AC,P,

VY 3B’S3Ky 3 THM, LIO II€ PIilICHHS 3acCHOBaHe Ha 3akoHiI Dyp’e 3 sKOTO
BUIUTMBAE, 10 IIBUJKICTH MOUIMPEHHS Terja AOPIBHIOE HECKIHYEHHOCTI,
pIIICHHS [[LOTO 3aBJaHH] BUMAarajo BUKOPUCTaHHS CTPM)KHIB HEOOMEKEHOT
noBxuHA. DaKTHYHO MIBUAKICTP NONIMPEHHS TeIUla KiHIeBa, a TIHOWHA
MOUIMPEHHS TeIJia Bil MOBEPXHI KOHTAKTA BHM3HAYAETHCS YACOM Ta
TEII0(I3NIHIMH BJIACTHBOCTSIMH JOTHYHHUX Tijd. TOMY TOW e pe3yiabTaT
MO>KHA OTPHUMATH IS TUT KiHIIEBUX PO3MIpiB. Y piKOMY YaBYHi Ha BiAMIiHY
Bil pyTepoBKH Ma€e MicIie 1 KOHBEKINis. 3 OTJISAY Ha Te, IO MPU HAIIOBHEHHI
KOBIIIA IIBUIKICTh MiAHOMY PiBHS YaByHY HeBeJIMKa (KiJbKa MM / ¢), TOOIH3Y
(yTepOBKH YTBOPIOETHCSI NPUKOPJOHHHUN JaMiHApHUI IIap, 4epe3 SKUi
TEIIO MEPEAAETHCS TUIBKU TEIUIONPOBIAHICTIO. [ 1MX yMOB BH3HAUYMMO
TEMIIEpaTypy KOHTaKTy PiIKOTO YaBYHY 1 ()yTEPOBKH KOBILA.

VY 3B’s13Ky 3 KIHIEBOIO IIBHKICTIO TEIUIONPOBIIHOCTI, 32 MaJlWi iHTEpBa
yacy OOypeHHsl BiJi KOHTAaKTy 4aByHy 1 (DyTepoBKM Oyne TNOLIMPIOBATHCS
BcepenrHy (yTepoBKH i IIapy 4aByHY Ha JIesiKi BicTaHi 01 Ta O2. BuzHaunmo o1
1 O2 yepe3 MaJuii IPOMDKOK 4acy 3 MOMEHTY BUHUKHEHHS KOHTakTy. [IIBunKicTh

a a,

MIOTOKY TerIa, 3rinHo (2.1), B pyreposui U, = 6—‘ ,aU, = 5 B YaByHI.
1 2

. . a
3a yac 7 B KAl MOTIK TelUla MPOHHKHE HA TIHOMHY 9, :UT:S—‘, B
1
YaByHI Ha TJIHOUHY 5 —Ur=@> Tomi 4 _ 4, , 3BiICH, BPAXOBYIOYH OJHAKOBHIA
T8 p 8

Yac MPOHUKHEHHS IMIOTOKY TeTlIa B YaBYHi 1 QpyTepoBii, oTpuMyeMo (popmya
2.14)

3 &)

— = 2.14

5, \a (2.14)

Kimpkicte Temmot Qi, MO0 TPOXOJUTH Yepe3 OAWHHUINKD IOBEPXHI B

OJIMHUIIO Yacy, MpsSMO TPOMOPIliifHA 0 KoedillieHTa TeIUIONPOBIIHOCTI,
pizHULi Temmeparyp i od0epHeHo npomnopiiiino ToBmuHI mapy (T« — T1), Ha
sIKe IpOHUKae 00ypenHs (popmyina 2.15), Too6TO

A _
0= (T T). (2.15)

Tak sk MM PO3IIAOAEMO MPOILEC 33 MAIUI MPOMIXKOK 4acy, TO MoOnu3y
MTOBEPXHI KOHTAKTy 3 OOKy 4aBYHY MOXJIMBE iCHYBaHHS TOHKOTO IIapy, B

72



SIKOMY TEIUIO TEPEHOCUTHCS SK B TBEPJAOMY Tili TersonposignicTio. Toxi
KUTBKICTh TerutoTu Q2 nopiBHoBatuMe (hopmyna 2.16):

)
o, :g(TK—TQ- (2.16)
[pupiBasiemo popmynu 2.15 ta 2.16, orpumaemo Bupas (2.17) :
A A
ST -T) =20 - T)). (2.17)
1 2
3 Bupasy (2.17) 3HaxoAMMO TemIiepaTtypy KOHTakTy (dpopmyra 2.18):

A S
T2+T]J—27L 5
Ad :
l+Jl>LS
271

K

[igcraBumo dpopmymy 2.14 B 2.18 i orpumaemo (popmyina 2.19)

T,+T, Li"”z
a
T, RN e = (2.19)
1V
1+

Mfa

A . . .
Tak ik a = ~+ TO/li OTPHMYEMO BUPa3, aHANOTTHUiE (2.13):
[

T,+T, Mep,
MGopy

LG 2.20
! 1+ fl’lclpl ( )
AyyPy

Sk 1 mepenbauanocs cnovatrky, T. (popmyrna 2.20) moxe HaOyBaTh
3HaueHb B Ti mo Tz, 3anmexuTh Bijg TemmepaTypu AOTHYHHX TN 1 ix
TEIIO(I3NIHNX XapakTepucTuK. Xoda (2.13) i oTpuMaHuil HaMu BUpa3 s
BU3HAYECHHS TEMIIEpaTypy KOHTAaKTy IOBHICTIO 30ira€ThCsi, HOro BUCHOBKH
ICTOTHO BiApi3HsIOTHCS . Pimenns (2.13) cTporo cnpaBeyinBoO Ui MOMEHTIB
Yacy piBHHUX HYJIIO i HECKIHUEHHOCTI, @ OTPUMaHUI BUpa3 CIIpaBeIMBU 1151
Oy1b-SIKOTO MOMEHTY 4acy. 3iCTaBJISIFOYM MEPIINH 1 TPy METOAN, MOXKHA
MIPUHATH 70 BHCHOBKY, IO PIllICHHS JIJISI HATIBOOMEXEHHUX TiT MOXYTh OyTH
BHKOPHCTaHI JAJS TiN KiHIEBHX PO3MIpiB, 32 YMOBH TIJIMOMHH IPOTPIBY
(OXOOKeHHST) MEHIIE PO3Mipy Tila B HANpsMKy IMOTOKy. Bemwmumna o
BH3HAYAETHCS 9aCOM HPOTPIBY (OXOIOMKEHHS) Tijla 1 HOTO TeIuI0(hi3NIHNMHI
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BJIaCTHBOCTSIMH. TeMneparypa KOHTakTy Tx MOXe 1CTOTHO BiIPI3HATHCS BiJl
TeMIepaTypu 4yaByHy Tz .

Tak siKk BTpaTH TeIUIa aKTUBHUM MIapOM (YTEPOBKU MOPOKHBOTO KOBIIIA
KOMITCHCYIOThCSI HArpiBaHHSAM HOTO 332 PaXxyHOK BTpAT TeIlla YaBYHOM, TO
HOro akyMyJrOHOuy 3JaTHICTh MOXXHA BH3HAYUTH Yepe3 BTPaTH TeIuia
BHITPOMIHIOBaHHSM (yTEpOBKHU MpH ii oxonomkeHHi Bix Ty g0 TeMnepaTypu,
3 AKOI OJAETHCA KIBII i HAIUB Tox.

UyryHOBO3HI KOBIIi BiIHOCATBHCS JO arperariB IepiogudHol mii, mpu
LLOMY aKyMYJISILIMHI 37aTHOCTI MaTepiaily, 3 SIKOrO BUKOHaHa (yTepOBKa,
rpatoTh ictotHy ponbl18. SIkmo mnepion HarpiBaHHS Ta OXOJIOKEHHS
aKTHBHOTO IIapy 0araTo MeHIle UKy poOOTH arperary nepioAndHoi aii, To
B OCHOBHIiH YyacTHHI (pyTEpPOBKH BCTAHOBIIIOETHCS PEKUM TEIIONPOBITHOCTI,
OJMU3BKHUI 10 CTAIlIOHAPHOTO.

AXyMyJIsiisi TeTla OCHOBHOIO YacTHHOIO (D)YyTEPOBKU Ma€ Micle TUIbKH
[pU MEPBUHHOMY HarpiBaHHi arperary. IIIBUAKICTb, sika BU3HAYAETHCS IO
(2.1) MOXHa pO3TIANATH SIK IIBUAKICTH BCTAaHOBJICHHS CTAaI[iOHAPHOTO
peXUMy, TOMY MO KOEQIIieHT TeMIepaTypONpOBITHOCTI BHU3HAYAETHCA
€KCIIEPUMEHTAIIBHO, JJISl CTALIOHAPHOTO PEIKHMY.

PosristHeMO  TeT00OMiH aKTHBHOTO Iapy (yTEpOBKH 3 HABKOJHIITHIM
cepenoBuiieM (puc. 2.2). Hexait yac 0XOJOMKEHHS 1 HarpiBaHHS AKTHBHOTO
mapy ¢yTepoBKH OTHAKOBI, TOJI 1 B Iepios HarpiBy i B MEpio OXOJIOKEHHs
TOBIL[MHA aKTHBHOTO 11apy Oyie HE3MIHHOIO 1 BU3HaYa€eThes 3a opmyioro 2.3

CxuiaziemMo TerioBHi 0aaHc akTBHOTO mapy ¢yrepoBku (popmyna 2.21)

AQ] =AQ21 (221)
Je AQ, — KUIBKICTh TeIUia, 10 HaJXOIUTh JO MOBEPXHI 3CEPEeANHH (TEIIo

aKyMYJIbOBaHE [IaAPOM);
AQ, — KUIBKICTh TETJIa, 1[0 MUHAE 3 IIi€] TOBEPXHI.

Tak sik OBEpXHs 1 Yac OJHAKOBI B IPOIEC TEINIO0OMiHY, TO Ma€ Miclie He
TiNBKHU piBHICTH (2.20), a i piBHicTb (Gopmyna 2.21)

01 = G2, (2.22)
Jie (1 1 2 — IIUTBHOCTI TEIUIOBUX IMOTOKIB.

PiBHicte (2.22) mae wmicue B Oyap-skuii MoMmeHT uacy. lllimbHOCTI
TEIUIOBUX TIOTOKIB BCEPEJMHI aKTHBHOIO IIapy BHM3HAYAIOTHCS HOTO
TerI0(i3NIHIMH BIIACTUBOCTSIMH 1 PI3HHUIICIO TEMIIEpaTyp IIapy i MOBEPXHI.
OcraHHE 3aleXHUTh BiA I1HTEHCHBHOCTI TEINIOOOMiHY 3 JOTHYHOIO

10 Ty6oskina M.IO. Ontumisallisi BTpaT Teruia 4epe3 BOTHETPUBHY KKy arperatis
nepiognunoi mii  Implementation of modern scientific opinions in practicey,
March 20 — 21,2023, Bilbao, Spain. P. 251-252.

74



cepenoBuiieM. TemrepaTypy IIOBEpXHI MOJYKHa 3MIHIOBATH, 3MIHIOIOYH
30BHILIHIN TEINIOOOMIH.

[inpHICT TEIUIOBOTO TIOTOKY (1 TPH OXOJIOUKEHHI MOXe OyTH
BH3HAYEHA 3a Gpopmyoro, 2.23

1
= ,\/7» T.-T,)—.
q(v) ep(T, o) \/E (223)
BimnosigHo Maemo popmyiry 2.24
20, = Repe(T, - T,). (2.24)

[poanamizyemo BenuuuHy .facpt . IlomcraBuMo 3amicth 7  Horo
3HaueHHs 3 (2.2), Toai orpumaemo (popmyina 2.25)

Jhept = Jc?p?8* = ¢psd . (2.25)

Ile € TermIoeMHICTh OXOJIOKEHOT MoBepxHi (3 posmipHicTio Jx/M2-K)
mnomero F = 1M2, Toi TeMIoeMHICTh 0XO0OKEHOTO APy € BeInduHa co0F,
ne F — mmoma momepevHOro mepepizy Iporo Imapy. TakuMm HYHHOM,
Jrept ‘F(Tw- Tox) — NOOATOK TEIUIOEMHOCTI MPOTPITOro LIAapy Ha Pi3HMIIO

.. 2
Temreparyp, T00To AQ, koediwieHT = 3aBHIIYE 11e 3HaueHHs Ha 13%.
T

Toni maemo AQ1 (popmymna 2.26)
AQ, = Rept (T, - T,,) (2.26)

a TPU OXOJIOJDKCHHI BHIPOMiHIOBaHHSIM AQ2 Moxe OyTH BH3HAa4YeHa 3a
¢dopmymoro (2.27)

T,

A0, =eGi(7gg

Y. (2.27)

OCKINBKM KIJBKICTh TEIUIa, IO HAIXOAWTH O IOBEPXHI 3CEPeNrHU
O0XOJIO/DKYEMOTO Iapy, MOPIBHIOE KUTBKOCTI Temja, [0 MUHAE 3 i€l
MTOBEPXHI, BAKOPUCTOBYIOUH PiBHICTH (2.26) 1 (2.27), orprmMaemo (2.28)

T,
100

Jrept(T, - T,) = G('e. (2.28)
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Tep 3TIIHO OKPEMOTO BUITAJKY TCOPEMH NPO TOBHY 3arajbHy CEPEIHIO
JIOPIBHIOE:

T>-T
T = TdT, = —x——o
7T, Tﬁx J; ST -T,)
Tax camo, Toxi maemo (popmyina 2.29)
J)»c T:-T
T.-T, — e
- ( ) =€C ST -T.) (2.29)

IToTik 3 OXOJOKYBaJbHOI BHYTPIIIHBOI TIOBEPXHI 3MEHIIYEMO
BIIIOBIHMM CITiBBiHOIIEHHSM ILIOL Frop / Fuy, 1€ F.pp — IIIOIMA TOpPIOBHHK
4aBYHOBO3HOrO KOBLIA, M%; Fyy — MIIOIIA BHYTPIlIHLOI HOBEPXHI KOBILA, KA
3HAXOJUTHCS B KOHTAKTI 3 yaByHOM, M? ((popmymna 2.30, Gopmymna 2.31)

7\.CP TS F;o
T, -T.0=G 750 S (2.30)
abo
Jhep = Ao (T J_ (2.31)
pe A= fm

57 E,

Jcp - koediLieHT aKyMyJIIOI0UO0T 31aTHOCTI.

CniBBizHomieHHs (2.21) cripaBeminBo [uisi Oyb-SIKOTO MOMEHTY 4Yacy B
IpolLeci 0X0JIOPKEHHS ()yTEpOBKH YaBYHOBO3HOIO KoBIIA 1 piBHsHHS (2.31)
Moxe OyTH BHKOPUCTAHO JUIsi BU3HAYCHHS TEIUIO(I3MYHUX BIIACTUBOCTEH
(byTepoBKH.

3. IlpoexTHa MoJeJIb
[Mpn3HaueHHs 00’ €KTHO-OPIEHTOBAHOTO aHAII3Y 1 HPOEKTYBAHHS ITOJISTAE
B PO3DIISAI MPEeAMETHOI 00JacTi i JOTIYHOTO PIllICHHS 3a[adi 3 TOYKH 30pY
MOHATH 1 cyTHocreil. JlaHWH miaxix 3acTocyemMo 1 10 po3poOioBaHOL
CHCTEMH, OCKUIBKH JUIS peaizallii BAKOPUCTOBYIOThCS 00’ €KTHO-Opi€HTOBAH1
MOBa IIpOrpaMyBaHHS i IHCTpyMeHTapiil.

3. 1 iazpama eapianmis eukopucmamnns
Hiarpama BapiaHTiB BUKOPHCTaHHS, NpEICTAaBICHA Ha PHUCYHKY 4,
BiT0Opakae OCHOBHI MOXJIMBOCTI CHCTEMH, IIIO PO3POOIAETHCS.
Ha nmiarpami BapiaHTiB BUKOPHCTaHHS ONMCAHI TPH OCHOBHHX JIOCTYITHHX
JUIS KOPHCTyBaya BapiaHTH BUKOPUCTAHHS 1 BHYTPIIIHI Aii, 10 BKIIFOYAIOTHCS
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B J1aHi BapianTH. Tak CKMJaHHS JaHUX O3BOJINTH OYUCTUTH (HOPMY JOAATKIB
BiJl pe3yJbTaTiB MOTOYHOTO PO3PAaXyHKY i BBEJICHHX KOPHCTYBaueM JaHHX,
YCTaHOBKA JJaHWX 33 3aMOBUYYBAHHSIM 3allOBHUTDH MOJS JOAATKH TECTOBHMH
JaHUMH, [1isl PO3paxyHKy — BUKOHA€ PO3PAXYHKH 110 BBEACHUM 1 TCOPETHIHAM

JaHHUM.
% Poapaxyaatn

Kopueryeay

- ceinciudess
BeTaHOBUTA AaHi 33 “)i,r‘d“de»_.'“"dwe

3AMOB4YBAHHAM

ccincludess  <<includes>

Bueectn
eKCNepUMEHantH

CRAHYTH NOTOUHI naHi

PO3paXyHKN

Poapaxysati 3a
TpagMUiAHMM
KHUKOBIM
PIBHAHHAM

Poapaxyeatv 3a
HOBHM DIBHAHHAM

CKMHYTM NoyaTKoBi
naHi

<« o Lo
<extend <exténg>>

: B 2= PR -4
<<includes>: edend> 1 ccentenigss

Poapaxyeat Ha
OCHOBI BEBABHHIX

nanmux <<extends> <<exlengss  <<exlendss

T Hiantend>>
zsincludes> ¥ e

Poapaxyeati ana
TeopeTHyHoro
dyTepyeanHa 84

Pospaxyeati ans
TEOPETMUHOTD
hyTepyeaHHA 85

Poapaxyeatv ana
TEOPETHYHOTD
hyTepyBaHHA 86

CEMHYTW AaHi

Puc. 4. [liarpama BapiaHTiB BUKOPHUCTAHHSA

3. 2 Onuc sapiannty 6uKopucmanns

BapiaHT BUKOPHCTaHHS — MOJIMBICTH MOJICJILOBAHOT CUCTEMH (JacTHHA
i ¢QyHKIiOHANBHOCTI), 3aBIJKHA SKIH KOPUCTYBa4 MOXE OTPUMATH
KOHKPETHHUH, BUMIpHHH 1 TOTpiOHMHA #oMmy pesymeTar. BapiaHT
BUKOPHCTAaHHS BIAIOBiZae OKpeMil (YHKIII CHCTEMH, BH3HAya€ OJWH 3
BapiaHTIB Il BUKOPHUCTaHHSA 1 OMICY€E THUIIOBUH CIIOCiO B3aeMOIii KOpUCTyBada
3 CHCTEMOIO.

BapiaHTOM BHKOPHCTaHHS, IO PO3TIISIIAETHCS € BapiaHT BUKOPUCTAHHS
«Po3paxyBatin». MeTor0 BapiaHTy BUKOPHCTAHHS € BUKOHAHHS PO3PAXYHKY
3MiHH TeMIIEpaTypH KOHTAKTy (yTepOBKH i 4aByHy B uaci. [liffoBoio ocoboro
€ KopucTyBau mporpamu. IlepeaymoBamMu € HasBHICTh JaHUX IS
pO3paxyHKy. AKTHBaTOPOM € HAaTHCKaHHA KHoONkH «Po3paxyBarn»
KOpHUCTYBa4eM.
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1)  OcHOBHWUIA MOTIK MOIiH:

2) CucTema 34UTy€ aHi, BBeIeHI B mons Gopmu;

3) Cucrema 00OUYHCITIOE TIEPBUHHI TEMIIEPATYPH KOHTAKTY BYTEPOBKH i
YaByHY JUIS1 KHWDKKOBOTO 1 HOBOTO METO/IB PO3PAXyHKY;

4)  Po3paxoByeThCs 3MiHA TEMITEPATYPU KOHTAKTY BilX MOUaTKoBOT Ty 10
TeMIiepatypu GpyTepoBKH;

5) BUBOOMTHCS PE3yIbTAaT PO3PAXYHKY;

6) BuBOIATHCA eKCHIEPHMEHTANBHI JaHi.

AJNbTepHAaTUBHUI CLIEHApili: SKIIO HE 3alOBHEHI MOJS BUXITHHUX JAHHX
JUISL PO3PaxyHKY, BUBECTH ITOBIIOMIJICHHS ITPO HEOOX1THICTh 3aIIOBHUTH HOJIS.

Takum 4mMHOM, cueHapiii BapiaHTa BuUKopHcTaHHSI «PospaxyBatu» OyB
PO3IIIAHY THH.

3. 3 diazpama dianvnocmi

Hiarpama missibHOCTI — UML-miarpaMa, Ha siKiii OKa3aHO PO3KIIaJaHHsI
JesKol NisUIbHOCTI Ha 11 ckiiajioBi yacTWHU. [lif MisUIBHICTIO PO3yMI€THCS
crierudikamiss BHKOHYBaHOI TIOBEIIHKM y BHIUIAAI KOOPJAHHOBAHOTO
ITOCTIITOBHOTO 1 IapajieIbHOr0 BUKOHAHHS I IJICTJIMX CIIEMEHTIB — BKIIAJICHUX
BHIB JiSUTBHOCTI 1 OKpEMUX JiH, 3’ € THAHUX Mi’K COOOI0 MMOTOKaMH, SIKi HIYTh
BiJl BUXO/IIB OJTHOTO BY3JI1a JI0 BXO/IIB 1HIIIOTO.

HiarpamMa [nisubHOCTI JJIs aHANi30BAaHOTO BapiaHTa BHKOPHCTAHHS
«Po3paxyBaru» npejcTaBlieHa Ha PUCYHKY 5.

4. Po3podka nporpaMHoro 3ade3nevyeHHst

Jnst peanizauii MareMaTHyHOI MOAENI AJISl PO3PaxXyHKY TeMIlepaTrypu
KOHTaKkTy (yTepoBKH 1 4aByHy 1 3MiHM 1 B 4aci, Oyia BuOpaHa MoBa
nporpamyBanuss C ++. Jlama MoBa mporpamyBaHHi € 00’ €KTHO-
OpI€HTOBAHOIO, IIOEJHYE BJIACTUBOCTI SK BHCOKOPIBHEBHX, TaK 1
HU3BKOPIBHEBUX MOB, Ma€ IIMPOKI MOXIIMBOCTi, € BEIMKa KUIBKICTh
JIOBIIKOBOT Ta HABYAJIBHOI JIiTEpaTypH 3 MOBH.

Sk cepenoBuie nporpamyBaHHs Oyia oopana RADStudio. CepenoBume
MATPUMY€E poOOTY 3 TaKUMH MoBamu TporpamyBaHHuA, sk C, C ++, C #,
Delphi. Kpim Toro, cepemoBmmie mporpaMmyBaHHS J00pe JOKYMEHTOBaHE,
iCHy€e BenmKa KiJbKiCTh PO3POOHHKIB, SIKi BUKOPHUCTOBYIOTH IO CEpemdy, i
CIUTBHOT, IPUCBSIYEHUX Ti.

BikHO caMoro jo/1aTKa MpeCTaBIeHO Ha PUCYHKY 6.

Jonatox MiCTHTB Ba HAOOPH OB IS HapaMeTpiB GyTEPOBKH 1 YaBYHY:
«Temmeparypa ¢yrepokm» ( «Futter temperature»), « Temmeparypa 4aByHy»
( «Iron temperature»), «impHicTe» ( «Density»), «Temmoemuicts» ( «Heat
capacity» ), «Temmonposianicte» ( «Thermal conductivity»). [ani mons
MOYKHA 3aIIOBHIOBATH SIK BPY4HY, TaK 1 3a JJOOMOT'0I0 KHOIIKH «BcTtaHoBUTH
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3a 3amoBuyBaHHAM» ( «Set default»), ska 3amoBHHTH X CTaHAAPTHUMHU
napaMeTpamMH IIaAMOTHOI IIeTJIH, BUKOPUCTAHOI B €KCIIEPUMEHTI, i YaByHY.

3a HaTHCKaHHSIM KHONKH «Po3paxyBaTm» BHKOHYETBCS PO3PaxyHOK
BBCICHMX JAHUX | HAsBHUX B IOAATKy TCOPETHYHHX 3HAYCHDb IMIIBHOCTI,
TEIUIOEMHOCTI 1 TeIUIOIPOBIHOCTI ISl TPHOX THITIB IIAMOTHOI IIETIIH.

T (TR Koebiuien eTpamy Tenna: 1/5 aunponisosantn
< awiHapani_——Tac—>| (54120.4) }---- aGCONIOTHO YOPHOTO TiNa NOMHOKEHE Ha
— N v SiAHOWEHHS NNOLL FOPNOBHHI Ta BHYTPILIHEOI

noBepiHi KosiLy

@ /l\
-
= futterCoefi = 117¢17p1; - - g‘;ﬁ:ﬂgrﬁ:ﬁﬁxﬁ‘
N /
- B Hosi KoewiLlieHTH akymyNIoKol
parvocT oyTepysanHA. KoediLienT A

futterCoefiNews4 = 3260; \ YTEPYBAHHA B4 GYB 3HAAASHNA HA OCHOBI
theoryCoeff = futterCoefiNewsd/futierC oefiad; KCNIEPULIEHTY, TEOPETULHMIA KoeaiLEHT
futterCoefiNew = futterCoeftheoryCoef: [ANA KODENVEAHHA SHARIEH A

CRiZEIAHOWEHHA TEOPETHYHIK Ta

TIDAITHIHIE ABHIX
The= (T2+(T4*sarfutterCoef/(12*c2*p2))))/ } POIPEXYHOK TeUNEPaTYPH KOHTAKTY 3
(1+sarti(uterCoefMi(12*c2p2))); TPAAVIYIHAM KORDILIEHTOM

= Po3paxyHoK TemNepaTyp KoHTaKTY 3

(T2+(T1sar((futierCoeMew)12*c2'p2))y [~ HOBM KoediLiieHTOM
(1+sqr((futterCoefNew)(122c2"p2))); /

‘/ Teooling = Tkestep;

~
NG

N
AN

—

{7eooiinghiew = Tieew-step; \
(" time = tuterCoetrpowTecotng 2y ) ||/ tme= e aomaniaa N
\ OOMTKS BONT0MS S, ||| | oS pomTEooinoNew D)
§ \ t= time*time60;
‘/ BIEOAMMO NoTouH] TeMnepanypy Ta uac \‘ Fﬂmn/:\v\mn Hosi noToui remnepawmn}w
(" wwvosoro posparyme vamagix ) L ac va rpadi )
IHi

Puc. 5. liarpama aisnabHoOCTI

Ha pi3HuX BKJagKax JOAATKH IPEICTABIEHI Pe3ysIbTaTH B TEKCTOBOMY
BUIIIAAL Ha Brianui «Pesynprary («Resulty), Tak i y Burmszi rpadikis (iHmmi
YOTHpH BKJIAAKH). ['padiuHuil pe3ynbTaT NpeACTaBICHUH Ha PHUCYHKY 7,
TEKCTOBHUI — Ha PUCYHKY 8.
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Set default
e e T T
Thermal mnducﬁvity:l:l Thermal mnduchmty:l:l Reset

Result General comparison  Futter 84 comparison  Futter 85 comparison  Futter 86 comparison

: # Experiment

| - Book calculation
: —&— New calculation
: & Book 84

g £ Book 85

| —— Book B6

Temperature
=

Futter temperature: Iron temperature: |1350 | I Calculate
pRp— reat cosay:
Thermalcnnduchwty: Tharmalmnduchulty: Reset

Result General comparison Futter 84 comparison  Futter 85 comparison  Futter 86 comparison

Set default

1200 & Book
- New

vk + Experiment
1000

w

=]

& 900

T

=3

5 a0

=

Puc. 7. I[OI[aTOK 3i 3HAYEHHSIMH 32 3aMOBYYBaHHAM, BKJIaJIKa
HOpiBHﬂHHﬂ pe3yJ’leaTiB PO3paxyHKy AJis1 OTHOIO 3 BHJIIB LIETJIN



Iron and futter contact temperature

Futter temperature: Iron temperature: |1350 | |Calcu|ahe

Density: 6750

Density:
Set default

A
a8
3

Heat capadty: N Heat capadity: 0,9088
Thermal conductivity: (0,503 Thermal conductivity: Reset

Result General comparison  Futter 84 comparison  Futter 85 comparison  Futter 86 comparison

New calculation: -
0 minutes, contact temperature: 1258

0,01809 minutes, contact temperature: 1233

0,07836 minutes, contact temperature: 1208

0,1909 minutes, contact temperature: 1133

0,3673 minutes, contact temperature: 1158

0,6212 minutes, contact temperature: 1133

0,9681 minutes, contact temperature: 1108

1,426 minutes, contact temperature: 1083

2,014 minutes, contact temperature: 1058

2,757 minutes, contact temperature: 1033

3,679 minutes, contact temperature: 1008

4,31 minutes, contact temperature: 983

6,183 minutes, contact temperature: 958

7,833 minutes, contact temperature: 933

9,803 minutes, contact temperature: 908

12,14 minutes, contact temperature: 833

14,88 minutes, contact temperature: 858 w

Puc. 8. Bkagka TekcTOBOro npeacTaBjJeHHs pe3ybTATiB PO3PaxXyHKY

Bci rpadiku mokasyoTh 3MiHY TEMIIEpaTypH KOHTAKTY B 4aci 1 KOXEH
BUIIICHHUHA KOJIBOPOM 1 (hopMOIO TOUKU. EKCrIeprMeHTaIbHI AaHi Big3HAUCHI
poMOOM, PO3paxyHOK 3 HOBHUX KOCQIIIEHTIB — KPYTJIOi TOUKOO, PO3paxXyHKH
JUIA HAsABHUX B JOJATKy THIIIB IETJIHM 3a TPaauIliifiHOI0 (OPMYJIOH —
TPUKYTHHUKAMHU PIi3HOTO KOJBOPY, KHMKKOBHU PO3PAxXyHOK JUisi BBEICHUX
KOPHCTYBa4yeM JaHUX — KBAIPATOM.

BUCHOBKH

Po3pobiiena cucrteMa MOJENIOBaHHS TEIUIOBOI poboTH  (yTepoBKH
YaByHOBO3HHX KOBIIIB, [0 MPOTIKae B Mipy IPOCYBAHHS P1IKOrO YaByHY BiJ
MoMeHTy Bumnycky 3 Il 1o 3amuBaHHS HOTO B CTaJIeIUIABHIIBHUM arperar.
Po3pobiieHa maremMaTtMuHa MOJENb METOJy BH3HA4YEHHS BTpaT Teljia Ha
aKyMYJILII0 KJIaJKOI0 YaBYHOBO3HOTO KOBIIA, B SKOMY BanOBaHi
TeMIIepaTypa MoBepxHi (KOHTaKTy) (yTepoBKa — 4aBYyH, 110 3aJEXKUTh Bij
TemIo(i3NYHNX BJIACTMBOCTEH BOTHETpMBAa 1 po3miaBy. B poborti
BCTaHOBJICHO 3MiHY I[MX BJIACTUBOCTEH B pe3yJIbTaTi MPOHUKHEHHS YaByHY B
IIBH 1 TOpPWM BOTHETPHUBKOI Kiagku. BusHaueHo ¢QakTuuHe 3HaYCHHS
KoediIieHTa aKyMyJTI0I040i 3[aTHOCTI (PyTEpPOBKH YaByHOBO3HHX KOBIIIB, 10
JI03BOJIMJIO BCTAHOBUTH NPUYMHY IJBHIIEHUX BTPAT HA aKyMyJILioo 1
HAMITUTH 3aX0/IM 100 X 3HIIKESHHS.

Jnst [OCATHEHHs METH Yy HAyKoBiH poOOoTi mocTaBieHi 1 BHUpilIeHi
HACTYIIHI 3aBJIaHHS:

—  TIPOBE/ICHO aHaJIi3 BIJOMMX MiIXO/IB /IO BU3HAUYEHHS BTPAT TEIlIa Ha
AKyMYJISIIIO KIAKOIO;

—  0o0paHo MeTo[ Ta 3aci0 BUpIIIEHHS HaAyKOBOI MpOOIIeMH;
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—  OTpUMAaHi 3aJeXHOCTI sl BH3HAUCHHS TEMIEPaTypH KOHTaKTY
(yTepoBKH 3 PO3IUIABOM i TOBIIMHU aKTHBHOTO IIapy (HyTEpOBKH;

—  YIOCKOHAJEHO METOJ BU3HAYCHHsS BTpaT TeIUla Ha aKyMYJIALio
KJIaKOK0;

—  BHM3HAYEHI aKyMYJIOIOYi 3/1aTHOCTI aKTHBHOTO IIapy (yTepOBKH B
TIpoIIeCi eKCILTyaTallil;

—  po3poOJieHI CHCTEMH MOJICNIIOBAaHHS TEIUIOBOI POOOTH (QyTEepOBKH
YaBYHOBO3HUX KOBIIIB .

AHOTANIA

Jana po0oTa MPUCBSYCHA PO3IIIAAY PO3POOKH CHUCTEMH MOJCITIOBAHHSI
TEIJIOBOT poOOTH (PyTEpOBKH YaBYHOBO3HUX KOBIIIIB, Bil MOMEHTY BHITYCKY 3
JIT mo 3anuBaHHS HOTO B CTaNCIUIAaBUIILHU arperat. AKTYalbHICTh MOJIATae
B Bi3yal3allii IIbOro MpoIeCcy, B PO3paxyHKy HOro XapaKTEPHUCTHK i
ONnTHMi3alil TEXHOJOTIYHMX 1 KOHCTPYKIIHHUX IapaMeTpiB 3 MeETOIo
TTOJTIIMIIICHHS SIKOCTI MPOTYKITii.

MerToro € po3poOKka IIporpaMHOI CHCTEMH MOJICITIOBAHHS TEILIOBOT POOOTH
(GyTepoBKM YaBYHOBO3HUX KOBIIIB, SKa CKJIQAA€ThCsl 3 BHU3HAYCHHS
TeMIepaTypy KOHTaKTy (GyTEPOBKH 3 PO3ILIABOM YaBYHY i BU3HAUCHHS BTPAT
TeIUIa Ha aKyMYJUIIII0 KIAJKOKW. 3aBJaHHIM € pO3po0Ka alropHUTMIB
MOJICIIOBAHHS TEIUIOBOI pPOOOTH (YTEpOBKM UYaBYHOBO3HHX KOBIIIB Ta
peamzaiiii X B cuctemi 3 3pydHuM iHTepdeticom. O0’€KTOM € Mporec
MOJICIIOBAHHS TEIUIOBOI pPOOOTH (PyTEPOBKHM YaBYHOBOZHHX KOBIIIB.
[IpeqMeToM € METOMU BH3HAYCHHS TEMIICpaTypH KOHTaKTy (yTEpOBKH 3
pPO3IIaBOM YaBYHY i BH3HAUCHHS BIUIMBY TEIDIO(MIZHMIHUX BIIACTHBOCTEH
(yTepoBKU YaByHOBO3HOI'O KOBIIIA HA MIBUAKICTH OXOJIOKEHHSL.

Cucremy po3poOiieHo B cepenoBumii Microsoft Visual Studio 3a
JOTIOMOTOI0 MOBH mporpamyBanus C#. 3aBasku po3poOJieHii cucremi
MOJICITIOBAHHS BH3HAYCHO (DaKTUYHE 3HAYCHHS Koe(illieHTa aKyMyIOI0YO0i
3MATHOCTI (PYyTEPOBKH YaBYHOBO3HHMX KOBIIIB, IO JO3BOJHUIO BCTAHOBHTH
MIPUYHHY MiABUIICHUX BTPAT Ha aKyMYJBIIIO 1 HAMITHTH 3aXOTU MIOAO X
SHIKCHHSL.

Po3pobnene mporpamHe 3a0e3lEeYeHHS MOKHA BHKOPHUCTOBYBATH IS
eKCIIEPUMEHTAJIbHUX  JIOCHI/DKeHb  (i3uyHOl  cyTHicTi  KoedimieHTa
aKyMYJIIOF0UO1 3JaTHOCTI MaTepiaiy.
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ENERGY AND TECHNOLOGICAL MODELLING
OF METALLURGICAL PROCESSES FROM OUT-OF-FURNACE
IRON PROCESSING TO CONTINUOUS CASTING

Stoianov O. M., Petrenko V. O., Niziaiev K. G.

INTRODUCTION

The dynamics of economic development in a particular country or region
shapes the results of gradual (evolutionary) changes in society and nature. The
indicator of these changes is the level of energy efficiency of life.

It is this immutable condition for the development of society that
determines the urgent need for rational energy consumption and reduction of
its specific costs in all spheres of human activity. This direction is called
energy saving®.

Energy conservation is the implementation of legal, organisational,
scientific, production, technical, informational and economic measures aimed
at the efficient use of energy resources and the involvement of renewable
energy sources in the economic turnover. Energy saving in production can be
quantified by an indicator called energy intensity?.

Based on the definition of energy saving as a set of measures aimed at
efficient energy use, there is a requirement to limit the use of material
resources of the environment, when it comes to the so-called non-renewable
primary energy sources in the form of organic, mineral fuels (natural gas, oil)
or raw materials (iron ore, limestone, magnesite, coal as a reducing agent,
etc.), which is very relevant for the current conditions of steelmaking.

1. Modeling of cast iron out-of-furnace processes
To carry out energy-technological modeling of modern technologies for
the production of converter steel, studies of technologies for refining cast iron
and steel were carried out and the main energy-consuming articles of
continuous casting of steel were determined, depending on the grade range,
energy intensity of steel.

1 Annual Energy Outlook 2010. U.S. Energy Information Administration,
Washington,  December  2009. URL: [http://www.eia.doe.gov/neic/speeches/
newell121409.pdf]

2 European Energy and Transport trends to 2030. — European Commission,
Directorate General for Energy and Transport. Greece, 2003.

84



Using developed mathematical models®, energy-technological modeling
of processes of out-of-furnace treatment of cast iron with the most common
reagents was carried out.

Desiliconization of cast iron in production conditions is carried out by
agglomerate, scale or mixtures based on them. The simulation was carried out
for the following conditions: the final silicon content in cast iron is 0.3%, and
the initial content varies between 0.4 + 1.2%. Based on the simulation results,
the dependence of the increase in the energy intensity of cast iron on the
degree of desiliconization with agglomerate and scale was obtained (Fig. 1.1).
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Fig. 1.1. Dependence of the increase in the energy intensity of cast iron
on the desiliconization degree by scale and agglomerate

Figure 1.1 shows that the iron scale desiliconization operation is less
energy intensive than the agglomerate.

To remove phosphorus from cast iron in conditions of out-of-furnace
treatment, mixtures based on lime, soda, scale are used. For modeling,
3 mixtures of the above materials were selected in the ratio 2:1:2, 4:1:5, 2:0:3.
As modeling conditions, the content of phosphorus in cast iron after treatment
is 0.03%, and before treatment - within 0.04 + 0.1%. The simulation results
are shown in Figure 1.2.

3Analiz energeticheskoi effektivnosti protsessov vnepechnoi obrabotki chuguna /
Stoyanov A.N., Nizyaev K.G., Molchanov L.S.// XVII International scientific conference
“New technologies and achievements in metallurgy and materials engineering”:
A collective monograph edited by Jarostaw Boryca, Rafat Wyczotkowski. Czestochowa
(Poland). 2016. P. 133-138.
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Fig. 1.2. Influence of the degree of cast iron dephosphorisation
by a mixture of lime: soda : scale with different proportions
of components on the increase in the energy intensity of cast iron

Sulphur removal from cast iron in production conditions can be carried out
by a number of reagents, among which the most common are granular
magnesium, lime, their mixture, magnesium wire, calcium carbide and
exothermic magnesite briquettes. The modelling was carried out under the
following conditions: the final sulphur content in cast iron is 0.02%, and the
initial content varies between 0.04% and 0.08%. The modelling results show
the dependence of the increase in the energy intensity of cast iron on the
degree of desulphurisation by the listed reagents (Fig. 1.3).

800

o
=
=1

P -

5 400

|
i

Increase in energy intensity, mJ/t

f—e e — —]
et

45 50 [:11 60 65 70 75 80

Desulphurisation degree, %

Granulated magnesium — — Lime
- - - = Magnesium and lime — - - Magnesium wire _
= " " Calcium carbide Exothermic magnesite briquettes

Fig. 1.3. Dependence of the increase in energy intensity of cast iron
on the degree of desulphurisation by different reagents
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Figure 1.3 indicates that the desulfurization of cast iron with calcium
carbide is the most energy-intensive operation of all the out-of-furnace
processes of cast iron. Exothermic magnesite briquettes add the same energy
intensity as lime, which are the least energy-intensive of the listed reagents.

2. Simulation of oxygen converter process with upper oxygen purge

The main factor affecting the energy intensity of converter steel is the
specific consumption of liquid cast iron*>8, This figure is about 90%
(Fig. 1.4).

4,76%
0.01%:

1.29% 1,38%
0.38% —1.21%

0 Metal scrap B Liquid cast iron
O Metallurgical lime o Oxygen

B Thermal anthracite for deoxidation @ Ferromanganese
m Ferrosilicon O Refractory lining

Fig. 1.4. Share of charge materials in energy intensity of converter steel

This factor, in turn, is determined by the chemical heat of cast iron,
namely, the content of silicon in cast iron. Increasing the silicon content in
cast iron not only increases the specific consumption of cast iron, but due to
this leads to an increase in the energy intensity of converter steel by almost 20
MJ/t of steel for every 0.1% of silicon (Fig. 1.5). From this position, the
question arises of the feasibility of off-furnace desiliconization of cast iron.

4 Stoyanov A.N., Nizjaev K.G., Molchanov L.S., Righkin A.V.
Uncontrolled parameters influence on material and energy consumption for BOF heat.
Metallurgical and Mining Industry. No.5. 2017. p.52— 57.

5 Harakterystyka materialo- i energovytrat pri vyrobnyztvi stali v konverternyh cehah
Ukrainy, Germanii i Kitayu / K.G. Nizyaev, O.M. Stoyanov, L.S. Molchanov, S.V.
Semiryagin, Jekongo Mujel Odrej Maks (student ME-02-15M). Metal ta lyttya Ukrainy. Ne
1.2020.S.64 - 71.

& Stoyanov O.M., Nizyaev K.G., Molchanov L.S., Ryzhkin A.V. Analiz vplyvu
nekontrolevanyh parametriv na materialo- i energoemnist konverternoi plavky.
Metalurgiyna ta girnychorudna promyshlovist. Nel. 2017. S. 18 — 24.
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Fig. 1.5. Influence of silicon content in cast iron on its specific
consumption and increase in energy intensity of liquid steel

3. Modeling of steel out-of-furnace treatment

The purpose of out-of-furnace metal treatment is to prepare steel for
continuous casting at the CCM. It includes steel heating, neutral gas purging,
alloying and sometimes modification, and slag treatment for desulphurisation.
Two main types of slag mixtures are used as the latter: synthetic slag (SS) and
solid slag mixtures (SSM), which are added to the ladle in the form of lumps
or powder’. For these three desulphurisation options, the modelling of the
increase in the energy intensity of steel was carried out at the conditions of the
initial sulphur content in steel of 0.02+0.06 % and the final one 0of 0.01 %. The
modelling results are shown in Figure 1.6.
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|

Increase in energy intensity, mJ/t
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Desulphurisation degree, %

Synthetic slag — — SSMinlumps - - - -$SM in powder form

Fig. 1.6. Comparison of the increase in energy intensity of steel during
desulphurisation at CCM with slag mixtures at different degrees
of desulphurisation

" Analiz energeticheskoi effektivnosti protsessov vnepechnoi obrabotki chuguna /
Stoyanov A.N., Nizyaev K.G., Molchanov L.S.// XVII International scientific conference
“New technologies and achievements in metallurgy and materials engineering”: A
collective monograph edited by Jarostaw Boryca, Rafal Wyczotkowski. Czestochowa
(Poland). 2016. P. 133-138.
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Figure 1.6 illustrates the high energy intensity of synthetic slag processing
compared to HSM, which is related to the method of slag feeding into the
ladle, since the SS prepared in the furnace is added to the ladle in a molten
state. In Fig. 1.7 the data on the distribution of the increase in energy intensity
of steel by main genders are shown.

BArgon
@Refractories
o Electricity

O Electrodes
m SSM

Fig. 1.7. Weight average percentages of steel capacity increase during
processing at the ladle-furnace unit

4. Basic technological provisions of continuous steel casting

Continuous casting is a much less energy-intensive way to produce steel
billets compared to casting in a top-shelf mould and siphoning.

The energy intensity of the continuous casting process is determined by a
number of factors, including the energy intensity of refractory materials
(shotcrete in the ladles, devices to protect the jet from secondary oxidation,
locking devices, etc.), slagging mixtures in the furnace and crystalliser, copper
lining of the crystalliser, cooling water, process gases (natural gas, argon,
oxygen and acetylene), electricity for equipment and automation systems, etc.

Almost all of the above items of energy consumption in the continuous
casting process depend on the design features of CCMs and are almost the
same for all machines. This includes, among others, the copper liner of the
crystalliser, the energy intensity of which depends on the design of the
crystalliser and, accordingly, the method of its manufacture. The specific
energy consumption of such materials will be relatively constant, unaffected
by the steel grade being poured. The same applies to refractory materials,
process gases and electricity.

In contrast to the above factors, the specific energy intensity of cooling
water and slagging mixtures depends on the steel grade being poured at the
CCM. ltis the specific energy consumption of these materials that will change
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the energy consumption of the process of continuous casting of steel of
different steel grades into long, bloom and slab billets.

The optimal secondary cooling regime for ingot is determined by many
factors that depend on the properties of the steel being cast, the type of CCM,
etc. Secondary cooling must ensure rapid and complete solidification of the
steel ingot, which allows for a reduction in the length of the secondary cooling
zone and the entire CCM; and the permissible amount of deformation of the
ingot metal. The conditions that contribute to the fulfilment of these
requirements often contradict each other, and it is necessary to find the best
solution for the adopted design of the secondary cooling zone. When the
secondary cooling intensity increases to a known limit, heat removal increases
and ingot solidification time decreases, which allows for higher casting
speeds. However, too much cooling increases the number of cracks and
deteriorates ingot quality.

In practice, water-air secondary cooling of the billet is widely used, where the
ratio of water to air flow depends only on the carbon content of the steel in
different parts of the secondary cooling zone. Figure 1.8 shows this dependence
for the conditions of a 300400 mm bloom 6-strand CCM at OJSC Dzerzhinsky
Iron and Steel Works. The secondary cooling zone (SCZ) consists of 4 sections:
the first two form zone A, and the last two form zone B.
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Fig. 1.8. Dependence of the ratio of air and water volumetric flow rates
on the carbon content of the steel being poured

In turn, water consumption for cooling depends on the carbon content and
the steel casting speed. The dependence of water consumption in the four areas
of the CCM on the carbon content of the steel being cast and the casting speed
is shown in Fig. 1.9.
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Fig. 1.9. Water consumption as a function of casting speed and carbon
content of steel
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CONCLUSIONS

Based on the energy and technological modelling, the article identifies the
main factors that significantly affect the increase in the energy intensity of
steelmaking, while the quantitative values of the energy intensity of metal,
depending on the technology used at different stages of steelmaking, may
differ by an order of magnitude. It is noted that there is a need to develop
separate types of end-to-end steelmaking technologies depending on the steel
grade and casting conditions.

SUMMARY

Conducted energy-technological modeling of steelmaking processes. It is
shown that at different stages of steel production, the increase in energy
intensity of steel differs significantly and depends on the chosen technology,
equipment and materials used. It has been established that for modern methods
of off-blast refining of cast iron, the least energy-consuming technology is the
use of mixtures based on lime and magnesium. For the oxygen-converter
process, liquid cast iron contributes the largest increase in energy
consumption, and for conditions of non-furnace processing of steel, the
consumption of electricity for heating the metal. An assessment of the impact
of the speed of steel pouring on the MBLZ and the carbon content in the metal
on the energy costs of the process is also given.
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BU3HAYEHHS BIBPAIIMHUX KOJUBAHb BYPOBOT'O
INOCTABY B CUCTEMAX ABTOMATHU30BAHOI'O
EJEKTPOIIPUBOY

Xijos B. C.

BCTYII

OCHOBOIO TipHUYO-METAITYPriiHOr0 KOMIUIEKCY YKpaiHU € MiANpUeEMCTBA
1o BuAoOYyTKY 1 mepepoOui 3amizHuX pyl, 77% BUPOOHHYMX MOTY>KHOCTEH
SKHX CKOHIEHTpoBaHO y KpuBopizbkomy Oaceiini JIHIIpoOneTpoBCHKOT
obmacti. Ile msATH i3 cemM TipHHYO-30arauyBalbHUX KOMOIHATIB, SKi
BU100yBalOTh MarHeTUTOBI KBAPLUTH 1 30aradyroTh 3MicT 3aji3a 10 65%.

TpyaHOII 3 MATPUMKH 1 PO3BHTKY TIpHUYOTO BUPOOHHIITBA TOJATAIOTH
y TOMy, IO Ha Kap’epax YKpaiHM Tpamioe BEIWKAa KiTbKICTh TIPHHYUX
MaIlliH, SKi BHYCpPHAIH CBii HOPMATHBHHU TEPMiH CIyKOH. YcepemHeHe
3HomeHHs oOnagHanHs gocsarae 80—100%. Y poOoTi 3HAXOIATHCS MAITHUHH,
sIKi BimmparroBaiau 1,5-2 HOpPMAaTHBHHX TepMiHy. Takuli cTaH TEXHIKH
BUMarae MojiepHizauii a0o 3aMiHM 3aCTapiIMX MalluH HOBUMH.

Tak, BIANOBIAHO 10 MPOTrpaMH PO3BUTKY TIPHUYOPYTHHUX MIiIAMPUEMCTB
JlHinpomneTpoBChKoi obsacTi motpeda y 6yposux Bepcrarax (bB) ckianae He
MeHie 90 OOUHMIb, CEKCKAaBAaTOPIB 1 POTOPHUX KOMILUICKCIB — 65,
BEJIMKOBaHTAXXHUX aBTOCaMOCKUIIIB — 158.

HasiBHicTh Ha TepuTopii VYKpaiHM HayKOBO-JOCHIIHUX LEHTPIB,
MIATPHEMCTB €IEKTPOTEXHIYHOI Ta MAIIMHOOYIIBHOI MPOMHCIOBOCTI, SKi
OTaHyBaJll CyYacHI TEXHOJIOTIi, JO3BOJSE YCINITHO BHUPININTH ICHYIOTY
mpobieMy  MATPUMKHA 1 MiABUIIEHHS e(eKTUBHOCTI BHPOOHHIITBA
3aJ1130pyIHOT CHPOBHHH.

BypinHs BHOYXOBHX CBEpUIOBHH IIAPOMIKOBUMH JOJIOTAMH — HAWO1IBIT
€Hepro- i1 MarepialoeEMHHH Tpolec B ICHYHOUIHl TEXHONOTii BHIOOYTKY
KOPUCHUX KONAJMH BIIKPUTHM criocoboM. Baprticte OypoBux poOiT Ha
Kap’epax ckianae Big 16 no 36% 3araqbHHUX BUTpPAT, 10 NPHUNAAAIOTh Ha
BUIOOYTOK TOHHM KOPHUCHUX KomanuH. IligBuieHHs e()eKTHBHOCTI
pyWHYBaHHS TipCbKOi MOPOJHM IIAPOIIKOBHM JOJOTOM Oe3MmocepenHbo
IIOB’s13aHE 3 PiBHEM JTOCKOHAJIOCTI IPUBOIHUX cucTeM bB.

Crilike 3poCTaHHS IiH Ha E€HEPrOHOCIi, €JIEKTPOCHEPTil0 Ta BHUTPATHI
Mare-pianu poouTh AKTYJIbHUM 3aCTOCYBaHHS eHepro- i
pecypco30epirarounx TeX-HOJIOTIH TpH BUIOOYTKY TipHHYMX IOpix Ha
Kap’epax Ykpainu. Ha tenepimmniii yac ne Habupae OUIbIIOI 3HAUMMOCTI,
TOMy II0O Ha Kap’epax NpamooTs BB, ski moBHiCTIO BHYepnanmu cBid
HOPMaTHBHHUH TepMiH ciyx0u. Takuii cTaH TEXHIKM CIPUYMHUB HE TUIBKU
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MOJIepHi3alilo icHyrouux BB, ane i BnpoBamkeHHss BB HOBOro MOKOJIHHS 13
IITAaHTaMU OUTBIIOT JOBXKHHH 1 0araToMacoBOK CHCTEMOIO CITYCKOBO-
migioMHanX omneparii i momadi (CT1OIT) mocTaBy Ha BHOiM.

EdextuBHiCTh OypiHHS BUOYXOBHX CBEPIJOBHH MIAPOIIKOBHM CITOCOOOM
0e3mocepeIHbO  BH3HAYAETHCSA  PIBHEM  YJIOCKOHAJICHOCTI  CHCTEM
eJIIEKTPOTIPUBOA. 3apa3 BIPOBAKYIOTHCA Ha ICHYIOUHX Kap €pHHUX
BepCTaTax IIApOIIKOBOIO OypiHHA BHOYXOBHX CBEpJJIOBHH 3aMiCTh
THPUCTOPHOTO TMPHBOJA TIOCTIHHOTO CTPYMy IIBUIKOIIIOYI TPHUBOIHI
CHUCTEMH y 3arajbHOIIPOMHCIIOBOMY BHKOHaHHI 3  PEryJibOBaHUMH
ACHHXPOHHUMH JIBUTYHAMH, IO XHUBISATHCS Bil aBTOHOMHHUX I1HBEPTOPIB
HAIpyTy 3 MOBHICTIO KEPOBAHUMH KITIOYaMHU.

3aMiHa THPHCTOPHOTO NPUBOAA MOCTIHHOTO CTPyMy 3 IIOMipHOIO
LIBUKOMAIEIO HAa MIBUAKOAIIOYUH TPAH3UCTOPHUI MPUBOJ] 3MIHHOTO CTPYMY Y
MeXaHi3Mi 00epTaHHs IOCTaBy Ha icHyrouux BB, a Takox BIpoBaKeHHs
HIBUKOAII0YOTr0 TPAH3UCTOPHOTO MPUBOAY 3MIHHOTO CTPyMYy y MeXaHi3max
obeprannsa, moxadi i1 CIIOII mocray y BB HOBOro mokoiHHS
XapaKTepU3yEThCS  IMABHINEHHSAM BiOpamiifHMX HaBaHTaXEHb Ha yci
MexaHiuHI KoHCTpykmii BB, 1o Beie 10 BUAUIEHHSA MOTOKY MEXaHIYHOL
MOTYXKHOCTI HE TIIBKH B 30HI BHOOIO, sIKa CHpSMOBaHA Ha pPyHHYBaHHS
TipHUYOT HOPOJIH, @ TAKOXK 1 B KOHCTPYKTUBHHUX €JIEMEHTaX 0e3MocepeiHb0 Ha
BEpPCTaTi, IO IMiIBUIIly€ HABAHTAXKEHHS, sIKI BTOMJIIOIOTh MaTepiai BepcraTa i
MIPU3BOJATH IO aBapiiiHUX BHUXO/IB i3 CTPOI0 KOHCTPYKTHBHHX BY3JIB (SK 32
paBuiIo OypoOBOT IIOTIIH).

[Mapamerpu cucrteMH KepyBaHHsS NPHBOJA OOEpTaHHS, 10 NOTPeOYIOTh
HaJlAIITYBaHHS, TOBHHHI BPaxOBYBAaTH YacTOTHI BJIAaCTHBOCTI OypOBOTrO
noctaBy. ToMmy HEOOXiJIHO BU3HAYMTUCS 3 YACTOTHHUMHU BIACTUBOCTIMHU
OypOBHX MMOCTABIB, IKi 3aCTOCOBYIOTHCS Ha Kap’epax YKpaiHU y MAPOIIKOBHX
BepcTarax.

ToMmy po3B’si3aHHS 33141 3 BU3HAYCHHS BiOpaNiiHUX KOJIHBAaHb OYPOBOTO
MOCTaBY B CHCTEMaX aBTOMATH30BAHOTO EJIEKTPOIIPUBO/LY, € aKTyaIbHUM.

1. BracHi yacToTH KOJMBaHb 0YPOBOIO NMOCTABY
Ha MoYaTKy OypiHHS O/IHi€I0 IITAHI 010

ITpu poGorti OypoBoro Bepcrata Ha MoyaTky OypiHHSI OJHI€IO IITAHTOO
Yepe3 B3AaEMOJII0 MIAPOMIKK 3 TBEPAMMH (PakIlisiMH y MOPOIi B INTaH31
BHHHUKAIOTh HE TIJIbKM BUMYIIIEHI, aJle 1 BIacHI KoJmBaHHA. Ha mpomy erami
OypoBHil BepcTaT MiAgaeThCs 3HAYHUM BiOpamiifHUM HaBaHTAXXCHHSAM, TOMY
IO BiJIbHA JOBXMHA INTAaHTM HaJl TOPJIOBHHOIO CBEP/UIOBHHH Mae
MaKCHMaJIbHE 3HAYCHHSI.

BypoBi mocraBu BepcrartiB, SKi BHKOPHUCTOBYIOTBCS MpW OypiHHI
MiIpUBHUX CBEPJUIOBHHH, CKJIAJAIOThCA 31 LITAHT, [0 MalOTh JOBXKHHY BiJ
8 1o 11 m. IlocraB € CTpWKHEM KiTBLEBOIO HONEPEYHOTO Mepepisy, IIo
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MIIa€THCSL OCBOBOMY CTHCKY 1 KPYTIHHIO y IPOLIECi HPOXOAKH CBEPJIOBUHH.
[Tpn BU3HAYEHHI YaCTOT BIACHUX KOJMBaHb ITOCTAB PO3IIISIAEMO SIK JIIHIHHY
CHCTEMY 3 PO3MOIUICHUMH TapaMeTpaMu, y sIKii MOB3J0BXKHI, KPYTHIIBHI i
TIOTIepeYHi KOJMBAHHS He3aJIeKH1 OJIH Bix ogHOT0. Macoto mrapourku (60 xr)
y TOpiBHAHHI 3 Macoro mTaHTH (1979 KT) — 3HEBaXKaeMO.

3a 00’ext mocmimkenHs obOpani OypoBi Bepcratu CBIIC-250H (BAT
«HKM3», ™. Kpamartopcek, Vkpaima) i1 CBII-250MH-32 (BAT
«Pyaropmammy, M. Boporixk, P®) mapamerpn sxux 3BeaeHi y Tadm. 1.

Linkom ananoriyauii Bepcrary CBII-250MH-32 3a TexHIYHMUMH
xapakrepuctukamMu € Bepcrar YCBII-250A, sxuit Bumyckaerscs BAT
«KpuBopizpkuii 3aBoj ripHHYOro MamumHOOynyBaHHs» (M. Kpusmii Pir,
VYkpaina).

Tabmuns 1
TexHiuHi XapakTepucTUKU O0yPOBUX BepcTaTiB
CBUI-250H-32 (YCBII-250A) i CBIIC-250MH
Tun Bepcrata
Moxa3Huk CBLI-250MH-32
CBUIC-250H (YCBII-250A)

J1OB)XMHA IITAHTU ITI0CTABY, M 11 8
30BHILIHIN JiaMeTp MITAHT 219 203
MOCTaBy, MM
ToBuIMHA CTIHOK MEPIIO] IITAHTH 20 50
[OCTaBy, MM
ToBII¥HA CTIHOK HAPOIIyBaHHUX 25 25
IITAHT [TOCTABY, MM
Bepxust Mexa 3ycmunst nojgadi, kH 350 300
Bepxust Mexa 9acToTH 120 150
obepTanHs, 00/XB

2. [ToB310B:KHi i KPYTHJIbHI YaCTOTH KOJIUBAHB MOCTABY

[pu BU3HAUCHHI BJTaCHUX YacTOT KOJIMBAHb OypOBa IITaHTa J0CIIKyBaIach
SK JHIAHA CHCTeMa 3 PIBHOMIPHO PO3MOALICHOI0 MAacoro 3a ii JOBXKHHOIO.
JloBxHHa MOCTaBy MiCIIs Onepariii 3rBUHYYBaHHSI-PO3rBUHYYBAHHSI 3MIHFOETHCS
JIMCKPETHO. Y KOHCTPYKILi, 10 JOCIIKYEThCS, OypOBHI MOCTaB € MOPOXKHIM
CTPWKHEM KpYIJIOTO morepedHoro mepepisy’ [54, 105], omuH KiHelp sKoro
IIAPHIPHO CIIMPAEThCA Yepe3 JO0NOTO Ha BUOIH?, a iHIMi Mae KoB3HE
3aIIeMJICHHS Y HATHCKHIA TpaBepci TOJMOBKM OypOBOTO CHapsity, NPU IEOMY
CTpWKEHb BUTIPOOYE THCK Bif 3ycwiuis mozaadi R (puc. 1). BimnosigHo a0 miel

! Abu-Mahfouz, I. Drilling wear detection and classification using vibration signals
and artificial neural network. International Journal of Machine Tools and Manufacture,
43(7), 2003. 710 p.

2 Arvajeh, T., & Ismail, F. Machining stability in high-speed drilling— Part 1: Modeling
vibration stability in bending. International Journal of Machine Tools and Manufacture,
46(12), 2006. 1569 p.

98



PO3paxyHKOBOI CXEMH JUIi BH3HAUECHHS BIACHUX YacTOT IIOB3ZOBXKHIX 1
KpYTWIbHHUX KOJMBaHb CKJIAJAa€MO BiNOBIIHI audepennianbhi piBHsHHA. J{is
TIOB3/I0BKHIX KOJIMBAHBS
d0%u/ot? = C% - 0u/ox, 1)
e U— TIOB3JIOBXKHI epeMillieHHs IIOTOYHOTO [IEPETHHY TI0CTaBY;
C, = E/p — XOpCTKiCTb MaTepially INTaHTH IIOCTaBy; E — MOIynb
MIPY’KHOCTI MaTepialy IITaHTH MOCTaBy; O — MIUIBHICTh MaTepiady MITaHTH
MIOCTaBY; X — NOTOYHA JIiHI{HAa KOOpANHATA; t — IIOTOYHHH Yac.
Pimenns piBHsEHEA (1) MicTHTE BIacHy GopMmy
KOJIMBaHb
X, = Cy - sin(wy - x/C1) + Dy, - cos(wy, - x/Cy), 2 R
ne Cy,, D, — noBimeHI MOCTiWHI; w, — BIAaCHAa YacTOTa V
MOB3I0BKHIX KOJIUBAHb. 2
ITpu mixcTanoBUi piBHSAHHA (2) y TpaHW4YHI YMOBH,
0 XapaKTepU3yHTh POOOTY OHIEI IITAHTOK Ha
novartky OypiHHs, onepxkyemo (x = 0 — mouatok i x = [
— KiHenp nocrapy): ko x = 0, To X, = 0, a sxuo x =
[, To X;, =0 1 mpuxoaumo mo piBHsHHS CO0S(W,, -
[/C,) = 0, xopeHi AKOTO BH3HAYAIOTH BJIACHI YaCTOTH
TIOB3JJOBXKHIX KOJMBAaHb
wy=Q-n=1)-m-JE/p/2/l,
ae n=123...
AHQJIOTIYHO  BHM3HAYAIOTBhCSA  BJIACHI  YacTOTH
KPYTWIBHUX KOJHBaHb, JU(epeHIiaTbHe pPIBHIHHA

/4

SIKUX:
az¢/at2 = CZZ ) 62¢/ax2’ (3) P03:;;(c);}:1'<03a
ae (P — KyT HOBOPOTY IEPETHHY LITaHTH. cxema GypoBoro
PiBusirns (3) MICTUTD y pillieHH] BiINOBIAHY BIaCHY frocragy
bopmy:
Xy =Cy -sin(w¢7 -x/CZ) + Dy - cos(wd, -x/Cz), 4)

ne Cy, Dy — noBinbHi octiini; €, = m — YKOPCTKICTh MaTepiaiy MTaHTH
MIOCTaBY Ha KPYTiHHA; G — MOJyJb 3CYBY Marepiay MITaHI'H IOCTaBY.
I'pananyni ymMOBHM as pimieHHS piBHAHHS (3) y pO3TISHYTOMY BHUITAIKy
HacTymHi: pu x = 0 Maemo Xy = 0, a npu x = [ maemo X = 0.
[Tpn BUKOHaHHI IMX YMOB, BUKOPHCTOBYIOUH BUpa3 (4), MPUXOAUMO /10
PIBHSHHSA Sin (w¢ -1/ Cz) = (, pileHHs SKOTO JIa€ 3HAYEHHS BIACHUX YacTOT
KPYTHJIBHUX KOJHMBAHb:

wy=n-m-/G/p/l.

% Ema, S., & Marui, E. Theoretical analysis on chatter vibration in drilling and its
suppression. Journal of Materials Processing Technology, 138(1), 2003. 575 p.
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Hns  Bepcrara CBHIC-250H, pospobnenoro BAT HKM3, npu
pospaxyHKoBuX maHux: E = 2-10° MIla, p = 8,01 - 103kr/M®, [ = 11mM,
G =8-10* MIla, KinbkicHi 3HaueHHA HANHIDKYMX YacTOT BJIACHUX
MOB3I0BXKHIX 1 KDYTWIBHHAX KOJIUBAaHb INTAHTH NOCTaBY BU3HAYMIIUCS SIK:

wy, =700 l/c; wgy =902 1/c.

V¥ Bepcrari CBII-250MH-32 (anamor YCBIII-250A) noBxuHa Mepiioi

mraHry [ = 8 M, — HalfHWKY1 YaCTOTH NOB3/IOBXHIX 1 KDY THIIBHUX KOJIMBaHb

IITAaHTU NPUHMAIOTh 3HAYCHHS:
w, =981 l/c; wy = 1241 l/c.

3. ITonmepe4yHi 4acTOTH KOJUBAHb MOCTABY
[Tpu BU3HAYCHHI BIACHUX YACTOT MONEPEYHUX KOJIMBAHb IITAHTU TOCTABY
HEOoOXI1THO BpaXOBYBaTH 3yCHJUIS TUCKY mojadi R.
Y upoMy BuMaaKy audepeHIiadbHe PIBHSHHS BUIBHUX MHONEPEYHUX
KOJIMBaHb IITaHIH Ma€e BUMIA LY
64 62 2
E-J-224R-22+m-Z2=q, )
ae E -] — KopeTkicTh IITaHTM MOCTaBy NMPU BUTHHI; | — OCHOBHH MOMEHT
iHepii; R — 3ycmimis mojadi; m — iHTeHCUBHICT PO3IIOALICHOT MACH IITaHTH;
Yy — IIOTIepeYHE BIAXHMIICHHS IITAHTH.
YacTkoBe pilieHHs piBHAHHS (5) HacTymHe:
y = X,@) - T(®). (6)
[pu mixcranosi (6) y Bupas (5) IpuxoauMo J0 ABOX PiBHIHB
€ W), — BIIACH1 YaCTOTH MONEPEYHNX KOJIMBaHb; a = /R /E /] — koeirrienT.
Iepiie 3 UX PiBHAHB BiANOBIIAE€ KOJHUBAILHOMY XapaKTepy PIIICHHS, a
JpyTe I03BOJISIEC 3HAUTH BJIACHI JACTOTH MOTIEPEYHUX KOJIUBAHD W,

X +a*- X)) —k*-X, =0, @
ne k = \/wk - m/E /] — npomixua 3minHa.
Pitenns piBusiHHS (7) HacTyIHE:
X, =C1 - sh(Sy - x) 4+ C5 - ch(Sy - x) + C3 - sin(S, - x) + Cy - cos(S; - x), (2.8)

me S =\/‘/0,25~a4+k4 -05-a2 S, = J0,5~a2 +.025-a* +k* €, Cb, Cl, Cl —
JIOBUIBHI ITOCTIMHI.

VY Bumnanaky, SKUH JOCHIIKYEMO, MOXXHA BBa)KaTH, L0 HWKHIN KiHEIb
IITaHTH MIApHIPHO CIIMPAETHCS depe3 NoJ0To Ha BHOiH (mpm x = 0 maemo
X, =0, X, =0), a BepxHiil KiHellb — 3aMKHYTO y KOB3HC 3allEMIICHHS Yy
HaTHCKHOI TpaBepci rojosii Oyposoro cHapsany (npu x = [ maemo X, = 0,

4Lee, B. Y, Liu, H.S., & Tarng, Y. S. Modeling and optimization of drilling process.
Journal of Materials Processing Technology, 74(1), 1998. 157 p.
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Xy, = 0). 3a10BONBHAIOYM TPAHUYHEM yMOBAM,
3HaX0JIUMO, 1110 IOBILIBHI MOCTiHHI B pileHHi (8)
C;=0iC,=0,a C{ i Cz He n0piBHIOIOTH
HYJI0O y TOMY BHMAJKy, SKIIO BHU3HAYHUK
CHCTEMH PIBHIHb
Ci-sh(S;-D+C5-sin(S,- 1) =0, }
C1, '51 . Ch(S-l . l) + C;; ‘S) . 605(57 . l) =0
JIOPIBHIOE HYJIO. BHKOHYIOUHM II0 YMOBY,
MPUXOJAUMO IO TPAHCUEHACHTHOTO PIBHSIHHS
U BHU3HAYEHHS  9acTOT Wp  BUIBHHUX
MOTIEPEYHHUX KOJHMBAHb:

Sy - th(S, ‘_l) —S81-tg(S;- D=0 (9)

VY 3aieXHOCTI Big MII[HOCTI TOpPiA, IO
OypsATBhCS 3MIHIOETHCS 1  JHIHHA IIBUIKICTH
npoxonku. s ii  miATpUMKH  MOXKHA
. . 301IBIIYBATH YacCTOTY OOEpTaHHS MOCTaBy abo
NIpH HApOIIYBAHHI OHIEI0 ocpope 3ycHId MOAAYi, IO MOXIMBO 3aBIAKA

IITAHT 010 yCTaHOBII HAa OypoBHH  BepcTaT  IBOX
HE3aJeKHUX TPHUBOJHUX CHUCTEM 13 IJIaBHUM
PETyJIIOBaHHIM 3YCHIUIS MOa4i 1 YaCTOTH 00CpTaHHS.

V mporueci OypinHS 3ycWaIs mojadi R MO)KeMO IJIaBHO PEryIrOBaTH,
BIIMOBIIAaf0YM BHIMOTaM BEACHHS TEXHOJIOTIYHOTO TIPOIECy, a TakKoXK 3
ypaxyBaHHSAM 3MiHH (hi3HKO-MEXaHIYHUX XapaKTepPHCTHK mopia. Jlis OypoBoro
Bepcrata CBIIIC-250H wmexoBe 3HaueHHS BenmumHA R ckiaamae 350 xH.
BHKOpHCTOBYIOUM B SKOCTI TOYATKOBHX JAHHWX OCHOBHI IapaMeTpH ITHOTO
BepcTara, MpU pilleHHi piBHAHHA (9) OmepKaHO 3aJEXKHICTh 3MIHM HIDKYOT
BJIACHOT YaCTOTH p TOTIEPEHHX KOJIMBAHB IITAHIH Bif 3ycHiuIs mozadi R.

o ——

A2

A’y

o R ————
| ———

Puc. 2. Po3paxyHnkoBa
cxema 0ypoBOro nocraBy

3 MpOBEACHOTO aHaJIi3y BUXOHTh, IO 31 30UIBIICHHAM 3yCHILIS mogadi R
9acToTa W, 3MEHIIyeThCs. OJIHAK Ha BChOMY Jlialla30Hi 3MiHH 3y CHILIA IO1a4i
11 BeTUYMHA 3MIHIOETHCSA He Oinblie HiXK Ha 6%. AHajoriui rpadiku s
4acTOT OLTBII BUCOKHX TOPSIKIB TYT HE HABEICHI, TOMY IO BOHH 3HAYHO
mepeBUIIyoTh (y 3 1 Olnble pasiB) 4acToTy 3pi3y 30BHIOIHBOTO KOHTYPY
200 1/c i moTparuIsIoTh Y H0ro CMyTy 3aracaHHs.

4. BiracHi 4acToTH KOJIMBaHb 0ypPOBOIo NOCTABY
NPH HAPOUTYBAHHI IITAHT

VY nmnpoueci OypiHHS MiJAPUBHOI CBEPIJIOBUHH II0CTAB HAPOILYETHCS
[IUIIXOM TIPUEJAHAHHS JO HBOTO CTaHAApTHUX MmTaHr. Jlus Bepcrara
CBIIC-250H nux mTaHr Moxe OyTH Y9OTHPH, KOXKHA JOBXHHOIO 10 11 M,
a i Bepcrara CBII-250MH-32 — tak caMO 4OTHpH, ajie JOBXKHUHOIO 8 M.
3i 3MIHOK 3arajibHOI JOBXHHH OypOBOTO IIOCTaBY 3MIHIOETHCS CIEKTP
BJIACHUX YaCTOT IMOB3HIOBXKHIX, KPYTHIBHHUX 1 TOMCPEYHUX KONUBaHb. [Ipu
BHU3HAYCHHI IIUX YaCTOT MOCTAB MOJKHA MPEJICTABUTH Y BUIIISII CTPIKHS, IO
CKIIQJA€ThCSA 3 JABOX AUITHOK — HUXKHBOI 1 BepxHBOi (puc. 2) Ha HkHIH
JUISHII po3TanioBaHa MITaHTa OibIIoi TOBIMHM (3a0ypHHK), Ha BEPXHIN —
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o/iHa a00 OLIbIIE IITAHT i3 MEHIIOK TOBIIMHOIO CTIHOK. 30BHIIIHIM miaMeTp
[ITAHT OJJHAKOBUI.

IIITanru Mixk cO00I0 €IHAIOTHCS HAPI3HUM CIIOYYEHHSIM 3a JOMOMOIOK0
cremianbHuX MydT. [Ipu JOCTiIKEHHI KOJIMBaHb TAKOTO MOCTABY CKJIALAEMO
(hopMu KOIMBaHb (aMILIITYAHI (YHKII) Ha KOXKHIM MUISHI[I TaKUM YHHOM,
1106 BOHM 3a/J0BOJILHSJIY TPAHUYHMM YMOBAM CIIONYYeHHs AiISHOK®,

4.1. I106300865icHi | KPymUIbHI KOMIUGAHHA
HezanexHo Bim KUIBKOCTI MPHEIHAHWUX INTAHT TIOCTAB  MOXKHA
MIPEJICTABUTH Y BUTIISAI CTPIIKHS, IO CKIIATAETHCS 3 ABOX IUISHOK, HA MEXI1
SIKMX TUCKPETHO 3MIHIOETHCS TUIOINA TTOMEPEYHOTO Mepepizy.
[lpu BU3HAYEHHI BIIACHUX YAaCTOT IMOB3JOBXHIX KOJHMBaHb (), BJACHI
(hopMH KOIMBaHb HA MEPIIiH i APYTIHA AUISHIN 3aIUCYIOTHCS Y BUTIISII:

Xui = Cy; - sin(wy, - x;/C;) + Dy; - cos(wy, - x;/Cy), (10)
ne i =1,2— mopsAKOBUN HOMEp MUISHKHA IIOCTaBY; X;,X, — TIOTOYHI
KOOpAMHATH Ha MEpIiui Ta apyruil mainsuii; C,;, D,; — JOBUIbHI HOCTIiiHI,
00yMOBIICHI 3 TPaHMYHUX YMOB Ta YMOB CIOJy4Y€HHS IUISHOK OYpOBOTO
MOCTABY.

I'paHWYHI YMOBH Ta YMOBH CIIOJYYCHHSI JiISTHOK HACTYIIHI:

—1pu x; = 0 maemo X,;; = 0 (mepemimenns nopisaioe 0);

—npu X, = l, maemo X,,, = 0 (Ipumyckaemo, 1o moCTiHHO Ait0Ya Cuia
R He BIUIMBa€ Ha 3HAYCHHS YACTOT MOB3JOBXHIX KOJHMBaHb 1 HEIO MOXHA
3HEBaXWTH; l,— TOBKUHA APYTOi IIITAHTH);

—mpu x; =ly, x, = 0maemo X,y = Xyp 1E-F - Xy =E-F,-X,,

I BPaxoBaHO, IO TEpEeMIIleHHS 1 3yCHJUIA Ha MEXi TUITHOK piBHI
(F;, F, — o momepevHux mepepiziB AISHOK).

IMigcrapnsroun (10) y rpaHHYHI YMOBH Ta YMOBH CIIOJIYYCHHS JIJISTHOK,
MIPUXOMMO IO CUCTEMU anredpaiunux piBHIHb BiTHOCHO Cyi, Dy;:

D, = 0;

Cuz - @y, /Cy - cos(wu : lZ/Cl) — Dy - wy, /€y - Sin(wu : lz/Cl) =0;

Cup - sin(@y - 1/Cy) = Dyy;

E-F - Cy-wy/C-cos(wy - 1/C) =E-Fp- Cyp - wy/Cy.

BBogmMo mo3HaYeHHA a; = wy - l;/C;, a, =w, - l,/C; 1 micna
MIEPETBOPECHD MPUXOUMO 10 PIBHSIHHS:
. tga, - tga, = F,/F,.
IMpu poGOTI ABOX MITaHT OAHAKOBOI MoBKUHK (l; = 1) omepxkumo:
tg*(wy, - 1/C) = F,/F,,
3BIJIKM BJIACHI YAaCTOTH MOB3JI0BXKHIX KOJIMBAHb
w, =C/L- (arctg,/Fl/F2 +m- n),

nen=0,12,....

5 Mehrabadi, 1. M., Nouri, M., & Madoliat, R. Investigating chatter vibration in deep
drilling, including process damping and the gyroscopic effect. International Journal of
Machine Tools and Manufacture, 49(12), 2009. 941 p.
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IIpu poOOTI TPHOX INTAHT, 3 AKHUX JBI BEPXHI OJHAKOBOI TOBIIWHH i
noBxuHu (I, =2 -1, a4 = wy - 1/Cy, a, = 2 - a,), pIBHSIHHS U151 BU3HAUCHHS
BJIACHUX YaCTOT ITOB3JIOBXKHIX KOJIUBAHb (), IPUAME BUI:

tga, -tg(2 - a,) = Fi/F,.
3 uporo piBusHHs tga, = /Fy/(F, + 2 - F,), 3Biakins
wy = Cy/l- (arctg[F,/(F, + 2 F,) + - n).
[Ipu po6OTi YOTUPHOX IITAHT BiATIOBITHO
L=3La,=wy, 1/C,a,=3 a4
i mpuxoaumo 1o tga, - tg(3 - a,) = F; /F,, abo micis mepeTBopeHb
tg*a; —3-tg?a- (1 + F,/F,) + F,/F, = 0.
HaiiMeHmii KOpiHb LHOTO PiBHSIHHS

Tabmums 2
3HaYeHHS HUKYUX BJIACHUX YACTOT MOB30BKHIX KOJIMBaHb
KinpkicTs mranr
Tun Bepcrara Onna JBi Tpu Yorupu
LM |wg,c™t [ LM |w,c™t | LM |w,c™t | LM |w,c?t

CBLIC-250H | 11 700 22 391 33 257 44 187
CBIII-250MH-32] 8 981 16 571 24 373 32 272

Wu }{
1000 x

00 \
800 \

\ |¢
100
600 ‘,.

N\
500
N

400 kéﬁs%\\‘
300

200

0 5 10 15 20 25 30 3 oLm

Puc. 3. 3age:xHocTi 3HAYEHb HHKYO0I YACTOTH BJIACHHUX NMOB3I0BKHIX
KOJIMBaHb Bil 10BKUHM OypoBoi mrTanru aas Beperatis: CBIIC-250H
(a) u CBII-250-MH-32 (6)

w, =C, /1 -arctg\/O,S-(S-(H F1/F2)—\/9-(1+ F/F, ) -4 Fllej

103



PegynpraTh npopaxoBaHMX 3HAUYEHb HIDKYMX  BJIACHUX  YacTOT
MOB3I0BXHIX KonmuBaHb Uit BepctariB CBIIC-250H ta CBIL-250MH-32
HaBeqeHi y Tab. 2, puc. 3.

3 HaBEICHWX HA PUC. 3 3AICKHOCTEH BHXOJIWTH, IO 31 30UIBIICHHIM
JOBXKMHHM INTAaHTM HIKYa BJIACHA YacTOTa IIOB3JOBXKHIX KOJMBAHb
3MEHIINYEThCS 32 HEMHIHIM 3akoHOM. HaiOibIIHiA BiZICOTOK 3MiHH 9aCTOTH
CIIOCTEPITaeThCs TPH TPHUETHAHHI APYroi INTAaHTH (3MEHIICHHS JOCsTae
42-45%). 3HaueHHs 4acToT w,, 11 Bepcrara CBII-250MH-32 HeznauHo (Ha
0,5%) Buie came Takux ke 4yactoT jist Bepcrara CBIIIC-250H.

AHAJOTIYHO BU3HAYMMO BJIACHY YacTOTy KPYTWJIBHHX KOJIMBaHb. Jlis
JIBOX JISHOK OYypOBOro TOCTaBY BJacHI ()OPMH KPYTHIBHUX KOJHMBaHb
3aIICYIOTHCS TaK:

Xpi = Cpi - sin(wg - x;/C;) + Dy, - cos(wg - x;/C,), (11)
ne i=1, 2 — nopsukosuit HOMep AUIAHKM TOCTaBy; Cgi, Dg; — NOBiNMbHI
MOCTiHHI, OOYMOBJICHI TPaHMYHMMH YMOBaMH 1 YMOBaMH CIIOJIyYECHHS
ninsHoK; C, = /G /p — KOPCTKICTh MaTepiay IMITaHTH TOCTaBY HA KPYUYCHHS.

I'paHnuHI YMOBY Ta yMOBH CIIOJIyYESHHs JUISTHOK HACTYIIHI:

—npu x; = 0 maemo Xg; = 0 i mpu x, = [, maemo Xy, = 0 (kpyTHiBHI
MOMEHTH Ha KiHISX IITAaHTH JOPIBHIOIOTH HYIIIO);

—mpu Xy =1y, X = 01Xy = X 1G - Jp1 - X1 = G Jp2 - Xgpos
Jie BpPaxoBaHO, 110 KyTH IOBOPOTY 1 KPyTHI MOMEHTH Y MiCILli CTHKYBaHHS
IITaHT Pi3HOi TOBIMHK PiBHi (J51,/p, — OCBOBI MOMEHTH iHEPILi HIKHBOT i
BEPXHbHOI YACTHHH LITAHTH).

MincraBnsroun (11) y rpaHUYHI YMOBH Ta YMOBH CIOJYYEHHS IUISTHOK
IPUXOJIUMO JI0 CUCTEMH areOpaiuHuX PiBHAHB BITHOCHO Cy; i Dg;:

C¢1 = 0;

Copz - wgp/Cs - cos(w¢ . lz/Cz) — Dy - g -sin(w¢l2/C2) =0;
Dy, - cos(w¢, . ll/Cz) = Dgy;

_]pl . D¢1 . CU¢/C2 . Sin(w¢ . ll/Cz) =]p2 . C¢2 . (JJ¢/C2

BHKOPHCTOBYIOWM  BBE[EHI  paHille IO3HAYEHHA a; = Wy - 11/,
ia; =wg - 1/Cy, ITICJIS IEPETBOPSHHS MPUXOUMO JI0 PIBHSHHS BiTHOCHO W'

tga, - ctga; = —Jp2/Ip1-

Pe3ynbraTi 3HAYEHb HIJKYMX BJIACHUX YacCTOT KPYTHIIBHUX KOJIMBAHb JJIS
BepcrariB CBILIC-250H u CBIIC-250MH-32 3Beneni y Tabi. 3, puc. 4.

3 HaBeleHUX Ha puUC.4 3alICKHOCTEH BHXOIWTH, IO, SK 1 y BHUIAIKY
MOB3I0BXHIX KOJNBAaHb YaCTOTH g 3MEHIIYIOTHCSA 38 HETIHIHHUM 3aKOHOM.

Haii0inpiie 3MEHIIEHHS YacTOT BiIOYBAa€ThCs MiCIsl NPHEAHAHHS APYroi
IITAHTH. 3HAYeHHS HWKYMX YacTOT BJIACHUX KPYTHJIBHUX KOJMBaHb IS
BepctariBe CBILIC-250H i CBII-250MH-32 65mu3bKi.
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4.2. Ilonepeuni Konueanus
IMpu HapolyBaHHI MOCTaBy BIacHi (JOPMH MOMEPEYHUX KOJIHUBAHL HA
JUISTHKaX MAIOTh BUTJIS:
Xyi = Cyi - sh(Sy; - x;) + Cy; - ch(Sy; - x;) +
+Cs5; - Sin(Sy; - x;) + Cy; - c05(Sy; * x;), (12)
ne i =1,2— Homep IinAHKHA OYpOBOI IITAHTH;

Tabmuns 3
3HAYeHHS HHKYMX BJACHHUX YaCTOT KPYTHIbHUX KOJHBAHb

KinbkicTp mranr

Tun Opnna JBi Tpu Yorupu
Bepcrara LM | g c | Lm | wgct| Lv |wgc ] Lu wg, ¢t
CBULIC —

250H 11 902 22 451 33 290 44 186

CBII-
250MH-32 8 1241 16 621 24 396 32 295

wo, 1/ T T T 1
@ |e-8-9 -3ma CEIIC - 250H;
1200 \ ©—¢ - nna CBIN —250MH-32

1100
\

1000
200

300 \
700

600 &

500

400

300 ™

200

100
0 5 10 15 20 25 30 35 [ m

Puc. 4. 3ayexkHicTh 3HAYEHb HUKYUX YACTOT BJAACHUX KPYTHIbHUX
KOJIMBAHb Bi/l JOBKHHM 0yPOBOro MOCTaBy

S = \/w/0,25 caf +kt—05-a? S, = \/JO,ZS ~af +kt+0,5-a?,
a; =\[R/E[];, ki = = w? - m;/E[];.

Bupas (12) moBHHEH 3aJ0BONBHATH TPAHUYHMM YMOBaM: IPH x, =0
MaeMo X, =0, X, =0 impu x, =/, MaeMo X, =0, X,,=0. (13)
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Bupa3s (2.12) moBuHEH 33I0BOJIBHITH TAKOXK 1 yMOBaM croiydeHHs. [Ipu

x1 =1, x; = 0 maemo X1 = X5, Xj; = Xy, onepxumo

E] IIZE‘]‘ Il’
S : “} (14)
E-J 'Xyl =E-J;- y2*

Micns mincranoBku (2.12) y Bupasu (2.13) i (2.14) mpuxomumo 10
CHCTEMH anreOpalyHuX PiBHAHB IOMO AOBITBHHUX MOCTIHHUX C i (j=1,..,4,
i=12):

Cy1+Cyy =0;

Gy 5121 —Cy '5221 =0

Cy1 - Sh(Syy - 1) + Coy - ch(Syq - 1y) + Cgq - Sin(Syy - 1) + Cyy - €05(Syq - 1y) —
—C =G =0;

Cy1 - S11 - €h(Syq - 1) + Coq * Syq - Sh(Syy - 1)) = Caq - S3y - sin(Syy - 1) —
—Cay* Sp1 - SIN(Sp1 + ) = Ciz - Si2 + Ca* Sz

Cy1+Sf1 - Sh(Syq1 - 1) + Coq - 7 - ¢h(Syy - ) + Caq - Spq - Sin(Syy - 1) —
—Cy1+ 831+ €05(Sz1 - 1) = Jo/J1 + (Cop * STo — Caz  532);

Ci1+ 831+ ch(Syq - 1) + Cpq - 83 - sh(Syq - x1) — C31 - $31 - €05(Syy - 1y) +
+Cyy - S3y - sin(Syy - 1) = j_j (Ciz-S% = C35 - $3,);

Ciz * Sh(S13 " 1) + Cyp + ch(S15 - ) + Csp - SIN(Sy; - 1) + Cyp - €05(Syy - 1) = 0;
Ciz " S12 - h(S1z - 1) + Cap - S1p - Sh(Si - 1) + Csp - Spp - €05(Sy5 - 1) —
—Cyp * Sz Sin(Sy;, - 1) = 0.

ne JoBuUTbHI mocTiiiHi Cyq, C,; BpPaxOBYIOTH B3a€EMOJII0 IIIAPOIIKOBOTO
JI0JI0Ta 1 MOPOAM, TOMY NPU BH3HAYCHHI BJIACHHUX YacCTOT IMOCTaBY BOHU
JIOPIBHIOIOTH HYITIO.

Cuctema piBHsHb (15) Mae pilmieHHS TOi, KOJIM BHU3HAYHHUK JOPiBHIOE
Hymo®. SIKIo BBECTH MO3HAYEHHS

) Y1 =511l Y, =81l s =812y Y =S22- Ly,

TO PIBHAHHA JJIi BU3HAYEHHS BJIACHUX YacTOT (), MONEPEYHUX KOJIUBAaHb
HaOyBa€ HACTYIHOTO BUIJIALY:

(15)

0 1 0 1 0 0 0 0
0 Sh 0 -85 0 0 0 0
shy, chy, sin y, cosy, 0 -1 0 -1
Sichy, Sichy, Sy cosy, =Ssiny, =5, 0 -8y 0
Sishy,  Sichy,  =S3siny, -8 cosy, 0 *%Slzz 0 %Szzz
1 1
3 3 3 3 Jy o Jy @
Siichy, Sishy, =55 cosy, S siny, _7512 0 7‘922 0
I 1
0 0 0 0 shy, chy, siny, cosy,
0 0 0 0 Spchy,  Sshy, Sy, cosy, —S,,siny,

6 Korn G., Korn T. Mathematical Handbook for Scientists and Engineers. Mineola, New
York: Dover Publication, Inc., 1968. 325 p.
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KinbKicHi 3Ha9€HHSA BIIACHUX YaCTOT W, BA3HAYAJIMCh NIIIXOM 3HAXOKCHHS
YHUCETHHOTO PIlIEHHS OCTAHHBOTO PIBHSAHHS MPH 33IaHKX MapaMeTpax 0ypoBOro
roctaBy (Tabi.1) iTepartiiianm MetomoM HeroToHa.

BypoBuii mocTtaB, SK cuUCTeMa 3 PO3MOMUICHVMH TapaMeTpaMHu, Mae
HECKiHIeHHY 0e31i4 BJaCHHUX YacTOT MONEPEUYHUX KOJIHUBaHb. 3 IHOTO YUCTA IS
aHaJI3y BUOMPAEMO JIMIIIE Ti YaCTOTH, 3HAYEHHS SIKMX HE EPEBHILYIOTh YaCTOTH
200 1/c (wacToTH 3pi3y 30BHIIIHBOTO KOHTYpPY CHCTEMH KepyBaHHs). B 1o
00JIaCTh 4acToT, Y 3aJISKHOCTI BiJl 3arajbHOI IOBKHHH LITaHTH, NOTPAIUISIOTH
JBa 1 OiJIbIIIe 3HAYEHHSI BIACHUX YacTOT HONEPEYHUX KOJIMBAHb.

V Ta0n. 4 3Be/eHI 3HAYCHHS BJACHMX YACTOT HOIEPEYHHX KOJIUBAHb W) Y

3aJIOKHOCTI BiJI 3yCHIIIA moiadi R 1 KibKOCTI TIPAIFOF0UMX IITAHT JIs BepcTara
CBIIIC-250H. AnanorivHi 3Ha4eHHs 3Be/IeH] y Ta0I.5, 6 1 7 mis Bepcrata CBIII-
250MH-32 nipu OypiHHI OfIHi€T, TBOMA 1 TphOMa IITaHTaMH, BiTOBITHO.
AHaJri3 3Ha4eHb, 3BEICHNX Y TAOJHUIISIX, TOKA3YE, L0 3aJIeKHICT 3YCHILIA T01a4i
R y nopiBHSHHI 3 BIUTMBOM JIOBXKMHHU OypOBOT'O MOCTaBy Ha BEJIMYHMHY BJIACHUX
YacTOT KOJNWBaHb, He3HauHa. TOMy IO JOBKHMHA IIOCTaBy 3MIHIOETHCS
JMCKPETHO IUIAIXOM HAarBMHYYBaHHS Ha MepIly IITaHry 3 OUIBLIO
TOBIIMHOO CTIHOK HITAHT i3 MEHIIIO TOBIIMHOIO CTIHOK, TAKOX TUCKPETHO
3MiHIO€TBCS | 3HAYEHHSA BIIACHHUX YaCTOT Wy, Y PO3TIIAHYTIH CMy3i 4acToT.

Tab6muug 4
BiacHi yacToTu nonepeyHuX KOJUBAHb MOCTABY BepcTaTa
CBUIC-250H npu HapoumyBaHHi 0JHi€0 WITAHTOI0 (22 M)

i 1BoMma mranramum (33 m)
-1

wp, €
I, m R, xH
Wp1 Wp2 Wp3 Wp4 Wps
50 4,670 16,271 35,097 59,505 91,267

100 4,162 15,780 34,554 58,966 90,718
150 3,581 15,272 34,003 58,422 90,166
22 200 2,882 14,747 33,441 57,873 89,610
250 1,941 14,201 32,871 57,318 89,051
300 0,000 13,632 32,289 56,758 88,488
350 0,000 13,038 31,697 56,192 87,922

50 2,486 9,027 19,561 34,188 52,075
100 1,826 8,487 19,002 33,608 51,498
150 0,682 7,909 18,426 33,019 50,915

33 200 0,000 7,284 17,831 32,418 50,324
250 0,000 6,599 17,216 31,806 49,727
300 0,000 5,835 6,577 31,182 49,121

350 0,000 4,954 15,913 30,545 48,508
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Tabnuns 5
BuiiacHi yacToTH monepeYHnx KOJIMBaHb MOCTaBY BepcTaTa
CBII-250MH-32 npu HapolyBaHHi O/IHi€0 IITAHT 010
(3aragbHa noB:kuHa I =16 m)

wy, ¢
I, M R, xH
Wp1 W2
50 17,375 64,151
100 16,950 63,618
16 150 16,513 63,079
200 16,065 62,536
250 15,603 61,988
300 15,128 61,435

Tabmuus 6
BaacHi yacToTH nonepeyHUx KOJMBAaHb MOCTABY BepcTaTa
CBII-250MH-32 npu HapoumyBaHHi JBOMa IITAHTaAMHU
3arajibHa 1oBxuHa [ =24 M)

wy,, ¢
I, m R, xH
Wp1 Wy Wp3
50 17,375 64,151 61,734
100 16,950 63,618 61,102
24 150 16,513 63,079 60,462
200 16,065 62,536 59,816
250 15,603 61,988 59,163
300 15,128 61,435 58,501

Tabmmus 7
BuiacHi yacToTH nMonepeyHMUX KOJIMBAHb OCTABY BepcTara
CBIII-250MH-32 npu HapoumyBaHHi TPbOMA IITAHTAMM

(3arasibHa ioB:kuHa [ =32 m)
-1

Wy, C
I, m R, kH L
Wp1 Wy Wp3 Wps
50 4,657 16,017 60,509 91,378
100 3,976 15,409 59,827 90,705
32 150 3,145 14,774 59,137 90,026
200 1,984 14,110 58,438 89,343
250 0,000 13,411 57,730 88,653
300 0,000 12,672 57,014 87,958

Jnst BepcrartiB, SIKi JOCITI/DKYIOTBCS, XapaKTEpHO, IO 31 301IbIICHHAM
KIJIBKOCTI IITAHT CIIOCTEPIraeThesl 30JIM)KEHHS 3HAa4eHb BIACHUX YacTOT
MIOTIEPEYHNX KOJIUBAHb, 3MEHIIYIOTHCS MPOMDKKH M HHMH, OCOOIHMBO B
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obnacti vactor (< 50 1/c. 3HayeHHS HWKYMX BJIACHUX YaCTOT HE
30epiraroThbCs MpH HAPOIIyBaHHI ITOCTaBY.

BUCHOBKHU

VY pe3ynbTari NpOBENECHUX TEOPETHYHHX JTOCTIIKCHD MOCTaBY K 00’ €KTY
KEepyBaHHS, MO0 € CTPW)KHEM KIIBLIEBOTO MOMIEPEUHOr0 Mepepily, AKUi
MiIJa€ThCs. OCBOBOMY THCKY 1 KpPYTiHHIO, MOXKHa 3pOOMTH HACTYIHI
BHCHOBKH:

1. ¥V mpormeci OypiHHS y mocTaBi 30Y/DKYHOTBCS CKIIAQJIHI IMOMEPEYHi,
MOB3/I0BXHI, KPYTHJIbHI KOJNMBaHHs. [Ipu HapolyBaHHI OypOBOrO MOCTaBY
HIDKY1 YaCTOTH BJIACHUX MOB3J0OBXKHIX, KPYTHIIBHUX 1 IONEPEYHNX KOJINBAaHb
ICTOTHO 3MCHIITYIOTHCS:

— ms Beperata CBII-250MH-32 moB310BXHI KOJTUBAaHHS — BiJ 3HAUCHHS
981 1/c mo 700 1/c (y 1,4 pasm), kpytwieHi — Big 1241 1/c go 902 1/c
(y 1,37 pasm), momepeuni — Bix 65 1/c mo 35 1/c (y 1,85 pasn);

— mis Bepctara CBIIIC-250H moB310BXKHI KOJMBAHHS — Bijl 3HAYCHHS
272 1/c no 187 1/c (y 1,45 pa3u), xpytunbHi — Big 295 1/c no 186 l/c
(y 1,58 pasu), monepeuni — Bix 12,62 1/¢ 10 4,95 1/c (y 2,54 pasu).

XapakTep 3aJeKHOCTI IIUX YaCTOT BiJl TOBKUHY IITAHTH — HETIHIAHUIA.

2. 3i 30UIbIIEHHSAM 3yCWIUIS TOJadi 4YacToTa HONEPEYHHX KOJIHMBAHb
3HWKY€ThCS, OJTHAK Y BCbOMY Jiana3oHi 3MiHM 3yCHJUIS Mojadvl ii BeJIudrHa
3MIHIOEThCS He OibIe Hix Ha 6%.

3. I3 3icraBieHHS BIACHHX YacCTOT IIOB3JIOBXKHIX, ITONEPEYHHUX |
KPYTWJIBHUX KOJHBaHb, OTPHMAaHUX PO3PAaXyHKOBHUM IIISXOM Ta BIACHUMHU
4acTOTaMH, [0 BUILUICH] IPU €KCIIEPUMEHTAIBHUX TOCTIKCHHSAX,, BUXOUTD,
mo mpu OypiHHI ONHIEO 1 JBOMa INTaHTaMH BJAaCHI YacTOTH TMOCTaBYy HeE
MOTPAIUIAIOTh Y CMYTY MPONyCKaHHS CHCTeMH KepyBaHHs. [Ipm OypiHHI
TphOMA IITAHraMH 3’ SIBIJIMUCS BJIACHI HU3bKOYACTOTHI MOMIEPEUHI KOJUBAHHS
mocrtaBy y Bepcrati CBII-250MH-32. ExkcnepuMeHTaqbHEe 3HAYCHHS
LIUKIIYHOI 9acTOTH KoimuBaHb — 2,36 I'm, pospaxyHkoBe — 2,48 I'm, mio
BIJINIOBiJJa€ KyTOBi# wuacToTi KonmmBaHb 15,603 1/c. BimHocHa moxuOka
obGuuncieHHs nuKIigHoi yactotu (2,48-2,36)/2,48*100% =4,8%.

4. Tlpm Oypinai T1ppoma mranramMu (Bepcrar  CBLIC-250H)
EKCIICPIMEHTAJIBHO 3a()iKCOBaHI BIIACHI HU3bKOYACTOTHI ITOTIEPEYHi KOJMBAHHS
IITaHT| 3 IUKIIYHOO YacToToro 1,02 ', Po3paxyHKOBE 3HAUCHHS ITi€1 YaCTOTH —
1,05 T'u, mo BiamoBimae KyToBiii wactoti 6,599 1/c. BimHocHa moxuOKa
obuncnenns yacroru cknaae (1,05-1,02)/1,05*100%= =2,8%.

5. IlpuBoHi cUCTEMHM MOCTIHHOTO 1 3MIHHOTO CTPYMiB HaJIaIITOBYIOTBCS
31 CMyTOI0 TPOIyCKaHHSA 30BHIIIHBOTO KOHTYpy zo 50 l/c i 200 1/c
BIANOBITHO, TOMY KPYTWIbHI KOJHMBAaHHSA TNpH OypiHHI OIHIEI0 1 IBOMA
[ITAHTaMU HE MOTPAIISIFOTh B CMYTY MPOIYCKAHHS CUCTEMH PETYJIFOBAHHS.
301IbIICHAS CMYTH MPOIYCKAaHHS 30BHIIIHFOTO KOHTYPY CHCTEMH KepyBaHHS
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MIPUBOJHOI CHCTEMH 1 3MEHIIECHHS BJIACHMX YacTOT IPYXHHX KOJHMBAaHb
MOCTaBy NMpH OypiHHI TppOMa 1 OUIBIIOI0 KUIBKICTIO LITAHT, NMPH3BEIE 10
BIUTUBY Ha MEPEXiHI MPOIecH KPyTHILHUX KOJUBAaHL OYPOBOTO TIOCTaBY.

6. be3nocepenHb0 Ha AMHAMIKY TPHUBOAHOI CUCTEMH 3MIHHOTO CTPYyMY
KPYTHJIbHI KOJIMBaHHS IOCTaBy BIUIMBAIOTh 3a YMOBH, IO HOTO BIACHI
JaCTOTH MOTPAILIAIOT y CMYTH IIPOITyCKaHHS IOIIEPEYHOI CKIIa0BOI CTPyMy
craropa abo KOHTYpiB TMOIEPEYHOi CKJIAaI0BOI CTPYMy CTaropa i KOHTYPY
4aCTOTH O0epTaHHS.

7. BesnocepenHbO0 HU3bKOYACTOTHI CKJIAZIOBI TIOMIEPEYHHX 1 TIOB3IOBKHIX
KOJIMBaHb HE BIUIMHYTh HA TUHAMIUHI ITPOIIeCH y NPUBOAHIN cuctemi. OtHaK
BJAaCHI  HHM3bKOYACTOTHI  IONEpEeYHI  KOJHMBAaHHS  NPHU3BEAYTh 1O
HENPUITYCTUMUX BiOpalliii He TINBKM MOCTaBy, ayie i OypoBOro Bepcrara y
LIUIOMY, 1[I0 1ICTOTHO 3HHM3MTh HANpallOBaHHS Ha  BiIMOBJICHHS
KOHCTPYKTUBHHMX BY371iB BB 1 00OMexuTh HOro mpomyKTUBHICTB. 3i
30UIBIICHHAM JOBXKHHM OYypOBOi INTaHIW 3HAYEHHS BIACHUX YacTOT
MONIEPEYHNX 1 MOB3JOBXKHIX  KOJMBAaHb JUII JOCIIUKyBaHHX BEpPCTAaTiB
30MKAIOThCS 1 MEPEMIIIYIOTBCSA B 00JacTh OUTHI HHU3BKHX BEIHYWH.
3HaveHHS BJIACHUX YacTOT HE 30epiraloThes IPH 3MiHI JOBKUHHU ITOCTAaBY y
Tporieci #oro 30MpaHHs — po30upaHHs.

8. 3acTocyBaHHS IPUBOAHOI CUCTEMH IIOCTIHHOTO CTPYMY 3 THPHCTOPHUM
[IepETBOPIOBAYEM HANPYTH 1 CMYrol0 MPOITYCKAaHHSI KOHTYPY LIBHIKOCTI HE
outeine Hixk 50 pam/c y Bepcratax CBIIC-250H u CBII-250MH-32 He
NPU3BOJNUTh [0 TOTPAIUISIHHS y CMYTy IPOIYCKaHHS BJIAaCHHX 4YacTOT
OypOBOTO MOCTABY.

9. 3acTocyBaHHs IPUBOTHOT CUCTEMH 3MIHHOTO CTPYMY 3 TPaH3UCTOPHUM
IIMPOTHO-IMITYJIbCHUM  IHBEPTOPOM HANpyrH 1 CMYTOI0 IPOIyCKaHHS
KoHTYpy mmBuakocti He MeHme 200 pan/c y Bepcrarax CBIIC-250H,
Npu3BeAe 10 MOTPAIUIIHHSA y CMYTy TIPOIyCKaHHS KOHTYPY 4YacTOTH
obOepTaHHs 1 CTpyMy cCTaTopa HaWHIKYOi BJIACHOI YacTOTH KPYTWIBHHUX
KOJINBaHb IIOCTABY MPH OYPiHHI YOTHpPMA IITaHTaAMHU.

AHOTALIA

BripoBapkeHHSI Cy4acHUX LIBHJIKOJIFOYMX MPUBOJIHUX CUCTEM 3MIHHOTO
CTpYMy 3 Malo IHEpUifHUMHM aCHMHXPOHHUMH JBUIYHaMH Yy OYpOBHX
BepcTaTax HOBOTO IMOKOJIHHA mOTpedye OpaTtw 10 yBaru AWHAMIYHI
BIIACTUBOCTI OypoBoro moctaBy. [IpoanamizoBaHi JWHAMIYHI BIACTHUBOCTI
OypoBOro TOCTaBy K 00’€KTa KepyBaHHsA. BcTaHOBIIeHO, 10 mpu OypiHHI
MIOCTaBOM 3 TPbOMA 1 O1JIbINIE IITAHTaMH KYTOBI YaCTOTH BIACHUX KPYTHIILHUX
komuBanb y Bepcrarax CBILIC-250H cranoBnsate menme 186 1/c i
MOTPAIUISIIOTE Y CMYTY HPOITYCKaHHS TPaH3UCTOPHOI NMPUBOAHOI CHCTEMH
3MIHHOTO CTPYMY 3 YacTOTOIO 3pi3y 30BHILIHBOTO KOHTYpY KepyBauHs 200
1/c, 0 CyTTEBO MOTIPIIYE MOKA3HUKH SKOCTI KEPyBaHHS €JIEKTPOMEXaHIYHOT
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cucreMu. Taki KOMMBAaHHS JOUIBPHO KOMIIGHCYBAaTH 3aco0aMH KepyBaHHS
MPUBOAHOI cHcTeMH. BH3HAa4YeHO, MO0 Yy pEXHMax OypiHHSA MOBHICTIO
3i0paHuM octaBoM AoBxkKHOIO 33 My Bepctarax CBIIIC-250H renepyroThest
MOTIEpeYHi BIAcHI HU3bKOYACTOTHI KOJWBAaHHSA 3 IHKIIYHOIO YacTOTOIO
1,05 T (ms Bepcrara CBIII-250MH-32 — 2,48 'y ipu TOBXKHHI MTOCTaBY
24 M), sxi O6e3mocepelHbO HE BIUIMBAIOTh Ha TUHAMIKY POOOTH TPHUBOIHOI
CHCTEMH, ajie MPHU3BOMAATH 10 MOSBU JOJATKOBHX HABAaHTAXXEHb HA BY3IH
OypOBHX BEpPCTATIB, MOIABJICHHS SIKUX MOMIJIMBO TiJIbKH IUISIXOM 3MEHIIICHHS
4acTOTH OOEpTaHHS MOCTaBy, MO BEIC 10 3HIDKCHHS IPOIYyKTHBHOCTI
TipChKHUX POOIT.
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AHAJITUYHE JOCIIKEHHA METO/IB ITEHTU®IKAILIIT
OB’€EKTA KEPYBAHHS

Koiipman O. O., Mipomanyenko B. 1., Cimkin O. L.

BCTYII

B ymoBax mpomHcIOBOrO BHPOOHMITBA BHHHKAae IoTpeda B
NepioJMYHOMY HaJIaro/PKEHHI Ta HAJNAIITYBAaHHI CHCTEM aBTOMAaTHYHOI'O
KEepyBaHHS, CIPUYMHEHA [IOCTYNOBUMH 3MIHAMHM  EKCILUTyaTalliiHuX
XapaKTEpUCTUK KEPOBAaHOT'O TEXHOJOTIYHOTO arperaty B Ipoleci Horo
¢ynkiionyBanns. Hampuknan, 3HOoc ¢yTepyBaHHS pOOOYOTO MHPOCTOPY
HarpiBaJIbHOI €4l MPU3BOJUTH /10 30UIBILICHHS BTPATH TEIUIOTH, SIKE, Y CBOIO
qepry, 6e3rnocepeIHbO BIUIMBAE HA ONTUMAIIbHE KEPYBaHHS TEMIEPATypHUM
pexumoM B 30Hax. Ili 3MiHM TOBMHHI OYTH BpaxoBaHi IEPiOTUIHHM
HaJAIITYBaHHAM PETYJATOPIB BIATOBIMHUX TEXHOJOTIYHUX ITapaMeTpiB.
CydJacHi JIOKagbHI CHCTEMH aBTOMATHYHOTO PETYJIOBaHHS oOIaIHaHI
MEPEeBaXHO KOHTPOJEpaMH Ta TNPOTPaMHUMH 3aco0aMu 3  (YHKIIEO
HaJIAIITYBaHHS PEryJsATOPIB B aBTOMAaTUYHOMY pEXHMi, IO J03BOJISIE
NepcoHaly He 3ariMOIoBaTHCh Yy iJeHTH(]IKALiI0 00’ €KTIB KepyBaHHS.
HemonikoM 1pOoro cmoco0y € CyTTEBa TPHUBATIICTh OOYHCICHb Ta
3a0e3neueH sl Ipale3laTHOCTI CUCTEMH JIMIIE Yy BY3bKOMY [iara3oHi
peryiroBaHHs. He3Bakalouu Ha IIMPOKE, 3YMOBJIEHE 3PYYHICTIO ISt
MepCoHally, BUKOPUCTAHHS aBTOMATHYHOTO HaJalITyBaHHS IPOMHCIOBHX
peryJaTopiB, 3alMmIaeTbcs 0araTo HEBHPIMIEHHMX INPOOJIeM, IOB’S3aHHUX 3
SIKICTFO HAJIAIITYBAHHS CHCTEMH PETYIIOBAHHS, 3MIHOO ITapaMeTpiB 00’ €KTiB
KepyBaHHS Ta 30BHIIIHIX 30ypeHb B Tpoleci igeHTHUdIKaIii, a TaKoxK
3a6e3IeYeHHsAM NOTPIOHMX OKA3HUKIB SAKOCTI IIPOIECIB PEryIroBaHHs .

InenTudikamis 06’extiB kepyBanHsa (OK) mependawae Bu3HaueHHS
mapaMeTpiB, O XapaKTePU3YIOTh IXHI OCHOBHI TWHAMIYHI BIACTUBOCTI, SKi €
BOXJMBUMH 3 TOYKH 30pY KEpPyBaHHS TEXHOJOTIYHUMH IPOIECaMH,
HaNpHKIaJ, 1HEepUidHICTh Ta 4Yac pearyBaHHS IJIsl CTaTHYHUX OO €KTIB i3
CaMOBUPIBHIOBAHHSIM.

HaiinommupeHimuM — eKCIepUMEeHTOM  JUIsi  HaJaro/KeHHS  CHUCTEM
aBTOMaTHYHOTO KEepyBaHH:, 30KpeMa, imeHTHdikamii 00’ekTa KepyBaHHS, €
OTPUMAaHHS HOT0 peakilii Ha BXiAHUI CTyMiHYACTHI BIUIMB — KPUBOi PO3TOHY

! Ilnapyx B. O., Tlomimyk I. A. ApjantuBHe KepyBaHHS iHepLiliHUMH

KBazicraumioHapHUMU 00’ektamu. Momnoauii Buenuid. 2017. Ne 4. C. 577-582. URL:
http://molodyvcheny.in.ua/files/journal/2017/4/135.pdf.
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(KP), mo BukopucTOBY€eThCs Uit Bu3HaueHHs Moneni OK B TeXHOIOTIYHUX
YMOBaxX y MexKaX aMIUTITy 1 KPOKy?,

MeTor0 1IBOTO JOCHIKEHHS € aHami3 MerondiB imeHtudikarii OK mis
BH3HAYCHHS YHIBEpCAIBHOTO METOY, IO JO3BOJUTH OTPUMATH B KOMILIEKCI:
MiHIMaJbHY CTaTHYHY TIOXHOKY MOJETIOBaHHSA PO3IMKHYTOI CHCTEMH
aBTOMATHYHOTO  KEPyBaHHSA, MaKCHUMallbHE 3HaueHHs KoedimieHTa
JNeTepMiHaIlii MOJeNi, a TaKoX 3a0e3MeYUTH BiAMOBIIHICTH TPHUBAJIOCTI
MIePEXiTHOTO TIpoIecy B PO3IMKHYTIH CHCTEMi aBTOMAaTHYHOTO KEpyBaHHS
BHMOTaM TEXHOJIOTIYHOTO MPOIIECy.

1. Anaji3 meroaiB inenTudikanii 06’ €xkTiB KepyBaHHA

1.1 O2na0 memooie euznauenna napamempie 00’cKmie KepyeanHs

AHaJi3 BITYM3HSHUX 1 3aKOPIOHHUX JDKEPET JO3BOJISIE PO3ALIUTH METO U
Bu3HayeHHs napamerpis OK Ha HacTymHi rpynu:

1.1.1 Inscenepni memoou

[mxeHepHI MeTonM TIependayaroTh: BU3HAYCHHS TOYKH A, B SKIi
HIBUJKICTh 3MIHU PEryJIbOBAHOTO MapaMeTpy € MaKCHMalIbHOI; MOOYI0BY
JMOTUYHOI B I TOYIll TEeperuHy Ta rpadidHe BH3HAYCHHS ACKiTbKOMa
crioco6amu 3HaueHs mapameTpis® OK sk amepioanuHoi (iHepuiiHOi) naHKH
TepIIoro nopsaaky (puc. 1, a, 6) 3 mepeaaBaIbHOIO (PYHKIIETO:

Y (1)

a TakoX amepiognyHoi (iHepHiHHOT) JAHKU APyroro mopsaky (puc. 2) 3
nepeaBagbHO (HYHKIIEH:

W(p) = npu Ty > 2T, )

K
TZp2+Typ+1°

abo

W(p) = Kk Tli—\Jle_ﬂzz ©)

Tyy =
(T3p+1)-(Tap+1)’ 34 2
ne K — koedinieHT nepegadi 06’ €kra KepyBaHHS,
Tys, T1, T,, T35, T, — mocCTiliHI yacy 00’ €KTa KEpYBaHHSI.

2 Liptdk B. G. Instrument engineers’ handbook. 4th ed. CRC Press, 2018. Vol. 2 :
Process control and optimization. 2464 p.

% Rengaswamy R., Srinivasan B., Bhatt N. P. Process Control Fundamentals. CRC
Press, 2020. URL.: https://doi.org/10.1201/9780367433437.
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Puc. 1. In:xenepni meroan inenTugikanii OK:
a) Meroau 10 ta 11, 6) Metoau 20 Ta 21

B mpomy mocmimkeHHI mpuitHATI mo3HadeHHs: Meron 10, Meton 20,
Meron 30, BiAmoBigHO, 10 BHINEBKa3aHWX IH)KEHEPHHX METOMIB 32 yMOB
BU3HAYECHHS TOUKHU [IEPETUHY B aBTOMaTHYHOMY PEXHnMi, a Takoxxk Meroau 11,
21, 31 — BU3HAYEHHS TOYKH IEPErMHY BPYYHY 3a JOIOMOTOI0 rpadiyHOro
cnoco0y 00poOKH pe3ysbTaTiB eKCIIepUMEHTY .
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Puc. 2. In:xkenepni meroam inentudikanii OK: Meroau 30 ta 31

1.1.2 MemoOu eusnauenns peakuyii 00’ckma ¢ 00niit a60 060X mouxkax

—  Meroxg Ttoukum 0,632 (Metox 60, puc. 3) pPEKOMEHIOBAHO
BHUKOPHCTOBYBATH IS 11€JIHOTO BUMAKY, KOJI KpUBY po3rony OK moxHa
ONHMCATH TITbKHA EKCIIOHCHITIANIbHOIO (YHKIIIED, TOOTO ampOKCHMYBATH
amepiofMYHOI0 JIAHKOK TEpUIOr0 MOpsAAKy 0e3 3ami3HeHHS (T,q = 0).
3HayeHHss TOCTiHOI 4acy T,q BH3HAYaeThCs SK 4Yac, 3a SKAH BHXiJHA
BeIUuMHA JocsATHE 63,2% Bix HOBOTO CTAIOTO 3HAYEHHS.
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Puc. 3. Metona 60
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—  Mertoa touok 0,1..0,15 Ta 0,8..0,85 (Meton 40, puc. 4) nependauae
BU3HAYCHHS Ha rpadiky KpUBOI pO3rOHY YaCOBHX KOOPJIUHAT JIBOX TOUYOK 3a
(bopmynamu:

7, =(0,1..0,15) T, 4
7, = (0,8..0,85 T, (5)
ne T —yac, 3a sIKUi BUXi/THA BEIMYHHA JJOCATIIA HOBOTO CTAJIIOTO 3HAYCHHS.

BinnmoBigHO BU3HAYAIOTHCS KOOPAWHATH MO OCI OPAWHAT AJIST 000X TOYOK:

X(t1) = (0,1...0,15)AX,, (6)
X(t,) =(0,8...0,85)AX,, )
ae AX, — pi3HHUL MiX CTaJlMMU 3Ha4eHHAMU napamerpy OK.

3a OTpUMaHUMH KOOPAMHATAMU OOUMCITIOIOTh BIHOCHI OPMHATH TOYOK:

X(71)-X(0)

Xl = TZXT U (8)
X (132)-X(0)

Xo == 9)

ne X (0) — mouatkoBe cTaine 3HaYeHHS mapameTpy OK.
[TapameTpu 00’ekTa KepyBaHHS OOUYHCITIOIOTH 32 BUPa3aMu:

_ t2In(1-X1)-71In(1-X>)
Tog = L2 (10)
In(1-X1)-In(1-X3)
To6~ 71
T =201 11
06 ln(l—Xl) ( )
abo
_ To6~T2
Tps = 22 (12)
In(1-X2)
30
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Puc. 4. Metop 40
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—  Metox touok 0,283 ta 0,632 (Meton 61, puc. 5) mependavae
AITOPUTM BU3HAYECHHS TIOCTIHHOI Yacy Ta 4acy 3ami3HEeHHS, SKUH
3aCTOCOBYIOTH INMPAKTUYHO IS yCiX XiMidHHX TiporieciB [2]. Ha mepmomy
eranmi g opaunar 0,283 -4X, ta 0,623 - AX, HEoOXiTHO BU3HAYMTH
KOOPJHHATH TI0 OCl 4acy Tg,g3 Ta Tgg32. Ha YacoBiif mkami 1i JBi TOYKH €
MOMEHTaMH, KOJH peryliboBaHUN mapameTp nocsrae 28,3 i 63,2% cBoro
OCTaTOYHOTO 3HAYCHH B CTallioHapHOMY cTaHi. Ha apyromy erami mocriiina
Yacy Ta 4ac 3ami3HeHHs PO3PaxOBYIOTHCS 38 HACTYMTHUMH (HOPMYJIaMHU:

3
Tos = 2 ( To,632 — To,zss) (13)
Tos = T0,632 — los (14)
30
/
25 ]
/ ~

.20
H 0,623 4K,
@
s /|
¢ 15 / AXp,
Z
2 1 /|
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& /
K 0,2834X,,
e 5

0 /
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Puc. 5. Metoga 61

—  Meroag Touok 0,353 Tta 0,853 (Merom 62, puc. 6) I03BOJIsIE
arnpoKCUMYBaTH AaHi kpuBol posrony OK (amepiofuuHOT JaHKK JPYroro ta
BUILIOTO TOPSIZIKY) 3a AOIIOMOTOIO TepenaTHoi GpyHKuii anepioguyHol JTaHKH
TMIEpIIOTO TOPS/IKY 13 3ami3HeHHAM [3]. ANropuTM nependadae Ha MEpHIOMY
eTari BU3HAYEHHs KOOPAMHAT 110 OCl Yacy Tg 353 Ta Tpgs3 A1 KOOPAUHAT 10
oci opamHar 0,353 4X, ta 0,853 AX,. Ha npyromy erami mnapamerpu
PO3paxoBYIOTHCS 3@ HACTYITHUMH BUpPa3aMu:

Tos = 0'675( To,853 — To,353)’ (15)
T06 = 1,294 ' T0'353 - 0,294 " T0,853' (16)
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To,853 |

Puc. 6. Meroxa 62

—  Merogx touok 0,25 ta 0,75 (Metox 63, puc. 7)* BUKOPUCTOBY€ETHCS
IS BU3HAYEHHS TapaMeTpiB JiHIMHUX iHBAPIaHTHUX CHUCTEM®, 1O AKUX
MOXXHa BiTHECTH PI3HOMAaHITHI TE€XHIYHI CHCTeMH (E€JIEeKTPUIHI, MEXaHI4Hi,
TEPMOIMHAMIYHI TOIIIO) Ta SKi ONMHUCYIOTHCS anepioANIHOO JIAHKOO JIPYTOro
nopsAky. Ha mepiomy eTarti aaroputMy HEOOXiTHO BU3HAYUTH YaCOBI MITKH,
J¢ peryiboBaHuMd mapamerp pocsrae 25% 1 75% Big 3HauCHHS B
cTamioHapHOMy cTaHi. Ha npyromy Kpoili HEOOXiTHO OOYMCIMTH MOCTIHHI
yacy Ty ta T2 a5t anepioAUYHOT JJAHKH JPYTrOro MOPSAKY:

_ _tys—t2s
T, = X(1+1/pP) a7
T, =2 (18)

e
X = 14,2797 -r3 —9,3891 - r? 4+ 0,25437 - r + 1,32148,

tys

r=-—

t7s
P =-1856075 1+ 057311 +4,16423
- T 020747 T ’

4 ldentification of a damped PT2 system. URL: https://hackaday.io/page/4829-
identification-of-a-damped-pt2-system

5 Lineares zeitinvariantes  System. URL:  https://de.wikipedia.org/wiki/
Lineares_zeitinvariantes_System
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Puc. 7. Meroa 63

1.1.3 Anpokcumauia Kpueoi po3zony

Metomu (70 ta 71) mepenbadaroTh ampoKcuMalito KpuBoi posrony OK
PIBHSHHSIM KpPHUBOi PO3TOHY anepioAnvHOT JAHKH MEPIIOro 3 3aMi3HEeHHIM:

_T7%6
x(1) = Kyg (1 —e Tos ) (19)
i3 BU3Ha4YeHHIM K5 Ta i3 Haniepe] 3aJaHuM 3HaueHHsIM K g BiJIOBITHO.

Metomamu (80 Ta 81) aHANOTIYHO AaNMPOKCUMYIOTH KpHUBY po3roHy OK
PIBHSHHSIM KPHBOI pO3TOHY alepioJiYHOI JIAHKA APYTOTO MOPSIKY:

x(1) = K6 (1 ;<T3 . e_TT_3 -T,- e_T_it)), (20)

T3-Ty

13 BU3HaueHHsIM K g Ta 13 Hamepe/| 3aJJaHuM 3HaueHHsM K g BiJIIOBITHO.

1.1.4 Bioniomexu Python ons po3e’azysanns 3adau Kepysanus
Aunroputm® 7, peanizoBanuii y Biaxpuriii 6i6mioreni Python, morpefye
JOJJATKOBO aHAII3Y Ta peatizaiii HagaHHs iHGopMaIllil B HeoOXiqHiH hopmi.

1.1.5 Busnauennsn napamempise OK 3 suxopucmanuam HeipouHoi meperci
oA emynayii Kpueoi po3zony
OtpumaHHs pe3yJbTaTiB 0OpOOKH €MyJIbOBAHOI HEHPOHHOIO MEPEXKEro
KPHUBOi PO3roHy motpedye OibIoi KiTbKOCTI BUOIPOK €KCIIEPUMEHTAIBHUX
JAHUX IS OJTHOTO 00’ €KTY KepyBaHHS.

6 Fitting step responses. URL: https://dynamics-and-control.readthedocs.io/en/latest/
1_Dynamics/ 7_System_identification/ Dynamic model parameter estimation.html

" A Python library for solving textbook control problems. URL:
https://github.com/alchemyst/Dynamics-and-Control
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2. AIrOpUTM Ta pe3yJIbTAaTH AOCTiIKEHHS
HA NPUKJIAAi OIHi€T KPUBOI PO3roHy
VY nboMy IOCTIIKCHHI HABEJCHO PE3yIbTaTH BUKOPUCTAHHS BKA3aHHX B
mr. 1.1.1 — 1.1.3 meToxiB 6e3 po3risay 0cOOIMBOCTEH peaizallii KOKHOTO 3
HHUX JUIS ISTACCATH IUSITA EMIIPUYHO OTPUMAHHUX KpPHBHX PO3TOHY
TEXHOJIOTIYHUX IPOIICCIB, SKI MOJKHA IPEACTaBUTH 00 €KTOM KEpyBaHHS 3
CaMOBUPIBHIOBaHHAM, HANPHUKJIA, PETYJIIOBAHHSI TeMIepaTypu abo THCKY Y
30HI HArpiBaJbHOI MeYi, 3arajibHOI BUTPATH I'a3y HA OMAJICHHS arperaTy TOomIO.

2.1 Anzopumm 006podOKuU Kpueux po32oHy

Kpox 1. Otpumanns mapameTpiB K , T, Ta T, a0o T; Ta T, (abo T3 Ta
T,) KO)KHUM 3 HaBEACHHUX Y MOTIEPEAHBOMY PO3ILTI METOIIB.

KoedimienT mocunenns K,q BU3HAYA€THCS CTAHIAPTHO 32 BUPA30OM:

Kos =5 (21)
ne AX, — 3MiHa BUXIiTHOI BEJTHYHHU;
AY — ammiiTya CTYIiHYacTOl 3MIiHH BX1THOT BEJTMYHHU.

AG0 MOXE BU3HAYATHUCS SK PE3YJITAT AlPOKCUMAIIII.

Kpok 2. ImitamiiiHe MoaenoBanHs B makeTi Xcos (Scilab) kpuBoi po3rony
amepioANYHOl JaHKH TEPIIOro TOpsAAKy ©Oe3 3amisHenus (puc. 8),
amepioguyHOi JIAaHKW MepIIoro MOpsAnKy i3 3ami3HeHHsAM (puc. 9) Ta
amnepioUYHOT JTAHKK APYToro nopsaky (puc. 10).

To workspace

T ob-s+1

Continuous K
fox delay ‘ T ob-s+1

Puc. 9. Moneans anepioqM4Hol JaHKU NEPLIOTo MOPSIAKY 3 3aMi3HEHHIM
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To workspace
A_3 [2000]

K
(T3s+1)(Tés+1)

K
TEd4Tls+1

a 0

Puc. 10. Moaesb anepioqanyHoOl JAHKH APYroro mopsiaKy:
a) i3 BUKkopucTaHHAM KOHCTAaHT T3 Ta T4; 6) i3 BUKOpHCTAHHAM
koHcTaHT T1 Ta T2

Kpok 3. Busnauenns xoedinienra nerepminanii R? (R2).

Kpok 4. Bu3HaueHHs BITHOCHOI CTaTUYHOT MOXUOKK MojemoBaHHs ERR,
IO XapaKTepU3y€e 3alWIIKOBE BIIXWIECHHS MapamMerpa IpHU JOCSITHEHHI
crajjoro 3HadueHHA (puc. 11). JInsg iHKEHEpHHUX pPO3PaxXyHKIB B Tairysi
aBTOMAaTH3alii BUPOOHWYMX TMPOIECIB MPUHHATO JOMYCTHMUN PO3MIp
noxuoxu g0 0,05.

950 5

w

o

o
1

850

Temneparypa, °C

800 ERR=AX/AXT

0 100 200 300 400 500 600
Yac, ¢

Puc. 11. BinnocHa cratnuna moxuOka moaenoBanua ERR

Kpox 5. TlopiBHSHHS pe3yibTaTiB, OTPUMAHHUX PI3HUMH METOIaMH
BH3HAYEHHS IMapaMeTpiB.
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Hagenenuit anroput™ Oyno peanizoBaHO B CEPEIOBHUINI KOMII FOTEPHOT
maTtematuku Scilab®, ke omHOWacHO Hagae MOKIMBICTH HpOrpaMyBaHHS
PO3pPOOJICHOTO aNTOPUTMY, BUBEICHHS 1HPOpMAITiT B 3pYUHIH IS TOAATBIIOL
00po0OKH pe3ynpTaTiB hopMi, iMITaLlIHHOTO MOJICITIOBaHHS 3 BUKOPHUCTAHHIM
BOYZIOBaHUX MOXIIUBOCTEH OMATKy XCOS.

2.2 IIpuknao peanizauii anzopummy 011 0OHIET Kpusoi po3zony

Ha puc. 12 HaBeneHO KpHWBY PO3TOHY TEMIIEPAaTypHOTO PEKUMY B 30HI
HarpiBaJIbHOI Ie4i 32 YMOBH BXinHoro BBy AY = 20 % XPO.

965

955 |

945 TsHTa=254-79=175 ¢

935

925

915

905
© 895

o 885

875

£.865 AXT=175°C
£ 855
& 845

835

825

815

805

795

785 Tob2=254-79=175 ¢

775

b FgEgaa2LeigrgaeLgsangaae
— - - - ol ol oclLon N oy on =t =t =t =t wy wy vy W
To6=26C To61=254-26=228 ¢ Hac, ¢
T

Puc. 12. KpuBa po3rony no ijaHum Bapianra 24

2.2.1 Pe3ynivmamu M00e1106aHHs KPUBOT PO32OHY
Memooamu 10/11, 20/21, 30/31
I'eometpuuHnM crioco6om Bu3HaueHi HacTymHi mapamerpu OK (puc. 11):
Meron 11: K5 = 8,75 °C/%XPO , 1,5 = 26 ¢, T, = 228¢;
Meron 21: K5 = 8,75 °C/%XPO , 7,5 = 26 ¢, Tog = 175¢;
Meron 31: BukopucTOBYIOUH pillIEHHSI CUCTEMH PiBHSHB (puc. 1, B):

T; +T, = 175
T3+ T, T3
—In—-—=79’
T3_T4 nT4

BusHaueHno K,g = 8,75 °C/%XP0 ,T; = 120,4 ¢, T, = 54,59 c.

8 Scilab URL: https://www.scilab.org/
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3a reopemoto Biera obuncneni koedimientu T; ta T,:

T, =T T, =811c,T, = T2 (

O4eBUAHO, MO0 BUKOHYETHCS ymoBa Ty > 2T, mis amepioqmdHOi JTaHKH

JPYTOro MOPsIKY.

Takox Oyino peanizoBaHO aBTOMATHYHE BH3HAYCHHS TOYKH IIEPETHHY,
moOyI0Ba TOTUYHOI Ta OTPHUMAaHHSA ITapaMeTpiB 00’€KTy A iHKEHepHUX

=+
T:

1
Ty

—) =175c.

metozis 10, 20, 30. PesynpraT HaBeneHi B Tabn.1 Ta Ha puc. 13.

Ta6mums 1

Hapametpu OK, Buznaueni meroxamu 10/11, 20/21, 30/31

ABTOMATHYHE BU3HAYEHHS

Py'—lHe BHU3HAYCHHSA

T | T | ERR | R2 T | Tg | ERR [ R2 |
Merox 10/11

2481c | 2328c | 0112 [ 08507 | 26¢ | 228c | 01172 | 0,8351 |
Merox 20/21

2481c | 1788c | 00576 | 09754 | 26¢ | 175¢ | 00613 [ 0,9705 |
Meron 30/31

T, T, ERR R2 T, T, ERR R2

12661c | 5226c | 00229 | 0,9975 1204¢ | 54,59c | 00265 | 0,9976

T, T, ERR R2 T, T, ERR R2

178,87c | 81,34c | 00265 | 0,9976 175¢ 81,1c | 0,0265 | 09976

950

900 -

850 -

Temnepartypa, °C

800 -

0 100 200

300
Yac, ¢

pyyHe BU3HAYCHHS,

400

500

600

ABTOMATUYHEC BUSHAYCHHHA

Puc. 13. Pe3ynbTaTn Moge1I0BaHHSA:
1 —Metoam 10/11; 2 — Metoau 20/21; 3 — Metoau 30/31
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Sk BUIHO 3 HaBelIeHUX pe3ynbTariB (puc. 13, Tabn. 1), HaliMeHIIy
noxubky narote Metomu 30/31. MopenroBaHHS amnepioAWYHOIO JIAHKOIO
apyroro mopanky (Metox 30) mae Halikpamiiii 30ir B mepionx 3ammi3HEHHS
peaxiii 00’ €xTa KepyBaHHS.

2.2.2 Pe3ynomamu mo0ent08anns Kpueoi pozzony Memooom 60

Ha puc. 14 Ta B Tabu. 2 HaBeneHo pe3yabTaTi MeTtoay 60.
Tabx. 2. PesynpraTtn Bu3HaueHHs mapametpiB OK Mertogom 60

[TapameTtp Pyune Bu3HaUeHHS ERR R2
Tos 0
0,0658 0,936
Tos 192,5
950 -
o 900 -
©
(=1
e
(1]
& 850 -
=
=
@D
|_
800
0 100 200 300 400 500 600
Yac, c
BXiaHi q1ani; Metoxa 60

Puc. 14. Pe3ynbTaTn moaenoBandsa Metoaom 60

Sx BuAHO 3 HaBemeHWX pe3yipTaTiB (puc. 14 Tta Tabm 2), mpum
MOJICTIIOBaHHI KpWBOi po3roHy Mertogom 60 oTpuMmaHi He3aJOBLIbHI
3HAYCHHS BiTHOCHOI ctaTnyHOi moxuOku ERR Ta koedimienra gerepminarii
R2 3a moBHOT HeBiAMOBiIHOCTI TpadikiB Yepe3 BiICYTHICTD B 3MO/IEILOBAHUX
pe3ysbTarax 4acy 3ari3HeHHSI.
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2.2.3 Pe3ynvmamu moodenioeanus kpueoi pozeony Memooamu 40, 61, 62, 63

Ha puc. 15 ta B Tabn. 3 HaBeneHO pe3yjbTaTH MOIETIOBAHHS KPHBOI
PO3TOHY METOJJaMH JBOX TOUYOK.

Tab6muus 3
PesyasTaTH BusHaueHHs napameTpiB OK Metoaamu 40, 61, 62, 63
Tapamerp ABTOMaTHYHE ERR R2
BHU3HAYCHHHA

Merton 40

Tog 43,018

T.s 139.05 0,0311 0,9937
Merton 61

Tos 48,125

T 14438 0,0376 0,9859
Mertop 62

Tos 54,582

T.s 13584 0,0327 0,981
Merton 63

T, 76,986

T, 105,05 0,021 0,998

950 +

o 900

©

o

£ ]

[1+]

2 850 -

[ =

=

@D

—

800 -
0 100 200 300 400 600
Yac, c
~BXIJHI JaHi; Meton 40; = Meton 61; Merton 62;

Meron 63
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Sk BUAHO 3 HaBeJCHHX pe3ynbTariB (puc. 14, Tadn. 3) MoIemOBaHHS
KpHBOI pO3roHY 3 BUKOPUCTAaHHSM NapaMeTpiB, BU3HaUueHUX MeTooM 63, 1o
nependavae 3aCTOCYBaHHS allePioIMIHOI JIAHKH JPYTOTO MOPSIKY, 3HOBY J1a€
Kpaimiif 30ir B MoMeHT 3ani3HeHHs peakunii OK.

2.2.4 Pe3ynomamu moodentoeantsn Kpueoi pozzony Memooamu 70 ma 71

Ha pumc. 16 ta B Tabn. 4 HaBemeHO pe3yJbTaTH MOJCITIOBAaHHS 3
BUKOpUCTaHHAM MetoniB 70/71, TOOTO ampokcHUMaIlii KpHBOi PO3TOHY
BIANOBITHAM pIBHSHHAM  aNepiONUYHOI JIAaHKW TIEPIIOTO TOPSAKY i3
3ami3HeHHAM 3a Gpopmyioro (19).

3 BukopucTaHHsAM BOymoBaHoi ¢ymkuii datafit® mms  HemimiiHOT
oOMeeHOi mHapaMeTpHyHOI —ampoKcHMamii BUMIPSHUX JaHUX  OyJo
peaitizoBaHO JBa BapiaHTH ampokcumailii: MetogoM 70 BH3HAYalOTHCS TPU
mapaMeTpu 00’e€KTy KepyBaHHA: K4, Tos, Tos; MeTomoMm 71 BH3HAYAOTHCS
TIJIBKH Yac 3aIi3HEeHHS T,g Ta MOCTiiHA Yacy Tyg, KOeQImieHT mocuieHHs K g
BHU3HAYAETHCS CTAHIAPTHUM CIIOCOOOM.

Tab6muus 4
Pe3yabTaT MOJ€/IIOBAHHSI KPMBOI PO3rOHY 3 IapaMeTPaMHu,
Bu3HaYeHumMu Merogamu 70 Ta 71

I[Mapamertp ABTOMATHHE ERR R2
BU3HAYEHHS
Meron 70
Ko 9,978
Tog 19,424 -0,0252 0,995
Tos 217,695
MeTton 71
Ko 8,750
Tos 23,508 0,0448 0,986
Tos 160,902

3a pesynpraTaMH MOJAETIOBaHHA MeromoMm 70 OTpuUManmy Bin’€eMHE
3HAUeHHS BIZHOCHOI crarmuHol moxuOku ERR, Xowa 3a aOCONMIOTHHM
3HAYCHHSIM BOHO BiJTIOBia€ BUMOraMm 1100 touHocti (<0,05).

Takox cnmiJ BIIMITUTH, IO BH3HAUY€HE B pPE3YJbTAaTi aNpOKCHUMAIil
3Ha4YeHHsA KoedinieHTa miacwieHHs OK nepeBuinye BU3Ha4eHe CTaHAAPTHUM
crmocoboMm. OTke MOXHA TepedayuTH, M0 3MOJeNbOBaHA 3 IIHUMH
mapamerpamu OK kpuBa pO3roHy He JJOCSTHE CTaloro 3HAYEHHS 3a
BigBeeHuit yac. [yis mepeBipku Ii€i TimoTe3w Oyiau 3MOJETbOBaHI KPHUBI
PO3rOHY 13 3HAUEHHSMM NapameTpiB, BHU3HAueHMMH Meronamu 70 Ta 71,
tpuBanictio 2000 ¢ (puc. 17). Sk mMoxna Gaunth, Kpusa posrony OK 3
rapamMeTpamMH, BU3HAYEHUMH METOAOM 71, JDOCATHE CTajoro 3Ha4eHHs 3a

9 Datafit. URL: https://help.scilab.org/docs/2023.1.0/en_US/datafit.html
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BIZICYTHOCTI cTaTH4HOI NOXHOKKM B MOoMeHT 4acy 1100 ¢, 3amicTb TpHuBanocTi
BUXIJTHOTO eKCHepuMeHTy 525 ¢. B Toil yac sk kpuBa 3 mapameTpaMu 3a
meronoM 70 crabimizyerbes mpu 1300 ¢ 31 cratnuHOO0 MoxuOkoio y 0,14,
Pe3ynbTati MOAETIOBaHHS CTaBIAThH IiJ CYMHIB KOPEKTHICTH MPOBEICHHS
eKCIEPUMEHTY 110 3HATTIO KPHBOi PO3TOHY HAarpiBaIBHOTO TIPHCTPOIO,
30KpeMa, BU3HAYCHOIO TPUBAIIOCTI EKCIIEPIMEHTY.
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BXimHi mami; — ~ ~ Meron 70, T T ~— Meron 71

Puc. 16. Pesyabratn mogenoBanas Merogamu 70 Ta 71
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1 — Bxigui gani, 2 — Metox 70, 3 — Meton 71

Puc. 17. Pe3yabTatu MoaenwoBanus peakuii OK 3 mapamerpamu, o
BusHaueni Meronamu 70 Tta 71, Bipogos:k 2000 ¢
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2.2.5 Pezynomamu mooentogannn kpueoi pozeony Memoodamu 80 ma 81

Ha puc. 18 T1a B Tabn. 5 HaBeneHO pe3yJabTaTH MOJCIIOBAHHS 3
BuKopucTanHiaM MertoniB 80 Ta 81, TOOTO ampokcuMAIlii KPUBOI PO3TOHY
BIJMOBITHUM pIBHAHHSAM  amnepioAnYHOl JIaHKM JpYroro IOpsIKY 3a
¢dopmymoro (20).

AHanoriuao excriepuMmenTty 3 Meromamu 70 ta 71 OyIio peanizoBaHO Ba
BapiaHTH anpokcumanii: Metonom 80 BuzHaueHi Tpu napamerpu: Kqg, T3, Ty,
Merogom 81 Bu3HaueHi Tinbku mapamerpu Ts, Ty, K, BH3Ha4aeThCs
CTaHJAPTHUM CIIOCOOOM.

Tabmuns 5
Pe3yabTaTl MOJI€JIIOBAHHSI KPUBOI PO3rOHY 3 MapaMeTpPaMu,
BusHaYeHnuMu Metogamu 80 Ta 81

I[Hapamerp | ABTOMaTHYHe BU3HAYCHHS | ERR | R2
Mertoz 80
Kys 8,882
T3 67,385 -0,009307 0,999389
T, 114,785
Mertox 81
Kys 8,750
T3 88,185 0,003374 0,999389
T, 88,181
950 - oo
o 900 -
o
=
§_ 850
s
2
800
0 160 260 360 4ll)0 560 600
Yac, c
BxXimHi gani; —— Merox 80, — — — - Metox 81

Puc. 18. Pe3yabTaTu MOJeTI0BAHHS 3 BAKOPHUCTAHHAM
MeTtonis 80 Ta 81
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3 HaBeAEHMX pEe3yJIbTAaTiB MOXKHA OAaYWTH JOCTaTHHO BHUCOKWI piBEHb
BIIMOBITHOCTI  3MOJICIbOBAHUX KPHUBUX PO3rOHY EKCIEPUMEHTAIBLHUM
JaHUM.

3. AHaJi3 pe3yJbTaTiB A0CTiTKeHHS] BUOIPKU KPUBHX PO3rOHY

3.1 Cepeoni 3nauenus iOHOCHOI cmamuyuHoi noxuéku ma Koeiviecnma
Oemepminauii 0na 6ciel 6udIpKU KpUGUX PO320HY
B 1ab6u. 6 Ta Ha puc. 19 HaBeneHi cepeHi 3HAYCHHS BiTHOCHOT CTAaTHYHOL
nmoxuOkn ERR Ta koedimienrta nmerepminamii R2 ays Bcix BapiaHTiB
EKCIIEPUMCHTAIFHUX JaHUX KPHUBHX PO3TOHY, BH3HAUEHI 3a JOTIOMOTOIO
BHIIIE3TaJaHUX I’ ITHAALSATH METOIIB MOZETIOBaHHIM y noaatky XCOS.

Tabmuus 6
Cepenni 3nauenns: noxudku ERR Ta koeginienta R2 s Beiei Budipku

Metox

Ne |10 {11 | 20 | 21 | 30 | 31 | 40 | 60 |61 (62| 63 | 70 | 71 | 80 | 81 | min | max

ER? 0,079|0,08 (0,026 |0,035|0,008 (0,014|0,013(0,050{0,02/0,01(0,010{0,042|0,029(0,013|0,013 0,008 |0,084

R2 [0,8480,83]0,973|0,9550,9820,970]0,993|0,897|0,99]0,99|0,983|0,9870,975|0,996 {0,994 0,831 0,996

0,08

& 0,06 0,96

& 0,04 | & 091
0,02 | | 0,86
0.00 I 0g 11

10 20 30 40 61 63 71 81 10 20 30 40 61 63 71 81
Merton Merton
a) 0)

Puc. 19. Cepenni 3nauenHsi: a) BiTHoCHOI craTuyHOi moxudku ERR,;
0) xoedinienTa geTepminanii R2 mo BciM BapiaHTaM KPHUBHUX PO3roOHY

[MpoananizyBasiy Tadi. 6, MOXHa 3pOOUTH BUCHOBOK, 110 32 IOIOMOTOI0
MeToxy 11 oTpuMaHO He3aIOBINBHI Pe3yJbTaTH — MAKCHMANbHI 13 CepeqHix
3HAQUEHHs TOXMOKM Ta MiHIMalbHI 13 CepeqHiX 3HaueHHs KoedilieHTa
nerepminanii. MiHiMajgbHE i3 CepeAHIX 3HAYEHHS BITHOCHOI CTaTHYHOI
MOXUOKKM MoJentoBaHHs 3a0e3neuye inentudikanis OK 3 BUKOpHCTaHHAM
Mmerony 30, aje mpu OMY HasiBHE IOPIBHSIHO HU3bKE CEpe/lHE 3HAYCHHS
koedimienta nerepminanii R2. MaxkcumanbHe 13 cepeiHix 3HAYEHHS
koedimienta R2 3a6e3neuye Bukopuctanas metoxis 80 Ta §1.
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3.2 Makcumanvhi 3HaueHHA 6iOHOCHOT CIMAMUYHOT ROXUOKU ma
Koegpiyienma oemepminayii ona ecici udipKu Kpusux po3zony
B Tabn. 7 ta Ha puc. 20 HaBeneHI MaKCHMMaJbHI 3HaYE€HHS BIIHOCHOI
crarnyHoi noxnOku ERR Ta koedinienTa nerepminanii R2 ii1s Beix BapiaHTiB
EKCIICPUMCHTAIbHUX JaHUX KPUBUX PO3rOHY, BU3HAYCHI 3a JIOMOMOTOIO
BHUIIIE3TaaHuX I’ ITHAALSATH METOIB MOJIeTfoBaHHsIM y nojaatky XCOS.

Ta6mums 7
MaxkcumaasbHi 3HayeHHs1 noxudku ERR Tta R2 ns Beiei Bubipku
Merox [ min [ max

Ne |10 11 |20] 21 | 30 | 31 | 40 | 60 | 61 | 62 | 63 | 70 | 71 | 80 81
ERR|0,25[0,308/0,09(0,213|0,058]0,162 (0,047 0,128{0,081 [0,045)0,056 | 0,072 |0,0915/0,0317|0,0587 0,032 | 0,308
R2 |0,96/0,916]0,99/0,996]0,999]0,999]0,998|0,977[0,996 [ 0,996 | 0,999 | 0,996 | 0,996 |0,9996/0,9996 0,916 [0,9996]

0,40 1,00

0,30 0,98
& 0,20 & 096

0,10 | | | | 0,94 ‘

0,00 I | I | I I 1 I 0,92 |

10 20 30 40 61 63 71 81 10 20 30 40 61 63 71 81
Meron Meron
a) 0)

Puc. 20. MakcuMaJibHi 3HAaYEHHS N0 KOKHOMY METOAY
AJ1s Beix BapiaHTiB KpuBHUX po3rony: a) ERR; 6) R2

AHai3 HaBeJICHUX Pe3yJbTaTiB MiATBEPKYE MONEPEIHIN BUCHOBOK TIPO
Te, MO 3a JIOMOMOro Meroxy 11 oTpuMaHi HE3aJOBibHI Pe3yNbTaTH —
MaKCHMaJIbHe 3HAuYeHHS MAaKCUMAaJbHOI BIJHOCHOI CTaTHUYHOI ITOXHOKH
ckmamae 0,308 (puc. 21) Ta MakcuMalbHE 3HAa4eHHS KoeQillieHTa
nerepminanii He nepesuirye 0,916.

Buxopucranns meronis 30, 40, 62, 63, 80 Ta 81 ma izerTudikamii OK
3a0e3meuye Taki MakCHMalbHI 3HAYEHHS BiJIHOCHOI CTAaTHYHOI MOXHOKH
MOJICTIIOBaHHSA, 1o He mepeBunnyoTs 0,05. Bukopucranus meronis 20, 21,
30, 31, 40, 61, 62, 63, 70, 71, 80, 81 3abe3meuyrOTh Taki MaKCHMaJbHi
3Ha4YeHHsA KoedinieHTa gerepminarii R2, mo nepesumryrots 0,99.
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30

Temnepartypa, °C

ERR=0,308

0

100 200 300 400 500 600 700 @800 900
Yac, c

BXIJHI JaHi,

— meton 11

Puc. 21. Pe3yJbTaT MOAe/TI0OBAHHSA 3 BUKOPUCTAHHIAM
metony 11 nos Bapianty 21

Jlns imrocTpaliii MaKCMMAalIbHOTO 3HAYEHHS BiIHOCHOT CTATUYHOT ITOXHUOKH

HA pHC.

21 HaBemeHO pE3yJNbTaTH MOJCIIOBAHHS KPUBOI PO3TOHY 3

BUKOpHCTaHHAM mapameTpiB OK, BU3HaueHHX 3a JomoMororw Merody 11 mis
eKCIepUMEHTAIBHUX NaHKuX BapianTa 21. OueBUIHA CyTTEBA HEBIAMOBIIHICTh
pe3yIbTaTiB MOJCIIOBaHHS €KCIICPUMEHTAIHLHIM JaHUM.

3.3 Minimanoni 3nauenus 6iOHOCHOT cmamuyunoi noxuoxku ma
Koeghiyienma oemepminauii 011 6ciel 6UOIPKU KPUBUX PO32OHY
B Tabn. 8 Ta ma puc. 22 HaBeAeHI MiHIMaJbHI 3HAYEHHS BiOHOCHOI
crarnuHoi noxnoku ERR Ta xoedinienra nerepminanii R2 ni1s Beix BapiaHTiB
EKCIIEPUMEHTAIbHUX JaHWX KPHBHX PO3TOHY, BH3HAUYEHI 3a JOMIOMOTOIO
BHIIIE3TaJaHUX I’ ITHAALSTH METOJIB MOJETOBaHHIM y noaatky XCOS.

Tab6muus 8

MinimaabHi 3HaueHHsi noxuoku ERR ta R2 no Bcim BapianTam

Merton

min | max |

Ne

10

11

20

21

30

31

40

60

61

62

63

70

71

80

81

ERR

0,0184

0,0243

0,004

0,0054

0,0002

0,0005

0,001

0,007

0,002

0,0016

0,0009

0,011

0,0032

0,0003

0,0013

0,0002

0,0243

R2

0,474

0,1918

0,7317

0,3859

0,8586

0,496

0,974

0,787

0,954

0,9677

0,8984

0,982

0,9406

0,9923

0,9757

0,1918

0,9923

IIpu anamizi HaBeIEeHWX pE3YJIbTATIB € OYEBHIHUM BHCHOBOK, IO
BUKOPUCTaHHS MeToay |1 3HOBY Mpu3BENnO a0 OTPUMAaHHS HAWTipIINX
MMOKA3HUKIB — HAWOUIBIIOro 3 MiHIMaNbHUX 3HadeHHs moxuOku 0,0243

(puc. 23)
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HalMEHIIIOTO

3

MiHIMaITbHIX
netepMinanii 0,1918. Takox MoxkHa 6a4uTH, 1O I MeTona 80 MiHiMallbHe
3HAa4YCHHS Koe(illieHTa IeTepMiHamii
3HAYEHHS BiIHOCHOI ctarnuHOi noxnoku popisHioe 0,0003 (puc. 24).

3HA4YCHHs

koedimieHTa

nepesumrye 0,99, a MiHiManbHe
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10 20 30 40 61 63 71 81 10 20 30 40 61 63 71 81
Meton MeTton

Puc. 22. MinimaasHi 3HayeHnst ERR ta R2 no ko:xkxHoOMy MeTOAy
JJ15 BCiX BapiaHTiB KPUBHX PO3rOHY
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0.14
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Puc. 23. Pe3yabTaTi MOJeTI0BaHHS 3 BUKOPUCTaHHAM MeToay 11
1Jis1 BapianTty 38
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g 350
=
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o
& 300
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@
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200
150 T T T T T
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Yac, ¢
BxXigui qani, —— Merox 80, — — — Meroz 81

Puc. 24. Pe3yabTaT MOJCTI0OBAHHS 3 BAKOPHUCTAHHAM
Mmetoay 80/81 nns BapianTy 4
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3.4 36edena ingpopmauia w000 NOKA3ZHUKIE MOOETI0BAHHA
KpUgux po32oHy 013 éciel eubipku

[Ipu anamizi HaBeneHol Tabm. 9 Ta Ha puc. 25 3BeAcHO1 iHdopMaIIii moI0
MiHIMaJIbHUX 1 MAaKCUMaJbHUX 3HAYCHb BIAHOCHOI cTaTH4HOI moxuOku ERR
Ta KoedimieHTa nerepminamii R2, oTpuMaHX 3 BAKOPUCTAaHHSAM yCiX METOMIB,
MO’KHA BiI3HAYUTH, IIO:

—  BuKopucTaHHA MeTony 11 cHopuuuHSAE HASIBHICTH HAHOUTBITHX
3Ha4YeHb MoXnOKu B miana3zoHi Bix 0,0224 no 0,3081 Ta moxke 3ab6e3neuntn R2
He Gineiie 0,9275;

—  Merton 10 3abe3neuye kpaiili pe3yabTaTH, HOPiBHIHO 3 MeToaom 11,
ayie MmakcuMaibpHui R2 He Oinbmie 0,9607 Ta moxubdky ERR we mHimxue 0,018;

—  BuKopucTanHsa Metony 80 3a0e3mneuye HalKpaIli XapaKTePUCTUKH —
HaliMeHmuii gianmasod o ERR ta R2.

Ta6mums 9
3Benena indopManisa mo Merogam
Merton min ERR max ERR min R2 max R2
10 0,0180 0,2568 0,4742 0,9607
11 0,0224 0,3081 0,1903 0,9275
20 0,0042 0,0927 0,7149 0,9932
21 0,0046 0,2131 0,3832 0,9961
30 0,0002 0,0565 0,8386 0,9981
31 0,0003 0,1605 0,4993 0,9984
40 0,0010 0,0479 0,9738 0,9987
60 0,0066 0,1248 0,7749 0,9761
61 0,0017 0,0833 0,9450 0,9958
62 0,0016 0,0455 0,9619 0,9955
63 0,0006 0,0541 0,8818 0,9991
70 0,0109 0,0682 0,9803 0,9963
71 0,0034 0,0888 0,9407 0,9945
80 0,0001 0,0368 0,9921 0,9997
81 0,0012 0,0554 0,9921 0,9997
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2 MIN ERR =mMAXERR
1

R2
o
3

0,9

0,8

0,7

0,6

0,4

0,3

0,2

o ||
0

10 11 20 21 30 31 40 60 61 62 63 70 71 80 81
Meton

uMINR2 mMAXR2

Puc. 25. 3Beaena indopmanis mogo MiHiManbHIUX
Ta MAKCHMAJIbHUX 3HA4YEeHb BiTHOCHOI CTATHYHOI MOXHOKH
MO/IeJIIOBAHHA Ta KoedinieHTa gerepminanii
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3.5 Ananiz mounocmi memooieé na niocmaei 3a6e3neuysanHux
npu MOOeN106aHHI 3HAUEHb 8IOHOCHOT CIAMUYHOT NOXUOKU
ma Koegiyiecnma oemepminayii

3.5.1 Auaniz mounocmi ycix memooié 00c1i0HCeHHA

Bynmu mnpoananizoBaHi 3Ha4€HHS BIJHOCHOI CTaTUYHOI HOXHMOKH Ta
koedilieHTa neTepMiHalii, OTpUMaHI B pe3ysbTaTi MOJETIOBAHHS KPUBHX
posroHy 3 mapamerpamu OK, 3HaiiieHMMH yciMa METOAaMH, 3 METOIO
BU3HAYUTH YaCTOTY 3a0€3Me4YeHHS KOXHHUM METOJOM MiHIMalIbHOTO
3HayeHHs moxuOku ERR abo MakcMManbHOrO 3HAa4YCeHHs KoedillieHTa
nerepminanii R2 (ta6u. 10, puc. 26) Ta 3po06ieHi HACTYIHI BUCHOBKH:

— HalJacTime MiHiMallbHE 3HAYCHHS TTOXHUOKH 3a0e31euyoTh MeToau
30, 31, 63 Ta 80, sIKi BHKOPHCTOBYIOTH AaIIPOKCHMAIIIIO0 alIepPi0IMIHOIO JIAHKOFO
JPYTOTO MOPSIIKY;

—  HaluacTille MakcHMaJbHE 3HaueHHs R2 HasBHE NpH BUKOPHCTaHHI
Mertonis 40 Ta 80.

Tabmus 10
YacroTa 3a0e3ne4eHHs] MiHIMATbHOI BiTHOCHOI CTATHYHOI NOXUOKH
ERR a60 makcuManbHOro koeginienta nerepminanii R2 xosxkunm
MeTo10M s Beiei Bubipku KP

Mertoz,

No 10 | 11 | 20 | 21 | 30 | 31 |40 | 60 | 61 |62 |63 | 70 | 71 |80 | 81

min
ERR 0 0 0 022|190 0 0 0 6 0 0 8 0

n;;"2"00010016000000380

Kinebkicts min

25 40
35
20 >E<§ 30
15 =5
52
10 £
2

5 I | 10
5

0 0 -

10112021 30314060 616263 70718081 10112021 30 3140 60 6162 63 70 71 80 81
Meron Mertozx
a) 0)

Puc. 26. Yacrora 3a0e3nmeueHHsI KO;KHUM METOJ0M /1M BCi€el
Bubipku KP: a) minimanbHol BigHocHOI cTaTuuHOi moxudku ERR;
0) MaKcUMAaIbHOr0 KoeginienTa nerepminanii R2
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Byno Bu3HaueHO 4acToTy 3a0e3MeucHHs KOKHUM METOJOM BiJIHOCHOT
cratnyHoi moxuOku ERR B pi3Hux niana3oHax ii 3HaueHsb (puc. 27).

60

B ] =
50 . - — - [] l B
2 40 12 .11 9
8 I
x
330 26 I bE]
2 24
2 20
37
19 34 35 i
10 5 14 15
- . 6
10 11 20 21 30 31 40 60 61 62 63 70 71 80 81
Metopg

m0.1% m1.2% m2.3% m3.4% mM4.5% m>5%

Puc. 27. Yacrora 3a6e3medyeHHsI KOKHUM METOAO0M BiHOCHOI CTAaTHYHOI
noxudku ERR B pizHux giana3zonax ii 3Ha4eHb

Sx BugHO 3 puc. 27 Halikpamii pesynbTaTH 1Moo ERR 3aGesnedye
BukopuctanHsa Meroxnis 30, 31, 40, 62, 63, 81, a Haiiripmmi — Metoan 10, 11,
60, 70.

Takok OyJl0 BH3HAUEHO 4YACTOTy 3a0e3MeueHHs KOKHHM METOJ0M
koediuienTa gerepminanii R2 B pi3HuX nianazoHax Horo 3HaueHsb (puc. 28).

60

50 BB B B =
A 40 28
E al @ @ 2 @ 40
g 30 L 52 55 5
2 20 o B W 20
10 25 23

(=1

21 30 31 40 60 61 62 63 70 71 80 81
Meropn,

m(0,99..1 m(,98.0,99 ®0,97.0,98 m0,96..0,97 ®0,96.0,95 =<0,95

Puc. 28. YacToTa 3a0e3ne4eHHs] KOKHMM MeTO/10M KoedinieHTa
aerepminanii R2 B pisHux nianasonax iioro 3HaueHb

Sk BumHO 3 puc. 28 Halikpami pesyibratd mojno R2  3abesneuye
BukopuctanHs Meroxis 40, 61, 62, 70, 80, 81, a Haiiripur — Meromu 10, 11, 60.

3 HaBeleHHUX pe3ynbTatiB (puc. 27, 28) MOKHA 3pOOHUTH BHCHOBOK, 10
Meromu 11, 21, 31, axi nepenbauaroTs BU3Ha4eHHs ToukH nepernHy KP ta
napametpiB OK BpyuHy, 3a0€31meuyroTh MPUOIN3HO OJHAKOBI PE3yJIbTATH B
nopiBHsiHHI 3 Metonamu 10, 20, 30 3 aBTOMaTHYHUM BU3HAYECHHSM, SIK IS
BITHOCHOI CTaTHYHOI MOXMOKH, TaK 1 [t KoedimienTa gerepminarii. OTxe,
3BaKAIOYM HA HEJIOCKOHATICTh METOMIB 3 PYYHHM BH3HAUCHHSM uepe3

137



MIPUCYTHICTH JIIOJCHKOTO (hakTopy, OyJO NPUHHATO PILICHHS BUKIIOYUTH
Metomu 11, 21, 31 i3 mOAaabIINX TOCTIIKEHb.

3.5.2 Ananiz mounocmi memooie 00cnidiceHHA
3 A6MOMAMUYHUM 6U3HAYEHHAM RApamempie
Byno npoBeneHo anani3z MeToIiB, okpiMm Metoais 11,21, 31, ananmoriaauit
BUILleONCaHOMY B 1. 3.5.1, pe3ynbTaTd sSIKOrO HaBejeHi B Tabn. 11 Ta Ha
puc. 29, 30, 31 Ta 3pobeHi HACTYIHI BUCHOBKH:
—  HailfuacTime MiHIMaJIbHE 3HaYCHHS OXHOKH 3a0e3nedyoTs Metoan
30 Ta 63;

—  HailfuacTime MakcHMajJbHE 3HaueHHs R2 HasBHE IpH BUKOPHUCTAaHHI
Mertonis 40 Ta 38.

Tabmums 11
YacroTa 3a0e3ne4eHHs] MiHIMATbHOI BiTHOCHOI CTATHYHOI NOXUOKH
ERR a60 makcuManbHOro koeginienta nerepminanii R2 kosxxunm
MeTO/0M 3 ABTOMATUYHHUM BH3HAaYeHHSAM /Ui Beiel Bubipku KP

Meroau

No 10 [ 20 | 30 40 60 61 62 63 | 70 | 71 80 | 81

min ERR 0 0 35 0 0 0 0 11 0 0 8

[Eny

max R2 0 0 0 17 0 0 0 0 0 0 38 0

40 40
x
£ 30 g 30
2 2
5 20 520
= Z
2 10 210
&z I I N4
0 = 0
101120213031406061626370718081 101120213031406061626370718081
Meron Merton
a) 0)

Puc. 29. YacroTa 3a0e3ne4eHHsI KOKHUM METO0/I0M 3 ABTOMATUYHUM
BU3HaYeHHAM A5 Beiei Budipku KP: a) minimanbHoi BitHocHOT
craTuyHoi noxudoku ERR; 6) MmakcumanbHoro koediuienra
nerepminamii R2

Byno Bu3HaueHo dYacTOTy 3a0e3NEUYeHHS KOXHHUM METOAOM 3
AaBTOMAaTHYHUM BHM3HAYEHHSM BiTHOCHOI cTatnyHOI moxuOku ERR B pizHMx
JiamasoHax ii 3HaueHs (puc. 30).
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60

]
50 | : B
o 40 12 ilil
S
Z 30
=
= 20
15 35
34 17
10 I
11 -
o b . 6
10 20 30 40 60 61 62 63 70 71 80 81

MeTton,

H0.1% Wm1.2% ®mM2.3% 3.4% WM45% E>5%

Puc. 30. YacToTa 3a0e3neyeHHs KOKHAM METOA0M
3 aBTOMAaTHYHUM BH3HAYeHHAM BigHocHOI ctaTu4yHol moxuoku ERR
B pi3HHUX Jiana3oHax ii 3HAYEHb

Sk BugHO 3 prc. 30 Halikpalli pe3yJIbTaTH 100 TOXUOKU MOJICITIOBAaHHS
ERR 3a6e3neuye Bukopuctanas Metonis 30, 31, 40, 62, 63, 81, a Haifripmi —
Metomu 10, 60, 70, mo miaTBepAKYyE MonepeaHi BUCHOBKH (1. 3.5.1).

Takoxx Oyn0 BHU3HAYCHO YACTOTy 3a0E3MCUYCHHS KOKHUM METOIOM 3
aBTOMAaTUYHUM BH3HA4YeHHSAM KoedilieHTa nerepminanii R2 B pizHHX
niara3oHax Horo 3HaueHsb (puc. 31).

. l o - v o
28 o
— 2s 10, T
52 55 55
20
25 23
12 15
40 60

6l 62 63 70 71 80 81

60
50
40
30

KisbKicTb

20

10

0

10 20
MeToz,

®099.1 m098.099 m097.098 10,96.097 m0,96.095 m<0,95

Puc. 31. YacToTa 3a0e3nedeHHs KOKHAM MeTOA0M
3 aBTOMaTHYHUM BH3Ha4YeHHsIM KoediuieHTa neTepminanii R2
B Pi3HUX aiana3oHax iioro 3HayeHb

3 HaBeneHux pe3ynbTaTiB (puc. 29, 30) MoXHa 3pOOUTH BHCHOBOK, IO
Metomn 80 Ta 81 3abe3meuyroTh MaKCHMajbHI 3HaYeHHS Koe(illieHTa
nerepminaiii adbcomoTHo st Beix KP 3 Bubipku. Ase, mosask Meroau 30,
63, 80, 81 peai3yroTh alpOKCUMAIII0 TaHKUX alePioUYHO0 JIAHKOO IPYTroro
MOPSAKY, IO Iependavyae YCKIQJHEHICTh peaii3amii uepe3 3HAYHHU s
KOHTpoJiepa 00cAr 00YnCIIeHb, OYyJI0 HPUHHATO PIlIEHHS BUKIIOYHTH X 13
MOJAJIBIINX JTOCITIKEHb.
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3.5.3 Ananiz mounocmi memooig 00C1i0NHCEHHA 3 AGMOMAMUYHUM
GU3HAYEHHAM 30 GUKTIOYEHHAM MUX, W0 ANPOKCUMYIOMb JIAHKOIO
0py2020 ROPAOKY

Byno mpoBeneHo aHami3 MeETOAIB 3 aBTOMAaTWYHUM BU3HAYEHHSIM 3a
BUKJIIOYCHHSM THX, II0 alpoKCHMYIOTh JIAHKOIO JPYroro HOPSIKY,
aHaJoriuHuil BumieonucaHomy B 1. 3.5.1 ta m. 3.5.2, pe3ynbTaTH SKOTO
HaBeJeHi B Ta0i. 12 Ta Ha puc. 32, 33, 34 ta 3po0JieHi HACTYITHI BUCHOBKH:

—  Mertoau 40 ta 62 HalyacTinie 3a0e3Me4yroTh MiHIMaJIbHE 3HAUCHHS
MTOXHUOKH;

- HaifuacTime MakCHMaJibHEe 3HA4eHHsS KoedirienTta aerepminarii R2
HasBHE IpH BUKOpucTaHHI Metoxy 40.

Ta6mums 12
YacToTa 3a0e3nme4eHHs1 MiHIMAJbHOI BiAHOCHOI CTATHYHOI MOXHOKH
ERR a6o makcumanbHOro koediuienra gerepminanii R2 ko:xxHuM
METO0M 3 ABTOMATHYHHM BH3HAYEHHSM 32 BUKJIIOYEHHAM THX, [0
aNpPOKCHMYIOTh JIAHKOIO IPYToro nNopsjaky, 1js Beiel Budipku KP

Merton

a)

101120213031406061626370718081

Merton min ERR max R2
10 0 0
20 0 0
40 25 48
60 0 0
61 3 0
62 26 4
70 1 3
71 0 0
60
30 50
£ £ 30
515 2
5 I . 0 | [ ]

101120213031406061626370718081

Meton

6)

Puc. 32. YacTora 3a0e3neyeHHs KOXKHUM METOA0M 3 ABTOMATHYHUM
BU3HAYEHHSM 32 BHKJIIOYEHHIM THX, [0 AMPOKCUMYIOTH JIAHKOK)
APYroro mopsiaky, aas Beiei Budipku KP: a) minimanbHoi BizHocHOT
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MeTogq,
m0.1% m1.2% m2.3% =3.4% m4.5% m>5%

Puc. 33. Yacrora 3a6e3neyenus BignocHoi craruunoi moxuoku ERR
B Pi3HHX Jiana3oHax ii 3HaYeHb KOKHHM METOI0M 3 aBTOMATHYHUM
BHU3HAYEHHAM, 32 BUKJIIOYEHHIM THX, 110 ATPOKCUMYIOTh
JIAHKOI0 IPYroro mopsiaKy

I
40 60

MeTog,
m099.1 ®098.0,99 m®097.0,98 ~0,96.0,97 m™0,96.0,95 m<0,95

60
50
40

40
30

KinbKicTb

20
10

10 20 61 62 70 71

Puc. 34. Yacrora 3a6e3neyenns koedinienra gerepminanii R2
B Pi3HUX Jiana3oHax HOro 3HaYeHb KOKHUM METOI0M 3 ABTOMATHYHUM
BU3HAYEHHSM, 32 BUKJIIOYEHHSIM THX, 110 ANPOKCUMYIOTh
JIAHKOIO IPYTOro Nopsigky

3 HaBeneHHX pe3ynbrariB (puc. 33, 34) Mo)kHa 3pOOUTH BHCHOBOK, IO
IIPU BHUKJIFOYEHHI METOJIB, L0 alpOKCHMYIOTh JIAHKOK APYrOro MOPSJIKY,
BuKopucTanHs Metozis 40 ta 62 3abe3rneuyye HalMEHIII 3HAYCHHS BiTHOCHOT
CTaTUYHOT MOXUOKH NP MOJIENIOBAHHI [UIst O1iIbIn HiXk 60% BUOIpKH, a TAKOXK
HalO1bIIi 3HaYeHHs KoedilieHTa nerepminanii st 94% BuGipku.

3.6 Ananiz cmadinizayii napamempa 00’ckma Kepyganna
npu M0o0en06anni

Bimomo, 1m0 Ui anmepiogMYHMX OO0 €KTIB  IpHM  peakmii  Ha
CTpUOKOIIONIOHWH BIUTMB BHXiJHA BenudnHa Mae jgocsarta 98-99%
PIBHOBa)KHOT'O CTAJIOTO 3HAYCHHS 32 Yac, sIKuii CKiagae 5 - Tyg.
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B sikocTi KpHUTEpiro sl IOPIBHSHHS PE3YJIbTaTiB BUKOPUCTAHHS METO/IIB
inentudikanii Oymo obpaHo BigHomeHHs 5T, 10 TpHBaNoOCTi
EKCIIEPUMEHTY T10 3HATTIO KpHBOi po3rony T:

=208 (22)

T
B izeanpsHOMY BHIIAJKy OTpHMaHi MPU MOJCTIOBaHHI MapaMeTpu 00’ €kTa

KEepyBaHHS MarOTh 3a0€3MEUUTH JTOCITHCHHS BUXITHOK BEIIMYUHOK CTATIOT0
3Ha4YeHHs 32 5 -+ T,g 3 MiHIMaTbHUM 3HAYEHHSIM BIJITHOCHOT CTATUYHOT HOXHOKHU
ERR Ta MakcumanpHUM 3HaYCHHAM KoedilieHTa netepMinarii R2.

Y Ttabm 13 Ta Ha puc. 35 HaBemeHa KUIbKICHA XapaKTEepPHCTHKA
3a0e3neueHHs KpuTepiss K yciMa MerogamMu B pi3HHX Jiama3oHax HOro
3HAYCHHS.

Cria Bi3HAYUTH, IO MO Pe3ybTaTaxX aHami3y B 1. 3.5.2 BUKOPHCTaHHS
MeTtomy 80 3a0e3neuniio HalKkpalli 3HaueHHS BiTHOCHOT CTATHYHOT ITOXHOKH
Ta KoedillieHTa AeTepMiHAIli, aje MPH aHami3l 3IaTHOCTI METOIy
3a0€3MeYnTH JTOCSTHEHHS CTaJloTO CTaHy Oy OTpUMaHi pe3yibTaTH
KpuTepito K, ski y mepeBaxkHil OiIbIIOCTI 3HAYEHb HAJEXKATh [0
nmiamaszony 1,1 — 2,0.

B Toii ke yac BukopuctanHs MeToaiB 40 Ta 62 3a0e3mMeUnsI0 HAMKpAIi
PpEe3yINIBTATH K MiHIMAIEHIX 3HAYEHE IOXUOKH, TaK i KpUTepito cTabimizanii k.

Ta6muusg 13
KinbkicHa xapakTepucTHKa 3a0e3meyeHnst Kpurepis K ycima meroxamu
B Pi3HHX Jdianma3oHax Horo 3HaYeHHs

K MeTtoan

10 | 11 | 20 | 21 | 30 | 31 | 40 60 | 61 | 62 63 | 70 | 71 | 80 | 81

<0,9 0 0 1 0 0 0 19 0 9 30 0 1 1 0 0
09.095 | 0 0 3 5 1 0 9 0 0 0 1 0 0 1 1
0,95..1 0 0 6 2 2 1 8 1 21 8 1 0 1 0 0
1..1,05 0 0 2 1 3 0 5 0 0 7 0 0 4 0 0
105.11 | O 0 4 9 4 6 4 0 0 1 3 1 4 1 1
1,1.2 42 | 39 | 39 |36 |44 (4] 10 49 [ 25 9 48 | 43 | 45 | 47 | 50
>2 13 | 16 0 2 1 3 0 5 0 0 2 10 0 6 3

on SN |

KinbKicTb

=
[=]

55
50
45
40
35
30
25
20
15
10

o]

I | (8] | |
63 70 71 80 81

m<0,9 m09.095 ®095.1 =1.1,05 m1,05.11 m1,1.2 m>2

2

40 60
MeTtog

Puc. 35. KiiibkicHa xapakrepucTuka 3a0e3nedenns kpurepisa K ycima
MeTOoAaMH B Pi3HHX Aiana30HaXx i{oro 3HaYeHHHA
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Jlns nogaTkoBoOi epeBipKy IIMX BUCHOBKIB OYJIO IPOBEICHO OOYHCICHHS
KpuTepito ctabimizanii K 171 kprBoi po3rony OK Bapianty 24 3 mapameTpami,
BH3HAUYCHUMH yciMa MetomaMu. Sk MoxkHa 6auntu (puc. 36), Metroan 40 ta
62 3a0e3meuyroTh Halikpalli 3Ha4eHHs K.

Takox a1 TOro, moO IOTATKOBO OXapaKTEpHU3yBaTH 3IaTHICTH METOIIB
3a0e3ne"nTH JOCATHEHH CTAJIOTO CTaHy IIPH MOJIEIFOBAaHHI KPUBUX PO3TOHY I
BapianTa 24 OynM BU3HAYCHI CTATUYHI TOXHOKH 3a 4ac MOJICIIOBAHHS, SKUH
JIOPIBHIOE Yacy eKCIEPUMEHTY, Ta 3a 4ac MOJICITIOBAHHS, IO TOPIiBHIOE 5 - Tyg.

MosxHa 6auutu 3 puc. 37 Bukopuctanas Metoaie 40 Ta 62 ms BapiaHTa
24 3abe3mneuye TOCTATHRO HU3bKI 3HAYCHHS BIJHOCHHUX CTATUYHUX MOXUOOK,
B TOIl 4ac sk st MetoaiB 70 Ta 80 HasBHI CYTTEBI CTaTW4HI MOXHOKH 3
MIPOTHIICKHUM 3HAKOM, IO MiATBEP/KYy€E BUCHOBKH B 1I. 3.5.2.

25 1400

1200

1.7

1000

800
BK

uT

Yac, ¢

600

400
B5To6

200

10 11 20 21 30 31 40 60 61 62 63 70 71 80 81
Metog

Puc. 36. Kpurepiii cradinizauii K, mo 3a6e3neyyerbest ycima meTonamu
[Jis1 BapianTa 24

0,15

0,

5
£ UI_ I. I- I-I I I- . 0. & T ——
M 10 11 20 21 30 40 60 61 62 63 l

31 71 8l 81

=]

-0.05 HERR 5T06

-0.1
-0,15
Metoa

Puc. 37. CtaTuuHa nmoxudka 1Jis1 BapianTa 24 3a yac Mo/ieJIIOBaHHsI,
o aopiBHioe: Err — yacy excnepumeHTy; ErrSTo6 — 5-Tos.

VY3aranpHeHI pe3yJabTaTH, IO MICTITh CEpeaHi 3HAYEeHHS KPHUTEPito
crabGimizamii K Ta BiqHOCHUX cTtatuunux noxuOok ERR ta ERR5To6, siki Oyiu
OTpMMaHHI NpH MojemoBaHHi yciei BuOipku KP Ha migcraBi mapamerpis,
BU3HAYCHUX yciMa METOJlaMH, HaBeJeHi y Ta0u. 14 ta Ha puc. 38, 39.
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Tabmuus 14
Cepenni 3uauenns K, Err ta Err5To6 nas yciei BuGipkn KP

Merton

Ne 10 11 20 21 30 31 40 60 61 62 63 70 71 80 81
k 1,83 1,83 1,24 1,31 1,35 1,41 0,98 1,64 1,09 0,95 1,37 1,76 1,30 1,57 1,48
ERR1 0,08 0,08 0,03 0,04 0,008 0,014 0,012 0,050 0,020 0,012 0,01 -0,04 0,029 -0,01 0,01
E.FD% 0,008 0,01 0,01 0,01 0,001 0,001 0,012 0,007 0,012 0,014 0,001 -0,122 0,008 -0,033 0,001

2,000

1.800

1.600

& 1,400

1.200

1.000 I I

0,800 I

10 11 20 21 30 31 40 60 61 62 63 70 71 80 81

Puc. 38. Cepenni 3nauyenns kpurepito K, Bu3Haueni ycima merogamu
aasa yciei Budipku KP

IToxubka

Puc. 39. Cepenni 3HaueHHs BiTHOCHUX cTaTHYHUX noxuook ERR
Ta ERR5T00, BU3Haveni ycima meTonamu s yciei Budipkn KP

0,100

0,050

0,000

-0,050

-0,100

-0,150

Metog

10 11 20 21 30 31 40 60 61 62 63

Meton

71

81

BEERR1

EERR 5Tob

MooxHa 6aunTH, 110 HaBEJCHI pe3yIbTaT! MiATBEPHKYIOTh paHilie 3po0iieHi
BHCHOBKH IIIOJIO TIepeBaXHO1 epekTHBHOCTI BHKOpHcTaHH MeTtoaiB 40 ta 62 s
imerrudikamii OK. Takox miaTBepAmiacs HEIOIUIBHICTE BHKOPHCTAHHS
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METOJIiB, IO MEPeI0AYA0Th AMPOKCHUMAIIII0 PIBHSHHAMHE ArePiOAUYIHUX JTAHOK
neporo (Metox 70) ta apyroro mopsiaky (Meton 80), uepes CyTTeBI 3aJIHIIIKOBI
BiXWIeHHS BUXigHOTO Mapamerpy OK.

BUCHOBKHU

1. ¥V gocmimkeHi Oyno mpoaHalli30BaHO NEKidbKa Pi3HHUX IMIIXOIIB J0
ineHTH(diKaIii 00’ekTa KepyBaHHS: BH3HAYCHHS TOYKH 3 MaKCHMaJIbHOIO
MIBUAKICTIO 3MiHU PETYJILOBAHOTO IapaMeTpy Ta MOoOYIOBH TOTHYHOI B i
TOYIIl, PI3HI METOAN BU3HAYCHHS peakiii 00’ eKTa B OAHIN a00 JBOX TOYKaX,
ampOKCHMAIlisl  CKCIIEPUMEHTAIBbHOI  KPUBOI  PO3TOHY  BIAMOBITHUMH
PIBHSHHSIM arepiofNyHKUX JaHOK MEePIIOro Ta APYToro MOPSIKY.

2. Byno BcraHoBieHO, 1m0 U1 OIiHKKM Merona imeHTH(ikamii OK
HEJIOCTaTHHO BUKOPUCTOBYBATH JIMIIE OJMH MapaMeTp: BiHOCHY CTaTHYHY
noxubky ERR, koedinient nerepminanii R2 abo kpurepiit crabimizamii k.
Crizx po3poOUTH KOMIUICKCHUH KOS(IIiEHT OLIHKH, IKUH OyJe BpaXxOByBaTH
Ii BC1 XapaKTePUCTHKH aJEKBAaTHOCTI MOJICITIOBAHHS.

3. Jlns pe3ynbTaTiB JOCTIIKEHHS 3HAYCHHS KoedillieHTa IeTepMiHaIii
MoOJeNiel B 3aJIeXKHOCTI Bil OOpaHOTO METOAY BHW3HAYCHHS IapaMeTpiB
Bapitoetscss Big 0,85 mo 0,99. Ile cBigUWTH TPO BIACYTHICTH €IUHOTO
YHIBEPCAJIILHOTO METO/AY, BUKOPDHUCTOBYIOYHM SIKHHl MOXXHa OTpUMAaTH
anexBatHi napamerpu OK mis KoXHOI KpHBOI PO3rOHY 3 AOCIIIKYBaHOL
BUOIpKH. B neskux Meronax BU3HAUCHHUI Yac 3aIli3HCHHS IEPEBHIILYE Yac
3aITi3HEeHHs BXIJTHOT KPUBOI pO3roHy, KoedillieHT AeTepMiHallii Ta BiJHOCHA
CTaTUYHA NOXWOKA MalOTh HU3bKI 3HAYCHHS.

4. Cnig 3BaxaTd Ha TOM (akT, M0 y BUPOOHMYMX yMOBax HEMae
MOJUJIMBOCTI BHKOPDHCTOBYBAaTH B CHCTEMax KepyBaHHS IIpOrpaMHi
3acToCyHKH Ha Kmtant Scilab, mie moB’s3aHo 3 6pakom mBuakoxii [JIK, ame
€ MOXJIMBICTH 3amlporpaMyBaTH YHCEIbHHH METON [UIA BHUPIIICHHS
MTOCTaBJICHUX 3a1a4.

5. JAns ¢popMyBaHHS LiJTICHOT KapTUHH B MOJANBIIOMY Oy BH3HAYCHO
BIUIMB CTYNCHA Ta THIy 3TJAJDKyBaHHS BXIMHUX JaHUX HA 3MCHIICHHS
KBaJIpaTy TOXUOKM MOJEIIOBAHHS Ta CTaTUYHOI MOXHOKH, pPO3pOOJIeHO
ITOPUTM JIJIsl BU3HAYECHHS TOYKM nepernHy KP; BU3HaYeHO KOMIUIEKCHUIA
KpHUTEPii OLIHKHU SKOCTI PE3yJIbTaTiB MOJIEIIIOBAHHS; PO3POOJICHO allrOPUTM
BU3HAUYEHHS IapaMeTpiB 00’e€kTy Ha IpamorodoMmy  arperati /
TEXHOJIOTIYHOMY MPOIIECi; TOCTIIKEHO BIUIMB oTpuManux mapameTpis OK Ha
HAJIAIITYBaHHS PETYJATOPY Ta SIKICTh MEPeXiTHIX MPOLECiB.

6. B HassBHUX Ha BUPOOHHUITBI CHCTEMaxX aBTOMATH30BaHOTO YIPABIiHHS
peaiizaiiisis aBTOMAaTHYHOTO BH3HAYCHHS MapaMETPiB 00’€KTy KepyBaHHS
JIO3BOJIUTh TIABHIIATA €(EKTUBHICTH POOOTH CHCTEMH Ta, BiJIOBITHO,
TEXHOJIOTIYHOTO  arperaty 3a paxyHOK OUIbII  SKICHOTO  OHJIAHH
HAJIAIITYBaHHS KOHTYPIB PEryJIFOBaHHS.
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AHOTANISL

Inentndikanito 00’€KTIB KepyBaHHS IMPOBOAATH 3 METOI OTPHUMAaHHSI
rapameTpiB, 10 XapaKTepU3YIOTh IXHI OCHOBHI JWHAMIYHI BJIaCTHBOCTI, SIKi €
BRXJIMBAMH 3 TOYKH 30py KEpyBaHHS TEXHOJOTiYHUMHK mporecamu. Lli
BJIACTHBOCTI, 30KpeMa, IHEPIIIMHICTh Ta Yac pearyBaHHSA IS CTAaTHIHHUX
00’€KTiB 13 CaMOBUPIBHIOBaHHSAM, 3a TICBHUX YMOB (YHKIIIOHYBaHHS
TEXHOJIOTIYHOTO arperaty 3 4acoM MOXKYTh 3MIHIOBATHCS, IO CIIPUYUHHUTH
3HIDKEHHS SIKOCTI PETYJIIOBaHHSA BiNMOBITHUMH TapaMeTpamu. 3ajyis
BpaxyBaHHS IMX 3MiH B TAKUX arperarax mepioJuvHO MPOBOIATh KOPUIYIOUi
HAJIANITYBAHHS  PETYJIATOPIB  JIOKAJIBHUX  CHUCTEM  PETyJIIOBaHHS
TEXHOJIOTIYHAMU TapaMeTpaMu. Ha mpakTuili 3a3BH4ail BUKOPUCTOBYIOThH
pY4YHE HaNAIITYBaHHS pEryJsTOpiB LUIIXOM MiAOOPY  BIIHOBIAHUX
KoedillieHTiB ab0 aBTOMATHMYHE — 3a YMOBH HAsSBHOCTI BiAMOBIAHUX
TEXHIYHMX Ta MOpOrpaMHuX 3aco0iB. OOuaBa CHOCOOM MarOTh CYTTEBI
HEJOJIKH, 30KpeMa, 3Ha4YHy TPHUBAIICTh PO3PaxXyHKIB, a TaKOX OOMEXKEHi
Jliara3oH Ta TOYHICTh PETYII0BaHHS TEXHOJOTIYHUX MTapaMeTpiB.

MeTor0  [OCHI/DKEHHST € BHU3HAYCHHS  YHIBEPCAIBHOTO  METOMY
ineHTH(dikamii mapamMeTpiB 00’€KTIB KEPYBaHHS, IO MPH NPAKTHIHOMY
BUKOPHCTAaHHI 3a0e3MeYlTh ONTHMANbHI TMOKA3HUKUA SIKOCTI TpOLEecy
peryJIroBaHHs TEXHOJIOTIYHUMU MapaMeTpamMHu.

AHali3 pe3yibTaTiB JTOCTI/KCHHS TI0Ka3aB BIJICYTHICTh €IHHOTO
YVHIBEPCAIbHOTO METOAY, BHKOPHCTOBYIOUHM SIKHH MOXHA OTPHMAaTH
aJleKBaTHI napaMmeTpu 00’€KTa KepyBaHHsS Uil KOXKHOI KPHBOI PO3rOHY 3
JIOCII[)KyBaHOT BUOIPKH.
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DOl

YTHJIBALIA BIAXOAIB PYTO35AIAYEHHSI
O CKJSAHIA TEXHOJIOI'TH

Knanwk H. B., [Lnemsannikos M. M.

BCTYII

Bhacnmimok poGotm  ripHuyo-30arauyBambHuX ~ KomOiHatiB  (I'3K)
KpuBOacy Hakonm4eHHi BiJ{BaJIU IIOPiJ, TaK 3BaHKX XBOCTIB pyA030arayeHHs,
110 CTBOPIOIOTH CEPHO3HI €KOHOMIYHI Ta €KOJIOTIYHI Mpo0OJieMH B paiioHax 3
PO3BMHEHMM TipHMYO-MeTaypritinum BupooHunTeom?. Tinbku Ha Kpusbaci
XBOCTOCXOBHINIA TAKOTO THUITY 3aliMaroTh Iwiomy Omm3pko 7—10 Twmc. ra, mo
MIPU3BOIMTS JIO TOTIPIIECHHS €KOJIOTIYHOT CUTYAIlil B perioniZ.

Heo6xi1H0 BIAMITHTH, 10 HA JaHWH Yac HAKOIMUYEHHUH TOCTATHINA TOCBIL
YTUITI3AIi] BiXO/TiB TipHHY0-30araayBajibHIUX KOMOIHATIB, OJTHAK, MacIITa0H
Ta TEMIIN OCBOEHHS IIUX PECYPCIB I BUPOOHUIITBA OyAiBEIHHUX MaTepialliB
He MOYKHA BU3HATH 3a[0BiIbHUMUC,

Tak 3BaHI XBOCTH, XO4a 1 € BiIXOJaMH, aj¢ MalTh BHCOKY PECYPCHY
IiHHICTh. Y IXHBOMY cKiaai npucytHi SiOy, FeO, Fe;03, CaO, MgO, Al,Os,
Na;O Tta iH. BpaxoBylooum, o BcCi BHIIE MEpepaxoBaHi OKCHIH
BUKOPHCTOBYIOTBCSI y  CKJIOBapiHHi, OyjJa BHBYEHa  MOJKIIUBICTh
BUKOPHCTAaHHS XBOCTIB 30arayeHHs sIK OCHOBHOT'O KOMIIOHEHTY CHPOBHUHHOI
cyMmimi Ui OTpUMaHHA CKJIa Ta CKIOKPHUCTANIYHAX Martepialis.
[IporHo3yBaHHS  BJIACTHBOCTEH OTPUMAHMX MaTepialiB  MPOBOIMIH
BiJINIOBIJTHO J0 AiarpaM CTaHy TPHOXKOMITOHEHTHHUX CHCTEM CXOXHX CKJIaJiB
Na,O-FeO-SiO;, MgO-FeO-SiO,, Na,O-Fe,03-SiOo,

MgO-Fe;03-SiO; Ta iHmHmX.

3 MeTor OTpUMaHHS CKJIOMOMIOHWX MaTepialiB Ta BHBYCHHS IX
BIacTUBOCTEH  Oyiam  oOpaHi  cKiaaW  3paskiB, 1[I0  JIO3BOJHIIU
oXapakTepu3yBaTH cucTeMy B wiioMy. Takox, BpaxoByIOYH, IIO
JOCITIKYBaHI CHCTEMH MarOTh 3[aTHICTH JI0 JIKBAIlil, OJHUM i3 3aBJaHb SKi

! Matinde, E., Simate, G.S., Ndlovu, S. Mining and metallurgical wastes: a review of
recycling and re-use practices. Journal of the Southern African Institute of Mining and
Metallurgy. 2018. 118(8). P. 825-844. https://dx.doi.org/10.17159/2411-9717/2018/v118n8a5

2 Xnamox H.B., [lnemsunikos M.M. HoBuii cKJIOKpHCTAiYHMI MaTepian Ha OCHOBi
BiZIXO/IIB METalypriiHuX BHUPOOHHLTB. AKTyalbHI IHTaHHS XiMmii Ta IHTErpoBaHHX
TEXHOJIOTIH : Mpaii MiXKHAp. HAayK.-TIPaKT. KOHQ., mpucBsdeHol 80-piuuto kadenpu ximil
XHYMTI im. O. M. Bekerosa (Xapki, 7-8 smcror. 2019 p.) Xapkis, 2019. C. 126.

8 Martins, N. P., Srivastava, S., Simio, F. V., Niu, H., Perumal, P., Snellings, R.,
Habert, G. Exploring the potential for utilization of medium and highly sulfidic mine
tailings in construction materials: A review. Sustainability. 2021. 13(21). P. 12150.
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BHPIIIYBAJUCS TiJ Yac IOCHIIHKCHHS OyJI0 OTPHMAaHHS OOJHUITIOBAIHLHOTO
MaTepiany 3 BUCOKHAM JeKOPaTHBHUM edeKkTom?,

BukopucTaHHs BTOPHHHOI CUPOBHHHU CHPUSIE 3HIDKCHHIO €KOJIOTTYHOTO
HABAHTAXKCHHS Ha HABKOJIMIIHE CEPEJOBHIIE, PO3LIMPEHHIO MiHEPAIbHO-
CHPOBUHHOI 623U i CKOpPOYEHHS OTPeOU B NIEPBUHHIN CHUPOBUHI®.

TakuM 4YHHOM, CTBOPEHHS HOBHMX TEXHOJOTIH yTHII3aIil BiIxoIiB
pyZao30aradeHHsl 110 CKIISHIM TEXHOJIOTIi € aKkTyaJIbHUM HayKOBO-TIPAKTUYHUM
3aBJIaHHSM.

AHai3 JiTepaTypHUX JHKEpeN MoKa3as, [0 Ha JaHU 4ac HAKOMHYCHHIA
MIeBHUH JOCBI/J] BUKOPUCTAHHS BiZIXO/(IB YOPHOI METAIyPrii 11 BADOOHUIITBA
pi3HOMaHITHUX OyZIiBEJIbHUX MarepiaiiB, y TOMYy 4YHCII CKIa Ta
CJIOKpHCTAJIIYHUX MaTepianis®.

AJne, Taka BTOpHHHA CHPOBHMHA CYTTEBO BIAPIZHIIOTHCS BiJ TpamuIliiHOL
10 MiHEpPAJIbHOMY Ta XIMIYHOMY CKJIaTy, a TakKOX (I3HKO-XIMIYHHM Ta
TEXHOJIOTIYHUM BIACTHBOCTSAM. BUKOpHCTaHHS BiIXOIIB pyao30araucHHs y
TEXHOJOTIYHUX MPOLECcaX BHUIOTOBJICHHS CKJIa Ta CKJIOKPUCTAIYHUX
MarepialliB oTpeOye peryNroBaHHS BIACTUBOCTEH CHPOBHUHHU 1 KiHIIEBOI
MPOIYKIIT, yIPABIiHHS MapaMeTPaMH TEXHOJIOTIYHOTO MPOIIECY.

SIK BiTOMO, TPOMUCIIOBE CKJIO XapaKTePH3YIOThCS TyKe HU3bKAM BMiCTOM
OKCHIB 3aJ1i3a, 1110 MalOTh 3/1aTHICTb 3a0apBiIOBaTH HOro. J{J1s MPOMHCIOBHX
CTEKOJI BMICT OKCHJIIB 3a1i3a 00MexyeThesi B MacoBux %: 0,012-0,025. Tak
K y BiIXojax pyno30arayeHHss YOPHHX METaliB BMICT OKCHIIB 3aii3a
MepeBHIIyE I1i TMOKAa3HUKU Y JAECATKUA pasiB, MoTpedye BUKOPHCTAHHS
CIIeIiaTbHUX TEXHOJIOTIYHUX PillleHb .

1. ®opmyBasbHi BJACTHBOCTI CKIOMACH
Ta il B’A3KiCHI XapaKTepucTUKH
Juis nocimikeHs BUKOPUCTOBYBAITM BIIXOMU 30aradeHHs 3ajJi3HOi pyIu
KpHuBOpiKCHKOTO TipHHYO-30araqyBaIbHOTO KOMOIHATy, TaK 3BaHi XBOCTH
pyno3baradeHHs.
CuHTe3 CKJa Ta CKJIOKPUCTAIIYHMX MarepialliB Ha OCHOBI XBOCTIB
pyao30aradeHHs! 3/iHCHIOBABCS LUISIXOM JOJATKOBOTO BBEJICHHS B IIUXTY

4 Moosavi-Khoonsari, E., Jung, IH. Critical Evaluation and Thermodynamic
Optimization of the Na,O-FeO-Fe,03-SiO, System. Metallurgical and Materials
Transactions B. 2016. 47. P. 291-308. https://doi.org/10.1007/s11663-015-0504-x

5 Inemsunikos M.M., Xnanrox H.B. BuBUEHHS MOMIHMBOCTI yTWJIi3alii BiaxomiB
MeTaJypridHUX BUPOOHMLTB IJI1 OTPUMAHHS CKIOKpHUCTAalNiYHMX MatepiamiB. Norwegian
Journal of development of the International Science. 2020. Ne 42 (1). P. 51-58.

6 Piatak N. M., Parsons M. B., Seal Il R. R. Characteristics and environmental aspects
of slag: a review. Applied Geochemistry. 2015. Vol. 57. P. 236-266.

" TnemsunikoB M.M., X nantox H.B. depocuitikaTHi CKIOKpHCTANYHI MaTepiany Ha
OCHOBI BiIXOJIB pymo30aradeHHs. [lumannsa ximii ma ximiunoi mexnonoeii. 2021. No. 2.
C. 95-103. DOI: 10.32434/0321-4095-2021-135-2-95-103
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okcuniB Na;O ta MgO. KommoneHTr moapiOHOBaau Ta mpocioBand. st
CHHTE3Y CKJIa Bimoupanu pakmiro < 0,5 MM.

Bapky ckia mpoBOAMJIM Yy NIAMOTHUX THIVISIX €MHicTI0O 250 M mmpu
temrieparypi 145 £10°C y maGopaTopHiii medi mpotsrom 2 roxa. Bimman
3pa3kiB mpoBoawiIHM y My(enbHii medi mpu Temreparypi 550-600°C.
CKIIOKpUCTATIYHUI MaTepian OTPUMYBAIM IIIIXOM KpHCTAaTi3amist 3pa3KiB
ckiia y MmydenbHill nedi B iHTepBaiti temnepatyp 800—1000°C.

KBapuutu MoxxyTh OyTH BifiHECEHI 10 Gepo- Ta PepOCHITIKATHUX CHCTEM.
CneuudiuHoro 0cO0JINBICTIO BiZIXO/IIB pyao30aradeHHs I'3K
KpuBopixkcpkoro OaceitHy € 3HayHuMd BMIcT okcuniB depymy (12-15
mac. %)8. V xBocTax pynos6arauenns dpepym (I1) okcnn ta pepym (I11) oxcun
MICTSTBCS MPHUOJIM3HO Y OJHAKOBHX KUTBKOCTAX. OCHOBHMM KOMIIOHEHTOM
XBOCTiB pymo30araueHns € Cwminid (IV) okcmm. Takoxk, y XBocrax
pyao30aradeHHss ~ OPUCYTHI Y  HEBEJNMKUX  KUIBKOCTSAX  OKCHAU
JTy’)KHO3EMETbHUX METAJIiB, aJFOMiHIH OKCHJ, & TaKoX HE3HaYHa KiIbKICTh
¢docdopy Ta cipku. Brpatu npu npoxaproBaHHi (B.IL.11.) ckianaoTs 11,02%.

XiMigHHN CKJIaJ] XBOCTIB pyAo30aradueHHs MPeICTaBICHO B TaOmuIi 1.

Tabmuns 1

XimiyHUIi cKkJIaJ XBOCTIB pyro3oarayeHss, %
Cman | ro o, | Feo | sio, | cao | Mgo | ALOs | P s | s
XBOCT1B

Bwict, % 762 | 818 | 631 | 358 | 544 0,89 | 0,065 | 0,112 | 11,02

XiMiuHMH CKJIaJ XBOCTIB pyno30araueHHs 1MoKas3as, 10 Y HUX MPHUCYTHI
BCl TI KOMIIOHEHTH, SIKi Tiil 4 1HIIIH MIpi MICTATbCS y OIIBLIOCTI CTEKOJI.
BukiroueHHsIM € okcuan GepyMmy, sKi MICTATbCS y 3HAYHUX KUIBKOCTAX, Y
MOPIBHSIHHI 13 CKJaJaMu CTeKos. Tak Sk OCHOBHHIl CKJIaJi KBAapIMTIB - 1€
kpemHueseM (SiOz) i oxkcumu pepymy (Fe,03 ta FeO), ganmii ckiag MOXHA
posrisiiaTH sk OiHapHy cucteMy. Taka cucreMa XapaKkTepu3yeThesl BHCOKOIO
TYTOIUIABKICTIO Ta HE MOXe Oe3rmocepeiHb0 OyTH BUKOPHCTaHA y KJIACHYHIHN
CKILTHIH TexHOOoTii. ToMy 1o CKJIaAy MIMXTH, KPiM BIAXOIIB py1030aradueHHs
MOTPiOHO BBECTH KOMIIOHEHTH, IO TIOHU3ATh TeMIIEpaTypy BapKu — IUTaBHI.

VY nmaniit poborti, y skocTi miamuxToBkH Bukopuctano MgO ta NayO.
MarHiit okcun — 1ie Heie(PiUTHHIA KOMITOHEHT. Y CKIIaJI IIUXTH HOT0 MOYKHA
BBECTH 3a JIOTIOMOTOI0 MarHe3uTyM. Hatpiii okcuz — 1e TakoX JAOCTYHIHHA
KOMIOHEHT. BiH Moke OyTn BBemeHuWil y mmxTy cozmoro. Harpiit okcnp y

8 Ty6ima B.I. Kagommikos B.M., 3a6oposcekuit B.C., Kysenko C.B.,

Tlopmuuekuii 5.0, Bonpapenko .M. BuBuYeHHS MOXJIMBOCTI BHKOPUCTaHHS BiIXOMiB
30aradeHHs 3aJi3UCTUX KBapIHMTIB B HapoaHOMY rocrnonapersi. 30. Hayk. np. I'THC HAH
VYxpainu «['eoximis Ta ekonorisiy. Bun.14. K. 2007. C. 156-165.
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CHITIKATHUX CHCTEMAX BHCTYIA€ y PO IUIABHS. VIOro MPHUCYTHICTD y IIHXTI
JI03BOJIS€ CYTTEBO 3HU3MTHU TEMIIEPATypy Bapku ckia’.

Jast gocripkeHb BUOpaHa Y0TUPhOXKOMITOHEHTHA CHCTEMa 3 BEpIIMHAMHU
Fe,03 + FeO, SiO2, MgO ta Naz0O. Touka «X» BiAMOBiga€e CIiBBiIHOIIEHHIO
okcuiB (Fe203+Fe0)/SiOz, o MiCTATHCS Y IPOKAIEHOMY 3aJIMIIKY XBOCTIB.
TakuM 4MHOM, MH OTPHUMYEMO TPHOXKOMIIOHEHTHY CHCTeMy. BMicT peritu
KOMIIOHCHTIB € He3HaYHUM. J[JIs OTpUMaHHS CHCTEMATH30BaHHX NAHUX MO
BJIACTUBOCTSIM CIJIIKATHHX PO3ILUIABIB y TOJI mepepisy, W0 MPUMHKAE 0
TOYKH «x». Lle moje po30MUTO HA TPHUKYTHY CITKY 3 KPOKOM IO BMICTY
koMnoHeHTiB 10 %. TakuM duHOM, Aociimwin ckmamm: «x» — (60-100%),
Na;O — (0-40%) ta MgO — (0-40%), mwo BianoBimaroTh By3mam ciTku'® .
Takum ynHOM 1151 JOCIiHKeHb BUOpaHo 15 cknaniB. Cxema iX po3MilleHHs
mokasaHa Ha puc. 1.

FeO+Fe03

%X

10 20 30 40
—_—» %MgO

Puc. 1. Cxema BUGOPY CKJIAIIB CTEKOJI Y CHCTEMi
((Fe203-Fe0)-SiO2)-MgO-Na.0

9 dizpdHa XiMis TyTOIIIABKUAX HEMETANEBHX i CHIIKATHEX MATEpialiB : MiApyIHHK IS
CTYJCHTIB, SKi HAaBYAIOThCs 3a crenianbHicTIo 161 «XiMiuHI TEXHOJNOTIT Ta iHXEHEpPis»,
cnemiamizanii  «XiMiyHi  TeXHOJOril HEOPraHIiYHMX KepaMiyHHX MaTepiaimiBy /
M. M. [InemsunikoB, H. B. XXnantok — KuiB : KIII im. Irops Cikopcbkoro, Bun-Bo
«Ilomitexnika», 2022. — 152 c.

10 Mnemsnnikos M.M., Xnaunioxk H.B. BuBUeHHS MOXIIHBOCTI yTHTi3anii BiIXoniB
METaJTypridHUX BUPOOHMLTB IJI1 OTPUMAHHS CKIOKpPUCTalNiYHMX MatepiamiB. Norwegian
Journal of development of the International Science. 2020. Ne 42 (1). P. 51-58.
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BaxIMBOIO TEXHOJIOTIYHOIO BJIACTHBICTIO CKJISIHOTO PO3ILIaBy € HOro
31aTHICTh 10 (opMmyBaHHSA. JlOCTiKEHHS IMOKa3al, 10 BCi 0OpaHi 3pa3ku
MOXYTh OTpHUMaHi BHIMBOM y Qopmy abo mpokatom. Bci ckmamm, 3a
BHKJIFOUEHHSM 3pa3kiB 1,3 Ta 14 moka3anu BUCOKi popMyBaibHI BIIACTUBOCTI.
Takum yrHOM. OTpPHMAaHO IT’ATHAALATH 3pa3KiB, OUIBIIICTH 3 SKUX MaJH
MIMOOKUI YOPHUN KOJIp Ta IISTHIIEBY MOoBepxHIO. Ha moBepxHi 3pa3kiB 5 Ta
13 crmoctepiraii po3BOJY OJMBKOBOTO HA JUMYACTOTO KOJLOPY BiIOBIIHO
Ha 4YopHii moBepxHi. [Ticist kpucTanizamii 3pa3ky ckiia y OUIBIIOCTI BUIIAIKIB
MIOKpallyBaJiy CBOI A€KOpaTHUBHI BiacTUBOCTI. CTeKIa, 1110 May MiABUILCHUH
BMmict NayO, micnst kpucranmizanii HaOyBanu Oyporo BiaTiHKy. Taki 3MiHM
MOJXKHa TIOSICHUTH YTBOPEHHAM (eputry, M0 TOTipUIye JeKOpaTHBHI
BJIACTHBOCTI 3pa3KiB.

Tak sk BCi CKJIaaud CTEKOJ MalOTh CXWJIBHICTH O KpHCTami3allii, i He
MOXYTh OYTH HOCHiDKCHAMH KIACHIHHMH METOJaMH, TaK sK epeoir
MPOLIECIB KPUCTaNi3allii BIOPOIOBXK TEPMOCTATYBAaHHS 3pa3KiB CIIOTBOPHUTH
KIHIICBUH pe3yJbTaT BUMiptoBaHHs. ToMy B’ SI3KiCHI XapaKTEPUCTUKH OYIeMO
TpakTyBaTH II0 pe3yibTaTaM JOCTIDKCHHS TEepMIYHOTO KoedillieHTa
niniHoro posmmpeHHs (TKJIP). Po3paxyHKH MpoOBOIWIN K JUIS TIEBHOTO
TEMIIEPaTypHOr0 IHTEpBaly, TaK 1 JJs BCbOTO MPSIMOJIHIMHOTO BiAPI3KY.
Cepe/He 3HAUYCHHS 00YUCITIOBAIH IO (HOPMYJIi:

i o -1

lg'At’ !

e to, t — BIAIIOBIZHO IMOYATKOBA 1 KiHIleBa TeMuepaTypa, °C; Al — mogoBxeHHs
3pas3Ka npH 3MiHi HOTo TeMIeparypH Bij to 10 t, MM; |, — moyarkoBa noBkuHA
3pasKka mpH to, MM; At — pisHHI TemmepaTyp, °C.

Temmeparypa TpaHcopmalii € TPUOIU3HOI € TEMIePaTypoIO Bigmary
(TQ). Lls TemmepaTypa € HHKHBOIO MEKEI0 aHOMAIIbHOTO iHTepBany. BoHa
npubansHO Bifnosigae B s3kocti 10 [Tac Ta BU3HAYAETHCS TOUKOIO 31aMy
Ha KPHMBI MDX HEpILIOI0 Ta JAPYrow AisHkoro. Ilepexin 10 aHOMaibHOTO
iHTepBaty Moxe OyTH pi3kuii a60 moctynosuiill. BiH BU3HAYa€ThCS TOUKOIO
NePETHHY IBOX JOTHYHMX MPSMHUX, SIK 11€ TIOKa3aHo Ha puC. 2.

Jnst XapakTepUCTUKH B’SI3KOCTI MM BHKOPUCTANIN JBI XapaKTEPUCTUUHI
TeMIepaTypaMu, a caMme: TeMIIepaTyporo Bifmaay T1g 1 TeMmmeparyporo
PO3M’SIKILICHHSI T1i]] HAaBaHTaXKeHHsM Tp.

L1i nani 7O3BOJATH ONMCATH B A3KICTh B IEBHOMY IHTEPBAaJIl TEMIIEPaTyp.

ato—t =

1 TInemsrnikoB M.M., Knanrok H.B. ®izuuna ximist TYTOIUIABKUX HEMETAJICBUX 1 CHIIi-
KaTHUX MaTepialiB : MAPYYHUK [V CTYICHTIB, SIKi HABYAFOTHCS 32 CHeIiabHICTIO 161 «XiMiuHi
TEXHOJIOTI] Ta iHKeHepis», chemiamzamil «XiMiuHi TEXHOJOTil HEOPraHIYHMX KepaMidHUX
matepianiBy. Kuis : KIII im. Iropst Cikopebkoro, Bun-so «Ilomitexnika». 2022. 152 c.
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Al
Lo

BigHocHe noaoBXeHHs,

Temnepatypa Tg Tp

Puc. 2. lnnaroMmeTrpuyHa KpuBa i3 XapakTepHHMH TOYKaMH.

Posmonin munaromeTpuuHHX Temneparyp po3m’skuieHHs (Tp,) Ta
temnepatypu Bigmany (Tg) y cucremi ((FexOs3-FeO)-SiOz)-MgO-Na,O
HaBesieHi Ha puc 3%2,

oy

0
% “x

60
40

40.

Puc. 3. Po3nogin annaromerpuunux remmeparyp po3m’sikmenns (Tp)
Ta Temnepatypu Bignamay (Tg) y cucremi ((Fe203-Fe0)-Si02)-MgO-Na20

12 TInemsannikos M.M., Xnaniox H.B. BuBUeHHS MOXIIHBOCTI yTHTi3anii BiIXoniB
METaJTypridHUX BUPOOHMLTB IJI1 OTPUMAHHS CKIOKpPUCTalNiYHMX MatepiamiB. Norwegian
Journal of development of the International Science. 2020. Ne 42 (1). P. 51-58.
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Sk 1 BapTO OyJO OUiKyBaTH, HAWOLIBIN TyTrOINIABKUMH € BHCOMArHE3iabHi
ckiam. @poHT i3ouiHiK Ty, 1 T, 3HIKYIOThCS B ik 3MeHIIeHHs BMicty MO, a
TIOTIM BiJl CTOpOHU TpUKyTHHKA «X»-MgO. CrieHy ¢urocyrouy niro Hagae NazO.

Ha puc. 4 npencraBneno miarpamy 3HadeHb TKJIP 3pa3kiB CTEKOJI
Benmunan TKJIP oTpuManuX 3pa3KiB 3MiHIOETBCS B mianasoHi (80+140)-107,
K. Haii6inpuumii BriuB Ha miguineHHs 30iapmenas TKITP CTIOCTEpiraeMo
B 00nacti 3MeHuenHs BMicTy MgO 0 35%.

D¢

90
o

e*”o 2
e\“
——
30 70
% /\///
2,
<)
AN N
o
40, \/ 60
10 20 30 40
—»% MgO

Puc. 4. Po3noain 3nauyens TKJIP
y cucreMi ((Fe203-FeO)-SiO2)-MgO-Na:0

2. Kpucranizauniiina 31aTHiCTh CTeK0JI
cucremu ((Fe203-FeO)-SiO2)-MgO-Na.O

KpucranizauiiiHa 37aTHICTH 3pa3kiB  OI[HIOBAJNACh MO YTBOPEHHI
KpucTainiuHoi (a3u Ta BU3Hauanu 3a pesyiabratamu ITA no BenuuuHI MKy
€K30TepMIYHOTO eeKTy.

TepMorpaBiMeTpru4Hi TOCTIKEHHS COPOCHTIB NMPOBOAWIM Ha TIPHIIAi
Derivatograph Q-1500 (Vropuna) cucremu «Ilaymik-Tlaymik-Epuaeit».
3pa3ku aHATI3yBAIM B JUHAMIYHOMY DPEXHMi 31 IIBHUIKICTIO HArpiBaHHS
10°C/xB no 1000°C B atmocdepi noBiTps. Maca 3pa3skiB ctaHoBuia 1500 mr.
B sixocTi eranoHHoi peyoBuHM BUKOpuctoByBasn Al>Os. B excriepumenrax

18 TInemsnnikoB M.M., Knaxtox H.B. BHBUEGHHS MOXJIHBOCTI yThmizanii BigxomiB
METaTypriiHUX BUPOOHMIITB IJI1 OTPUMAHHS CKIOKpUCTamiyHuX MarepiamiB. Norwegian
Journal of development of the International Science. 2020. Ne 42 (1). P. 51-58.
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BHKOPHCTOBYBaBCS IUIATHHOBUN THrenb. YymmmBicte 3a mkanoo JITA
cknagana 250 MxB.
Pesynbrat AunaToMeTpHYHUX AOCIIIKEHb ITOKa3aHi Ha puc. 5.

5\\’\ 870
e//\\ 880 N

. oL
10
\——/_——_"\ ;50\
12 JL

| — 825
N

14 /\\
15 [~ %
- - n

500 600 700 800 900 1000

Temnepawpa,oc

Puc. 5. Pe3yabTaTu An)epeHIiaIbHOTO TEPMIYHOI0 aHAJIZY
cuHTe30BaHuX 3pa3kiB cucremu ((Fe203-FeO)-SiO2)-MgO-Na20

KpucranizauiiiHy 37aTHICT 3pa3KiB CKJa OI[HIOBAIM 32 OaJbHOIO
CHCTEMOIO i AM(EePEHIII0BAIIH SIK BUCOKY, CEPEIHIO Y1 HU3bKY. Ha pucyHky 6
HaBeJeHa oOIliHKa 3maTHocTi 3paskiB cuctemu ((Fe;03-Fe0)-SiO2)-MgO-
Na,O mo kpucramizamii Ta BiIIOBiTHA TeMIIepaTypa ex3oedekra.

Jani nociipKeHs TiATBEPHKYIOTh, HAWBUIIY KPUCTANI3aIiiiHy 30aTHICT
MaroTh ckiamd 3 BucokuMm BMictoM MQO. 36imemenns Bmicty Na,O
NPUBOIUTH O 3HW)KSHHSI KPUCTAITI3aLiiHUX BIaCTUBOCTEH.

VY fesKuX BUMNAAKAaX KpPUCTANi3allisi MOXe BiOYBaTHCS CaMOYHMHHO.
ITpucyTthicTs Fe?* BUKIMKae KpUCTasli3aliio CK/Ia WBHILE i CyTTEBille, Hixk
Fe3*. e noB’s3aHo 3 posunio Moaudikatopa Fe?*, o smosxke audyHyBaTy Ta
CTUMYJIIOBATH KpHCTanizalito, Toai sk Fe3* Bigirpae ponb ciTkoyTBOproBaua
Ta € MEHII PyXOMHUM. [OHM TPUBAJIEHTHOI'O 3aji3a MOXYTb MPHBOJIUTU JIO
YTBOPEHHSI MarHETUTY, SIKMH, BUKPUCTAJII30BYIOUHChH TIEPIIMM 3 CHIIIKATHOTO
posmiaBy mpu  Temmeparypax Hwkue 1300 °C, migBumye —iioro
FETEPOTEHHICTE 1 36inbiye B s3kicTh!®. [Ipu KpucTamizauii 3ami30BMiCHHX
CTEKOJ YTBOPIOKOThCs Kpuctanu reMatuty (Fe;O3) abo marnerut FesOs, sixi

14 Plemiannikov M., Zhdaniuk N. Determination of the influence of temperature,
concentration of ferric oxides and oxidative conditions of glass boiling on the displacement
of the equilibrium of ferric oxides Fe2O3—FeO. Technology Audit and Production
Reserves, 2023. 3(1(71). C 10-14. https://doi.org/10.15587/2706-5448.2023.283267
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HAAIOTh CKJIy MAarHiTHHX BJIACTHBOCTEH 3a pPaxyHOK HasBHOCTI B HHX
KJIACTepiB 200 KPHUCTATIB 3 MAarHITHUMH BJIaCTHBOCTSIMHU.

TakyuM YMHOM, MOJKHA BIIAMITHUTH, IO BEJMKA KIJIBKICTh BJIACTHBOCTEH
CKIITHUX PO3IUIABIB 1 TOTOBOTO CKJIa OYIyTh 3aJI€)KATH Bil piBHOBAru OKCHIIB
depymy®®. ¥V mepury uepry mi BIAacTHBOCTI OyAyTh iCTOTHO 3aj€KaTH Bij
KOOpAMHAINI KaTiOHIB 3aii3a, iX KOHIIEHTpAIlii, OKHCHO-BiTHOBHHUX YMOB
BapiHHsA CKJIa Ta Temneparypu o7,

3aKpuCTaTi30BaHi 3pa3ky MOKPAIyBalld CBOT JICKOPATHUBHI BIACTHBOCTI y
MOPIBHSAHHI 3 BHUXIJHAMH. BUKIIOUCHHS CKJIaNalOTh 3pa3KH 3 BHCOKUM
BmictoM NayO.

@ Bucoxa i do kp izauii

— % Mgo

@ Copednn sdammicme 0o kpucmanisauii
@) Husbka 30amuicmes do kpucmanizayii

Puc. 6. 3paTHicTh 10 KpucTadi3alil cTekoJ y cucTeMi
((Fe203-Fe0)-SiO2)-MgO-Na.0

3menmenHsaM Bmicty MO Tta mipgBumenss Bmicty Na;O monax 10%
CYTTEBO BILUIMBAE HA 3HIKEHHS KPUCTANI3alIi{HOT 3JaTHOCTI CTEKOJI CHCTEMH
((Fe203-Fe0)-Si0,)-MgO-Na,0.

15 Calas G., Petiau J. Coordination of iron in oxide glasses through high-resolution
K-edge spectra: information from the pre-edge. Solid state communications. 1982. 48(7).
P. 625-629.

16 Calas G., Petiau J. Coordination of iron in oxide glasses through high-resolution
K-edge spectra: information from the pre-edge. Solid state communications. 1982. 48(7).
P. 625-629.

17 Chen S.H., Soh AK. The capillary force in micro- and nano-indentation with
different indenter shapes. International Journal of Solids and Structures. — 2008. V. 45.
P. 3122-3137.
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3. MiHepaJjioriynuii ckjIaj cuTaJiB,
OTPUMAHHUX 3 BiAIX0AiB pyao30arayeHHs

PentrenotasoBuii aHami3 3miiicHIOBaBcs Ha mudpaktomerpi JTPOH 3M.
Penrrenisebka TpyOka: CuKa. U = 30kV. Inenrndikariiro dha3s 3milicHoBamm
3a moroMororo kaptoreku [CDD.

PentrenodasoBuii aHaimiz OyB 3MiHCHEHUH BHOIPKOBO JJIST IBOX CKIIAJIB,
MO3HAYEHHUX Ha puc. 7 Toukamu 2 i 5. SIk BUTiKae 3 peHTreHorpamu (i Le
LJIKOM OYiKyBaHO), B MPOJYKTax KpUCTaji3amii MIMPOKO MpeNCTaBiIeH]
MiHepajHu Ha OCHOBI OKCHIIB (epyMy; reMatut — Fe;O3; maraetut — Fes0sq,
(depo-marnesianpHas mminens - MQO-Fe;Os. IlpucyTHi TakoXX cHIiKaTé
KanblIifo i MarHiroo: gioncua - Ca0-MgO-2SiOy; kininoenctatur - MgO-SiOs,.
Y BHCOKOKpeMHe3eMHCTOro ckiaxy Ne2 B TNpoAyKTax KpucTamizamil
HPUCTYHii Takox kpucTobamt - Si0*8,

o
* N

Fe203

Fea0s

MgO - Fe203
Ca0-MgO-2Si02

MgO- SiOz

D ox0O<e

Si02 (kpucTobanir)

+

T 1 T T T T T T T T T T 1T T 1T
46 44 42 40 38 36 34 3%930 28 26 24 22 20 18

Puc. 7. lndpaxrorpamu 3paskis cucremu ((Fe203-FeO)-SiOz)-
MgO-NazO 1- ckaag Ne 2; 2 - ckaag Ne 5

18 TTnemsnnikos M.M., Xnaniox H.B. BuBUeHHS MOXIIHBOCTI yTHTi3anii BiIXoniB
METaJTypridHUX BUPOOHMLTB IJI1 OTPUMAHHS CKIOKpPUCTalNiYHMX MatepiamiB. Norwegian
Journal of development of the International Science. 2020. Ne 42 (1). P. 51-58.
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[IpoBeneHi MOCHIHKEHHS 13 CHCTEMaMH, IO MM MiJABUINEHUH BMICT
Al,0s3.  JTocmijpkeHHs MOKasaaM, IO JUIS BCIiX 3paskiB  XapakTepHi
TTOJTIMiHEPAJTbHICTh Ta BUCOKHH CTYIIIHb 3aKpUCTaIi30BaHOCTI. Po3mmdposka
TUGPaKTOrpaM TPOBOIMIACS TI0 TOMIHYIOUHM ITiKaM, 3 METOIO TOIIYKY Ta
imenTugikamii 3amizoBmicHnx MidepaniB. B cucremi ((Fe203-Fe0)-SiOy)-
Al;03-Na2O mpu OKHMCHMX yMOBax KpHCTadizalii B KpHCTadiuHii ¢asi
nominyrote  rematut  (Fe;O3) Ta  eripunit  (NaxO-Fe 034Si0y).
3 amomocuiikatie — mpucytHii Hedpemin (Na20-Alp03-2Si0,). Ilpu
BIZTHOBJIIOBAJILHUX YMOBAaX KpHCTali3alil B KPUCTATIYHIA (a3l JOMIHYIOTh
BroctuT (FeO) i gasutit (2Fe0-Si02). 3 anroMocuiikaTiB IPUCYTHIH anbOiT
(Nazo'A1203'6Si02).

Takum ynHOM, K cucteMi ((Fe 03-Fe0)-SiO2)-Al,03-Na;O npu oxucHUX
YMOBaxX YTBOPIOKOThCS MiHepany 3 Fe®*, npu BigHosmoBanbHux — Fe?*,

B cucremi ((Fe203-Fe0)-Si0O2)-Al;03-MgO  mpu  OKHMCIIOBAIBHHX 1
BiIHOBHUX YMOBax KpHCTaNi3allil CIIOCTEPIraloThCA OJHI 1 Ti K KPUCTATIvHI
¢asm: omiBiam 2(Mg,Fe)O-SiOz, repumn FeO-AlO3, Meracwimikar 3aiiza
FeO-SiO2 Tta mminenp MgO-AlO3. Takum 4YHHOM, NPH OKUCHUX Ta
BIIHOBHUX yYMOBax KpHCTaTi3aIlii YTBOPIOIOTHCS TIILKH MIiHEpAIH 3 10HOM
Fe?*. Cnuna BigMiHHICTH TONArac B TOMY, LIO Y BiIHOBHMX YMOBax
KpuCTaisalii peiexcu Minepaiis 3 ionom Fe?* Ginbun inTeHcuBHi .

TakuM YMHOM, BHECEHHS aaioMiHiii okcuay y cuctemy ((Fe20s3-FeO)-
Si02)-Na,0-MgO mpuBOAXTE 10 YTBOPEHHS HACTYIIHUX MiHEpaiB:. HedemiHn
(Na2O-Al;03:2Si0y), amsbit (Na0-Al03:6Si02), repuun FeO-AlO3 Ta
mmmiaens MgO-AlxOa.

4. OuiHka TeXHOJIOrYHHUX i 1eKOPATUBHUX BJIACTUBOCTEMH
CHHTE30BAHMX CTEKOJI TA CKJIOKPHCTAJIYHUX MaTepiaiB
OmiHKy BapmibHOI 3JaTHOCTI 3pa3KiB, arpecHBHOCTI CKJIOMAacH IO
BiJHOIICHHIO 10 IIAMOTY, OI[IHKH pPeNbe(y TOBEPXHI Ta IEKOPATHBHUX
BJIACTHBOCTEH OTPUMaHMX MarepiaiiB MpOBOAMIM Bi3dyanbHo. [IpoBoamiu
ouinky Kputepil OLIHIOBaHHS TEXHOJOTIYHMX Ta  JEKOPAaTHBHHX
BJIACTHBOCTEH onucaHi y Tadmiuii 2.

Tabmuws 2

¥ Mnemsaunikos M.M., Xnantok H.B. ®epocuikaTHi CKIOKpUCTATIUHI MaTepiany Ha
OCHOBI BiIXo[iB pyno30arauenns. [Turanns ximii Ta ximiunol TexHomorii. 2021, No. 2,

pp. 95-103. DOI: 10.32434/0321-4095-2021-135-2-95-103
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KpuTepii olliHKH TeXHOJIOTIYHUX Ta IEKOPATHUBHUX BJIACTHBOCTE

OTPUMAHMX MaTepiaJiB

banu Oninka
Kpurepii oninkn BapuibHOI 31aTHOCTI cKJIa

0 TOMOTE€HHHI CHIIKATHUN PO3IUIaB HE MOXKe OyTH OTPUMAHHH TPU MPHAHATHUX
TeMIepaTypax

1 TFOMOTE€HHHU# CHJIIKATHUI pO3IUIaB iIMOBIPHO MOXe OyTH OTpUMAaHHA, ajie sl LbOro
HeoOXi/iHi OiIbII BHCOKI TeMIepaTypH i OLIbII TpHBAIIHI Yac

2 TOMOTCHHHUI CHITIKATHUI po3ILiaB Moxke OyTH oTpUMaHuii pu Temmnepatypi 1500°C
MPOTIrOM 2-X TOJMH

3 TOMOTE€HHUH CHIIIKAaTHHIH po3IuIaB Moke OyTH oTpuMaHuid pu TemmepaTypi 1400°C
MPOTSrOM 2-X TOJMH
Kpurepii oninku arpecHBHOCTI CKJIOMACH 10 BiTHOIIEHHIO 10 IIAMOTY

0 B3a€MOJIiT HeMae

1 B3a€MO/Iii PO3ILIABY 3 BOTHETPUBOM Clla0Ke

2 I1iJ1 Yac BapiHHS BiJI0YBA€THCS MOTOHIICHHSI THIJIS 3 PU3MKOM BHTIKaHHS PO3ILIABY

3 CKJIOMACy 3BapHTH HEMOXJIUBO, BiIOYBAa€TbCs pPO3’iNaHHS THUIISL 1 BHTIKaHHS
PO3ILIaBY
Kpurepii oninkn pesibedy nmoBepxHi oTpuMaHuX MaTepiaiiB
(YHCEJbHHUK - CKJIO, 3HAMEHHHUK - 3pa30K MicJisi KpUCTaTi3aiii)

0 MTOBEPXHIO i/1eaJIbHO BOTHEHHO-TIOJIipOBaHa

1 MOBEPXHIO 3JIerKa XBHIICTA

2 MMOBEPXHS M€ MIOPCTKY TEKCTYPY

3 JIy’Ke CHJIbHE BUKPUBJICHHS TOBEPXHI
OuiHka 1eKOpPaTHBHUX BJIACTHBOCTEI OTPHMAaHHUX MaTepiajiB
(YMCeILHUK - CKJIO0, 3HAMEHHHK - 3Pa30K MicJIsl KpUCTATi3amii)

0 JIEKOPAaTHBHHX BJIACTHBOCTEH HEMAe

1 JICKOPATHBHI BJIACTHBOCTI CJIa0Ki

2 JICKOPATHBHI BJIACTHBOCTI Ha PiBHI BiIOMHX

3 0CO0JIMBI IEKOPATHBHI BIACTUBOCTI BiIPI3HAIOTHCS HOBU3HOIO

PesynpTaTH OLIHKHM TEXHOJNOTIYHUX Ta JCKOPATHBHHX BJIACTUBOCTEH
OTPUMAaHMX MaTepiajgiB 3BeleHi B Tabmumio 3. BpaxoByroum Bci
XapaKTepUCTUKH 3pasKiB MOXXHAa KOHCTATYBaTH, WO JUIsi BHPOOHHITBA
JUIOBAFHIX MaTepiaiB MOXKYTh OyTH BHKOpHCTaHi ckimamgu Ne 2, 5, 6, 8, 9,
10, 12, 15. OnTUMaTBHUMHE cKITagaMu € 5, 6, 10 ta 152,

Tabmuwus 3

2 [TnemsunikoB M.M., X nantok H.B. ®epocuikaTHi CKIOKpHCTaTiuHi MaTepiany Ha
OCHOBI Bi/IX0/1iB pyno30aradeHHs. [IutanHs Ximil Ta ximiuHoi TexHouorii. 2021, No. 2,
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3BeeHi pe3yIbTaTH OLIHKH TEXHOJOTTYHUX Ta 1EKOPATHBHUX
BJACTHBOCTElH OTPUMAHHX MaTepiaJiB

CkJana, % Jlexopa-
Homep Bapuibna Ar;;i;:l;- Peaved THBHI
TOYKH [ «X» Na,O MgO | smatmicTh NoBepXHi | BJIaCTH-
po3miaBy Bocti
1 100 0 0 0 0 0/0 0/0
2 90 10 0 2 0 0/1 1/0
3 90 0 10 0 0 0/0 0/0
4 80 20 0 3 1 0/2 1/0
5 80 10 10 3 1 0/1 1/1
6 80 0 20 3 2 0/0 1/3
7 70 30 0 3 1 1/3 0/0
8 70 20 10 3 1 0/1 1/0
9 70 10 20 3 1 0/1 1/0
10 70 0 30 3 2 0/1 1/3
11 60 40 0 3 1 1/3 0/0
12 60 30 10 3 1 0/2 1/0
13 60 20 20 3 1 0/1 1/1
14 60 10 30 0 1 1/0 1/0
15 60 0 40 3 2 0/3 1/2

Ha puc. 8 npuBeneni ¢ororpadii oTpumanux MaTepiajiB, sIKI MOXYTb
OyTH BUKOPHUCTaHI SIK JINIFOBAJIbHA IUIUTKA.

Puc. 8. 3pasku 0oTpUMaHUX CKIOKPUCTAJIYHMX MaTepiaaiB

MakpoxBWIACTa CTPYKTypa TMOBEpXHI 3 Tpajali€lo KOJbOPHOCTI
00yMOBIIEHa BHCOKOIO CXWibHicTIO ckianiB cuctemu ((Fe20s3-FeO)-SiOy)-
MgO-Na,O no makpodiksarii.

OTpuMaHi MaTepiaJii 3 He3BUYaHHUMHU JIEKOPAaTUBHUMH BIIACTHBOCTSIMH,
mo o0yMmoBIeHI OCOONMBMMH  (i3UKO-ONTHYHHMH  BIIACTHBOCTSIMU
HANTOHIIOI TTOBEPXHEBOI IUTIBKM, K4 YTBOPIOETHCS B XOZ1 HAaIPaBICHOI
kpuctamizamii. ToBmHA OTpHMaHOi IIIIBKM CHIiBpO3MipHA 3 IOBXHHAMHU
XBWJIb BHIUMOTO Jiama3oHy cBiTia. [Ipo me cBiguuTh edekT ipuzamii 3a
paxyHok iHTepdepeHmii cBitna (puc. 9, a). Y neskux BUNAAKaX MOBEPXHS
3paskiB Mana MeraniyHui Osuck. Takuit edexkT MoXHa TOSCHUTH
KpHCTaJli3ali€l0 B IOBEPXHEBOMY MIapi TreMaTuTy, SKHH Mae€ MOKa3HHK
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3aJIOMJICHHS N =~ 3, SIKHH 00yMOBHUTH BUCOKHUH KOePiIlieHT BimOUTTS. Takum
YHHOM, XBIJIICTICTP NOBEPXHI, KOJipHa MajiTpa i OMHCK 0OYMOBIIOE
JIEKOPATHBHI BIACTUBOCTI OTPUMaHUX MaTepialliB.

ITicns  kpwucramizamii OTpUMaHOrO CKJa TIOBEPXHS 3pa3ka HalyBae
BUpaXXCHUX penbe@HUX (opM. SIBUIIE MOXKHA IOSCHUTH IONEPEIHBOIO
MaKpOJIIKBAITIEI0 PO3IIJIaBiB Ta PIi3HOK PO3YMHHBCTIO OKCHIIB (epymy B
MaKpOreTepOreHHOMY po3IlIaBi. B pe3ynbrari Ha HOBepXHi BUPOOY MOXYTh
yTBOpIoBatucs penbedHi BizepyHku. KosipHa rama oTpuMaHHMX MarepiaiiB
Mae BiITIHKH YOPHOTO, CipOro, 4epBOHO-0YPOTo, 3€JICHOT0, 110 CBIAYHUTH ITPO
NIPUCYTHICTh Yy iX IOBEPXHEBOMY Iapi 3aJi30BMICHUX KpHCTAIIuHHUX (a3
(puc. 5, 6)%.

a) 6)

Puc. 9. 3pa3ku ckJjia (a) Ta CKJIOKPHUCTAJIYHOr0 MaTepiay (0)

TakuM YHHOM, NPOBEACHI JOCHIPKEHHS MIATBEPIMWIN, IO BIiIXOAH
pyZao30aradeHHss MOXKyTb OyTH yTHIII30BaHI 332 CKISIHOIO TEXHOJIOTIE0 JUIS
OTpPHMaHHS OOJIMIIOBAILHUX MaTepialliB 3 ICKOPATUBHUM €(DEKTOM.

BUCHOBKH

[IpoBeneHO KOMIUIEKCHE MOCII/DKEHHS CKJIOYTBOPEHHS Y CHCTEMax
((FeO+Fez053)-Si0,-MgO-Na;O. BuBueHO BIUIMB XIMIYHOTO CKIagy Ha
BapwibHi Ta (hOpMyBasibHI XapaKTEPHCTUKH CKJISHOI Macu. BcraHoBIeHi
ONTHMAJBHI  CKIIQJIM IIWUXTH, BU3HAYCHO TEMIIEPAaTypH Bidmamy 1
pO3M’SKIICHHS CKJIA.

BuBuena kpucramizamiiina 3gaTHicTe ckimaniB y cucremax ((FeO+Fe 0s)-
Si0;)-MgO-Na;O Ta BcTaHOBIIEHI ONTUMAITBHI PEKUME TEPMOOOPOOKH 3 METOIO
OTPUMAaHHS CKJIOKPUCTAIYHUX MaTepiajliB Ta BUBYCHO BIUIMB XiMIYHOTO CKIIALY
Ha BJIACTHBOCTI CKJIA TA CKJIOKPHCTAJIIYHUX MaTepianiB. 3aKpHCTalli30BaHi 3pa3Ku

2 [nemsunikoB M.M., X nantok H.B. ®epocutikaTHi CKIOKpHCTaTiuHI MaTepiany Ha
OCHOBI Bimxo/iB pymo30arauenns. ITuranus ximii Ta ximiunoi TexHosorii. 2021, No. 2,
pp. 95-103. DOI: 10.32434/0321-4095-2021-135-2-95-103
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TOKpAIlyBalld CBOI JEKOPATHUBHI BIACTHBOCTI Yy TIOPIBHSHHI 3 BUXiJIHUMH.
BuksroueHHs Ckitaay 3pasky 3 BUCOKUM BMicToMm NagO.

B mpoaykrax kpucTanmizamii Ckja IIMPOKO MPEICTABIICHI MiHEpaIH Ha
OCHOBI1 OKCHIIB (hepyMy: TeMaTUT, MarHETUT, (pepo-MarHe3iabHas IITiHeb.
Takok TPHUCYTHI CHIIIKATH KAJNbBINIO 1 MarHiro: TIOTICH] Ta KIiHOCHCTATHUT.
VY BHCOKOKPEMHE3eMHCTHX CKIIQJaX B MPOAYKTaX KPHCTai3allil MpUCTYHIN
TaKOX KPUCTOOAIIIT.

TakuMm 4YHHOM, NPOBEICHI MOCHIPKCHHS MIATBEPIMWIM, IO BIiIXOAH
pyao30aradeHHss MOXKYTb OyTH YTHIII30BaHI 32 CKISIHOIO TEXHOJIOTIEO JUISt
OTPUMAHHS OOJIUIFOBAIEHUX MaTepialiB 3 JEKOPATUBHUM C(EKTOM.

AHOTALIS

Y po0oTi JocmiKeHa MOMIIHMBICTh YTHIII3aIlii BiAXOJIB 30aradcHHS
3ali3HUX PYA 32 CKISIHOK TEXHOJori€r. Po3po0ieHo ckimagud HOBUX
CKIIOKPHCTATIYHMUX  MaTepialmiB 3 BHCOKAMH TEXHOJIOTIYHHIMH Ta
JIEKOPAaTUBHUMH BJIACTHBOCTAMHU. BuBueHo BB no6aBok MgO ta Na O Ha
TEXHOJIOTIYHI ~ XapaKTEePUCTHKH CKIOMOMIOHMX Ta CKIOKPUCTaTigHUX
MarepialliB Ha OCHOBI XBOCTIB py1030aradcHHs.

Bu3HaueHo onTHMaNbHI TEMIIEpaTypU CUHTE3Y, BiIaly Ta KpUCTaTi3alil
3paskiB ckna y cucteMi ((Fe;03-Fe0)-SiOz)-MgO-Na;O. Bonu ckiiagaioth
1450 £+ 10 °C, 500-600 °C Ta 700-800 °C BiamoBigHo.

JunatoMeTpuuHi  JOCHIDKEHHS  MIATBEPIWIH, IO  HAWOUIbII
TYrOIUNIaBKUMH € BHCOMarHesiajbHi cknaau. ®ponr i3ominid Tg, i Tp
3HIKYIOTBCS B Oik 3MeHIIeHHs BMicty MgO, a maii BiJ CTOPOHH TPUKYTHHAKA
«X»-MgO. Cueny ¢umrocyrouy nito Hamae Na)O. Bemmuman TKIIP
OTPHMAaHHX 3pa3KiB 3MiHIOETECA B Hiamasowi (80+140)-1077, K2,

B mpoaykrax kpucranmizamii IIMPOKO MPeICTaBlIeHI MiHEpaIn HA OCHOBI
okcuaiB  ¢Gepymy. B cucremi ((Fe;O3-FeO)-SiOz)-MgO-Na;O npucythi
TeMaTUT, MAarHeTHT, (epo-MarHe3iajdbHas IIMiHENb, a TAaKOX CHIIKAaTH
KaJIbLIiI0 1 MarHito: JIONCHUJ Ta KIIHOGHCTATHT. Y BHCOKOKPEMHE3EMHCTHX
CKJIaIax B IPOJYKTax KpUCTali3allil MPUCTYHIH TaKOXK KPHUCTOOAIT.

Bigxoau pynosz0aradeHHsT MOXYTh OyTH YTHIII30BaHI 3a CKISIHOIO
TEXHOJIOTIEI JJIsl OTPUMAaHHS OOJIMIFOBAJIBHUX MaTepialiB 3 AeKOPaTHBHUM
e eKToM.
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INNOVATIVE TECHNOLOGY FOR JOINT PURIFICATION
OF HIGHLY MINERALIZED MINE WATER
AND BOILER-ROOM EMISSIONS

Kovrov O. S., Kulikova D. V.

INTRODUCTION

Industrial wastewater from mining and metallurgical enterprises is a large-
scale source of water pollution. Suspended solids, salts heavy metals,
petroleum products, and other substances contained in the polluted water can
further accumulate in water bodies and aquatic organisms, causing negative
environmental processes of pollution and migration.

Some promising methods for wastewater treatment from coal industry
enterprises are demineralization, desalting, ultrafiltration, reverse osmosis,
etc. The use of these methods makes it possible to reduce the content of
mineral and salt components not only to the requirements for discharge into
surface water bodies but also to use for technical and economic purposes and
household needs. The reuse of treated wastewater for technical water supply
will eliminate the existing shortage of freshwater resources.

The problem of reducing technogenic pressure on the hydrosphere is
particularly important in the mining industry since highly mineralized waters from
mining enterprises significantly disrupt the stability of aquatic ecosystems. The
proposed scheme for the purification of highly mineralized mine waters using ion
exchange and sedimentation methods will allow for maximum extraction of salt
components from mine waters, as well as cleansing of gas emissions from an
industrial boiler house. The introduction of a mine water treatment scheme at a
mining enterprise will make it possible to eliminate as much as possible excess
discharges of sulfates, chlorides, and other pollutants, and use purified water in
technological processes or transfer it to secondary water users for technical needs.

1. Analysis of the relevant research and formulating
the purpose of the study
Many works have been devoted to the influence of highly mineralized
mine waters on surface water bodies. Mine waters have a significant impact
on the state of surface water bodies and groundwater both locally and on a
regional scale, which is reflected in various environmental risk assessments?,
although the methodology of such approaches is not always clear.

! Gorova A., Pavlychenko A., Borysovs’ka O., Krups’ka L. The development of
methodology for assessment of environmental risk degree in mining regions. Annual
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In the paper?, specific indicators characterizing the assimilation capacity
of water resources in the Dnepropetrovsk region are analyzed. It has been
established that for the water basin of the Dnipro River including tributes of
Samara River and Vovcha River, this indicator is characterized as “high”,
which indicates significant pollution of surface water bodies with mine waters.
It is not clear from the article how the mineral or organic pollution of rivers
affects the calculated indicators.

Mine waters can have a negative impact even after mining operations
cease. Thus, after the closure of the mine, the groundwater level rises, causing
soil contamination with heavy metals and minerals®.

The well-known phenomenon of mine acid drainage, associated with the
oxidation of FeS; in mine waters and waste, and the release of Fe?* and H*,
deserves special attention. Chemical reactions contribute to a decrease in pH
and leaching of heavy metals with subsequent pollution of surface water
bodies*.

Due to the urgency of the problem of mine water, various improved
treatment facilities are proposed, primarily modified mechanical settling tanks
and sedimentation facilities® ¢, the efficiency of which reaches 96-98%.

Vacuum membrane technologies with distillation are widely used, aimed
at removing particles and dissolved impurities by evaporation and
condensation, which imitates natural processes’.

Combined processes of direct and reverse osmosis, the effectiveness of
which depends on the effective configuration of the equipment, the chemical
composition, and the structure of the membranes, have become classical
methods for treating highly mineralized mine waters®.

Scientific Technical Collection — Mining of Mineral Deposit. 2013. P. 207-209.
https://doi.org/10.1201/b16354.

2 Kulikova D., Kovrov O., Buchavy Y., Fedotov V. GIS-based Assessment of the
Assimilative Capacity of Rivers in Dnipropetrovsk R%gion. Journal of Geology, Geography
and Geoecology. 2018. Ne 27(2), P. 274-285. https://doi.org/10.15421/111851.

% Arefieva O., Nazarkina A., Gruschakova N., Skurikhina J., Kolycheva V. Impact of
mine waters on chemical composition of soil in the Partizansk Coal Basin, Russia.
International Soil and Water Conservation Research. 2019. Ne 7(1). P. 57-63.
https://doi.org/10.1016/j.iswcr.2019.01.001.

4 Jonsson J., Jonsson J., Lovgren L. Precipitation of secondary Fe(III) minerals from
acid mine drainage. Applied Geochemistry. 2006. Vol. 21, Ne 3, P. 437-445.
https://doi.org/10.1016/j.apgeochem.2005.12.008.

5 Kolesnyk V., Kulikova D., Kovrov S. In-stream settling tank for effective mine water
clarification.  Minin of Mineral Deposits. 2013. Vol. 1, 285-289.
https://doi.org/10.1201/b16354-52.

6 Kovrov O., Kulikova D. Improvement of the mine water purification efficiency via
modified settlin% tank. Ecological Engineering & Environmental Technology, 2022.
Ne 23%1). 65-75. https://doi.org/10.12912/27197050/142943.

7 Sivakumar M., Ramezanianpour M., O’Halloran G. Mine Water Treatment Using a
Vacuum Membrane Distillation System. APCBEE Procedia. 2013. Vol. 5, P. 157-162.
https://doi.org/10.1016/j.apcbee.2013.05.028.

8 Thiruvenkatachari R., Su S., Cunnington M. 14-FO-RO for mining wastewater
treatment. Current Trends and Future Developments on (Bio-) Membranes Reverse and
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A study® investigated the separation of uranium from other anions present
in acidic mine water using batch and column ion exchange techniques.

The anthropogenic load on water reservoirs in the region has reached a
level that threatens the population’s health. A cause-and-effect relationship
between the qualitative and quantitative state of the surface waters of the
Samara River and certain diseases of the population living in the Western
Donbas region has been presented in the paper®.

The analysis of recent studies and publications indicates that the problem
of highly mineralized mine water is one of the key ones in the range of
environmental activities of mining enterprises.

Identification of previously unresolved parts of the general problem to
which the article is devoted. In practice, the application of the above methods
to reduce the salinity of mine waters is very problematic for two reasons.
Firstly, significant capital and operating costs for the main technological
processes of water treatment and the high cost of reagents. Secondly, the
disposal of salt products of water treatment is a practically insoluble problem
due to the lack of specialized landfills for the disposal of mineral components
of mine water.

Considering the above-presented research, there is a need to search for
alternative, unique, and economically feasible engineering solutions in the
field of purification of highly mineralized mine waters and disposal of salt
sediments.

The purpose of the study is to substantiate a comprehensive technology for
the purification of mine waters and boiler room gaseous emissions using the
ion exchange sorption method.

2. General information about the enterprise for design implementation

A coal mine “Ukraina” of the State Enterprise “Selydivvugillya” is located
in the City of Ukrainsk (Donetsk region, Eastern Ukraine) and was put into
operation in 1963 with a production capacity of 1200 thousand tons of coal
per year (Fig. 1).

Forward = Osmosis:  Principles, %)Ilcatlons Advances. 2020. P. 325-336.
https //doi.org/10.1016/B978- 0 12-816777-9.00014-9.

% Queiroz Ladeira A.C., Gongalves C.R. Influence of anionic species on uranium
separation from acid mine water using strong base resins. Journal of Hazardous Materials.
2007. Vol. 148, Ne 3, P. 499-504. https://doi.org/10.1016/j.jhazmat.2007.03.003.

10 OcHoBHi TexHiuHi pinleHHs s OyiBHUNTBA MINOTHOI YCTAHOBKM IS XiMiYHOT
OUMCTKH CTIYHHUX BOJ Ha CXizHOMY ripHH4o30aradyBanbHOMy koMOiHati: [TpoekT. XKoBTi
Bomu: YkpalHChbKHMIT HayKOBO-AOCHIZHUHA Ta IMPOEKTHO-PO3BIAYBAaJbHHN IHCTHTYT
npomucioBoi TexHosnorii, 2002. Apx. Ne 14183. 126 c.
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Fig. 1. General map of Ukraine (a) and location of the Ukrainsk City (b)
in Donetsk Oblast of Ukraine. The population of Ukrainsk is 10,655
residents (2022).

Source: https://mapcarta.com/13727220

The most significant source of air pollution at the mine is an industrial
boiler house with a capacity of 16 Gcal/h of heat in the form of steam with a
pressure of 0.3-0.5 MPa. The boiler room has 4 boilers of type DKVR-6.5/13.
The maximum coal consumption is 8674 kg/h, 15.6 thousand tons/year. To
purify exhaust flue gases, battery cyclones of the BC type are used with an
efficiency of 80-86% to reduce emissions of solid dust particles. After partial
purification, the flue gases are released into the atmosphere through a brick
chimney with a height of 45 m and a mouth diameter of 1500 mm?*, Emissions
of pollutants into the atmosphere from the industrial boiler house of the
Ukraine mine are given in Table 1.

Table 1
Gross emissions from the mine boiler house
Maximum permissible Actual pollutant
Name of pollutants emission rates emission rates

gls t/year gls t/year
Dust with SiO, (20-70%) 19.6 56.89 9.4 31,878

Sulfur dioxide (SO,) 11.9 356.1 9.7 243
Carbon monoxide (CO) 11.54 34.25 414 49.66
Nitrogen oxides (NO,) 5.43 18.11 8.5 23,355

Analyzing Table 1, it can be noted that the most significant factors of
negative impact on the state of the atmosphere are emissions of solid dust and

1 TIpoext maxtu «Yxpaina» JI1 «CemmuieByriuisy. Tom. 1 TToscHIOBaNbHA 3aIUCKA.
Kuura 4 «OxopoHa HaBKOJMIIHBOIO MPUPOJHOrO cepenoBuiiay. Jninponerposebk: [I
«/Ininpoxinpomaxt», 1999. 127 c.
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sulfur dioxide, which is due to the high sulfur content of coal. At the same
time, gaseous substances are not captured??,

3. Qualitative and quantitative characteristics discharged mine water

The mineralization of mine waters primarily originates from the mineral
content of groundwater, the chemical composition of which forms under the
combined influence of various factors: lithological and mineralogical
composition of rocks, recharge conditions of aquifers and intensity of water
exchange, climate, anthropogenic factors, etc. Before underground water
enters the mine, the chemical composition is formed by salts washed out
during infiltration of surface waters containing free carbon dioxide and
oxygen, which increase the solubility of calcium and magnesium carbonates.
As a result, the water is mineralized by sulfates and chlorides after their
contact with easily soluble rocks such as gypsum, halite, and mirabilite. When
sodium bicarbonate water is mixed with calcium sulfate water, sodium sulfate
water is formed.

The underground waters of the minefield are confined to sediments of
Quaternary, Neogene, and Carboniferous ages. Groundwater of coal deposits has
hydro-chemical zoning. Sulfate-sodium-calcium waters with a mineralization of
2.6-3.1 g/l are developed to a depth of about 200 m. Deeper, up to 300-350 m,
sulfate-chloride-sodium-calcium waters are common, with a mineralization of
2.5-3.1 g/l. Chloride-sodium-calcium waters appear even lower.

Mine water is pumped to the surface of the mine by two drainage units. The
total inflow is up to 350 m%hour. Mine water is used for the production needs of
the “Ukraine” processing plant and the technical water supply of the mine, and the
rest is discharged through the outlet collector into the clarification pond and then
into the storage pond for settling suspended substances and further discharged into
the Vovcha River basin, the tribute of Dnipro River.

Table 2 presents the complete chemical composition of mine waters
discharged into a surface water basin of Vovcha River in comparison with
maximum permissible concentrations (MPC) for general and fishery standards*2.

In 1999, the coal mine “Ukraina” discharged 1219.1 thousand m® of
industrial wastewater containing substances whose concentrations
significantly exceeded the maximum permissible concentration for fishery
reservoirs.

The average volume of mine water is 1052 thousand m3/year. Considering
the use of mine water for the production needs of the mine, discharge into the

12 TIpoeKT HOpPMATHBIB TDAHMYHO JIONMYCTMMHX BUKHJIB IIaXTH «YKpaiHa»

JIT «CenupiBByrissa». — Mapiynons: I'pomancbke O0po 3  NPOEKTYBaHHS —Ta
HaJIarOJKEHHS MPUPOR00XopoHHoi TexHikH «Exomor», 2001. 96 c.

13 NIBH B.2.5-75:2013. Kawnamizamis. 3oBHimmHi Mepexi Ta cropyan. OCHOBHi
0JI0KeHHs npoekTyBanHs. Kuis, 2019. 96 c.
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Vovcha River (Dnipro River basin) is 2327 thousand m®/year. The qualitative
composition of mine waters indicates excess levels of chlorides and sulfates,
the high concentrations of which are due to the groundwater’s natural content.

Table 2
Chemical content and discharge of mine water
MPC, mg/l Discharge rates
Pollutants Common- Fishery 2020
use water water

bodies bodies mg/l tyear
1. Weighted substances 10.0 10.0 20.0 24.2
2.pH 6.5-8.5 7.6
3.COD 15.0 - 8.36 10.1
4. BOD full. 6.0 3.0 3.94 4.8
6. Ammonium salt. - 0.5 1.0 12
7. Nitrites 33 0.08 0.08 0.1
8. Nitrates 45.0 40.0 5.6 6.8
9. Dry residue 1000 1000 3391 4094
10. Chlorides 350 300 467 564
11. Sulfates 500 100 1419 1713
12. Mercury 0.0005 0.00001 n/a n/a
13. Cadmium 0.001 0.0005 n/a n/a
14. Lead 0.03 0.1 0.039 0.047
15. Arsenic 0.05 0.05
16. Chrome (V1) 0.05 0.001 0.04 0.048
17. Iron (total) 0.3 0.005 0.3 0.366
18. Manganese 0.1 0.01 0.117 0.141
19. Zinc 1.0 1.0 0.03 0.036
20. Nickel 0.1 0.01 0.028 0.034
21. Copper 1.0 0.001 0.012 0.015
22. Phenols 0.001 0.001 0.018 0.0022
24. Petroleum products 0.3 0.05 0.64 0.773
25. Potassium 12.0 12.6
26. Sodium 500.0 526.0
27. Calcium 300.0 315.6
28. Magnesium 175.0 184.1
29. Hardness (mg-eq/l) 29.3 30.8

4. Development of the technological scheme for joint purification
of mine water and boiler room gaseous emissions

Within the framework of this article, a comprehensive solution to the
environmental problems of the mine is proposed through the introduction of
chemical water treatment (CWT) technology for a boiler room. The main
technical solutions for the pilot industrial chemical water treatment plant of
the boiler at the coal mine “Ukraina” of the State Enterprise “Selydivvugillya”
were made based on the initial data.
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Technological facilities of the water treatment plant are designed for the
purification of mine waters to a quality that allows the use of purified water
for feeding steam boilers and domestic needs of the mine and the City of
Ukrainsk, irrigation of farmlands and discharge into fishery reservoirs with
associated purification of flue gases from dust, sulfur dioxide SO, nitrogen
oxides NOy and carbon dioxide CO».

The CWT technology of a mine boiler house includes the following
buildings and structures (Fig. 2): a one-story treatment building with overall
dimensions of 42x18 m? with an evaporation facility, a laboratory and
auxiliary premises; radial settling tank-thickener with a diameter of 25 m; two
containers with a volume of 40 m® each for receiving and storing 42% of
sodium hydroxide solution; tank for washing water with a volume of 200 m3;
ion exchange and washing columns; plate absorbers for adjusting the pH of
the purified water, as well as for preparing a regenerating solution (8% sodium
bicarbonate NaH,COs3) by absorbing carbon dioxide CO, with a NaOH
solution; pump equipment; pipeline rack from the treatment building to the
boiler room and radial thickener.

Two options for recycling liquid waste generated because of purification
using the ion exchange method are considered. To process liquid salt waste,
the first option provides for an evaporation plant and a landfill for dry salt
disposal. According to the second option, an evaporation pond with a capacity
of 2500 m?with an operating period of 10 years is provided for storing liquid
wastes'?,

The technological scheme for purifying mine water is based on the ion
exchange method. Mine water from the existing horizontal three-section
settling tank (V = 700 mq) in the amount of 120 m3h is supplied by pumps to
the boiler room water treatment plant. The mine water purification technology
includes the following technological operations.

1. Sorption of anions (CI- and SO4*) in a sorption pressure column (SPC)
on an AM brand anion exchanger. The operation of anion exchange extraction
of chloride and sulfate ions is carried out in a quasi-continuous cycle (with the
movement of portions of anion exchange resin through the regeneration and
washing zones into the working area) in devices with an upward flow of water
and solutions. Main characteristics of the ion exchange process: anion
exchanger capacity — 700 mEg/I; filtration rate — 20 m/hour; layer height is 6
m. Water from the column is supplied for the precipitation of Ca?* and Mg?*
cations, and the saturated anion exchanger is used for regeneration.

2. Regeneration of the anion exchanger with an 8% solution of sodium
bicarbonate Na,COQs in a countercurrent ion exchange column (CIEC). Main
characteristics of the ion exchange process: anion exchanger/solution ratio =
1:1.5; filtration speed — 2 m/hour; layer height is 6 m. The regenerative
solution from the column goes to an evaporation unit (Option 1) or to an
evaporation pond (Option 2), and the anion exchanger goes to washing.
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3. Washing the anion exchanger with purified water in the CIEC column.
Main characteristics of the process: filtration rate — 10-15 m/hour; washing
time — 20-30 minutes. The washed anion resin is returned to the ion exchange
column for sorption, and the wash water is used to prepare a regenerating
solution of sodium bicarbonate NaH,COs.

4. Precipitation of hardness cations Ca?* and Mg?* from water with a 42%
NaOH solution in a peripherally driven thickener (D=25 m), followed by
settling of the water. The water that has passed the working zone of the ion
exchange installation is supplied to the alkalization operation to pH values of
11.5-11.7, which ensures the effective formation of precipitates of magnesium
hydroxide Mg(OH), and calcium carbonate CaCOs. Main characteristics of
the process: process pH — 11.5-11.7; the rate of precipitation of suspensions is
0.5 mm/s. The solid phase after settling the suspension can be discharged
(7.5 m3hour) or mixed with the spent regenerate of the sorption unit (to
increase the pH value of the resulting suspension and, accordingly, the filtrate
undergoing the evaporation operation). Alkalinization is carried out in a
mixing tank, from which the suspension is sent to the settling operation and
then to filtration. The last two operations are carried out respectively in a radial
settling tank and a clarification filter with quartz sand or expanded clay.

5. Control filtration of suspended matter in rapid filters loaded with clay
or anthracite. Filtration speed — 10 m/h. The sludge from the thickener is
periodically pumped out to the mine dump.

6. Adjustment of pH of purified water using flue gases from the boiler room in
a plate absorber. Water filtered from suspended particles (no more than
1-5 mg/l) with a pH of 11.5-11.7 is supplied to the stage of neutralization with
carbon dioxide contained in the flue gases of the boiler room. The operation is
carried out in a spray absorber equipped with perforated or tubular type sink plates.
For preliminary purification of boiler room flue gases from sulfur and nitrogen
oxides, an absorber of a similar type and design is provided, where a 5-10%
NaOH solution is used as an absorption liquid. The gas mixture leaving this
absorber enters the inlet of the second absorber. As a result of the reaction of CO,
and NaOH, a 5-10% solution of NaH»COjs is formed, which enters the tank for
storing the regenerating solution and is used for desorption of chloride and sulfate
ions in the ion exchange extraction of mine water anions.

The regenerate of each block of the treatment plant in the amount of
10 m¥h is concentrated in a three-stage evaporation unit.

Water with pH 7.5-8.0 at the outlet of the absorber is sent to the consumer
to feed DKVR 6.5/13 steam boilers or, after mixing with the original mine
water, it is used to irrigate farmlands.

7. Water disinfection is carried out by active chlorine.

The results of the calculation of the chemical treatment technology by the ion
exchange method, carried out in accordance with the current standards for the
design of industrial wastewater treatment facilities, are presented in Table 3.

Considering that the boiler house provides for wet cleaning with two
absorbers with a cleaning efficiency of 99%, solid dust in the amount of
56.89 tons/year will be captured and transported to the rock dump in the form
of sludge.

174



The use of an anion exchange unit will reduce the content of sulfates and
chlorides in purified mine water by 98-99% (according to design indicators,
the total content of these ions will not exceed 50 mg/l). Considering the
efficiency of the ion exchange unit with a highly basic anion exchanger of the
AM brand, the discharge of sulfates will decrease by 1460.2 tons/year,
chlorides — by 455.7 tons/year.

Predicted results of the effectiveness of the use of CWT technology for a
boiler room emissions and mine water treatment are presented in the Table 3.

To mix HCO®*ionized water with caustic soda solution, it is recommended
to use two tanks equipped with mixers that ensure uniform distribution of the
introduced alkali solution in the shortest possible time period. The volume of
each tank is around 60-70 m3,

The settling of the resulting suspension and removal of calcium and
magnesium hydroxide sludge is carried out in a radial settling tank with a
central drive and a diameter of 25 m (the rate of precipitation of the suspended
mineral components U is 0.5 mm/s.

Table 3
Calculation results of ion exchange devices
for the boiler room chemical treatment plant
. . Indicator
No. Indicators Units values
1. For sorption of anions:
— productivity of purified water, Q mé/h 120
— total content of CI-, SO42", 3 Canions g/m® 2060
— working exchange capacity of anion exchanger, a g-eg/m® 700
— filtration rate of source water, Ws m/h 25
— residence time of the anion exchanger in the column, h 5
t
— ratio of the height of the anion exchanger layer inthe | dimension- 25
sorption column to its diameter, B, less
2. For anion desorption:
— productivity of regenerating solution, Qreq
— concentration of the regenerating solution NaH,COs, mé/h 10
Cc
— filtration rate of NaH,COjs solution, W, % 8
— residence time of the anion exchanger in the m/h 3
regeneration column, t; h 4
— ratio of the height of the anion exchanger layer inthe | dimension- 3.75
column to its diameter, B, less
3. To wash the anion resin:
— washing water productivity, Qou m¥h 15-20
— filtration rate of washing water (at a time of supply to
the column that ensures the volumetric flow rate of
washing water), Woy m/h 10-15
— ratio of the height of the anion exchanger layer to the
diameter of the column, V b/r 3.75
— residence time of the anion exchanger in the column, t h 4
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Clarified water from the sump goes to a mechanical filter filled with quartz
sand (expanded clay, crushed anthracite). The total filtration area is 13 m? (at a
filtration rate of 10 m/h), and the number of filters is 3. Considering the total
wastewater flow, for one block of the treatment plant it is recommended to use
three clarification filters with a diameter of 2.6 m with a backfill height of 1.0 m.

The filtrate of a mechanical filter with a suspended particle content of no
more than 1-1.5 mg/l and a pH value of 11.5-11.7 is supplied to the operation
of its acidification with CO»-containing gases. Acidification is carried out in
two absorbers by contacting the NaOH absorption solution with a gas mixture
that has undergone the first stage of purification from ash and sulfur oxides.
The diameter of each absorber is 0.75 m, the height (from the nozzle to the
drain mirror) is 1.0 m, the flue gas capacity (Qgas) is 8000 m%/h, and the
solution (water) capacity is 40 m3/h. Gas residence time (in the zone of contact
with the solution) 0.3 s. The number of failure plates is 3 pieces, located 300-
400 mm from each other.

For the first stage of cleaning the exhaust flue gases of the boiler room
from sulfur dioxide SO, and nitrogen oxides NOy, as well as obtaining a
regeneration solution of sodium bicarbonate Na,COs with a concentration of
8-10%, an absorber of similar dimensions is used as at the stage of acidifying
the filtrate of a mechanical filter. The total resistance on the gas line is 250-
300 mm water column for three absorbers.

Each absorber unit for producing sodium bicarbonate solution and
acidifying the filtrate is equipped with a special container with a stirrer.

Regenerates of the anion exchange unit for extracting mine water
components in an amount of 10 m%h contains the following compounds:

chloride ions (CI") — 7.45kg/m?;

sulfate-ions (SO4%) — 10.0 kg/m?;

bicarbonate ions (CO3%) — 38.4 kg/m?;

sodium ions — 24.0 kg/m?;

pH value — 8.5.

The regenerate, constituting 8% of the total salts (or 5.3% of sodium
bicarbonate), is subjected to a concentration operation in an evaporation plant
(Option 1) or sent to an evaporation pond (Option 2).

To concentrate the specified solution with an initial sodium bicarbonate
concentration of 5-15%, you can use a three-effect evaporation plant with a
direct-flow evaporation scheme, an initial heating steam pressure of 4 atm,
and t, = 143°C.

5. Environmental impact assessment

The pilot industrial chemical water treatment plant for the boiler house
proposed for use is an environmental protection facility to supply heat to the
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enterprise, purified mine water is used as a coolant, which is currently
discharged without treatment into the VVovcha River.

When implementing the project, emissions of boiler room flue gases into
the atmosphere will be significantly reduced. As a result of the introduction
of two-stage wet cleaning, ash, and dust are completely removed from flue
gases, and acid oxides (SO2, NOy) are removed by 95-99%, which are
converted into a liquid state in the form of slightly diluted acids.

The physicochemical composition of mine water before and after
treatment is given in Table 4.

Table 4
Physicochemical composition of mine water before and after treatment
. Concentration, mg/I
No. Pollutants Unit Primary water | Purified water
1. Suspended solids mg/l 20.0 10.0
2. pH value 7.8 7-8.5
3. Calcium (Ca?") mg/I 333
4. Magnesium (Mg*) mg/| 267 0.2-15
5. Chlorides (CI") mg/l 465 25
6. Sulfates (SO,*) mg/I 1490 25
7. Salinity mg/| 3640 <1000
8. Purified water performance th. m3/year - 3066
m®/hour - 350

Approximately 100 m%h of the total amount of mine water is used for the
technical needs of the mine, the rest is used in the warm season to irrigate
farmlands, or it is discharged into the Vovcha River in cold time.

The boiler room reduces the concentration of harmful substances in the
atmospheric air due to the capture of SO,, NOy, and solid particles of ash and soot
when adjusting the pH of the water and preparing the regenerating solution.

The main waste stuff from the waste treatment plant is sulfates, chlorides, and
calcium and magnesium carbonates. Two alternative options for storing and
processing liquid waste are offered. Option 1 provides for the construction of an
evaporation plant, an additional boiler unit with a capacity of 10 tons of steam per
hour, and a landfill for storing dry salts. Option 2 provides for the construction of
an evaporation pond with a capacity of 2,500 thousand m®. The sludge of calcium
and magnesium carbonates from the radial thickener in the form of pulp is
transported to the overburden dump located near the coal mine.

6. Qualitative composition of mine waters
The total amount of pumped mine water is 3066 thousand m?®year.
Considering the use of mine water for the production needs of the processing
plant and mine, discharge into the Vovcha River (Dnipro River basin) is 2327
thousand m3/year.

177




Finally, the application of the proposed technology of deep mine water
treatment will decrease the gross emissions of pollutants into the atmosphere
(Fig. 3) and minimize the discharge of mine water pollutants into the water
streams (Fig. 4).
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Fig. 3. Gross emissions of pollutants into the atmosphere
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CONCLUSIONS

Implementing a chemical water treatment project in practice can provide
the following advantages:

— a significant reduction in the discharge of insufficiently treated
wastewater into the hydrographic network with the maximum possible
extraction of mineral components;

— the possibility of using purified water for the technological needs of the
enterprise and feeding steam boilers of city boiler houses;

—reducing the use of drinking water in technological processes;

—associated cleaning of flue gases from a mine boiler house from gaseous
components;

—a significant reduction in fees for environmental pollution.

The novelty of the research lies in the fact that the use of complex chemical
water treatment technology will simultaneously reduce emissions of
pollutants into the atmosphere from an industrial boiler house, as well as the
content of sulfates and chlorides in treated mine water by 98-99%.

The proposed option for mine water purification significantly expands the
boundaries of the traditional use of the ion exchange method. In the near
future, the use of ion-selective sorbents will make it possible not only to purify
wastewater, but also to selectively extract valuable components from it.

The presented research results are the basis for making engineering
decisions in the field of reducing the discharge and purification of highly
mineralized mine waters. The introduction of such technologies with the
effective disposal of salt sediments will reduce the level of pollution of surface
water bodies with mineral substances and increase the environmental
efficiency of mining technologies.

SUMMARY

Purification of industrial wastewater from mining and metallurgical
enterprises is a complex and important task, especially in the context of
ensuring environmental safety standards and rational use of water resources.

The paper presents the results of experimental studies conducted in
laboratory conditions for conditioning of mine waters. Based on the design
and calculations, the technological scheme for the treatment of mine water at
the coal mine “Ukraina” of the State Enterprise “Selydivvugillya” is
recommended, which consists in filtering the discharged mine water with high
content of chloride and sulfate ions through a layer of highly alkaline HCO3-
anionite, treating the filtrate with sodium hydroxide solution (NaOH), filtering
of obtained suspension and acidifying the filtrate with gas mixture from the
boiler-room that contains 3-8% CO,. The regeneration of saturated anionite
is carried out with a solution of sodium bicarbonate Na,COj3 obtained through
absorption of CO; by solution of NaOH. As a result of successive cleaning

179



operations, the calcium and magnesium ions in the water do not exceed 2-5
mg/l, chloride and sulfate ions — 50 mg/I respectively, which allows use of
purified water for household and technological needs of the enterprise. When
designing industrial treatment of mine water with a capacity of 350 m¥h, it is
recommended to install three water purification units with a capacity of 120
mé/h for each block. Depending on the method of disposal of the generated
salt wastes, two options are proposed for the disposal of wastewater
regenerate: evaporation of salt wastes with further disposal of dry salts or
alternative storage of liquid regenerate in an evaporation pond.
Implementation of the proposed mine treatment flow chart will allow:
significantly reduce the discharge of insufficiently treated mine water into a
hydrographic network with maximum extraction of salt components; carry out
associated purification of gas and dust emissions from the mine boiler-room
from solid and gaseous emissions; use purified water for technological needs
of the enterprise.
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IFEO®I3BUYHUMU METOJAMMU

Hikapens J. C., Opainceka O. B., Pynaxos JI. M.

BCTYII

XBOCTOCXOBHINE «JIHIMPOBCHKE» € OJHUM 3 00 €KTIB HAKOIMHMYCHHS
PaioaKTHBHUX BiJIXOJIiB KOJHUIIHLOTO [IpUAHITPOBCHKOTO XiMiYHOTO 3aBOTY
(M. Kam’sincpke JIHIMporeTpoBchkoi obiacti). BoHO po3wmilieHe B 3armiaBi
p. Juinpo Ha mpaBoMmy Oepesi Ha BijcTaHi mpuban3HOo 10 KM BHU3 3a TEUi€l0
Bix rpebni CepeIHbOAHIMPOBCHKOTO BOJOCXOBHINA. 3 MIBAHA 1 3aX0mqy
y37I0BXK XBOCTOCXOBHINA MpoTikae p. KoHoruisHka, mo Bhnaaae B p. JHimpo.
CkJiajyBaHHSL BIIXOIB epepoOKu ypaHoBOI cHpoBUHU [IpUAHIIPOBCHKUM
XIMIYHUM 3aBOJIOM (HHHI HE MPAIfO€) B XBOCTOCXOBHIIEC MPOBOIIIOCT 3
1954 o 1968 p. crmocoO6oM TiipoHaMuBY. B pe3ynbrari B HhbOMY Ha ChOTOTHI
3ackiamoBaHo Oiast 12 MIIH.T. BigXOHiB MEPEepOOKH ypaHOBUX pyI i3
3aragbHOO OLIIHOYHOIO aKTHBHICTIO Mpuoam3Ho 1,4-10%° bk,

JlocmipKeHHs, 10 TIPOBOAMIIKCS B I[bOMY paiioHi 6araTbmMa KOJICKTHBAMH
MMOKa3yloTh, IO BiTOyBaeThCsA TOCTIHHA  (IIbTpaIlis 3a0pyIHESHUX
pamialifiHUX PO3YMHIB 3 XBOCTOCXOBHING, SIKi 3a0pYAHIOIOTH TPYHTH,
POCIIMHM Ha TMPHUICTIIUX TEPUTOPISIX, & TaKOX JOHHI BIAKIAJCHHS B
p. Konomnsska.

OTxe, BUBYCHHS TEXHIYHOTO CTaHy aM0 Ta BU3HAUCHHS IIIJISAXiB Mirparii
PIZMHY € Ay’Ke aKTyaJlbHO HayKOBOIO Ta MPAKTHYHOIO 33/1a4eHO.

1. XapakTepucTuka 00’€KTY 10CTiTKEeHHS

3a 0yI0BOIO XBOCTOCXOBHIIIE BITHOCHUTHCS IO PIBHHHHO-HAIWBHOTO THITY
Ta OyJI0 CTBOPEHO IUIIXOM CHOPY/AU 3aMKHYTOT'O KOHTYPY 3aXHCHHX AamO,
MPOTSDKHICTh MEPUMETPY SKUX Oinst 4 kM. JlamOu 3BelieHI Ha aOBialIbHUX
mickax 1 CyMIMHKax 1 B Tpoleci eKCIUlyaTalil XBOCTOCXOBHINA
HapouryBaimucs. Tijno maM0 cKiIanae pi3HOPITHUN MaTepial — BiJ BiJIX0JiB
KOKCOXIMIYHOTO BHpPOOHMITBa (BYIJIMCTI [UIAKH, ITICKH, CYIICKH) 1
OyaiBebHOTO CMITTS (yJIAMKH IIETJIM, IEMCHTHUH MWI) A0 MAIyBaTHX 1
IOpiOHUX TiCKIB 1 JIECOBHX CYITHHKIB 1 cymickiB. IIpotudinbrparmiiini
€JIeMEHTH, SIK B TUTi AaMOM, Tak 1 B MiJCTaBi yarm He 3akinaneHi. [ToBepxHs
XBOCTOCXOBHINIA HE CIUIAHOBaHA, MIOBEPXHEBHU CTiK He opranizoBaHmil. Ha
HHU30BOMY YKOCi JaMOM yTBOPHMIINCS YHCIICHHI ApiOHI BUMOTHM, Y ii MiBACHHIN
YaCTHHI CIIOCTEpiraeTbes mpociganus rpedens. e cBiIuuTh mpo pO3BUTOK
€pO3ifHUX TPOIECiB Ha TOBEPXHI AaMOM, SAKi MPHU OJHOYACHOMY MiIHoMI
PiBHA BOJ TEXHOTEHHOTO BOJOHOCHOTO TOPH30HTY 1 PO3BHTKY cCyo3ii,
MOXYTb IIPU3BECTH [0 ii pyHHYBaHHSI.
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CkJiayBaHHsI BIIXO/IIB IEPEPOOKH YPAHOBOI CHPOBUHH B XBOCTOCXOBHIIIE
npoBoamiiocs 3 1954 mo 1968 p. cmocobom ringpoHamuBy. B pesynbTarti B
HEOMY HA CHOTOAHI 3acKIafoBaHO Hpubmm3Ho 12 muH. T (5,8 M. M%)
BiIXO[IiB TIEpepOOKH ypaHOBHUX PyI. AOCOIIOTHA BiIMiTKa rpeOeHs 1aMOu 110
1959 poky cknanana 57,45 M, mOTiM TicJis HApOIyBaHHs gocsria 61,3—-64,2
M. Bucora mam6 3miaroerses Big 6,0 1o 11,8 M, IHPHHA 110 rpe6eH}o 5-35 M,
IIMpHUHA 1Mo mifcTaBi — 80 M. Y maHuii yac cXifHa 1 TIBHIYHO-CXiTHA UISHKA
3aXHMCHOI 1TaMOM XBOCTOCXOBHIIA MPOTSDKHICTIO 10 1600 M 3acumaHa mapom
BiJIXO/IiB KOKCOXIMIYHOTO BUPOOHHIITBA MOTYXKHICTIO 7—22 M.

XBocrocxoBume B 1976-1989 p. mepekpute 1mapom docdorincy
TOBIIUHOO Bij 1-5 M mo6mu3y nam6 10 19 M B IICHTpasIbHIi 1 CXiTHII YacTHHI
yari, AKui 3armo0irae HaAXOKEHHIO B aTMOC(EpHY palioaKTHBHUX PEUOBUH
[IPH BITPOBOMY MHJTIHHI.

3 MiBHOYI JI0 XBOCTOCXOBHIIIA MPUJIATAIOTh BiACTIHHUKH KOKCOXIMi9HOTO
BUPOOHHUIITBA, 31 CXOAY — BIACTIHHHMK MeTanypriiinoro Bupoouuirea [IpAT
«Kamer-Ctanb», MiBHIYHO-3aXiJHAa YaCTHHA TEPHUTOPil XBOCTOCXOBHIIA
3acMIaHa BYIJMCTUMH [UIaKaMHd T4  BIIXOJAaMH  METalIypriiiHOro
BHPOOHHUIITBA Oe3 poeKTy (puc. 1).

CraTyc XBOCTOCXOBHIIA K 00’ €KTY IMiABHUIICHOT HEOC3MEKH CIIOHYKAB 10
PI3HOMaHITHUX JOCIIDKCHb YyCiX OOKIiB HOTro iCHYBaHHsS, IMOYHMHAIOYI 3
MOMEHTY SKCIUTyaTallil 0 TeHepillHLOro CTaHy 30epiraHHs BiaxomiB. Byio
MPOBEJICHI YHCICHHI HAyKOBO-TIPAKTHYHI POOOTH, SKi Majid 3a METy
I ABUIIIEHHS TEXHIYHOT Ta €KOJIOT1uHOT OE3MeKH, ajle B 3B’ I3KY 3 JIIKBIAAIi€l0
BHpOOHWYOTO 00’emHaHHS «IIpHIHINPOBCHKHMIA XIMIYHUH 3aBOI» Ta
CTBOpPEHHS Ha #oro 0a3i nep:kaBHoro mimmpuemcrBa «bap’ep» 0Oararo
MarepiaiiB, B TOMY YHCIi i KOHCTPYKTOPChKa Ta BUPOOHHWYA TOKYMEHTALis
TI0 IIbOMY 00’€KTy OyJIO BTpaueHo.

Puc. 1. CyyacHuii ctad XxBocTocxoBuia «/{HinpoBchKe»
3a JaHMMHU inTepHeT-nopraxy Google Earth
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Ha mowarky 2000-x pokiB BiIHOBWJINCS JOCITI/DKEHHS CTaHy
XBOCTOCXOBHIIA «J[HIMPOBCHKE», B IKUX Opajii ydaTh 0arato sk HayKOBHUX,
TaKk i KOMEpIiHHUX opraHi3aliii. ['0710BHOIO opraHizaii€to, o KypupyBaia
poOOTH TI0O XBOCTOCXOBHINY, € YKpaiHChKHH HAyKOBO-IOCTIIHUN Ta
MPOEKTHO-BUIITYKYBaJIbHUN THCTHTYT TIPOMUCIIOBOT TEXHOJIOT11
(OIT «VxpHAIBIIIT», ™. XoBri Bomm JHinpomneTpoBchbkoi 00:1.).
B 2022 poui y 3BiTi' HaBeIEHO OIJIsL ] PE3YNIBTATIB POBIT IOTIEPETHHUKIB MO0
CTaHy XBOCTOCXOBHIIIA Ta OTOUYr0U0i TepuTopii. [lokazaHo, o icHye oCUTh
BeIUKa KUIbKICTh iHQOpMalii, KoTpa oOTpuMaHa SK 31 CBEpAJIOBHH,
npoOypeHNX B MeXKax XBOCTOCXOBHIA, Ha OTOPOKYIOUMX Aam0bax Ta Ha
0TOYYI0YOT TEPUTOPIi, TaK i B pe3ysbTati onpoOyBaHHs IPYHTIB, MOBITPS Ta
MiZ36MHUX BOJI,  TAKOXK MOJICITIOBAHHS MPOIICCIB 3a0pyTHCHHS KOMITOHECHTIB
JOBKIJUTA PalioOHyKJIigaMH Ta IHIIMMH PEYOBHHAMH. AJsie i1 iHpopMaIlis
po3oceperkeHa MO Pi3HUX JDKepelax 3 Pi3HUMH CTYNEHEM JOCTYIHOCTI,
Jemo OyOIloe OJHE OJHY Ta MOTpe0ye KOMIUIEKCHOTO y3arajdbHEHHS Ta
aHamzy.

JocmimKkeHHSIM  TEXHIYHOTO  CTaHy  OTOPOUKYIOUHMX mam0  Ha
XBOCTOCXOBHIII «JIHIIPOBCHKEY» MPUIIIAETHCS MIABHUIICHA YBara y 3B 53Ky 3
TPHUBAJIUM TEPMIHOM iCHYBaHHS HEOE3NEYHOTO 00’ EKTY.

Sk mokaszaHo y 3BiTi,> y 2000 poni JIT «YkpHJIIBIIIT» po3pobnerHo
MporpaMy NEepHIOYEpProBUX POOIT 3 JIKBifamil BIAKPHTHX pPaTiOaKTHBHHUX
BUXOJIB HAa XBOCTOCXOBHII «J[HIIPOBCBKE», 3TiHO SKOI IUIAHYBalIOCS
MIPOBEJICHHS IH)KEHEPHO-TEOJIOTIYHUX TOCIIKCHD, 1HKEHEPHO-TeO(DI3HIHUX
JOCII/DKEHb B CKJIaJi METOJIB TPHUPOJHOrO TIOJIs, BEPTHKAIbHOTO
SJIEKTPUYHOTO 30HAYBAaHHS Ta OLIHKH CEHCMIYHOTO BIUIMBY BUOYXIB s
BHSIBJICHHS IUISTHOK (UIbTparii pifuH 3 XBOCTOCXOBHIIA Ta CTBOPCHHS
Mepexi CIIOCTEPEeKHUX CBEPAJIOBUH. Pesynbrati peanizauii 1i€i nmporpamu
aBTOpaM He BiJoMi.

3a nanumu,® y 2000 poui B pamkax mpoekTy «Hesinknaani po6otn Ha
3aXHCHUX CIOpYyJAax...» OyJI0 pPO3pOOJEHO TEXHIYHI PpIlIeHHs 00
CTBOPEHHSI MEpPEeXi CIIOCTEPE)KHHX CBEPIUIOBMH Ha  XBOCTOCXOBHIII
«JIuaimpoBcbkey. [Tepenbavamocs Oypinas 11 cBepIOBUH O TpeOeHIO JaMOu
Ta 70 CBEp/UIOBMH B yallli XBOCTOCXOBHIIA Ta 32 HOro Mexxamu. YacTKoBO 1i
3aX0JIH peaji3oBaHi.

! Oninka cTiHKOCTI OrOpoKYIOUHX 1aM6 XBOCTOCXOBHUIIA «JHIMPOBCHKe»: 3araabHa
nosicHioBabHa 3amucka. Kmmra 1. Tekcr / JI. Ilikapens Ta in. Kpusmit Pir : TOB
«BAUTITPOIKEKT», 2022. 154 c.

2 OwiHka CTIHKOCTI OrOPOIKYIOUNX 1aMb XBOCTOCXOBHINA «JIHIMPOBCHKe»: 3araabHa
nosicHioBasibHa 3anmcka. Kumra 1. Texer / JI. Ilikapens Ta in. Kpusmii Pir
TOB «BAUTIIPOJIKEKT», 2022. 154 c.

% Ominka CTiHKOCTI OrOpOIKYI0YNX 1aM6 XBOCTOCXOBHINA «JIHIMPOBCHKe»: 3araabHa
nosiciioBanbHa 3anucka. Kumra 1. Texer / JI. Ilikapens Ta iH. Kpusuii Pir
TOB «BAUTIIPOJIKEKT», 2022. 154 c.
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V 2001 poui, 3a ganumu,* y Po609oMy IIpOEKTi 3 yKpilIeHHs 1aMOu Ha
XBOCTOCXOBHIIII «JIHITPOBCHKE» BiAMIYAIOCA, IO MIBACHHO-CXi/THA YaCTHHA
JamMOu 33 1H)XKECHEPHO-TEOJIOTIYHOK OYyJOBOIO HAHOUIBII HECHPUSATINBA,
OCKITBKA ~TYT BIOMIYalOThCS JIH3M  HEJAOYIIUIBHEHHUX TPYHTIB Ta
PO3BiBaIOThCS HeOE3MeuHi nmporecu — cy}o3ist, mpociganHs, TpoMoiHu. byio
3aIpONOHOBAHO MPOBECTH HAKUIKY KaM STHOTO MaTepiary Ha BiIKOCH TaMOH.
L1i po6oTH BHKOHAHI.

Y 2009 p. 6yno obmamrToBano 10 T0AaTKOBHX CITOCTEPEIKHUX CBEPAJTOBUH
B TiM 3aXMCHUX 7aM0°, TakoX OyIM BCTaHOBIEHi AedopMariifHi Mapku
(moBepxueBi Mapku — [IM) B kinbkocTi 30 OAMHUIG A CIIOCTEPEKCHHS 3a
BEPTUKAJIBHUMU Ta TOPU30HTATIBHAMY 3MIIICHHSIMH B 1aMOi.

Y2011 p. AT «YxpHAIIBIIIT» mpoBeneHo iHCTpyMEHTAIbHAN KOHTPOIh
32 CTAHOM 3aXHCHHUX CIOPYA XBOCTOCXOBHIIA «JIHIIPOBCHKE», MPO IO
sragyeTbed  y  3BiTi®. OO’€KTaMM  KOHTPONIO OYJIM  CHOCTEpPEXkHi
TiIPOTeoJIOTIYHI CBEPAJIOBHHU Ta MPYHTOBI T'€0/Ie3UYHI 3HAKU (IOBEPXHEBI
MapKH), BCTAHOBJICHI B MIBJCHHIM, 3aXiHIM Ta MIBHIYHO-3aXITHIN TiMSHKAX
OTOpOXKAYI0UOi nambu. B pesysnbraTi 0yjI0 OTpUMaHO BHXIAHY iH(MOPMAIIiIO
oI070 MapaMeTpiB KOHTPOJIHHO-BIMIPIOBANBHOI amapaTypd, KOTPi MawoTh
BHUKOPUCTOBYBATHCS TIPH MOJAJBIINX CIIOCTEPSIKCHHSIX.

VY 2016 p. TOB «YTB-2» mpoBena iHCTpyMEHTAIbHUNA KOHTPOJIb CTaHY
3axucHux cropya’. ITo pe3ynbraTax BCTaHOBJIEHO, 10 J1aM0a 3HAXOMThCH Y
cTabiIbHOMY CTaHi, piBEHb KOJIMBAHHS BOIH y CIIOCTEPEKHUX CBEPIIOBUHAX
HE3HAYHHUI, a [JiIIHOK OOBOJHEHHS JaMOM HE BHSIBIEHO. B sSKOCTI
pexoMeHmamiii Oyno BigMiueHa HEOOXIiZHICTh BHKOHATH PO3PaXyHOK
cTifikocTi 1amou.

Hanpukinni 2016 p. TOB «IPEM» mig kepiBHMUITBOM mpodecopis
Opuincwkoi O.B. i [Tikapeni [1.C. Oynu BUKOHaHI 1ociipkeHHs «[IpoBeeHHs
IHCTPYMEHTaJIBHOTO Teo(i3nYHOro Ta JlabopaTopHOro OOCTEXKEHHs IamOu
XBOCTOCXOBHIIA «JIHITPOBCEKE» Ta PO3paXyHOK CTIHKOCTI HU30BOTO YKOCY
namMOM B paMKaX IpOBa/yKeHHs JineHsiiinoi gismeaocti JIT «Bap’epm»i.
B pesynpraTi 3acTocyBaHHS re0()i3HIHOTO EIEKTPOPO3BITYBAIEHOTO METOIY
MIPUPOJTHOTO IMIyJIbCHOTO enekTpomartitHoro mouist 3emuti (ITIEMII3) Ha

4 OrmiHka CTIHKOCTI OrOPOIKYIOUHX 1aMb XBOCTOCXOBHINA «J[HIIPOBCEKe»: 3araabHa
nosicHioBanbHa 3anucka. Kumra 1. Texcr / . Ilikapens Ta iH. Kpusuit Pir
TOB «BAWUTITPOJIKEKT», 2022. 154 c.

5 IHCTpyMEHT&JIbHHI KOHTPOJL CTAaHy 3aXMCHUX CIOPYH  XBOCTOCXOBHINA
«/IninpoBcekey. 3BiT. TOB «YTB-2», M. Kam’siHCBKe, 2016, 37 c.

6 Orinka CTiHKOCTI OrOPOIKYIOYMX 1aM6 XBOCTOCXOBHINA «JIHIMPOBCHKe»: 3araabHa
nosiciioBanbHa 3anucka. Kumra 1. Texer / JI. Ilikapens Ta iH. Kpusuit Pir
TOB «BAUTITPOJIKEKT», 2022. 154 c.

" IHCTpyMEHTQJIbHHM KOHTPOJL CTAaHY 3aXMCHHX CIIOPYJ  XBOCTOCXOBHIIA
«J{ainpoBcbkey. 3BiT. TOB «YTB-2», M. Kam’siHcbke, 2016, 37 c.

8 Ominka criifkocTi OTOPO/DKYIOUHX J1aMO XBOCTOCXOBHIIA «JIHIIpOBCHKe»: 3aranbHa
nosiciioBasibHa 3anmcka. Kumra 1. Texcer / JI. Ilikapens Ta iH. KpuBmii Pir
TOB «BAWUTITPOJIKEKT», 2022. 154 c.
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MiBIEHHO-CX1AHINA 1amM0l XBOCTOCXOBUIIA BUSBJIEHO Bl 30HU 3 MiABHUILEHUM
piBHEM CTOSIHHSI TPYHTOBHUX BOJ JoBkuHOIO 60 M Ta 380 M. Ha miBmeHHO-
3axiaHIA yacTHHI AaMOU TAKOK BHUSBJIEHI ABI aHAJIOTYHUX 30HHU JOBXKHUHOIO
40 M ta 20 M. B 1iux 30HaxX OyJ10 MpoBeIeHE iHKCHEPHO-TEOIOTiYHEe OypiHHS
15 cBepmToBUH 3 BiIOOpPOM KepHY Ta Ja0OpPaTOPHHM aHami3oM (Hi3HKO-
MEXaHIYHUX BIAcTHBOCTeH mopix. JlaGopaTtopHi JaHi BHKOPHCTaHI IS
OIIIHKH TiPOTreOMEXaHIYHOI CTIHKOCTI HHU30BOTO BIJKOCY OTOPOJIKYIOYOi
naMOM  XBOCTOCXOBHINA «JIHIMpOBChKe». B  pe3ympTaTi po3paxyHKiB
BCTaHOBJICHO, M0 3HAYCHHSA KOC(DIIi€HTY CTIMKOCTI MiBACHHO-CXiTHOT
YaCTHHH 1aMOH 3HaXOAThCA B Mexkax 1,78-3,02, mo nepeBHIye MiHIMaTbHY
KPUTHYHY BeluuuHy 1,2, TOOTO 1aM0a Mae 3HAYHMI 3amac CTIHKOCTI.

AHani3 pobiT o 1aM061 XBOCTOCXOBHUIIA «J[HITPOBCEKE» MOKa3yIOTh, IO
OCHOBHA yBara MpUIULATIACS MIBACHHIN YacTHHI XBOCTOCXOBHINA, & CaMe
MBICHHO-CXIHIA Ta MiBICHHO-3aXiHIH IIISHKAM OTOPODKYIOYO0i JaMOu.
I 11e 3p0o3yMmisio, OCKIIBKH CaMe IIi YaCTHHH HEeCYTh HeOe3MeKy 3a0pyTHCHHS
MIPUPOJHUMH PaTiOHyKIiIaMu pidkd KOHOIISHKH Ta 3aIIlaBHUX TPYHTIB.
IliBHiyHa dYacTHHA AaMOHM 3aBOIKK ii MOXOBAHHIO MiJ 0araTOMETPOBOIO
TOBIICI0 METAIYPTiHHUX BYTUIBHUX IJIakiB Ta (ocdorincy BBakagacs
CTiiiKO0 Ta Oe3MeUHO0. AJIC MiCisA TOTO, K MOYaIXd PO3POOIIATUCS BYTLUIbHI
[IUIAMOHAKOTINYYBaYH, BUHUKIIN HeOe3MmeuHi iHKeHEPHO-TeOJIOTIUHI SBHUINA —
o0Ba/y, 3CYyBM Ta pO3TPICKYBaHHS IOTYKHOTO mapy ¢ocdorimncy, o
CTAHOBHUTHh HEOE3NEeKy ICHYBaHHS 3aXHCHOTO TMOKPHUTITS PaJliOaKTHBHUX
BimxomiB. Ili mporecu mocwmmmucs y 2019-2022 pokax Ta BHKIHKAIH
cepio3He 3aHEMOKOEHHS 3 OOKY SIK €KCIUTyaTaHTIB XBOCTOCXOBHINA, TaK i
KOHTpOJIOIUMX opraniB (puc. 2). Came TOMYy BHMHHKJIA HEOOXIIHICTh
0OCTeXXEHHsS TOBHOTO IEPUMETPY 3axUCHOi JamOM Ta OWiHKK 11
riporeoMexaHiqHOl CTIHKOCTI.

Puc. 2. [IposiBu HeGe3MeUYHUX iHIKEHEPHO-TE€0JIOTiUHI SIBHII — 00BAJIH, 3CYBH
Ta pO3TPicKYBaHHS MOTYKHOro mapy ¢ocdorincy Ha niBHiuHii 1amoi
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2. JlocilzkeHHS TEXHIYHOTO CTaHY 1aM0O XBOCTOCXOBHIIA

YV 2022 poky ImpoBeAcHA OIIHKA CTIHKOCTI OrOpoKyHOUYuX Jam0
XBOCTOCXOBHIIA «JIHIIPOBCBKE» B MEKax 3eMEIBHOTO BIABOMY. 3TigHO 3
MPOrpaMoOl0  BUKOHYBAJIUCSA TeO(I3UYHI JOCHIHKCHHA 13  3aIyYeHHSIM
€JIEKTPOPO3BIAYBATLHUX METOIB MPUPOTHOTO IMITYJILCHOTO €JIEKTPOMATrHITHOTO
mons 3emmi (TTIEMII3) mo rpeOHIO OropokKyrouux 1JaM0 3a MEpEeKero
CIOCTEPEXEHHS 3X3 METpH Ta BEPTUKAJIBLHOTO €1eKTpUIHOT0 30 yBaHHs (BE3).
Pe3ynbTaToM 3acTOCYBaHHS IIMX METOJIB CTANO BHAUICHHS Yy IUIAHI JUISHOK
3MEHIIEHHs INUIbHOCTI ToTOKy immynsciB [IIEMII3, ix iHTepnperamis,
BHM3HAYCHHS TJIHOMHU PiBHIB IPYHTOBUX BOJ Y 1aMOi.

3yIHHUMOCH KOPOTKO Ha CyTi BKa3aHHX METO/IIB.

MeTox OPHUPOIHOTO iMITYJIIECHOTO ENIeKTPOMATHITHOTO IOl 3eMui
(IIIEMII3) BiIHOCHTBCA IO TPYNH €IEKTPOPO3BiAyBalbHHX TIe0(pi3HIHUX
MeTogiB.  Moro  3acToCyBaHHS  PCKOMCHIOBAaHO  HOPMATHBHUMHU
rCOJIOrOPO3BIAYBATLHUME TOKYMEHTaM, TaKOX BIH 3alydyaeThCs MpHU
MPOBEACHHI  IH)KEHEPHO-TEOJIOTIYHMX  BHINYKYBaHb, [0  3HAKIILIIO
BioOpaxenHs y JlepxanHux Oyaisensux Hopmax JIBH A.2.1-1-2014°,

MeTox 3acHOBaHMII Ha peecTpamii HPUPOJHOTO  IMITYIBCHOTO
€JIEKTPOMArHITHOTO BHUIIPOMIHIOBaHHS 3eMIli, SKE CKIAJa€TbCsi 3 TPHOX
JIKEpeIl: 30BHIIIHLOTO — COHSUHA pafiallis 1 KOCMIYHI IOJIs; BHYTPIIIHBOTO —
0OYMOBITIOETBCS TEOJIOTIYHUMH TpollecaMy M abo Oe3mocepeHbO Ha
JICHHIH TMOBEPXHI; TEXHOTCHHOTO — PI3HOTO POJY IMPOMHCIOBI 1 MOOYTOBI
BI/IH‘pOMiH}OBaHH)l I[iana30H YacTOT TaKoro iHTerpanLHoro iMl‘IyJ’ILCHOI‘O
CJICKTPOMArHiTHOrO IOJIs BiJ NEPIIMX Iepl| A0 Mera- i HaBiTh rirarepi.
Ipuponue IMITyJIbCHE CJICKTPOMArHiTHE TIOJIe, IO TCHEePYEThCS Came
BHYTPIIIHIMH  JDKEpeJIaMH, BHKOPHCTOBYETBCS 3 METOK BHUBYCHHS
TCOJIOTIYHUX 0COOJIUBOCTEH TEPUTOPIH.

Bimomo gocuTh 6araTo mpoIieciB i sIBUII, B pe3yIbTaTi 200 MPOTATOM SIKUX
BHHHKA€E €JICKTPOMArHiTHE BUIPOMIHIOBaHHS a00 €JICKTPOMAarHiTHAa eMicis
(3acTocoByrOThCS 00U B TepMiHH). OHUM 3 HHUX € I’ €30€JICKTPHYHUH e(heKT
MiHEpaTiB 1 TIPCHKHUX MOPIJ. [HIIMM JOCHTH MOTYXHHUM JIKEPEIIOM CITY)KaTh
TEKTOHIYHI HAPYTH MAaCUBY TIPCHKHX IMOPiJ, 0COOIMBO HA PiBHI THUCKIB, 10
MEPeYIOTh YTBOPECHHIO TPIluH. TpeTiM 3HAUYIIUM JDKEPEIOM BHCTYMAIOTh
Pi3HI eJIEKTPUYHI 1 €JIEeKTPOXIMIUHI MMPOLECH B MOPOJHUX MacuBax (3MiHH
MOJIBITHOTO €JICKTPUYHOTO IIapy, €JIEKTPOHHA eMICis MPH pyci PO3YMHIB,
XIMIYHI TIEpEeTBOPEHHS MiHepaliB 1 mopin). B pesynbrari nepepaxoBaHiX
nporecis YTBOPIOETBCA CTPUOKOMONIOHMI  CIUIECK  eEKTPOMATHITHOTO
BHITPOMIHIOBAHHS, SIKHH 1 HA3UBAETHCS IMITYIHCOM eneKTpOMarmTﬂoro OIS,
BiH xapakTepu3ye€ThCs PI3KUM  30UTBIICHHSM AaMILITYAX 1 eHepril
BUIIPOMIHIOBAHHS 1 JIy’K€ KOPOTKHM (Mii- 1 MIKPOCEKYH/IH) 4acoM ITPOSIBY.
Yacrota mpoxomkenHs immynsciB [IIEMII3 Big mnepmmx repi 10
20 kinorepu, uuM mose I[IIEMII3 BigpizHsieTbcs Bifx arMocdepHuX i
TexHoreHHuX pkepen. B mone TTIEMII3 BincyTHs Oyap-ska MepioUYHICTb,

® JIBH A.2.1-1-2014. TnxeHepHi BUuIyKyBaHHs iyis Oyniaunrea. Kuis, 2014 p.
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XapakTepHa Ui TEXHOTCHHUX BUIPOMIHIOBAYiB, IO CIYXHTh IS
PpO3IiIeHHS X JKepen. 0

ExcniepuMeHTaTbEHUMHE JTOCIIIPKEHHSIMU PI3HUX aBTOPIB BCTAHOBJICHO, 110
IIPYU CTUCHEHHI KPUCTATIYHHUX TOPIJT 3pOCTAE KUIBKICTh, CHEPTIs 1 aMILTITy1a
imnyibciB ITIEMII3, ski mepen moyaTkoM KpUXKHX JedopMaliiii J0CATalTh
MakcuMyMy. SIK Tinbku HacTae (aza pyiiHyBaHHS (YTBOPEHHS TPIIIKH),
KUTBKICTB IMITyJIBCIB Pi3KO (BEPTHKAIBHO) 3MEHITYETHCS aX JI0 HYJIA 1 MOTIM
HE3HAYHO 3pOCTAaE 10 JACSIKOTO PIBHA, HA SIKOMY 1 3aJTHIIAETHCS.

EnexrpomartiTHe BUIPOMIHIOBAHHS MA€ 3ATHICTh IOLIMPIOBATHCS B
TBEPAMX IOPOZAX Ha 3HAYHY BIACTaHb Bil JUKepena, NP LbOMY HOro
aMIUIITy/ia 1 CHepris 3MIHIOETbCS JOCUTH ciabo. SIKIO X Ha LUIIXY
MONIUPEHHS EJICKTPOMATHITHOTO BUIPOMIHIOBAHHS 3yCTPIYAEThCSA UITHKA
3aMOYyBaHHS 1opia a0o 30Ha MopokHedi (0OBOAHEHI 1 CYXi TPIIIUHY 1 T.IL.),
TO IHTEHCHMBHICTH BHMIIPOMIHIOBAHHS OYy’K€ PI3KO 3MEHIIYETHCS, a IpH
MOTY>KHiil 30HI BOHO B3arajli po3CiIO€ThCsA a00 MOTNIMHAETHCA. 3aBOAKH IIiH
0COOJIMBOCTI MOXHA BUIUIATH JUISHKH, SIKI MAIOTh Pi3HY IIUTbHICTh MMOTOKY
€JICKTPOMArHITHUX IMITYJIbCiB, TOOTO KIIBKOCTI IMITYJIBCIB 32 OJMHUIIIO Yacy.

Ines 3acrocyBanHs metomy IIIEMII3 3 meToro TpoBEACHHS IaHOTO
JIOCITIKCHHST HACTYIHA: IMIYJbCHE EJICKTPOMArHITHE IMOJIE TCHEPYEThCS K
KPUCTaTIYHUX TMOpoJax YKpaiHChKOro InuTa. SIKIIO Ha NUIIXY WHOro
PO3IMOBCIOKEHHS 3yCTPIYar0ThCcsl 0OBOJHEHI MIISHKH MOPiJI, TO HOro piBeHb
Ta KUIBKICTh IMITyJIbCIB Ma€ 3MEHIyBaTHCS. Tex came Oyme MPOSBIATUCT Y
TPIIIMHYBAaTUX TOPOJaX, MO SKUX MOXKHA BiJHECTH HACHITHI TEXHOTCHHI
rpyHTH. Po3pi3HUTH 30HM OOBOJHEHHS Ta TEXHOTCHHI TPYHTH MOXHA 3a
JTOTTIOMOTOFO 1HIIMX MeTO B!

Jns mocmimkeHs 3actocoByBaBcs npunan «CIMEI3y (mikpomporiecopHmii
IHIMKATOP eJIeKTPpOMArHiTHOrO 1o - MIEMII 14/4), sikuii pu3HaYeHUHA 1Ist
BuBueHHs [IIEMII3, a TakoX EJIEKTPOMATHITHOIO TOJIS TEXHOTCHHOI'O
MOXO[KEHHS B JTA0OPATOPHHUX 1 MOJILOBUX yMOBax (puc. 3).

Jlamba Ha XBOCTOCXOBHIIIi OyJia yMOBHO TOJIiJICHA HA JIBI YACTHHU IMTIBHIYHY i
IIBJICHHY, SIKI MaIOTh Pi3Hy OyJOBY, CKJIaj1, (DYHKIIT Ta €KOJOTIUHY 3HAYyIIiCTh.
Skmio miBHIYHA Jam0a BiIOKPEMIIIOE IUIOIIY BiBOAY XBOCTOCXOBHINA BiJ
TEXHOT€HHHX 00 €KTIB IHIIMX MiJNPUEMCTB, TO MIBJECHHA Jam0a € OIMOPHOIO 1
3aXKMCHOIO BiJl BIIXOJIB JUIA MPHJIETIIMX JIO XBOCTOCXOBHIA TepuTopii. Ile B
eIy Yepry CTOCYETHCS MOMMHHU p. KOHOIUIIHKA, KYAU MOXYTh MOTPAILIATH
(biTbTpaTH 31 XBOCTOCXOBHINA NMPH HEHAIC)KHOMY TEXHIYHOMY CTaHi IiBJICHHOT
JnamOu, TOMy Wil 4acTHHI AamMOu OyJio NPHALICHO HAWOLIBIIY yBary mij dac
JOCII/DKeHb. TyT TMOJBOBI pPOOOTH TPOBOAWINCH TUIBKH y MPodiUIEHO-
IUTOIIMHHOMY BapiaHTi. B3morx mam6u 3akmamanics 4 mpodini 3 BiACTAHHIO MK

10 Prospective methods for determining water losses from irrigation systems to ensure food
and water security of Ukraine / H. Hapich et al. Naukovyi Visnyk Natsionalnoho Hirnychoho
Universytetu, 2023, Ne 2. P. 154-160. https://doi.org/10.33271/nvngu/2023-2/154

1 Prospective methods for determining water losses from irrigation systems to ensure food
and water security of Ukraine / H. Hapich et al. Naukovyi Visnyk Natsionalnoho Hirnychoho
Universytetu, 2023, Ne 2. P. 154-160. https://doi.org/10.33271/nvngu/2023-2/154
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HUMH 3 M, TOUKH CIIOCTEPEKEHB Ha HUX PO3TAILOBYBAIMCH TEX Yepe3 3 M, TOOTO
10 KBafpaTHil Mepesxi. Taka KBagpaTHa Meperka € ONITUMAIIEHOIO JUTsl BAKOHAHHS
Oy/Ib-SIKUX Te0(i3nIHNX POOiT.

Puc. 3. 3oBuimHiii Burasa npuiaxy MIEMII-14/4 (a)
Ta cHopsiiKeHa anapartypa (0) y cKiali BjJacHe NpHIagy
Ta BUMipIOBAJILHOI IITAHTH 3 TPbOMA AaHTEHAMM

[liBHiuHa maM0a JOCIIMKYBanach TaKOXK Y MPODIIHHO-IUIONMHHOMY
BapiaHTi, 4K i IPH AOCIIIKEHHIX HA MiBACHHIN YacTHHI TaMOH.

B xoi npoBeicHHS TOIBOBUX POOOT HA TPeOITi BUMITSUTUACS IPSIMOJTIHIHHI
TUISHKA Tak, o0 MOYaTOK 1 KiHeIlh NpoQiTiB 3HAXOIWINCI B MeXax
6auenHs). Lle moB’s3aHe 3 0COOMMBOCTIMU MOOYIOBH KapT 1 3aCTOCOBAHO JIJIs
TOTO, MO0 YHUKHYTH TOJaBaHHS 3aiiBoi iH(popMaIii ma yac iHTEePIIOIAIIl.
Koopaunaty noyatky i KiHIs npodisiB, CBEPIIIOBHH 1 HOBEPXHEBHX MapOK
(ITM), 0 MOTpaIUIsUTH Yy AUISHKH Ta siKi OyJii mpoOypeHi i BCTAHOBJICHI B
iHI pokH, dikcyBamuck GPS. Bei 1i koopAWHATH MOTIM CHIBCTABISIIMCS 1
KOPEKTYBAIIUCSI BHCOKOTOYHUMH T€0IC3NTHUMH BUMIPIOBAaHHIMHU

OO0poOKa pe3ysbTaTiB JOCHTIIKESHb 3/IHCHIOBAIACh IUIIXOM CKIIaJaHHS
JUTS KOXKHOT JTUTTHKH KapT IMITBHOCTI MOTOKY IMITYJILCIB MarHiTHOT CKJIA0BOT
IMIEMII3 anst KOXHOI aHTeHW y mporpaMHomy cepenoBumy Surfer. s
moOyIoBH KapT BHUKOPUCTAaHWH METON TPIaHTYNAMil 3  JiHIHHOIO
IHTEPIOJIAIIEIO 32 KBAIPATHOIO BY3JIOBOIO MEPEKEIO.

B ocHoBy iHTeprperaliii KapT MOKJIaJeHa BiMiYeHa BUIIE OCOOIUBICTH
noist I[TTEMIT3, a came — 3MeHIIIeHHS MIJIbHOCTI IMOTOKY IMITYJILCiB MarHiTHOL
CKJIaJIOBOi €JIEKTPOMArHiTHOrO TOJsI Yy JUISIHKAaX, SKi pO3YIIUIbHEHI,
TpimuHyBaTi 200 00BOTHEHI. JJ0JTATKOBO BUKOPUCTOBYETHCSI BUTIIST PUCYHKY
monst ITIEMII3. Tak, amd cymimbHMX, MOHOJITHHX IIOpiJ Ta MaTepiamiB
XapakTepHe aye TudepeHIifoBaHe MoJjie, 3 BETMKOI KiTBKICTIO 130TiHiH Ta
BEIWKHM DPO3MaxoM (aMILTITy[0I0) 3HadeHb. s TPINIMHYBaTHX IiNSHOK
PHUCYHOK ITOJIsl OUTBII BUTPUMAHHM, alie TAKOXK TU(PEPEHIIHOBAHUN, X04a Y
MeHImoMy cTyrnerio. OOBOIHEH] X IUISHKA MalOTh CIIOKIMHUH, «PO3MUTHIN»
PUCYHOK TIOJS, 3 HEBEJIMKOI KUIBKICTIO 130JiHIA, 3HAYEHHSA SKHX
3HAXOSITHCS HA HU3bKUX PIBHSIX.
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J1i1st KO>KHOT TUTSTHKY TOCHIPKCHbB Ta JUTS JaHUX, OTPUMAHKUX 3 KOYKHOT aHTCHU
moOyZI0BaHi KapTH IIUIBHOCTI TIOTOKY IMIYJILCIB MAarHiTHOI —CKJIaJ0BOT
MIPUPOTHOTO IMITYJIBCHOTO €JIEKTPOMATHITHOTO TIOJIS 3€MITI, IIPUKIIA] TAKHX KapT
HajaHuid Ha puc. 4. 3a METOOWKOI Ta MPUHIMIIAMHK IHTEpHpeTarlii 3HOMKH
TIIEMII3, HaBeaeHMMHU BUILE, BHAIEHI 30HM HA3BaHI aHOMAJILHUMH, B SKHX
JIIarHOCTY€EThCST PO3YIIUILHEHHS Ta OOBOJHEHHS MaTepiajiB, 3 SKUX CKJIaJcHA
naM6Oa. Ychoro BUAUIEHO 33 30HH, iX PO3TalllyBaHHS MOKA3aHO Ha PHC. 5.

Micns BupinenHs aHoMmanbHHX 30H Meton I[IIEMII3 y Haibimem
XapaKTepHUX TOYKaX MPOBEICHI qociikeHHs BE3.

Meron BepTHKanbpHOro enexkrpuunoro 3ouayBandas (BE3) € omamm 3
HAMOUIBII TOIIMPCHUX EJICKTPOPO3BiNyBalbHUX MeToniB. OnHiero 3
OCHOBHHX BHIMOT' JIO HOTO 3aCTOCYBaHHS € KOHTPACTHICTH 3a (DI3WIHHMH
BIIACTUBOCTSAMH OO0 ’€KTYy BHBYEHHS BiJHOCHO BMIIIYIOUOTO CEpEAOBHIIIA,
TOOTO, 00’€KT (TiJIO, IIap, TUIACT Ta iH.), III0 BUBYAETHCS, IIOBUHEH MTOMITHO
(baxxaHO y JIeKiNbKa pa3iB) BIIPI3HATHCS M0 MIHTOMOMY €JIEKTPUYHOMY OIOPY
BiJl BMIII[YFOUHX TTOPiJI.

BE3 mnpuiiHATO BHKOPUCTOBYBAaTH JJisi BUBYEHHS TOPU3OHTAIBHO-
IIapyBaTUX  CEPENOBHIN 3  HEBEIMKAMH KyTaMH  HaXWiIy  MExX
(mo 1520 rpanyciB).

Metonmuka mociimpkeHb. Ha moBepXHi 3emMini 30MpaeThCs CHMETpHYHA
€JICKTPOPO3BiyBaibHa ycTaHOBKa Tumy lllmromOepike, ska CKIAma€ThCs 3
JIBOX JKUBJSYHMX EJICKTPOMIB 1 JBOX MNpHAMambHUX (puc. 6). B sxocti
€JICKTPO/IiB 3aCTOCOBYIOTHCSI METAJICBI IITHUPI, AKi 3a0MBAIOTHCSA y TPYHT Ha
mmouHy 110 20 cM. [TosToBHHHA BIICTaHb MK JKUBIITIUMHE SJICKTPOJIaMU A i
B (posnoc AB/2) ckinanae 3 m, 4,5 M, 6 M, 9 M, 15 M, MiXK IpUHMATEHUMH
enexkrpogamu M i N (posaoc MN) — 1 m.

J10 KUBISTYHMX CIICKTPO/IIB MiJKIFOYAETHCS [HKEPEIO CTPYMY — TEHEpaTop
MOCTIHHOTO CTpyMy. Y 3eMJli BHHUKAJIO €NEKTPUYHE TI0Jie 1, BiINOBIIHO,
enekTpuuHui cTpyM. Crita cTpymy B xuBJiIstdiii niHii (Iag) BUMiproBaiacs 3a
JIOTTIOMOTOI0 aMITEPMETPa, BKIIFOYCHOTO B €lIeKTpHUYHE Koio AB.

KonbopoBi IIKanu XapakTepu3yloTh IIUIBHICT MOTOKY IMITyJIbCIB
MarHitTHoi ckiagoBoi ITIEMII3, imm./0,5 c.

UepBoHa KIITHHKa — JUISHKA pPO3YHNIUITEHEHHS TPYHTIB JaMOH,
00BOHEHHS Ta PUTBTpAIiil po3UnHiB, il HOMED.
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Puc. 4. lIpukiag kapTu IJILHOCTI NOTOKY iMITy/1bCIB MATHITHOT
CKJI2/I0BOI IPUPOJHOIO iMITYJIbCHOT'0 €JIEKTPOMATHITHOrO 1moJis1 3emuti

Ha JaM0i XBOCTOCXOBHIIA «HHil’lpOBCBKe» 3a aHT¢CHaAMHU,

opienToBaHUMH Y MepuaionaabHomy (ITn-Iln), mmporHomy (3x-Cx)

Ta BepTUKaJIbHOMY (Bept.) Hanpsimkax
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Puc. 5. IlopiBHsIIbHA cXeMa PO3TAILYBAHHSA AiITHOK 00BOIHEHHS
Ta ¢inbTpanii y rpedui 3a pesyabratamu poodit 2022 poky (4epBoHe)

Ta 2016 poky (cuHE)
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Puc. 6. CxemaTnyHe 300paskeHHs] CHMEeTPHYHOI eJIEKTPOPO3BiTyBaJbHOI
ycraHoBku Tuny Hlarom6epaxe: A, B — :xuBasyi esiextpoau,
M, N — npuiimaroui esiexTpoau
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Ha mpuiiManeanx emekrpomax M 1 N BHHHKaNa Pi3HHLS €NEKTPUIHAX
noTeHmianiB (AUmN), Ska BUMiproBaJiacs 3a JOIMOMOTOI0 BOJIBTMETPY.

3a pe3yapTaTaMH BUMIPIB MOXHA CYJIUTH MPO €JIEKTPUYHI BIACTUBOCTI
TIpCBKUX TMOPi Ha TIWOWHAX TPOHUKHEHHS CTpyMy B 3eMiro. [ mOuHa
«3aHYPEHHS CTPYMY» 3aJIC)KUTh, B OCHOBHOMY, BiJl BIICTaHI MiX KHUBIITIAMH
enekTpoaamu A i B.

Jlns BUKOHAHHS 30HAYBaHHS 3IIHCHIOIOTH CEPI0 BUMIPIB, MOCTYIOBO
301TBIITYI0YH po3Mip kuBIsU01 JiHIT AB. UM Oinmbire napamerp AB/2 - Tim
[IHOIIE «3aHYPIOETHCS CTPYM B 3CMIIIO» 1 THM OUIbIIEe TIHMOUHHICTH
nocnimkenns. [Ipu npoMy K0XKHa HacTyIHA 00J1aCTh AOCIIIKESHHS MOBHICTIO
BKJIFOYA€E TOTNEPEHIO.

B pesynbraTi omucaHoi cepii BUMipiB BUXOJUTh HaOip 3HaYCHb YSBHOTO
OTI0pY, BUMIPSHUX IIpH BimoMux AB/2.

IMpu  JOCHiIKEHHSIX  BHKOPHUCTOBYBAlacsi  amaparypa  eleKTpo-
posBigyBaspHa maxtHa (LILHEPC-5M), sika mpu3Ha4eHa AJis TPOBEICHHS B
Ha3eMHHX YMOBaX i TIpHHYHX BHPOOKaxX reo(i3myHUX pOOIT MeTomaMu
€JICKTPOPO3BIAKH (pHC. 7).

OO0poOka Ta iHTepIpeTamis pe3yibTaTiB BHUMIPIOBAHHSI ITHTOMOTO
€JIEKTPUYHOTO OTIOPY MOPIT MPOBOAMIACS 33 TOMOMOTo0 porpamu IPI2Win.
s mporpama po3pobieHa Juisi aBTOMaTH4YHOI 1 HamiBaBTOMaTHYHOI
(iHTepakTUBHOI) iHTepHperauii AaHUX PI3HUX MOIUQIKALiil BepTUKAIBHUX
€JIEKTPUYHKUX 30HIyBaHb, B TOMY YHUCJII TPaAMIIHHUMH YCTaHOBKaMH Ta
NpU3HaYeHa Il BAKOPUCTAHHS Ha IEPCOHAILHUX KOMII toTepax. Pesyiabpratu
iHTeprperanii 3a nporpamoro IPI2Win (npuxnanu) HaBeneHi Ha puc. 8.

Puc. 7. Enexrpopo3sinysansna anaparypa IIEPC-5SM
Y CHOPSIIZKEHOMY CTaHi: a — FeHepaTop cTpymy; 0 — BUMipIoBad4;
B-T — €JICKTPOJAH: B — BUMIPIOBAJIbHI, T — :KUBJIAYi
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Touxa 10: Po3pi3 npencraBieHu YOTUPHOXIIAPOBOIO KPHBOIO.
1 map (0 — 1,5 M) — cyXi CyrJIMHKY, TOTY>XHICTh 1,5 M; 2 map (1,5 — 2,63 M) —
3BOJIOXKEHI CYTIIMHKH, TIOTYKHICTh 1,13 M; 3 map (2,63 — 20,48) —cyxi
CYTJIMHKH, TIOTY>XHICTh 17,9 M; 4 map 3 20,48M) — CHITbHO OOBOTHEHI CYTIIMHKH
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Touka 13: Po3pi3 npencraBieHI YOTHPHOXIIAPOBOIO KPHUBOIO.

1 mmap (0 — 1,5 M) — cyXi CYyrIHHKH, MOTYXHICTH 1,5 M; 2 tmap (1,5 — 1,965 m) —
00BOJIHEHI CYTJIMHKH, MOTYkHIcTh 0,465M; 3 tap (3,403 — 6,242) —cyxi
CYTTIMHKH, TOTYXHIcTh 4,20 M; 4 mrap ( 3 6,242M) — CHIIEHO
OOBOJIHEHI CYTJIMHKH

Puc. 8. llpuxkinagu inTepnperanii KpMBUX YSIBHOI'O €JIeKTPHYHOIO ONOPY
B 00BOJHEHUX AUITHKAX JaMO0y XBOCTOCXOBHILA 32 JaHUMHU
BEPTHKAJIBHOTO €JIEKTPHYHOTO 30HAYBaHHS

[MapameTpu mozeni s norouHoi Touku BE3 (HoMep miapy Bin moBepxHi
(N), muTommuii eneKTpuIHN omip (p), MOTYXKHICTh KOKHOTO IIapy B METpax
(h), rmmbuHa 3anmsAraHHs MiOIIBH IIapy Bix moBepxHi (d)) mpeacraBieHi B
BiKHI KPHBOIO CHHBOIO JIIHI€I0 — MICEBIOKAPOTAXHOIO KpHBOIO (prc. 8). Kpim
TOTO, BOHH TaKOX MPEJCTABJICHI y BUTTISAAL TabJHIIi B OKpEMOMY BiKHI (BIKHO
MOJIeNi), B 3ar0JIOBOK SKOTO BHHECEHO 3HAYEHHS HEB S3KH TEOPETHYHOI 1
10JI60BO1 KpHBOi. Teopernuna kpuBa BE3 1y1st motounnx nmapamerpis Moeni
300paxkeHa y BiKHI KpUBHUX YEPBOHOIO JIIHIEIO.
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[Ti HEB’ I3K0F0 TIO OTIOPY PO3YMIETHCS BiIHOCHE BiIXUIICHHS TEOPETHIHOT
KpHUBOI BiJl MOJIBOBOT KPHUBOI TSI TIOTOYHOT TOYKH 30HIYyBaHHS 1 MOTOYHHUX
napametpiB  momemi. L{i BigxuiaeHHS OOYMOBJICHI MEpEIIKOAAMHM, SKi
BIUTMBAIOTh HAa TOYHICTh TMOJIHOBHX BUMIiprOBaHb. HalOUIBII 3HAYYINI 3 HUX:
amaparypHi TEpemKoau: IIIyMH BHMIpIOBada, TIOTPIOTHOCTI pPoOOTH
reHepaTtopa Ta iH.; METOIWYHI IOTPIIIHOCTI: BIAXWUJICHHS ITOJIOKCHD
€JICKTPOJIIB BiJl MPSAMOi JiHii, IHAYKIIiHI HABCICHHS 1 1H.; HABEJCHHS BiJ
JIHIA enexTponepenay, eleKTpu(iKoBaHMX 3alli3HHULL 1 TaK Jaii; BIUIMB
penbedy; HAasIBHICTh MyXKHAX HACHUITHUX (TEXHOT'CHHUX) TPYHTIB; HasSBHICTh
iI3EMHUX KOMYHIKaIlii, TpyOonpoBoaiB. Brumms nepenrko npu3BOAUTh 10
PI3HMX CHOTBOpEHb Ha KpuBuX BE3.

3. KomnJiekcHa iHTepnperauisi BUAiJIEHUX 30H

Posmominm  KinpkoCcTi aHOMaJbHHUX 30H 1O AaMOl  XBOCTOCXOBHIIA
«JIHITPOBCHKE» Ma€ TEBHI 3aKOHOMIpHOCTI. Tak, BUAUIAIOTHCS JIB1 MUITHKH
KOHIIEHTpAaIlii aHOMaJTiii — Ha MiBJICHHIN YacTHHI Ipedii, o MPUMHUKAE 0 P.
KoHomuisHKa, Ta Ha TMIBHIYHO-CXIAHIA JUIAHIN, $Ka TPHUMHKAE [0
BIICTIHHUKIB METaIypriiHOTO Ta KOKCOBOTrO BHpOOHHWITBA. JIeKimbka
HEBEJIUKUX aHOMAJIbHUX 30H BHUAUISIOTHCS HA IIBICHHO-3aXiAHIN AinsAHIi
rpe6ui. Haiibinbiie 3aHeNOKOEHHsI BUKIIMKAE 30Ha KOHLIEHTpPAII] aHOMaTiii Ha
NeperuHi rpediin Ha miBJeHHIHM AinsHui. L1 30Ha Buaiisacs HaMu paHiie
IIPY TIPOBEACHHI po0iT 3 OILIHII TeXHIYHOro cTany rpedni y 2016 poui. Toxi
Takox 3aiydanucs reodizuyni meroxu [TIEMII3 rta BumiptoBanns IIE]]
raMMa-BUIPOMiHIOBaHHSA. Ha puc. 5 mokasaHe CIiBCTaBICHHS MOJOXKCHHS
paHile BUAICHAX Ta Cy9acHIX aHOMAbHUX 30H. JJoOpe momiTHO, o Matike
yCi BOHU CIIBIIAAAIOTh, alie € AesKi BIIMIHHOCTI, ITOB’A3aHi, HacaMIepesn, 3
pizHOIO Mepexero criocTepekeHs (y 2016 porii BoHa cTaHOBWIIA 5*5 MeTpiB).
Taxe cmiBHagiHHs T03BOJISIE CTBEPIKYBATH, 110 30HH BHUIIICHI BIIEBHEHO Ta
€ 00’extrBHUMHU. lle BHKITIOYae MOXIHMBICTP MOMHJIKOBOTO BHJIJICHHS Ta
CBIIYMTH PO HASIBHICTH POOIIeM 3 00BOJHEHHSIM Tijia Ipeliri, ke 3a nepio
6 POKIB TLIbKH OCHITHAIIHCS.

CBiTOBHIA JOCBiA eKCIUTyaTailii BEIUKHX Ipedeib Ha pidykax Ta
OTOPOKYIOUHMX Tpebesib Ha XBOCTOCXOBHIIAX IMOKA3ye, M0 CaMe IUISHKU
BUTHHY TpeOiii B OiK, NPOTHISKHUH XBOCTOCXOBHILY, SIK H IUISIHKA
39IeHYBaHHS Tpeberb, € HAOUTIT HEOE3NMEeUHUMH 3 TOUYKH 30PYy PO3BHUTKY
aBapiffiHuX cuTyaniil (HanpuKIaa, XBOCTOCXOBHIIA Alika, bpymazinwo, bas-
Mape, Kapamken Tomo). Hemae HisSKMX mifcTaB BBaXkaTH, IO MOAIOHA
CUTYAIlisl HEMOXJINBA # TYT.

Ha miBHIYHIN TUTAHIN Tpe0ii TaKOK BCTAHOBJICHI 30HU OOBOJIHCHHS, ajie
iX TOXOPKEHHS, BOYEBUAb, iHmIC. IliBHIiYHA TpeOis MMOXOBaHA Tij
6araToMeTpOBOIO TOBIIEIO BiIXOAIB METAIypriifHOr0 BUPOOHHIITBA Ta MEXKY€E
3 BiacTifiHWKamu, SKi MarOTh TMOWHY 10 BiaMiTKH 52-50 M. Ockinekn
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BIICTIHHWUKM, Ha BiAMIHY Bill XBOCTOCXOBHINA, € AaKTHBHHUMH Ta
eKCIUTYaTyIOThCS, ICHY€ TiIpOMIHAMIYHWHA TEpPEeTiK pPO3YMHIB K 3
BIICTIHHUKIB 1O XBOCTOCXOBHINIA depe3 Tpedmto, Tak W Hasad, 3
XBOCTOCXOBHIIIA JI0 BIACTIHHWKIB. PamioakTBHOrO 3a0pymHEHHS Y
BiICTIHHUKAX TIOKH [0 He 3adikcoBaHO, aye TpeOys y HIDKHIA YacTHHI
iHTeHCHMBHO OoOBojgHeHa. Ile He BIMBae Ha i1 TeOMEXaHIUHy CTiHKiCTb,
OCKIJIbKM TPOpUBATHCS HeMa KyId — C YCiX OOKiB BOHa 3aTHUCHYTa
palioaKTMBHUMHM BIAXOAaMH, METAIYpPriiHMMH NIIaMaMH Ta 3BEpPXYy —
BIZIXOJIaMH KOKCOXIMi4HOTO BHpOOHHITBa Ta Qocdorincom. Ha miBaenHo-
3axiMHIA JUISHII TakoX BHIUIIIOTBCS JEKUIbKa 30H PO3YLIUIbHEHHS, ane
KazaTH npo (UIbTpaNilo PO3UMHIB 3 O0OKY XBOCTOCXOBHIIIA HEMAE TTiJICTaB.

3a pesynpratamMu Teo(i3MYHMX pPOOIT BHIUICHI TUISHKH, Ha SKHX
ITOCTABJICHO 1H)KEHEPHO-TeoJIoTiuHe OypiHHA. B Mekax IIIomli BHIITYKYBaHb
BUIUICHO BOJOHOCHUH TOPU30HT, IO HAICKUTh OO YCTBEPTHHHUX
QIFOBIAIPHUX BIJKJIAIB 3aIUIaBH Ta KOPH 3BITPIOBAHHS KPHCTATIYHUX MTOPIJI,
AKa iX miactunae. XapakTepu3yeThCs BOJOHOCHHH KOMIUIEKC IPHYPOYCHICTIO
JI0 HaJ3alUIaBHUAX Tepac YeTBEPTHHHOTO BiKy p. HINpo Ta HOro mpHUTOKIB,
BOJIOBMIIIIYIOYi TOPOJM TIPEIACTABJIICHI Pi3HO3CPHUCTUMHU IICKaMH 3
npolapKkaMy CYIJIMHKIB, CYIMICKiB, IJIMH, Ta YJIAMKOBO-TDIlIMHyBaTa 30HA
apxeiChKUX TPaHITOIMIB MmO IX mifcTWIAE. besmocepenHbo Ha AUISHIN
OrOpOKYBILHOT 1aMOU Y Nepiof] MPOBE/ICHHs BUIYKYBaHb Mi3eMHI BOJIU
3YCTPIHYTI Y MiBACHHIH 4acTHHI JaMOu Ha riubuHax 4,0-6,2 M, Ha MiBJICHHO-
3axigHid AinsHO namOu- Ha rnmmomHax 9,0-10,2 M Big noBepxHi. Oxpim
OCHOBHOI'O BOJIOHOCHOTO TOPH30HTY BHILE IO pPO3pi3y OyJIO PO3KPHTO
JIOKaJbHI MaJOMOTYKHI TOPU30HTH «BEPXOBOIKW», IO YITKO (IKCYOTHCS
mpu OypiHHI Ta MiATBEPHKYIOTHCS JaHUMHU (PI3HYHUX BIACTHBOCTEH TPYHTIB,
siki Oynu BimiOpaHi 3 X TIOuH. TakuM YHHOM pe3yIbTaTH OypOBHX pOOIT
MOBHICTIO TMIATBEP/UKYIOTh BHUIUICHI 332 Teo(i3MIHHMH JaHUMH 30HHU
00BOJHEHHS 1 PO3YIIiITPHEHHS.

BUCHOBKH

MOHITOPHHIOBI JOCTIKEeHHs, npoBeaeHi y 2016 ta 2022 pp. nokasaiu
CYTTEBE MOTIPIICHHS, OCOOJMBO, B MiBACHHO-CXIHIA YaCTHHI, TEXHIYHOTO
CTaHy OrOpOJPKYBaIbHOI JaMOM JIHIMPOBCHKOrO XBOCTOCXOBHINA, & TOMY
MIPOTIOHY€ThCS HACTYIIHE:

1. B 2025-2026 pp. mpoBecTH MOBHUI KOMIUIEKC AOCIIKEHb, SKUH
Bkirouae reodizmuni meromu ( IIIEMII3, BE3, paniomerpist), OypinHs
CBEpAJIOBHH 3 Bi100OpOM NpoO Ta iX 71a00paTOpHUM aHAJI30M.

2. Ha Bumgineniii HeOe3meyHild aUIIHOI AaMOM B IIBAEHHO-CXIJHIN
YaCTHHHU OJMH pa3 Ha piK, YM OAWH Pa3 y JBa POKH, POOUTH CKOPOUYCHHUI
KOMITIEKC Te0(i3udHUX IOCHiKEHb, HEBEMUKUN 00’eM OypoBUX poOIT Ta
nabopaTopHHUl aHATI3 BiTiOpaHUX MPOO TPYHTIB.
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3. B nmiBaeHHO-CXiHIN YacTHHI JaMOH, 1e BU3HAYCHI JUISTHKY (PibTparii,
BCTAaHOBHTH TCOAE3WYHI MapKH JUIi CIOCTEPeKECHb 3a 3CYBHUMH
nedopmamisMu Ha 1aMoOi.

4. Yotupu pa3W Ha PIiK BIJCIITKOBYBaTH pPiBEHb TPYHTOBHX BOJ B
CIIOCTEPE)KHUX CBEPAJIOBHHAX, a TaKOX BiIOMpaTH BOAY Ha aHAII3 MO0
HAasBHOCTI B Hill paliOHyKITiJTiB.

5.V migHDKKS TIBHIYHOT YaCTHHU JaMOU Ha CTHKY 3 BifactidHukamu JJM3
OJIMH pa3 Ha PiK IPOBOANTH KOHTPOJIb paiaiiHOro (hOHY Uil BCTAHOBJICHHS
MOXIIMBHX 30H (iIbTpanii 3a0pyIHEHUX PO3UHHIB.

6. 3 MeTO0 BU3HAUCHHS LIUISXIB Mirpauii 3a0py/JHEHUX PO34MHIB 4 pa3u
Ha piK BinOupaTy NpoOH rPyHTIB Ha CXMJaxX JaMOM, a TaKOX 3pa3Ku pPOCINH
JUTSL aHAJi3y HASBHOCTI B HUX PaJliOHYKIIIIIB.

7. YoTHpH pa3H Ha PiK JOCTIIKYBaTH CTaH BOAU Ta JOHHHX BilKJIaJCHb Y
p. KoHommisiHKa, IpUAITUBING TiIBHIICHY YBary mpodam mepeq n1amO00ro Ha
pidi.

JIIs TONINIIEHHS TEXHIYHOTO CTaHy XBOCTOCXOBHIIA «/IHIIPOBCHKE»
HPONIOHYETHCS PO3POOUTH NIPOSKTHY TOKYMEHTALIIO Ta peatizyBaTH 3aXO0/IH,
sIKi 3a0e31mevaTs:

— OpraHi3oBaHe BiJBEJICHHS IIOBEPXHEBMX BOJX 3  IOBEpPXHIi
XBOCTOCXOBHIIIA;

— peopranizaitito penbedy MOBEPXHi XBOCTOCXOBHIIIA;

— YKpIIUIEHHSI HU30BOT'O YKOCY 1aMOM XBOCTOCXOBHIIIA;

— 3HIKEHHs QuIbTpalii yepe3 1aM0y XBOCTOCXOBHIIA.

AHOTALIA

B pesymbraTi 3acTocyBaHHA KOMIUICKCY TeO(]i3MUHHX METOMIB Ha
OTOPOIKYIOUNX JlaMbax XBOCTOCXOBHINA «J{HIIPOBCBKE» y CKIIAAI METOMY
MIPUPOJTHOTO IMITYJIBCHOTO EJIEKTPOMArHiTHOTO HOJIS 3eMITi Ta BEPTHKAIEHOTO
SJICSKTPUYHOTO 30HIyBaHHS BCTAHOBJICH] AIJSTHKH i IBUIIEHOTO 3BOJIOXKECHHS
IPYHTIB, Ki CKJIQJIAIOTh T1JIO 1aM0i, BU3HAYEHO IX [IPOCTOPOBE MOJIOKEHHS Ta
ruOiHi Bij moBepxHi. [loka3aHo, IO MOJOXKEHHS IMX IUISTHOK MPOTIIrOM
HIOCTI POKIB HE 3MIHWIJIOCS, IO CBIMYMTH MPO HaAiHY I1X ikcauito 3a
JIOTIOMOTOI0  KOMIUIEKCY 3acTOCOBaHMX MeToniB. KoHTponbHe OypiHHS
MOKa3alo HasBHICTh 3BOJIOKEHUX TPYHTIB y IHMX 30HaX. B skocti
peKOMEeHAAIIN 00 HEAOMYIICHHS MOAAJBIIOT0 PO3BHTKY HEOE3MEUHHX
IH)KEHEPHO-TEOJIOTIYHNX IIPOLECiB y TUIl JaMOM 3amponoHOBaHA HH3Ka
3aXO0/iB I10JI0 MOHITOPUHTY 32 TEXHIYHMM CTAHOM Ta PO3POOKH NPOEKTY
BIZTHOBJICHHS TEXHIYHOTO CTaHy O HOPMAaTUBHHUX MOKA3HHKIB.
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TEAM FORMATION FEATURES AT IMPLEMENTATION
OF OPERATIONAL EFFICIENCY INCREASE PROGRAMS
AND PROJECTS

Rovenska V. V., Smyrnova I. |, Latysheva O. V.

INTRODUCTION

The subject of the research is a critical aspect of contemporary project
management. In recent years, the drive for operational efficiency has become
paramount in various industries and organizations. Achieving and sustaining
efficiency requires not only the right strategies and methodologies but also a
well-organized team. As organizations try to optimize their processes and
resources, understanding the dynamics of team composition emerges as a
pivotal factor in the success of such efforts.

This research delves into the intricate interplay between team structure,
composition, and the overarching goals of operational efficiency projects,
providing invaluable insights for project managers, researchers, and
practitioners alike.

1. The problem’s prerequisites emergenceand
the problem’s formulation

It is necessary to have long-view and develop a strategy for the restoration
and development of industrial production for successful post-war revival of
Ukraine: the driver of the national economy, considering the existing and
potential risks and challenges of the war (post-war) sit, and also determine the
existing opportunities for optimal use of resources, develop projects for
increasing operational efficiency in the context of the «Performance
management» concept.

2. The analysis of existing methods for solving the problem
and formulating a task for the optimal technique development

«Performance managementy technologies are a set of instruments for
increasing the productivity of employees and the operational efficiency of the
business.

Using of «performance management» instruments provides the
opportunity to achieve high labor productivity for business through the next
factors:

— it helps to establish clear goals, tasks, job requirements and key
performance indicators (KPI) for employees and teams;
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— it allows to assess the personal and collective performance and
productivity of employees and, based on the results, to identify problem areas,
in particular, in the qualifications and skills of staff;

— it helps to determine priorities for further development of competencies
and improvement of professional and flexible skills;

— it allows to define clear criterias for providing rewards to employees;it
provides future support for high motivation and achievement of the
company’s strategic goals, etc.

That’s why the main task of programs and projects of improving
operational efficiency on the basis of «performance management» technology
consists of providing the work of the project team for achieving the strategic
goals of the organization and to provide the optimal use of resources and
increase the productivity of an individual employee, team members and the
team as a whole, work group.

There are certain differences between a team, a group, and a working
group (Table 1).

Nowadays there are many types of team, depending on the key feature, the
following types of teams can be defined (Table 2).

It should be understand that the presented classification (Table 2) cannot
cover all existing types of teams because it is difficult to take into account all
the features of team formation and the specifics of different companies.

Therefore, it will not be complete, like any classification of a certain
process or phenomenon in advance, because it is almost always possible to
highlight a certain feature and then form its own classification (in this case, a
list of command types). For example, there are such types of teams outside the
presented list of teams (Table 2): autonomous teams, semi-autonomous teams,
self-managed teams; production, management, service teams, resource
provision teams; teams working within one project or portfolio of projects
(project teams) and others.

Table 1
The sense of the concepts «team», «group» and «work group»,
the main features and differences between them?

The sense of the The main features The main difference
concept

A team is a small group The team has a single goal The main difference
of people with different with clearly established between a team and a
training, which are goals and tasks, the activities | group isthatateam has
involved from different of team members are a common goal and
fields, work together to coordinated for achieving works together for its
solve specific problems these goals. The team is achieviving, whereas a

! Source: grouped by authors based on the systematization of sources [1-12]
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to achieve common

goals. A team is made up

of members who have
different skills and
experiences but work
together to achieve
shared success.

characterized by a high level
of cooperation, mutual
support and trust. Team
members are able to
communicate effectively,
make decisions and solve
problems together; they have
complementary knowledge
and skills

A group is a group of

people who work in the
same place or belong to
the same organizational
department. The group

(traditional work group)

is a set of work groups

with their own traditions,

rules, job instructions
and established
composition.

Group members may have
different goals and
responsibilities and do not
necessarily work together to
achieve common goals. The
group can include several
teams or none. As a rule,
group members are
connected by the general
framework of the
organization, by interest
groups and personal
relationships but they may
not have a common goal and
common values since
everyone works on his/her
own task and belongs to
his/her «communication
groupy» within the
organization and his/her
intra-group «subculturey.

A work group is a group

of people who work
together but each of
them performs their
work independently.

The members of the work
group do not have a common
goal and do not depend on
each other for success, they
can share information and
experience but each of them
is responsible for his part of
the work.

group  consists  of
people who simply
work in the same place
or belong to the same
organizational unit.
The main difference
between a work group
and a team is that the
members of a work
group usually work
independently of each
other, while the
members of a team
work together to
achieve common
goals. The working
group has a bright and
strong leader;
leadership is
distributed among its
members in the team,
the team practices the
so-called leadership
shift: when
performing certain
tasks, different
members of the team
act as leaders (in
contrast to a work
group, the leader of
which can delegate
authority to
subordinates but at the
same time remains the
sole leader).There is
only one personal
responsibility in the
working group; the
team has both
personal and mutual
collective
responsibility for
achieving the overall
result
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Table 2

Classification of teams?.

Sign

Type of team

Comment

1. By status

1.1. Official teams
1.2. Unofficial teams

1.1. Official teams are legally formal
entities operating within the framework
of the legal space, such as the stuff of
an enterprise or its department;

1.2. Unofficial ones are based on the
unrecorded (and in some cases,
undeclared) desire of people to
cooperate with each other and the actual
practice of such cooperation.

2. By the
nature of
internal
connections

2.1. Formal teams
2.2. Informal teams

Officially created teams provide for the
presence of both types of connections
(formal ones carry the main load, and
informal ones complement them). The
communication is extremely informal in
unofficial teams.

Formal ties represent relations between
positions, they are characterized by
hierarchy, informal ties exist between
individuals, regardless of what place
they occupy at official service levels.

3. By the 3.1. Spontaneously 3.1. Spontaneously formed teams (for

mechanism | formed teams. example, a student team);

formation 3.2. Consciously 3.2. Consciously organized teams (for

organized teams. example, teaching staff).

At the same time, spontaneously
formed teams can be further structured
deliberately (for example, it depends on
the foreign language studied by
students, study groups are completed),
and deliberately selected ones can be
randomly (for example, alphabetically).

4. By the 4.1. Temporary teams In practice, the temporary nature of the

existence 4.2. Permanent team is usually associated with the fact

time: commands. that it is intended to solve a certain one-

time task.

2 Source: grouped by the authors based on the systematization of sources [4; 10-12])
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Continuation of the table. 2

Sign Type of command Comment
5. By 5.1. Teams that are 5.1. Teams that are focused on
functions: focused on achievinga | achieving a certain goal (both official
certain goal and unofficial ones are such as
5.2 Teams that are political party, company stuff);
focused on realizing a 5.2 Teams that are focused on the
common interest implementation of a common interest
5.3. Teams that are (a society of philatelists, dog breeders,
focused on water rescue, etc.);
communication 5.3. Teams that are focused on
communication (interest clubs).
In turn, functional classification can
be supplemented and detailed by
classification by types of activity.
6. By size: 6.1. Small; There is no single criterion for the
6.2. Big ones number of participants
7. 7.1 Problem Solving 7.1. Problem-solving teams are
Depending Teams targeted on complex and ill-defined

on the tasks,
resources of
the team and
individual
tendencies of
its members,
the
following
types of
teams are
distinguished

7.2 Creative (research)
teams

7.3. Tactical
implementation teams

problems. Members of these teams
must enjoy well-deserved trust, be
reliable, intellectual and pragmatic
people.

7.2. Creative (research) teams are
targeted on researching the
possibilities of the environment and
searching for alternatives. Employees
of such teams must have stable self-
motivation, be independent, creative
and persistent in the implementation
of collective goals.

7.3. Tactical implementation teams
are targeted on the implementation of
the given plan. They need a clear
statement of the task, a clear
department of roles and the
formulation of clear success criteria.
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Continuation of the table. 2

Sign Type of command Comment
8. Teams in | 8.1. Business team; 1. Business team is a group of business,
various 8.2. «Office of the competent employees who have a certain
fields of President» or the degree of freedom in making and
activity executive team of the | implementing decisions; such group is

corporation;

8.3. Multifunctional
team;

8.4. Special team as a
kind of self-managed
team;

8.5. Search and
rescue team;

8.6. Team performing
«rough work»;

8.7. SWAT — team
(skilled with
advanced tools);

8.8. Sports team;

8.9. «Theatrical»
team;

8.10. Transnational
team.

aimed at finding innovative solutions,
receiving benefits from projects;

2. «Office of the President» is a team of
heads of the corporation that performs the
functions of coordination and collective
decision-making in matters of domestic and
foreign policy;

3.Multifunctional team is formed with the
aim of improving the coordination of the
functioning of key specialists in specialized
areas of development, improving expertise,
streamlining the use of resources and
optimizing possible changes;

4. Special team is a type of self-managed
team that works autonomously on the
implementation of a certain part of the task
and independently makes decisions within
its competence;

5. Search and rescue team is a group of
specialists with special knowledge and skills
which is aimed at solving specific problems
related to emergency situations;

6. Team performing «draft work» is a group
of talented and creative individuals isolated
from top management which are aimed at
solving specific and complex tasks
independently.3

7. SWAT —team is a type of team for
solving problems in a certain area, that is
competent and has a set of effective and
modern tools;

8. Sports team is a group of specialists where
the «coach» ensures the fullest realization of
the individual talent of each «star» and
monitors the performance of assigned roles;
9. «Theatrical» team is where the manager
defines the goal of team activity and the role
of each team member who perceives his
contribution to team activity as unique;

10. Transnational team is a cohesive group
that consists of members which belongs to
different national, religious and social
groups; get development when the
organization is integrated into the global
development process.

3 Source: grouped by the authors based on the systematization of sources [10-12]
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Continuation of the table. 2*

Sign Type of command Comment
9. According | 9.1. Functional team. Functional team: works effectively in
to the 9.2. Multidisciplinary a traditional hierarchical

characteristics
of the
composition
of the team
and the
direction of
its activity

team.
9.3. Self-managed team.

organization and a market that is
weakly developing and predictable;
is created from specialists to
effectively solve tasks on the basis of
a clear system of organizational
management and submission; can
offer innovative solutions but the
right to make decisions and set goals
remains with the management.
Multidisciplinary team: the most
effective in an organization that is
focused on team activities, that
functions in the conditions of a
changing and poorly predictable
market; unites specialists from a
number of organizational divisions
or partner organizations whose
competence allows finding and
implementing the most optimal
solution to a complex and difficult
problem; the combination of abilities
of team members that complement
each other creates a synergistic effect
that determines the high potential of
a multidisciplinary team.
Self-managed team: the most
effective in terms of starting a new
business when creating a new
organization and structure; is
characterized by a high level of
freedom in making and
implementing decisions, can
implement projects from an idea to
its full implementation; consists of
specialists with a high level of
professionalism in a number of areas
that mutually complement each
other.

4 Source: grouped by the authors based on the systematization of sources [4; 10-12]
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However, the key to successful team building for any type of teams is an
understanding how «Performance management» technologies can be used for
obtaining the planned result of increasing labor productivity and, achieving
the company’s strategic goals, etc. According to the ideology of the
«performance management» concept, this process of team building, in our
opinion, may include the following tasks (Fig. 1):

Determination of Tracking employee

specific goals productivity and °’°.?15,'22 uc:'{efsut’tt)her
(according to SMART) evaluating their stimulate and
and criteria for contributionto encourage employees
selection will be achieving strategic to im) w\?e the rasyulm
selected and the goals and reporting and of the proiect team
success of employees evaluating team (basped !:m the
and the team as a performance. obtained results)
whole will be evaluated Preparation of reports.

Fig. 1. The main tasks stages of team building®

1. Determination of specific goals and criteria (see Fig. 1), according to
this, the team will be selected and the performance of employees (team
members) will be evaluated.

First, clear and specific SMART goals are set, which the project team must
achieve. These goals should be aimed at achieving the company’s strategic
goals, which helps employees have a clear idea they should strive for. A key
important aspect is that the goals must be measurable in order to assess the
success of employees in achieving them. For example, goals might include
increasing productivity by 10% over the course of a year or reaching a certain
level of sales.

2. Monitoring and evaluation of the results of the team’s work (see Fig. 1)
assumes that at the second stage — data is collected and the results of the team’s
work are evaluated. This may include performance evaluation, quality of work
performed, use of resources, and other factors that affect the achievement of
goals. Various metrics and key performance indicators are used to evaluate
the performance of project team members and the team as a whole. These can

5 Source: created by the authors based on the systematization of sources [1-12]
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be, for example, the time of completing tasks, the quality of the work
performed, the consumption of resources, etc. Periodic evaluations of
employees can take the form of regular performance conversations, during the
process the employee and the manager share impressions of the work and
determine how the results can be improved. Formal evaluations can also be
conducted based on collected data and performance indicators. Analytics and
reporting are essential for evaluating employee performance and their
contribution to the organization’s strategic goals. Data collection and analysis
help managers make informed decisions about development and productivity.
For example, a manager can identify which specific areas need improvement
and develop an action plan based on this information by analyzing data.
Assessment and tracking results are carefully analyzed to identify project team
strengths and weaknesses, identify problem situations, and identify
opportunities for performance improvement.

3. The last stage (see Fig. 1) is the development of further measures to
stimulate and encourage employees to improve the results of the project team.
On the basis of the obtained results at this stage, measures are developed to
improve the results of the project team’s work, recommendations are provided
to team members to improve their productivity. It can be trainings for
improving the qualifications of employees, mentoring, coaching and other
forms of support and cooperation, as well as the introduction of new systems
of stimulation and encouragement of employees for achieving set goals and
high results (achievement bonuses, verbal recognition and other forms of
reward). Through the implementation of these measures, awareness of team
members is ensured through the creation of clear rules and procedures,
competencies and skills are improved, mutual support and mutual trust among
team members increases.

Proposed setting of tasks (see Fig. 1) allows to understand how to improve
the performance of the team as a whole, as it contributes to the clear definition
of common goals, performance criteria of each team member and the
effectiveness of the team’s work.

In this context, we think that an effective team can be understood as a
group of people who:

— consists of members who have different skills and experience but work
together to achieve group success and common goals;

— characterized by a high level of cooperation, mutual support and trust;

— be able to communicate effectively, make decisions and solve problems
together;

— accepts mutual responsibility for results and strives for continuous
development and improvement;

That’s why it can be assumed that such an effective team is formed due to
the interrelationship of various favorable factors, which can be combined in
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terms of content and which in turn contribute to the creation of an effective
team (Table 3).

On the contrary, there are barriers such as factors that prevent the creation
of a successful (efficient, highly productive) team, which is caused primarily
by: inability and/or unwillingness to work in a team (due to incompetence,
undeveloped soft skills and egocentrism of individual workers); incorrect
distribution of responsibility; shortcomings in the evaluation of work results,
for example:

1. All employees have an individual work plan which is provided by the
manager. Moreover, competition with other employees is possible during the
implementation of this plan.

2. One of the employees is responsible for the failure to achieve the
planned results, for example, the head of the department or only the employee
whose individual plan is executed worse than others.

3. Each employee is responsible only for his part of the work under
conditions of independence of cooperation. For example, the sales department
has a certain number of orders and the supply department does not have time
to fulfill the received orders because of overload line. As a result, the
dissatisfied customer turns to other, more responsible suppliers.

4. The best employees are rewarded at the end of the reporting period or
project. There are different options: only some employees can be rewarded or
Nno one gets a bonus and there is also a possibility of a «reverse penalty» where
some employees will be penalized.

Based on the definition of the concepts «team», «group» and «work
groupy, the main features and differences between these concepts (Table 1),
the typology of teams (Table 2), the formulation of the essence of an effective
team, established favorable factors for the creation of an effective team (Table
3) and existing barriers to the creation of an effective team, it is worth stating
that the team building procedure in programs and projects to increase
operational efficiency based on the principles of «performance management»
technology involves diagnosis, attestation (evaluation) of stuff and their
subsequent selection in project teams.

In this case, team building can take place in three directions®: 1. Formation
of highly effective teams based on the data of certification or stuff evaluation.
2. Selection of appropriate stuff and completing of appropriate teams
according to the information received during organizational diagnostics,
attestation or assessment of stuff, taking into account abilities, skills, abilities
to work in a team. 3. Reshaping of existing teams based on the data of
organizational diagnostics, attestation and evaluation of stuff in order to
achieve maximum efficiency.

6Source: grouped by the authors based on the systematization of sources [4; 12, p. 76-88]
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Table 3

The main factors that contribute to the creation of an effective team?

Groups of factors

Comment

Positive interdependence
and a high degree of action,
compatibility, harmony and
trust between team
members.

High level of participation
and satisfaction with team
membership:

These factors predict the successful perception of
interpersonal communication in the team. Each
team member must believe in a strong partnership
and contribute to overall success. It is also
important to support each other and pool resources.
A high degree of harmony and trust among team
members means that team members must trust each
other and have a common focus on achieving team
goals. Team members must be sure of the
possibility of prompt correction of interaction (if
necessary). However, it is more important that they
develop arrangements and master working together
in accordance with these arrangements, rather than
always overcoming the difficulties associated with
the need to coordinate themselves and others.

An effective team has personal compatibility,
which includes physiological, psychological and
social compatibility.

Team members should be actively involved in
teamwork processes and feel satisfied with their
membership.

Individual responsibility
and at the same time clear
self-identification of
individuals with the team

This factor implies an increase in the conviction of
team members regarding their personal contribution
to group work. Each team member should feel that
his efforts are recognized and it motivates him/her
to be more responsible for the overall success.
Constant information about the necessity for help
and support to complete the task is also important.
Clear self-identification of individuals with the
team implies that the team must have members who
identify with the team and prioritize collective
interests over individual ones.

A small number of team
members

The optimal team size is 10-12 people. A large team
may be less effective at solving tasks and
coordinating.

" Source: grouped by the authors based on the systematization of sources [1-12]
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Continuation of table 38

Groups of factors

Comment

Shared awareness of the
team’s mission and goals,
awareness of one’s role in
the team.

Formation and support of
group procedures

Team members must have the same idea what the
team should achieve and which goals should be
fulfilled according to the defined priority. Forming
and maintaining group procedures involves having
the necessary procedures for discussing issues such
as achieving group goals, maintaining working
relationships and exchanging ideas.

The team has clearly defined roles and functions, as
well as team procedures and rituals, conflict
resolution methods, decision-making methods,
feedback methods, usually the leader does not seek
to dominate other team members.

Established effective
interpersonal
communication

This factor involves the development of group
norms, the exchange of multifaceted information,
the building of trust and mutual understanding in
the team. It contributes to the creation of a favorable
environment for cooperation.

Cooperation skills
(interchangeability).
Complementary abilities
and interdependence of
team members

This factor implies the presence of professional and
social skills necessary for joint work on mutually
beneficial goals and tasks. The team must have the
ability to work effectively together. Team members
must have different skills and talents that
complement each other and understand that their
success depends on teamwork and support. It is
very useful when there is interchangeability in the
team, which consists of the distribution of
responsibility, information and authority. Each
member of the team must have access to
information about the goal and progress of the joint
activity and at any time can assume a leadership
role in the entire team.

Professional competence
and high motivation of team
members:

Each member of the team must have the necessary
knowledge and skills to perform their duties, and
also be motivated to achieve the team’s goals. The
team is motivated and receives a team reward

The traditional approach to team formation which has been widely used in
practice, is the selection of the main four stages of team formation®: Stage 1.

8 Source: grouped by the authors based on the systematization of sources [1-12]
9 Source: grouped by the authors based on the systematization of sources [12, p. 76-88]
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Starting team (Fig. 2). Stage 2. Transition period team (Fig. 3). Stage 3.
Experienced team (Fig. 4). Stage 4. Mature team(Fig. 5).

Fig. 2. Starting team model

Cross-functional teams are created, they include formal controllers — on
the slide — a red-coloured human figure, controllers are called team leaders,
they are not elected, but appointed by management (Fig. 2). Here, the light
green are team members to whom authority is first delegated. The controller
is the leader who is present in the day-to-day operations of the team but its
members are expected to take some responsibility for the success or failure of
the firm. Duties previously performed by the manager-controller are delegated
first to some and then to all team members. Team members are required to
solve their own problems. The controller (leader) of the team acts as a mentor
who teaches the team members how to act in certain situations but the team
members no longer have to turn to him for every problem.

John Katzenbach and Douglas Smith reveal some leadership expectations
during the team development stage. External controllers and team leaders are
expected to help teams develop shared goals, objectives and approaches,
stimulate focus and confidence, reinforce the different skills and abilities of
team members, manage the team’s relationships with the environment and
remove obstacles, create opportunities for team members to improve, and
perform real work together with other team members. John Katzenbach and

10 Source: proposed and created by the authors and grouped by the authors based on the
systematization of sources [1; 12, p. 76-88]
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Douglas Smith *outline some basic leadership expectations at this stage of
team development. External controllers and team leaders are expected to
fulfill the following obligations:

1. Providing assistance to teams in the formation of common goals, tasks,
and approaches. Team leaders are expected to work alongside other team
members, but at a distance from them and to see the perspective. At this stage,
team leaders maintain a precarious balance between managing team members
and advising them.

2. Stimulation of purposefulness and confidence.One of the main tasks of
the team leader at this stage is to encourage the confidence and purposefulness
of its members and the team as a whole by means of a positive assessment of
the efforts made by people.

3. Reinforcement of various skills and abilities possessed by team
members and improvement of their professional skills. Team leaders are
expected to encourage their members to take risks, learn, develop and take on
new tasks and roles. The most effective managers at this stage pay special
attention to acquiring or improving those technical, functional and
communication skills, other skills, including the ability to make quick
decisions and work as a team, which are necessary for the team to work
effectively and progress to the next, higher levels stages of its development.

4. Managing the team’s relationship with its environment and removing
obstacles that hinder the team’s development and work. Team members treat
the team leader as the person who is primarily responsible for managing the
team’s relationships with other members of the organization. The group leader
is obliged to protect the group, eliminate obstacles to its work, and obtain
resources necessary for the team’s work, if necessary.

5. Creation of opportunities for improvement of team members. Team
leaders are expected not to use the best resources to enhance their own
reputation, but to help the growth and development of team members by
allowing them to take on additional commitments and guaranteeing them job
rewards.

6. Performance of real work. Each team member, including the team
leader, is expected to do approximately the same amount of work. Team
leaders distance themselves somewhat from rank-and-file members, but do
not use their status to avoid work. The manager should contribute his labor to
its activities and not transfer the work to others like other members of the
team.

Stage 2. Transition period team. During the taking more and more
responsibility of the team members for the daily management of its activities,

11 Source: grouped by the authors based on the systematization of sources [1-4; 12]
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the role of the manager changes: he is more and more involved in
coordination, less and less in control (Fig. 3).

Fig. 3. Transition team model 2

Team members gradually take on specific tasks, such as finding and
gathering information, establishing consensus in the group, resolving conflicts
that arise in it, making decisions without the participation of middle managers,
initiating changes in group policies, procedures and methods of daily work.
The leader manages the group, coordinating the skills and actions of its
individual members. In addition, he spends a lot of time not on tracking the
daily activities of his people, but on obtaining resources for the team and
managing relations with external groups.

Stage 3. Experienced team. Team members take full responsibility for
solving various problematic issues that they are already able to solve
independently, based on past experience (Fig. 4). At this stage, the coordinator
spends more and more time getting resources for his teams, mediating
between them and other teams, as well as external clients. Teams mostly
manage their day-to-day activities themselves, their coordinator may not delve
into routine problems, not worry about how they react to them. Team members
make decisions based on consensus and bear full responsibility for the most
important parameters of the team’s performance and effectiveness.

12 Source: proposed and created by the authors and grouped by the authors based on the
systematization of sources [12, p. 76-88]
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The team leader, also known as the coordinator, acts as a senior manager
who oversees the activities of several teams. Such a leader (coordinator)
collects data on production, quality, customer satisfaction and other important
indicators and informs team members about how they are doing.

Fig. 4. Experienced team model **

Stage 4. Mature team. At this final stage, the team bears full responsibility for
its work. (Fig. 5). Team members solve most of the administrative, financial, and
personal issues independently, plan their work, distribute roles and
responsibilities, solve various technical and other problematic issues with minimal
external intervention. The team coordinator allocates resources, and the team
decides for itself when it needs help in solving social or technical issues, and what
the amount of such help should be. At the request of the team, the coordinator (see
Fig. 5) either provides it with personal assistance or uses external sources for this.
In a mature team, during the work on a project, the project manager works with
all executors, helps to increase competence, inspires and supports team members,
creates a favorable environment for cooperation and exchange of ideas and
knowledge. Good communication, training and mentoring enable employees to
effectively help each other (see Fig. 5).

13 Source: proposed and created by the authors and grouped by the authors based on the
systematization of sources [12, p. 76-88]
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This is an important prerequisite for ensuring the success of the project,
because the executor who does not understand and is afraid stops doing the
task normally, dissatisfaction and aggression accumulate and it can lead to
negative consequences.And that’s why the project manager must regularly tell
the team about what is happening in the project. And then there is neither fear
nor aggression but only tasks and problems that the team must solve together.
The success of the team’s activities is influenced by such factors as honesty;
trust; mutual respect; recognition of team members?®,

So, a number of factors influence the successful team formation process:

1. Degree of interdependence of members. If the tasks performed by the
team are so closely interconnected that the work of one team member is
critical to the work of others, then there is probably a need for a formal
manager who regulates unsolved issues, holds meetings and ensures the
participation of the right people in making the most important decisions.
When the level of interdependence is low there is a greater likelihood that
team members will establish external coordination on their own without the
intervention of a formal leader.

2. Team sizes. As the size of the team increases, the number of
relationships, decisions, points of view that need to be taken into account, and

Fig. 5. Mature team model **

14 Source: grouped by the authors based on the systematization of sources [12, p. 76-88]
15 Source: grouped by the authors based on the systematization of sources [17]
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in fact, the amount of planning, increases proportionally. Three people simply
coordinate their actions without formal assistance. However, it is much more
difficult for a team of 20 people to coordinate their actions. So, the larger the
teams, the higher the likelihood that they will need people to play the role of
formal leaders.

3. Functional (professional) diversity of team members.

The more representatives of different professions in the team, the greater
number of points of view must be taken into account. Team members who
perform different functions and types of work think about problems and
approach them differently, so the integration of people with different
professions may require the help of «translators» who have different
professional training and act as managers. Over the last decade, professional
roles in the field of information technology have changed and continue to
change depending on the dynamics of business conditions and due to the rapid
progress of technology. The main factors of these changes in the business
sphere are globalization and the growing instability of the external business
environment, the emergence of a global labor market and the restructuring of
enterprises. Factors which are related to the field of information technology
include a significant increase in the ratio «price/quality» for the most
important technologies; the power of basic networks which is measured in
gigabits and makes it possible to transmit voice, text, images at high speed;
new paradigms of software development. Future specialists in the field of
information technology must be able to operate at the intersection of business
and technology. Their tasks will include not only providing timely and high-
quality information but also participation in the innovation process.

4. Degree of team autonomy. The degree of team autonomy affects the
complexity of information processing. If the team has the resources it needs,
coordination and decision-making become its internal business. If the team is
not autonomous i.e., connected to other teams and individuals, the complexity
of processing information increases immeasurably. Sometimes integrating
groups are sufficient to manage cross-teams but formal leaders may be
necessary to manage complex cross-departmental functions.

5. Scale of changes. Any circumstances, including unforeseen technical
difficulties, changes in organizational strategies, allocation of resources,
unforeseen circumstances introduced by competition, can change the team’s
strategy. The more such deviations, the more difficult it is to make an
informed decision. The team’s ability to quickly and adequately respond to
such situations can be increased if someone who can provide the team with
critical information is nominated for the role of leader.

6. Technical skills and experience. The ability of the team to be responsible
for the professional training of new people, as well as for compliance with
technical standards, depends mainly on the work skills and experience of the
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team members. The less experienced teams may need someone to act as a
formal leader and provide technical direction.

7. Lifetime of the team. If people haven’t worked in mature teams that are
self-directed before, and the project the team is doing is short-term, it probably
doesn’t make sense to invest resources and spend time to develop the team
completely. Instead, it can exist in the first stage with a designated leader who
holds meetings, makes schedules, ensures fair distribution of work, and
manages team relations. Empirically, it turned out that you should not leave
people in the team for more than 5-8 years.

8. It should be additionally noted that not the last role in successful project
management is played by the developed emotional intelligence of project
managers (project managers), who need to build trusting relationships with
the customer, team, and stakeholders and create effective project teams*®.

Project leaders (managers) with developed emotional intelligence are able
to recognize their own emotions and manage them effectively. This skill helps
them to assess whether their emotions are useful or harmful to solve a
particular situation. In addition, they are able to empathize with others and
interpret both verbal and non-verbal cues such as body language. This ability
can play a critical role in negotiating with stakeholders, especially when
getting project approval or contracting.

Daniel Goleman (an American psychologist), in his 1995 book entitled
«Emotional Intelligence “Why It May Matter More Than IQ», created a
framework of five elements that define emotional intelligence (Figure 6)*7:

1. First, people with developed emotional intelligence have a
heightened sense of self-awareness and have an understanding of their
emotions. As a result, they are able to maintain control over their feelings and
not let them dictate their actions. In addition, these people are confident in
their abilities and trust their intuition. They are also able to objectively assess
their strengths and weaknesses and work to improve in those areas where they
may be lacking. Many experts believe that self-awareness is the most
important component of emotional intelligence.

2. Self-regulation is those who have this ability are able to control their
emotions and impulses. They are unlikely to become overly angry or jealous
and are able to think before they act. People with self-regulation are usually
thoughtful, able to adapt to change, have integrity and are not afraid to say
«no» when necessary.

3. Empathy is the second most important component of emotional
intelligence. It includes the ability to understand and identify with the desires,
needs and views of other people. Empathetic people are able to recognize the

16 Source: grouped by the authors based on the systematization of sources [12, p. 76-88; 14]
17 Source: grouped by the authors based on the systematization of sources [22]
218



feelings of others even when these feelings are not expressed clearly. This
ability makes them excellent at managing relationships, communicating
effectively and avoiding hasty judgments or stereotypes.

4.  Motivation is another characteristic of people with high emotional
intelligence. They strive to achieve their goals and are ready to make short-
term sacrifices for long-term success. These people, as a rule, are very
productive, successfully cope with the tasks and are effective in everything
they set out to do.

5. Finally, people with high emotional intelligence tend to have strong
social skills. They are easy to talk to and are often liked by those around them.
These people are team players and put the development and success of their
environment as the main task. They know how to deal with conflicts, build
and maintain relationships8.

Possession of the skills which are presented in Figure 6 is crucial for any
true leader — manager, top manager, in particular project manager, as they
must interact with various stakeholders, cooperate with various teams and lead
them to achieve satisfactory results. Emotional intelligence helps managers
create trusting relationships and effective teams.

SELF

SOCIAL ~ “WARFNFSS SELF

SKILL REGULATIO

FMPATHY MOTIVATION

EMOTIONAL
INTELLIGENCE

Fig. 6. Five elements that define emotional intelligence
(Daniel Goleman’s model)*°

Anthony Mercino adapted Daniel Goleman’s model of emotional
intelligence (Fig. 6) specifically for project managers and emphasized the
most important competencies required for project management (Fig. 7).

As you can see, Anthony Mersino added a new element to Daniel
Goleman’s model (see Fig. 6) — «team leadership» (see Fig. 7) to emphasize
the importance of effective team leadership. Anthony Mersino’s definition of

18 Source: grouped by the authors based on the systematization of sources [17]
19 Source: grouped by the authors based on the systematization of sources [16]
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emotional intelligence is more practical, it shows that understanding your own
and other people’s emotions will increase your effectiveness.

Any motivated project manager should not only take care of professional
skills, learn new methodologies and apply them but also try to create a strong
and successful team.

What makes teams stronger and stronger? Good internal collaboration is
one of the key aspects that help teams cope with complex tasks and face any
obstacles. A cohesive team is the dream and goal of any project manager.

Emotional Intelligence

Relationship

managment
Team

Leaderslup

Selt-
regulation

Social-
awareness

Selt-
AWAreness

Fig. 7. Mercino model Emotional Intelligence Interpretation?

Formation and development of the project team is an important element of
operational and project management. An effective team helps to achieve
project success by providing common direction, cooperation and mutual
assistance. To form and develop a project team, it is necessary to correctly
select participants, ensure clarity of roles and responsibilities, promote
common focus, improve communication and cooperation, provide support and
development, and motivate team members.

An effective project team ensures the success of the project through a
common focus, established cooperation and mutual assistance between
participants. The main principles of the formation and development of the
project team include:

1) Correct team selection. It is important to identify the necessary
competencies, skills and experience to successfully fulfill the roles in the
project. When selecting team members, their professional baggage,
motivation, communication skills and ability to work in a team, and their
psychotypes should be taken into account.

20 Grouped by the authors based on the systematization of sources [12; 18]
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2) Clarity of roles and responsibilities. Each team member must have a
clear role and know their duties and responsibilities. It helps to avoid
unnecessary duplication of work, improves coordination and provides clarity
in project management.

3) Joint orientation. Team members must have a common understanding
of the project’s goal and a common focus on achieving goals. It can be
achieved by setting clear goals, agreeing on a strategy and giving all
participants the opportunity to express their ideas and suggestions.

4) Communication and cooperation. Effective communication is an
important factor for team success. Regular meetings, open exchange of
information, joint decision-making and mutual support contribute to improved
communication and cooperation within the team.

5) Support and development. The team needs management support:
providing resources, education, training and development opportunities, all to
help team members expand their skills and use them on the project. Keeping
team members motivated is an important factor in maintaining efficiency and
satisfaction. Supporting the achievement of goals, recognizing successes,
encouraging development and ensuring equal distribution of work help to
keep the team motivated.

Some experts, in particular Bruce Tuckman, believe that the effectiveness of
most teams after the start of their activity decreases to the level that characterized
the stage of team formation. Real gains in efficiency can only come after 18
months. The team must go through four predictable stages: formation,
«overcoming the stormy, return to the norm, normal activity (Fig. 8):

Tackaan’s stages of group development

Pertornung

Forming Adjowrning

Nornung

TEAM
FEFRCTIVENFLY

Stomung

PERFOMANCE

Fig. 8. Team building Stages (group development) by Bruce Tuckman?

2L Source: grouped by the authors based on the systematization of sources [8; 12]
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1. Formation (Fig. 8). A period of nervous excitement should be expected at
the beginning of team formation. People selected for the team will be proud of it,
but at the same time they will be constantly interested in the questions: « What is
expected of me?», «What are the rules?», «What should I do?». The stage of
formation is the stage of research and study. Along with the excitement caused by
a new situation, people feel self-doubt. Each team member evaluates the abilities
and positions of others. Experts warn that one should not expect special
achievements and the stage of formation from the team.

The success of the formation stage is determined by the following
measures:

1) help team members get to know each other;

2) give the team a clear direction and goal,

3) to involve team members in the development of plans, agreement of
roles, determination of methods of joint activity;

4) provide the team with the information necessary to start work.

2. «Overcoming the stormy». At this stage, one gets the impression that
things are getting worse in the second stage. Group members lose calm and
patience because of lack of success and are eager to work, but do not know
how to achieve results. Everyone begins to understand that it is much more
difficult to achieve success in a team than it seemed before. People feel
dissatisfied with joint work, worry, and are angry with themselves and their
colleagues. This is a period of accusations and defense against them, lack of
unity, tension and hostility. People start to be suspicious of each other.
Subgroups are formed. Clashes occur between rivals competing for influence.
The team struggles to define its goals, roles performed by team members.
Productivity sometimes decreases, sometimes increases. It is how the team
goes through the most difficult stage — the storm stage., it is proposed to
overcome this stage successfully?:

1) solve issues of power and authority, for example, do not allow situations
in which the power of one person equalizes the labor contribution of another;

2) develop and implement an agreement on the decision-making
procedure;

3) adapt the role of the leader in such a way that the team can become more
independent, encourage team members to take on more and more
responsibility and new obligations.

3. Return to standart. At this stage, things begin to improve. The team
develops some basic rules (or norms) that regulate joint work. People start to
understand that their strength is in unity. Gradually, they even begin to love
their team, to feel a stronger sense of belonging to the team. A sense of
community arises which is expressed by the concept of «we». People become

22 Source: grouped by the authors based on the systematization of sources [8-12]
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proud that they are part of a certain system, instead of competing, they begin
to cooperate. People concentrate their attention and energy on strengthening
the relationships formed in the team and show an interest in maintaining
peace. However, overall labor productivity remains low.

It is recommended in order to guide the team through the normalization
stage:

to use the skills fully, knowledge and experience of team members;

encourage people to respect each other and reciprocate respect;

encourage team members to cooperate.

4. Normal activity. The team gains confidence in its capabilities. People agree
on what the team is and what it is trying to achieve. The group develops rules and
procedures for communication, conflict resolution, resource allocation, begins to
apply these standards and understand its place in the organization where it works.
Team members exchange information and ideas freely and productively. Conflicts
are directed to the positive, problems related to work are solved creatively. The
team begins to be proud of their achievements. The final stage involves the
implementation of the following measures:

1) renew the procedures and methods that ensure cooperation;

2) help the team to understand ways of managing change;

3) act as a representative and defender of the team in relations with other
groups and outsiders;

4) monitor work progress and celebrate successes.

Therefore, it is important to use modern operational technologies for
establishing effective communication, conflict resolution techniques and
methods of ensuring team cohesion for the effective management of the
project team, like any team. An example of this technology is the methodology
of «team houses» (Team Building Methodology), which is based on the idea
that in order to achieve the maximum result in project work, the harmonious
work of all team members is necessary, as well as on the idea of a team as a
house. «Team houses» consist of various parts: these are walls, roof,
foundation, windows, doors, etc. Each part has its own role but only together
they form a functional house. The «team house» methodology includes a
variety of training sessions designed to strengthen relationships between its
members, improve communication, and ensure better project execution. These
can be trainings on work planning and coordination, other trainings, games
and exercises for the development of cooperation, communication and trust,
exercises for the development of creativity, design thinking, etc. The
technique can be applied at any stage of the team’s work. 23

It is worth stating that the use of modern methods of motivation can also
contribute to increasing team productivity. A motivated and self-directed team has

23 Source: grouped by the authors based on the systematization of sources [4; 5]
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ahigher energy level, greater interaction and a sense of responsibility for the result.
One of the effective methods of motivation is to provide an opportunity to learn
new technologies and tools, to develop one’s professional and flexible skills and
abilities. This will help not only to increase the productivity of the team but also
to increase the level of satisfaction of project participants with their work.

In this context of determining the possibilities of creating favorable
conditions for the effective work of the project team, it is advisable to carefully
select candidates for the project team. If you imagine the first stage of this
project team building procedure as a standart business-process of selecting a
candidate for a project team, then its visualization can be presented as a
functional context diagram with its decomposition in the notation (modeling
language) IDFO (Integration Definition for Process Modeling) on the RAMUS
modeling platform (Fig. 16 and Fig. 17).

The result of applying the IDEFO methodology is a model (see Fig. 16 and
Fig. 17). The model (see Fig. 16 and Fig. 17) consists of diagrams, fragments
of text and a glossary, which have links to each other that allows to regulate
the stages and formalize the entire procedure.

The diagram model of the first level of the procedure decomposition for
selecting a candidate for the project team is intended for the formalization and
description of business-processes. A distinctive feature of IDEFO as a
modeling notation (language or standard) is its emphasis on object
subordination.
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Fig. 16. Parent diagram model of the higher level of the procedure
for selecting a candidate for the project team
Source: proposed and created by the authors in IDFO (IDEF zero) notation on the
RAMUS simulation platform
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Fig. 17. Child diagram model of the first level of procedure
decomposition for selecting a project team candidate®

The IDEFO notation considers the logical relationships between the stages
(processes, subprocesses) of the candidate selection procedure for the project
team as a set of modules, in which, at the same time (see Fig. 16, Fig. 17):

—the input arrow always comes to the left edge of the activity (of the main
top diagram (see Fig. 16), or of the stage (see Fig. 17), and shows objects such
as information and material flows (resources, certain tasks) that are
transformed into business processes;

— control arrow (from top to bottom) is control and regulation mechanisms
(in the form of instructions, regulations, methods, standards, i.e. all
information flows that are transformed into processes that are required for
their execution) arrows always enter the upper edge of the block (stage),

— the arrow of the provisioning mechanism (from bottom to top) — the
bottom edge, which reflects the tools and resources with which the business
process is implemented (for example, technical means, people — executors of
the process, equipment, software and information systems, etc).

— the exit arrow (the result obtained from the transformation of input
resources and prepared documentation) is the right edge of the block.

With the help of IDEFO (see Fig. 16, Fig. 17) it is possible to carry out
decomposition to the required level, which allows you to imagine the system
in a form that is convenient for perception, and accordingly evaluate its
complexity thanks to the visual display of all elements with the help of which
the business process is implemented . This makes it easy to familiarize all
stakeholders with the process, to identify problem areas. Clarity and simplicity
of the IDEFO graphic language make the «AS IS» model easy to read even for

2 Source: proposed and created by the authors in IDFO notation on the RAMUS
simulation platform
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people who did not participate in the project, as well as effective for
demonstrations and presentations.

The «AS IS» model («as it is») is a model of the current state, which makes
it possible to analyze ongoing processes, as well as systematize processes
(stages of work) and information resources used to determine the need for
certain changes (see Fig. 16, Fig. 17).

The «AS IS» model makes it possible to identify bottlenecks (duplication
of functions, redundant document flow, etc.) in the organization of the
procedure and the interaction of business processes, and the need for certain
changes in the existing structure is determined. In the future, on the basis of
the constructed «AS IS» model (see Fig. 16, Fig. 17), the stages of the business
process execution procedure can be rethought and new models (so-called «TO
BE» and «SHOUD BE» aimed at changes in the system, i.e. the desired or
target state of the implementation process are described) programs and
projects to improve operational efficiency.

In the context of the necessity for the right selection in the project team, it
is worth paying attention that the project team can consist of different people
with different psychotypes, which can affect the way of communication,
perception and response to information.

Understanding the psychotypes of team members according to the
different DISC models 2°and the PAEI model helps to allocate roles and tasks,
taking into account the strengths and characteristics of each member. It is
important to remember that these models provide a general overview of
psychotypes and cannot fully describe each personality.

The DISC personality type test is a four-sector behavioral model for
studying people’s behavior in an environment or a certain situation.
Psychologist William Marston’s model (William Marston DISC model)
examines behavior styles and behavioral preferences. At the same time, the
DISC system does not evaluate a person’s mental abilities (1Q), emotional
intelligence (EQ), is not a tool for identifying human values, does not evaluate
education, abilities and experience. In addition, the DISC test is the #1
commercial personality assessment tool, with over 80% of Fortune 500
companies using the DISC personality test. This DISC test (we recommend
taking this test for free online at the link: https:/factum-
info.net/uk/tests/1144-test-disc-opredelite-vash-povedencheskij-tip-lichnosti,
the key to the DISC test is generated automatically in the transcript of the test)
will help to learn about belonging to a certain personality type, so that you can
study the strengths and weaknesses of each psychotype, their typical
behavioral markers and appropriate recommendations for improving
communication skills. If we talk about the work of an HR manager, having
this typology will be useful during an interview, in the process of adapting a

% Source: grouped by the authors based on the systematization of sources [19]
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new employee, drawing up motivational programs, as well as during
evaluation and training.

The DISC typology works successfully in business, the military, and
interpersonal communication. This knowledge is applied in business, sales
and business communication even now. The main advantage of typology is
quick diagnosis and identification of personality type during communication.
With proper skill, it is enough to talk with a person for 10-20 minutes to
understand his type and motives of behavior. Followers of William Marston
depicted the DISC model? in the form of a «Marston cross» (Fig. 8):

4 squares filled with the intersection of the axis (perception and reaction)
reflect 4 behavioral types.

They are all encrypted in the DISC model name:

D (Dominance) — Dominant: how a person reacts to problems and
challenges;

I (Influence) — Which influences: how a person interacts, influences
others; S (Steadiness) — Stable: how a person reacts to changes;

C (Compliance) — Corresponding (or Conscientious):

how a person follows the rules: «Pure» types are quite rare as in any
typology. As a rule, each of us has characteristics of each type, but one will
dominate. Each type has its strengths and weaknesses (Fig. 8). Awareness of
them helps people to reveal their talents and establish constructive business
relationships. Belonging to different behavioral types can cause
misunderstandings and conflicts.

DOMINANCE INFLUENCE
Change adaptative Action +  Communication
Risk talking Sociahility
Creanvity and Emmpathy

innovaton
Megotiation skills
Decision making
Strategic planning

Impact and influence
Motivation
Interpersonal relations

Tazk TPeople
oriented oriented

CONS CIENTIOUSNESS STEADINESS

¢ Attention to details + Service

al trol +  Froject management

. %um;z;-jge;em Information search
¢ Anaytical-conceptua +  Listening skills
Concern for order EBalance ¢ Customer onented

+  Tactfulness, diplomacy ¢ Teamwork

Fig. 8. William Marston model DISC?

% Source: grouped by the authors based on the systematization of sources [19]
27 Source: created by the authors based on the systematization of sources [19]
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What else is the DISC system useful for? Currently, testing according to
this system is popular as part of stuff management courses. If interlocutors or
employees relate to different behavioral types, there may be disagreements
between them. Knowledge of behavioral personality types (table 4), which
include those around you, work colleagues and even friends, allows you to
better build relationships, avoid unpleasant situations and, most importantly,
achieve desired goals. It is especially useful to know your own personality
typology in order to qualitatively assess your strengths and weaknesses, to
understand in which direction to work on yourself.

he DISC personality type test (Table 4) is used to help HR and/or the
manager correctly determine the psychological compatibility of employees’
personality types. It is important for the management of the company to know
the ways of forming psychological compatibility in the team, and to apply this
knowledge during training, studying and placement of stuff for the successful
functioning of the company.

The DISC method helps to form an optimal team or «boss-subordinate»
link. In addition, the compatibility of personality types does not mean the
coincidence or complete similarity of the skills and abilities of employees, the
principle of complementarity of professional qualities and knowledge works
here. Moreover, the DISC typology helps the employee to understand his
behavior and his potential.

For understanding of each behavioral type (table 4) manifests itself in
work, let’s imagine a situation where the company plans to switch to work on
anew IT program platform.

For understanding of each behavioral type (table 4):

D thoughts: «Great, we will be able to work faster, support more clients
and make more profit.»

I thoughts: “Almost all big companies work in this program. We need to
keep the brand and also use modern technologies.»

S thoughts: «The program is quite simple and clear, I think my colleagues
and I will quickly get used to working in it.»

C thoughts: «The cost of buying the program is so many dollars. So, if
employee productivity increases by 15%, it will pay for itself in six months.
But there is a risk that employees will find it unusual to work in it and, on the
contrary, the speed of work will decrease.»

So, for «redsy the result is important, for «yellows» is «coolness» (external
entourage), for «greens» are satisfaction and convenience for everyone, for
«blues» are facts and figures.

Another PAEI model (Producer, Administrator, Entrepreneur &
Integrator) was developed by Hugo Minziberger and describes four main roles
in the team (Fig. 9): Producer (producer), Administrator (administrator),
Entrepreneur (entrepreneur) and Integrator (integrator).
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Each role is responsible for certain functions and has its own
characteristics. Producers are usually focused on completing tasks and
achieving results. Administrators are focused on organization, structure and
processes. Entrepreneurs are characterized by innovation, risk and vision of
opportunities. Integrators provide coordination, cooperation and conflict
resolution.

The psychotypology understanding of project team members (see Fig. 9)
to help ensure more effective communication and collaboration.

Here are some general tips for working with different psychotypes (see
Fig. 9):

1. Understanding: try to understand what psychotypes are present in the
team and how they affect the way they perceive and respond to information.

2. Communication: use an adaptive approach to communication, taking
into account the needs and styles of each psychotype. Be clear, specific, and
direct with those in the Dominance category. Look out for engagement and
support for those in the Influence category. Be patient and supportive of those
in the Steadiness category. Be organized and precise in communication with
those who belong to the Conscientiousness category.

3. Distribution of roles: consider the distribution of roles in the team,
taking into account the PAEI model. Ensure balance between production,
administrative, business and integration functions.

4. Mutual support: promote mutual support and communication between
different psychotypes in the team. Encourage collaboration and mutual
learning.

— Hi-po (High Potential) refers to employees who have high potential for
growth and development in the future. These can be individuals with high
skills, motivation and leadership abilities.

— Low-po (Low Potential) means that the employee does not show a high
potential for development or growth in the organization. This does not mean
that such employees cannot be valuable team members, but their opportunities
for career growth may be limited. There are three main components that help
reliably identify the right candidates.

It is worth evaluating Hi-po (High Potential) according to the following
criteria:

1) Assessment of the desire for achievement gives us an answer as to
whether the HiPo can take a higher and more difficult position, be successful
in his further career, or whether his motivation is strong enough to overcome
difficulties on the way to achieving the result.

2) Aptitude Assessment provides insight into whether our HiPo has the
competencies needed to perform more complex roles.
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Fig. 9. PAEI Model — Producer, Administrator,
Entrepreneur & Integrator — A Powerful Model to create New Teams
by Hugo Minziberger?®

Stuff can also be evaluated in another model based on the level of
potential, according to psychotypes with high (High Potential, Hi-po) and low
potential (Low Potential, Low-po) are distinguished, namely:

Martyrdom score indicates how loyal the Hi-Po is to the company and
considers it the best place to realize their career ambitions®,

%2 Source: grouped by the authors based on the systematization of sources [23]
3 Source: grouped by the authors based on the systematization of sources [24]
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Another well-known stuff typology system — the so-called «ABC players»
model — is used to classify employees according to their productivity and
contribution to the organization.

— A players (or top performers) are employees who have demonstrated
high results and made a significant contribution to the development of the
organization.

— B players are employees who perform their duties at a satisfactory level,
but do not achieve exceptional results.

— C players are employees who have performance problems and do not
meet the organization’s expectations.

And another common evaluation system «Exceed — Meet — Below
expectations» allows to evaluate employees taking into account their actual
contribution and performance. It helps identify employee strengths and
weaknesses, identify training and development needs, and set clear goals and
expectations for future work. Each employee will be evaluated individually
depending on their specific duties and goals. The application of such an
evaluation system will contribute to a balanced and fair evaluation of
employees and will contribute to the development of a highly effective team.

This «Exceed — Meet — Below expectations» evaluation system is based
on the extent to which team members meet or exceed the expectations placed
on them at work:

— Exceed expectations are employees who demonstrate high productivity
and achieve or exceed the goals set for them.

— Meet expectations (meet expectations) — these are employees who
perform their duties at the accepted level and achieve the set goals.

— Below expectations (below expectations) are employees who do not
perform their duties at the appropriate level or do not achieve the set goals.

Selection of people for the team is usually carried out based on
psychotypes, skills and knowledge of employees, personal qualities and
characteristics. When working in a team, each employee fulfills two roles. The
first of them is the most obvious — a professional role. The second role is a
team role based on personal data.

Raymond Meredith Belbin®* (table 5) in his research identifies nine team
roles, the characteristics of which are given in table. 5. The roles presented
should be used according to the needs and best practices of the team. For
example, at the initial stage of the team, there is a need for the generation of
innovative ideas (idea generator), and then for an executor who performs the
task. The «head» coordinator plays an important role in achieving success at
these stages. The active activity of the «former» contributes to the
development of the team’s driving forces and incentives. «Resource explorer
becomes important in difficult negotiations. «Expert» is necessary to maintain
the focus of the team (see Table 5). Team leaders should know the specifics

34 Source: grouped by the authors based on the systematization of sources [15]
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of team roles (see table 5) of their employees so that the team can use all the
variety of roles. In teams with an insufficient level of trust and openness, there
may be people who do not discuss their professional skills and close
themselves to personal qualities. In organizations, there is usually a constant
turnover of stuff, and the concept of roles can be used in the formation of
teams. It is worth stating that each team member can perform one or more
team roles (see table 5), each of them has its own advantages and «acceptable
disadvantages». It is important to understand them and try to focus on the
strengths of employees. When employees see that their flaws are accepted,
they become more open to exhibiting qualities that are useful to the team.

A team has a better chance of success if it is balanced in the selection of
team roles and each role (Table 5) is performed at the right time to solve joint
tasks. It is important to be tolerant of the shortcomings of individual team
members and learn to manage them. It is the team leader who plays an
important role in uniting employees, and therefore he must create favorable
conditions for the work of subordinates. The leader’s style of behavior,
focused on personal relationships, is also of great importance (Table 6).

Table 5

Team Roles by Raymond Meredith Belbin (R. Meredith Belbin, 1981)

colleagues, relies on the points of
view of others. Sensitivity, lack of
excessive self-confidence.

Types of team Necessary personal qualities and
members contribution to the team’s Acceptable defects
roles activities
Possesses the art O.f conducting Loses interest as enthusiasm
negotiations, a variety of contacts,
«Resource he tal . : di wanes. Jumps from one task to
Researcher ; e ta er|1t ofan IMProVIser, ﬁu 1S lanother. Requires increased
avorable opportunities. Enthusiasm, external pressure.
sociability.
Constant focus on solving the task; |Easily becomes irritated.
stimulates the work of the entire Impulsivity and impatience.
«Former» team; encourages employees to work |Impatience with vague wording
more intensively. Energy, desire to  [and indecision in behavior. The
work with full dedication. result at any cost.
Contributes to the harmonization of
relations in the team, eliminates Indecisiveness in crisis situations.
. disagreements. Listens carefully to |Efforts to avoid escalation of
«Collectivisty

situations. Can prevent a certain
action at a crucial moment.

«Coordinator»

Clearly formulates goals; performs
well as a presenter during
discussions. Contributes to effective
decision-making. Has good
communication skills; social leader

May seem like a person prone to
manipulation. Tendency to
transfer one’s responsibilities to
others. Can take credit for the
entire team.

«Specialist»

It is characterized by the presence of
knowledge and skills that are rarely
found. Purposefulness and the ability

to fully devote yourself to work.

Useful only in a narrow
professional field. Weakened and
communication skills. Often does

not see hidden problems.
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Continuation of the table 5%°

Necessary personal qualities and
pgrﬁf)grfst?grgs contribution to the team’s Acceptable defects
activities
- - - - Insufficient experience of
o inking, [TTpetsonlcommunication.
«Generator of ideas» - L - * [Psychological instability. He
Craving for innovation. A source of lin foral ti ideri
original ideas for the team ngers Tor a Jong time considering
«interesting ideasy.
Turns ideas into practical actions. Insufficient flexibility.
«Performer» Turns solutions into easy-to-do tasks.|Inadmissibility of fantastic ideas
Brings order to the team’s activities. |and parts of changes in plans.
Excessive concern about the
Diligence and conscientiousness. current state of affairs. Propensity
«Finishens Ensures that all tasks are completed [to internal experiences. Reluctance
in full. Monitors the timeliness of  [to delegate one’s duties. Rejection
tasks. of a frivolous attitude towards his
duties by others.
Confesses a dispassionate and Underestimation of factors of
critical analysis of the situation. stimulation and inspiration. Lack
«Experty Strategic approach and transparency |of creative imagination and
P in assessments. Accuracy of inspiration. The ability to knock
judgments, efforts to consider all others down by suppressing their
possible solutions. initiative.
Table 6
Positive types of team behavior®®
Activities Actions of the leader

Putting forward proposals and
initiatives

Offering ideas and methods of action related to the task
being performed.

Development of ideas

Development of ideas put forward by others; the desire to
«sacrifice» one’s own offers.

«Guard functions»

«Opening the gate» — the desire to involve others in the
discussion; «closing the gate» —the desire to restrain or stop
the communication of others.

Diagnostic analysis

Analysis of shortcomings or their causes in a specific
situation, organization of «brainstormingy.

Encouragement of group work

Expressing friendly affection, support and sensitivity to
others through verbal and non-verbal means.

Search and transfer of | Finding and providing the right information, openness and

information honesty.

Conflict resolution Willingness to accept the conflict and deal with it, take
measures to eliminate a possible conflict of interests.

Evaluation «on merit» Evaluation of the merits of proposals and their
effectiveness, recognition of personal merits of team
members.

Expressing  thoughts and | Making appropriate judgments about everyone’s

addressing feelings

contribution, acknowledging and understanding people’s
feelings.

Fulfilling of needs

Timely satisfaction of needs for amenities, rest, comfortable
working conditions of the team.

Decision-making

Participation in decision-making on any proposal or course
of action.

% Source: grouped by the authors based on the systematization of sources [5; 12]
% Source: grouped by the authors based on the systematization of sources [1-12]
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Staff development is a key aspect when implementing programs and
projects to improve operational efficiency. There are some important elements
that can contribute to the development of stuff in a team:

1. It is important to create a motivating environment in which employees
see the connection between their efforts and the achievement of organizational
goals. It may include rewards, bonuses, increased responsibilities, or
opportunity for achievement-based career development.

2. The organization of trainings and education allows staff to develop the
necessary skills and knowledge to perform new processes and roles related to
efficiency improvement programs. It can be both internal trainings and
involvement of external experts.

3. Implementation of efficiency improvement programs may require
changes in management and the creation of a team approach. Managers must
be open to new ideas, able to improve processes and effectively manage a
team. Developing leadership skills and helping to build an effective team can
help in this process.

In general, successful staff development in implementing operational
efficiency improvement programs and projects requires a combination of
motivational activities, training and education, as well as leadership and team
leadership development. These elements will help attract, motivate and
develop staff to succeed in implementing performance improvement projects.

According to the project management standard PMBOK-2021 (seventh
edition) (A Guide to the Project Management Body of Knowledge or PMBOK
Guide -2021)%" also is offered models of project team management, some of
them were developed with a clear focus on projects and project teams, others
are of a more general nature (Table 7):

Table 7

Project team management model according to PMBOK-2021%8
Types of models | Explanation

[ Commonly used models: whenever possible, models are presented as they are
applied to projects. The content of this section does not describe how to design or create new
models. The model descriptions provided provide a general overview. Project team members
and other stakeholders can refer to many sources (such as the PMI Standards Library) for a
more complete description and explanation of the models.

1. Situational | just as project teams match processes, methods, life cycles, and
leadership models are | development approaches, they also match Ieadershlp styles.
a subset of a wide | Situational leadership models describe ways to adapt leadership style
range of leadership | to the needs of the individual and the project team.

1.1. Ken Blanchard’s | measures the development of project team members using
Situational competence and commitment as two primary variables. Competence
Leadership is a combination of abilities, knowledge and skills. Dedication shows
a person’s confidence and motivation. As a person’s competence and
commitment develop, leadership styles evolve from directing to
coaching, and then to supporting and delegating authority to meet
individual needs.

87 Source: grouped by the authors based on the systematization of sources [21]
38 Source: grouped by the authors based on the systematization of sources [21, p. 155-160]

238



Continuation of the table 73°

Types of models

Explanation

1.2. The OSCAR coaching and
mentoring model was developed by
Karen Whitworth and Andrew Gilbert.

The model helps people adapt their coaching or
leadership styles to support people with an action
plan for personal development. The model
considers five factors:

1) Final result (Output). The end result defines
the person’s long-term goals and desired outcome
from each conversation.

2) Situation (Situation). The situation provides an
opportunity to discuss the project team member’s
current skills, abilities, and knowledge level, why
the person is at that level, and how that level
affects the person’s performance and
relationships with colleagues.

3) Choices/consequences
(Choices/consequences). Choices and/or
consequences define all potential paths to a
desired end result and consequences

4) of every choice, so that a person can choose
effective ways to achieve his long-term goals.

5) Actions. Action focuses on specific
improvements by focusing on immediate and
achievable goals that a person can work towards
within a specific period of time.

6) Review (Review). Regular meetings provide
support and ensure that people stay motivated and
stick to the agreed plan.

2. Communication models demonstrate
concepts related to how the boundaries
of the sender’s and receiver’s
perceptions, as well as the
communication environment, affect the
effectiveness of communication, and
what types of discrepancies exist
between the expectations of end users
and reality.

Due to the proliferation of multicultural project
teams and dispersed stakeholders, these models
provide an approach to consider communication
styles and methods to improve its effectiveness
and efficiency. There are many communication
models that demonstrate different aspects of
communication.

21. The communication  model

developed by Broweiss and Price

The model of intercultural communication
contains the idea that the message itself and the
way it is transmitted depend on the current
knowledge, experience, language, thinking and
communication styles of the sender, as well as
stereotypes and relationships with the receiver.
Likewise, the receiver’s knowledge, experience,
language, thinking, and communication styles, as
well as stereotypes and attitudes toward the
sender, will influence the interpretation of the
message.

% Source: grouped by the authors based on the systematization of sources [21, p. 155-160]

239



Continuation of the table 74°

Types of models

Explanation

2.2. A model of the effectiveness of
communication channels by Alistair
Cockburn, who developed a model
describing communication channels
along the axes of effectiveness and
saturation.

According to the definition of Richard Daft and
Robert Lengel, saturation is related to the amount of
knowledge that can be conveyed by means of
communication.

The saturation of such a tool depends on the
characteristics, in particular, on the ability to:
process several information signals at the same time,
promote quick feedback,

set a personal focus,

use natural language.

Saturation of communication allows you to quickly
transfer a wide range of information.

Situations involving complex, confusing, and
personal information  benefit from  richer
communication channels, such as face-to-face
communication. Situations involving the transfer of
simple descriptive information may use less
saturated communication channels, such as notes or
text messages.

3. Motivation models

People work better when they are motivated, and
people are motivated by different things.
Understanding what motivates project team
members and other stakeholders helps align
incentives to specific people, thereby ensuring more
effective engagement

3.1. Frederick Herzberg’s two-factor
model of the study of hygienic and
motivational factors

Frederick Herzberg conducted a study of
motivational factors in working life. He believed
that job satisfaction and dissatisfaction arise from
conditions called motivational factors.

Motivational factors cover issues related to job
content, such as achievement, growth, and
advancement. An insufficient level of motivational
factors leads to dissatisfaction.

A sufficient level of motivational factors contributes
to satisfaction. Herzberg also identified hygiene
factors related to work, such as company policies,
wages, and physical environment.

If the level of hygienic factors is not sufficient, they
cause dissatisfaction. However, even if their level is
sufficient, they do not lead to satisfaction.

4 Source: grouped by the authors based on the systematization of sources [21, p. 155-160]
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Continuation of the table 74

Types of models

Explanation

3.2. Daniel Pink’s Model: Intrinsic vs.
Extrinsic Motivation.

Daniel Pink has published several
books on the intrinsic factors that
motivate people. He stated that
although extrinsic incentives such as
wages motivate a person to a certain
extent, once a person is fairly paid for
his work, the motivational power of
extrinsic rewards ceases to exist. For
complex and interesting work, like
most project work, intrinsic motivators
are much longer and more effective.

Pink identifies three types of intrinsic motivators:
autonomy, mastery, and purpose:

Autonomy is the desire to manage one’s own life.
This is consistent with being able to determine how,
where and when work is done. Autonomy includes
flexible work schedules, working from home, and
working in project teams characterized by
independent choice and self-management. Mastery
is the ability to improve and improve. Aspects of
mastery include the desire to perform well, to learn,
and to achieve goals. Purpose means the need to
make changes for the better. Knowing the project’s
vision and how the work contributes to that vision
allows people to feel like they’re making a
difference.

3.3. The theory of needs is the model
of David McClelland

Needs Theory — David McClelland’s model states
that all people are driven by needs for achievement,
power, and affiliation. The relative strength of each
need depends on individual experience and culture.
Achievements: People motivated by achievement,
such as achieving a goal, are motivated by
challenging but meaningful tasks. Power: People
motivated by power like to organize, motivate, and
lead others. They are motivated by increasing the
level of responsibility. Affiliation: People who are
motivated by belongingness seek acceptance and
belonging. They are motivated by being part of a
team.

3.4. Theory X, Theory Y, and Theory
Z (Douglas McGregor and William
Ouchy model)

Douglas McGregor developed the
Theory X and Theory Y models,
which represent a spectrum of
employee motivation and
corresponding management  styles.
The model was later extended by
William Ouchi’s Theory Z.

Theory X. The X side of the spectrum assumes that
people work only to earn an income. They are not
ambitious or goal-oriented, so they are best
motivated by a practical and centralized approach.
This management style is often found in
manufacturing, labor-intensive environments, or
environments with many levels of management.
Theory Y. The Y side of the spectrum suggests that
people are intrinsically motivated to perform well.
The appropriate management style is more like
personal coaching. The leader encourages creativity
and discussion. This style of management is often
found in creative and scientific environments.
Theory Z Abraham Maslow viewed Theory Z as a
transcendent dimension to work where people are
motivated by self-actualization, values, and a higher
calling. Optimal in this situation is a management
style that cultivates awareness and meaningfulness.
William Ouchi’s version of Theory Z focuses on
motivating employees by creating jobs for life that
focus on the well-being of employees and their
families. This management style aims to increase
productivity, morale and satisfaction.

4 Source: grouped by the authors based on the systematization of sources [21, p. 155-160]
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42 Source: grouped by the authors based on the systematization of sources [25]
43 Source: grouped by the authors based on the systematization of sources [21]
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Herzberg’s Two Factor Theory
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Fig. 12. Frederick Herzberg’s two-factor model*
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44
45

Source: grouped by the authors based on the systematization of sources [26]
Source: grouped by the authors based on the systematization of sources [27]
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Fig. 14. Theory of needs — David McClelland’s model*
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Fig. 15. McGregor Theory X Y Model*

To build a highly effective project team the manager needs to create a
favorable business environment where team members work successfully and
effectively interact with others i.e., such an environment that provides
conditions for business communication and timely elimination of the causes
of conflicts. For this, there are effective methods of conflict resolution.

The manager’s activity algorithm in the process of conflict management
depends on many factors: the content of the conflict itself, the conditions of

46 Source: grouped by the authors based on the systematization of sources [28]
47 Source: grouped by the authors based on the systematization of sources [29]
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its occurrence and development, and many others. Therefore, it is impossible
to offer a universal algorithm for the activity of a manager in conflict
management, but some basic, expedient steps in such an algorithm can be
highlighted. We list them in the table. 9.

Table 9
Conflict management algorithm*®
Step Contents of activity Ways (methods) of implementation
1 Study of the causes of the | Observation;
conflict analysis of activity results;

conversation, study of documents;
biographical method, i.e. study of
biographical data of participants in the

conflict, etc.
2 Limitation of the number of | Work with leaders in microgroups;
participants redistribution ~ of  functional  duties;
promotion
3 Additional analysis of the | Survey of experts;
conflict with the help of | involvement of a mediator, a psychologist;
experts negotiation process (mediation), etc.
4 Making a decision Administrative methods;

pedagogical methods.

Based on this conflict management procedure (Table 9), the following
actions can be foreseen®:

1. Forecasting a conflict is a type of activity of a management entity
aimed at identifying the causes of this conflict. The main sources of conflict
forecasting are: the study of objective and subjective conditions and factors of
interaction between people; study of their individual and psychological
characteristics. For example: in a team, such conditions and factors can be:
management style; the level of social tension; socio-psychological climate;
leadership and microgroups and other social and psychological phenomena.

2. Conflict prevention (preventive form) is a type of activity of the
management entity aimed at preventing the occurrence of conflict. Conflict
prevention is based on their prediction. In this case, on the basis of the received
information about the causes of the unwanted conflict, active activities begin
to neutralize the effects of the entire complex of its factors. This is the so-
called forced form of conflict prevention. However, conflicts can be prevented
by implementing, in general, effective management of the social system. The
main methods of such prevention of conflicts in organizations can be:

* constant concern for meeting the needs and interests of employees;

» selection and placement of employees taking into account their
individual and psychological characteristics;

* observance of the principle of social justice in any decisions concerning
the interests of the team and the individual;

4 Source: grouped by authors
49 Source: grouped by the authors based on the systematization of sources [3; 6; 7]
245



* education of employees, formation in them of a high psychological and
pedagogical culture of communication, etc.

3. Stimulation of conflict is a type of activity of a management entity
aimed at provoking, causing conflict. Stimulation is justified in relation to
constructive conflicts. Means of stimulating conflicts can be different:

« presentation of a problematic issue for discussion at meetings, meetings,
seminars, etc.;

« criticism of the situation at the meeting;

« speech with critical material in mass media, etc.

But when stimulating this or that conflict, the manager must be prepared
to manage it constructively. This is a necessary condition in conflict
management, its violation, as a rule, leads to sad consequences.

4., Conflict regulation is a type of activity of the management entity aimed
at weakening and limiting the conflict, ensuring its development towards a
solution. Stages of conflict regulation:

| stage. Recognition of the reality of the conflict by the conflicting parties.

Il stage. Legitimization of the conflict, i.e. reaching an agreement between
the conflicting parties on recognition and compliance with established norms
and rules of conflict interaction.

Il stage. Creation of relevant bodies, working groups for regulation of
conflict interaction.

5. Conflict resolution is a type of management entity activity related to
ending the conflict. Resolution is the final stage of conflict management. The
resolution of the conflict can be complete or incomplete. The complete
resolution of the conflict is achieved by eliminating the causes, subject of the
conflict and conflict situations. Incomplete conflict resolution occurs when
not all causes or conflict situations are eliminated. In this case, an incomplete
resolution of the conflict can be a stage on the way to its complete resolution.
Forms of conflict resolution:

« destruction or complete subordination of one of the parties (concession);

* coordination of interests and positions of the conflicting parties on

on a new basis (compromise, consensus);

» mutual reconciliation of conflicting parties (withdrawal);

+ transition of struggle into cooperation in joint overcoming of
contradictions (cooperation).

Solutions:

* administrative (dismissal, transfer to another job, court decision, etc.);

* pedagogical (conversation, persuasion, request, explanation, etc.).

The use of these methods of conflict management and the most common
models (Table 10), which determine the types of conflicts, ways of responding
to them, leadership styles that affect the interaction between team members,
are useful for managers to understand the specifics of interaction, the causes
of clonflicts in the team and their methods elimination to achieve common
goals.

It is important to remember that each of these models (table 10) of
interaction and management in a team has its advantages and disadvantages,
so it is important to use them taking into account the specific needs and
characteristics of the team.
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It is also worth stating that team management is a process that requires
consideration of cultural differences, behavioral and other individual
characteristics of different psychological types of team members.

The use of the presented models of conflict management can help ensure
effective interaction and contribute to the success of the project.

Project managers must always be ready to solve conflicts and ensure a
favorable atmosphere of trust for the effective interaction of team members at
all stages of the project.

Table 10

Models determining leadership styles, types of interaction and conflicts

between team members®®

Model, author

Explanation
(key provisions of the conflict-management model)

Belbin’s role model
(R. Meredith Belbin,
1981)

Role model

defines five levels of interaction or conflict resolution styles:

— ignoring: participants do not interact with each other and do
not cooperate to achieve a common goal;

— competition: participants fight with each other for resources
and power, which can lead to conflict and a negative impact on
team results;

— compromise: participants agree on a compromise solution to
achieve a common goal;

— cooperation: participants work together, combining their
knowledge and resources to achieve a common goal;

— synergy: participants work together using their individual
skills and knowledge to achieve results that exceed their
individual capabilities.

Joel Katz and Robert
Cannell’s «Three-
Dimensional Model
of Conflict» is a
theoretical model
that helps to
understand and
analyze conflicts
between individuals
or groups.

This model describes conflicts from three main dimensions that
influence the nature and development of the conflict.

The first dimension of the model «interpersonal conflict»
describes conflicts arising on the basis of personal differences,
differences in values, ideas and characters between people. This
dimension considers interaction and conflict between
individuals as the basis of conflict.

The second dimension «structural conflict» -reflects conflicts
arising from differences in role functions, power, resources,
status or other structural aspects of an organization or group.
This dimension focuses on the social and structural factors that
lead to conflict.

The third dimension «information conflict» describes conflicts
that arise due to differences in perception, access to information,
interpretation of facts and data. This dimension draws attention
to the role of communication and information exchange in the
emergence and development of conflict.

50 Source: grouped by authors according to sources [1-8]
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Continuation of the table 105

Model, author

Explanation (key provisions of the conflict-
management model)

Morton Margan’s
(1965) conflict
model examines the
interaction between
individual and group
goals and establishes
the main types of
interaction.

The main idea of the
model is that
conflicts arise on the
basis of inequality in
the distribution of
resources and can
have different nature
and consequences.

The five types of conflict include:

1) distributional conflict (Distributional Conflict) occurs
when different parties compete for limited resources, such
as money, territory or power.

2) value conflict (Value Conflict) when individuals or
groups have different values, beliefs or worldviews that
contradict each other.

3) role conflict (Role Conflict) when the requirements and
expectations associated with the roles performed by people
contradict each other.

4) power conflict (Power Conflict) when different
individuals or groups compete for control, influence or
power over decisions and resources.

5) conflict of interests (Interest Conflict) occurs when
individuals or groups have opposing interests or goals,
which leads to disputes and rivalry.

The model of the
Dutch psychologist
Geert Hofstede (or
Herd Hofstede,
Geert Hofstede), in
which cultural
differences in
different countries
are studied and five
cultural styles are
defined

This model identifies five cultural styles that influence the
interaction between team members:

— individualism is a culture where individuality and
independence are valued more than collectivity and
cooperation;

— collectivism is a culture where collectivity and
cooperation are valued more than individuality and
independence;

— power is a culture where power and hierarchy are valued
more than equality and democracy;

— equality is a culture where equality and democracy are
valued more than power and hierarchy;

— insecurity is a culture where fear of uncertainty and
insecurity are valued more than adventure and risk.

51 Source: grouped by authors according to sources [1-8]
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Continuation of the table 10%

Model, author

Explanation (key provisions of the conflict-
management model)

The Thomas-
Kilmann Conflict
Mode Instrument —
TKI (Thomas-
Kilmann Conflict
Mode Instrument) is
a widely used tool
for understanding
and managing
conflicts. This model
was developed by
Kenneth Thomas
and Ralph Kilman
and is based on their
research in the field
of conflicts. The
model reflects five
main styles of
conflicts that arise
between people in
different situations.
This model is widely
used in conflict
management.

This model defines the main conflict styles:

1) Collaboration (Collaborating): This style reflects a high
level of cooperation and communication between the
participants in the conflict. People who use this style try to
find a solution that takes into account the needs and
interests of all parties.

2) Compromising: This style involves reaching a
compromise and finding a solution that partially satisfies
the needs of all participants in the conflict. In this
approach, a certain compromise is made between opposing
positions.

3) Accommodating: This style consists in retreating from
one’s own positions and meeting the needs of other
participants in the conflict. People who use this style
usually strive to maintain harmony and relationships with
other people.

4) Competition (Competing): This style is characterized by
active protection of one’s own interests and positions.
People who use this style are more focused on achieving
their goals, regardless of the interests of other parties. They
may use power, force of argument, or other forceful
approaches to achieve their goals.

5) Avoiding: This style consists in avoiding conflict.
People may avoid direct confrontation, avoid the problem,
or simply avoid engaging in the conflict. They may believe
that maintaining harmony and avoiding tension is more
important than resolving conflict.

52 Source: grouped by authors according to sources [1-8]
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Continuation of the table 10%

Model, author

Explanation (key provisions of the conflict-
management model)

A grid-based model
of leadership by J.R.
Blaket and

RR Mouton (1964)
is commonly used to
describe and analyze
leadership styles in
organizations and
teams. The model
uses two main
diagonals — the
«leadership grid»
and the «relationship
grid» — to describe
the behavior of the
leader and the team.

This model offers an approach to leadership that is based
on two main dimensions: «top-down» (systematicity) and
«left-right» (cooperation or, by another definition,
«humanity»). Each dimension can have a value between 1
and 9, where 1 means a low level and 9 means a high
level.

The model uses a grid, which is presented in the form of a
matrix, where the «top-down» axis reflects systemicity
(from above — focus on organizational structure and
systems, down — focus on individual relationships), and
the «left-right» axis reflects «humanity» (on the left —a
low level of consideration of the interests and needs of
employees, on the right — a high level of attention to the
interests and needs of employees).

Based on the combination of these two dimensions
(systemicity and cooperation/»humanity») in the
Management Grid model, the main characteristics of
leadership are distinguished depending on the zone in the
matrix:

1) Team Management (9.9):

High level of system and cooperation, emphasis on
cooperation and development.

2) Task Management (9.1) :

Management of tasks: High level of systematicity, but
low level of cooperation, emphasis on productivity and
effectiveness.

3) Indifferent management (1.1):

Low level of system and cooperation, lack of confidence
in management.

4) Authority Compliance Management (1.9):
Management according to authority.

5) Middle-of-the-Road Management (5.5) : Management
«in the middle of the road».

58 Source: grouped by authors according to sources [1-8]
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The end of the table 10%*

Model, author

Explanation (key provisions of the conflict-
management model)

«Model of leadership
styles» or «Leving’s
model». This model
was developed by
Ronald Leving in
1939, and it has
become widely
known and used in
the field of
management and
leadership.

This model involves five main management styles:
—authoritarian is the leader makes decisions independently
and dictates his requirements to team members;

— democratic is the leader asks for the opinion of team
members and takes into account their ideas and
suggestions when making decisions;

— liberal is the manager does not interfere in the work of
the team and allows the participants to make their own
decisions;

— limited is the manager limits his participation in the work
of the team and does not take an active part in decision-
making;

— motivating is the leader inspires and motivates team
members to achieve a common goal.

So, modern models of team management, effective communication
techniques and conflict management technologies allow project managers to
effectively allocate tasks and control the project implementation process and
coordinate interaction between participants.

These team management models can also help project managers
understand which roles in the team can be useful, which types of conflicts can
arise and how to solve them in a timely manner, which methods of cooperation
can help achieve a common goal, etc. In addition, it is worth considering that
there are usually certain communication difficulties that arise in the project
team during its implementation (Table 11).

Table 11

Possible communication difficulties in the project team

and their overcoming®

Possible communication difficulties

Ways to overcome these difficulties

in the project team

1. Inconsistency of goals and priorities:
each team member may have his own
vision of what should be achieved and
what steps should be taken to achieve
the goal. This can lead to conflicts and
delays in the project.

The best way to overcome these
difficulties is to ensure a clear
understanding of the project goals and
priorities of each team member.
Regularly discuss project progress
together to make sure everyone is
working in the same direction and
aligned.

5 Source: grouped by authors according to sources [1-8]
5 Source: proposed by the authors; grouped by authors according to sources [1-8]
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Continuation of the table 11

Possible communication
difficulties in the project team

Ways to overcome these difficulties

2. Insufficient communication:
If people do not communicate in
a team, it can lead to
misunderstandings and lack of
information, which can lead to
errors in the project.

It is important to ensure open and timely
communication between team members. It may
be worth appointing a dedicated team
communicator to ensure that everyone receives
the information they need and that everyone can
communicate freely.

3. Differences in understanding
terminology: Each team
member may use different terms
or understand them differently,
which can lead to
misunderstandings.

It is important to make sure that everyone on the
team understands the terminology used in the
project. If in doubt, training can be provided to
ensure a common understanding  of
terminology.

4. Inconsistency in the level of
knowledge: team members may
have different levels of
competence and knowledge
regarding technologies, ways of
working, etc.

It is important to provide training and support
for team members who may need additional
assistance. You can create pairs where one team
member (Project Manager — the project
manager, Team Lead — the team leader, or
another more experienced team member, for
example, with the status of Senior (Senior)
helps beginners (Junior, i.e. juniors), and also in
the team all help each other.

In general, to overcome these difficulties (Table 11), it is necessary for the
project manager (project manager, team leader, SCRUM master) to focus on
improving communication between team members, ensuring clarity and
consistency, as well as on training and support.

CONCLUSIONS

Therefore, the main factor in the successful implementation of programs

and projects to improve operational efficiency is the creation of conditions for
focusing the team’s work on achieving the company’s strategic goals,
including thanks to the optimal use of resources and increased productivity of
employees.

Successful implementation of programs and projects to increase
operational efficiency is not possible without the factors of ensuring effective
team building. The procedure of effective team building can be carried out by:

formation of the correct composition of teams based on careful selection
of suitable qualified stuff in project teams with developed professional hard
skills and (which is also important) soft skills;

conducting attestation (assessment, testing) of team members to identify
problems in a timely manner, timely staffing (reforming) of project teams
taking into account the compatibility of team members, their potential and
psychological type, role in the team, opportunities to achieve maximum
efficiency when performing project tasks, etc.;
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supporting effective communication and cooperation within the team, as
well as providing support for the development of participants through the use
of modern mentoring, conflict management and communication techniques;

defining the role and responsibility of each participant, ensuring a common
understanding of the project’s goals and objectives and a common focus on
achieving goals, defining clear criteria for evaluating the performance of
employees, KRI, competencies and skills, conditions for awarding rewards,
etc.

This procedure provides the business with the opportunity to achieve high
productivity of the project team by establishing clear goals, tasks, the area of
responsibility of each member and the team as a whole, as well as ensuring
other factors of the successful work of the project team.

Thus, the implementation of programs and projects to increase operational
efficiency, considering the features and techniques of successful team
building based on the «performance management» technology, contributes to
the achievement of the strategic goals of the organization, optimal use of all
company resources.

SUMMARY

To sum up all aspects, the key determinant for the successful execution of
programs and projects aimed at increasing operational efficiency is the
creation of an environment that directs the team’s efforts towards the
attainment of the company’s strategic goals. It is achieved through the
judicious allocation of resources and the heightened productivity of
employees. Effective team formation emerges as a critical factor without
which the realization of such programs and projects remains elusive. The
process of effective team building encompasses several main steps:

1) Careful selection involves carefully assembling teams through the
rigorous selection of suitably qualified individuals possessing both proficient
technical skills and vital soft skills.

2) Regular assessments, tests, and evaluation of team members
facilitate the early identification of issues allowing for timely adjustments to
team composition. It includes considering compatibility, potential,
psychological disposition and assigned roles within the team.

3) Creating an environment of open communication and seamless
collaboration is criticial. Employing modern mentoring techniques, conflict
resolution strategies and advanced communication methods which play an
important role in this regard.

4) Defining the roles and responsibilities of each team member,
establishing a shared understanding of project objectives, and aligning efforts
towards common goals are essential. This requires establishing transparent
evaluation criteria that cover employee performance, Key Performance
Indicators (KRI), competencies, skills and compensation terms.

By following this procedural framework, businesses can significantly
improve the productivity of project teams. It involves setting clear goals,
delineating tasks and responsibilities for each team member and addressing
other vital factors contribute to the team’s overall success. Therefore, the
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implementation of programs and projects aimed at augmenting operational
efficiency, guided by the principles of effective team building rooted in
«performance management» technology, actively contributes to the
realization of organizational strategic objectives and the optimal utilization of
all available company resources.
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DOl

THEORETICAL FOUNDATIONS OF THE DEVELOPMENT
OF THE IRON ORE INDUSTRY IN UKRAINE

Romanenko A. O.

INTRODUCTION

The mining industry take a significant role in the development of
Ukraine’s economy. Ukraine achieved the status of a leading global producer
of iron ore raw materials by February 22, 2022. The country demonstrated a
high level of iron ore production, despite challenges and technical
complexities.

Ukraine possesses a significant raw iron ore base, including magnetite and
oxidized quartzites, which play a crucial role in the mining and metallurgical
industry. Technogenic deposits, such as tailing ponds, also contain various
materials for further use and enrichment.

This raw material base provides Ukraine with substantial potential for the
development of the mining industry and related sectors. However, it is
essential to utilize it efficiently and address environmental and technological
challenges. Among the key resources, natural-rich iron ores with high metal
content, magnetite, and oxidized quartzites stand out, which are utilized in the
mining and metallurgical industry.

Technogenic deposits, such as tailing ponds, are a vital part of the raw
material base. They contain essential components for further utilization and
enrichment. However, it is necessary to maintain a balance between the
extraction of valuable minerals and the protection of ecosystems for the
sustainable development of the mining industry.

Scientific research and technological advancements are constantly
improving, opening up prospects for the further development of iron ore
extraction and processing. Investments in the raw material sector and
technological advancement will contribute to the successful future of
Ukraine’s mining and extraction complex.

According to the state geological and subsoil service of Ukraine’s report
for 2019, the total explored balance reserves of iron ores in the country amount
to approximately 20.9 billion tons. this quantity indicates a robust potential in
the iron ore base, which is crucial for the development of the mining and
metallurgical industry*.

1 Odiuiiinmii  caift gmaBHon CIIy)OM  reoJorii Ta  HaJ %)anm
https://www.geo.gov.ua/?s=%D0 A)Q1%D0%BO%D0%BB%DO%BO%DO%BD%Dl %81

%D0%BE%D0%B2%D1%96+%D0%B7%D0%B0%D0%BF%D0%B0%D1%81%D0%

B8+%D0%B7%D0%B0%D0%BB%D1%96%D0%B7%D0%BD%D0%BE%D1%97+%

D1%80%D1%83%D0%B4%D0%B8, (Accessed 06 October 2023).



The mentioned 20.9 billion tons are categorized differently.
Approximately 11 billion tons constitute reserves that are already in active
enterprises. This availability of readily exploitable reserves is a valuable
resource for meeting iron ore material needs and ensures the stability of the
mining and extraction industry. Based on the average iron ore production rate
of approximately 170 million tons per year, it is estimated that the available
reserves will last for the next 65 years. Additionally, according to the state
geological and subsoil service of Ukraine (DNVP "Geoinform Ukraine™) data
as of the beginning of 2021, the balance reserves of iron ores amounted to
18,065.04 million tons, which represents a significant quantity of iron ore
resources with substantial potential for further exploration and extraction?.

For the sustainable development of Ukraine’s mining industry and the
maximization of benefits from iron ore resources, it is necessary to actively
explore new deposits and modernize extraction mechanisms.

This article analyzes the state of Ukraine’s mining and extraction complex,
focusing on the Kryvyi Rih iron ore basin. It examines factors influencing the
industry's productivity and cost-effectiveness, including government support,
legislation, technological modernization, and environmental requirements.
The aim is to identify development priorities and propose measures to improve
the industry's situation and enhance the competitiveness of Ukraine’s mining
and extraction complex, taking into account contemporary trends and
sustainable development requirements.

1. Methods

This section outlines the primary methods and approaches used to optimize
the production capacities of mining and extraction enterprises and ensure the
sustainable development of the industry.

2.1. Utilization of Research and Analysis.

Thorough research and analysis of geological, mining, and technical
parameters of deposits are essential for the efficient use of mineral resources.
They help determine the structure and properties of resources and develop
optimal approaches to their extraction and processing.

2.2. Innovation and Technology.

The use of modern technologies and innovative approaches is crucial for
optimizing mining processes. New technologies®, automated equipment, and

2 Tlopran nanux BUOOYBHOI Tamysi Ykpainm: https://www.eiti.gov.ua/resursi-
rozvidka-ta-vidobuvannya/rudi-zaliza/, (Accessed 06 October 2023).

3 Kateryna Babii, Mykhailo Chetveryk, Volodymyr Perehudov, Kostiantyn Kovalov,
Ruslan Kiriia, Viacheslav Pshenychnyi (2022) Features of using equipment for in-pit
crushing and conveying technology on the open pit walls with complex structure Mining of
Mineral Deposits, Volume 16 (2022), Issue 4, 96-102
https://doi.org/10.33271/mining16.04.096, (Accessed 06 October 2023)
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digital systems enhance productivity and efficiency in extraction, reduce
environmental impact, and improve safety*.

2.3. Environmental and Social Responsibility.

Preserving the environment and considering social aspects are key
elements of optimizing mining processes. Developing and implementing
environmentally friendly technologies, minimizing emissions and
environmental impact, and ensuring the safety and well-being of employees
are industry priorities.

2.4. Rational Resource Utilization and Strategic Planning.

Sustainable industry development involves the efficient use of available
mineral resources and careful strategic planning for their extraction. Research
into reserves and the development of growth strategies help ensure the
industry's long-term viability and balance extraction with sectoral needs.

2.5. Investments and Partnerships.

Investments in the mining industry drive the adoption of new technologies
and methods. Partnerships with scientific institutions, businesses, and
international organizations facilitate the exchange of expertise and access to
modern resources and knowledge.

2.6. Organizational and Technical Measures.

The implementation of a wide range of organizational and technical
measures, supported by the government, is a key factor in successfully
managing the mining industry. This approach has allowed for the effective
increase in iron ore production and the realization of the country's export
potential, even in the face of global financial crises and growing competition.

2.7. Sustainable Development and Exports.

The achieved results enable Ukraine to maintain a stable export potential
despite global financial crises and competition. The mining industry in
Ukraine remains resilient and capable of holding its positions in the global
market.

2.8. Challenges of Modern Mining.

The past two decades have been challenging for the mining industry,
driven by both objective and subjective factors. This period has not led to
significant industry improvements due to natural limitations and management
issues.

2.9. Challenges and Prospects.

The industry faces numerous challenges, such as limited technical
development, high costs, and a lack of modernization. These aspects hinder
industry growth and erode competitiveness in the international market.

40. Kovrov, K. Babiy, M. Rakishev, A. Kuttybayev (2016) Influence of watering filled-
up rock massif on geomechanical stability of the cyclic and progressive technology line
Mining of Mineral Deposits Journal homepage Volume 10, Issue 2, pp. 55-63.
https://doi.org/10.15407/mining10.02.055, (Accessed 06 October 2023)
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These methods and approaches form a crucial foundation for achieving
sustainable development in the mining industry and ensuring the efficient
utilization of iron ore resources for the needs of the economy and society.

This section emphasizes the importance and challenges of optimizing
mining processes, implementing effective technologies, and strategic
management to ensure the stable and sustainable development of the iron ore
extraction industry.

2. Theoretical part

3.1. Improvement of Strategic Development and Innovative Approaches.

Improving strategic planning and fostering innovation is a crucial task for
the state and industry institutions. This will allow attracting investments and
promoting the implementation of modern technologies in Ukraine’s mining
industry. Collaboration with international partners and scientific research can
enhance the conditions for the development of the iron ore production sector.

The history of Ukraine’s mining industry demonstrates that despite
achieving records in iron ore production, it has been challenging to fully
restore past performance levels. For example, in 1978, an impressive
production volume of 126.4 million tons was reached, but subsequent years
brought challenges and obstacles that limited the ability to replicate this
success.

Even in 1990, when iron ore production amounted to 104.9 million tons,
the industry could not fully restore previous figures. Various factors such as
economic crises, changes in global market conditions, productivity losses at
old deposits, and a lack of investment altered the prospects for the industry's
development.

Active review of strategies and the identification of new development
directions, coupled with initiatives for modernization and increased
competitiveness, can contribute to the rapid growth of this vital sector of
Ukraine’s economy and secure its position in the international market.

3.2. Export and Import of Iron Ore: Challenges and Prospects.

In 2021, the industry supplied metallurgical enterprises with iron ore raw
materials according to their production needs, and there was no import of iron
ore raw materials, indicating the self-sufficiency of the industry®.

However, it's important to note that iron ore exports decreased by 4.2% in
2021 compared to the previous year, amounting to 44.5 million tons. Still, the
monetary value increased by 62.8% to $6.9 billion®. Despite exports

5 Odinitinuit caT O0’enHaHHs HIIIPUEMCTB «MeTaxyprupom»:

https://www.ukrmetprom.org/pidsumki-roboti-gmk-ukraini-za-12-misyaci/, (Accessed 06
October 2023).

& Odiiitauit caiir GMK Center: https://gmk.center/ua/news/ukrainskij-gmk-u-2022-
roci-eksportuvav-24-min-t-zaliznoi-(Accessed 06 October 2023).
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accounting for half of the production, the ranking of the product remained low
in the global market, making the industry vulnerable to market fluctuations.

This vulnerability is evident through the necessity of importing iron ore
raw materials into Ukraine for several years, with imports exceeding 7 million
tons. This indicates internal issues within the industry and a lack of domestic
resources to produce products that meet global standards.

To enhance the competitiveness and resilience of the mining sector in
Ukraine, it is essential to increase investments, improve technologies, enhance
product quality, and develop the domestic market. This will help reduce
dependence on external factors and increase the industry's resilience to
changes in the global market, ultimately promoting the development of the
Ukrainian mining sector in the future.

3.3. Resource Availability and Geological Conditions: Challenges and
Importance.

The stability of the mining industry depends on the availability of
sufficient iron ore reserves and the consideration of geological conditions
during extraction. Resource availability allows the industry to plan production
and ensures high product quality. Geological conditions affect the
organization of mining but can create challenges, particularly in terms of
safety and costs.

Preserving and replenishing ore reserves are crucial tasks for the industry's
stability. Continuous mining leads to the depletion of deposits, so actively
searching for new sources is necessary. Reclamation of mining sites, or the
restoration of the natural environment after mining, helps preserve the
ecological balance and provides opportunities for sustainable and
environmentally friendly mining production.

3.4. New Deposits and Challenges of Underground Mining.

The mining industry in Ukraine continually seeks new deposits and
implements advanced technologies. This is necessary to support production
but presents challenges such as high costs and compliance with environmental
standards. Lowering the level of mining operations at depth is a key aspect, as
it affects extraction timelines and safety.

An important aspect is the annual decrease in the level of mining
operations in open-pit mining, which is approximately 7-9 meters, while in
underground operations, this figure increases to 12-16 meters.

Reducing the level of mining operations is essential for ensuring stable
extraction and the restoration of natural resources. However, this requires
specialized technologies and resources.

The depth of iron ore reserve exploitation through underground methods
has indeed reached significant values, namely 1200-1400 meters, compared
to the depth of open-pit mining, which is about 350-400 meters. These values
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indicate the maximum depth to which iron ore deposits are developed
depending on the extraction method.

3.5. Challenges of Deep Mining and Efficient Resource Management.

As mining operations go deeper, mining companies face the challenge of
precise and efficient planning. Deep mining also leads to increased costs due
to the need for powerful equipment and safety measures.

This situation poses a profitability challenge for companies. Planning and
optimizing extraction processes at great depths are key tasks for sustainable
development and the rational use of resources.

In some mining and beneficiation complexes, the ratio of iron ore
overburden volume to production ranges from 0.3 to 1.5 m3 per 1 ton of
extracted ore. This affects environmental considerations and demands
attention to ecology.

During financial crises, companies reduce the volume of overburden
removal, which can limit their development and stability. The availability of
ready-to-mine ore reserves for companies is a critical factor for sustainable
production and efficient management. Balancing stability and financial
performance is crucial for the industry's future development.

3.6. Challenges of Reduced Stripping Volumes and Water Resource
Management.

From 2014 to 2021, mining companies witnessed a decrease in activity
and increased competition, which required restraining the rise in production
costs, particularly through reduced stripping volumes.

The overburden-to-ore ratio was 2.1% in 2014, but it increased to 20.8%
in 2015, underscoring the challenges in providing the necessary stripping
volumes for stable production.

Reduced stripping adversely affects the resource base and the industry's
prospects, necessitating strategic measures to preserve stability and efficiency.

The reduction in mining depth is accompanied by water pumping from
deep horizons. This increases geological risks, requiring significant
expenditures to ensure safe working conditions and rock stability.

3.7. The Importance of Implementing Advanced Technologies and
Reconstruction for the Mining Industry.

Ukrainian mining enterprises face significant challenges, such as
increasing depths of ore deposit exploitation and dewatering of deep mines.
This prompts them to adopt advanced technologies and undertake facility
reconstruction.

Modernization and upgrading of enterprises enhance mining efficiency,
reduce costs, and improve product quality. This provides enterprises with a
competitive edge and supports their stability in the market.

Flexibility in utilizing cutting-edge technologies helps enterprises adapt to
changing conditions and market demands. Increasing production capacity is
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crucial for the development of the industry and the Ukrainian economy.
Support for the reconstruction and modernization of production is essential
for ensuring the sustainable development of mining in the country.

3. Results

4.1. Reasons for the Decrease in Iron Ore Production and Product
Deliveries.

The decrease in iron ore production and product deliveries in Ukraine can
be attributed to the following key reasons:

1. Market oversaturation: iron ore production exceeds demand, leading to
stockpiling. Enterprises limit production and deliveries to avoid
oversaturating the market.

2. Low competitiveness: domestic products are not always competitive
compared to global manufacturers. Enterprises must reduce costs and improve
quality to attract customers.

3. Decreasing global prices: Excessive supply of iron ore products leads to
falling prices on the world market, affecting profitability and the ability of
enterprises to increase production.

4. Political instability and conflicts: political conflicts and military actions
limit the supply and transportation of iron ore, negatively impacting the
industry.

These factors collectively affect Ukraine’s mining industry, creating
challenging conditions for its development and stable operation.
Implementing effective strategies and measures can help overcome these
challenges and ensure the industry's stable development.

4.2. Challenges and issues in Ukraine’s mining industry.

While possessing vast potential in iron ore resources and the capability for
extraction and processing, Ukraine’s mining industry faces several critical
problems requiring immediate resolution to ensure stable and efficient
development:

1. Low ore quality: the ore exhibits low quality and necessitates additional
expenses for enrichment before further use.

2. Increased depth of mining: continuous deepening of operations
complicates extraction and raises costs.

3. High energy consumption: the industry demands significant energy
resources, which can impact profitability.

4. Equipment renewal: constant replacement and upgrading of production
equipment require investments.

5. Environmental concerns: mining operations can harm the environment.

6. Large volumes of waste: increased extraction leads to the accumulation
of substantial waste volumes.
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7. Rising transportation costs: deeper development increases
transportation expenses for raw materials.

8. High costs of technological equipment and energy: rising equipment and
energy resource prices create financial pressure.

9. Low innovation level: the absence of innovative solutions limits
development opportunities and process optimization.

Addressing these issues is vital to support the effective growth of
Ukraine’s mining industry and sustain its competitiveness on the global
market. Process optimization, innovative solutions, and a balanced approach
to addressing these problems can contribute to the industry's sustainable
development and minimize negative impacts.

4.3. Challenges of national significance and their impact on Ukraine’s
mining sector.

The constant negative pressure of national significance also significantly
affects Ukraine’s mining sector, putting its effective development at risk.
Among the main problems arising from this are the following:

1. Lack of strategy and support: insufficient management and the absence
of strategic plans complicate the industry's development.

2. Rising fees and tariffs: increased costs for resource use and product
transportation can burden the sector.

3. Inadequate regulatory framework: the absence or obsolescence of laws
and regulations complicates sector management.

4. Unfavorable investment climate: lack of investment slows down
modernization and sector development.

5. Low scientific support: the absence of a proper scientific base hinders
innovation and the development of new technologies.

6. Absence of domestic machinery production: dependence on imported
machinery and equipment complicates sector development.

7. Global financial crises: changes in global markets can affect commodity
prices and lead to economic difficulties in the sector.

Addressing these issues requires a comprehensive approach and active
participation from the state, businesses, and the scientific community to create
favorable conditions for the sustainable and efficient development of
Ukraine’s mining sector.

4.4. Adaptation and innovation: key aspects of the development of the
mining sector.

Adaptation and innovation are key aspects of the development of
Ukraine’s mining sector, especially in the face of market uncertainty and
competition. The main aspects of this process include:

1. Strategic review: companies must continually analyze their strategy,
taking into account changes in the market and the economy. this may involve
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shifting to new types of products, entering new markets, or expanding the
geographic scope of sales.

2. Technological innovation: it is crucial to implement modern
technologies to increase productivity and reduce costs. this may include
automation, using data for decision-making, and adopting more efficient
methods of ore extraction and processing.

3. Exploring new markets: decreased domestic demand may require
exploring new markets for mining products, including export opportunities.

4. Balance and efficiency: companies should strive to balance their
expenses and income, reduce losses and costs to maintain stability and
profitability.

5. Promoting innovation: allocating financial resources to research and
development of new technologies and approaches can support the innovative
development of the industry.

6. Collaboration with research institutions: partnering with research
institutions and universities can facilitate the development and
implementation of new technologies and solutions.

Adaptation and innovation will help the sector maintain competitiveness
and ensure sustainable growth, even in the face of challenges and uncertainty.

4.5. Technological upgrade and investments: key aspects of modernizing
the mining sector.

Modernization and the adoption of new technologies will make this
industry more efficient, competitive, and resilient to future challenges. Here
are key points:

1. Investment in research and development: exploring new technologies
and innovations can be a significant step toward modernization. This includes
funding scientific research and development efforts aimed at improving
mining and ore processing processes.

2. Support for initiatives: governmental and legislative support for
initiatives aimed at modernizing the mining sector can incentivize investors
and companies to implement new technologies.

3. Improved efficiency: the application of modern technologies can
increase productivity and reduce production costs. Efficiency is a crucial
factor in ensuring competitiveness.

4. Environmental sustainability: new technologies can help reduce the
negative impact on the environment, which is an essential consideration in
today's market and regulatory requirements.

5. Training and workforce development: developing and training
personnel to work with new technologies is also a crucial component of
successful modernization.

In general, it is in Ukraine’s best interest, both as a nation and for the
mining industry as a whole, to actively pursue technological upgrades and
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investments to ensure sustainable development and competitiveness in the
global market.

4.6. Prospects and priorities for the development of Ukraine’s mining
industry.

To ensure sustainable and effective development of Ukraine’s mining
industry, it is essential to actively address the challenges that put it at a
crossroads. This can be achieved through investments in new technologies,
scientific research, equipment modernization, and enhancing competitiveness
in the global market. Such measures can secure steady and efficient industry
growth, preserve its significance for the country's economy, and improve the
quality of life for miners.

The priority directions for sustainable and effective long-term
development of Ukraine’s mining complex, including addressing issues in the
Kryvyi Rih iron ore basin, include:

1. Product diversification: in addition to ore enrichment, consider
expanding the range of products to include other valuable minerals or higher-
value metal production. This can reduce the industry's dependence on
fluctuations in the iron ore market.

2. International cooperation: explore opportunities for collaboration with
international companies that have experience in modern mining technologies.
This can accelerate the adoption of new practices and technologies.

3. Human capital: invest in the training and development of miners and
engineers to equip them with the skills required to operate modern equipment
and technologies.

4. Safety standards: ensure the highest safety standards for miners and
mining processes to prevent accidents and incidents.

5. Green mining initiative: consider launching a green mining initiative
that promotes environmentally friendly mining and ore processing practices.

The successful development of the mining industry will have significant
implications for Ukraine’s economy and social stability. Implementing these
measures will help overcome challenges and create conditions for the
sustainable and efficient growth of the mining industry in Ukraine, enhancing
its competitiveness in the global market.

CONCLUSIONS

The implementation of state support for Ukraine’s mining industry to
comprehensively address its challenges can be a key factor in ensuring its
sustainable and effective development. Introducing the following measures
will contribute to resolving pressing issues:

1. State support - a crucial stimulus for the sustainable development of
Ukraine’s mining sector.
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2. The research program for the Kryvyi Rih iron ore basin - a guarantee of
safety and stability in extraction.

3. A prospective development strategy - necessary for effective reforms
and the industry's sustained growth.

4. Strengthening state regulation - contributes to the fair distribution of
resources and income.

5. Joint projects and technical adaptation - enhance resource utilization
efficiency.

6. Innovation support - the key to the industry's competitiveness in the
global market.

7. Creating a favorable investment climate - ensures the stability and
growth of the country's export potential.

These steps share a common goal - the comprehensive resolution of issues
in the mining industry, improvement of the resource base, and increased
efficiency of resource utilization. It is crucial for government bodies,
businesses, and research institutions to collectively direct their efforts towards
implementing these measures to achieve the sustainable development of the
industry and contribute to the prosperity of the country as a whole.

SUMMARY

The article examines the theoretical foundations of the development of the
iron ore complex in Ukraine, with a focus on the Kryvyi Rih iron ore basin.
Key issues are identified, such as outdated equipment, insufficient investment,
and environmental and social aspects. The author proposes solutions to these
problems, including technological improvement, optimization of deposit
development, the advancement of scientific research, and attracting
investments. The importance of government support for the sustainable
development of the industry is discussed, and specific measures are suggested,
such as the development of development strategies and programs, ensuring
transparent resource allocation, and providing incentives for innovative
enterprises. The critical importance of the development of the mining industry
for the country's economy and ecology is emphasized. As a result of the
research, specific steps are proposed to ensure the sustainable and efficient
development of the industry and enhance competitiveness in the international
market.
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