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CURRENT INVESTMENT TRENDS IN THE PORT INDUSTRY

V.V. Zhykharieva', N.T. Ksandinov*
ID.Sc. (Economics), Professor, Head of the Department of Economics and Finance,
Odesa National Maritime University,
Odesa, Ukraine,
ORCID ID: 0000-0002-2179-8483
Postgraduate of the Economics and Finance Department,
Odesa National Maritime University,
Odesa, Ukraine,
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Summary

Introduction. The tasks of sustainable development of the port industry, which
cannot be solved without investing in port infrastructure, determine the relevance of
the research of investment trends in the industry. To define the need for investments,
economic justification of investment directions and sources of investment financing, it is
necessary to study the main factors that affect investment activity in the port industry,
and to determine current trends in this field. Purpose. The purpose of the article is to
determine investment trends in the port industry at the current stage of its development.
Results. The main economic and technological drivers of the investment activity in
the port industry in the context of sustainable development have been systematized.
Assessment of the dynamics of the gross volume of cargo handled in the ports and
the directions of investment in the port infrastructure by cargo segments was carried
out. The main trends in the development of investment in the port infrastructure were
defined. Conclusions. The main trends in the development of investment in the port
infrastructure include: changes in the geographic structure of investments due to the
increase in the volume of maritime trade and cargo handled in the seaports of the
countries of Southeast Asia and the Middle East; changes in the structure of investments
by cargo segments due to the slowdown in the development of container trade and the
higher growth rates of bulk dry cargo transportation; increased need for investment in
the port infrastructure to eliminate technological constraints associated with increasing
size and complexity of sea vessels, changes in the directions of investments for energy
transition and sustainable development, intensification of the impact on investment
activity of technological changes — digital transformation in seaports and greening of
supply chains, change in the orientation of investment activity to the concept for the
sustainable development of port companies, which often involves projects with high
social value; investments in the industry contribute to the transformation of seaports
from multimodal centers to centers of innovation and sustainable development;

© Zhykharieva V.V, Ksandinov N.T., 2025
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investments lead to an increase in the role of seaports as an important component of the
geopolitical and economic stability of countries and regions; the need for investment in
new port areas outside urban areas due to the impact of coastal urbanization on port
development.

Key words: investment, port industry, infrastructure, water transport, seaborne
trade, shipping, strategic development, energy efficiency, digital transformation,
ecologization.

CYYACHI TEHJEHIIII IHBECTYBAHHS B IIOPTOBIM T'AJTY3I

B.B. Kuxapesa', H.T. Kcanginos>
ln.e.n., mpodecop, 3aBimyBau kadeapu «ExkoHoMiKa i piHAHCHY,
OoecbKutl HAYIOHATLHUL MOPCLKULL YHIigepcumen,
Ooeca, Vkpaina,
ORCID ID: 0000-0002-2179-8483
ZacmipaHT Kadeapu eKOHOMIKH i (hiHaHCIB,
Ooecvrutl HayioHATLHULL MOPCOLKULL YHIGEpCUmen,
Ooeca, Ykpaina,
ORCID ID: 0000-0002-1844-4836

Anomauisn

Bcemyn. Axmyanvnicms memu 00CHiOdNCeHHs 00YMOGNeHA 3A80AHHIMU CMALO20
PO36UMKY NOPMOBOI 2anysi, sKI HeMOJNCIUBO peanizyeamu 6e3 iHEeCmySauHs )
nopmosy ingpacmpyxmypy. ns eusnavenns nompedu 6 iHeeCcmuyisx, eKOHOMIYHO20
OOIPYHIMY8AHHS HANPSIMIG THEBECTTYBAHNS [ 0Jicepell (PIHAHCYBAHHS IH6eCMUYIL HeOOXIOHO
BUBHEHHSL OCHOBHUX (PAKMOPI, IKI BNAUBAIOMb HA IHEECTUYITIHY OISLIbHICMb )Y HOPMOGIT
eanysi, i amaniz cyvacwux menoenyitl y yiu cpepi. Mema. Cmamms npucesuena
BUBHAYEHHIO MeHOeHYIll [HBeCMY8anHs y NOPMOGIU 2any3i HA CYUACHOMY emani ii
possumxy. Pesynemamu. Cucmemamuzoeano OCHOBHI eKOHOMIUHI Ma MeXHON02IUHI
opatigepu iHgeCmuyitinoi OiNbHOCHI NOPMOBOT 2a1y3i 8 KOHMEKCHI CMAI020 PO3BUNIK).
IIposedeno oyinky ouHamixu o0cs2ié nepesanrku 8aHMAdMCi@ y Nopmax ma HaAnpsamie
IHBECTNYBAHHSL PO3GUMKY NOPMOGOT THPPACMPYKMYPU 34 BAHMANCHUMU CE2MEHMAMU.
Busnaueno 2onosni menoenyii ineecmysants 6 nopmosy ingpacmpyxmypy. Bucnosku.
Lo menoenyiil insecmysants y po36umox nopmosoi inpacmpykmypu 6i0HeceHo: 3MiHu
eeoepaghiunoi cmpykmypu ineecmuyiiu y 36 513Ky 30 30L1bUeHHAM 00C5218 MOPCbKOL
MOp2i6i ma nepesanku 8aAHmMadxfcie y Mopcokux nopmax kpaiun Iliedenno-Cxionoi Azii ma
bnuzvrozo Cxo0y, sminu cmpykmypu ineecmuyill 3a 6AHMANCHUMU CE2MEHMaMU Yepes
VNOBLIbHEHHS MEeMNI8 3POCMAHH KOHMeUHEepHOi mopeieni ma Oinbui 8UCOKi memnu
3POCMAaKHA Nepese3eHb CYXUX MACO8UX 8AHMANCIB, 30LIbUEeHH NOmMpedU 8 IHBeCUYiaxX
V nOpmMogy iHghpacmpykmypy 07si YCYHeHHsI MEXHON0STUHUX 0OMEMNCeHb, NO8 SI3ANUX 31
30LIbULEHHAM POIMIPY MA CKAAOHOCII MOPCLKUX CYOeH, 3MIHU HANPAMI6 ingecmuyitl 015
eHep2emuUyHO20 nepexooy ma Cmano2o po3eUmKY, HOCUNEHHs 6NIUBY HA IHEeCMUYILIHY
OISILHICMb MEXHOLOSTUHUX 3MIH — Yu@posoi mpanchopmayii 6 MopcoKux nopmax i
eKono2i3ayii 1aHy02ie NOCMAaYanHs, 3mMiHa opienmayii ineecmuyitiHol JisibHOCMi HA
KOHYenyiio cmaio2o po3eumKy nopmosux KOMNAawil, AKa 4acmo nepeobaiac npoexkmu
3 BUCOKOI COYIANbHOIO YIHHICMIO, [HEecmuyii 8 2any3b CHpUsioms NepemeopeHHIO
MOPCOLKUX NOPMIB i3 MYIbMUMOOANbHUX YEeHMPI8 V YeHmpu IHHOBAYI ma CManoco

8



PO3BUTOK TPAHCIIOPTY
Ne 1(24), 2025

PO36UMKY; THEeCMUYIT NPUBOOMb 00 NIOBULYEHHS POJI MOPCOKUX NOPMIB K BANCIUBO2O
KOMNOHeHMA 2e0noNimuyHoi ma eKOHOMIYHOI cmabiibHocmi Kpait i pecionis;, nompeba
68 IHBEeCMUYISAX Y HOBL NOPMOGI MePUMOPIi 3a MeHCAMU MICOKUX MepUmopitl uepes 6Naue
npubepexcroi ypoauizayii Ha po3eumox nopmis.

Knrwouoegicnosa: ingecmuyii, nopmosa eanyss, inppacmpykmypa, 600HULIMPAHCHOPIN,
MOpCbKa MOopeiéis, CYOHONIABCME0, CMPAMe2iYHULl pO38UMOK, eHepeoeheKmugHicmb,
yugposa mpancgopmayis, exono2izayis.

Introduction. Seaports in the 21st century face a number of new factors that sig-
nificantly affect the development strategy and investment activities in the industry. The
global goals of sustainable development until 2030, proclaimed by the UN Resolution
adopted by the General Assembly on 25 September 2015 Ne 70/1 [1], include the pro-
motion of progressive, inclusive and sustainable economic growth, full and productive
employment and decent work for all; creation of sustainable infrastructure, promotion
of industrialization and innovation; taking measures to combat climate change and its
consequences; preservation and rational use of oceans, seas and marine resources. The
specified goals are correlated with the concept of ensuring the sustainable development
of port companies.

Taking into account that the study of trends is based on statistical data, the research
used the method of comparison for analysis of international maritime trade by cargo
type; methods of descriptive statistics, including correlation and regression analysis for
study of relationship between world GDP and the volume of containers handling in
seaports based on the polynomial regression model; as well as the logical-analytical
method and analysis-synthesis of results for identifying and systematization the main
drivers of the investment activity in the port industry.

Formulation of the problem. The strategic development of seaports is impossible
without investments in various components of the port infrastructure. Therefore, identi-
fying the main drivers and trends in the development of investment in the port industry
is a current task.

Analysis of recent research and publications. In the article by B. Purvis, Y. Mao &
D. Robinson [2] a study of the genesis of the concept of sustainability, consisting
of three pillars (environmental, economic and social), was carried out. It is shown that
there is no unified view of the status quo of these components, and their theoretically
accurate description. The reason is the nature of the sustainability discourse, which
has historically emerged from very different schools of economic thought. The lack
of such a thorough concept destroys approaches to theoretically strict operationalization
of sustainability. Increased attention and pressure from investors, regulators, employees
and other stakeholders of maritime transport companies make environmental, economic
and social factors important drivers of their development, and require the generalization
of existing practices and the working-out of appropriate methodological approaches.

Criteria for the development of maritime transport companies include environmental,
social and governance (ESG) criteria for assessing business. In [3] it is shown that there
is a growing interest and pressure from investors, regulators and politicians to make ESG
an important issue. The promotion of the ESG concept for the development of maritime
companies is becoming increasingly widespread in all areas of business and government
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activity. The paper by P. Matos [4] has developed ESG criteria to the fields of sustaina-
ble development. Investments that comply with ESG are growing in the total volume in
the capital markets. The growing interest of investors in ESG reflects the view that issues
of ecology, social responsibility and corporate governance, including risks and opportu-
nities, can affect the long-term performance of companies and, therefore, should be ade-
quately taken into account when making investment decisions.

The work by T. Notteboom, A. Pallis & J.-P. Rodrigue [5] shows that the implemen-
tation and directions of investment in the port industry depend on economic and techno-
logical changes, in particular, the digital transformation of the industry and the greening
of supply chains in recent years. The characteristics of the demand for port terminal
services determine the requirements for their design in terms of sea access conditions,
quay walls, and terminal equipment. In the article by N.V. Smentyna [6] summarizes
the approaches to defining the concept of a smart port, which uses innovative digital
technologies to increase the efficiency, the level of security of operations and protection.
It is determined that the cumulative average annual growth rate of the global smart ports
market will reach 25% by 2032.

In the paper by V. Zhykharyeva, N. Primachev, T. Frasinyuk [7] features of transfor-
mation processes in the global seaborne trade is considered. All subsystems that form
cargo flows are interested in the stable operations of maritime transport, which provides
up to 80% of foreign trade.

Analysis of existing research makes it possible to summarize that infrastructure
development is one of the most important priorities for the development of investment
activities in the port industry. High capital intensity and rapid technological develop-
ment of the port industry make it necessary to study the factors influencing invest-
ment in port infrastructure and identify the main investment trends, connection between
investment aspects and directions of sustainable development of port companies, taking
into account industry specifics, in particular, those aimed at greening and digitalization
the activities of seaports.

Formulation of the goals of the article. The goals of the paper are to systemize
the main economic and technological drivers of the investment activity in the port
industry in the context of sustainable development, in particular, to assess of the dynam-
ics of the volume of cargo handled in sea ports, the directions of investment in the port
infrastructure by cargo segments, and to define the main trends in the development
of investment in the port industry.

Presentation of the main research material. The main factor influencing the need
to expand the production capacity of seaports and terminals is the demand for cargo
handling services by port companies, which depends on the dynamics of international
seaborne trade.

The volume of international maritime trade depends on the world GDP. In 2023,
the maritime trade increased by 2.4%, the global GDP — by 2.7%. In 2021 and 2022,
on the contrary, the GDP growth rate decreased significantly more than the maritime
trade growth rate [8]. The ratio of the volume of international maritime trade to world
GDP has been decreasing since 2010. The growth rate of this ratio has been increasing
relatively slower than GDP, in particular, since 2018, when the USA imposed tariffs on
exports from China.

10
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Total volume of transportation reached 62,037 billion ton-miles in 2023,
a4.2% increase over 2022, driven by longer voyages across all segments, driven by supply
disruptions due to the war in Ukraine, disruptions in the Red Sea, and a decrease in the water
level in the Panama Canal, which led to longer voyages of ships and increased distances
[8]. Dry cargo transportation is less prone to disruptions in the Red Sea and the Suez
Canal. The disruptions have particularly affected exports of grain from the US and other
dry bulk cargoes from the North Atlantic to Asia. Trade in iron ore and deliveries of steel
products were also disrupted due to changes in routes and increased transit times.

Figure 1 shows the growth rates of international maritime trade by cargo segments
in 2023.
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Fig. 1. Growth rates of international maritime trade by cargo type in 2023, % [8]

The growth rate of coal transportation (7.1%) was affected by the global energy
crisis and geopolitical tensions, particularly in Europe, increasing dependence on coal
as an alternative energy source, which increased demand and trade volume [8]. Growth
in iron ore shipments (4.4%) was driven by strong demand from the metallurgical sec-
tor, especially in China and other rapidly developing countries [8]. The growth rate
of transportation of minor bulks (0.9%), which does not include forest cargo and metal
products, was affected by a slowdown in construction and manufacturing activity in key
markets, combined with logistical problems [§].

The growth rate of liquefied petroleum gas (LPG) transportation (5.3%) was influ-
enced by high demand for clean energy sources and growing industrial activity in Asia
and other developing regions [8]. The growth rate of LNG transportation (2.4%) was
influenced by weaker market conditions compared to recent years, due to softer gas
markets and fleet growth [8].

Global economic uncertainty, disruptions in supply chains and reduced consumer
spending on goods affected the growth rate of containerized cargo transportation — 0.4%
in tons and -0.14% in twenty feet equivalent units (TEU) [8]. Improvements in eco-
nomic prospects and changes in shipping routes from the Red Sea are factors that have
supported a high level of container trade in 2024. This followed a decline in volumes in
2022 and low growth in container trade in 2023.

Figure 2 shows the annual growth rates of world real GDP and the volume of con-
tainer handled in TEU in seaports around the world.
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Fig. 2. Annual growth rates of world real GDP and the volume of containerized cargo
handled in seaports around the world, determined using [9, 10], %

Table 1 shows descriptive statistics for annual growth rates of world real GDP
and the volume of containerized cargo handled in seaports, calculated by authors.

Table 1
Descriptive statistics for annual growth rates of world real GDP
and container cargo handled in seaports
Indicators Growth rate of world Growth rate of. container cargo

real GDP handled in seaports
Average 0.027 0.030
Standard Error 0.007 0.009
Median 0.031 0.029
Standard Deviation 0.023 0.028
Sample Variance 0.001 0.001
Kurtosis 6.157 -0.814
Skew -1.896 -0.315
Interval 0.091 0.083
Minimum -0.031 -0.016
Maximum 0.060 0.067
Level of reliability 0.271 0.303

Figure 3 shows the results of correlation and regression analysis of the relationship
between the world real GDP and the volume of containers handled in seaports around
the world based on the data presented in Figure 2.

The linear correlation coefficient of annual growth rates in percent for 2012-2022
was 0.70, the correlation of the world real GDP in USD and container handling in sea-
ports for 2011-2022 was 0.99, indicating a very close positive correlation. The coeffi-
cients of determination indicate that the calculated parameters of the polynomial model
explain the dependence between the annual growth rates by 49%, and between absolute
values of the parameters — by 98% which indicates the high quality of the model.
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Fig. 3. Correlation and regression analysis the relationship between world real
GDP and the volume of containers handled in seaports in terms of absolute values
and growth rates (polynomial regression model)

Figure 4 shows the 10 largest container ports in the world as of 2023.
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Fig. 4. Top 10 largest container ports in the world in 2023, million TEU [11]

As can be seen from the data, the only European port of Rotterdam, which was in
the top 10 world largest ports, with a volume of 13.45 million TEU in 2023, gives posi-
tion to the ports Jebel Ali, Dubai (9th place) and Hong Kong (10th place) [11]. There-
fore, the dynamics of the port industry reflects the rapid development of the countries
of Southeast Asia and the Middle East, in particular, China, South Korea, and the United
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Arab Emirates, which affects the volume of maritime trade and the volume of cargo
flows in seaports.

The cargo flow of Chinese ports grew at the highest rates from 2019 to 2023, in par-
ticular, Qingdao by 36.9%, Ningbo-Zhoushan by 28.4%, and Tianjin by 28.3% [11]. The
cargo flows in Rotterdam, on the contrary, decreased by 9.2% to the level of 2019 [11].

Figure 5 shows the largest cargo ports in Europe, among which in 2023 the first place
was taken by port of Rotterdam with a volume of 438.8 million tons [12].
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Fig. 5. Top 10 largest ports in Europe in 2023, million tons [12]

Figure 6 shows the dynamics of the gross volume of cargo transshipped in the sea-
ports of the European Union and the trend line (linear filtering).
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Fig. 6. Gross volume of cargo handled in seaports of the EU from 2011 to 2021,
thousand tons [13]
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As can be seen from the data in Figure 6, cargo volume increased from 2013 to 2019,
but in 2020 there was a significant decrease (7%) to the level 0f 2019, in 2021 —a recov-
ery (4%) to the level of 2020.

In EU countries, infrastructure development is one of the main directions of port
investment, as well as ensuring a good business climate, proper governance and the devel-
opment of intermodality [14]. The study of European Sea Ports Organization (ESPO)
examines the investment landscape and challenges facing European ports, shedding
light on their changing role and urgent needs [15]. The research is a comprehensive
analysis based on data from 84 port authorities in European Union that shows a stagger-
ing 80 billion euro investment need over the next decade, highlighting the critical role
of seaports in economic and environmental development [15].

Ports in the European Union are no longer just gateways; they are turning into
centers of innovation, sustainable development and sustainability. The share of invest-
ments related to the transition to clean energy and the transition of ports and shipping
to sustainable development has increased. While this category was less than 10% in
2018, its share will grow to nearly 25% in 2023 [15]. A closer look at the different
types of investments in this category shows that a large share involves investments in
"infrastructure and related services and the energy transition of the economy" (55 pro-
jects in total), another large share consists of investments in "infrastructure and facil-
ities to reduce the environmental footprint of shipping (54 projects), while a smaller
share concerns "investments in reducing the environmental footprint of port operations"
(8 projects) [15].

The increase in investment in projects that contribute to the energy transition and sus-
tainability is linked to a change in the services provided by EU port authorities. Almost
two-thirds of all port authorities plan to start offering shore power for vessels and barges,
while the rest (with a few exceptions) already provide such services [15]. Port author-
ities also aim to provide other services such as truck chargers, green energy supply
for port companies, clean fuel for vessels and barges, pipeline services for the trans-
portation of liquefied gases, and digital energy management. In terms of clean energy
and decarbonization, the most common investment project is the power supply of ships.

More than 70% of all ports that provided data on their investment projects plan to
invest in the power supply of vessels, about half of all port authorities plan to invest in
means for transporting and/or storing electricity, about a third of ports plan to invest in
renewable energy production and about 30% of them plan to invest in energy manage-
ment systems [15]. The investment category "Expansion of port basins, berths and ter-
minal sites" remains the largest of 123 projects [15].

According to the Trans-European Transport Network (TEN-T) project developed
by the EU, European ports are classified as core ports and comprehensive ports [16].
The TEN-T Regulation establishes a set of quantitative thresholds to determine which
seaports are core ports. Thresholds are set for both cargo volumes and passenger num-
bers [17]. Table 2 shows the maritime transportation segments for which investments in
the expansion of core and comprehensive ports have been made.

The data show that while the container segment remains the most important for
EU ports expansion (35% for key ports and 15% for comprehensive ports), reflecting
the development of container trade, general cargo also plays an important role (30% for
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Table 2
Segments of maritime transportation for which investments were made
in the expansion of seaports of the EU countries in 2018-2023 [15]

. ... | Breakbulk
Categories Containers Ro-Ro Passepger Cruise | Dry bulk Liquid and general
of seaports cargo | (ferries) bulk cargo

Core 35% 32% 11% 10% 26% 14% 30%
ggglprehe“' 15% 24% 12% 0% 30% 15% 45%

core ports and 45% for comprehensive ports), as well as bulk dry cargo (26% for core
ports and 30% for comprehensive ports). Investment needs of seaports of EU countries
amount to 80 billion euros for the next 10 years (until 2034) [15]. Investments in sus-
tainable development and energy transition are becoming the second most important
investment category for port authorities. Ports need access to sufficient public funding.
They should be able to use the various financing instruments that should be available to
contribute to the achievement of the established strategic goals. It is necessary to main-
tain a stable and attractive investment climate and make sure that investors will continue
to invest in seaports of EU. The majority of projects involve the amount of investments
from 20 to 50 million euros, in the second place — projects up to 10 million euros, and in
the third place — from 50 to 100 million euros [15].

The increase in the size and complexity of the fleet, in particular ultra-large container
vessels (ULCV), new types of Ro-Ro ships, tankers and gas carriers, affects the increase
in the need for investments in the construction of berths, dredging, acquisition of load-
ing equipment, expansion of storage capacities, etc. The technical requirements of some
new classes of vessels, taking into account their size and design, affect medium-sized
ports, which may need to overcome restrictions to handle these ships in terms of berth
length, depth at berths, or lack of an adapted power supply system. These limitations
can only be overcome by investing in port infrastructure.

The role of seaports as an important component of geopolitical and geoeconomic
stability is increasing. Ports increase strategic effort, which help strengthen the country's
control over important maritime and energy routes, and contribute to the strengthen-
ing of bilateral and multilateral relations. Ports improve connections between coun-
tries and regions, and facilitate trade and country participation in the global value chain
through the integration of procurement, production and distribution systems, open
opportunities for transactions in local currency, leading to its internationalization.

Most ports are located in or near cities that leads to pressure on the transformation
of the port area into an urban space, and the development of new port facilities outside
the urban areas. Therefore, the urbanization of the coastal zone is a driver of investments
in new port areas. The paper by D. Pavlenko [18] examines the trend of increasing atten-
tion to the spatial strategy of port infrastructure development. The increasing complexity
of port operations leads to diversification and intensification of land use, which requires
finding new interactions between the port and the city. For example, the port of Amster-
dam, the second largest port in the Netherlands, is facing strong pressure from urban
growth. Management is looking for strategies to maximize the value of the port for both
the community and the business [18]. In the future, those ports that increase their spatial

16



PO3BUTOK TPAHCIIOPTY
Ne 1(24), 2025

productivity will be successful. Other ports will lose their meaning of existence and will
be absorbed by cities. Future ports will create ecosystems based on synergies between
existing clusters in both the city and the port. Seaports will become even greater drivers
of innovation and income for cities and improve employment in port cities.

Conclusions. The following main trends in the development of investment in the port
infrastructure were highlighted.

— Changes in the geographic structure of investments due to the constant increase in
the volume of maritime trade and cargo volume handled in the seaports in the Southeast
Asia and the Middle East, in particular, China, South Korea, and the United Arab Emir-
ates, by reason of their rapid economic development and continued containerization
of sea transportation.

— Changes in the structure of investments by cargo segments due to the slowdown
in the development of container trade and the higher growth rates of dry bulk cargo
transportation.

— Increased need for investment in port infrastructure to eliminate technological
constraints associated with increasing fleet size and complexity.

— Changing the directions of investments in port infrastructure for energy transi-
tion and sustainable development, intensification of the impact on investment activity
of technological changes, in particular, digital transformation in the port industry, green-
ing of supply chains, and the related increase in investment volumes.

— Change in the orientation of investment activity to the ESG concept for the sus-
tainable development of port companies, which often involves investment projects with
high social value, but slow or low return on investment and a high level of risk, and for
some types of investment only environmental and/or social effect.

— Investments in port infrastructure contribute to the transformation of seaports
from multimodal centers to centers of innovation and sustainable development — clean
energy, industrial clusters and circular economy.

— Investments in port infrastructure lead to an increase in the role of seaports
as an important component of the geopolitical and economic stability of countries
and regions.

— The need for investment in new port areas outside urban areas due to the impact
of coastal urbanization on port development.

The practical value of the research is the possibility of using the identified trends for
further justification of investments in the port infrastructure and forecasting the need for
capital investments. In particular, in the process of planning the post-war reconstruction
and strategic development of Ukrainian seaports of Black Sea & Danube Region, it is
advisable to take into consideration the experience of investing in the infrastructure
of ports and sea terminals in Southeast Asia and the Middle East, to pay attention to
structural changes in investing in port capacities by type of cargo, to take into account
the increase in the size and other characteristics of sea vessels and technological limita-
tions in Ukrainian seaports, to follow the global trend of investing in innovative projects
for the greening of port activities, increasing energy efficiency, as well as projects with
high social value. The implementation of these measures will allow not only increase
the efficiency of the port system of Ukraine, but also the geopolitical and economic
stability of regions and the country as a whole.
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Prospective areas for further research include a more detailed study of the experience
of investing in the infrastructure of the fastest growing seaports, classification of invest-
ment objects in the port industry and various sources of investment financing.
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E®EKTUBHICTb BUKOPUCTAHHSA TEINJIOAKYMYJIIOIOUYUX
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Anomauisn

Oonum 3 AKmMyanbHUX HANpAMKI6 3MEHWeHHs SUmMpamu Nndiuea ma WKIOAUUX
PeuosuUn y HABKOIUUHE cepedosuule € 000amKo8e GUKOPUCMAHHA 8 CKAAOi CYOHOBUX
eHep2emMUYHUX YCMAHOBOK MENIOAKYMYIIOI0UUX CUCMeM HA 0a3i Meniosux aKymyis-
mMopig 3 (hazoeum nepexoooMm, uo 00360JAI0Mb 3a0e3neuunm nepeonycKo8y nid2omogKy
08UCYHIB Ma 3a2aNbHOCYOH08] nompedbu. Memoro 00CnioicenHs € 8UBHAUEHHs NOKA3-
HUKI8 eqheKmunoeo GUKOPUCTIAHHS MENIOaKyMYTIOIOuUX cucmem 0isi nepeonyckosoi
ni02omosKU 08USYHIE MaA CAHIMAPHO-NOOYMOBUX NOMPed NepCcoHany Ha bopmy cyoHa
8 YMOBAX DIZHUX eKCNIYAMAYiUHUX YUKLIE CYOHOBUX eHepeemUyHUx YCmMAaHo8ok. /[
MPbOX MUNi@ CyoeH, a came KpyizHozo Jalnepa, bankepy i mankepy 8iOnogioHo pos-
2NAHYMO BUKOPUCMAHHA MENIOAKYMYIIOI0UUX CUCTNeM V' CKAAO0i Ou3elb-eleKmpuyHoi
ma OUu3elbHUX YCMAHO80K. Ymunizayis meniomu 8iONpaybO8aHUX 2a3i6 OU3ENbHUX
08UCYHIB 30TUCHIOBANAC 8 2NYUIHUKAX-MENOAKYMYIAMOpax 3 Gazosum nepexooom.
Enepeoeppexmusnicms  guxopucmanms 00CHIONCEHUX MENTOAKYMYTIOIOYUX CUCTIEeM
BUBHAYANACS NOKAZHUKAMU BUKOPUCTNAHHA MENIOMmuU ma 8iOHOCHOI eKOHOMIT nanusa 3
VPaxy8aHHAM GUOPAHUX MENTOAKYMYIIOI0UUX MAMepiaie ma eKCnayamayiunux Yyukiie
CYOHOBUX eHep2emuUyHUX YCMaHo8oK. Bukopucmanus 6 cyOHO8UX Ou3elb-eleKmpPUuiHUX
ma OU3enbHUX YCMAaHO8KAX Meni0aKyMyao0YUX CUCEM 3d PAXYHOK CKUOHOT meniomu
BI0NPAYbLOBAHUX 2A3I6 O0360AUILO POSUUPUMU QYHKYIOHATLHI MONCIUBOCTI 3a0e3nedeH-
H nompeb eHepeemuyHux YCmMano8oK ma nepconany. B pesynemami mamemamuynozo
MOOENI0BAHHSL OMPUMAHO 6A3y OaHUX O peKOMeHOayii onmumaibHo2o ubopy npo-
EKMHUX pilleHb ma eKCIYAmayiiHux Xapakmepucmuk cyOHO8UX eHepeemudHux ycma-
HOBOK 3 MENni0aKyMyMoyuUMy cucmemamu. Bukopucmauns 6 menioakymyaroodux
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cucmemax sUOpanux mamepianie 0036015€ OMPUMAU BIOHOCHY eKOHOMIIO NAIuea 3a
peitic na pisni 0,3...0,6% 0aa Kpyiznoco aaunepa. llpu euxopucmanui menioaxymy-
JIOIOYUX CUCHEM 8 CKAAOL CYOHOBUX EHEPeeMUUHUX YCIMAHOBOK OANKepy ma mankepy
3 BUOPAHUMU TMENIOAKYMYTIOIOIYUMU MAmepiaiamu 0as nepeonycKogoi nio2omoexu
20/106HO20 0BUSYHA MA CAHIMAPHO-NOOYMOBUX NOmped GIOHOCHA eKOHOMIsL NAIued
Hudicue Hidie 05l Kpyiznoeo aatinepy. Tomy Oinbiu epekmusHe 6UKOPUCIANHS MENT0AK)-
MYIOIOUUX cucmem y OaHUxX CyOHax nompedye y32002ceHHsl 3 000amKo8UMU NOMpedbamu
npu 30ilicHen i pelicy.

Knwwuoei cnosa: ousenv-erekmpuuna, Ou3eibHa, YMuaizayis meniomu, eKOHOMIs
nanuea, Kpyizuuil a1aiinep, baikep, manxep.

EFFICIENCY OF USING THERMAL ENERGY STORAGE SYSTEMS AS PART
OF MARINE POWER PLANTS FOR VESSELS OF VARIOUS PURPOSES
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Summary

One of the topical areas of reducing fuel consumption and harmful substances
into the environment is the additional use of thermal energy storage systems based on
phase-change thermal energy storages as part of marine power plants, which allow
pre-start up engine preparation and general vessel needs. The aim of the research is
to determine the thermal energy storage systems efficient use indicators for pre-start
up engine preparation and sanitary needs of personnel onboard under conditions of
different marine power plants operational cycles. For three types of vessels, namely a
cruise ship, a bulk carrier and a tanker, respectively, the use of thermal energy storage
systems as part of diesel-electric and diesel plants is considered. The heat of exhaust
gases from diesel engines was utilized in silencers-thermal energy storages with a
phase change. The energy efficiency of the studied thermal energy storage systems was
determined by the heat utilization and relative fuel economy, taking into account the
selected materials and operating cycles of marine power plants. The use of thermal
energy storage systems in marine diesel-electric and diesel plants at the expense of waste
heat from exhaust gases has made it possible to expand the functionality of meeting the
needs of power plants and personnel. As a result of mathematical modelling, a database
was obtained to recommend the optimal choice of design solutions and operational
characteristics of marine power plants with thermal energy storage systems. The use
of the selected thermal energy storage materials in the thermal energy storage systems
allows to obtain relative fuel savings per voyage on the level from 0.3 to 0.6% for the
cruise ship, respectively. When using thermal energy storage system as part of the bulk
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carrier and tanker marine power plants with selected thermal energy storage materials
for pre-start up preparation of the main engine and sanitary needs, the relative fuel
savings per voyage is lower than for the cruise ship. So the possibility of more efficient
use of thermal energy storage systems in these vessels requires coordination, which is
associated with additional needs during the voyage.

Key words: diesel-electric, diesel, heat recovery, fuel economy, cruise ship, bulk
carrier, tanker.

IHocTanoBka npod/emMu y 3arajibHOMY BUIVISIL TA 11 3B A30K i3 Ba2KJIMBUMH HAYKO-
BUMH YH NPAKTHYHUMH 3aBIaHHSIMM. Bibl eekTHBHE BUKOPUCTAHHS CHEPTeTHIHUX
pecypciB € TII00ATBHUM 3aBIaHHSAM U1l yChOTO MOPCHKOTO Ta BHYTPILTHHOTO TPAHCIIOPTY.
Bumoru IMO miono cyaaoBux eHepreTrnyHuX yctaHoBoK (CEY) Bu3HaUaioThCs 3aBaaH-
HSIMH 3MEHIIIEHHS iX BUTPATH MAJINBA Ta IIKIUIMBUX PEYOBUH y HABKOJIUIITHE CEPEIOBHUIIIE.
YV nanmii 9ac HAayKOBUMH Ta IPAKTUYHUMU 3aBIAaHHAMH, 10 TIOBsI3aHi 3 IPIOPUTETHUMHU
TEMaTUYHUMH HAIPSIMKaMH HAyKOBHX JIOCHI/KEHb 1 HAYKOBO-TEXHIYHHX PO3POOOK 11010
CHEPIeTHKH Ta eHEProePEKTUBHOCTI, € MiBUILICHHS ¢(DEeKTUBHOCTI CIIOCOOIB yTHIII3AIT
TEIUIOTH BIANPALbOBAHUX Ta3iB, sKi BUKOPUCTOBYIOThCA y CEY. OmHuM 3 akTyasbHUX
HampsIMKIB yTHI3aIlil € JomaTkoBe BUKOpUCTAaHHA B ckiani CEY TermmoakyMymrorounx
cucreM (TAC) Ha 6a3i TEIJIOBUX aKyMYJ/ISTOPIB 3 (Pa30BUM MEPEXOIOM, IO JI03BOJISIOThH
3a0e3MeYnTH NepeTycKoBy miarotoBky nsuryHis CEY ta 3aranbHOCYIHOBI TOTPEOH.

AHaJi3 ocTaHHIX 10C/iIKeHb 1 myOikauiii, B IKUX 3a1109aTKOBAHO PO3B’sI3aHHSI
ni€i mpo0aemu, i BHIJIEeHHA He BHpIlIEHWX paHillle YacTHH 3arajbHoOi Mpo-
oaemu. [TuTaHHIO BUKOPHUCTAHHS TEIUIOBUX aKyMYJSTOPIB 3 (Pa30BUM IEpexo/ioM Ha
Cy[lHax TPHUCBSYCHA NEBHA KIJIBKICTh MyOMiKaliid B SIKUX OTPHUMaHI HACTYIHI Pe3ylib-
Taru: OOIPYHTOBAHO CIOCIO yTWImi3amii TeIIOTH BiIIpalbOBaHUX ra3iB MPHU 3aCTOCY-
BaHHI CHCTEMH TEIUIOBOT MIJTOTOBKH, sIKa MPH3HAYEHa JJIsl IPOTPiBy OXOJIOHKYIOUOT
pinuHKM, OJIOKY IWIIHAPIB Ta TOJOBKH OJIOKY HWIIHAPIB Juisi cyneH noproduory [1];
TETIOBHH aKyMYJISITOP 33 paXyHOK TeMIIEpaTypHOTO MOTEHIIIaTy BiIpalibOBaHUX T'a3iB
JI03BOJISIE BUKOHATH TIoNepeiHiil niporpiB nu3enbHoro asuryHa CEVY Big remneparypu
otouytodoro cepenosuia +5°C go temmeparypu 50 °C [2, 3], 3amycK Au3es Ipy TEM-
neparypi CUCTEeMH OXOJIOJDKeHHsT Yy Mexax Big +40 mo 50°C mo3Bossie 3a0e3nednTd
MOAJIBIY POOOTY, IO CIPHSIE BUAKOMY Ta €(DeKTUBHOMY ITPOTPIBY ABHTYHA J0 OIITH-
MaJIbHOI TeMIIepaTypu cUCTeMH oxoto/pkeHHs +85°C Ta i miaTpumii B Mexax 85+5°C
3a paXyHOK BUKOPHCTaHHs HAKOITMUYCHOT TEIUIOTH B aKyMyJisiTopi [2—4].

BusHaueHi mepcreKTHBHI CXEMH JUIS MIEPEAITYCKOBOTO MPOTPIBY JAM3EIBHOTO JIBU-
TyHa MOPTOBOTO OYKCHPY, AKi 33J0BOJBHSIOTh NMPUHHATAM HOPMaTHBHMM BHMOTAM,
a TaKOXK COOIBApTOCTI CUCTEMH, 11 HAIIHHOCTI Ta OE3MEKH I1iJ] Yac eKcIuiyaTarii [S].

[IpoBeaeHuii aHai3 JIITEPATYPHHUX JKEPEIT TIOKA3YE, 110 MPH A0CTIKSHHIX BUKO-
pucrannus TAC y ckiani CEY He BpaxoByBajHCsl KOMILICKCHE 3a0€3IICUCHHST €HEpro-
e(eKTHBHOCTI 3 YpaxyBaHHSM €KCIUTyaTaliiHUX [UKIIB Cy/IEH, BIaCTHBOCTEH TEILIO-
AKyMYJTIOIOUHX MaTepialliB, IUKIIB 3apsiJika — PO3psijiKa aKyMYJISATOPIB Ta HaNpsSMKiB
BUKOPHUCTAHHS aKyMYJIbOBaHOT TETIIOTH, TOMY JaHe 3aBJaHHs € aKTyaJIbHIM 1 IOTpedye
MOJJAJTBIIIOTO JIOCITIKSHHS.

@®opMY/TIOBAHHSI METH CTATTi, MOCTAHOBKA 3aBIaHHS. METOI0 IOCIiIKEeHHS
€ BHU3HAYCHHS MOKa3HUKIB edekTuBHOro BukopuctanHs TAC i mepemmyckoBoi
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MIJITOTOBKK JIBUTYHIB Ta CaHITAPHO-MIOOYTOBUX MOTPed NepcoHay Ha OOpTy CyaHa
B yMOBax pi3HUX eKxcruryartaniitanx mukitiB CEY. J{ns mocsrHeHHs miel MeTH BU3HaYEH1
HACTYTIHI 3aBIAaHHS:

1. Buznauntu gynkmionansai MoxiuBocti TAC nmst 3a0e3nedeHHs motped enepre-
TUYHUX YCTAHOBOK Ta 3araJILHOCYAHOBHX MOTPEO;

2. OuinnTy noka3Huku eexktuBHOCTI Bukopuctanus TAC ajst JBUTYHIB y CKIIaji
CEY;

3. Bu3HaunTH MOKa3HUKH TETUIOBOi ehekTuBHOCTI BukopucTaHHs TAC B 3amex-
HOCTI BiJ XapaKTePUCTHUK JKepella aKyMyJIbOBaHOI TEIJIOTH T4 BUKOPUCTAHHS TeIioa-
KyMYJIIOIOUMX MaTepialis.

O0’€KTOM TOCHITZKEHHS € TPOIECH YTHIi3allil, aKyMylltOBaHHS 1 BHKOPHUCTaHHS
TerioT 3 Bu3HaueHHsM eHeproedextusaocti TAC B CEV.

IIpenmeToM q0CTiIzKeHHS € TOKa3HUKHU e(eKTUBHOCTI BuKopucTaHHs TAC y ckmai
JU3€Ib-€JICKTPUYHOI 1 U3ebHUX YCTAaHOBOK Ta 1X 3aJIEXKHOCTI BiJ] CTPYKTYpH €JI€MEH-
TiB CUCTEMH, TEIUIO(I3MYHUX BIACTUBOCTEH TEIUIOAKYMYJIFOIOUYUX MaTEpialliB Ta eKC-
iyaraniiaux xapakrepuctuk CEVY.

MeToau gocIilzkeHHsI — MaTeMaTH4YHE MOJIEIIIOBaHHS IIPOLIECIB, aHAJII3 TOKa3HUKIB
BUKOPHCTaHHS TEIJIOTH Ta CUHTE3 I0A0 PEKOMEHaliil ONTHMAaIBHOTO BUOOPY MPOCK-
THHX DIIIEHb Ta EKCIUTyaTaIliiHuX XapakTepuctuk pisaoro tuny CEY 3 TAC.

Buxaan marepiaJjy 1ociTifkeHHs 3 HOBHMM OOIDYHTYBAHHSIM OTPHMAHMX Hay-
KOBHUX pe3yJbTatiB. JlociipkeHHsI BUKOHAHI 751 AU3€IIb-CIeKTPUYHOT Ta TU3EIbHUX
YCTaHOBOK Ha MPUKJIAJI BiIOBIIHO KPYi3HOTO JialiHepy «Spirit of Discovery», bajikepy
«Kai Oldendorff» Ta Tankepy «Eagle Barcelonay.

Eneprernuna ycraHoBKa Kpyi3HOTO JIalfHEpYy CKJIaJa€ThCsl 3 YOTUPHOX AWU3EIBHUX
neuryHiB MAN 32/44 9L noryxHicTio 5400 KBT KO)keH, YOTHPHOX €IEKTPOreHEPaTOPiB
Siemens 3 xapakrepuctukamu: 720 06/xB, 5400 kBT, TBOX TBHHTO-PYIIHOBUX KOJIOHOK
Siemens SISHIP eSiPOD 10M [6]; cxema ycTaHOBKM NpUBE/IcHa HA pUCYHKY 1 [8].

Powar network

Automation

Puc. 1. Cxema ouszenv-enekmpusnoi ycmanoexku KpyizHo2o aainepy
«Spirit of Discovery»
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OcobnuBicTio ekcrutyaraniiHoro nukiy CEY nmanoro naifHepa € BHKOpHCTaHHS
B PEXKHMMI X0y 31 IBUAKICTIO 19 By3IiB TPhOX ABUTYHIB MPU MOTYKHOCTI Ha piBHI 0,8
BiJl HOMIHaJIBHOTO 3HAUEHHS KOYKHOTO JIBUTYHA, a TIPH CTOSIHII Y MTOPTY — OJTHOTO JIBU-
TyHa JUIS 3araJIbHOCYTHOBHUX MOTpeO [6].

JuzenbHa ycTaHOBKa Oallkepy CKIIAJA€ThCsi 3 OMHOTO  JIM3ETBHOTO  JIBUTYHA
MANS60ME-C8.5orysxHictio 14940k BT, TpphoX mu3enb-reneparopis Yanmar 6EY 1SALW
3 xapakrepuctukamu 600 kBT, 900 06/xB Ta rBUHTA (hiKCOBAHOTO KPOKY [6].

Jnist TaHKepy eHepreTHYHa YCTaHOBKA CKIIAJAETHCS 3 OJHOTO JHM3EIBHOTO JIBUTYHA
MAN 6G60ME-C9.5 noryxnictio 16080 kBT, TppOX AH3enb-reHEpaTOpPiB Ta TBUHTA
(hikcoBaHOTO KPOKY [7].

CxeMu JHM3eTbHOT yCTAaHOBKU Oallkepy Ta TaHKEpy aHAJIOTi4YHi, TOMY Ha PHCYHKY 2
[6] mpencTaBnena qu3enbHA yCTaHOBKA M1 OaKepy.

T4HUmm AN,

Puc. 2. Cxema ouszenvroi ycmanosku 6anxepy

TAC nmns CEY po3mistHyTHX CylieH po3poOieHi Ha 0a3i IX CHCTeM Ta30BHXIIOIY.
XapaKkTepUCTUKY TITYITHUKIB-TETIIOAKYMY/IATOPIB 3 BUOPAHUMU TETIOAKYMYITIOI0OUUMHA
Marepianamu y cknani razoxoniB CEY kpyi3Horo maiiHepy HaBeneHi y Tabmmii 1.

Hna CEY 6ankepy ta Tankepy TAC po3pobieHO aHAIOTIYHO KPYi3HOMY JIaiiHepy
1 sIKa JUTS TOJIOBHOTO JIBUTYHA CKJIAAETHCS 3 OJHOTO Ta30X01y Ta TIIYIIHUKA-TETUIOAKY-
MyJISITOpa 3 BUOPAHUMH TEIUIOAKYMYITIOIOUMMH MaTepiajJaMy, XapaKTePUCTHKU SKOTO
HaBeJIeH1 y Tabmui 2.

Tabmnms 1
XapakTepUCTHKH NIyIIHUKIB-TenmsioakymyasaTopiB TAC y cknaai qusennb-
eJIeKTPUYHOI YCTAHOBKH KPYi3HOro JiaiiHepy «Spirit of Discovery»

Neuryn JlsKepeso TemwioTn Tenno;gifzagfig?mqnﬁ HOTeH}rI;iIIIJJII :;cyiMK)E:;(onanoi'
LiNO, 2,858-10¢
MAN 32/44 | BignparpoBaHi ra3u NaNO, 2,220-10°
LiC1(37)-63LiOH 4,375-10°
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Tabmuus 2
XapakTepuCTHKH INIyIIHUKIB-TemsioakymyasaTopiB TAC y ckiaai iu3eabHHX
ycranoBok daskepy «Kai Oldendorff» Ta Tankepy «Eagle Barcelona»

C Jl:xepeno Tenoakymy.tior0- Torennian axymy-
YAHO JABuryH . . JIbOBAHOI TeIJIOTH,
TemJIoTH 4yuii MaTepian
KK
Juipan Tanakpipon 1,213:106
rasu Epurpuron 1,144-106
Tankep | MAN 6G60ME-C9.5 ’

3arampHa cxema koMnoHOBKH TAC mnst CEY po3missHyTHX CyneH MpeacTaBieHa Ha
pucysky 3. [TMymIHHUK-TeNI0aKyMyaTOp BXOAWUTH 10 CHCTeMH TazoBuxiomy. [Ipu mpa-
LIOI0YOMY JIBUTYHI, BiIIPAI[bOBaHi Ta3yu MPOXOATh Yepe3 IIyIIHHUK-TEIUIOaKyMyJIsTop,
a TeTIoTa IUX Tra3iB IUIIXOM TEIUIONepeaadi MepeaacThcs TeTUI0aKyMyJIIOuoMy Marepi-
aiy. YV pesynbrari ($pa3oBoro rnepexoay Marepially B aKyMyJSTOpI HaKOIHYIYEThCS IEB-
HUM 3arac TerwIoTy. J{ist mepeamycKoBOl MiATOTOBKY IBUTYHIB Ta CaHITaPHO-MTOOYTOBUX
norped HeoOXi/IHA KITbKICTh TEIJIOTH BiZIBOAUTHCS Bl INYIIHUKA-TEIIIOAKYMYJIATOPA.

.
2

Puc. 3. Cxema xomnonosku CEY 3 TAC (6uo 300ky): 1 — ouzenvHuil 08u2yH,
2 cunvbghonni komnencamopu, 3 — nampyoox 2azoxo0y, 4 — YUHUK-MeNnI0aKyMyIsmop

BuxinHi fgaHi U1 MaTeMaTHYHOI MOJIEINI B3ATO HACTYITHMM YMHOM, a caMe: CKJaJ
€HEepreTUYHOI YCTaHOBKH, THII JBHUTYHIB, X TEXHIKO-€KOHOMIYHI MOKa3HUKH, 00mas-
HaHHS CUCTEMH T'a30BUXIIONY, KUTBKICTh €Kiy Ta MMacaXHpiB, eKCIUTyaTaliiHi [IUKIN
CEY [6-8, 9—13]; Tenno(i3n4Hi MOKa3HUKHU TEIUIOAKYMYJIIOI0UMX Marepianis [14].

ANTOpUTM MareMaTH4yHOi MOJENi, SIKUH peai3oBaHMH B IPOrPAMHOMY CEpEIOBHIIIL
Mathcad, HaBeneHuit B [15], sikuii CKIIagaeThest 3 MPOLISYPH PO3PAXYHKY MACH Ta KUTBKOCTI
TETUIOTH, SIKa HeoOXiqHa 1 (pa30BOro Mepexoy TEeIUIoAKyMYITIOYOro MaTepially B TITYII-
HHKY — TETUIOBOMY aKyMYJISITOPI JUTs TOJIOBHUX Ta JOTIOMDKHHX JABHTYHIB; PO3PAXyHOK LIHKITY
3apsiIKa-pOo3psIIKa ITiJT Yac 3AIHCHEHHS peiicy Cy/IHa 3 ypaxyBaHHSM PO3IIOILTY aKyMYJIbOBAHOT
TETUTIOTH Ha ITePE/ITyCKOBY ITi/ITOTOBKY IBUTYHIB Ta CAHITApPHO-NMOOYTOBI IOTPEOH IIEpCOHAITY.
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Hns posrsiHyTrx tuniB CEY eneproedexrtuBHicth TAC BU3HAYCHA KPUTEPIsSMH
ONITUMATILHOCTI Y BHIVISIIII HACTYITHUX ITOKa3HUKIB: e(peKTUBHOCTI BUKOpUcTaHHS TAC
(Ngpac)» AKAH TOPIBHIOE BiTHOMIEHHIO TETUIOTH, IO CHOKHUBAETHCA Bifl TAC Ha cyaHOBI
notpebu 10 yrunizyemoi Bin Jukepen CEV; temnosoi epexrusnocti TAC (E)), axuit
XapaKkTepH3ye 3arajbHy eKOHOMIIO TaniBa eHepreTuyHoi ycranoBku 3 TAC B 3anex-
HOCTI BIJI JDKEepeNl aKyMyJbOBaHOI TEIUIOTH Ta BIJIHOCHOI €KOHOMII MaymBa 3a peic.
CyKynHiCTh Tpe/icTaBlIeHUX NMOKa3HUKIB edektruBHOCTI TAC 3abe3nedye OoTpUMaHHS
0a3u JaHuX JUIS PeKOMEHIAIiT ONTHMAIBHOTO BUOOPY MPOSKTHUX PillleHb Ta eKCILTya-
TaifHAX XapaKTEPUCTHK CYTHOBHX CHEPTeTHUYHNX YCTaHOBOK.

3HA4YCHHS BUILICHABEICHUX ITOKA3HUKIB JIJIsl PO3IVITHY TUX CY/ICH HAaBE/ICH] y Ta0IuIIi 3.
ExcrimyaraniiiHuii pedic i po3IISIHYTHX CyleH Opascst 7 mi0 3 TppoMma 3yNUHKaMU
JUIs KpYi3HOTO JNaifHepa Ta 3 JIBOMa 3yNMWHKaMH Ui Oankepy Ta TaHkepy. KimbKicTb

Tabmums 3
Ioka3zunku epexTnBHOCTI BUKOpucTanHsa TAC cynen
IMoka3Huku epeKTUBHOCTI
Iloxka3znuk Iloxka3nuk
. KinbkicTs e(peKTUBHOCTI | Tem10BoOI edex-
Cyano Ten.ﬂoalcymy-moloqnn nepcoHaly Ha | puxopucranns | TuBHocTi TAC,
MaTepiaJ cyaHi mig uac TAC,n,.,.. E,
3YHUHKH, % TonnoBHMIA TlosoBHMIL
JABUTYH JBUTYH
BJITKY/B3UMKY | BJITKY/B3HMKY
. 10 0,195/0,210 0,093/0,101
L1NO3 25 0,426/0,442 0,205/0,212
KpyisHuit NaNO 10 0,250/0,271 0,120/0,130
naiiHep «Spirit 2 25 0,549/0,569 0,263/0,273
of Discovery» 10 0,127/0,137 0,061/0,066
LiCl(37)-63LiOH 25 0,278/0,289 0,134/0,139
50 0,531/0,541 0,255/0,260
25 0,428/0,570 0,205/0,273
Ba(OH),-5H,0 50 0,497/0,638 0,238/0,306
75 0,565/0,707 0,271/0,339
Bakep 25 0,526/0,700 0,253/0,336
«Kai lamakpipoin 50 0,611/0,785 0,293/0,377
Oldendorfh» 75 0,695/0,870 0,334/0,418
25 0,558/0,743 0,268/0,356
Epurpuron 50 0,648/0,832 0,311/0,400
75 0,737/0,922 0,354/0,443
25 0,346/0,447 0,166/0,214
Ba(OH),"5H,0 50 0,444/0,545 0,213/0,262
75 0,542/0,643 0,260/0,309
Tankep 25 0,425/0,549 0,204/0,264
«Eagle lamaxpipomn 50 0,546/0,670 0,262/0,322
Barcelona» 75 0,667/0,791 0,320/0,380
25 0,451/0,583 0,216/0,280
Epurpuron 50 0,579/0,711 0,278/0,341
75 0,707/0,839 0,339/0,403
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MEPCOHANTY Ha CY/IHI, SKa 3aJIUIIAETHCS IMiJ1 Yac 3yIMUHKH Y MOPTy OyJia OIliHeHa eKC-
MEPTHUM IIUISIXOM 3 ypaxyBaHHIM MPH3HAYCHHS CYTHA.

Exonomisi manusa3a paxyHok sukopucrants TACy cknani CEY HaBenenay radbnuii4,
JIe TIaJIMBO 3a0IIa/DKCHE IMiJ] Yac peiicy po3paxoBaHO Ha OHY 3YNHUHKY Cy/IHA, a Bij-
HOCHA EKOHOMIsl HaBeJICHa ISl YChOTO PEiicy.

Tabmuus 4
Exonomist maausa 3a paxyHok Bukopuctanusa TAC
ITanuBo 3a0magKeHe Bi .
TensoakymyJ/010- | mia yac peiicy Ha oaH IIHOCHA EKOBOMIA
ymy A pency AHY o
Cynno o . naJjuBa 3a peiic, %
4yuii MaTepian 3yNUHKY, KT P
BJIITKY/B3UMKY BIITKY/B3UMKY
Kpyisuuit naii- LiNOj 492/466 0,4/0,4
Hep «Spirit NaNO 367/341 0,3/0,3
of Discovery» LiCI(37)-63LiOH 789/657 0,6/0,5
5 Ba(OH),-5H,0 72 0,03
ajKep .
«Kai Oldendorft» Tanakpipon >8 0,03
Epurpuron 55 0,03
T Ba(OH),-5H,0 71 0,04
aHKep :
«Eagle Barcelonay Tanakpipon >8 0,04
Epurpuron 55 0,04

Bukopucrannus TAC y cknaai CEY kpyi3zHoro naifHepy 11t CEMHJICHHOTO peicy MpH
BUKOPHCTaHH1 Teroakymyimorouux marepianis LiNO,, NaNO, ta LiCl(37)-63LiOH
y CKJIaJi YOTHPHOX IIYHIHUKIB-TEIIIOAKYMYJISITOPIB 3a0€3MeUnI0 BiTHOCHY €KOHOMIIO
najuBa BIITKY BignosinHo 0,4%, 0,3% ta 0,6% ta B3umMky — 0,4%, 0,3% Ta 0,5%.

[Tpu Buxopucranni TAC B ckmani CEY Oankepy Ta TaHkepy AJsl HepenmyCcKOBOI
MiATOTOBKM TOJIOBHOTO JBHUI'YHA Ta CaHITAPHO-MOOYTOBUX MOTPed BiAHOCHA EKOHOMIis
nanusa 1pu marepianax Ba(OH), 5H,O, I'anakpipon, Eputputon cknana BianoBiaHO
0,03% nist 6ankepy Ta Big 0,04% asst TaHKEpY, TOMY MOMIIMBICTD OUTBII €()eKTHBHOTO
Bukopuctanas TAC y naHuX CyqHax moTpedye y3ropKeHHS, 10 MOB’s3aHi 3 JOAATKO-
BHUMHU MOTpeOamMu NpH 3A1HCHEHHI peiicy.

BucnoBku. 1. BuxopucranHs B CyTHOBUX IHM3EIb-CICKTPHYHHX Ta JU3EIBHUX
YCTaHOBKAaX TEIJIOAKYMYTIOIOUHX CHUCTEM 3a PaXyHOK CKHMJHOI TEIUIOTH BiJIparboBa-
HUX Ta3iB J03BOJMIJIO PO3MIMPHUTH (PYyHKIIOHATBHI MOXKIUBOCTI 3a0e3MeyeH sl moTped
CHEePreTHYHHUX YCTaHOBOK Ta MEPCOHAITY.

2. CyKyIHICTh BH3HAYCHUX TOKA3HHKIB €(EKTUBHOCTI TEIIOAKYMYIIOIOUMX CHCTEM
3abe3medye 6asy JaHUX IS ONTUMAIIBHOTO BUOOPY MPOSKTHUX PIillIeHb Ta eKCILTyaTalliifHIX
XapaKTePUCTUK CYITHOBUX CHEPIETUYHMX YCTAHOBOK 3 TEIUIOAKyMYJTIOIOYNMHU CHCTEMaMH.

3. BukopucTaHHs B TEIUIOAKYMYJIOIOUMX CHCTEMax BHOPaHUX TEIIOAKyMYIIOI0UNX
MarepiajiB J03BOJISIE OTPUMATH BITHOCHY EKOHOMIIO IasiuBa 3a pelic B mexax 0,3-0,6%
JUIsl Kpyi3HOTrO JaiiHepa.

4. ITpy BUKOPUCTaHHI TEMJI0AaKyMYIIOIOUHX CHCTEM B CKJIaJl CYJHOBUX €HEpreTHY-
HUX YCTaHOBOK Oalikepy Ta TaHKepy IJIsl 3arajbHOCYTHOBUX MOTPeO BiTHOCHA EKOHOMIS
nanuBa cknana s 6ankepy 0,03% ta 0,04% i TaHKEpY, TOMY MOMKIMBICTD OiIBII
e(eKTHBHOTO BUKOPUCTAHHS TEIUIOAKYMYJIIOIOUMX CHUCTEM Yy JaHUX CyIHaX MOTpedye
Y3TOPKEHHS, 110 TIOB’sI3aHi 3 JOAATKOBUMH OTpeOaMu MpH 3I1MCHEHHI PEicCy.
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Anomauisn

Bcemyn. Mopcoke cyOHOnnagcmeo € 0OHUM i3 KAIOYOBUX Odicepell aKyCMU4HO20
3a0pyOHeHHs 8 MOpCbKoMYy cepedosuwi. | enepayis wymy, SUKIUKAHA MEXAHIYHUMU,
2I0POOUHAMIYHUMU MA AePOOUHAMIYHUMU NPOYecaml, 8NIUBAE K HA pobOmYy CYOeH,
max i Ha MopcobKy exocucmemy. LLym, wo unpomiHIoEMbCs CYOHAMU, CIMBOPIOE 3HAUHI
nepewkoou 0l MOPCbKUX CCABYI8, NOPYWYIOUU IXHI NOBEOIHKOGI | Micpayilini namep-
Hu. OcHo8HUMU Odicepenamu WymMy € Kasimayis epeoHux 26unmie, mexaniuni eiopayii
08U2YHIB Ma OONOMIJICHUX CUCMEM, d MAKOdiC 2i0poounamiuna mypoyienmuicms. Pos-
PpOOKa memodie ma mooeneil O 3MEeHUWEHHIO AKYCIMUYHO20 3a0PyOHeH S pe2laMeHNo-
eana cmanoapmamu ma pexomenoayiamu IMO MSC.337(91) ma komimemy i3 3axucmy
Mmopcorozo cepedosuwa (MEPC 80).

Mema. Memoro 0ocniodcenns € ananiz iCHYIOYUX nioxo0ié ma memoois w0 00 Miti-
Mizayii aKycmuyHo2o wymy, SIKUull 2eHepyoms MOPCbKi cyord. 3a80anHs GKIIOYAIONMD
BUBYEHHSI MEXHIYHUX ACNeKMI8 SUHUKHEHHS 2I0POaKyCMUYHO20 UWyMy, NPONO3uyii
HOBUX HANPAMKIB 00CHIONHCEHb NO CIMBOPEHHIO CYUACHUX CUCTEM KOHMPO0 Ma YAPAde-
JIHHA MEXAHIYHUMU NPOYecaml, K € 0dcepelom aKyCmuyHo20 3a0pyOHeHHS.

Pezynomamu. Y cmammi npogedeno ananiz ma 020 iCHYIOUUx nioxooié 00 3meH-
WieHHs pi6HA 2i0pOAKYCMUYHO20 WIYMY, PO32IAHYMO OCHOBHI 0dcepena uyMo8020
3a0pyoHents, ix 6NaU8 Ha CYOHOB8I KOHCMPYKYII ma HABKOIUWHE cepedoguuye. Aemop
88a2iCa€e QOYINIbHUM NPOBEOEHHS HAYKOBUX OOCIIONCEHb 3 MENOIO PO3POOKU THMeLeKN)-
anbHOI cucmemu MOHIMOPUH2Y, SIKA 3a0e3neuums anaiiz napamempis 8iopayiit cyoHo-
8UX 08USYHIB, AKYCIMUYHO20 UWLYMY MA PI6HS NIOSUWeHHS HePIBHOMIPHOCTI 0OepmMaHsl
KoniHuacmozo eaiy 2onoeno2o ogueyna (1/]) 6 peanvromy uaci. Lle dozeonums onmu-
MiZyeamu pedcumu pooomu 0BUSYHIB, 3MEHULUMU HEPIBHOMIPHICIbL 00epmanHs KOiH-
yacmoeo eany IJ] 3a paxynok xopexyii 00Ho020 abo 0eKiibKoX napamempis, maKux sK
weuoKicmo, Kypc, Kkpen ma ougepenm cyona. Ak Haciiook, oYiKyemvcs 3mMeHulerHsl
PIBHA CMPYKIYPHO20 Ma NIOBOOHO20 WYMY CYOHA, a MAKONC CUCHEMA 00380]IUMb CE80-
€YACHO BUABIAMU KPUMUYHI GIOXULEeHHs 8 pobomi cyonosux mexanizmis. Kpim moeo
NepCneKmuBHUMU € PO3POOKU OANIAHCYBATbHUX NPUCMPOIB, 3 YPAXYBAHHAM HOBIMHIX
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mamepianis, Ki 3MEHULYI0OMb MOPCIlIHI KOMUBAHHS | cmpykmypHutl wiym. Onmumizayis
npo@inie epebHUX 26UHMIE | BUKOPUCTNAHHS WLYMOI30JAYIUHUX MAMEPIANie CRPUSE 3HU-
JHCEHHIO 2i0POAKYCIMUYHO20 BHIUBY.

Bucnosok. 3pocmanns axycmuynozo 3a0pyOHeHHs: 8 YMOBAX THMEHCUBHO20 PO36U-
MKY MOPCbKO20 MPAHCNOPMY BUMALAE [HMESPOBAHUX MEXHIYHUX MA eKOLO2IYHUX NiO-
X00i8. 3anponono6ani piulents, CNpIMOBaHi HaA 3HUICEHHs WyMy ma iopayill, € nep-
CNEeKMUGHUMU OISl 3ACMOCYBAHHS Y CYHACHOMY CYOHOOYOV8AHHI Ma CYOHONIABCHIEL.
Innosayiiini Memoou 3MeHUeH s WYMOB020 BNAUBY 003601510Mb NIOGUUMU epeK-
MusHicms pobomu cyoen i 0OHOUACHO MIHIMIZY8amu He2amuHull 6NIUE HA MOPCbKE
cepedoguuye.

Knwuosi cnosa: axycmuunuii wiym, mMopcwbke cepedosuuje, CMPYKMYPHUL WYM,
KOAHuacmuil éai, oemngbepu, 2iopoghonu, 20108HUTL OBUSYH, WYMOIZ0AYISA.

INNOVATIVE METHODS AND RESEARCH DIRECTIONS
FOR REDUCING SHIP HYDROACOUSTIC NOISE

V.Y. Kucherenko', M.P. Bulgakov*

'PhD student of the Department of «Navigation and Safety at Sea»,
Senior Lecturer of the Department of «Navigation and Safety at Seay,
Odessa National Maritime University,

Odesa, Ukraine,

ORCID ID: 0009-0008-4906-9726
2PhD, Associate Professor of the Department of «Navigation and Safety at Sea»,
Odessa National Maritime University,
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ORCID ID: 0000-0002-7172-8678

Summary

Introduction. Maritime shipping is one of the primary sources of acoustic pollution
in the marine environment. Noise generation, caused by mechanical, hydrodynamic,
and aerodynamic processes, affects both ship operations and marine ecosystems. Noise
emitted by ships creates significant disruptions for marine mammals, interfering with
their behavioral and migratory patterns. The primary sources of noise include cavitation
of propellers, mechanical vibrations of engines and auxiliary systems, and hydrodynamic
turbulence. The development of methods and models for reducing acoustic pollution is
regulated by the standards and recommendations of IMO MSC.337(91) and the Marine
Environment Protection Committee (MEPC 80).

Objective. The aim of this study is to analyze existing approaches and methods for
minimizing acoustic noise generated by maritime vessels. The research tasks include
studying the technical aspects of hydroacoustic noise generation, proposing new
research directions for the development of modern control and management systems for
mechanical processes that contribute to acoustic pollution.

Results. The article provides an analysis and review of existing approaches to
reducing hydroacoustic noise levels, examines the main sources of noise pollution, and
assesses their impact on ship structures and the surrounding environment. The author
highlights the necessity of conducting scientific research to develop an intelligent
monitoring system that enables real-time analysis of ship engine vibrations, acoustic
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noise levels, and the degree of increased uneven rotation of the main engine crankshaft.
This system would optimize engine operation modes and reduce crankshaft unevenness
by adjusting one or more parameters, such as speed, course, roll, and trim of the
vessel. Consequently, a reduction in both structural and underwater noise levels is
expected. Additionally, the system will allow for timely detection of critical deviations
in the operation of ship mechanisms. Further research in the development of balancing
devices incorporating advanced materials to reduce torsional vibrations and structural
noise is also considered promising. Optimization of propeller blade profiles and the use
of soundproofing materials contribute to reducing hydroacoustic impact.

Conclusion. The increase in acoustic pollution amid the rapid development of
maritime transport necessitates integrated technical and environmental approaches.
The proposed solutions, aimed at reducing noise and vibration, are promising for
modern shipbuilding and navigation. Innovative methods for noise impact reduction
improve ship operational efficiency while simultaneously minimizing negative effects
on the marine environment.

Key words: acoustic noise, marine environment, structural noise, crankshaft,
dampers, hydrophones, main engine, soundproofing.

IocranoBka nmpodJemMu. 3pocTaHHs 00CSITy MOPCHKOTO CYJHOIIIABCTBA, X04a i BaX-
JIUBO ISl CBITOBOT TOPTIBJII Ta €KOHOMIKH, MOPODKYE Cepito3Hi mpobiiemu B cdepi 30e-
PEeXEHHSI MOPCHKOTO cepenoBuiia. ONHIEIO 3 TAKUX MPOOJIEM € aKyCTHYHE 3a0pyITHEHHS
BiJl MOPCBKHX CY/ICH, SIKE MOXKE CYTTEBO BILUTUBATH Ha MOPCHKY 010pi3HOMAHITHICTh KO-
cucremu. lle BUKIIMKae HEOOXIIHICTD YIOCKOHAJICHHS METO/IB KOHTPOJIIO Ta PO3POOKY
3axO0/IiB 110 3MEHIICHHIO aKyCTHYHUX BUKHUJIIB.

AHaJti3 ocTaHHIX J0CTiTKeHb | My0Jikanii. AKyCTHYHI ITyMHU B MOPCBKOMY Cepel-
OBHIII € BAKJIMBUM 00'€KTOM JIOCTIPKEHHSI, OCKIIBKY BOHU BILIMBAIOTh HA HABKOJIHUIITHE
CepeIoBHILE.

PernamenToBaHi METOJM Ta TPUHIUIN 3aMipy TPalOTh KIFOYOBY POJIb Y KOHTPOJI
Ta 3MEHIIICHH] BIUIMBY IiJIBOJIHUX aKyCTUYHUX myMmiB [1, ¢. 3-5].

lapodonn € OCHOBHUMHU IHCTPYMEHTAMH JUIS 3aMipy aKyCTHYHHUX HIyMiB Y Bozli. Bonu
MIEPETBOPIOIOTH 3BYKOBI XBUIIi B EJICKTPUYHI CHTHAIIM. BHKOPUCTOBYIOTBCS Pi3HI THIH Tijl-
pooHiB, Taki AK I’€30€IeKTPUYHi Ta BEKTOPHI TiapodoHu. IX BUKOPUCTOBYIOT y rigpo-
AKyCTHYHUX Mepekax JUIsl OLIHKW HANPSIMKIB Ta IHTEHCMBHOCTI 3BYKOBHX Jukeped [ 1, c. 8].

Bureau Veritas, sik mpoBijiHa Mi>kKHapo/IHa OopraHizaiis 3 knacugikaii Ta ceprudika-
i1 MOPCBKUX 00'€KTIB, PETYJIIOE€ METOIM 3aMipy MiJBOJAHUX aKyCTHYHHX HIyMiB. BoHu
BHUKOPUCTOBYIOTBCS [UIsI OIIIHKK BIUIMBY CYICH Ta IHIIUX MIJBOJHUX KOHCTPYKIIINA Ha
MOpCBKE cepenoBuie. MeTomu BKIIOYAIOTh TIAPOQPOHHI 3aMipH, BUKOPUCTAHHS aKycC-
TUYHHUX MasKiB Ta TEXHIUHI PIIICHHS JUIsl 3HHKESHHSI [ITyMOBOTO BHKH/TY.

DNV (Det Norske Veritas): DNV BuzHavae cTanmapTH JJisl OIIHKH Ta KOHTPOJIO
AKyCTHYHUX XapaKTEPUCTUK CyACH Ta MOPCBHKHUX KOHCTpykmid. [igpodonHi Mepexi
BUKOPHUCTOBYIOTHCS JIJIs 3aMipiB, aiie DNV Takok perysroe BUKOPUCTaHHS OloMeTpuy-
HUX METOJIIB JUIsl OL[IHKH BIUTMBY HA MOPCHKY 010pi3HOMAaHITHICTb.

IMO MSC.337(91): IMO Bu3Hauae cTaHmapTH 17151 OOMEKEHHS aKyCTUIHOTO BHITPO-
MmiHroBaHHs Big cyfaeH. Cranmapt MSC.337(91) Bu3Hauae 0OOB'SI3KOBI BHMOTH IIOJIO
00MEKEHHS IIIyMOBOTO BILIMBY BiJI CY/ICH.
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ABS Guide for Underwater Inspection: ABS Hanae kepiBHHITBO IIOJO METOIIB
Ta CTaHJAPTIB JUIS MiJIBOJHOTO OIS LY. BKITIOUae BUMOTH 10 METOIIB 3aMipy ITiIBOIHUX
AKYCTHYHHUX IIIyMiB.

ExcriepuMeHTabHI pe3yJbTaTd CBIIYATh PO MOXIIMBICTH iCHTU(IKALT OCHOBHHX
JUKepell yMy Ha CY/IHi, KOJW BiJJOMi YaCTOTH OOEpTaHHS FOJIOBHOTO JIBUTYHA, JIN3EITb-
reHepaTopiB Ta IHIIMX MexaHi3MiB cyqHa. CHeKTpalbHHH PO3MOMiNT PiBHS 3BYKOBOTO
tucky (SPL), oTpuMaHuii 3a TOMTOMOTOK0 CUTHAJIIB 3 TiipodoHy B Jiama3oHi Big S ' 10
120 kI, Ta XapakTepHi 4acToTH, OB'sI3aHi 3 PyXOM Cy/Ha, LTIoCcTpyroThes Ha Puc. 1, [2].

SPL [dB re 1 iPa]

10° 10" 10% 10° 10t
Frequency (Hz)

Puc. 1. A — 2 epebni sanu, wsuokicmoe obepmanns 234 06/xs8, B — 2 eonosui osueymu,

weuokicmos obepmannsi 600 06/xe, C — 2 2eunma 3 n'amvma 10namkamu, WeUOKICNb

obepmanns 234 006/x8, D — eenepamopu, weuokicms obepmanns 1500 06/x6. Cnexmp
CUSHATTY OMPUMAHO20 34 NPOMINCOK Hacy 2 ¢, Koiu CYOHO nepedy8aio Ha Miikogoooi [2]

Hanpuknaa, MakcMManibHe TiIpOaKyCTHYHE BHIIPOMIHIOBAHHS CYJIHOBOTO TBHUHTA
(mix C) BinOyBaeThCs Ha YaCTOTI

f =~fml.Z’ (1)

Jie Z — KUIbKICTb j1omarok, f,  — 4actora o0epTaHHsIM CyaHOBOro reunTa (I'1).

J11st opiBHSIHHS PiBEHb 3BYKOBOTO TUCKY (2KyCTHYHOTO IIIyMY ), CTBOPIOBAHOTO MOp-
CHKHMH OpraHi3aMaMH, 3HaYHO HWKYMH, HIK y CyZleH, 1 3HAXOIUTHCS B Jiaa3oHi 4acToT
Big 20 ' o 2 k1 3a pi3HUMH JaHUMH.

Tpeba 3a3HaunTH IO Y CHEKTPi cuTHaITY Ha Puc. | mpucyTHI TMHAMIYHI IIyMH OKEaHy,
SKi YTBOPIOIOTHCS XBUITIOBAHHSIM, IPUOOEM Ha Oepesi un pudax, Tediero, gomemM. Takox
BITPOBE XBHJIFOBAaHHS € JKEPEJIOM IIyMY y IIMOOKOMY okeaHi Ha yactorax 100 I'm —
50 k[ [2, c. 176-181].

[epcnieKTHBHI HAITPSIMKH JOCIIJKEHb BKIIOYAIOTh PO3POOKY MaTeMaTHYHUX MOJle-
JIeH, 110 BPaXOBYIOTh EKCIIEPUMEHTAJIBHI JIaHHI 1 PO3KPUBAIOTH 3AJICHKHOCTI MK IIBUJI-
KICTIO Cy[IHa, 3MiHOIO KypCY, YaCTOTOIO 00epPTaHH: TOJIOBHOTO IBUTYHA Ta apaMeTpaMu
MOUIMPEHHS TMiIBOJHUX aKyCTUYHUX XBUJIb:

f=kV+m-0+n-S,I=a-V+b-0+c-S, 2)

Jie f— JacToTa 3ByKy, /' — MIBUJKICTh CymHa, € — 3MiHa Kypcy, S — 9acToTa o0epTaHHs
TOJIOBHOTO JIBUTYHA, k,m,n ma a,b,c — koe]imieHTH, M0 MPECTABISIOTh 3aJIeKHICTh
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3MIHU YacTOTH Ta IHTEHCHBHOCTI IMiJIBOAHOTO 3BYKY (/), BiJl 3MIHHM HIBHJKOCTI Cy/HA,
KypCy Ta MIBHIKICTIO 00EpTaHHS TOJIOBHOTO JIBUTYHA.

dopmymoBanHst 1tel crarTi. OCHOBHOIO METOIO JaHOT CTAaTTI € KOMIICKCHU aHa-
T3 Ta OIS ICHYFOYMX METOJIB 3HWIKEHHSI CTPYKTYPHOTO Ta IiJIBOJHOTO LIyMY, IO
YTBOPIOETHCA MiJ Yac eKCIUTyarallii Cy/ieH, Ta OOIPyHTYBaHHS MEPCIEKTUBHUX MiIX0-
JUB i Horo MmiHimizanii. JlocipKeHHs 30Ccepe/KeHe Ha BUSBICHHI OCHOBHHUX JDKE-
pell IIyMOBOTO BIUTUBY, cepel] SIKUX MEXaHiYHI KOJMBAHHS, TIPOJAWHAMIYHI MPOLECH
Ta MiJIBUIICHHS PIBHS HEPIBHOMIpPHOCTI oOepTaHHs KojiHuactoro Bamy ]I, 3 meroro
BHM3HAYECHHS IXHBOTO BIUIUBY Y 3arajibHUI piBeHb aKyCcTHUHOTO IrymMy. OcobnuBy yBary
MPHUIIJICHO 3aCTOCYBAaHHIO METO/IIB BIOPO/IIarHOCTUKH Ta CIICKTPAIbHOIO aHai3y aKyc-
THYHUX CHTHAIIB Ul 1ICHTH(IKAIIT 30H MiJBUIICHOI BiOpallil Ta MOXJIMBUX PE30-
HAHCHUX SIBUI. Ba)kJIMBUM acrieKTOM € JOCHIJKEHHSI MOMJIMBOCTEH MaTeMaTHYHOTO
MOJICTIIOBAHHSI, 30KpeMa pO3paxyHKy piBHS 3ByKOoBOro Tucky (SPL), a Takox BIUTUBY
JMHAMIYHUX XapaKTePUCTUK CYJTHOBUX MEXaHi3MiB Ha TIOMIMPEHHS ITyMY Y HABKOJIHIII-
HBOMY CEpEIOBHIIIL.

Buknaa ocHoBHOro Matepiany aociaimkenns. HaifOuipmii BB Ha GioJoriuHi
00'€eKTH cTIpaBisge€ HU3bKOYACTOTHUHN aKyCTUYHHUN IIyM, SIKHH MOJKE MTOIINPIOBATUCS Ha
BEJIMKI BIACTaHI.

Komirer i3 3axucty mopcekoro cepenosuina (MEPC 80) y 2023 porii 3arBepaus
neperisiHyTi Pekomenaanii 1010 3MEHIIEeHHS MiABOAHOIO LIYMY Bijl KOMEPIIHHOIO
CYZIHOTIJIAaBCTBA /ISl yCYHEHHS HETaTWBHOTO BIUIMBY Ha MOPCBKE JKUTTs. Pexomennarii
MEPC ¢okycyroTbcs Ha TEXHIUHI Ta TEXHOJIOTTYHI ACTIEKTH JUIsl 3HMKEHHS 111 IBOJIHOTO
IyMy Bijl cyzieH. BoHM BH3HAualOTh CTAaHAAPTH Ta HOPMH, AKi MAlOTh AOTPUMYBATHCS
CYTHOBJIACHHKH Ta CYITHOOYAIBHUKH JUIsl MiHIMi3allii HEraTUBHOTO BILIMBY Ha MOPCHKE
cepenoBuile. PexoMeHallii BKIIOYalOTh B ce0e BUKOPUCTAHHS METO/IIB Ta TEXHOJOTIH,
TaKUX SIK BUKOPUCTAHHS CUCTEM aKTUBHOTO IIyMO3arTyIleHHS, MOIUQiKaiis Tiapo-
JUHAMIKH Cy[HA Ta BIPOBAKCHHS HOBITHIX MaTepiasiB JJIsi 3MCHILICHHS I11{BOTHOIO
akyctuyHoro mymy. MEPC 80 BcTaHOBIIIOE TEXHIYHI CTaHIAPTH Ta BUMOI'H, 5IK1 [IOBH-
HHI BUKOHYBATH CyQHOBJIACHUKH Ta OTMEPATOPH JJISl TOTPUMAHHS HOPM IOJO MiABOJ-
HOTO aKyCTHYHOTO mymy [3, c. 3—6].

CyaHOBIACHUKHA MOXYTh BHUKOPHCTOBYBAaTH AKTHMBHI CHUCTEMH NIyMO3ArTyIICHHS
JUIsL KOMITEHCAIlii Ta 3HUKEHHS aKyCTHYHOTO BIUTMBY CyeH. J[iist 1Iboro Moxe BUKOpHC-
TOBYBaTHCSl MAaTEMaTUYHA MOJIE]Ib AKTUBHOT KOMITEHCAIIT ITyMy. AKTUBHA KOMIICHCAIIist
myMy € e()eKTUBHUM TI1IX0/IOM JUIA 3MEHIICHHS aKyCTHYHOTO BIUIUBY B PI3HUX Cepell-
OBHIIAX, BKJIFOYAI0YH MOPChke. MareMaTHyHi MOJIEI JJIsl aKTHBHOT KOMIICHCAITIT ITyMy
JIO3BOJISIIOTH Tepe10ayaTy Ta KOMICHCYBaTH aKyCTHYHI XBHII, 0O 3a0€31e4nTH 3MEH-
LIEHHS 3arajJbHOTO PiBHS IIIyMY.

MaremariuHa MOJIENb MMOYMHAETHCS 3 PO3MIISAY aKyCTHYHHX XBHJIb, SIKI BUMIpIO-
10ThCsI ceHcopamu. [IpucTpiii TeHepye BiacHi 3BYKH, IPOTHIICHKHI 32 (a30i0 Ta amInIi-
TYJIO0 JIO OPHTIHATBLHOTO HIyMy (antison).

X X + X antison (3)

total — 7 original

ne, X, —3arajlbHUi aKyCTUYHUIN CHTHAI, 10 (POPMYETHCS B CEPEIOBHIIL.

total

origingg — BUXIIHHII (ITOYAaTKOBHIA) WIIYM, IO BUIPOMIHIOETHCS CYAHOBHMH MeXa-
Hi3MamH (TOJIOBHHM JIBUTYHOM, TP€OHUM I'BHHTOM, JH3€lb-TeHEPATOPAMH).
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X

— CTBOpPEHHWH KOMIICHCAIlIMHUN TIyM, IO Ma€ TaKy caMy aMIUTITydy, alie

antison

IPOTHICKHY Basy BITHOCHO X ... -

MaremartruHa Gopmyiia JUisi aKTHBHOT KOMITEHCAI(T MIyMy MO)Ke OyTH BHpa)keHa
SIK PI3HUISL OPUTIHATBLHOTO CUTHATY X a X, . 10 NPU3BOAUTE 10 MiHIMI3amii
00'eMy TIIymy.

original

X

compensated = original — N antison (4)

e, mepensm , — 3AIMIIKOBUI IIyM ITiCJis KOMIIEH AL

Takoxk Jesiki 3MiHM B KOHCTPYKTUBHHX OCOOJHMBOCTSAX Cy[JHA, 30KpeMa B ONTUMi3a-
1ii riApoJMHAMIKH, MOXKYTh Bignosigaru Bumoram MEPC 80 miist 3MeHIIeHHS akyc-
TUYHOTO CIify cymeH [3, ¢. 3—6]. MaremaTuyHi Mozesli MOKYTh BpPaXOBYBaTH BIUIHMB
KOHKPETHHUX 3MiH Ha piBeHb myMy. KepiBHI NpuHIMIHM, BUIAHI B UUPKYISpHIKA dhopmi,
BU3HAIOTH, 1[0 KOMEPIIiHE CYTHOIIABCTBO € OCHOBHUM JIKEPEJIOM ITiABOIHOTO BHUIIPO-
minroBanoro mymy URN (Underwater Radiated Noise), sikuii HeraTUBHO BIUIMBA€E Ha
KPUTUYHI XKHUTTEBI PYyHKIIT ITUPOKOTO CIEKTPY MOPCHKHUX MEIIKaHLiB. JJoKyMeHT Mic-
TUTHh OHOBJICHI TEXHIYHI 3HAHHS, BKJIIOYAIOUH MMOCHJIAHHS Ha MIKHAPOAHI CTaHIAPTH
BUMIpIOBaHb, PEKOMEH/Iallii Ta HOpMAaTUBHI aKkTH KinacudikauiiHoro TopapucTsa. Hase-
JEHO 3pa3KH LI1a0JIOHIB, SIKI JONOMAararoTh CYTHOBIACHHKaM PO3POOWTH IUIaH yIpaB-
JiHHA TiABOAHMM ImyMoM [4, c¢. 12-16]. Ilpu npoBeaeHHI BUMIPIOBaHb 1 AOCIHIIKEHb
xapakrepuctik URN, BU3Ha4eHH1 JAKepesl BUIIPOMiHIOBAHHSI TIPOIIOHY€ETHCSI BUKOPHUC-
TOBYBATH TaKi BETMYUHHU 1 TIOHSTTS SIK:

— Radiated Noise Level (RNL):

PiBens BunpomintoBanoro mymy (RNL) Bkazye Ha piBeHb aKyCTHUHOTO LIyMY, SIKUH
BUIIPOMIHIOETBCSI 200 TOIIUPIOETHCS BiA JKepena B3IOBXK BHU3HAYEHOTO HAMPSIMKY
y BIIKPUTOMY MIPOCTOPI UM 1HIIOMY CEpEeIOBHIIII.

Leit noka3HuK MOKe OyTH BU3HAYCHUH K PIBEHb 3ByKY Y KOHKPETHHH MOMEHT 4acy
a00 sIK cepeHill piBeHb MPOTATOM MIEBHOTO MEPiOY.

RNL moxke Oyt Bupaxenuil y aeuubenax (n1b) Ta BpaxoByBaTH XapaKTEPHUCTHKH
HIyMY, TaKi K 4acTOTa Ta iHTEeHCHBHICTh. MaTeMaTu4Ho 11e MOXKe OyTH MPEACTaBICHO
y BUIVISIAL JTIOTapr(MIYHOTO BUMIpPY BENIWYHMHH IIYMY B MOPIBHSHHI 3 3aJaHUM pede-
PEHTHHUM PiBHEM.

— Underwater Radiated Noise (URN):

[TinBomuuii BunpomintoBauuid mym (URN) omucye akycTW4HUE 1Iym, sIKHd TeHe-
PYETBCS Ta BUIIPOMIHIOETHCS BOASIHUME 00'€KTaMHU UM MpoLeCcaMy, TAKUMU SIK Cy/Ha,
MOPCBHKI TBapUHH 200 Te0JIOTi4HI SBUILA, 1 HOMIUPIOETHCS Y BOII.

Maremarnuno URN Bu3Ha4aeTbcs NUISIXOM BUMIPIOBAaHHS aKyCTHYHOTO THCKY
Ta IHTEHCHBHOCTI 3BYKY Y BOJHOMY cepeloBuIli. BpaxoByiounm BIacTUBOCTI BOIM,
MOKHa MaTeMaTHYHO MOJICJIIOBATH TIOMIMPEHHS 3BYKY Ta HOTO BIUIMB HA JOBKIJLIS.

Hoxyment (MEPC 80) Bu3Hauae, o ocHoBHi Jxepena URN moB's3ani 3 rpeOHUME
TBUHTaMH, (JOPMOIO Ta TEOMETPIEI0 KOPITYCY, OOPTOBUM 0OJIaAHAHHAM, KUIbBATCPHUM
MOTOKOM, a TaKOK acleKTaMM eKcIlTyaranii Ta oociayrosyBanHs. [Ipu Tunosux pobo-
YHX IIBUAKOCTSIX, OJMM3bKHX /10 MPOEKTHOI IBUAKOCTI Cy/Ha, OiNIbIIa YacTHHA MiABO-
HOTO IIyMy TIOB'si3aHa 3 KaBiTauieto raunTa. [llym npomnenepa cam no co0i moxke OyTn
JOMiHyI0unM (pakTopoMm, 110 BIjMBae Ha 3aranbHuil piBerb URN [3, c. 2—-6].
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KoHCTpYKTHBHO-TEXHIYHI MIAXOIU 10 3HWKEHHS ITyMY MOXKJIMBI Ha IMOYaTKOBOMY
eTarn MpOeKTyBaHHsI 1 CKiagaHHs cyaHa. Cepe miIxo/IiB Ta PeKOMEH/IAIliH, MpeIcTaB-
seHux y KepiBHUIITBI 111010 3HWKeHHs piBHs RNL, MOXHA BUUIMTH HACTYIIHI :

— Koncrpykuist Ta Mmogudikartist kopiycy. [ToTik HaBKOJIO KOPIYCY MOXE BILTUBATH
Ha URN, ockinbku (popma KOpIyCy BIUIMBA€ Ha TOTIK BOIW J0 I'BUHTA. Bimomo, 1110
HEepiBHOMIpHUI a00 HEOMHOPIMHWI KiNbBaTepHUN CiJi 30UIBIIYE KaBITAII0O TBUHTA.
Tomy (hopma koprycy cyJHa MoBHHHA OyTH CIIPOEKTOBaHA TAaKUM YMHOM, 00 KiJlbBa-
TEPHUH CJ1iJ1 OYB MAKCUMAJILHO OJTHOPITHHUM.

— Koncrpyxuist i mogudikarist rpedHoro reunTa. [peOHI TBUHTH OBUHHI OyTH PO3-
poOrnieHi Ta migidpaHi TaKUM YMHOM, IIOO MiHIMI3yBaTH KaBiTallifo Npu 30epekeHHI
eneproedexktuBHOCTI. [Ipn THTIOBUX pOOOYHMX MIBHIKOCTSIX KaBiTaIlisi MOoxe OyTH 3MEH-
IeHa 32 HOPMaJbHUX YMOB €KCIUTyaTallil 3aB/IsKi XOPOIIOMY JW3aiiHy I'BHHTA, OINITH-
Mi3allii HaBaHTa)KCHHSI, 1110 3a0e31evuye piBHOMIPHUH TOTIK BOAX Yepe3 TpeOHi TBUHTH
(B 3aJI©XKHOCTI BiJI KOHCTPYKIII KOPITyCy) 1 peTelbHUH MiI0ip TaKuX XapaKTePHUCTUK
rpeOHOro MBUHTA, SIK JiaMeTpP, KUTbKICTh JIOMATEH, IJI0MIa JTonare, KPoK, HaX Wi 1 rore-
peuHHii epepis.

— [NoninmeHHs NOTOKY KiIbBATEPHOTO CJIily. 3aCTOCYBaHHS IPUCTPOIB MOTIEPETHBOT
3aKpYTKH MOTOKY riepes TBUHTOM (PSS), siki MOKYTh 3MEHIIUTH IIIyM YaCTOTH JIOTIATECH
(BPF) i migBumunTH e()eKTHBHICTh I'BHUHTA.

— MoHTax 1 KpilieHHsI CyJHOBUX MexaHi3MmiB. CIiji NMpUAIIATH yBary NpaBUlib-
HOMY BUKOPUCTaHHIO BiOPOI30JISAILIHHIX KPITUICHb, & TAKOXK MOJIMIICHHIO TUHAMIYHOTO
OanaHcyBaHHs TIOPITHEBUX 1 00EpTOBUX MeXaHi3MiB. BiOpoi3oroBaibHi OITOPH MOXKYTh
3HU3UTH BiOpaIlifo BiJl 00JaIHAHHS JI0 OTIOPH Ta 3MEHIITUTH KOPITYCHUM IIyM. Y 3B'SI3KY
3 PyXOM 1 mepe/iaveto TSy po3TallyBaHHS MPYKHHUX OTIOP JBUTYHA MOXKHA PO3IIISIaTH
B OCHOBHOMY JIJIsl YOTUPUTAKTHUX JBHUTYHIB. Y JIBOTAKTHHUX JIBUTYHaX HE MOYKHA BHKO-
PHUCTOBYBATH TPYXHi OIOPH, TOMY IO TATa TPEOHOTO TBHHTA MEPEAAETHCS JIBUTYHOM
0e3mocepenHbO Ha CYTHO.

OcobnuBHi iHTEpEC MPEACTABIISIE BUBYCHHS BILTMBY KpeHY Ta AU(PEPEHTy Cy/IHa Ha
PO3TOBCIOIKEHHST aKyCTHYHHX IITYMiB.

MaremariuHi 3aJeKHOCTI, SKI OIISIIAIOTHCS Y JaHii poOoTi, BpaXxoByIoTh (i3uuHi
BJIACTHBOCTI CyJHa, HOTO PyX Ta XapaKTepUCTUKU BOJHOTO cepenouiia. [Ipu mooy-
JIOBI MOJIeJi BPaxoOBYIOThCS KYT KPEeHY Ta KyT AU(EPEHTY SK KIIFOUOBI ITapaMeTpH, sKi
MOXKYTh BIUIMBATH Ha MPOIIECH TeHepallii Ta MOMNPEHHS aKyCTHUYHIX XBHIIb B MODI.

BBeneMo fesiki KIIFO4OBi MapaMeTpy Ta O3HAYCHHSI:

— Kyt kpeny (¢): Kyt Haxuiy cyiHa BiIHOCHO TOPU30HTAJTI.

— Kyt mudepenty (8): Kyt BiaxuneHss qudepeHTy cy/iHa BiJHOCHO JIiHIi HOTO JIOBIOTH.

— Axyctuunuii imnenanc Boj (Z): XapakTepusye BiI'YK BOJIU Ha PyX Cy/IHA Ta TeHe-
pallito aKyCTHYHHUX XBHJIb, II¢ ()I3MYHA XapaKTEPUCTHUKA, sIKa BU3HAUAE PEaKIIit0 BOJHOTO
cepeIOBUIIA Ha POXO/DKEHHS aKyCTUYHHX XBHJIb. BH3HAYa€eThCs 32 POPMYIIOLO:

Z=p-c ©)
1e, p —ryctuHa Boau (Kr/m*), C — IIBUIKICTb MOIIUPEHHS 3BYKY Y Bofi (M/c). Po3mip-
HICTh aKyCTHYHOTO iMIIeIaHCy: Z = p - ¢ =Kr/M*-M/c=Kr/(M?C).

— UIBunkicte cynna (V): LIBuaKicTh pyXy CyaHA BiJIHOCHO BOIH.
— AMIUTITYIa aKyCTHYHUX aKyCTHYHOTO TUCKY (A): Mipa 3MiH THCKY, TIOB'si3aHa 13
CTBOPEHHSM aKyCTUYHOTO CHTHAIY.
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MaremaTruHa MoJieIb MOXKe OyTH po3poOiicHa Ha a3l HACTYIHUX MaTEMaTHYHUX
Ta (I3UYHUX 3ATEKHOCTEH:

I'eneparrisi akyCTUYHOTO CHTHAITY:

AxycTuuHU# THCK (P), TIOB'SI3aHUI 3 TeHEpaIi€l0 aKyCTUYHUX XBHIIb, MOXKE OyTH
OTMCAHUH HACTYITHOIO (hOPMYJIOTO:

P(t) = Asin(27 ft) (6)
ne, P(t) — Tick BiJ aKkyCTHYHUX XBWJIb BiJl "acy t, A — aMInIiTya TUCKY,
f—dacToTa aKkyCTUYHUX XBUIIb.
Brnus kpeny Ta qudepenty Ha akycTHaHu# imnenanc [11, c. 15-23].
AxycTrananit iMrienanc Z Moke OyTr 3MIHEHHH BiIIOBITHO 10 KyTiB KPeHY Ta TU(PEPEHTY:

1 cos’(¢) sin®(J)

Z($.8) = Zy +—pV2S| — L4 222 7

#.0)=2,+p [ e )

ne, Z, — aKyCTU4HHMi iMIenanc Boxu 0e3 BpaxyBaHHs Cy[HA, p — T'yCTMHA BOJIH,
S — moma nepepisy cyaHa, ¢, — WBHAKICTL 3ByKy B Boxi [11, ¢.15-23].

Po3noBcromKeHHsT aKkyCTHYHHUX XBHIIb B MOPI MOJKe OyTH BU3HAYEHO PiBHSIHHSM:

C(¢,6)=C, +AC-cos’(¢)-sin(5) (8)
ne, ¢(9,0) — MBUAKICTh MONIMPEHHS aKyCTHYHUX XBUIIb, 110 3AJIKUTH B/l KyTiB KpeHY
Ta AudepeHTy,

C, — WBHUJKICTh MOIIMPEHHS aKyCTHYHHMX XBHJIb B BOJI O€3 BIUIMBY KyTiB KPEHY
Ta AudepeHTy,

Ac — 3MiHa MIBUKOCTI TIONMUPEHHS aKyCTUIHUX XBWiIb [11, c. 15-23].

Lle 3aranpni MaremaTHyHi Ta (i3UYHI 3aJICKHOCTI, SKI MOXKYTb CIyKHTH OCHOBOIO
JUTSL TOKJIQJIHOTO aHalli3y Ta YUCIOBOTO MOJICIIOBAHHS BIUIMBY KPEHY Ta JU(EpeHTy
Cy[Ha Ha PO3MOBCIO[DKCHHS aKyCTHMYHMX HIYMiB Y MOPCBHKiH TPaHCHOPTHiM cucTeMi.
Y KOHKpeTHHX BHUIMAJKaX MOXYTb OyTH BBEJCHI JOAATKOBI IapaMeTpu Ta MOaUQiKalii
JUIsl BpaxyBaHHs KOHKPETHUX XapaKTEPUCTUK CylHAa Ta 0COOIUBOCTEH JOCITIKEHHS.

[ligxonu Ta METOM 3MEHILECHHS CTPYKTYPHOTO LIyMY.

CTpyKTypHHH IIyM Ha MOPCHKHX Cy[ax BUHHKA€ BHACIIIOK MEXaHIYHUX KOJIMBaHb
Ta B3a€MOIIi pi3HUX €JIEMEHTIB KOHCTPYKIIil CyaHa 3 BOAO0. 3MEHIIIEHHS IIHOTO IITyMY
€ BKJIMBOIO 3a/1aueto Al 3abe3neueHHs KoM(opTy AJsl eKimaxy, onTuMizauii podoTu
oOaiHaHHs Ta MiHIMI3allil BIUIMBY HA MOPChbKe cepenopuiie [7, ¢. 15-21].

Po3misiHeMo feKinbKa METOAIB 3HUKEHHS CTPYKTYPHOIO IIIyMy Ha CyIHaXx:

— BUKOPHCTAHHS 130JSIIIMHUX CHCTEM JIJIsl BITOKPEMJICHHS CTPYKTYP CyAHa BiJl JKe-
pena mymy. AKTUBHI CHCTEMHU MOXKYTh BHKOPHCTOBYBATH CEHCOPH Ta KOHTPOJIbOBaHI
cwi 1711 e()eKTUBHOTO YIIpaBIiHHS BiOparismu [8, ¢. 112-119].

— CTBOPEHHSI CHeLiaIbHUX T1IPOaKyCTHUYHUX OOOJOHOK Ul 3MEHIIEHHS IIyMY, 10
TeHEPYETHCS BOTHOIO JIMHAMIKOIO Ta B3aEMOJIIEI0 KOPITYCY CY/IHA 3 BOJIOIO.

— ONTUMI3aIlis GOPMH KOPITYCY Ta BUKOPUCTaHHS BiIOPOI30IIAIHHUX MaTepialiB s
3MEHIIICHHS BiOpalliii Ta mepenadi nryMy BijJl CyJJHOBOTO 00OJIaTHAHHSI.

3 METOI0 3HMKEHHS PIBHS CTPYKTypHOTO IIYMY Ha CyJHaX BHKOPHCTOBYIOTHCS
METO/IH BiOPOIIarHOCTHKY Ta IMapaMEeTPUYHOI IarHOCTHKH, K1 JO3BOJISIFOTh BUSBUTH
HECTPaBHOCTI MaIlIMH 1 MEXaHi3MiB Ha paHHiH cTaii.

IcHye 3aranbHUIA iXi]1] 10 OIIHKY TEXHIYHOTO CTaHy MAIIIMH 32 Pe3yJibTaraMu BiOpa-
1ii Ha YacTUHaX, 1o He obepratoThes (ISO 10816). 3rigHO 3 BUMOraMH, JIiarHOCTHKA
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TEXHIYHOTO CTaHy MPOBOAUTHCS B 3aJICIKHOCTI BiJl KJIaCy MEXaHi3My 3a 3araJlbHUM PiB-
HeM BiOparii. s ananizy Oepetbest cepennbokBaparnyae (RMS) 3nauenHs BiOpor-
BHJIKOCTI MeXaHi3My B jiama3oni uactor 10 — 1000 ' [5, ¢. 75-79].

st HenepepBHOTO curHATY V(t) cCepeTHbOKBAIPATHUHE 3HAUCHHSI BU3HAYAETHCS SIK:

- 15 5
VRMS = ¥£V (t)dt (9)

ne T — mepiox BuOipKH, SIKWH TIOBMHEH OyTH 3HAYHO OUTBIIMM 3a 1epiof Oyib-sSKOTo
3 OCHOBHHX aHaJII30BaHMX YaCTOTHUX CHUTHAJIB, IO MIicTAThCSA B V(t) (MiniMym y 20
pasiB). Skmio curHan Bibpariii 3anmucanuii TUCKPETHO i € N 3HaUYeHb BiOPOIIBUIKOCTI
Vi, To cepeHbOKBaApATUIHE 3HAYCHHS BU3HAYAETHCS 5K !

1

& iv (10)

IIpu o6umcnenni CK3 3a yacoBUM CHTHAJIOM HEOOXiIHO 3aCTOCYBaTH aHAJIOTOBI
(bineTpu UIA BUALUTIEHHS MOTPiOHOTO YacToTHOTO fianasony 10 — 1000 I'm. [Ipomony-
€TbCsl O0YMCIIOBATH V(33 AMILTITYI010 CHIEKTPA CUTHAITY 5, 10 0a3yeThCs Ha 3aCTO-
cyBaHHI Teopemu [lapceBas tst mepexomy Bix 4acoBoi 001acTi O 9aCTOTHOI.

12
VRMs = > >.sj
=K1

ne, k1 1 k2 ingexcn rapmonik Ha 10 I'm i 1000 ' Bigmosiano. Pospaxysasum Vo,
MO)KHA OIIHUTH 3arajbHUN TEXHIYHUH CTaH MeXaHi3Mmy 3a Tabmwrero 1, me BkazaHi
MEXi BIOpOIIBUAKOCTI 1711 HOpMaIbHOTO (A) Ta HeHopManbsHOTO (B, C, D) cTaniB Mexa-
HI3MIiB pi3HUX KiaciB [5, c. 74-79].

VrRMms =

(11)

Tabmuus 1
ISO 10816 Me:xi 30u* RMS BiOpoImIBHAKOCTI A5l MAIIMH Pi3HUX KJAaciB [5, c. 76]
Tngflgiﬁl-}%ﬁf[?lifﬂas 10 15 kBt | 15-75 kBt | >75 kBT (sKk0p- | >75 KBT (M'sIKHiA)
BiGDOIIBIIKO cTh. Mm/c | K1ac 1 KJIac 2 cTKMii) Kaac 3 KJac 4
0.28
0.45 A
0.71 A A A
1.12 B
1.8 B
2.8
s C B
7'1 C B
11.2 c c
18 D D
28 D D
45

*4 — eapnuii cman, B — 3a0osinbnuii cman; C — He3adosinenuu cmaw, D — asapivinuil cman,

ekcnfzyamauiﬂ Hebesneuna.
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OjHi€r0 3 KITIOYOBUX TPUYUH CTPYKTYPHOTO IIIYMY € TI1JIBUIICHHSI HEPiIBHOMIPHOCTI
oOepraHHs KoJliHYacToro Bany I, cipuurHeHa HU3KOI TEXHIUHUX 1 eKCIUTyaTallitHUX
(axTopis.

B ymoBax ekcryaranii KpyTHHH MOMEHT Ha KOJIIHYACTOMY Bally 3MIHIOETHCS
B 3QJICXKHOCTI BiJ UKy podotu. Li mpoiiecu BiiOyBarOTHCS HEPIBHOMIPHO Yepe3 pis-
HUIIIO Y KOMITpecii UIIIHAPIB, HECBOEYACHY T0/Iauy MAJINBa, 3MiHHE HABAHTA)KCHHS Ha
JIBUTYH B yMOBax ekcrutyaranii. [le mpuBomuTh 10 KOJNMBaHb IIBUAKOCTI 0O0CpTaHHS
KoiHYacToro Bany. Lle siBuIe He JuIle BIUTMBA€ HA MEXaHIUHY CTIHKICTh JBHIYHA,
a ¥ cripusiec 3HAaUHUM BTparaM eHeprii uepes BiOpariii.

[TigBuIIEHHS! HEPIBHOMIPHOCTI 00EpPTaHHS KOJTIHYACTOTO BATy CYTHOBUX JHU3EIbHUX
JBUTYHIB MOJKE CYTTE€BO BIUIMBATH Ha PiBEeHb BiOpaliil cyaHa. 30kpeMa, nmepiogudHi
3MiHM 00EpTaILHOIO MOMEHTY TPOTATOM poOOYOro IUKITY JBUTYHA MPU3BOISATH IO
KOJIMBaHb KyTOBOT IIBU/IKOCTI KOJIHYACTOTO BaITy, 1110 CIIPHUYUHsIE BiOpallii. MiHIUBICTh
KyTOBOI HIBUAKOCTI OOEpTaHHsI KOJIHYACTOTO Baja JBUTYHA 1 MaIIMHHO-PYXOMOTO

KOMIUIEKCY, OI[IHIOETHCS CTYIIEHEM HEPiBHOMIPHOCTI 00epTaHHst O,  :

rot *

. —a@._.
5r0t — max min , ( 1 2)
Wrs
a)ﬁa = (a)max + a)min )/2 s (13)

e ®  Ta ®  — MakCHMajbHa Ta MiHIMaJbHA KYTOBI IIBMIKOCTI KOJIHYACTOTO BAJy
BIJIIOBIAHO, a ®,,~ CepeIHs KyTOBa MIBUAKICTE,[ 10, c. 290].

B3asBim 3a 0CHOBY eKcriepuMeHTalbHO-aHAMITHYHIH MeTof rpod. Domina 1O. S,
MOYKJINBO TIPOBECTH PO3pPaXyHOK CTyNeHs HepiBHOMIpHOCTI oOepranHs /' Ha pizHHX
pexxnmax. g mporo Tpeba po3paxyBaTH 3HAYEHHS OCHOBHHMX MapaMeTpiB poOOYOro
MIPOIIECY, IO BiTIOBIIAIOTh TAHOMY PEKUMY: cepeaHiii edekTuBHU THCK (Pe), moTyx-
HicTh ABuryHa (Ne), koe]ilieHT HaTUIIKY TOBITPs (0X ), TeMmepaTypy BUITYCKHHUX
ra3iB (tr). 3Hauenns Tucky 3ropsuus (Pz) ta tucky manmayry (Pk) Bu3HauaroTs 1o
pe3ynbpTaraM MOPCHKHX XOIOBHX BHUIIPOOyBaHb. J{JIs1 CyAHOBUX ABUTYHIB, IO TIPAIlO-
I0Th Ha TPEOHUI TBHHT, OPIEHTOBHE 3HAYEHHS CTYINEHS HEPIBHOMIPHOCTI oOepTaHHS
(i wac poOOTH OBUTYHA HAa PEKMMI HOMIHAIBHOI TOTY)KHOCTI) Mae OyTH B MeXax
0,02-0,05 [10, ¢.289-290]. Iloripmenns Texuignoro ctany CEY, a Takok HepiBHOMIpHE
HaBaHTAKEHHS Ha JBUTYH CyTT€BO 30UIBIIYIOTH 3HAYEHHS CTYIIEHS HEPIBHOMIPHOCTI
obepranus ax 1o 0,12-0,14.

[ligBumienHss HepiBHOMIPHOCTI OOepTaHHS KOJIHYACTOrO Bally Oe3mocepeaHbo
BIUTMBAE HA PIBEHB BiOpaIIiii, sSKi MepeqaroThCs Yepes3 KOPITYC CyIHa, CTBOPIOIOYH JT0/1aT-
KOBUM 1IyMOBUM BIUIMB Ha HABKOJIMIITHE CEPEOBUIIIE.

Ile siBHIIIE MOCHITIOETHCS B YMOBaX KpeHy Ta MU(EpeHTy, sSKi 3MIHIOIOTh PO3TIOILT
HaBaHTaXEHb 1 poboUi mapaMeTpu MexaHiyHUX cucteM. KpeH i audepent cipuunHIioTh
HEPIBHOMIPHUHN PO3IMOIIT MacTHIa Ta MajluBa, [0 BUKJIWKAE HEPIBHOMIpHE 3rOpaHHs
y IHIJIiHApaX OBUTYHA. 30KpeMa, Y JABUTYHaxX 3 HU3BKOIO KOMITpeci€ro abo mpu Hemxo-
CTaTHbOMY MAaCTHJI 3HIKYETbCSA CTabUbHICTh podotu. KpiMm Toro, 36inbiieHi HaBaH-
TXEHHS Ha JCSIKi IWIHIPU CTBOPIOIOTH aucOamaHc y poOOTi IBUTYHA, SIKHA MOXKE
CYTIPOBOKYBaTHCh ITUKIIYHUMU nedopMmariissMu kopirycy. Lle siBuie yckimaaHseTnes,
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KOJIM KpeH 30UIbIIye TOPCiliHI KOJMBAHHS, SIKi, Y CBOIO UYEpPry, MOXKYTh CIIiBIIa/IaTH
3 PE30HAHCHUMH YaCTOTaMHU KOPITYCY, TIOCHIIIOIOUN CTPYKTYPHUH IIyM.

['paBiTamiiini eGexkTH TaKoXK BiIrpatoTh BaXKIUBY POJIb, SMIHIOIOUH TOTOKW MACTHJIA
Ta TOBITPS, CTBOPIOIOYM HEPIBHOMIPHOCTI y POOOTI IHIIIHJPIB, IO BEE JIO JOAATKO-
BOTO CTPYKTYPHOTO IIIyMY.

TopciliHi KoIMBaHHS, SIKi BUHUKAIOTh Yepe3 3MIHHE HaBaHTa)XEHHS, MOXKYThb 30ira-
THUCS 3 PE30HAHCHUMHU YaCTOTAMHU MEXaHIYHHUX EJIEMEHTIB, IO OCUITIOE IITYM 1 CTBOPIOE
JIOJATKOBI TEXHIYHI CKJIAHOILLII.

[IpakTruHi HACTIAKK TaKKX MPOIIECIB OXOILIFOIOThH IIUPOKUH criekTp mpodieM. [Tin-
BUIIICHI BIOpAaIlii CPUYUHSIOTH IIBHJIKE 3HOIICHHS KOMIIOHCHTIB JBUTYHA, TAKHX SIK
AMIUITHAKY, OTIOPY BaJia Ta eIEMEHTH KPUBOIIMITHO-IIATYHHOTO MEXaHi3MY.

Jis MiHIMI3amii WX SIBUI Ba)KJIMBO 3aCTOCOBYBATH KOMIUICKCHUM MiJXiJ, SIKAH
BKJIIOYAa€ TEXHIUHI, EKCIUTyaTalliifHi Ta yrpaBiIiHChKI pimenHs. Hanpukian, MonepHi-
3allisi CHCTEM Toj[adi MacThjIa Ta MajuBa 3 ypaxyBaHHIM YMOB KPEeHY J03BOJIsIE 3a0e3-
MEYUTH PIBHOMIPHICTH POOOTH IMIIIHAPIB 1 3HU3UTH PiBEHB BiOpaliid. Baockonanenus
reoMeTpii KOJIHYacTOro Bally Ta BUKOPUCTAHHS JeMII(epiB BiOpaliii 103BOJISE 3HAYHO
3MEHIIUTH TOPCIHHI KOJTMBaHHSI.

3rifiHO 3 OCTaHHIMH €KCIIEPUMEHTAIBHUMU JIOCIIKCHHSIMHU CIIEKTPAIbHOTO PO3IIO-
Ity piBHIB 3ByKOBOTO THUCKY (SPL), orpuMannMu uepes riipooHu, BCTAHOBIICHO, 110
HaMOLIBII PiBHI MiJJBOJHOTO 3BYKOBOTO THCKY MONIMPIOIOTHCS B Jlialla30Hi 4acToOT Bijl
10 I'm go 1 kI [9, c. 45-50] Lle#i miana3oH B OCHOBHOMY OOYMOBJICHHUI BiOparii€ro
KOHCTPYKIIIH CyJHa, TOJOBHHUX JBUTYHIB Ta JU3€]b-TCHEPATOPIB, SIKI PE3OHYIOTH Ha
4acToTaX, KpaTHUX OCHOBHIM 4acTOTI 0OepTaHHs, a TAKOX TiJPOaKyCTUIHUM BHIIPOMi-
HIOBAaHHSIM IpeOHOTO TBUHTA. BpaxoByro4un BIaCTHBOCTI NONIMPEHHS! HU3bKOYACTOTHUX
aKyCTHYHHMX XBHIIb, MOYKHA CTBEP/PKYBATH, 1[0 ICHY€E TICHUH 3B'I30K MiXK MapaMeTpamMu
CTPYKTYpHOTO 1rymy Ta miaBogHoro mrymy (URN).

ABTOPCBHKi pe3yJibTaTH A0CTiKeHHsI. ABTOPOM TIPOTIOHYETHCST IPOBENICHHST HAYKOBHX
JOCIIKEHb 3 METOI0 TOABIIOT PO3POOKU THTEIEKTYa bHOI CUCTEMU MOHITOPHHTY, SKa
3a0e3MeunTh aHalli3 MapamMeTpiB BiOpalliil CyTHOBUX JIBUTYHIB, aKyCTUYHOTO [ITyMY Ta PiBHS
ITJIBUINICHHST HEPIBHOMIPHOCTI 00EpTaHHs KOJMIHYAcTOro Baiy rosnoBHOro jsuryHa (I]1)
B peaJIbHOMY Yaci. AHAII3 IUX JJAHUX MOYKE JIO3BOJIUTH ONTHMI3YBAaTH PEKHUMH POOOTH JIBU-
T'YHIB, 3MEHIIIUTH TTOKa3HUKU HEPIBHOMIPHOCTI 00epTaHHs KolliHuactoro Baiy [/] 3a paxyHok
KOPEKIIii 0HOro abo JISKUTbKOX TIapaMeTpiB, TAKHX SIK IBHJIKICTh, KypC, KPEH Ta AU(EpeHT
cynHa. Taki 3ax01u JO3BOJISITH TIOHU3UTH PiBEHb CTPYKTYPHOTO IIYMY 1 SIK HACHIJIOK PIBHS
TiIPOaKyCTHYHOTO ITyMy. PekoMeHaltii 1o 3MiHi 3HaueHb [UX TapaMeTpiB MOKYTh GopMy-
BATUCSI 32 PE3YJIBTATAMHU XOJIOBHX BUIIPOOYBaHb OKPEMO JIJIsSI KOYKHOTO CY/IHA.

Takok akTyaJIbHUMH Ha JyMKY aBTOpa € Taki iHKEHEpHI pillIeHHs], SIK MOJICpHi3allis
CHCTEM 3MalllyBaHHsI Ta I0/1a4i MaJIuBa, SIKi aIanTyIOThCs 1O YMOB KpeHy Ta audepeHty
Cy/iHa, 3a0e3MeUyoUr PIBHOMIPHE MOCTAUuaHHS MacTH/Ia Ta MajkBa J0 BCIX IUIIH/PIB
nsuryHa. Lle 103Bosisie€ 1OCATTH CTaOLIbHOCTI POOOTH IUTIH/PIB, 10 3HAYHO 3HUKYE
KOJIMBaHHsI KPYTHOTO MOMEHTY 1 MOB'sI3aHi 3 MM aKycTH4Hi edekTr. Taka aganTaris
0a3yeThCsl HA BHKOPHCTAaHHI TEXHOJIOTiH aKTHBHOTO KOHTPOJIIO IOTOKY, SIKi PeryJIro-
I0ThCSI aBTOMaTH30BAaHUMH MOJYJISIMU B 3aJICKHOCTI BiJI TIOJIOKCHHS CY/IHA.

BucHoBkHu. 3HMKEHHS CTPYKTypHOTO HIYMY Ha Cy/IHaX € KPUTHYHOIO 3aJ[a4ycro
CY4acHOi MOPCBHKOi 1HXKeHepii, 110 moTpedye KOMILIEKCHOTO IiJXOMy, SIKUA MOEIHYE
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IHHOBAIIIMHI TEXHOJIOTII, IH)KEHEPHI PIIICHHS Ta ONMTUMI3AIII0 SKCIUTyaTal[lfHUX Tapa-
MeTpiB. BrpoBa/pKeHHSI CydacHHMX HIYMOI3OJSIIIMHUX MaTepialiB, 30kpeMa Oarato-
HIAPOBUX KOMITO3HTIB 3 BUCOKHMH JIeMIT(YIOUMMH BIACTHBOCTSMH, JO3BOJISIE CYTTEBO
3HU3UTH PiBEHb Tepeiadi UIyMy BiJl MEXaHi3MiB CylHa JI0 ioro kopmnycy. Lle He nurre
CTIpUSi€ TIOKPAICHHIO YMOB POOOTH €KiNaxy, a if MiHIMi3ye aKyCTHYHHI BILUTHB HA MOP-
CBhKE CEpEeIOBUIILIE, IO € BAKIMBUAM 3 OIVISITY Ha TIIO0AbHI €KOJIOT1YHI BUMOTH.

BukopucTaHHs akKTUBHHX Ta MTACUBHUX JAEMII(EPHUX CUCTEM Y MOEJHAHHI 3 BiOpo-
JIIarHOCTUKOIO, METOZIOM BHM3HAYCHHS 3MIHHM MOKa3HUKA HEPIBHOMIPHOCTI 0OEpTaHHs
kojriHuactoro Bany I/ ta JII' y peaibHOMY 4aci Ta €ro 3MEHIIICHHSI JO3BOJIMTD HE JIUIIIE
3MEHIIUTH IHTCHCUBHICTh NIYMOBUX KOJHMBaHb, & i CBOEYACHO BUSIBIISITH IMOTEHITIHHI
JUKepena MiJBUIICHUX BiOpamiid i akyCTUYHOTO IIyMY, SIKi HETaTWBHO BILIMBAIOTH HA
JIOBIOBIYHICTh KOHCTPYKIIIT Cy/iHa Ta e(DeKTUBHICTH HOTO EKCILTyararfii.
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Summary

Introduction. Recently, new systems have appeared on marine engines cylinder liner
lubricants from different manufacturers. World leaders the following manufacturers
are involved in the production of these systems: Wirtsild Retrofit pulse lubrication
system (RPLS); MAN B&W Lubrication engine control system (LUBECS) and Hans
Jansen. Major innovations and technical developments in cylinder systems lubricants
boil down to the following: saving cylinder oil; reduction of wear of cylinder liners; —
reducing the risk of cold corrosion of cylinder liners, maximum possible operating time
in “Slows teaming” mode and “Extra Slow steaming” (mode of long-term operation
of ship engines on low loads 50% MCR and ultra-low loads from 10% to 50% MCR).
Purpose. Analysis of the approaches of the above-mentioned manufacturers to solving
problems of high-quality functioning of cylinder lubrication systems allows us to
trace current trends in ensuring optimal lubrication regimes for modern marine diesel
engines with increased piston stroke. Solving these problems (according to ship tests
of the manufacturers in question) leads to a reduction in cylinder oil consumption by
approximately two times. Results. Overview of cylinder oil injection systems into the
cylinder, determination of the approaches of a well-known manufacturer of lubrication
systems and the difference in supply principles, designed for training ship mechanics —
understanding the differences and features of lubrication systems in modern operating
conditions (different types of engines, manufacturers, and differences in classes of ships)
will help to avoid breakdowns of main engines and financial losses for shipowners.
Conclusions. We will consider the methods by which these problems are solved and the
assigned tasks are solved in this article.

Key words: cylinder liner, lubricants, marine engines.
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Anomauisn

Bemyn. Ocmanniv yacom 3'asunuca HOGI cucmemu 3mawjenus 01 YUliHOPOSUX
8MYIOK CYOHOBUX 08U2YHIE 8i0 pi3HUX 8upoOHUKIE. Ceimosumu 1idepamu y UpoOOHUYMEI
Odanux cucmem € maxi eupoonuku: Wdrtsild Retrofit pulse lubrication system (RPLS),
MAN B&W Lubrication engine control system (LUBECS) ma Hans Jansen. OcHogHi
iHHOBaYIl ma mexHiyHi po3poOKU 8 YUTIHOPOBUX CUCEMAX 3MAWEHHS 36005IMbCs 00
HACMYNHO20. eKOHOMISL YUTTHOPOBO2O MACIA,; 3MEHULEHHS 3HOCY YUTIHOPOBUX 8MYIIOK,
3MEHUEHHS PUSUKY XOL0OHOI KOPO3Ii YUNiHOPI6, MAKCUMATILHO MOACIUBULL Hac pobomu
6 peaxcumax «Slows teaming» ma «Extra Slow steamingy (pexcum mpusanoi pobomu
CyOHo8uUx 08uzyHie na manux Haganmasicenusax 50% MCR i HaOHU3bKUX HABAHMANCEHHSX
6i0 10% 0o 50% MCR). Mema. Ananiz nioxodie euuje3asHavyeHux GUPOOHUKIE 00
BUPIULEHHS 3A80AHb AKICHOZ0 (OYHKUIOHYBAHHS CUCTEM 3MAUeHHs YUTIHOPI8 0036015€
NpoCmedNcumu  Cy4dacHi meHoenyii w000 3a6e3neyeHHs ONMUMANbHUX PEeHCUMIE
3MAWEHHSI CYUACHUX CYOHOBUX OUSETbHUX OBUSYHIB 13 30i1bUeHUM XO0OM NOPULHSL.
Bupiwenns yux npobnem (3a cyOHOBUMU GUNPOOYEAHHAMU PO3STAHYMUX SUPOOHUKIB)
npu3B00Ums 00 3HUICEHHS SUMPAMU YUTIHOPOBO2O MACLA NPUOIUSHO 6 08d PA3U.
Pesynomamu. O2nia0 cucmem 6NOPCKY8AHHA YUNIHOPOBO2O MACAA 00 YULIHOPY,
BU3HAYEHHSL NIOX00I6 8IOOMO20 GUPOOHUKA CUCTEM 3SMAWEHHS A PI3HUYSL 6 NPUHYUNAX
nooaui, Kpim mozo po3yMiHHA GIOMIHHOCMEN Ma 0COONUBOCMEN CUCeM 3MAULeHHS 8
CYUACHUX YMOBAX eKCNIyamayii (pi3Hi munu cyOHOBUX OU3ENbHUX 08ULYHIB, UPOOHUKIE,
a maxoxic BIOMIHHOCMI 8 KIACAX CYOeH) OONOMONCYMb YHUKHYIMU HOJOMOK 20108HUX
08uzyHie i ¢hinancosux empam O0isi CyOHo81aCHUKIG. Bucnoeku. Ilpoananizysasuiu
8Ci CYHaCHI KOHCMPYKMUGHI DIUEHHS Ma [HX#CeHepHi Ni0X00Uu BUPOOHUKIE CYOHOBUX
08U2YHIB, a MAKONHC 0coducmutl 00c8i0 — oYU chopmynrbosani 3a2anbHi pekomeHoayii
wooo onmumizayii npoyecie 3MAawjeHHs YUIIHOPONOPUIHEBOT epynu ma Memoou
supiuents yux npooiem.

Kntrouoei cnosa: emynxa yuninopa;, Macmuio, cyOHO8I 08USYHU.

Introduction. The new systems have been designed on marine engines cylinder liner
lubricants from different manufacturers in order to minimize oil consumption, decrease
level of wear and damage to marine engines and reduce the economic losses of the ship-
owners. The following well-known leading manufacturers such as Wirtsild RPLS;
MAN B&W LUBECS; Hans Jansen are involved in the production of these systems
concerned in this paper.
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Most of the projects and technical improvements in cylinder systems lubricants may
be determined as the following: saving cylinder oil; reduction of wear of cylinder liners;
reducing the risk of cold corrosion of cylinder liners; maximum possible operating time
in “Slow steaming” mode and “Extra Slow steaming” (mode of long-term operation
of ship engines on low loads 50% MCR and ultra-low loads from 10% to 50% MCR).

Modern operating conditions of ship engines require highly qualified and experi-
enced engineering staff who are ready to respond to any deficiency or trouble-shoot-
ing matter. If problems arise during operation with the condition of the cylinder-piston
group, the manufacturer should be aware of the problems concerned with his products in
order to take all possible measures and actions to prevent and stop the process of dete-
rioration of the engine condition.

The present work makes ample use of the maritime experience and test trials con-
ducted on board of M/V “Primerose” and APL “Salalah”. The results of this practical
research were systematized and clearly illustrated in the figures given in the previously
published scientific work [23]. The theoretical background and practical references to
manuals for engine room department were widely used while preparing this paper. The
results of this research will be useful for training and upgrading the knowledge of future
and active marine engineers.

1. Analysis of modern cylinder lubrication systems for marine diesel engines be
Wirtsilda RPLS, MAN B&W LUBECS and Hans Jansen.

1.1 The main design solutions developed by Wirtsild regarding the lubrication
of the cylinder-piston group of diesel engines come down to the following points.

The RPLS system for supplying cylinder oil through high pressure quills (non-return
valves) is shown in Figure 1 [24, 25] and includes a separate hydraulic oil system to
operate the hydraulic actuator using a solenoid valve (Figure 2) [24, 25].

0)

Fig. 1. System for supplying cylinder oil to parts of the Wiirtsild cylinder-piston group:
a) general layout of the system; b) installation diagram on a diesel engine

In addition, the RPLS system includes system for determining the position

of the engine crankshaft and injecting oil at exactly specified moment considering
the crankshaft speed, load and a given feed (set by the processor).
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Fig. 2. Functional structure of the hydraulic oil system

1.2 Engineering and design solutions from MAN B&W LUBECS.

The LUBECS system developed by MAN B&W supplies cylinder oil through
non-return valves under high pressure by injecting at each control point with plungers
driven by hydraulic oil from a signal solenoid valve to a cylinder lubricator installed on
each cylinder.

The cylinder lubricator is industrially installed on the hydraulic cylinder control unit
(HCU) which does not require a separate control and monitoring system (additional
processors) and is built into the main control panel system (MOP). The MAN B&W
hydraulic control unit is shown in Figure 3 [8].

Fuel Oil Exhaust Valve

Pressure Actuator
booster

\

\ Accumulator

Overflow pipe —
FIVA valve
Ball Valve

Distribution Block -~ ] =
Cylinder Lubricator

Fig. 3. Complete set of hydraulic control unit for cylinder lubrication system LUBECS
from MAN B&W

Oil is supplied to the diesel cylinder by a lubricator the diagram of which is shown
in Figure 4 [3].
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Fig. 4. Lubricator for lubrication system LUBECS from MAN B&W

1.3. Engineering and design solutions from Hans Jensen

This system was tested by one of the container shipping companies. According to
the agreement with the shipowner, the functional components of this system have been
installed on new ships since summer 2014.

The Hans Jensen lubrication system traditionally supplies cylinder oil through
non-return valves under high pressure, while the cylinder oil is supplied to the space
above the piston but not to the piston rings, up to the cylinder liners with swirling cyl-
inder oil flows (SWIRL principle). The Hans Jensen lubricator is shown in Figure 5 [4].

Fig. 5. Lubricator from Hans Jensen

2. Analysis of general solutions in the cylinder liners Iubrication.

Currently, leading manufacturers of marine engines are intensively developing
lubrication systems for cylinder-piston groups largely based on their engineering inno-
vations considering the experience of operating marine diesel engines in marine con-
ditions. Systems for monitoring and adjusting the cylinder oil supply are constantly
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and regularly updated (via software) and the companies constantly monitor compliance
with these requirements.

Analysis of cylinder lubrication systems by Wairtsild (RPLS), MAN B&W
(LUBECS), Hans Jensen gives the opportunity to witness the progress of engineering
concept of system developed and resorts to identifying common solutions and trends in
systems:

— installation of non-return valves before inlet of cylinder oil to the cylinder;

— use of a hydraulic drive system (hydraulic actuator) of dosing pumps (Lubricators
Hydraulic Units);

— ensuring accurate injection of cylinder oil into exactly specified torque by the Cen-
tral Processor (Controller) considering the speed, engine load and the amount of oil
designated for each system (mandatory includes a crankshaft position sensor);

— ensuring cylinder oil savings by skipping piston strokes (except for Hans Jensen
systems under development).

3. Analysis of peculiarities and principles in providing lubrication of cylinder-piston
elements group.

3.1 Wartsila (RPLS) strategy

The RPLS cylinder lubrication system developed by Wirtsild solves the following
problems:

— injection direction control;

— injection of cylinder oil at precisely specified time by processor considering
the position of the cylinder rings at the ratio: 40% — top rings; 40% — bottom rings
and 20% piston skirt.

The direction of cylinder oil injection is demonstrated in Figure 6. Savings are
achieved by skipping piston strokes. According to tests on a steamship the description
does not register more than 6 piston strokes in case of light loads, that is the established
minimum consumption g/(gKWh) per number of piston strokes (mandatory injection).
The minimum declared cylinder oil consumption is 0.8 g/(gKWh).

Fig. 6. RPLS cylinder oil injection direction
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3.2 MAN B&W strategy

The LUBECS cylinder lubrication system developed by MAN B&W as well as
Wirtsild solves the same problems in a similar way: injection of cylinder oil at exactly
specified time by the processor without precise distribution to the upper and lower rings
of the piston. The injection direction is shown in Figure 7 [3].

Savings are achieved by skipping piston strokes (no more than 12 piston strokes in
case of light loads, i.e. the established minimum flow rate g/(kWh) which is mandatory
injection). The minimum declared cylinder oil consumption is 0.6 g/(KWh).

A\
4

Cylinder liner

Fig. 7. Cylinder oil injection direction of the LUBECS system

3.3 Hans Jensen strategy

Hans Jensen's latest cylinder lubrication system developed and tested in 2013
and launched in 2014 runs different route in providing cylinder liner lubrication. The basic
principle is that cylinder oil injection occurs at each stroke of the piston and cylinder oil
flows above the piston onto the cylinder liner with swirling flow of the injected cylin-
der oil (SWIRL principle) using non-return valves under high pressure hydraulic system
and additional air charge impulse. The injection direction is presented in Figure 8.

High pressure SIP-valves.

Ensures even distribution of
cylinder oil on the upper part
of the liner.

Fig. 8. Hans Jensen cylinder oil injection direction

Figure 9 shows the surface covered with an oil film on traditional cylinder lubrica-
tion system, and in Figure 10 from Hans Jensen.
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" High pressure SIP-valves.

Ensures even distribution of
eylinder oil on the upper part
of the liner.

Fig. 9. Surface covered by Fig. 10. Surface covered by
an oil film on a traditional  an oil film on the system Hans
cylinder lubrication system  Jensen cylinder lubricant

The declared cylinder oil consumption is shown in Figure 11 according to the results
of tests on the M/V "Primrose" and one has to admit that comparison was made with
the old mechanical lubricator system.

Main Engine Type’ 12RTA84C

yimader LO consumption
ABIC-UG (MCRGG120PSX 102¢pin)
At g 0

M/V "Primrose”

« M/E

+ H.J SIP installation

» Consumption before
+ Consumption after

= 0,530kWh

= (,392/BHPh

1,4g/BHPh
0,69/ BHPh

Fig. 11. Cylinder oil consumption during test trials of the m/v "Primrose"

4. “Slow steaming” mode (long-term operation mode at low load of marine engines)
and recommendations from manufacturers Wértsild and MAN B&W.

Due to economic reasons marine engine manufacturers are aimed at achieving trou-
ble-free operation under (50% MCR) and ultra-light (<50% MCR) load operating condi-
tions of marine engines to reduce fuel consumption and maximum decrease of the cylin-
der oil consumption.

Low load conditions on WARTSILA engines led to the following problems of the cylin-
der-piston group:

— cold corrosion of cylinder liners;

— increased wear of cylinder liners and damage to cylinder rings; unfortunately,
it should be noted that the loss of one bushing on this engine has its own feature — in
the event of failure to replace the problematic cylinder liners being detected in time
leads to the loss of half of the engine cylinder liners (as there is not enough time for
replacement due to the ship’s schedule or any other reasons).

An example of damage to cylinder rings on 12RT-Flex 96C engine is shown in
Figure 12.
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Fig. 12. Example of damage to cylinder rings on an engine

Wairtsild currently makes the following recommendations to solve these problems:

— continuous inspections of piston rings and cylinder liners;

— at least once every three days increasing the load to 70% MCR and more, for
a period of one-two hours to get rid of solid deposits and unburned fuel residues will be
carried out (the load should be increased gradually);

— replacement of the cylinder lubrication system with an RPLS system;

— installation of the MAPEX system (Monitoring & Maintenance, Performance,
Enhancement with Expert Knowledge).

The MAPEX system determines in real time:

a) Monitoring the stability of the cylinder oil film cylinder liners.

b) Alarm activation in case of local overheating of the cylinder liners.

¢) Monitoring of cooling water temperature and alarm activation in case of parame-
ters exceeding the set modes.

d) Informing in case of failure of one or more injectors.

e) Monitoring the temperature of the air charge and signaling in case of exit from
the established modes.

Figure 13 shows examples of real-time temperature readings for cylinder liners,
cooling water and air charge.

# ~alDi]
[ - trreratires e pask 10§ x e

la.
e
1=

Lines'Wall Temp [C]
Fows
e 1
Cpbrdes 2 |7
Chraten 3
Citrien &
Circien &
Colrcten &
Cieder 7
Ctresm s
Cylerden 5
Cpedto B 8
LT R

T3
TR,

W
1

Fig. 13. Example of temperature readings of cylinder liners, cooling water,
air charge in real time of the MAPEX system
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Figure 14 shows examples of notifications about parameters of the MAPEX system
going beyond acceptable limits.
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Fig. 14. Example of signaling in the MAPEX system

Problems considered in light load modes of marine diesel engines identified by
MAN B&W:

— cold corrosion of cylinder liners (especially long-stroke engines)

Figure 15 [1] shows an example of cold corrosion of cylinder liner on SSOME-B9.2 engine.

-

S S .
e X
4

Fig. 15. Example of cold corrosion of an engine cylinder liner

— partial removal of metal in the locks and damage to the piston rings and damage
to the cylinder rings.
Figure16 shows an example of cylinder ring damage on an SSOME-C9 engine.

Fig. 16. An example of damage to cylinder rings on an SSOME-C9 engine
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According to service bulletins and operating experience of MAN B&W engines,
the following recommendations have been suggested:

— continuous inspections of piston rings and cylinder liners;

— atleast once every two days increase the load to 50% MCR and more, for a period
of one-two hours to get rid of solid deposits and unburned fuel residues should be car-
ried out (the load has to be increased gradually, an example is shown in Figure 17);

— replacement of cylinder lubrication systems with LUBECS system;

— pay special attention to the adaptive cylinder oil control (ACC) factor in settings
and adjustments of the supply of cylinder oil to the cylinder liners. The ratio of the metal
coefficient and base number (BN) in the analysis of oil taken from the underside piston
space. Figure 18 [10] shows the dependence of the metal level on BN and the recom-
mended safe work zones according to the analysis readings.

Manual load-up procedure
Load up, 10 — 40% load 30 minutes
Load up, 40 —» 75% load | 60 minutes (SLOS-501)

Fig. 17. Recommended loading time characteristics

Iron (Fe) total [mg/kg]
500

400 Danger — Do not operate in this area Cat fineg

300
Alert area — Adjustment of feed rate may be needed

200

100

BN [mgKOH/g]

Fig. 18. Dependence of the metal level on BN and recommended safe work zones
based on analysis readings taken in the underside piston spaces

Recommended oil consumption is calculated using the formula:
ACC x S=FR

where: ACC — 0.2-0.35 — is set experimentally after determining the metal coefficient
and BN in the analysis of oil taken from the underside piston space; S-sulfur (the amount
of sulfur in the fuel %); FR — feed rate (recommended oil consumption g/(KWh)).

At the same time, it must be considered that the recommended oil consumption
should not be lower than 0.6 g/(KWh) (the LUBECS system will automatically set
the consumption to at least 0.6 g/(KWh)).
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It should be noted that the manufacturer MAN B&W recommends changing the cyl-
inder lubricant to a TBN factor of 100 for long-stroke engines.

In order to combat cold corrosion of cylinder liners MAN B&W has developed a new
cooling system for cylinder liners.

It is a 4-pipe cooling system for cylinder liners (G-type engines and future gen-
erations Mark 9). Figure 19 [1] shows the general layout of the new cooling system
installed on the engine.

The system consists of two additional cooling water pipes along the entire engine
and additional pump and control valve that controls the sleeve cooling water tempera-
ture reaching 120°C and maintaining the temperature of the cylinder cover and exhaust
valve at 80-90°C. The high temperature of the cylinder liner is maintained only in low
load modes of the marine engine.

Cylinder cover outlet

Cylinder cover inlet 80 degrees

Two new cooling

water main pipes
Variable
temperature:
Up to 120°C

" Cylinder liner
cooling jacket:
KF material

_ | O-rings: Peroxide

= | cured

Cylinder liner outlet

Cylinder liner inlet

Fig. 19. General layout of new MAN B&W cooling system

Conclusion. General recommendations for optimizing processes of lubrication
of the cylinder-piston group of marine diesel engines. Having analyzed all the design
solutions and engineering approaches of marine engine manufacturers, general recom-
mendations for optimizing the lubrication processes of the cylinder-piston group may
be defined as the following:

— continuous inspection of cylinder rings and cylinder liners;

— increase in the operating temperature of the cooling water behind the jacket space
by 5-10°C of cylinder liners (within the limits allowed by the manufacturer);

— at least once every two days increasing the load to 50% MCR (70% MCR)
and more, for a period of one-two hours to get rid of unburnt fuel residues (the load
increase should be done gradually);

— constant control over the amount of cylinder oil supply when switching to fuels
with different sulfur content. Adjustment should be carried out from a higher feed rate
to a smaller one gradually with constant inspections of cylinder rings and cylinder lin-
ers and on the basis of an oil analysis in the piston underside space (MAN B&W) or
MAPEX (Wirtsild);
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— quality control of fuel atomization (injectors);

— control of load distribution across cylinders.

Modern operating conditions of ship engines require highly qualified and experienced
engineering teams. If problems arise during operation with the condition of the cylin-
der-piston group, the Chief Engineer is obliged to inform the manufacturer immediately
and take all possible measures and actions to prevent and stop the process of deterio-
ration of the engine condition, with regard to the recommendations of manufacturing
companies as well as personal experience.

If damage to the cylinder rings is detected on one of the cylinders or the automatic
system turns off the fuel supply to one of the cylinders (for example, on RT-flex engine,
when the sensor for the amount of fuel supplied to the cylinder is jammed, the automatic
system turns off the fuel supply completely to this cylinder), maximum engine load
should be immediately limited on MAN B&W engines to 55% MCR, RT-flex (Wirtsild)
to 70% MCR until the problem is resolved. Mind that pirate navigation areas require
an increase in the ship’s speed or poor navigation conditions in the navigation area
cannot guarantee compliance with these recommendations and, therefore, the experi-
ence and qualifications of the Chief Engineer in these difficult conditions will play a
decisive role.
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Anomauisn

Bemyn. Micovxuil 2pomadcokuti mpancnopm € 00HUM 3 YUHHUKIE NOWUPEHHS THDeK-
YIIHUX 3aX680PI06ANb 3A60AKU Oe3n0CcepeOHiM KOHMAKMAM NACANCUpie 00Ul 3 0OHUM
nio uac noizoku @ oomedxceHomy npocmopi. Ilpaenyuu 3uuzumu pusuxu 3axe0pr06anHs
HacenenHs micm nio wac ceimogoi nandemii koporasipycy Covid-19, onepamopu mico-
KUX NACANCUPCOKUX Nepese3etb | Micyesa 61a0a 3aCmoco8y8any HU3Ky 0omedlceHs 0
KOpUCMy8auie epomMadcbKo20 mpaHcnopmy — 6i0 0OMelCeHHs. KilbKOCMI NaAcaxicupie y
Canoni MpaHcnOpmMHuUX 3acodie 00 NOGHO2O NPUNUHENHA nocaye. Bmim, na doanuil uac
gIOCymui 0OTPpYHMOSAHI NiOX00U WOO00 eheKMUBHOCMI 3ACMOCY8AHHL MAKUX 0bMe-
acenv. Mema. Memoro cmammi € 00CniOdNCeH s Ma CMAMUCIMUYHULL AHATI3 Mepedic
KOHMAKMi6 NACANCUPIE 2DOMAOCHKO20 MPAHCHOPIY Y MICMAax 3 no3uyitl meopii ckaao-
HUX MepedC y KOHMeEKCMi MONCIUBO20 NOUWUPEHH THpeKyiliHuX 3ax60piogats. Pe3yb-
mamu. Peticosi mepesci KoHmaxKmie nacaxicupie Micbko2o 2pomadCcbKo20 MmpaHCcnopmy
Modicymy 6ymu nodyoo8ami 3a GI0OMUMU 3HAYEHHAMU eNeMEeHMI8 MAMPUyb Mixc3y-
NUHKOBUX NACANCUPCLKUX KOPECNOHOEHYIU, K MOJICYMb Oymu OMmpumani 3a pe3)ib-
mamamu  00CMedNCeHHsT NACANCUPCOKUX NOMOKIe. Cmamucmuunuil auaniz mepeic
KOHMAKMi6 Nacaicupis, GUKOHAHUL 051 YOMUPbOX MAPUPYmMie MiCbK020 epOMAACHKO-
20 mpancnopmy micma 3anopisxcocs (Yxpaina), nokazas, wo 6onu GuUAGIAIOMb 61AC-
mugocmi mepedxc «micnoeo ceimyy Bomca-Cmpoeaya. Ilpu ybomy cepedns Kinbkicme
KOHMAKmMi6 nacajicupa 3 iHWumMu naca)cupamu nio yac noizoxu JiHiuHo 3pocmae 3i
3POCAHHAM NACAACUPOMICIKOCIT PYXOMO20 CKIAdY, 00CA2i6 nepege3eHb nacaxicupis

© Kysbkin O.®., Paiina I.M., Tepemenko E.B., 2025
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3a petic ma NOKA3HUKIG 3MIHI0BAHOCMI nacaxcupie na mapupymi. Bucnoeku. Buseneni
B1ACMUBOCII MEPENC KOHMAKMIB NACANCUPIE HA MICOKOMY 2POMAOCHLKOMY MPAHCNOPMI
0aromsb MONCIUBICIb 3ACOCY8AMU 00 HUX PAHiule OMPUMAHI pe3yIbmamu uooo mexa-
HIZMI8 NOWUPEH S THHEKYITIHUX 3aX80PIOBAHb ) MEPeNCax «micho2o ceimyy. Ompumani
3ANeAHCHOCMI CepeOHbOI KiTbKOCI KOHMAKMIB NACadiCupie 00Ul 3 00HUM Nid Yac noizo-
KU MOACYMb OVMU GUKOPUCMAHT 0151 OOIPYHMYBAHHS 3ANPOBAOINCEHHS 0OMEINCYBATbHUX
3ax0016 w000 KOPUCTIYBAHHSL MICOKUM 2POMAOCHKUM MPAHCIOPMOM ma iX epexmus-
HOCMI Ni0 Yac cnanaxy iHeKyiHux 3ax60po8aHb.

Kniouosi cnosa: micoxkuii epomadcoikuti mpancnopm, iHgexyitine 3ax80pio8anHsl,
Mepedtca KOHMAaKmie nacaxicupie, CKaaoHi mMepedici.
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Summary

Introduction. Urban public transport is considered as one of the key factors of
the spreading of infectious diseases due to the direct interaction of passengers with
each other during trips in a confined space. Trying to reduce the risk of disease
among the urban population during the global pandemic of the Covid-19 coronavirus,
urban passenger transport operators and local authorities have applied a number
of restrictions for public transport users — from limiting the number of passengers
in the vehicle to completely suspending services. However, currently, there are no
substantiated approaches to the effectiveness of applying such restrictions. Purpose.
The purpose of the article is to study and statistically analyze the encounter networks
of public transport passengers in cities from the perspective of the complex networks
theory in the context of the possible spread of infectious diseases. Results. Passenger
encounter networks of urban public transport can be constructed using known values
of the trip O-D matrix elements, which can be obtained from the results of passenger
flow surveys. Statistical analysis of passenger encounter networks performed for four
urban public transport routes in Zaporizhzhia city (Ukraine) showed that they exhibit
the properties of Watts-Strogatz “small-world” networks. At the same time, the average
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number of passenger encounters with other passengers during a trip increases linearly
with the increase in passenger capacity of transit vehicles, passenger transportation
volumes per trip, and passenger variability indicators on the route. Conclusions. The
revealed properties of passenger encounter networks on urban public transport make it
possible to apply to them previously obtained results on the mechanisms of the infectious
diseases spread in “small-world” networks. The obtained dependences of the average
number of passenger encounters with each other during a trip can be used to justify the
introduction of restrictive measures regarding the use of urban public transport and
their effectiveness during an outbreak of infectious diseases.

Key words: urban public transport, infectious disease, passenger encounter network,
complex networks.

Beryn. MacoBwuii rpoMaichbKuil TPaHCIIOPT OYB 1 3aIMIIAETHCS OCHOBHIM CIIOCOO0M
3a0e3rnedeHHs] MOOLTBHOCTI HACEIEHHS y MiCTax Oe3BIIHOCHO JI0 PiBHS JIOXO/IB rpoMa-
JISTH, 1X BIKY Ta cTaTi, (PI3MIHAX MOXKIIMBOCTEH Y1 HAsSIBHOCTI TIpaBa yIpaBJsITH MPUBAT-
HUM aBTOMOOLIeM. KOHIIeNIisl MAaCOBUX MEPEBE3CHb JIIOICH, pealli3oBaHa y TEXHOJIOTIT
POOOTH TPOMaJCHEKOTO TPAHCIIOPTY, Nepeadadae TPaHCIIOPTYBAHHS BEIHMKOI KUTBKOCTI
JONEH Yy PyXOMOMY CKJIaJIi BEJMKOI MacaXKMPOMICTKOCTI 3 JIOTPUMAaHHIM MPHUHHATHHX
yMOB KOM(DOpTabenbHOCTI MepeBe3eHb, Mo 3abe3neuye HEeBHCOKHH PiBeHb BapTOCTI
MTOCIIYT JUTsl OKPEMOTO TMaca)kupa, BIJTHOCHO MaJInii BHECOK IPOMAJICBKOTO TPAHCIIOPTY
y 3aBaHTAKEHHSI MiCbKUX BYJIHIIb 1 AOPIT Ta 3a0py/IHEHHS HABKOJIMITHHOTO CEPEIOBHIIA.
OpHak, mij 4ac crajaxy emiJIeMiYHUX 3aXBOPIOBaHb TaKa KOHIICIIIiS I'POMaJIChKOIO
TPAHCIOPTY CTa€ HOTO HEJOJIIKOM, CIIPHUSIOUM MOMIMPEHHIO THQEKIiNH cepe nacaxu-
piB [1]. 3Baxkaroun Ha CyTTEBY OOMEKEHICTh, @ HEPIAKO 1 HEMOXJINBICTh MOCTIHHUX
KOPHCTYBauiB IPOMaJICHKOTO TPAHCIIOPTY OOMpaTH 1HIIHUIA croci0 mepecyBaHHs y MICTi
y pa3i 00MeKeHHs a00 MPUITMHEHHS HOro poOOTH, 3a1a4a opraHisailii poOoTH MacoBOIro
MICBKOTO MACAXKHPCHKOTO TPAHCIIOPTY IiJ] Yac MaHJeMill € aKTyaJIbHOIO 1 1€ SICKPaBO
3acBiJ[UWIIa HEIIOIABHS CBITOBA MaHaeMist koponasipycy Covid-19.

IMocranoBka npodsaemu. [lanaemist koponasipycy Covid-19 nocraBuiia nepes Hay-
KOBIISIMU HU3KY IIUTaHb y 0aratbox cdepax JoAChKOT AisUTBHOCTI, 1 TPAHCTIOPT Y LLOMY
CeHCI He cTaB BUKIIOYEHHSIM. OCHOBHOI0 (DYHKIIIEI0 MiCHKOTO TPOMaJICBKOTO TpaH-
CIOPTY SIKUI € HEeBIJ €MHOIO CKJIaJI0BOI 1H(DPACTPYKTypU CYy4acHOIo Micra, € 3a0e3-
NeueHHs1 MoTped HaceleHHs y mnepecyBaHHsX. OJHAK, B yMOBaxX BUHHKHEHHS eITijie-
MIYHUX 3arpo3, MiCbKUH MacOBHH MAacaXUPCHKHH TPAHCIIOPT MOXKE PO3MIISAATHCH SIK
OJIMH 3 KJIFOYOBUX YMHHHKIB, IO CIPHSIOTH MOMUPEHHIO 1HQEKIIHHIX 3aXBOPIOBAHb
[2]. Ha croromni HE MOYKHA OJJHO3HAYHO CTBEPIKYBATH, IO CHCTEMA MICHKOTO TPOMa/I-
CHKOTO TPAHCIIOPTY € OCHOBHUM (DAKTOPOM PO3MOBCIOIKCHHS €ITiIeMiYHOT HeOe3eKH,
BTIM OCOOJIMBOCTI TEXHOJIOTIYHOTO TPOIIeCy HOro poOOTH — HAKOTIMYCHHS MaCaKUPiB
Ha 3yNWHKaX, CHUIbHE BHUKOPUCTAHHS BEIMKOI KUIBKICTIO Maca)XXHpiB OOMEKEHOTO
MIPOCTOPY Ta IUIOII PyXOMOTO CKJIay MacaKUPCHKOTO TPAHCIIOPTY IIiJ] 9ac MOi3/KH, —
CTBOPIOIOTH NIEPEIlyMOBH ISl PO3IIOBCIO/PKEHHS BIDYCHHX 1H(EKIIIH, SIKi epealoThes
BiJl XBOPOI JIO 370pOBOI JIFOMUHHU OE3M0CEPEAHBO (ITOBITPSIHO-KPAIICIBHUM IILJISIXOM)
a00 orocepeIKoBaHO (Yepe3 KOHTAKTHI MOBEPXHI).

Ha cryminp pu3uKy nepenadi 3aXBOPIOBaHHsI TPH KOPUCTYBaHHI TPOMAJICBKUM
TPAHCIIOPTOM MOTEHIIIHHO BIUIMBAE HU3KA (DAKTOPIB, TAKUX SK MACAKUPOMICTKICTD
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PYXOMOTO CKJaJly Ta CTYMiHb 1I BUKOPHCTAaHHS, 3aKOHOMIPHOCTi OOCSITIB Macaxupo-
0oOMiHY Ha 3yIUHKax, TPUBAIICTH IepeOyBaHHs MACKUPIB Ha 3yIIMHKAX B OYiKYBaHHI
TPAHCIOPTY Ta y TPAHCIOPTHUX 3ac00ax Iij 4ac IMOI3/IKH, MPOCTOpOBa Ta 00’€MHa
HIJTBHICTh MACAXKHUPIB y CallOHI TPAHCHOPTHOTO 3ac00y, KUIBKICTh 1 XapaKTepUCTUKU
KOHTaKTHUX TIOBEPXOHb CAJIOHY (TIACAKUPCHKUX JIBEPEH, MOPYUHIB, JIIOKIB) TOI10. Kpim
TOTO, CTPYKTYpa MapIIpyTHOT MEpPeXi TAKOXK MOXKE BILUTMBATH Ha MIPOIIECH ITEPEIaBaHHS
3axBOprOBaHHSA [3].

OCKIJTbKY MEXaHi3M NIepeiaBaHHs BIpyCHHUX 1H(EKIIIH Bl XBOPOT JIFOAUHH JI0 370PO-
BOI IIPH KOPUCTYBaHHI IPOMaJICEKUM TPAaHCIIOPTOM Tiependavae ix OesnocepeHiit abo
OTIOCEePEIKOBaHMI KOHTAKT, MOCTAE 3aJladya BCTAHOBJICHHS 3aKOHOMIPHOCTEH BWHHK-
HEHHS TAKUX KOHTAKTIB, X BILTMBY Ha MOTEHIIHHIA PU3HK PO3TOBCIO/KEHHS TH(EKIIIN
Ta 3aXBOPIOBAHHS MACAKUPIB, & TAKOXK OIIHKK €(PEeKTHBHOCTI BUKOPUCTAHHS OpraHi3a-
[[IHHO-TEXHOJIOTTYHUX 3aXO/IiB, SIKI MOXKYTh OyTH 3aCTOCOBaHI Ha TPOMaJICbKOMY TpaH-
CTIOPTi, IIO/I0 CTYINEHS [[LOTO PU3HKY TI1JI Yac Criayiaxy eriieMiuHuX HeOe3IeK.

AHaji3 ocTraHHiX gochaimkeHb i myOaikaniii. CBiToBa mHaHIeMis KOpOHaBIpycCy
Covid-19 Ta iforo BaykKKi HACTIJIKM Ha IOYATKy PO3MOBCIOMKEHHS iH(QEKIiT BUMYCHIN
OTIepaToOPiB TPOMAJICEKOTO TPAHCIIOPTY Y MICTax pearyBaTd Ha HOBI BUKJIMKU 3 METOIO
BUPIIICHHS OCHOBHOTO 3aBJIaHHsI — 3MEHIIICHHS MOTCHIIIHOI eniIeMiuyHO0i HeOe3MeKU
JUTSL TIACAXKUPIB TIPU KOPHCTYBAaHHI MICBKMM MAaCOBHMM IacaKUPCHKUM TPAaHCIOPTOM.
Ha npakrtuiii jy1s BUpPIIIEHHS 1[bOTO 3aBJaHHS BXHBAJIUCh Pi3HOMAHITHI 3aXO/H, TakKi
SIK: 000B’I3KOBE HOCIHHS 3aCO0IB 1HMBIIyaJIbHOTO 3aXKMCTy (3aXMCHUX MACOK) ITiJ] 4ac
nepeOyBaHHs Y CaJIOHI TPAHCIIOPTHUX 3ac001B; 3a0€3MeUeHHs IEBHOTO PiBHS COLialib-
HOTO JIMCTAHIIFOBAHHS Y CaJIOHI TPAHCTIOPTHOTO 3aCO0y Ta Ha OOMEXESHHUX ILIOIIaX 1H(-
PacTpyKTypH IPOMajICHKOTO TPAHCIIOPTY (3yNHHKAaX, TepMiHaJIaX, TPAHCIIOPTHO-TIepe-
CaQ/IKOBHX BY3JIaX); PETYIsipHa caHiTapHa 00poOKa BHYTPIIIHIX MMOBEPXOHB PYyXOMOTO
CKJIaJly TPOMaJICKKOTO TPAHCIIOPTY; KOHTPOJIb Ta BUSBICHHS O3HAK 3aXBOPIOBAHHS TIi]T
Yac JOCTYIY JI0 PYXOMOTO CKJIaay Ta 00’€KTiB iHPPaACTPYKTypu TPOMaJICHKOTO TpaH-
CTIOPTY TOIIO.

[HmuBiTyanbHI 3aXMCHI MACKU BUKOPHCTOBYBAIMCH Maiike BCIOMIM 1 TIOKa3ajM 3Ha-
yHy e()eKTUBHICTh. J{OCHIKeHHS MOKa3ad, 110 el HaWPOCTIIIHMNA CroCi0 3aXUCTy
BiJI IPSIMOTO TOTPAILISTHHS BipyCy BiJl XBOPOi JI0 3I0POBOT JIFOMUHH TO3BOJISIE 3HU3ZUTH
MOTEHIIHHUN PU3KK 3aXBOPIOBaHHs OUIbII HiXK Ha 90% [4].

Konuernirist pi3u4HOTO AMCTAHIIIOBAHHS CTaja OJHUM 3 HAWIOIIHUPEHIINX Hedap-
MAaICBTUYHMX 3aXOJiB, sIKi OyJM 3aCTOCOBaHI JiIsl 3a1100iraHHsl NepeaBaHHI0 KOPOHa-
Bipycy Covid-19. BcecBiTHs opraHi3allisi OXOPOHHU 3JI0POB’sl PEKOMEH/IyBajla YHUKATH
CKYITYCHHSI JIFOJICH 1 TICHOTO KOHTaKTY, TPUMAaTH (i3UdHy TUCTAHIIII0 NpUHaliMHi | MeTp
BiJl 1HIIIMX, HABITh SIKIIIO BOHU HE BHUIVISIAIOTh XBOPUMHU [S]. 3 TOUKH 30py MEXaHi3My
nepeaBaHHs iH(EKIIIT, Taki 3aX0/1 BUIVISIIA0Th ¢(DEKTUBHUMHU, aJie BOHU € HalOUIbIII
CKJIaJTHUMHU TS pealtizallii caMe y TpoMaJICbKOMy TPaHCTIOPTi, 00 301IbIICHHS BiICTaHi
(i3UMYHOTO JMCTAHIIIOBAHHS CYTTEBO 3MEHINYE TPOBI3HY CIIPOMOXKHICTH PyXOMOTO
CKJIaJly TPOMAJICBKOTO TPAaHCIOPTY 4epe3 3MEHIIEHHS HOro e(eKTHBHOI Macakupo-
MicTKOCTi. MO)KHA HaBITh CKa3aTH, [0 KOHIICMIIiS (PI3UYHOTO JUCTAHIIFOBAHHS TPSIMO
CyIIepeynTh caMiii KOHIIeMIIii IPOMaIChKOTO TpaHCTIOPTY [6].

OxkpiM 3rajlaHuX BHIIE MIJIXOIB 10 3MEHIIICHHS PU3UKIB PO3IOBCIOIKCHHS 1H(EK-
il y MICBKHX CHCTEMax TPOMAaJICbKOTO TPAHCIOPTY, BHKOPHCTOBYBAJOCh TAKOX
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MPUMTUHEHHS (YHKI[IOHYBaHHS OKPEeMHX MICBKHX MapuipyTiB [7], 3anmpoBajpKeHHS
0OMEKEeHb Ha KUTBKICTh MACaKUPIB, 110 OJHOYACHO MepeOyBar0Th y MACaKHUPCHKUX
TPaAHCIIOPTHUX 3aco0ax [8], BBEJCHHS PIOPUTETIB cepei HACEICHHS 010 TOCTYILY JI0
MOCJIYT MICBKOI'O TPOMAJICHKOTO TPAHCIIOPTY 3 METOK OOMEKEHHS MOTCHIIHHOT KiJlb-
KOCTI MacaKUPiB Ta TPAHCIIOPTHOI PyXJIMBOCTI HaceneHHs [9]. Bei mi 3axomu manu Ha
METi MIHIMI3allil0 PU3UKIB 3aXBOPIOBAHHS y TPOMAJICBKOMY TPAHCIIOPTI 32 YMOBH, IO
TPAHCIOPT € JLKEPETIoM MoAi0HOT HeOe3neku. BTiM, pe3ynsraTu 10CIiKeHb HayKOBIIIB
HE JIAIOTh Mi/ICTaB [T OJHO3HAYHOTO TBEPKEHHS, IO 1Ie HACIIPaB/i TaK.

Tak, y po6oTi [2] rpoMa/icbKuil TPAaHCIIOPT PO3IVISIIAETHCS SIK KaTaji3arop JJsl po3-
MOBCIO/KEHHS 1H(EKIIHHIX 3aXBOPIOBAHb Ta BUCYBA€THCS TBEPKEHHS PO HOTO 3Ha-
YHHUH NOTEHIIIHHKUN BIUTMB HA TIPUCKOPEHHS PO3IIOBCIOKEHHS iIHPEKIIHHNX 3aXBOPIO-
BaHb. AHAJIOTIYHO, Y Po0OTI [7] CTBEP/KYETHCS, 1110 aBTOOYCHA MapIIpyTHA CHCTEMa
Ta 11 XapaKTePUCTUKH BiJIIrPAOTh CYTTEBY POJIb B MPOIEC] MOMUPEHHS iHPEKIIHHNX
3aXBOPIOBaHb. Y po0OTI K [4] HAYKOBIII BBKAIOTh MICHKHI TPOMAJICHKHI TPAHCIIOPT
HAHOLIBIT KpUTHYHUM (PaKTOPOM Y MEXaHi3Mi MOIMUpPEHHs iHPEKIIT cepe/] HaCeNCHHSI.

BriM, icHYIOTB # 1HIII JYMKH CTOCOBHO POJi I'POMaJICBKOTO TPAHCIIOPTY B PO3IO-
BCIOJDKCHHI emifieMiuHol 3arpo3u. [laHi fociipkeHs, HaBeeHi y poOoTi [3], cBiguaTh
PO Te, MI0 TOI3AKK B TPOMAJICHKOMY TPAHCIIOPTi HE € OCHOBHUMHY NMPUYHNHAMH 3aXBO-
PIOBaHHS JJIsl ACAXKHPIB, TIPH IIbOMY YacTKa BHIIAJIKIB 3aXBOPIOBAHb Y TPOMaJICBKOMY
TpaHcropti He mepesuinye 18% Bin ix 3aranbHOro MacuBy. PesynabraTu, HaBelIeHI
y pobori [10], moka3zanu, Mo MiCbKHA TPOMAJICHKHI TPAHCIIOPT BUSIBUBCS HABITh Bijl-
HOCHO O€3MEeYHUM CEepEeIOBHIICM JUTS TTACAKHUPIB 1 HE CTaB MPUYHHOIO 3aXBOPIOBAHHS
OCHOBHOI MacCH HacCEeJIECHHS.

TakuM 4MHOM, POJb TPOMAJCHKOIO TPAHCIIOPTY Y PO3MOBCIOKEHHI HEOE3MEUHNX
SHiIEMIYHUX 3aXBOPIOBaHb 3AJIMIIAETHCS JIO KIHIISI HE 3’5COBaHOK. BTiM, sk TIOKa3aB
ypok manjemii kopoHasipycy Covid-19, Micbkuii TpOMaIChKHI TPAHCIIOPTY CTUKHYBCS
3 BIJICYTHICTIO JII€BUX Ta HAyKOBO OOIPYHTOBAHMX TONITHK 1 3aXOJIB MPOTHIIT MOXKITH-
BOMY PO3MOBCIO/DKEHHIO BipyCHUX 1H(DEKIIIH y pa3i BAHUKHEHHS MaHIeMiil, 0cOOIMBO
Ha iX MOYaTKOBiM cTajii. Buxoasuu 3 1[b0ro, AOCTIKCHHS 3 aHAI3y 3aX0JIiB MPOTUIIT
MOTEHIIHHOMY TIOMIMPEHHIO 1H(EKIIHHIX 3aXBOPIOBAHb Ha TPOMaJICEKOMY TPaHCIIOPTI
ITij] 9ac panToOBOr0 BUHUKHEHHS CIiJIeMill Ta MaHJeMil, a TAKOK BU3HAYCHHS CTYIICHS
e(hEeKTUBHOCTI TaKHUX 3aXOJIIB, € aKTYaJIbHOK HAYKOBOIO 3a/1aucHO.

dopMmyTOBaHHS 1ij1el cTaTTi. METO JO0CHIKSHHS € pOo3po0Ka IMiIX0y J10 00Y-
JIOBU MEPEXK KOHTAKTIB MacakupiB Ha MiCbKOMY IPOMaJICbKOMY TPaHCIIOPTi Ha ITiJICTaBi
pe3ysbTaTiB 00CTEIKEHHS TACAKUPChKUX MMOTOKIB Ta 3MICTOBHUN CTAaTUCTUYHUIN aHAJII3
TaKUX MEpPEeX, OTPHUMAHHUX EMITIPHYHUM MIJISIXOM, METOJIAMH TeOpil CKIIQJHUX MEpPEex
y KOHTEKCTI PU3HKY 3aXBOPIOBAHHS MMACAKUPIB IMiJl Yac criajaxy BipyCHUX iH(EKIii.

BuknageHHst ocHOBHOro marepiany aociaigxeHHs. Mepe:ka KOHTaKTiB maca-
supiB Ta ii popmyBanusa. Mepexero koHtakTtiB nacaxupis (MKII) rpomascskoro
TPaHCIOPTY Oy/JIeMO Ha3MBAaTH HEOPIEHTOBAHWM HE3BaXKCHHUU Tpad Oe3 meTesb i Kpar-
HUX pebep G = (V,E), MHOXXUHY BEpIIMH SKOTO V yTBOPIOIOTH MAaCaKUpH, SIKi OyiH
NepeBe3eHi MacaKuPChbKUM TPAHCIIOPTHUM MICBKOTO I'POMAJICKKOTO TPAaHCHOPTY Tij
Yyac BUKOHAHHs OCTaHHIM OJIHOTO peiicy Ha JesKoMy MapiipyTi. J[Bi BEpIIMHU TaKoro
rpada OyayTh 3’€lHaHI peOPOM e € E, SKIIO BIMOBIAHA Mapa MacakUpiB Iij yac 31ii-
CHEHHSI MMOT3/IKH OJIHOYACHO TiepedyBaia, Ta, OTKe, Majia BUCOKY iIMOBIPHICTh KOHTAKTY

63



PO3BUTOK TPAHCIIOPTY
Ne 1(24), 2025

OJTUH 3 OJTHUM B CaJIOHI TPAHCIIOPTHOIO 3ac00y. 3p03yMiJio, 110 caM (HaKT 3HAXOPKECHHS
nacakupa B 0JJHOMY TPaHCIIOPTHOMY 3aco0i 3 1HIIUMH MMacaXUpaMu IIiJ 4ac MOI3AKU
1ie He O3HA4Ya€ y HACIHiJKy HOTo 3aXBOPIOBAHHS, OCKUIbKMA Ha TMPOIEC MepelaBaHHs
iH(EeKIIT BIJIMBaE HU3KAa HEBU3HAYCHUX (DAKTOPIB, TAKHUX SK: CIIPUHHSITIMBICTh Maca-
JKUPA 110 3aXBOPIOBaHHSI, (PAaKTUYHUN CTaH 3/J0POB’s IHIINX MMACAXUPIB, TUCTAHI[IS MK
nacaKupamu y cajoHi, BAKOPHCTaHHS acaKHUpaMH 3aCO01B 1HIUBITyalIbHOTO 3aXHCTY
TOMIO. AJIE IIJIKOM JIOTTYHUM € MPHITYIICHHS, 10 YUM OUIbIIEC KOHTAKTIB 3 IHIIMMU
nacaKMpamMH Mae MacakKup MiJi 4ac MOi3JKU, TUM BHIIHM € PU3UK HOTO 3aXBOPIOBAHHS
IHQEKIITHUME XBOpoOaMH, SIKi Iepe/latoThCs MOBITPSTHO-KpanieIbHUM a00 KOHTAaKTHUM
HIISIXOM.

[MomiOHuit miaxia 10 (OPMaNBHOIO MPEACTABICHHS MEPEK KOHTAKTIB JIFOICH MIiXk
c00010, B TOMY YHMCIIi TIACaXHUPIB HA MICbKOMY TPOMaJICbKOMY TPaHCIOPTi, HIMPOKO
BUKOPHUCTOBYETHCSI HAYKOBIISIMH, B TOMY YHMCIIi 1y aCTIEKT1 IO CIIKSHHS MPOIECIB IO~
PeHHsI BipyCHUX TH(EKITIN. Y MonepeaHix T0CIiHKEHHX MEPEkKi KOHTAKTIB MacaXHUpiB
B 3aJIS)KHOCTI BiJl METH Ta YMOB BUDILlyBaHHX 33J1a4 BHKOPHCTOBYBAJHCh: CTAaTUYHI
(3 mocTiiHMM HaOOPOM BEpIIMH Ta pedep y vaci) Ta ITMHaMivHi (31 3MiHHUM HaObopoM
BepILUH 1 pedep y yaci), OpieHTOBaHI, HAaMBOPIEHTOBAHI, 3BaYKCHI rpadu Ta MyJIbTH-
rpadu; eneMeHTapHi (110 BiIOMBAIOTh KOHTAKTH MACAXKHUPIB MTPOTATOM OJIHOTO peicy Ha
MICHKOMY MapIpyTi) Ta arperoBati (110 BiIOMBaIOTh KOHTAKTH MACAXHUPIB HA OHOMY
M JICKUILKOX MapuipyTax HpOTSATOM IEBHOTO MPOMIXKKY 4acy). B sikocTi Baru pebpa
y Mepei KOHTaKTIB JIFOAel 3a3BHUail MpUMaeThesi ehEKTUBHUN PIBEHB MEpeIaBaHHs
3axXBOPIOBAaHHS a00 TPHUBAJIICTh OE3MOCEPEAHBOr0 KOHTAKTY [2, 7, 11, 12, 13, 14, 15].
Tak, y poGoti [7] MojentoBaBCs MPOIEC PO3MOBCIOMKCHHS EIiJIEMIYHOI 3arpo3u
3 BUKOPHCTAHHSM JIMHAMIYHOI MEpeXki KOHTaKTiB OKPEMOTo nacaxupa. Y poOoTi [4]
3 BUKOpUCTaHHAM 3BakeH01 MKII MonentoBaBes pouec nepecyBaHHs XBOPOI JIFOAUHU
3 BUKOPHCTAHHSM CHCTEMH MICBKOTO I'POMAJICHKOTO TPAHCIOPTY. 3 BUKOPHCTAHHIM
MAKII y [16] mojaentoBaBcs caM mpoIiec epejiadi 3aXBOPIOBaHHs, a y po0oTi [8] — oii-
HIOBABCSI PH3HK [TOCAJIKU B MACAKUPCHKUAN TPAHCTIOPTHUH 3aCi0 HA OKPEMUX 3yTHHKaX
Ta MOJICITIOBABCSI BIUIMB OKPEMHUX OOMEXKYBAJIBHUX 3aXOJiB Ha TPOMAaJICBKOMY TpaH-
CTIOPTi Ha TIOTCHIIIHE PO3MOBCIOKEHHS XBOPOOH.

Buxinnoto indopmariero st mooymnosu MKII cirykuth peficoBa MaTpHIist MixK3yTTHH-
KOBHX Macakupchkux kopecrnonzaeHmiii (MMIIK) X = {x;;} (i,j = 0,n), ne n — KiJIBbKICTh
3ynuHOK Ha MapuipyTi. Enementn MMIIK x;; moka3yoTh KiTbKiCTh ITACaXHUPIB, IO TIPO-
XaaM MapIpyToM Bijl 3yIUHKH i JIO 3yITUHKH j 3 YCIX MaCa)KUpiB, IO YBIWILIH 10 TpaH-
CIOPTHOTO 3ac00y Ha 3ynuHI i. BoHH MOXyTh OyTH OTpHUMaHi 3a JaHUMHU Oe3ocepeiHiX
CTIOCTEpEeKEeHb 200 3a JOIIOMOTOI0 MoJieNtoBaHHs. OCTaHHiN COCi0 € HAUTIOIUPEHIIINM,
OCKIJIbKH 1H(OpMAIlisl PO KUIBKICTh MAacaXUpiB a;, MO YBIMIUIA IO TPAHCIOPTHOTO
3aco0y Ha 3YNUHII i (i = 0,n—1) Ta KUIbKICTh NAaCAXUPIB b;, 10 BUKIILIA 3 TPAHCIIOPT-
HOTO 3ac00y Ha 3yMuHII j (j = 1,n) MOKe OyTH OTpUMaHa 3 aBTOMATH30BAHUX CHCTEM
00JIiKy MacaKUpiB Ta OIJIATH IMPOI3Ty 3a JOMOMOIOK CMapT-KapT (TaKUil Croci0 BUKO-
puctoByBascs nipu ociipkerHi MKIT y cucremi aBroOycHux niepesesenb Cinramnypy [7],
B MeTponoiniTeHax mict Kurato [2], B rpomajcekomy Tpancnopti micT [liBgennoi Kopei
[4]) abo Ge3mocepeHbO 3a JOMOMOTIOK O0CTEIKEHHS MTACAKUPCHKHUX MTOTOKIB.

Hexaii 3ynmnHKY MapipyTy, MIOYMHAIOYH 3 T0YaTKOBOT, IPOHYMEPOBaHi OPSIKOBUMH
yucinamu 0,1, ..., n. Ko BigoMa iHpopMaIis Ipo KiTBKICTh MACaKUPIB, K1 YBIHIIIH a;
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Ta BUALIIN b; HA KOKHIN 3yIMHILI MapIupyTy Hif 4ac peucy (Yitqa; = X b;, i,j = 0,n),
tozi enemeHTd MMIIK 3 mocTaTHROO AT MPAKTUYHUX IIUICH TOYHICTIO MOXKYTH Oy TH
po3paxoBaHi 3a dhopmymoro [17]:
M2ip1(@rbr)
ni=i+n Qr

Xij = L é-ai'bj.ﬂxmoj =i+1;
J

a; " bj,akmo j > i+ 1;

©)
0,akmo j < i,

ne ij= 0,n; Qr=0Qr1-bryta,, = lr:é(ai_ by).

Kimekicte Bepmmu MKII, mobynoBanoi Ha miacraBi Bimomoi MMIIK, Oyme
JOPIBHIOBAaTH 3arajbHId KIJTBKOCTI TACAXHUPIB, IO CKOPUCTAINCS MapHIpy-
TOM 3a peiic, ToOTO n(6)=2Xkoa =Xiobi. 3po3yMiNo, IO JMOBUTLHHHA MACAKHUD
v, =v(s,d) €V (s €[0...n-1],d > s), IKHN yBIHIIOB 10 TPAHCIIOPTHOTO 3aco0y Ha Jiesi-
Kili 3yNMHII § Ta BUHIIOB 3 HOTO Ha JIESIKI 3yIHHII d, TPOTATOM ITOT3/IKH 3HAXOIUBCS
y TPaHCIOPTHOMY 3ac00i OHOYACHO 3 yciMa macaxkupamu Vp = v(i,j) € V(j > i), nus
SIKUX BHKOHYETBHCSI YMOBa (j > s) & (i <d). Y TakoMy BUIAJKy BiJIOBiAHI BEPLIMHHU Vj
Ta v, MKII GyyTh 38’s13aHi peOpoMm (v, vp).

[TobynoBana rakum unaOM MKII ipecrapisie co6oro rpad, hopMyBaHHS SKOTO Biji-
OyBa€ThCs T /Ti€I0 BUTIAJKOBUX (PaKTOPiB, OCKITBKK IMOBIPHICTh MTOBTOPEHHS ONHIET
1 Tiei )k MMIIK muis pisHHX peiiciB TpaHCIIOPTHOTO 3ac00y Ha MiCBKOMY MapIIpyTi Tpo-
Ma/ICBKOTO TPAHCIOPTY € HU3bKOIO. TakuM 4YMHOM, KO)KHOMY OKPEMOMY PEHCy TpaH-
CropTHOTro 3aco0y Oyne Binnosigatu maibxe yHikambHa MKII. 3 miel Touku 30py wmika-
BiCTB MpeJICTaBISIE TIONTYK CHUIBHOCTI 1 BimMiHHOCTI okpeMux MKII ta mocmimkenHs ix
BiacTUBOCTEH 3 MeToro BigHeceHHs Takux MKII 1o omHOro 3 okpeMux kiaciB ckiaj-
HUX Mepex [ 18], 3akoHOMIPHOCTI pO3MOBCIOKEHHS Y AKUX 1H(EKIIIMHUX 3aXBOPIOBAHb
BXKE OTPHUMaHi HayKOBIISIMU.

XapakTepUCTUKU MepeK KOHTAKTIB macaxupiB. [0 OCHOBHUX YHCIIOBUX XapaK-
TEPUCTUK MEPEK KOHTAKTIB MACAKUPIB, IKi BA3HAYAIOTH 1X BIIACTUBOCTI 3 MO3HIIIi TEO-
pii ckIamHUX Mepex, BimHOCATH [18, 19]:

1) cepenHIo cTemiHb BEPIIMHU Mepexki (k), sika BU3HAYAETHCS K CepeaHe apudme-
TUYHE CTETICHIB YCiX BEPIIUH MEPExXi

1
(k) = i ST i, @)
ne k; — cTeninb BepumHu i (v; € G) Mepexi;

2) cepesHIO JOBKHHY HaifkopoTuioro muisxy mepexi (1), BupaxeHy y kimpkocti
pebep Mepexi, fKka € JIHIHHOIO XapaKTePHCTHUKOI0O MEpeki Ta pPO3PaXOBYETHCS SIK
cepeztHe apupMEeTHIHEe HAWKOPOTIINX IUISAXIB MK yciMa IapaMu BEpLIMH Mepexi [ ;

2 -
()= mZ?ﬁLJ- lij . 3)

3) xnacreprnii xkoedinieHT C Mepexi € Miporo ii 3B 3HOCTI Ta pO3PaXOBYETHCS 3a
(hopmymoro

=53 0c, )
ne ¢; — KinactepHuii koedinient Bepumnu (v; € G) Mepexi, SKMi JTOpiBHIOE iMOBIp-
HOCTI TOTO, 110 Oy/b-5IKi ABI BEpIIMHN, CYMDKHI JaHii, TAKOXX € CYMIKHUMH, Ta PO3-
PaxoBY€THCS 32 POPMYIIOI0
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2°E;

i = LDy )
nie E; — KUTbKIiCTh pebep Mepexi, sKi 3B’S3yI0Th Mi’k cOO0I0 yCi BEpIIMHH, SKi CyMiXKHI
JaHii BepIIHHI v;.

3Ha4eHHs KJIacTepHOTO KoedimieHTa Mepexi C € [0...1] mpu npoMy C = 0 s anu-
KINYHUX Mepex (nepeB) Ta C = 1, 1J1s TOBHUX MEPEeX, Y AKUX OyIb-sKa mapa BEpIIuH
3’emHana pedpoM;

4) xoedillieHT acOPTAaTHBHOCTI MEPEXKi 7 PO3PAXOBYETHCS SIK KOC(III€HT JiHIHHOT
kopersmii [lipcona mMixk creneHsMH yciX i CyMIKHUX BEpIIMH Ta MOXke OyTH BH3HA-
YeHHi 3a HopMyIor0

_ B3 Kerkey[SEy kel
SSE K [Nkl ©)

ne E — KUTbKicTh pedep Mepexi;
kei, kej — cTeneni BepumH Mepexi, sKi € IHUMICHTHUMHU peOpy e € E.

Mepexi, Ui SIKUX 1 — - 1, HA3UBAIOTh JAW3AaCOPTATHBHUMH, y TOM 4ac SIK Mepexi
3 r = 1 Ha3WBaIOTh ACOPTATHBHUMH.

JloctiTxeHHsI MepeK KOHTAKTIB MacaKupiB Ha aBTOOYCHUX MApLIPyTax MicTa
Sanopixks. 11 nocmimkenHs 0yno oOpaHo 4OTUPU MICBKUX aBTOOYCHHX MapILpyTH
3araJlbHOrO KOPUCTYBaHHs MicTa 3anopixoks (puc. 1), ski 00CIyroByIOTECS PyXOMHUM
CKJIaJOM pi3HOI Maca)KUPOMICTKOCTi. XapaKTePUCTHUKH TOCTIIKYBaHHX MapLIPyTiB
HaBeJeHi y Taom. 1.

— e MAERUDYT 1 (AOTOGYEA MiCTRETE 22 RBE. )
— - wapupyT 2 {awrofyon wicrdcre 30 nac.)
—— - wapnpyT 3 {atTofycm wicrico 40 nac.)
— gy 4 (AETOSyEM uicTCTE 100 nac. )

Puc. 1. locrioacysani asmobdychi mapupymu micma 3anopisicoics

JI71s1 KOYKHOTO MapIIpyTy TMPOTATOM OTHOTO JHS THXKHS OyJI0 TIPOBEIEHO BHOIPKOBE
00CTeXEeHHST peiciB OONIKOBIISIMH, IO TTepeOyBaM y CaJOHI TPAHCIIOPTHOTO 3aco0y.
OO6miKoBIIi (PiKCYBAH KITBKICTH MTACAKUPIB, IO YBINTIUIN Ta BUHATIUIA HA KOXKHIH 3yTIHHIT
MapmpyTy. Hamami 3a oTpuMaHuMu TaHUMU TSI KOKHOTO 00CTEXEHOTO peicy 3a dop-
Mmymoro (1) pospaxoByBanuck eneMeHnTr pericoBoi MMIIK, 6ynyBanacek peticoBa MKIIT
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Ta pO3paxoBYBAIUCH i1 TOKA3HUKH 3a popmyiamu (2)-(6). st po3paxyHKy MOKa3HUKIB
MKII Oyno po3poliieHe mporpamHe 3a0e3rneueHHs MOBOKO Python 3 BUKOpHCTaHHSIM
¢dynkuiit 6iomorekn networkX. IIpuknaan Bizyanizamii pericoBux MKII HaBeneHi Ha
puc. 2.

B)

a)

Puc. 2. I[Ipuxnaou peticosux mepedc KOHMaKmis nacaxicupia:
n(G) = 46, E = 1031, (l) ~ 1 (a); n(G) = 94, E = 2059,
(I) = 1,78 (6); n(G) = 112, E = 1438, ({l) = 3,54 (8)

Pesynprati po3paxyHKy ycepeaHeHWX moka3zHukiB peiicoBux MKII (3a romuHM
«ITiK», MDKIIIKOBHH TIepiof 100M Ta B IIoMY 3a A00Y) HaBeeHHH y Tao. 2. Jo mikoBux
MIepiofiB 3 MAaKCHMAaJILHUM ITOITUTOM Ha TIEPEBE3EHHS MMacaKUPiB BiTHECEH] peiicH, 1m0
BrukoHyBaHch 3 06:00 1o 09:00 ta 3 16:00 mo 19:00, 10 MiXIIKOBOTO TIEpiOLy — peiicH,
o BUKoHYBaiuch 3 09:00 no 16:00.

Taomums 1
XapakTepHCTHKA JOCTIKYBAHUX MAPLIPYTiB
Homep JloB:kuHA KinbkicTh MicTkicTh KiabkicTb 06cTe-
MapIpyTy T mapupyty MapUIPYTy, KM | 3YINHHOK | aBTO0yciB, nmac. JKeHUX peliciB
1 panianbHUi 7,9 13 (12) 22 96
2 pajiagbHui 15,1 25 (27) 30 52
3 JiaMeTpaIbHUH 22,5 33 (34) 40 31
4 JiaMeTpabHUiA 22,4 35 (34) 100 34

AmHauni3 pesynsTariB po3paxyHkiB xapakrepuctuk MKII cBiqunTh, 110 BOHU Xapak-
TEPU3YIOTHCS BEJIMKUMHU 3HAYEHHSAMH KJacTepHoro koedimienty C Ta MaIuMH 3HAYEH-
HSIMH CepEeIHBO1 JOBKHHH HAMKOPOTIIOTO NUTAXY (I) Y MOPIBHIHHI 3 pO3MipOM MEpexKi.
e minkoMm BiAmoBigae MexaHizMy yTBopeHHs Takux MKII, 3ymoBiieHOMY TEXHOJOTIEO
po0OTH MiCBKOTO MapIIPyTHOTO TTACAKUPCHKOTO TPAHCTIOPTY Ta JA€ MiICTaBU BiTHECTH
taki MKII o kmacy monenei mepex «ricHOro cBiTy» Borrca-Crporama [11], y axux
CepenmHs JOBXKUHA HAWKOPOTIIIOTO MUISIXY JAOPIBHIOE (I) = n(C)/2(k), @ KJIACTEPHUH KOE-
Giuient ¢ — 3/4.

JiiicHo, B mporieci pyXy MacaXxupChKOro TPAHCIIOPTHOTO 3aco0y IO MapHIpyTy yci
TMacaKupH, 1o mepedyBaroTh Y HhOMY, YTBOPIOIOTE KJIacTep, SIKOMY BiATIOBi1a€ TTOBHHI
nigrpag MKII. MHoX#HA macaxupis, 0 BXOISATH 10 TPAHCIIOPTHOTO 3aco0y Ha j1es-
Ki¥f 3yNUHII, Y CBOO Yepry TeX MPEeCTaBIAI0Th c00010 Takuii miarpad (kmactep), IKui
MIPUETHYETHCS IO KIACTEpPy MacakKMpiB y CaIOHI TPAHCIIOPTHOTO 3ac00Y, YTBOPIOIOUN
3B’SI3KM MIXK KOYKHHUM TTacaXHPOM, 10 YBIHIIOB IO TPAHCIIOPTHOTO 3ac00y Ta KOXKHUM
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MacakupoM, 110 nepedyBae y TPaHCIOPTHOMY 3ac00i IMiCJs BHXOAY MacaKHpiB Ha
naniit 3ymuani. [Tacaxupu y MKIT MoxyTh OyTH TonapHo He 3B’SI3aHHUMHU MK c00010
YK 3B’SI3aHUMHU MK c00O0 Oe3rocepeHbo ad0 uepe3 JIesKy KiJbKIiCTh IMOCEepe/IHu-
KiB. ¥ OCTaHHBOMY BHIIaJKy OC3MOCEpeHE KOHTAKTYBAaHHS LUX MACaXUPIB TiJ 4yac
MOI3JIKK B3araii € BUKIIOYCHUM. PU3UK TiepenaBaHHS 1H(EKIIHHOTO 3aXBOPIOBAHHS
yepe3 0HOro abo JIEKIIBKOX MOCEPEIHUKIB ITiJ] Yac MOi3KU TPOMaJICbKUM TPaHCIIOp-
TOM € MAJIUM, OCKUIbKU TPUBAJICTh PEHCOBOI MOT3/IKH Y MICTi € HEBEIIUKOIO, TIPU [IEOMY
HaNpsIMOK TiepeaBaHHs iH(eKIii Moke OyTH JIHIIEe OJJHOCTOPOHHIM — BiJI acaxupa,
110 3aHIIIOB JI0 TPAHCIOPTHOTO 3aco0y paHille, J0 Macaxupa, M0 3allIoB J0 TpaH-
CIIOPTHOTO 3ac00y Ti3HilIe. 3ayBa)XKMMO TAKOXK, 10 MU HE PO3IVISAAEMO MaJOHMOBIp-
HUI BUTIAJIOK, KOJIM TIPOTSITOM peiCy Ha JIeSIKUX MEePeroHax MapuipyTy, OKpiM HepIioro
Ta OCTaHHBOTO, Y TPAHCIIOPTHOMY 3ac001 He TiepeOyBasIo )KOHOTO Macaxupa. Y TakoMy
pa3i MKII po3naiaeTscst Ha JCKiIbKa HE3B I3HUX KOMIIOHEHT.

3HavyeHHs Koe(illieHTIB acopTaTuBHOCTI gociikyBanux MKII cBimgars, 1110 BOHU
MEPEBAKHO € OJIM3bKUMH JI0 HEKOPEITBOBAHUX MEPEX JIJIsl MAPIIPYTIB 3 MACAKUPOMICT-
KICTIO TPaHCIIOPTHHX 3ac00iB 22 ... 40 macakupiB Ta aCOPTATUBHUMH JUII MAPUIPYTY
3 macaxupomictkicTio 100 macaxupiB. Lle MOXXHA MOSCHUTH THM, IO MIPU BHKOPHUC-
TaHHI HA MapIIPyTi PyXOMOTO CKJIaJy BEIMKOT MaCaKUPOMICTKOCTI KUTBKICTh MACaXH-
piB, 10 BXOJSATH JIO HHOTO Ha 3YIHUHII, € OJU3bKOI JI0 KIJIBKOCTI MAaca)XHpiB, M0 BXKE
3HAXOJATHCS Y CaJIOHI, Y TOW Yac sSIK JUIs PyXOMOTO CKJIaly CEpEIHbOT Ta MaJiol acaKu-
POMICTKOCTI 11l KUTBKOCTI € CYTTEBO BiJIMIHHHMHU.

3 TOUKHM 30py PHU3MKY Iepeadi 3aXBOPIOBAHHS MACAXHUPIB MPH KOPUCTYBaHHI Ipo-
MaJICbKUM TPAaHCTIOPTOM BH3HAYaJIbHUM € CEpeIHs KiIbKICTh KOHTaKTiB IMacakupa
3 IHIIIMMU TTACAKUPAMHU IT1]1 Yac MOI3/IKH, KA Y IPUHHATIH MOJIEN BiJIIIOBIIa€ cepeHii

Tabmurs 2
VYceepenneni xapakrepuctnku MKII mo o0crexxennM MapmpyTam
Mepion MapupyTt
Iloka3Huk uacy 1 3 3 4
o ik 19,27 32,22 42,53 129,53
1. Cepenu Kitbkicts Bepume 00 v 7T 1518 | 27,00 | 39,08 | 118,84

Mepexi n(G)

Jo6a 17,40 29,71 41,19 123,56
K 229,79 473,04 863,47 5297,8

fd‘eggfl’(?};” KinbkicTs peGep wikmic | 12502 | 311,52 | 70825 | 4102.8
nmo0a 181,77 395,38 803,39 4630,0
K 17,74 28,1 36,9 73,4

3. Cepenns creninpb Bepiuunu (k) | MiKMIIK 13,9 22,26 35,28 57,28
n06a 15,98 25,3 36,26 64,38
K 1,045 1,101 1,139 1,619

4. CepenHs NOBKUHA HAHKOPOT-

moro musxy {1) MIDKITIK 1,017 1,147 1,072 1,869
nmoba 1,032 1,123 1,113 1,759

MK 0,973 0,950 0,939 0,845

5. Knacrepuuii koedirmient C MIKITIK 0,990 0,935 0,961 0,827
J106a 0,981 0,943 0,948 0,835

TiK —-0,079 —-0,028 —-0,036 0,395

6. KoedimieHT acopTaTHBHOCTI 7* MIDKITIK —0,061 —0,068 —0,035 0,441
nmoba —-0,072 —0,047 —0,036 0,421
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creneni Bepuuan (k). 3posymino, mo Ha pakTHuHi 3HaYeHHS (k) peiicoBoi MKIT Brutu-
BalOTh 0COOMMBOCTI (POPMYBaHHS MACAKUPOIIOTOKIB Ha TIEBHOMY MapILpyTi Y MEBHUH
nepiof yacy, BTiM MO)KHA 3pOOMTH MPUITYLICHHS, IO Y 3aralbHOMY BHUIAIKY CEPEIHS
KUTBKICTh KOHTAKTIB Macakupa 3a peic 3aJIe)KUTh BiJ 00CATy NepeBe3eHb NacaXHupiB 3a
peiic O, macaXuPOMICTKOCTI PyXOMOTO CKIIay ¢, Ta MOKa3HUKIB 3MIHIOBAaHOCTI Taca-
KHPIB Y PyXOMOMY CKJIa/li IPOTATOM peicy. UNCIIOBOIO XapaKTEepPUCTUKOIO OCTAaHHBOTO
MOXE CIIY’KUTH KOe(illieHT 3MIHIOBAaHOCTI TACaXHPIB ks, , KU BU3HAYAETHCA 32 (Op-
MYIOIO:
ko = 2 =2, (7)
ne ly — noBxuHa MapIIpyTy, KM; :
l — cepenns BijicTaHb MOI3KH MAacaKKPa 3a peiic, KM;
q — cepenHs KUbKiCTh (D)AKTUYHO BUKOPHCTAHUX IACAKHMPO-MICIL 32 PEHC, SKY
Ha3BEMO PEHCOBOIO €()EKTUBHOIO MACAKUPOMICTKICTIO pyxoMmoro ckiany (PEIIM).
OcCkinbkK y HamoMy JOCHIJKEHHI MacaKUPOMICTKICTb PYXOMOTO CKJaxy He
€ JIOCTaTHbO BapiaTMBHOIO, TUCKPETHOIO 1 MPECTABJICHA JIMIIC YOTUPMA 3HAYCHHSIMH,
YMOBHO MPUHAMEMO B SIKOCTi (DAaKTHUHOI MAacCa’kMPOMICTKOCTI PyXOMOTO CKIIaay came
PEIIM, sixuii y BiamoBigHOCTI 10 (7) MOXKHA po3paxyBaru 3a (hOpMYIIOL0:
7=% (8)

Cxutaziosi popmymu (8) MOKHA 3HAUTH TSI KOKHOTO 00CTEXKEHOTO Pecy, BHKOPHC-
ToBytoun pericopy MMIIK 3a BioMOr0 TOBKHWHOIO ITEPETOHIB MaPIIPYTY.

Ha puc. 3 HaBeneHi 3a1eKHOCTI CepeAHBOI KUTBKOCTI KOHTAKTIB OHOTO Macakupa
3a peiic Bl 00CATy NepeBe3eHUX MacakupiB 3a peic Ta peiicoBoi eeKTUBHOT MacaKu-
POMICTKOCTI pyXoMOTo ckiiaay (oocsar Bubipku N=213 map gaHux).

150 150 |

125 & 125

Q 4]
10 8o~ ] Vﬁgﬁ

- 15 3 Y] L =
50 50 R
25 25 °
0 0
0 25 50 75 100 0 50 100 150 200 250
PEIIM, nac. Q, mac.
a) 0)

Puc. 3. 3anesxcnicmov cepednvboi KinbKocmi KOHMAKmMie nacaxcupis 8io peicosoi
ephexmuHoOI nacaicupomMicmkocmi pyxomozo ckiaoy (a) ma oocszy nepeseseHn
nacasxcupies 3a petic (0)

AHaJi3 3aJIe)KHOCTEH, HABEICHUX Ha PUC. 3, CBIUUTB, 110 CEPEIHs KUIbKICTh KOH-
TaKTIB Macakupa 3a peic JiHiiHO 3pocTae npu 3poctaHHi PEIIM (po3paxyHkoBuit
JiHifiHUE KoedinienT aerepminamii R? = 0,713). 3aleKHICTh CEPEAHBOT KiIBKOCTI
KOHTaKTiB Hacaxupa BiJl 00Csry MepeBe3eHb MacaXupiB 3a Peiic € MpsIMOIO JTiHIHHOIO
JUISL PYXOMOTO CKJIay e(peKTHBHOIO TaCAKUPOMICTKICTIO 10 g ~ 50 Macakupis, Micis
4Oro Mae TeHICHLII0 MO HENiHIHHOro 3pocTaHHsl npu 30inblieHHi 3HayeHbs PEIIM
(R? = 0,864 U1 CTENEHEBOI MOJENI 3 MOKA3HUKOM CTENEHs MEHIIMM 32 OJMHMIINO
Ta R? = 0,859 11 JiHIMHOT MojIeri).
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BucnoBku. B pe3ynbrari MozientoBaHHs Ta JOCHTIKEHHsI pEHCOBUX MEPEX KOHTAKTIB
MacakupiB Ha MIJICTaBl PE3YIBTaTiB OOCTES)KEHHS MACAKUPCHKUX TOTOKIB HA MapIIpy-
Tax MICBKOTO TPOMAJICEKOTO TPAHCTIOPTY MicTa 3armopixokst BUSBIICHO, IO TOCIIIKYBaH1
MepeKi KOHTAKTIB IMacaXUPiB MAIOTh BIIACTHBOCTI MEPEXK «TicHOTO cBiTY» Botca-Ctpo-
raua 3 BeJIMKMMH 3HAYEHHSAMH KJIACTEPHOTO KOe(illieHTy Ta MaJIuM 3HaYEHHSIM CepeIHbO1
JTIOBKMHHU HAaHKOPOTIIIOTO NIISAXY Y MOPIiBHSAHHI 3 po3Mipamu Mepesxki. Lle nae MoxxImBicTh
3aCTOCYBaTH JUISl aHAJI3y PU3WKY Tepeiadi iHPEeKIIHHUX 3aXBOPIOBAHb ITiJ] 4aC KOPHC-
TyBaHHSI TPOMAJICBKIM TPAHCIIOPTOM PE3YJIbTaTiB MO0 MEXaHi3MiB IOIIUPEHHS iH]eK-
il y momiOHUX Mepekax iHIIOI IPUPOIU MOXO/PKEHHS. B SKOCTI MOKa3HHKa YMOBHOTO
PHM3HKY 3aXBOPIOBAaHHS Maca)Kupa NPUHHATO CEPeIHIO KUTbKICTh KOHTAKTIB MacaKupa
3 IHIIMMH MACKUPaMH MiJ] Yac MaplIpyTHOI HOi3AKU. JloChipKeHHsIMA BCTaHOBIICHO,
10 YMOBHHUH PU3UK 3aXBOPIOBAHHS MacaXMpa MiJ Yac TMOI3IKH MICBKHM IPOMaJICHKHM
TPaHCIIOPTOM 3HAXOAUTHCS Y NIPSAMIH JIiHIMHIH 3a1€KHOCTI Bifl CepeTHbOI KITBKOCTI (hax-
THUYHO BUKOPUCTAaHHUX MACAKUPOMICIIb Y PYXOMOMY CKJIaJIi 3a peiic Ta HeNiHiiHO 3pocTae
B 3JISKHOCTI BiJl 00CSTY TIepeBe3eHb MacaKUpiB 3a peiic. OTprMaHi pe3ysibTaTd MOXKYTh
OyTH BUKOPUCTaHI JUIsl OOIPYHTYBaHHSI PEXKUMIB pOOOTH Ta €)EKTHBHOCTI 3aXO0/IiB IIOJI0
00MeXeHHSI KOPUCTYBAaHHS TPOMAICHKUM TPAHCIIOPTOM ITiJT 9ac MaHAeMii.
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Anomauisn

Cmane @YHKYIOHY8AHHA MOPCOKUX KOHMEUHEPHUX MepMinanie 3ade3neuye Heoo-
XIOHIU piGeHb KOHMEUHEPHOI T02ICMUKY, WO € GANCTUSUM 0151 MPAHCNOPMHOL 2aY3i
KpPAiHu ma KOHKYPEHMOCHPOMOICHOCMI YKPAIHCbKUX nopmis. s nionpuemcms, sKi
108 83aHi 3 NEeGHOI0 BUPOOHUYOIO CUCMEMOI0 MA BIONOBIOHUM KOMNIIEKCOM MEXHiY-
HUX 3ac00i6 ma MexHoN02IuH020 0ONAOHANHS, cmane GYHKYIOHYB8ANHA GUSHAYAEMbCS
MOACIUBOCMIO 3a0e3nedeHtsi Ne6HO20 PIGHA BUPOOHUYOT nomyacnocmi. [lna konmeti-
HepHUX MePMIHAI6 MAKOI0 XapaKmepUCmUKo € NPONYCKHA CNPOMOICHICIb MepMiHa-
2y, 3abesneuents neeHO20 piHs NPONYCKHOI CNPOMOICHOCIT mepMinany 0a3yemuvcs Ha
MOHIMOPpUHZY MA OYIHKU PUSUKIE NOPYUEHHS CTNATI020 (PYHKYIOHYSAHHSA 0718 NOOATbUOT
PO3POOKU BIONOBIOHO20 KOMNIEKCY 3ax00i8 npomudii. 3anponoHo8ano memoo OyiHKu
PUBUKY NOPYUIEHHS CIMAN020 (DYHKYIOHYE8AHHS KOHMEUHEPHO20 MEPMIHATY ) KOHMEK-
cmi 11020 mexHiKo-mexHono2iunoi cucmemu. OYiHKa pusuUKy cmaioco QyHKYioHY8aHHs
mepminany 8 yiiomy nepeddauac nOKpoKOSUll po3aisio pusuxy QyHKYiOHy8aHHs mex-
HONLO2IYH020 KOMNILEKCY NeBHO20 NPUYATY, d MAKONC PUSUKY QYHKYIOHYBAHHS NEGHO20
MEXHON02TUHO20 0ONAOHAHHS — 8PAXOBVIOUU OEKOMNO3UYIIO NPONYCKHOI CNPOMOICHOC-
mi mepMiHaIy ma yMosu 1o2o cmanoeo QyHkyionyeanus. Taxit nioxio paxogye negHuil
6NIUE YCTNAMKYBAHHS MA NPUYATIE HA 3A2ATbHY NPONYCKHY CHPOMOICHICIb MEPMIHATLY.
3anpononosanuii memoo 6azyemvcs Ha ICHYIOUUX NIOX00AX OJis OYIHKU PUSUKIE Y PI3HUX
cpepax, pozeueaiouu ix 3 YpaxyeaHHsamM CYmHOCMI Ma NPUUHAIMUX Kpumepiie cmanozo
DYHKYIOHYB8ANHS, A MAKONC Y NPUKIIAOHOMY HANPIMKY 3 8DAXY8AHHAM 2ATY3€60i Cneyu-
Qixu npu popmysanui cucmemu Gaxkmopis Gnaugy, a maxKoic npu opmanizayii adice-
N6 enemenmie (YCmamkyeamHs) ma niocucmem (npuuanie) y Cmpykmypi 3a2aibH020
(inmecpanvHo2o) pusuKy NOpyUleHHs. Cmaioco QyHKyionysanus mepminany. Ilpogede-
HO 6I0NOBIOHI eKCNEePUMEHMAIbHI PO3PAXYHKU 3 MEMOK NepesipKu npaye30amHocmi
3anpoONoOHOBAH020 MEMOY Ma 1020 OOCMOBIPHOCI.

Knrouosi cnosa: xonmeiinepHi nepegezens, mepminai, nopm, pusuk, nponyckHa
CNPOMOAICHICIND, UMOBIPDHICHIb.
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Summary

Sustainable operation of sea container terminals provides the necessary level of container
logistics, which is important for the country's transport industry and the competitiveness
of Ukrainian ports. For enterprises that are associated with a certain production system
and a corresponding set of technical means and technological equipment, sustainable
operation is determined by the ability to ensure a certain level of production capacity. For
container terminals, such a characteristic is the terminal’s throughput capacity. Ensuring
a certain level of terminal throughput is based on monitoring and assessing the risks of
disruption of sustainable operation for the further development of an appropriate set of
countermeasures. A method for assessing the risk of disruption of sustainable operation of a
container terminal in the context of its technical and technological system is proposed. The
assessment of the risk of sustainable operation of a terminal as a whole involves a step-by-
step consideration of the risk of the operation of the technological complex of a particular
berth, as well as the risk of the operation of certain technological equipment — taking into
account the decomposition of the terminal's throughput capacity and the conditions of its
sustainable operation. This approach takes into account a certain influence of equipment
and berths on the overall throughput of the terminal. The proposed method is based on
existing approaches to risk assessment in various areas, developing them taking into
account the essence and accepted criteria for sustainable operation, as well as in an applied
direction taking into account industry specifics when forming a system of influence factors,
as well as when formalizing the levers of elements (equipment) and subsystems (berths) in
the structure of the general (integral) risk of disruption of the sustainable operation of the
terminal. Relevant experimental calculations have been carried out to verify the operability
of the proposed method and its reliability.

Key words: container transportation, terminal, port, risk, capacity, probability.

Beryn. CyuacHi KOHTEHHEpHI MEpeBE3eHHS MaroTh CIPaBy 3 MHOKHHOIO BHKIIHU-
KiB — aBTOMaru3aiis [ 1, 2], nudposuzaiis [3, 4], eKOJIOTIUHICTE [5], 110 Y CBOIO 4epry
(dopMye HOBI BUKJIMKHU Ta 3aBAaHHS [T OPTiB Ta MOPTOBHUX TepMiHaiiB. [IpoTe BrumB
30BHIIIHBOTO CEPEIOBUIIA Ta HEBU3HAYCHICTh KOHTEHHEPONOTOKIB [6, 7] 0OTpyHTOBY-
I0Th HEOOX1THICTh 3a0e3MeUeHHs cTanoro GyHKIIOHyBaHHS TEPMiHaIiB Ta MOPTIB.

Crane QyHKIIOHYBaHHS MOPCHKHX KOHTEHHEPHUX TEPMiHATIB 3a0e3meuye HeoOXi-
Hill piBeHb KOHTEHHEPHOT JIOT1CTHKH, 110 € BAXKIIMBUM JIJIsl TPAHCIIOPTHOT ray3i KpaiHu
Ta KOHKYPEHTOCIPOMOXKHOCT] YKPaiHCHKUX TOPTIiB.

Jis minpueMcTB, SKi TIOB’s13aHi 3 MEBHOK BUPOOHHYOK) CHCTEMOIO Ta BiJMOBIJI-
HUM KOMIIJIEKCOM TEXHIYHHMX 3ac00iB Ta TEXHOJOTIYHOTO OOJaJHaHHS, cTane (yHK-
[IOHYBaHHSI BU3HAYA€THCS MOMKIMBOCTIO 3a0e3MeueHHs MEBHOTO PIiBHS BUPOOHHYOT
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MOTY>KHOCTI. J[JIs1 KOHTEHHEPHUX TEPMIHAJIIB TAKOK XapaKTEPUCTHUKOK € MPOIYCKHA
CIPOMOJKHICTh TEPMiHAITY.

3a0e3nedeHHs IEBHOTO PiBHS MPOIYCKHOT CIIPOMOXKHOCTI TepMiHaIy 0a3yeThes Ha
MOHITOPHHTY Ta OLlIHKH PU3HKIB MOPYIICHHS CTAIOTO (QyHKIIOHYBaHHS JUIs [TOJAITBINOT
PO3POOKH Bi/IMOBIAHOTO KOMILJIEKCY 3aXO/IiB IPOTH/III.

IMocranoBka nmpoodsemu. Ha QpyHKIIIOHYBaHHS CHCTEMHU MOXKHA TUBUTHCS 3 PI3HUX
TOYOK 30pYy — Y Cy4acHiil HayKOBill JiTEpaTypi pO3IISIYIOTHCS TIOHATTS «e(heKTHBHE
(yHKI[IOHYBaHHS», «ONTUMallbHE (YHKIIIOHYBaHHS», «0Oe3nepediitne (yHKIIOHY-
BaHHs» Ta T.I. Lle BiIMOBiZIae OCHOBHUM XapaKTEPUCTHKAM (YHKI[IOHYBaHHS CUCTEMH,
JI0 SIKUX BIJIHOCUTBCS €(PEKTHBHICTh, HAJIMHICTh, SIKICTh KEPYBaHHs, MEPEIIKO03a-
XHIICHICTh, CTIHKICTh 1 CTYMiHb ckiamHocTi Tomo [8, 9]. «Crane (QyHKIIOHYBaHHS
€ TAKOXX OJIHUM 3 BapiaHTIB po3risiny QyHKIIOHYBaHHS Ta TIOB’SI3aHO 3 TAKOIO XapaKTe-
PHUCTHKOIO CHCTEMH SIK «CTIHKICTBY.

VY cyuacHiél Jiiteparypi KpiM TEpMiHY «crajie (DyHKIIIOHYBAHHSY) BHKOPHCTOBYETHCS
TaKOXK TEPMiH «(DYHKIIOHATBHA CTIHKICTBY. DyHKIIOHAIBHA CTIHKICTh — OUTBII KOMILICK-
CHE TIOHSITTSI, SIKe BKJIFOYAE B COO1 TIOHSATTS HA [IHHOCTI, JKUBYJOCTI Ta BiMOBOCTIHKOCTI [10]
Ha 0a3i anamizy Jpkepern, MOKHA 3pOOUTH BHCHOBOK IIPO TO, IIO TEPMIH «cTajie (yHKIIIO-
HYBaHH:D» € OUTBII y3araJIbHIOKOUMM JUTSI CHCTEM Oy/ib-SIKOT IPHPOIIN, XapaKTePU3YIOUH TaKy
XapaKTEePUCTUKY (DYHKIIIOHYBAHHS SIK «CTIMKICTBY. « DyHKIIIOHAIbHA CTIHKICTE [ 11] € Olbin
KOHKPETHHUM TIPOSIBOM CTAJIOTO (DYHKITIOHYBaHHSI JUTSl TEXHIYHUX (1HPOPMAIIHHUX) CHCTEM.

TakuM 4MHOM, MOYKHA CTBEPKYBAaTH, 110 OUTBIIICTh CYy4acHHX JKEpel, sIKi TpH-
CBSIUCHO «CTaJOMY (YHKI[IOHYBAaHHIO», SIK MPAaBHJIO, PO3IISAAIOTH B SIKOCTI 00’ €KTY
iHpOpMaIiiHi cucTeMu (y TOMY YHCHI, KEPYIOUHX CHCTEM SK OOPTOBI CHCTEMH JliTa-
KiB Ta kopabmiB [12]). He auBisiuuck Ha Te, M0 crane QyHKIIOHYBaHHS MOXe OyTH
3aCTOCOBAHO JUISL YCiX BHJIB CHUCTEM, MPOTE IS MiAMPUEMCTB, BUPOOHUUUX CHCTEM
11e Maibke HE PO3MIIIAEThCSA — ajle € BUKJIIOUCHHS, Hanpukias, podotu [10, 14], xoua
3a0e3TeYeHHs] HeOOXTHUX NapamMeTpiB QyHKIIIOHYBaHHS € BRXKIIMBUM JJISI HUX TAKOX.

SIkmio aHaji3yBaTu aHIIIOMOBHY Cy4acHY JITEpaTypy 3 KIFOUOBHMH CIIOBAMH «CTa-
JIUA PO3BUTOK» Ta «cTajie pyHKIIOHyBaHHs» (Sustainable operating, functioning), To
CYTHICTIO BIAMOBIIHHUX JOCHI/KCHb €, TIEPII 3a BCE, CKOJIOTTUHI MUTAHHS Ta MATaHHS
EKOHOMIT MaJInBa, Y TOMY YHCIIi, B TPAHCTIOPTHIH cdepi B3araii Ta HOPTOBil MisUTBHOCTI
OKpeMo, Hanpukiaid, [15, 16]; 3MeHIIIEHHS IIyMy Ta €KOJOTIYHOIO HABaHTAXKCHHS Ha
MICIIe Ta MPWIATAI0Yi TEPUTOPIT TOPTY BU3HAYAETHCS SIK 3a0€3MeUeHHSI CTajIoro QpyHK-
[IOHYBaHHS NOPTY. TaKMM YUHOM, PO3IVISIAI0UN MPOOJIEMyY CTAIoro QyHKIIIOHYBaHHS
CJIiJT TPUUAHSTH 10 YBard pi3HUIIO y BITYM3HAHOT Ta 3apyOi>KHOI TEPMiHOJIOTI].

TakuM 4MHOM, MOJKHA CTBEPJUKYBATH, IO MUTAHHS CTANOr0 (YHKI[IOHYBaHHS KOH-
TEHHEPHUX TEPMiHAJIIB IOTPEOYIOTh HAYKOBOT YBaru 3 ypaxyBaHHsIM 3aIllUTy TPaKTHKH
Ta MPAKTUYHOT BIJICYTHOCTI HEOOXIJIHOTO TEOPETHYHOTO 0a3ucy, y TOMY YHWCIIi, JUIs
OLIIHKU PU3UKY NOPYIIECHHS CTAIOro (QYHKIIIOHYBaHHS KOHTEHHEPHOTO TepMiHAITY.

Line crarTi. MeTOI0 JAaHOTO JOCHIPKEHHS € PO3po0Ka METOAY OLIHKH PU3UKY
MOPYIICHHSI CTAJoro (YHKIIOHYBaHHS TEXHIKO-TEXHOJOT1YHOI CHCTEMH KOHTEHHep-
HOTO TepMiHaTy JUIsi MOHITOPUHTY B TIporiecax ii 3a0e3rmedeHHs.

Pesyabrarn. [lexoMmno3uiis mpomyckHoOi cnipomMo:KHoOCTI TepmiHaiy. TexHiko-
TEXHOJIOTIYHA CHCTEMa MOPTOBOTO KOHTEHHEPHOTO TEPMIiHANY CKIAJAEThCS 3 CYKYyII-
HOCTI TEXHIYHUX 3ac00iB (TIepeBaHTaKyBaJIbHOTO OONaIHAHHS PI3HUX KaTeropiii), ski
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(OpMYIOTh TEXHOJIOT1UHI JiHIi JIJIsl IPOBEJCHHS BaHTaXKHUX poOiT. Ha mpomyckHy 371aT1-
HICTb TEpMiHAJTy BILUTUBAIOTH 031114 (aKkTopiB:

— MapaMeTpH MiAXITHUX KaHAJIB, 110 3a0e311eUyOTh BBEJCHHS Ta BUBSICHHS CY/ICH
i3 IopTy;

— KUIBKICTb, KOHCTPYKIIiSl, TEXHIYHUI CTaH Ta TIIMOWHU JIIIOYMX MPUYATIB TEpMi-
Hally;

— CTYNIHb TEXHIYHOTO OCHAIIEHHS (KIJbKICTh, THITH, BAHTAXKOIIAHOMHICTh Mepe-
BaHT)XYBAIBHUX MAIMH Ta IPUCTPOIB);

— KUIBKICTB, MICTKICTh, KOHCTPYKIIisl Ta PO3TAIIyBaHHS CKIIJIIB;

— TEXHOJIOTIs IePeBaHTAKYBAIBLHUX POOIT TOIIO.

JleKoMITO3HIIisl TPOTTYCKHOI CIIPOMOYKHOCTI KOHTEHHEPHOTO TepMiHAIy 3 ypaxyBaH-
HSIM PE3yNbTaTIB CTPYKTYPHO-(QYHKIIIOHATIBHOTO aHAIi3y JTO3BOJISIE YSBUTHU ii opMy-
BaHHS Y BUIISIII HACTYIHOI cxemu (puc. 1).

Ortxe, IPOITyCKHA COPOMOXKHICTh TEPMIHAILY R(X,r) (DOPMYy€EThCS K NOEJHAHHS IIPO-
JYKTUBHOCTEH (TIPOITYCKHOI CIIPOMOKHOCTI) TEXHOJIOTTYHOTO O0JIaIHAHHS TPUYAIiB:

n
R(X,0)=Y R(x.1)> (D

i=1
ne R(x,t),i=1,n — IpOIyCKHAa CIPOMOXKHICTb (IPOAYKTHBHICTH TEXHOIOTIYHOIO
00MaJHAHHS) i-r0 IpHYaiy; X.i=Ln — napaMmerpu, siKi XapaKTeph3yioTh IPOLYKTHB-

HICTh TEXHOJIOTIYHOTO 00JaiHaHH Tpryaty; O = ( XpsXyseren xﬂ) — IIapaMeTpH, sIKi Xapak-
TEPHU3YIOTh €IIEMEHTH TEXHIKO-TEXHOJOTIYHOI CUCTEMHU TepMiHAIy — CKJIAJI0BI TEXHO-
JIOTIYHOTO OOJIaZIHAHHA. Y CBOIO Uepry, MPOAYKTUBHICTh TEXHOJOTIYHOTO OO HAHHS
MIPUYAITIB 3aJIeKUATH BiJl MPOIYKTUBHOCTI BiIIOBITHOTO TEXHOIOTIYHOTO YCTAaTKyBaHHS:

R (x,0) = G35 (8), 7 (1), (1)), 2
ne N, — QyHKIs, sSKa ONMUCY€ 3aJekKHICTh TPOITYCKHOI CIIPOMOKHOCTI i-I0 Mpryary
KOHTEHHEpHOTO TepMiHaIy BiJ TPOXYKTHBHOCTI CKJIAAy TEXHOJOTIYHOTO 00ma-
HaHHS Ta YCTaTKyBaHHS; xil (t),xiz (t),---,xiM '(f) — KinpKicTh OONAJHAHHA HA i-IpUYAi;

xil(t), xiz(t),..., xiMi (t) — BIAIIOBIAHO, MPOAYKTHMBHOCTI TEXHOJIOTIYHOIO YCTAaTKyBaHHS
npuyany.

{xH@,x7(0),...x" ()} BU3HAYAE TPOITYCKHY

n
i=1

TakuM 4MHOM, CYKYIHICTh TapaMeTpiB
CIPOMOXHICTh KOHTEHHEPHOTO TEPMiHATY.

OTxe, 3 ypaxyBaHHSM BHKIQJCHOIO BHIIE, HUITXOM JACKOMIIO3HUIIT OTPUMAEMO
HACTYIHI YMOBHU CTaJOro (YHKI[IOHYBAHHS MOPTOBOTO KOHTEHHEPHOTO TEPMIHATY 5K
TEXHIKO-TEXHOJIOTTYHOI CUCTEMU:

P((R"(x 'at)_Rfi(xif:t) SAR (1) 2 Piis

i=1Lnt=12,3,..T,
ae R',,AR',, BIANOBIIHO, INIAHOBA POAYKTHBHICTh (IIPOIYCKHA CIIPOMOXHICTB) Ta 1i

3)

IPUITYCTUME 3MEHLIEHHS [/14 1-0T0 Npuyaiy, R/, — (pakTHYHA IPOIYCKHA CIIPOMOXKHICTb.
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YMoBH (3) IHTEPHIPETYIOTHCS HACTYITHUM YMHOM: Y KO)KHUH MOMEHT 4acy WMOBIPHICTh
TOTO, IO MPOIYCKHA CIPOMOXKHICTH MPHYaIly TEPMiHAIY BHIIE, HiK MEBHUHA pPiBEHb

P,i» KU MOXHA BBa)KaTH AOCTATHIM IS 3a0€3MEYCHHS CTANOr0 (DyHKIIOHYBAHHS.
B cBoro uepry, 3abe3neuerns BukoHaHHs (3) morpeOye BUKOHAHHS aHAJIOTIYHUX YMOB
JUTS TIapaMeTpiB, sIKi XapaKTepU3yIOTh MPOMXYKTHBHICTh KOYKHOTO €JIEMEHTY 31 CKIaay
TEXHIKO-TEXHOJIOTIYHOTO 00JIaIHaHHS KOKHOTO TTPHYAITy.

IMTPOAYKTHUBHICTD TPOAYKTUBHICTH MPOAYKTUBHICTb
OBJIAJTHAHHS OBJIAJHAHHS OBJIAJTHAHHS

MPUYAITY 1 TIPUYAITY 2 TIPUYAIIY n

NPUYAJIIB KOHTEHHEPHOI'O TEPM

Puc. 1. Ilponyckna cnpomodicHicmes KOHMEUHEPHO20 MEPMUHATLY K iHMe2palbha
Xapaxkmepucmuxa 6i0n08iOHOI MeXHIKO-MeXHOI02IUHOI cucmemu

Caix 3a3Ha4MTH, IO KIFOYOBA POJIb IPHU 3a0€3MEUECHH] [IEBHOTO PiBHS HPOAYKTHB-
HOCTI TEXHOJOTIYHUX KOMIUIEKCIB MPHYANiB HaJIC)KUTh MOPTATHHUM KOHTEHHEPHUM
MepeBaHTaXyBa4aM, TOMY III0 CaMe BOHH 3/IIHCHIOIOTH O€3110CepeHBO MPOIIeC PO3BaH-
Ta)XCHHsI/HaBaHTa)KeHHS Cy/ieH. [Hie o0naHaHHs Ta YCTaTKyBaHHS Ma€ OUTBIIT MOO1ITb-
HUH XapakTep, TOMY, SKIIO Ui OKPEMHUX IX eJIEMEHTIB MOPYIIyeThCs cTalie (pyHKITio-
HYBaHHS, [Ie, K MPAaBWJIO, HE MPU3BOANUTH JI0 MOPYIICHHS CTAIOTO (hYHKIIOHYBAaHHS
TEXHOIIOTIYHOTO KOMILIEKCY MpHYaly Ta TepMiHany y itomy. Tomy muis 3a0e3medeHHs
BHKOHAHHS YMOBH (2.24), miep1 3a Bce, HeOOX1THUM € 3a0e3NeUeHHsI CTaIoro (pyHKITio-
HYBaHHS ITOPTAIBHUX KOHTCHHEPHNUX NePEBAaHTAXKyBadiB.

3 ypaxyBaHHSIM JaHOTO (DaKTy YMOBH CTalOro (hPyHKLIOHYBaHHS TEXHIKO-TEXHO-
JIOTIYHOT CHCTEeMH KOHTEHHEPHOTO TepPMiHay CIIifl 3By3UTH, HE PO3IIISIIAl0uH YCi eJe-
MEHTH, a TUIbKH OCHOBHI, Y JaHOMY BUITQJKy — MPUYAIbHUX KOHTEHHEPHUX MepeBaH-
Ta)KyBadiB.
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n
1 2 M; . .
Hexalii cepen eneMeHTIB MHOXXHUHU q {xi (0, (1), % (t)} BUJIJIEHO M1IMHOXUHY
. . 1= . v
napameTpiB, SKi XapakTepH3yIOTh MPOAYKTUBHICTh NOPTAIbHUX KOHTEHHEPHUX Mepe-
BaHTaxyBauiB. He oOMexyroun 3araibHOCTI, IPUAMAEMO:

n

Lnj (5.0, )< (KO0 0nx" (1)) 4)

i=1 i=1
e P((x"(t)—x" () < AP ()2 pyk =1, L,i = Ln,t =1,2,...,T — KiIBKICTh TIPUYATBHUX KOHTEH-
HEpHUX TEepeBaHTaXyBaviB i-ro nmpuyany. Jlo 1aHOi MHOXHMHHU Tako)X MOXKHA JOJATH
1Ie THJIOBI KOHTEHHEPHI IepeBaHTaXyBayi, SKIO0 BOHM JUIsl JAHOTO TEPMiHATy TParoTh
TaKOXX BaroMy poJib Ta JOCHTH CHJIBHO BIUTMBAIOTH HA TPOIYCKHY CIPOMOXKHICTh TEp-
MiHany. Y Oyab SIKOMY BHIAJKY, cTane (yHKIIOHYBaHHS TEPMiHATY Ha MPAKTHUIIl 3alie-
JKUTh HE BIJI yCIX CKJIAJIOBUX TEXHIKO-TEXHOJIOTIYHOT CUCTEMH, a TUIBKH BiJ 11 IMiIMHO-
JKUHH, SIKy He0OXiTHO BU3HAUUTH C YpaxyBaHHSIX 0COOIMBOCTI TEpMiHATY.
OTxe, TaHi yMOBH:

P(x"(0)-x" ()< A" '(t)) = p, k=1,L,i=Lnt=12,..T
i i i ik i , (5)

Iie x'(¢)— IIaHOBA MPOAYKTUBHICTH K-T0 yCTaTKyBaHHS 3 MHOKMHU OCHOBHUX; x'f (1) —
1

(hakTUYHA MPOTYKTHBHICTB K-T0 yCTaTKyBaHHS 3 MHO)KHHH OCHOBHHUX; Ax; '(f) — IIpHITyC-
TUME BiIXWICHHS (aKTUYHOI MPOAYKTHBHOCTI K-rO yCTaTKyBaHHsS 3 MHOKHHH OCHO-
BHUX BiJl 3aIJIAHOBAHOIO PiBHSA; p, — MMOBIPHICTb 3a0e3Me4eHHs HEOOXiTHOroO piBHA
HPOAYKTUBHOCTI.

MeTon OIIHKM PU3UKY IOPYIIEHHS CTaloro (yHKIIOHYBAaHHS TEXHIKO-TEXHO-
JOoTiYHOi cucTeMH TepMiHaimy. Ha 3MeHIIeHHS (aKTHYHUX 3HAYCHb MapaMeTpiB

n
ig OO O 1 BiIMOBIHUX HMOBIPHOCTEH P, BILUIMBAE MHOXKHHA (AKTOPIB.
OTxe, Mg PU3UKOM CTANOTO (YHKIIOHYBaHHS MOPCHKOTO KOHTEHHEPHOTO TepMiHATy
OyzeMo po3yMiTH MOpyLICHHs yMOBH (5).

Jlnist OLIHKK PU3UKY MOPYUICHHS CTaloro (QyHKIIOHYBaHHS MPOMOHYETHCS HACTYII-
HUU METOII, sIKili 0a3yeThCs HAa ICHYIOUMX ITIIX0JIaX JUIsl OI[IHKK PU3UKIB y Pi3HUX ce-
pax (Hanpukiaz, [17]), po3BuBarodu ix 3 ypaxyBaHHSIM CYTHOCTI Ta IPUHHATUX KpPHUTe-
piiB cTranoro GyHKIIOHYBaHHS, a TAKOXK 3 BPAXyBaHHSM Taly3eBOi CIICHU(IKH.

Y BiIOBITHOCTI JI0 MONIEPEIHIN JEKOMIIO3HUIIIT TPOIMYCKHOT CIIPOMOXKHOCTI, OIlIHKa
PHU3HKY cTanoro (pyHKI[IOHYBaHHs TEpMiHAIy B LIUIOMY Tependavyae MOKPOKOBHHA poO3-
IJISI PU3HKY (YHKIIOHYBAaHHS TEXHOJIOTIYHOTO KOMIUIEKCY TIEBHOTO MTPUYAIy, a TAKOXK
pU3HUKY (DYHKILIOHYBaHHSI TIEBHOTO TEXHOJOTTYHOTO 00JagHaHHs (pUC. 2) — BPaxoBYy-
104U JIEKOMITO3HIIII0 TPOITYCKHOT CIPOMOXHOCTI TepMiHATy Ta YMOBH HOTO CTaJIOro
¢bynkuionyBanus. Takii miaxia BpaxoBye MEBHUI BIUIMB YCTaTKyBaHH: Ta MPUYaJIiB Ha
3aralibHy MPOIYCKHY CIIPOMOXHICTh TEPMiHAIY.

Ormxe, S — pU3KMK MOPYIIEHHS CTAIOTO (BYHKI[IOHYBAHHS KOHTEHHEPHOTO TEPMiHAaTy
B KOHTEKCTI MOPYIIEHHS CTajoro ()yHKIIIOHYBaHHS BiJIMOBIIHOI TEXHIKO-TEXHOIOTid-
HOI cucTeMH, sIKii (hopMyeThecst Ha 0a3i pU3UKIB MOPYIISHHS CTAIOTO (PYHKIIOHYBaHHS
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TEXHOJOTTYHUX KOMIUICKCIB ITPUYAIB S,i=1,n, [0 Y CBOIO YEPTY, € PE3yILTaTOM KOMIIO-
3WIi{ PU3HKIB MOPYIIEHHS MapaMeTPiB MPOAYKTUBHOCTI OCHOBHUX €JIEMEHTIB TEXHOJIO-

TYHOTO KOMIUIEKCY TIpUYany S k =1,L,i=1,n-
[IpomioHy€eThCS 3aradbHUAN PU3UK MOPYIICHHS CTAIOTO (PYHKIIIOHYBAaHHS TEXHIKO-
TEXHOJIOTIYHOI CHCTEMHU TEPMIiHAITy OIIHIOBATH SIK:

S= z %S, (6)
Je w,i=1n — Bara pH3HKY nopymeHHﬂ cTasioro (PyHKLIOHYBAHHSI KO)KHOTO HpUYay
y 3araJlHOMY PU3MKY Ul TEPMiHaly y LijgoMmy. B skocTi 1aHMX BaxemiB JOLITBHUM
€ BUKODUCTAaHHS YAaCTKU IUIAHOBAHOI IIPOITYCKHOI CHPOMOXKHOCTI NPUYAly R (x')
y 3araibHiil TPOMyCKHii cipoMokHOCTI Tepminany R'(X')— B Takiii croci6 BpaxoBy-
€ThCS TU(EepeHITiallisl BIUIMBY KOXKHOTO MPUYay Ha (YHKIIOHYBAaHHS TEPMiHAIY:

=T = ZR(X) i=Tn. )
R.'(x")

a)

B)

Puc. 2. Emanu oyinku puzuxy cmanoeo QyHKyioHy8anus mexHiko-mexHoi02iuHol
cucmemu mepminany

3 ypaxyBaHHIM (7) BUKOHYETHCS CTaHIapTHA YMOBA MO0 BaXKEIIB:

v R g ®)
Z”‘ 2 R

B cBoro qepry, BpaxyBaHHs HeplBHOSHa‘IHOCTl BIUIMBY KOXHOT'O €JIEMCHTY 3 MHO-

SKUHH {xil(t), X2(1),0eyx (z)},i=1,_n TakoXX NOTpebye BBEIEHHS BiIIOBIIHMX BajKeNiB

nti=1,nk=1L , A5 AKX BUKOHYEThCS yMOBA:

L —
> pf=Li=1n. )
k=1

CJ'IiI[ 3a3HA4YUTH, 110 AKIIO B SIKOCTI OCHOBHOTO YCTAaTKyBaHHs IMpUYally B paMKax

MHOKHHHI {xil ()% (t),-.-,xil‘(f)},i =1,n  BpaxoOBYIOThCS, HANPHUKIAN, TUIBKA MOPTAJIbHI
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KOHTEIHEepHI NepeBaHTa)KyBadi, TO 1711 BCTAHOBJICHHS BaXENIB 7 ,i = 1,n,k =1,1; MOXHa
BUKOPHUCTOBYBATH MiJXiJ], AaHAJIOTIYHUI PO3IVISIHYTOMY BHILE, OTKE!

nt=—20 _ k=1L,i=Ln> (10)
R'(x")

2 k

7 Z X o

k=1 R'(x"

SIKIIIO TIPUMHSATO, 1110

L _

R'(xY=), x{=Li=1n, (12)
k=1

OTXE TPOIYCKHA CIPOMOXKHICTh MPHYAy BCTAHOBISIOTHCS K CyMa HPOJYKTHB-
HOCTI OCHOBHOT'O yCTaTKyBaHHs (OpTalibHUI nepeBanTaxyBadi). OTxe, (10) Bpaxo-
BY€ BHECOK ITPOTyKTUBHOCTI KO)KHOTO €JIEMEHTY 3 OCHOBHHX Y TEXHOJIOTTYHOMY yCTaT-
KyBaHHI pUYaTy B IPOJYKTUBHICT — IPOITYCKHY CITPOMOKHICT TIPHYAITY.

SIKIIO B MHOKHHI {x.l (0,52 (1), X" (1)},i =1,n npucyTHI pi3HOMaHITHE yCTaTKyBaHHS,

abo ymoBa (12) He BUKOHYETECS, TO BaXeNi n',i= Lnk :EanSHaHaIOTLc;[ eKCITepT-
HUM IIJISIXOM 3 YPaxyBaHHSIM BIUIUBY KOXKHOTO €JIEMEHTY Ha 3arajibHy MPOTYyKTHBHICTb.

Pusuk mopymieHHst ctanoro GyHKITIOHYBaHHS TEXHOJIOTITHOTO KOMITIICKCY TIPHYaIiB
y MaHi¥ cuTyarii:

L _
Si=z Si".m":l,izljn- (13)
k=1

Taxum 9rHOM, (hopMaTi3oBaHa IHTETpaTbHA OIIHKA PU3HUKY MOPYILEHHS CTANIOTO (hyHKIIi-
OHYBaHHSI KOHTCHHEPHOTO TEpMiHAITY, SIka BPaXOBy€ HEPIBHO3HAYHICTH BIUTMBY TPOIYKTHB-
HOCTI OCHOBHOTO OOJIa [HAHHSI IIPUYAITIB TepMiHaITy. Y3araibHiowuu (12) Ta (6), 0TpuMaemMo:

S=i ”"[i Si""nfj' (14)

SIkmo Baxkeni .7t ,i=1,nk=1,[, BCTAHOBIIOIOTHCS y Biamosigaocri g0 (7) Ta (10),
TO OLIIHKA PU3HKY:

n i n [ [ L k&
S=2 4 isik'”ik =2 M lef'% ' (15)
i=1 k=1 iw R'(x) U= R'(%")

TakuM YMHOM, OIIHKK PU3UKY HOPYLIEHHS CTAJIOr0 (yHKIIOHYBaHHS TEXHIKO-TEX-
HOJIOTIYHOT CUCTEMH TepMiHaTy (hOPMYETHCS SIK IHTErpaTbHa BETMYNHA PU3HKIB IHIIIOTO
PiBHS Y BIJIIOBITHOCTI /IO CXeMH Ha pHC. 2.

@®opmyBaHHS OLIHOK PHU3MKY IOPYIICHHS CTanoro (QyHKIIOHyBaHHS IS
CKJIQJIOBUX  TEXHIKO-TEXHOJOTIYHOI cHUCTeMHM TepMiHaimy. HactymHuit — eran
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JOCITIJUKEHHST — BCTAHOBJICHHs 0€3M0CEePeIHRO OLIHOK PH3HKY S, Ha SIKHX 6a3yloThCs
PY3WKH 1HMHX piBHIB. Ha puc. 3 HaBeAeHO cXeMy MPOMOHOBAHOTO METOAY Yy 3arailb-
HOMY BHTJISII.

OTxe, cepel OCHOBHHMX (DaKTOpiB BIUIMBY HAa MPOAYKTHBHICTH €JIECMEHTIB TpaH-
CTITOPTHI-TEXHOJIOTIYHOT CHCTEMH TEPMiHATY — 30BHIITHI Ta BHyTpimmHI pakTopu. OcHO-
BHI 30BHIITHI (PaKTOPH: MPUPOTHO-KIIIMATHIHI, TEXHOTEHHI, TOCTYITHICTh CHEPTOPECYP-
CiB, 3aITaCHUX YACTHH TOII0; OCHOBHI BHYTPIIITHI ()aKTOPH: CTapiHHSI, 3HOC 00IaTHAHHSI,
MOPYIICHHSI MPAaBHJ Ta HOPM EKCILTyarallii, MOpPyIIeHHS HOPM MPOBE/ICHHS PEMOHTIB
Ta 3aMiHU O0JIaTHAHHS, JIFOACHKANA (PakTOp (MTOMUIIKH, HEKOMIICTCHTHICTB ).

[Tepemideni dhakropu HE € PIBHOZHAYHUMH, OTXKE NIEAKi 3 HUX MalOTh OUTBII CyTTeE-
BWIH BIUIMB, HIX iHTIT. Hampukiaz, sk paBmito, Bik Ta 3HOC YCTaTKyBaHHSI BOKITUBIIIIE,
HDK TIpUPOTHO-KITIMATHIHI (pakTopu. TpamuiiifHuM miaxXogoM B Takiil CUTyarlii € BBe-

JICHHSI BaXXEJIiB, 5IKi BDaXOBYIOTb «Bary BIuuBy». Hexait A7, g = 1,3 Baeni /st 30BHiLL-

HiX ()aKTOpiB BILIMBY, A} w=1,5-I8 BHYTPilHIX. J[s BKA3aHMX BaXelliB HEOOXiTHO
BHUKOHAHHSI YMOBH:

S ey a1 (16)
g=1 w=1

BcranoBneHHs 1aHuX BakeJiB Ma€ BiiOyBaTHCS SKCIICPTHUM LIUISIXOM 3 BpaxyBaH-
HSIM JOCBiZy NIEBHOTO TEPMiHATy, HaIBHOI CTaTHCTHKH, IIOTOYHUX YMOB HOTO poOOTH.
Takox ci1ijJ 3a3HaYKUTH, IO BCTAHOBJIICHY CUCTEMY (PaKTOPIB MOJKHA PO3IVISLAATH OLIbII
JeTajbHille, OTXKE KOKEH (akTop MOXKHA YSBUTH y BUIVISI IS0 MHOXKUHH, HApH-
KJIaJl, PO3MOAUIUTH «HASBHICTh PECYpCiB» 3a BHIAMH pecypciB. TeM He MeHI, CIij
3ayBaYKUTH, 110 CTYIIIHb JIeTami3allii (akTopiB He BIUIMBAE HA MMOJAJIbIIE JOCITIIKCHHSI.
Tomy npuiimMaemo cuctemy (pakTopiB BIUIMBY SIK Ha pHC. 3.

150 150 I
125 125 -
100 100 e
475 Lo7s 2
v =
50 50 conn
25 25 s
0 0
0 25 50 75 100 0 50 100 150 200 250
PEIIM, mac. Q. mac.
a) 0)

Puc. 3. Cxema spaxysanus paxmopie eniugy 015 oyinKu pusuxy nHOpyueHHs
CMAan02o QyHKYIioHY8anHsa MexHiKo-mMexHON02IUHOI cucmemu
MOPCbKO20 KOHMEUHEPHO20 MEPMIHAILY

Ha nactymHoMy Kpolii citifi 3a3Ha4UTH, IO OLIHKA PU3UKY BiIOYyBA€THCS IS KOXK-

n
. . Lp). 22 4
HOi NPOTYKTHBHOCTI g O 50,5 O} 5 \ommmn ocroBHOTO yCTaTKyBaHHs,
TIPH I[bOMY BaKeJli BBAKAIOTHCSA OJHAKOBUMH 3a 3HAYECHHSAMH JUISl BKA3aHOTO yCTAT-
KyBaHHS Ta 0OTagHaHHS. TeM He MEHII, MOMJIMBO TaKOK BHKOPHUCTOBYBATH BapiaHT
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JudepeHItialii BayKeliB I Pi3HUX KaTeropii o0siaHaHHs, a00 IS PI3HUX MPUYAIIIB
TepMiHaly, IKIIO ICHY€e MPUHIUIIOBA PI3HUI B yMOBaX iX poOOTH (po3TanryBaHHs pH-
yaJty, JHJIChKI PECYpPCH TOIIIO).

O1iHKa BILIMBY KOXHOTO (DaKTOPY MPOBOAUTHCS €KCIEPTHUM IILISIXOM — B SIKOCTI
EKCIIEPTY Ma€ BHCTYIATH CICIIANICT, SKid BOJIOJE iH()OPMAIIIEIO MO0 TEXHIYHOTO
o0JaIHaHHS TepMiHaJy, HOro ekcrutryararii ta T.1. OIiHKa BIUTUBY KOXKHOTO (aKTopy:

0<s, <lg=13-0<s}, <Lw=15k=1L,i=1Ln, (17)

a . . k . .
e Sigl:cg , S;W— OIlIHKN PU3UKY BIUIMBY Ha NPOAYKTUBHICTH xfi CUCTCMHU 30BHIIIHIX

Ta BHYTPIIIHIX (aKTOPiB.

1 1 'k .
3aranbHa OLIHKA PU3UKY 3 TOYKH 30y NPOMYKTUBHOCTI x/F(¢):

3 5 N —
SK =D A0 Sig + D AnSink =L L i=1n. (18)
g=1 w=1

TakuMm 4MHOM, MOEIHAHHS cXeM Ha puc. 3.1 ta 3.2 dhopMmye MOCTITOBHICTL Po3pa-
XYHKIB JUTSI OIIIHKH PU3HKY CTANOT0 (DYHKI[IOHYBaHHS TEXHIKO-TEXHOJIOTTYHOI CHCTEMH
TepMiHaJYy.

[t TOTO, 00 OIiHKA PU3UKY MaJia MIPaKTUIHE 3HAUYCHHS, HEOOX1THUM € BBEICHHS
«IIKaJM PU3NKY», dKa Tu(EepeHIiiioe pu3ruK Ha piBHI (Hanpukiaf, [ |). Beenenns Taxoi
IIKaJ B pamMKax JaHOTO JOCIHIDKEHHS MOXIIMBO TUIBKH Y 3araJIbHOMY BHIISAII 0€3
YITKOTO BCTAHOBJICHHS TIEBHUX 3Ha4Y€Hb MEXI Pi3HHUX piBHIB pu3uKy. Lle oOymopmto-
€TBCSI TUM, IO PIBHI PU3UKY 3aJIeKaTh BiJl Cy0 €KTHBHUX OI[IHOK Ba)keliB (hakTopiB
BIUIMBY, SIKi € aKTyaJbHUMH JJISl TIEBHOTO TEPMIHAITY Ta MOXYTh 3HAYHO BIAPI3HATHCS
JUTSL THIIIOTO, 3 ypaxyBaHHAM Horo cnenndiku. Tomy A mMpaKTHIHOTO BUKOPHCTAHHS
3alpOIIOHOBAHOTO METOJy KOXKeH TepMiHai (hOpMyeE BiIIOBIAHUN PO3MOIUT PIBHIB
PU3HUKY:

S' <'S <1 — piBeHb pU3UKY BHCOKHIA;

S? < S < S* — piBeHb PU3KKY CepeIHiii;

S® <'S < S?— piBeHp PU3UKY TIOMITHHIi;

S* < S < S° - piBeHp pPHU3NKY HU3BKHIL.

[Ticns imenTHdIKAIIT PIBHSA PU3UKY Ta MOPIBHIHHSA HOTO Ta BiAMOBITHOTO 3HAYCHHS
PHUBHKY JUTSI TIOTIEPEIHBOTO Tepioay Jacy, GOpMYyIOTHCS BUCHOBKH Ta PO3POOIIIIOTHCS
BIJIITOBITHI 3aXO0IH JUISI TPOTHUIT 3pOCTAI0YOMY PU3UKY, HAITPHUKIAI, a00 IS I ATPUMKH
HAasIBHOTO PiBHS CTAJI0r0 (DyHKITIOHYBaHHS.

ExcriepumenTanbHi po3paxyHKu. JJIs imrocTpartii po3paxyHKiB 3a 3alpOTIOHOBAHUM
METOJIOM PO3TIITHEMO HACTYIHUH Mpukian. Hexai po3mismaeTsCcs TepMiHai, y CKIami
SIKOTO TPH MPUYAIIN 3 BIATIOBIIHUM TEXHOJIOTIYHUM ycTaTKyBaHHSAM. Cepen 0CHOBHOTO
YCTaTKyBaHHS BHIUICHO IO TPH €JIeMEHTY (Taom. 1).

Po3paxyHKN BaeliB MPOTYyKTUBHOCTI YCTAaTKyBaHHs 7f,i=1,3k=1,4Ta TpUdaiiB

i =1,3 32 popmynamu (7), (10) naseneno y tadn.3.1. [IponyckHa ClIpOMOXKHICTB Tep-
minany 820 truc. TEU/pik — mpuyanu BiANOBiAHO MalOTh MPOITYCKHI CIIPOMOXKHOCTI 260,

260 Ta 300 tuc. TEU/pik. Puc.4 intoctpye npuiiHsTI Baskeni AL, A2 st cuctemu (ax-
TOPIB BILIHUBY, Ta0JI. 2 — pO3paxyHKH JJIsl puyany 2.
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Tabmuus 1
Pe3yIbTaTH PO3PAXYHKIB BAKETIB 7 i =13,k =1,4,4,i=13
Mpuyaa 1 Hpuyan 2 Hpuyan 3

i Xk ik .

0 0, 0, T, o, S
k=1 50 0,19 60 0,23 80 0,27
k=2 80 0,31 60 0,23 80 0,27
k=3 80 0,31 40 0,15 60 0,20
k=4 50 0,19 100 0,38 80 0,27
Pazom 260 1,00 260 1,00 300 1,00
1 0,317 0,317 0,366

moacskuii Gpaxrop (momuxy,. . N 0,1
nopymennst Hopu nposeienns pevontiz NG 0,25
nopymienHs npasui Ta Hopm excruryarauii - I 0,25
crapinns, 3Hoc o6naxnanns NG 0,2
noctynaicts pecypeis NN 0,1
texnorenni [l 0,05
npupoano-kinimMarnuni Il 0,05
0 01 0,2 0,3

Puc. 4. Hopisnanua npuiinsamux éadxcenie A7, A2

PesybraTi po3paxyHKy pusHkiB S, s npuuany 2

Ha puc. 5 HaBeseHO OLIHKM PU3MKIB 1IOA0 3MEHIIEHHS NPOJYKTUBHOCTI yCTaTKy-

BaHHA 3a mpudanamu S . ,i =1,3, Ha puC.6 — OLIHKM PHU3MKIB MNOPYLIEHHS CTaJIOro

(yHKLIOHYBaHHS 10 OpHYanax S ,i= 1,3 Ta [7ist TepMiHANYy Y L{iIoMy S.

Kpammmit noka3sHHK BiNOBIAa€E TPETHOMY NPHYAIY, 3 YpaxyBaHHIM TOTO, IO 32 Hali-
OiIBIII BATOMUMH CKJIQJIOBHMH — CTAHOM YCTATKyBaHHSI, TOPYILIEHHIMH PEMOHTIB, HOPM
eKCIUTyaTaIii — el nmpudai Mae OibIl HU3bKI OI[IHKH.

Po3paxyHOK pu3MKy MOpyIIEHHS CTajaoro (yHKIIOHYBaHHS TePMIHANY BilOyBaBCs
y BiANOBIAHOCTI 10 opmyinu (14), TaKUM YUHOM, OTPHMAJIU OLIIHKU PU3UKY S = (0,148 -

SIKII0 MPUUAHATH B SIKOCTI IIKAJIU PU3UKY CTAJIOr0 (QyHKIIOHYBaHHS HACTYITHY:

0,7<S <1 — piBE€Hb PU3HKY BHCOKHIA;

0,5<S < 0,7 — piBeHb PU3HKY CEPEIHII;

0,2 <S <0,5— piBeHb PU3UKY [TOMITHUH;

0<S < 0,2~ PIBCHb PH3UKY HU3BKHIA,

TO JUTA IPHUKJIATY, IO PO3IIIIAETHCS , PIBEHb PU3HUKY BBAKAETHCS K HU3BKUI. Ase
JUTSI TIOBHOTH BHCHOBKIB HEOOXiTHO MaTH iH(OpPMAIIiIO 3a MMONEpeIHI YacoBi TIEPioau
JUTS TIOPIBHSIHHS T2 BCTAHOBJICHHS TMHAMIKH.
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EXx1l mx2 mx3 mx4

Tabmur 2
OuiHKku pU3HKY OuiHKH PU3HKY 3 YPAXyBaHHSIM BaxeJliB
dakropu
BILTHBY c.a ¢.a ¢.a GA | jca . A | jcA . cA | g0 cAd | j0d . ¢
S21g | Soog | $93g | Soag | Mie Silg | Mzg Sizg | Mg St | Mg Sisg
Hpupomso- 1o o1 | g01 | 001 | 001 | 00005 0,0005 0,0005 0,0005
KIIIMaTU4H1
Texuorenni | 0,01 0,01 0,01 0,01 0,0005 0,0005 0,0005 0,0005
Jocryn-
HICTH 0,2 0,2 0,15 0,15 0,02 0,02 0,015 0,015
pecypcis
Crapinns,
3H0C oOman- | 0,3 0,3 0,8 0,5 0,06 0,06 0,16 0,1
HaHHS
ITopymenns
TpaBuil
Ta HOPM 0,2 0,2 0,1 0,1 0,05 0,05 0,025 0,025
CKCI1ya-
Tamii
Tlopymenns
HOPMIIDO= 1 6 05 | 0,05 | 0,05 | 005 | 00125 0,0125 0,0125 0,0125
BEICHHS
PEMOHTIB
Jhoncrrmii | | 0,05 0,1 0,05 0,01 0,005 0,01 0,005
(haxTop
Pa3zom 0,1535 0,1485 0,2235 0,1585
0,25 0,22
0,20
0.20 017
0,15 0,150,150 0.16 0,15 14
0,15 : 0,12
0,10 0,08 0,08
0,05 I
0,00
npuyan 1 npuyan 2 npuJan 3

Puc. 5. Oyinku pusuxie w000 smeHuieHHa nPoOyKMUSHOCMI YCMAamKY8aHHs

3a npuuanamu S

B mpomeci ekcriepuMeHTaTBRHUX PO3PAaXyHKIB 3MIHCHIOBATIOCH BapilOBaHHS BXii-
HUMH JAHUMU TS aHAJTi3y BIUIUBY 3MiH Ha Pe3yIbTaTH OMHKH pu3uKy. OTXe, pe3yib-
TaTW EKCIEPUMEHTAIBHUX PO3PaxyHKIB 3a 3alpONOHOBAHHUM METOJIOM JIO3BOJISIOThH
3pOOUTH BHCHOBOK IPO T€, IO PE3YJILTATH OILIHKW BIJINOBITHUM YHHOM PEaryroTh Ha
3MiHU BXiTHUX JaHUX; PE3yTBTATH CKJIAIal0Th IPAKTHYHUN IHCTPYMEHT OIlIHKH PU3UKY
Ta HAJIal0Th HAOYHHH TOTVIS HA CUTYaIlii 3 PU3UKOM TOPYIICHHS CTAIOTO (DYHKITIOHY-
BaHHS TEXHIKO-TEXHOJIOTIYHOI CHCTEMHU TEPMIHAIY 3 TOUYKH 30py OKPEMHUX CIIEMEHTIB
JTAaHOT CUCTEMH.
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0,180 0,165

0,160 0,156 0,148
0,140 0,126

0,120

0,100

0,080

0,060

0,040

0,020

0,000

npuyai | npuyan 2 npuyan 3 TepMiHal

Puc. 6. Oyinku puzuxy nopyueniss cmanozo GyHKYionyeauHs npudanis S ;
ma mepmiHany

BucHoBKH. 3anpornoHOBaHO METOJ OLIIHKK PU3UKY MOPYIICHHS CTANIoro (hyHKI[io-
HYBaHHS KOHTEHHEPHOTO TEPMiHAITy Y KOHTEKCTI 1Or0 TEXHIKO-TEXHOJIOTTYHOT CHCTEMHU.
OriHka pu3uKy cranoro GyHKIIOHYBaHHS TEPMiHANY B LIJIOMY Tepeadadae moKpoKo-
BUH PO3IVISII PU3UKY (PYyHKIIIOHYBaHHSI TEXHOJOTTUHOTO KOMILIEKCY MIEBHOTO TPUYAITY,
a TaKoX PU3MKY (QYHKIIIOHYBaHHS MEBHOTO TEXHOJIOTIYHOTO OOJIQJIHAHHS — BPaXOBY-
04X JIEKOMITO3UIIII0 TPOITYCKHOT CIIPOMOXHOCTI TEpMiHATy Ta YMOBH HOTO CTaJloOro
¢dynkiionyBanHs. Takiii miXiq BpaxoBye MEBHUH BIUIMB YCTaTKyBaHHS Ta MPHYAIIiB
Ha 3arajibHy MPOIYCKHY CIPOMOXHICTh TEpMiHaNy. 3armponoHOBaHW MeTox 0asy-
€THCSl HA ICHYIOUMX IMiJXO/aX JUIsS OLIHKKA PU3MKIB Yy Pi3HUX cdepax, pO3BUBAIOUH X
3 ypaxyBaHHSIM CYTHOCTI Ta MPUHHATHX KPUTEPIiB cTANOro (DYHKIIOHYBaHHS, a TAKOX
y IPUKJIaTHOMY HaNPSIMKY 3 BpaxyBaHHSIM rairy3eBoi cennuiku npu GopMyBaHHi CUC-
TeMH (aKTOPiB BILUIUBY, & TAKOXK NPH GopMatizallii BayKeiB eJIeMEHTIB (YCTaTKyBaHHS)
Ta MicucTeM (IPUYAIIiB) Y CTPYKTYPI 3araibHOTO (IHTETPaIbHOT0) PU3HKY OPYIICHHS
cranoro (hyHKIIOHYBaHHS TepMmiHaiy. [IpoBeeHo BiINMOBIIHI eKCIIEpUMEHTaIbHI PO3-
PaxyHKH 3 METOIO MIEPEBiPKH MMPaIe3aTHOCTI 3alPOITIOHOBAHOTO METO/Y Ta HOTO JI0CTO-
BIpHOCTI.

Cuij 3a3Ha9YMTH, IO TAHUH METOJI € YHIBEPCATLHUM, 1 MOXKe OyTH BUKOPUCTAHUM JIJIS
OLIIHKHM PH3UKY MOPYIICHHS CTANOTO (PYHKIIOHYBAHHS TEXHIKO-TEXHOJOTTYHUX CHCTEM
PI3HHX 3a creliaTi3alliero TepMiHaiB 3 BpaxyBaHHIM BiAMOBIAHOT cielU(iKK ITPY BU3HA-
YeHHI MHOYKHHH YCTaTKyBaHHs Ta IX BIUIMBY HA 3arajbHy NPOIYCKHY 3JaTHICTb.
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KOHTEWHEPHI IEPEBE3EHHS IIOPOMHUM CIIOJIYYEHHAM
Y HOPHOMY MOPI IK YACTHUHA TPAHCKACHIACBKOT O
MIZKKHAPOJHOI'O TPAHCIIOPTHOT'O MAPIIPYTY
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Ooecvkutl HayionanbHull Mopcokuil yHisepcumem, Odeca, Yrpaiua,
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Anomauisn

Bcemyn. Koumetineponomik miowe Cxionoro Asiero ma €gponeticoxum Coro3om € 00HUM
3 HaubLibwux 3a 00 'emom. Lllupokomacumabue pociticbke 6mopeHerHs 8 YKpainy npusee-
J10 00 3MeHUleHHs NONYIIAPHOCMI MaK 36aH020 «lli6HiuHO20 KOpUOOpy» — MPaHCHOPMHOL
cucmemu, wjo cnonyyae Kumaii 3 kpainamu €C, ma 8uMycuio 8aHMAaiICoOBLACHUKIE 00Upa-
mu anbMepHAMuUGHI uisaxu 00CmaesKky. 1panckacniticokuil MidICHAPOOHULL MPAHCROPIHULL
Mapwpym 3H08y NpUSEPHy8 00 cebe y8azy, K MIbIMUMOOALbHULL WIAX OOCMABKU 8AHMA-
arcie 3 Kumaro oo €C. Leti mapuipym, sxuil npoxooums uepes oexinoka kpait CepeoHboi
A3ii, Ha cb020OHIUIHIT OeHb € NOMEHYILIHOIO ATbMEPHAMUBOIO OIS HA3EMHO20 JIO2ICIMUYHO20
JAHYI02a NEpese3eHsl BAHMAICIs, KUl paniwe tuios no mepumopii pocii. OOHI€0 3 TAHOK
O0aHO2O UISIXY € MOPCbKe nepese3eHHs eanmaicie 3 nopmie 1 py3ii/Typeuuunu 0o MopcoKux
nopmie cxionozo bepezy Yoprozo mops. OOHum 3 8apianmis maxKo2o Mapuipyny € nopom-
He CHONYYeHHs. MidIC 2PY3UHCOKUMU A MyPeybKumMu nopmamu 3 nopmom 4opHomopcuk.
Mema. Memoro cmammi € 027180 KOHMEUHEPHUX 8AHMANCONOMOKIB, WO PYXAMbCA NO
Tpanckacniticokomy MIidHCHAPOOHOMY MPAHCNOPMHOMY MAPWPYNy, ma aHali3 nepchnex-
Mue BUKOPUCMAHHS NOPOMHUX Nepede3etb Y IanHyioey 0ocmaesku sanmaoicie. Pezynomamu.
Ananiz nepegesens 006i8, ugo TpanckacnitiCoKuLl MidCHapOOHULL MPAHCHOPMHULL MAPUWPYM
npedcmasnse 0 Yipainu 0yoice nepcnekmusHy cxemy oocmasku eanmaicie 3 Kumaro,
a maKodc mpaH3umnux nepeseserv Ha Hanpsamxy Cxiona Azia-€C. Hessadicarouu Ha KoH-
Kypenyiro nopmie Pymynii ma boneapii, 3aniznuuni nopomui nepesezernns 3 1 py3ii 0o nop-
my Yoprnomopcok maroms nesHi nepesazu i nomenyian poseumxy. Bucnoexku. 3aniznuuni
NOpOMHI nepesesents Konmelnepis 3a Hanpsamom bamymi/llomi-Hopromopcok do3601ame
VKPAIHCOKULL MPAHCNOPMHIL cucmemi 0oayyumucy 00 TpaHckacniticbko2o MidDCHApOOHO20
MPAHCNOPMHO20 MAPWPYNLY, Md nepesedynib YACMUHY KOHMEUHEPHO20 8AHMANCONOMOKY
midie Kumaem ma €C uepez mepumopito Ykpainu. Hezsascarouu na ye, maxuti 8u0 cnoiy-
YeHHsL MAE NEGHI HeOOIKU, SIKI BUMALAIOMb OLIbUL QOKIAOHO20 NOPIGHSHHS 3 MPAOUYILIHUM
KOHMeEUHEePHUM Nepese3eHHAM CYOHAMU-ioepami.

Knrouosi cnosa: konmetinepni nepegeseniisi, nopom, TpanckacniiiCoKutl MijcHapoo-
HULL MPAHCHOPMHULL MAPWPYM, J102ICMUKA, 00CMABKA 8AHMANCIS.

© Jlitesik B.1., lllepouna O.B., 2025
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Summary

Introduction. The container traffic between East Asia and the European Union is
one of the largest in terms of volume. The large-scale Russian invasion of Ukraine has
led to a decline in the popularity of the so-called “Northern Corridor” — a transport
system connecting China with the EU countries, and has forced cargo owners to choose
alternative delivery routes. The Trans-Caspian international transport route has again
attracted attention as a multimodal route for delivering goods from China to the EU.
This route, which passes through several Central Asian countries, is currently a potential
alternative to the land logistics chain for transporting goods from China to the EU, which
previously ran through the territory of Russia. One of the links of this route is the sea
transportation of goods from the ports of Georgia/Turkey to the seaports of the eastern
coast of the Black Sea. One option for such a route is a ferry connection between Georgian
and Turkish ports with the port of Chornomorsk. Purpose. The purpose of the article is
to review container cargo flows moving along the Trans-Caspian international transport
route and analyze the prospects for using ferry transportation in the cargo delivery chain.
Results. The analysis of transportation has proven that the Trans-Caspian international
transport route represents a very promising scheme for Ukraine for the delivery of goods
from China, as well as transit transportation between East Asia and the European Union.
Despite the competition from the ports of Romania and Bulgaria, rail ferry transportation
from Georgia to the port of Chornomorsk has certain advantages and development
potential. Conclusions. Rail ferry transportation of containers in the direction of Batumi/
Poti-Chornomorsk will allow the Ukrainian transport system to join the functioning of the
Trans-Caspian international transport route and will transfer part of the container cargo
flow between China and the EU through the territory of Ukraine. Despite this, this type
of connection has certain disadvantages that require a more detailed comparison with
traditional container transportation by feeder vessels.

Key words: container shipping, ferry, Trans-Caspian international transport route,
logistics, cargo delivery.

Beryn. Mopcbki KOHTEHHEPHI EPEeBE3EHHS € OJHUM 3 HaHO1IbII PO3TIOBCIOMKEHUX
croco0iB JOCTAaBKU BaHTAXIB y CBITi. YHiBepCaJbHICTh Ta BEIHMKI 00 €MH IbOTO BHIY
nepeBe3eHb T03BOJISIOTH BAHTAKOBIACHUKAM JOCTABISITH BaHTaXi HA BEJIMKI BiICTaHi
3a BIJTHOCHO HU3bKHMHU LIHAMH.

Ha cporopHimHiA 1eHp, OMWH 3 HAMOUIBIINX KOHTEHHEPHUX BaHTAXKOIIOTOKIB ifie 3a
mappytom Kurait-€C. 3a indopmaniero UNCTAD, 3a HanpsimxoM Cxigna A3is-€Bpona
JIMILIE MOPCHKUM TpaHCIIOpTOM Oyiio mepese3eno npuonusno 23 muta TEU [1].
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OnHUM 3 THIIOBUX MapIIpyTiB EpEBE3eHb BAHTAXIB Ha IIbOMY HATPSIMKY JI0 HEIIO-
NaBHbOTO yacy OyB [TiBHIYHMI MapuIpyT, ajne y 3B’S3Ky 3 BUKIIOUCHHSIM POCIHCHKOTO
CEKTOpa 3 JIOTICTUYHOIO JIaHIIora JOCTaBKH BaHTaxiB 3 Kurato no €C, HaraabHUM
CTaJIo MUTAHHS MOIYKY aJIbTEPHATHBHUX MapIIPYTiB IIepeBe3eHb KOHTeWHepiB. OHI€0
3 TaKMX QJIbTEPHATHB € TpaHCKACHIHCHKHN MIXHApPOIHWH TPAHCIOPTHUI MapIipyT
(TMTM). Lleit MynbTUMONAILHUH JOTICTHYHUE 1UIIX 3’equye kpainun €C 3 Kuraem
TPAaHCIIOPTHUM KOPUIOPOM, SIKHIA IPOXOAHTH uepes [ py3ito, Typeuunny, AzepOaiimkan
ta Kazaxcran. Ykpaina Moxxe OyTH OJIHI€IO 3 KIFOYOBHUX JIAHOK IIbOTO TPAHCIIOPTHOTO
JIAHIIIOTa, OCKITBKH KOHTeHHepH 3 opTiB ['py3ii Ta TypeuunHu Ha IX OUISXY JI0 €BPO-
NelchKUX KpalH HeoOXiTHO IePeBO3UTH MOPCHKHM TpaHCIIOpToM Yepe3 YopHe mope.

IMocranoBka mpo6GjeMu. Y 3a3HaYCHMX paHIllIe YMOBax JOLUIBHUM € PO3TIIS
BUKOPHCTAHHS TIOPOMHOTO CITOJYYEHHS JUIs TIEPEBE3CHHSI KOHTEHHEPIB, IO PYXaIOThCs
TMTM. Y MOpcbKHX TIOpTax, M0 € YaCTUHOIO 1Iboro Kopuaopy (HoprHomopcerk, batymi,
[Mori, CamcyH) icHye iH(GpacTpyKTypa, siKa MIXOJUTh [T OpraHi3ailii KOHTeHHEePHUX
nepeBe3eHb MopoMamMu. Ha qaHnii MOMEHT 11i yMOBHU HE BUKOPUCTOBYIOTBCS Y JIOTICTHY-
HoMy JaHIory Kutait-€C, Tox OIUILHOO € OLIHKA MEPCIEKTUBHOCTI iX 3aJIyueHHSI.

AHaJi3 ocTaHHIX AochaifkeHb i myouaikaniii. Ilorenmian Bukopucranns Tpan-
CKacMiiChKOTO MIXXHAPOJTHOTO TPAHCIIOPTHOTO MapIIPYTY SIK aJbTEPHATUBH ICHYIOUHM
nuisixam nepeseseHb Mk €C ta KutaeM po3misiiaeTbest A0CTIIHUKAMU BKE JICKITbKa
pokiB. Pa3om 3 mouarkoM MOBHOMACIITAOHOTO BTOPTHEHHSI HA TEPUTOPII0 YKpaiHH IS
TeMa craja OULIbII aKTyaJIbHOFO, [0 TIPU3BEJIO J0 301IbIICHHS i1 HAYKOBUX JIOCIIPKEHb
y KOHTEKCTI PI3HUX BUJIIB BaHTaXIB, a TAKOXK JOCTABKU BAaHTAXIB 32 PI3HUMH Teorpa-
¢iuanME HanpsiMamu. [lepcrieKTUBY BaHTaXXHHX TepeBezeHb TMTM nocnimkyBaiu
T. Kenderdine, P. Bucsky, N. Miholjcic, G. Chankov, A. Garibov, R. Palu, O.-P. Hilmola,
XK. Meneybaesa, P. TamremxanoBa, A. Tyraes Ta iH.

BiTun3HsHI HAYKOBIII TAKOXK OCITI/KYIOTh (DYHKIIOHYBaHHS YKPaiHChKOT TPaHCIIOPT-
Hoi cuctemu y ckiagi TMTM sik y KOMITTIGKCHHX OTVISLAaX TPAH3UTHUX TTEPEBE3CHb TEPH-
TOpiero YKpaiHH, Tak i y paMKax MOXKIJIMBOI criiBrpaii 3 kpainamu KaBkasy Ta Cepeabol
A3ii y tpancnioptHiit cdepi. Cepen nux gocnimpkysadis Bapto BimzHauuth [. C. [Ipoky-
nina, O. A. Uynaiinenka, A. A. ManickeBuya, A. B. IIpocsntoxka, I1. 1. 3atony.

JocmipkeHHsI KOHTEHHEPHHUX MepeBe3eHb 3 BUKOPHUCTAHHSM ITOPOMIB € MEHIII ITOITy-
JIIPHOIO TEMOIO IS 0CTiKeHb, TpoTe podora JI. B. llupsieBoi Ta M. B. Illarinofi [2]
PO3IIsi/Ia€ MOPOMHI IepeBe3eHHsI KOHTEHHEPIB caMe y YOPHOMOPCHKOMY OaceiiHi.

MeTo10 cTaTTi € OIVIsI) CTaHy BAaHTXKHUX 1, 30KpeMa, KOHTEHHEPHHX I1ePEeBE3CHb 3a
TpaHckacmifiCbKUM MiDKHAPOJHUM TPAHCIIOPTHUM MapUIPYTOM Ta aHai3 MEPCHEeKTHUB
BUKOPHCTAHHS 3QTI3HIYHUAX IOPOMIB Y SIKOCTI JIAHKH MYJIBTUMOJIAITIbHOTO TIEpEBE3CHHS
KOHTEHHEPHUX BaHTaxXiB y YopHOMY MOpI.

Buxkaan ocHoBHoro marepiany. TpaHcKkacniiicbKuid MIDKHAPOJIHUN TPAHCTIOPTHUI
MapuipyT, abo CepenHiii KOpUIOp — IIe MapIIPyT MEPEBE3CHHS BAHTAXIB, 10 CIIOJTydYae
€CiKuraii. [nes TMTM 0Oyuna Briepie 3anpornoHoana B 2013 p. y pamkax [I MixkHapo-
HOTO TPAHCMOPTHO-JIOTiCTHYHOTO Oi3Hec-hopymy «Hoswii [1loBkoBuit nmuisix» B Kazax-
CTaHi, Jic TOJIOBaMH HaIllOHAILHUX 3ali3HuIb Kazaxcrany, AzepOaiimpkana ta [pys3ii
Oyna mijnucana yroja npo 3armodarkyBaHHsS KoopIuHAIIHHOTO KOMITETY 3 PO3BUTKY
TMTM. 3ronom, y 2014 pori Oyiio CTBOPEHO KOMITET, J0 SIKOTO YBIHIIUTM TPAHCIIOPTHI
opranizartii, siki 3a0e31euyroTh MOPChKi iepeBe3eHHs y KacmilicbkkoMy MOpi.
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ChorojiHi 1eil JIOTICTUYHUHN JIAHIIOT BKIIOYae y cebe 10 THCSY KUTOMETPIB 3a1i3-
HUYHUX OUIXiB 1 9 MOpchKkHX TOpTiB Ta mpoissirae 4yepe3d Kaszaxcran, Kacrmiiicbke
Mope, AzepOaiipkan, I'pysito, Typeuunny, bonrapito, Pymynito tTa Ykpainy (puc. 1).
Kpim 1mporo, BiH € reorpadiuHO HAMKOPOTIIUM IUISTXOM JOCTaBKH BaHTAXKIB MiX
Kuraem ta €C. 3a oninkoro MixHapo Hoi acoiaiii « TpaHCKacHiHChbKUI Mi>KHAPOI-
HUH TPAHCIIOPTHUH MapIIpyT», MApHIIPYT Ma€ MOTEHIIIHY MPOIYCKHY CITPOMOXKHICTh
y 10 muH. ToH BaHTaxiB 1 710 200 THC. KOHTEHHEPIB Ha pik [3].

Puc. 1. Tpanckacniticoxuili miscHapoOuuil mpancnopmuutl mapuipym ua mani [3]

Sx Bxe Oyno 3a3HaueHo, TMTM mnpencrapiise anbTepHATHBY IBOM ICHYIOUUM TpaH-
CITIOPTHUM IIIJITXaM, SKi o€ qHyI0Th kpainn €C 3 Kuraem. [leprmmit — [TiBHITHMNA MapIII-
PYT, ChOTOHI BTpaTHB 3HaYHI 00’ €MH TIEPEBE3CHD Y 3B I3KYy C BBEACHHIM CAHKITIN ¥ OiK
pociticekoi (emeparii, IO 0OMEXHUIO MOXIIMBICTh TPAH3UTHHUX TEPEBE3CHBL Uepe3 il
teputopito. Jpyruii MapmipyT — Mopchke TiepeBe3eHHs depe3 CyenbKuidl KaHal, sKe
TaKOXK Mae TIeBHI Hemomku. Tapudu nepeBe3eHHs Ha HhOMY CXUJIBHI IO PAITOBUX ITiJI-
BHIIIEHb Yepe3 BIUIMB 0ararbox (haKTOpiB, TAKWX SK HaJAMipHA 3aBaHTAXEHICThH ITOPTIiB
Ta Cyernpkoro KaHally, IiIBHINEHHS IiH Ha TalbHE, HecTada KOHTEHHEPiB, HeOe3meka
CyIHOITIaBCTBa y perioHi UepBoHoro Mops Ta iH. Tak, y 3B’SI3Ky 3 TIepeBaHTAKECHICTIO
moptiB CepeazeMHOMOpP’Sl Ta MOPYIICHHIMH POOOTH CYIEH, IMOB’SI3aHUMH 3 aTaKkaMHu
€MEHCHKHX XyCHTIB, Tapuhu Ha mepeBe3eHHs 3pociau 1o 5.5 tuc. mon. CIIA 3a ogua
TEU [1].

Ha ¢oni meoro, TMTM Bumisgae mepcueKTUBHOIO 3aMiHOIO, TIPOTE 1 BiH Ma€e CBOL
Henomniku. Hapasi, TMTM panexuit 1o piBHS PO3BUTKY Ta OpraHi3aiii HasBHUX JIOTIC-
THYHUX JIAHITIOT1B JOCTaBKH KOHTeHHEpiB Mixk Kutaem ta kpainamu €C. [Ipobmemu, ski
BHUKJIMKaHI BIICYyTHICTIO IIEHTPATI30BAaHOTO KEPYIOUOTO OpTaHy, ITiICHITIOIOTHCS BUTIIOO,
y TIOPIBHSAHHI 3 IHITUMHU NUIIXaMH, CKJIAIHICTIO TIEPEBE3CHb (MMEPETHH MEKUTHKOX MiXK-
HapOJIHUX KOPJOHIB, BUKOPUCTAHHS Pi3HUX BUIIB TpaHCTopTy) [4]. Ha manmii MOMEHT,
3a3HaYCHI HEAOIIKY MPU3BOIATE JIO ITiIBUINCHHS Tapu(iB IEpeBE3CHHS Ta BUMYITYIOTh
BaHT)KOBIIACHUKIB OOMPATH 1HII MIJITXU JTOCTAaBKH BAaHTAXKIB.

HesBaxkaroun Ha 11e, opraHizaiii, sKi 3aIliKaBIeHI Y PO3BUTKY Ta (YHKITIOHYBaHHI
TMTM nuistxoM cHiBIparii Ta cTabiTbHAX 1HBECTHUININ Y iHPPACTPYKTYpY, MPOTOBKY-
FOTD TTIIBHUITYBATH €(DEKTUBHICTE ITLOTO MAPIIPYTY.
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B ocHOBHOMY, 00’ €KTOM 1HBECTHIIIH € JTIJISTHKA TIEpeIpaBieHHs BaHTaxiB uepe3 Kac-
nitficeke Mope. Y 2017 porni OyB 3anyIieHuil B eKCILUTyaTallito MiKHapOIHUH MOPCHKHIHA
nopoMHu KoMmIuiekc y nopty Kypuk. Bin posramoBanuii miBaeHHilne nmopty Axray
Ta CHONYYa€ Ka3aXCTAHCBKY 3aII3HUINIO 3 a3epOail/PKaHCHKUM IOPTOM AJIST, SIKHHA
€ creliaai3oBaHiM OPOMHUM TepMiHaIOM TIOpTy baky.

VY xBitHI 2019 poky OyB 3amymenuii ¢pigepauii cepsic Akray-baxy, sikuit 3011b111B
piuHi 00csirn KoHTelHepHUX nepeBe3eHb TMTM na 71%. 3aans 3a0Xx04YeHHsS! BaHTa-
JKOBJIACHUKIB, acoriamiero « TMTMy Oyiu 3MEHIIICHI KOMIUICKCHI CTaBKH Ha KOHTEH-
HepHi epeBe3eHHs Ha 60-70% Bix 6a30BUX cTaBoK. Takoxk, Biaga Kazaxcrany mianye
CTBOPHUTH KOHTCHHEPHHMIA Xa0 y clielliabHii eKOHOMIYHIH 30HI MOPCHKOTO TOPTY AKTay
Ta noOyayBaru BiacHui nmopoMHuid GiaoT. Okpim Toro, TMTM 3anyuae 10 CBOro po3-
BHUTKY 1HO3€MHI iHBECTHUIIIi — €BpONCHChKUI OaHK PEKOHCTPYKIIT Ta PO3BUTKY 1HBEC-
tyBarume 10 104 miH gon. y Bunyck obmiraniit HK «Kazaxcran temup sxombi» (3ami3-
Huii Kazaxcrany) ajis niBuineHHs (JiHAHCOBOT CTIHKOCTI oriepaTopa Ta MOJACpHi3allil
TMTM [5]. i 3ycusuis BIUIMHY/IM Ha MOSBY MO3UTUBHUX TCHJEHIIIH Y BUKOPUCTaHHI
TMTM. Tak, nuie 3a 11 micsiis 2024 p. nuM nuisxom nepesesinu oinbiie 50 tuc. TEU,
10 Maibke BJIBIUI IEPEBHUIIYE PiYHI MOKA3HUKH J0 11b0T0 [6] (puc. 2).

33,6
26,0 25,2
21,0 20,5
15,2
. I

2017 2018 2019 2020 2021 2022 2023 2024 (11 months)

50,5

Puc. 2. Piunuii 06’ em xonmetinepnux nepesesenv no TMTM (muc. TEU) [6]

3pocTaHHs BaHTAXKOIOTOKIB BKa3ylOTh Ha 3alliKaBIEHICTh BaHTA)KOBJIACHHKIB
y JOCTaBIIi BaHTaXIB came UM 1uisxoM. [lomanpimii po3BUTOK TPaHCIIOPTHOI iH(pa-
CTPYKTYPH, JiUKUTAIII3allis Ta TApMOHI3aIlisi MUTHOI CTIpaBH y KpaiHax, 10 TEPUTOPIsM
SIKAX TpoxoauTh TMTM, cipoCTUTE TpoIeC IEPEBE3CHHS Ta 3HU3UTH Tapu(u rmepese-
3€Hb, 1110 JI03BOJIUTH 3ATYYUTH IIie OibIi 00'eMu BaHTaxiB. 3a mporHo3om I pymu Csi-
ToBoro O0asky [7] mo 2030 p. 3aranpHi 00’eMu miepeBe3eHb Mo CepenHpoMy KOPUAOPY
3pOCTYTh OUNBIIE HIXK y TPU pas3u, MPU YOMY YaCTKa KOHTEHHEPHHX BaHTaXiB CSTHE
35,8%, y mopiBHsHHI 3 22,7% y 2021 p.

Crig 3a3Ha4mTH, MO YKpaiHChKAa CTOpPOHA MpHiiMana y4acth B opraizamii TMTM
e 3 movarky ii (DyHKI[IOHyBaHHA. YKP3aJi3HUII J0CI € OJHUM 3 MOCTIMHHUX YIIEHIB
acoriarlii, a TaKoXX OJTMH 3 TIepIUX KOHTeHHepHUX moTsriB «Nomad Express» pyxascs
3a Mapupytom HYopHoMopcebk-Jloctuk. s Ykpainu BKpail NEPCHIEKTUBHOK € Y4acTh

93



PO3BUTOK TPAHCIIOPTY
Ne 1(24), 2025

B I[bOMY JIOTICTHYHOMY JIQHIIIOTY — HE TUIBKH y SIKOCTI TPAH3UTHOI JaHKH, 1[0 MOXKE
MPUHECTHU 3HAYHI JIOXO/HU JJIs JICPIKaBH, a i K (piHAJIbHE MPU3HAYCHHS BAHTAXKIB.

VY 2024 p. Kuraii OyB HalOUIBIIUM IMIOPTEPOM Ta OJHMM 3a HAHOIIBIIMX EKC-
noprepiB ToBapiB st Ykpainu [8]. He3Bakarouu Ha Te, IO 3arajibHa KUIbKICTh Hepe-
BE3CHOT0 BaHTAXy 3a OCTaHHI POKM 3HHM3MJAch (Tadm. 1), 1m0 MOB’s3aHO 3 3arajJbHUM
3MEHIICHHSM 00’ €MIB 30BHIIIHBOCKOHOMIYHOT JiSUTLHOCTI, BAHTAKOMOTIK MK YKpai-
HOto Ta Kutaem Bce 0JJHO moTpedye BIIOCKOHAJICHHSI CUCTEM JIOCTABKH BAaHTAXKIB — SIK
IMIIOPTHHX, TaK 1 EKCIIOPTHUX.

Tabmnms 1
BanTa:kHi nepeBe3eHHs1 Mizk YKpPaiHOI0 Ta JeAKUMH JAep:KaBaMH
npotsarom 2021-2023 pp., MJIH. T [9]

Kpai Poxn

pati 2021 2022 2023
KHP 35,6 12,4 11,5
TypeyunHa 14,3 9,3 9,4
Kazaxcran 3,8 0,9 0,4
Icnanis 6 5,7 9,6
Yexis 6,4 5,6 4.8
CIIIA 5,6 2 1,2
Cronyuyerne KopouiBcTBo 1,9 0,7 0,6
[Iseiinapis 2.4 0,5 0,5
ABcTpais 0,6 0,6 0,2
Kanana 0,2 0,1 0,1
SInowist 1,2 0,4 0,1

Posmisinaroun moTeHIian 3aimydeHHsl YKpPaiHChKOI TPAHCIOPTHOI CHCTEMH JO0 IepeBe-
3eHHs1 KOHTeHHepHUX BaHTaxiB 10 TMTM, cnin matu Ha yBasi, 3 IKUMH aJIbTePHATUBHUMHU
HUIIXaM{d BOHAa Mae KOHKypeHwito. Tak, micist mepenpasieHHs yepes Kacmiiiceke Mope,
TPAHCHOPTHUH JIAHLIOI TPHUXOAUTH 1O po3BWIKU. Ilepmmii BapiaHT mopanbimoro mepe-
BE3EHHS — TPAHCTIOPTYBaHHS KOHTeWHepiB 0 NopTiB TypeuunHwu, 1e, 31e01IpI10r0, BOHU
MEPEBAHTAXKYIOTCS Ha (ilepHi KOHTEHHEpOBO3M a00 ITOPOMH Ta BiANPABIAIOTHCS 10 HOp-
TiB kpaid €C. Ll cxema 1ocTaBKH He € KOHKYPEHTHOO JUTSI CXEMH JIOCTABKH uepe3 YKpaiHy,
OCKIJIbKHA OCTaTOYHMM TIPH3HAYCHHSIM B OCHOBHOMY € miB/ieHHi kpainu €C (Icmanis, ITamis,
Xopgaris, [ perist Ta iH.) i TpaHCTIOPTYBaHHS BaHTAXIB /10 HUX Yepe3 TEPUTOPIr0 YKpaiHu He
€ OLIbHUM. 32 IpyTM BapiaHTOM IIEpEeBE3CHHsI, KOHTEHHEPH MePEBO3ATHCS 3ali3HULCIO
Bi opty baky 1o rpy3uHChKEX mopTiB barymi abo IloTi. Y nipomy BUMaKy, 3’ IBISETHCS
BUOIp, 710 AKOTO 3 TIOPTIB Ha 3axofii YOpHOTO MOpS BiIIPaBUTH BaHTAXK: OONTapCHKOTO
Bypracy, pymyHcbkoi Koncranmi abo ykpaincskoro YopHomopcbka. Y pasi nepeBe3eHHs
KOHTEHHEpIB (PiAepHUMH CyIHAMH, YKPATHCHKHI MOPT 3HA4YHO MPOTpae CBOIM KOHKYPEH-
TaM — iHIIII TIOPTH MArOTh Habararo OLTKIII MTOTYKHOCTI Ta TIPH IIbOMY TPAHCIIOPTHA iH(pa-
cTpykTypa PymyHii Ta bonrapii kparte rmos’s13aHi 3 iHmmMu kpainamu €C.

ITompu 1e, icHye BapiaHT MEpEeBE3CHHs, IPU SIKOMY YKpaiHChbKI HOPTH MOTEHLIHHO
MaroTh IepeBary — IEPEBE3CHHs 3ali3HUYHUMH IopoMaMu. OcoONUBICTIO yKpaiH-
CBbKOT TPAHCIIOPTHOI CUCTEMH y HOPIBHSAHHI 3 CHCTEMaMH iHIINX €BPONECHCHKUX KpaiH
€ BUKOPHCTaHHS KOJii muprHoo 1520 MM — Takoi camoi, gk 1 iHmmx kpain TMTM
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(Kazaxcran, Azep0Oarimkan, [ py3is), Ha BinMiHy BiJ Komil mmpuHO0 1435 MM eBporieii-
chKoro cTanaapty. Lle o3Havae, 1110 BUKOPUCTAHHS 3aTI3HUYHHUX ITOPOMIB Ha HANPSIMKY
Yopuomopcbk-barymi/Tloti 1o3BoNsie Oe3nepeBaHTa)KyBalbHE MEPEBE3CHHS KOHTEH-
HEpHUX BaroHis 1o YopHomy Mopro. Lle 3HauHO ckOpoOUye Yac pelicy cyaHa Ta mo30aB-
JISi€ PU3UKY TEPEHABAHTAKEHHS TIOPTOBUX TEPMIHANIB Yepe3 JIOBTY TPUBAIICTH BaH-
TaXXHUX OIEPAIlii.

Ha nanuii MOMEHT 1BOMa MPAIOI0YHMU CYJTHAMH, SIKi MOXKYTb Oy TH BUKOPUCTaH1 IIpH
OMY THITI CTIOITYYCHHSI, € aBTOMOOUILHO-3aMI3HNYHI TTopoMHu « Vilniusy Ta «Kaunasy,
10 ONEePYIOThCS CYTHOIUIABHOIO KOMIaHier « Ykpdeppi» B akBatopii HopHOro Mopsi.
i cynaa MOXXyTh IepeBO3UTH BinoBigHO 50 Ta 49 yHiBepcanbHUX 3aTi3HHYHHUX Baro-
HiB [10], mo ananoriudo 100 ta 98 TEU Ha ¢itunrosiit miardopmi B oauH sipyc. Ban-
TaXXOMICTKICTb ITMX [TOPOMIB OYEBHJIHO 3aMaJia JJIsi OCBOEHHSI HABITh YaCTHHU BAaHTAXKO-
notoky B 50 Tuc. TEU, 0co011BO 3Baxkarouu Ha HaliMEHIUi yac peiicy B 5 0.

Kpim nporo, y Bnacuocti @onny nepkMaiina YKpaiHu 3HaXOUTHCS JIBa CYTO 3aIi3-
HuaHUX nopomu «lepoi [TneBuam» ta «l'epoi [lumkuy, siki 3 2015 p. Hanexanu Ykp3a-
mizaumi. CaMe i MOPOMH TUIaHYyBaJId BUKOPHUCTOBYBATH JUIsi KOHTEHHEPHOTO IMOTSTY
«Nomad Express». IIpote, Ha >kainb, CyiHa He BUKOPHCTOBYBAJINCH JIOBTUI Yac 4yepes
Opax oreparopa, OCKIJIbKM YKp3aJi3HHIS HE cIieliaiizyBajacs B OIEpyBaHHI MOp-
cekuM (piiotom [11]. BaroHoMicTKICTh IIMX MOPOMIB 3HAYHO OLbIlIa 3a BHUIIE 3rajia-
HUX — BOHU MOXKYTh 3arajgioM yMICTHTH J10 124 BaroHiB Ha BEpXHili Ta TOJIOBHIHN maxyoi
(tabm. 2), mo Bignosigae 248 TEU B oauHu sipyc. BTiM, BaKIMBO 3a3HAYMTH, L0 IIi
MOPOMH MOXYTh OyTH HE TOTOBI JUIs eKCILTyarallii uepe3 JOBIui yac Oe3/isuIbHOCTI.

Tabmuus 2
Po3minenHs BaroHiB Ha BepxHiil Ta rosoBHiii naaydax nopomis «I'epoi ILieBHI»
Ta «epoi unkwu» [2]

Bepxus nauyoa T'onoBHa majy0a
JOBKMHA | MICTKIiCTD, JIOBKHHA MICTKiCTD,
KOJIii, M BaroHiB KOJIii, M BaroHiB
IlenTpasnbHi Kol 180 13 183 13
2 TMeHTpaIbHi OOPTOBI KOJIi 358 26 350 24
2 6opTOBi KOii 344 24 346 24
Bcrporo Barosis, miT. - 63 - 61

VY pasi 3a0e3nedeHHs] TOPOMHOTO CIIONYYEHHsI HEOOXiTHUM (HIIOTOM, MOAAJBIIY
JIOCTaBKY KOHTEHHepiB y kpainu €C MoxHA 3a0€3MeUNTH 3aBISIKH YKPATHCHKHI 1H(D-
pacTpyKTypi MyJIBTUMOJAILHUX TepeBe3eHb. Ha MIisiXy Ha 3axif 3ayli3HHUIS Beae /10
0araTbOX «CyXHX» MOPTIB — CYXOIYTHUX KOHTEHHEPHUX TEPMIHAJIB, sIKi JO3BOJSIIOTH
Mepexiji KOHTEHHEPHUX MOTATIB Ha KOJIII0 €BPOTECHCHKOro cTanaapry (puc. 3).

Hanpuxnan, onuH 3 HaiOimpmmx TepMiHamiB — KonreitHepuuit Tepminan Moc-
TUCBKa, SIKUH Mae TpoekTHy NoTykHIicTh y 100 Tc. TEU Ha pik, oOnagHaHWi KoIi-
SIMH TIIMPOKOTO Ta BY3bKOTO CTAaHAAPTIB. Y MalOyTHHOMY KOMIIaHIsSI-OTIEpaTop IUIaHY€
MOABOITH MOTYKHICTh TepMiHay. AJBTEPHATUBHO, KOHTEHHEPHI MOTATH MOXYTh UTH
3a HaIPSIMKOM uYepe3 TPUKOPIOHHY 3aJII3HUYHY CTaHIIFO [30B Ta /10 MOJBCHKOI CTAHIIIT
CraBkyB, J10 SIKOi 3 TepHTOPii MpokiIaaeHa mupoka koiist (1520 mm).
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MynsTHMOAMLHIEA

Binopyce

Mnouga Tepaivany - 10 za
MicTHICT KoHTEHEpHOM CRRATY - d.8.
TIPOEKTHA DOTYHHICTI TepiiHany - d.a.

TEpPMIHAr 1aHIl
Mnowa Tepuinany - 12 28
MicTiicrs kouTedneproro crnagy - 2000 TEU

MpoeKTHA NOTYRHICTD TEpMiFaNy
2 mue. wonmednepia y micaus

{Mewm i
MAcwa Tepuisany - 36
MISTHICTE KOHTERHEDHOID cenany - 500 TEW
MpoexTrHa noTyxMICTE Tepusany - 3 sam mon

Monswa

Tinouia Tapuisany - 36 23
MicTKIGTS KOHTERHBPHOIT CkNany - 4000 TEY
MpoexTia noTyseicTs Tepsinany - d.a.

((f Mnowa repuivany - 6 2a
WICTHIC Th K TRSMAEMONG gy - 2500 TEU
< ﬂpﬂﬂlﬂ'HH NOTYAHICTE TEPMIHANY
b -d.e.

YMOBHI NO3HaYEHHA

Mnowa Tepmivany - 1,5 23

\
]
TvnK NyHKTIB NpONYCKY
MicTricT KOMTRAMEPHOMD CENAny Cnosauua f
- 360 TEU

e anToMeinGHi e FAniIHWE
Craryc nyHKTiB nponycky

. Aptia . anpaTi

TpoerTHa noTYRHIGTs TepMiHany ;
- d.e. |BaHO-PPEHKIBCEK

MieTHIC T KOHTERBEDOTO CXNany
MYNET

Topuinanis x
[ - Ao 1000 TEU YropwmHa (bo
B - cvic 1000 go 5000 TEU
I - rosan 5000 TEU

Monaosa

B InpaETyRTY M
MYMLTHMORANLINX e PeBEITHL

L
TEfaAAN

PymyHia

Puc. 3. Ingppacmpyxmypa cyxonymmuux mMymomumoOarbHUX 6AHMAICHUX NEPEGE3EeHD
y 3axioniu Yxpaini, cmanom na novamox 2023 p. [12]

[Mpu oMy, ITOPOMHE TIepeBe3eHHS KOHTEIHEPIB y YopHOMY MOpI Ma€ psiJi HEAOMIKIB, SIKi
3aBKATAMYTh KOHKYPEHIIIT 3 TPaIUIIIHHIM MOPCHKHIM TIePEeBE3CHHS KOHTEHHEPIB, a came:

— BHCOKa BapTiCTh MEPEBE3CHb Y MOPIBHSAHHI 3 (DiZIEpHUM CIIONYyUCHHSIM;

— MEHIIa BaHTaKOMICTKICTh Cy/ICH;

— oOMeskeHa KiJIbKICTh TIOPOMIB.

BucnoBku. TpaHckacniiicbKuii MI>KHAPOTHHN TPAHCTIOPTHUH MapIIPYT MA€ 3HAYHUH
MOTEHIIIAJ CTAaTH OJHUM 3 OCHOBHHMX IIUISIXIB JIOCTaBKHM BaHTAXIB, B TOMY YHCIIi KOHTEH-
HepiB, 3 Kurato 1o kpain €C. ¥V nux ymoBax, YkpaiHi HEOOXiIHO aKTHUBI3yBaTHCS LIS
TOTO, 1100 MaTH MOXIIMBICTh €(DEKTHBHO OpaTH y4acTh y IIbOMY TPaHCIOPTHOMY JIaH-
1103i. Tak, BayKIIMBOIO METOIO € TTOJIOJIAHHST KOHKYPEHIIiT 3 00Ky YOPHOMOPCHKHX TTOPTiB
PymyHii ta Bonrapii Ha IisHIII MOPCBHKOTO TIepeBe3eHHS KOHTeHHEpiB 3 KpaiH KaBkasy.

OCHOBHOIO TIPOOJIEMOIO TAKOTO JIOTICTUYHOTO MapIIpyTy Hapa3si € BI/IHOCHO BUCOKA
BapTICTh Ta HEBUCOKA 3aIliKaBJICHICTh BaHTAKOBIACHUKIB. [lyis 11 BUpilIEHHS yKpaiH-
CBbKIilf CTOPOHI HEOOXiTHO MOTTMOUTH CITIBIPAII0 3 KOMITaHIIMU-YYaCHUKAaM acolliarii
«TMTM». Lle 3M0oxe A0MOMOTTH Y (POPMYBaHHI MEHIIIOTO €JMHOTrO Tapudy Ha mepe-
BE3CHHSI T Y TONIYKY KII€HTYPH.

lono Ge3nocepeHbO MEepeBe3eHHsI KOHTCHHEPHUX BaHTaXiB y YopHOMY MoOpi Ha
3aJII3HUYHKUX TIOpOMaXx, ISl TeMa MOTpedye OBl JeTalbHOrO IOCHIHKeHHs. Parrio-
HAJILHUM € TIPOBEICHHS MOPIBHSHHS €KOHOMIYHOI €()EeKTHBHOCTI MOPOMHOTO CIIONY-
YEeHHs 3 aHAJIOTIYHUM (iIEPHUM CEpBICOM, a TaKOXK 3iCTaBJICHHS MEPCIEKTUB iHBEC-
THUIIH y TOPOMHI MepeBE3eHHsI Ta MOPChKi KOHTEHHEPHI TepMiHaIM y MOpTax YKpaiHH.
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Summary

Introduction. Ensuring global communication is crucial for cargo delivery by water
transport within clearly established deadlines. Thus, the reliability of ship radar systems
is essential. At the same time, for the reliable operation of radar systems, it is necessary
to monitor the condition of their external surfaces, particularly paint coatings. Purpose.
Develop mathematical models for predicting the characteristics of polymer coatings
intended for protecting the surfaces of ship navigation aids. Results. To create polymer
coatings designed for protecting the surfaces of metal structures, particularly the
surfaces of navigation equipment, the epoxy oligomer ED-20, cured with polyethylene
polyamine (PEPA), was chosen as a binder. To improve the properties of protective
coatings, the following were used: a nanodispersed fullerene-carbon black mixture,
with a dispersion of 30...40 nm, and trimethoprim, with a dispersion of 5...10 um.
The optimal content of each filler in the polymer volume was determined based on
comprehensive studies of the properties and structure of polymer coatings. To ensure the
maximum effect in the form of a ratio of the structure and properties of polymer coatings,
mathematical models were developed in the work using the Statgraphics Centurion
19 software, which allowed optimizing the composition of differently dispersed fillers
in the matrix to ensure the desired functional properties of materials. Conclusions.
The rational combination of micro— and nanoscale fillers allowed the structure of the

© Sapronov 0.0., Demchenko V.L., Sharanov V.D., Sapronova A.V., 2025
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polymer to be changed. This ensured the maximum value of the adhesive strength at
separation, which is 42.0 MPa, and impact strength — 17.2 kJ/m? when introducing
trimethoprim into the polymer volume at a content of — 10 pts.wt., and a nanodispersed
fullerene-carbon black mixture — 0.050 pts.wt. The developed mathematical models and
graphic response surfaces allow us to predict the final properties of polymer coatings.
The developed coatings can be used to improve the operational characteristics of ship
navigation aids.

Key words: navigation aids, polymer, adhesive strength, impact strength, optical
microscopy, mathematical model.
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Anomauisn

Bemyn. 3abe3neuenus 2100a1bH020 36 3Ky MAE UPTULATbHE 3HAYEHHS 01 NOCMA-
YAHHA BAHMANCIE 8OOHUM MPAHCNOPMOM YV UIMKO 6cmanosieHi mepminu. Taxum
YUHOM, B8A2OMUM € HAOIIHICMb CYOHOBUX paldionoxayitnux cucmem. Ilpu yvomy 0as
HAOIHOI excnayamayii padionoKayitiHux cucmem HeoOXIOHO KOHMPOMIO8AMU CHIAH
X 308HIWHIX NOBEPXOHb, 30Kpema cman aakopapbosux noxpummis. Omoice, Memoro
pobomu € po3podieHHs MameMamudHux mooenell 0 NPOSHO3Y8AHHS XAPAKMEPUCTIUK
NONIMEPHUX NOKPUMMIE NPUSHAYEHUX OJISl 3AXUCT) NOBEPXOHb CYOHOBUX 3ac0Di6 HABi-
eayii. Pesynomamu. /{15 cmeopenns noiimMepHux noKpummis npusHauyeHux 0Jis 3axuc-
Ny No8epxoHb MeMmanioKOHCMPYKYIL, 30KpemMa N08EpXOHb HaBi2ayitiH020 00IA0HAHHS, Y
axocmi 368 ’s13ysaua oopano enoxcuonutl onicomep EJ[-20, axuil 3ameepooicysanu noii-
emunennoniaminom (IIEIIA). [na noninwenns eracmusocmeti 3axXucHux NOKpUmmio
BUKOPUCNAHO. HAHOOUChepCHY ¢hynepero-caxicogy cymiut, oucnepcuicmio 30...40 Hu
i mpumemonpum, oucnepcuicmio 5...10 mxm. Ha ocnogi xomniexchux 00cCaiodiceHb
eracmugocmetl i CMpyKmypu noaAiMepHUx NOKpUmmie 8UsHA4eHo OnmuMatbHull 6MIiCm
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KOJICHO20 HANOGHIOBaYa y 00 emi norimepy. [{ns 3a0e3neuenss MakCUMATbHO20 eeKmy
V 8u2s0i CniBGIOHOWEHHS CIMPYKIYPU [ 61ACMUBOCMeL NOTIIMEPHUX NOKPUMINIE ) poOO-
mi po3pobieHo MamemMamudti MoOoeii, 3 GUKOPUCIAHHAM NPOSPAMHO20 3abe3neyen-
na Statgraphics Centurion 19, axi 00360aunu onmumizyeamu CKiao pizHOOUCNEPCHUX
HAnogH8awia y mampuyi 0 3a6e3neyents 0a)canux yHKYioHarbHUX 81acmugocmeti
mamepianie. Bucnoexu. Payionanvie nocoHanus HanogH08a4ie Mikpo- i HaHOMAacul-
MAabHO20 PiHs 00360MUNO 3MIHUMU cCMPYKmYpy noaimepy. Lle 0o3onuno 3abezneuumu
MAKCUManbHe 3HaA4eHHs adees3itinoi miynocmi npu 8i0pusi, sika cmanosums 42,0 MITA
i yoapuoi 8 szkocmi — 17,2 klloic/m?> npu 68edenni y 06 ’em nouimepy mpumemonpumy
3a emicmy — 10 mac.u., i HanooucnepcHoi gynepeno-caxcoeoi cymiui — 0,050 mac.u.
Cmeopeni mamemamuuni mooeni i epagiuni nosepxui 8i02yKie 003601810Mb NPOSHO3Y-
8amu BUXIOHI 61ACMUBOCII NOTLIMEPHUX NOKPUMMIG. Po3pooneni NOKpUmms MosicIueo
BUKOpUCOB8Y8amMU 0I5l NIOSUUYEHHS eKCHILY AMAYIIHUX XaPaAKMepUcmuK cyOHO8UX 3A4CO-
0i6 Hasieauyii.

Kniouoegi cnosa: 3acobu nasieayii, nonimep, adeesitina MiyHicms, yOapHa 8 s13Kicms,
ONMUYHA MIKDOCKONISL, MAMEMAMUYHA MOOEb.

Introduction. To protect the surfaces of navigation aids (antennas, echo sounders,
radars, compasses) for water transport, polymer coatings are used, particularly epoxy-
based ones, since they contain hydroxyl, ether, and epoxy groups. These groups are
polar and not only interact with the metal substrate but also contribute to the diffu-
sion process due to their interaction with metal oxides. Despite the protective functions
of polymer coatings, the condition of the paint coating on ship navigation equipment
is inspected annually in accordance with the requirements of the International Mari-
time Organization (IMO), the International Convention for the Safety of Life at Sea
(SOLAS, chapters IV, V), and the regulations of classification societies (DNV, Lloyd’s
Register) [1-5]. Therefore, there is a need to search for new ingredients for the devel-
opment of protective coatings for the navigation complex that will comply with
the requirements of international organizations, classification societies, associations,
and conventions.

Statement of the problem. When developing protective coatings, there is a possi-
bility that a single filler will not be able to simultaneously improve multiple properties.
This can be achieved by introducing several fillers into the epoxy matrix [6—9]. The
combination of micro- and nanoscale fillers ensures a uniform distribution of mechan-
ical stresses within the polymer volume, preventing the formation and propagation
of micro- and macro-cracks, and ecnhancing rigidity and resistance to deformations
through the formation of a multi-level coating structure.

Analysis of recent research and publications. One of the effective methods for cre-
ating coatings with the required set of properties is modification of materials by intro-
ducing polydisperse fillers into the matrix [10—12]. In this case, nanocarbon and disper-
sive fillers are introduced into the matrix to reinforce epoxy composites and coatings
based on them [13—15], ensuring a wide range of industrial applications. To maximize
the effect on the structure and properties of polymer coatings, it is essential to develop
mathematical models that will optimize the composition of ingredients within the matrix
to achieve the desired functional properties of materials.
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Purpose: develop mathematical models for predicting the characteristics of polymer
coatings intended for protecting the surfaces of ship navigation aids.

Presentation of the main material. Materials and methods. To create polymer
coatings intended for the protection of metal structures surfaces, in particular surfaces
of navigation equipment, the following ingredients were selected: binder — epoxy oli-
gomer ED-20; hardener — polyethylene polyamine (PEPA), with a component ratio
(wt. parts) — ED-20: PEPA — 100: 10.

To improve the properties, the following were used:

— nanodispersed fullerene-carbon black mixture (NFCM) (YongFeng Chemicals,
Hefei, China). NFCM is a nanocarbon material obtained by synthesizing fullerenes
using laser evaporation of graphite technology. The size of NFCM is 30...40 nm;

— filler trimethoprim C H N,O, (TMP) (CAS: 738-70-5), a synthetic antibiotic
capable of inhibiting microorganisms and bacteria. The size of the TMP is 5...10 pum;

The formation of coatings was performed in a specific sequence, as outlined in
the works [6, 7, 15].

The adhesion strength of the matrix to the metal base was investigated according to
ASTM D897-08.

The impact strength (W) was determined by the Charpy method according to ASTM
D6110-18.

The study of the structure of the composites was carried out on a microscope model
XJL-17AT and Versamet 2. For digital image processing, the software “Levenhuk
ToupView” was used.

The deviation of the values in the studies of the adhesion strength and physical
and mechanical properties of the developed polymers was 2...5% of the nominal.

Statistical methods: the statistical processing of the obtained results was performed
using the software package for statistical data processing: Statgraphics Centurion 19,
with the definition of Cochrane’s, Student’s, Fisher’s criteria.

Analysis of properties and structure of polymer materials. Based on the study's
previous results, the maximum values of adhesive and cohesive strength were estab-
lished for polymer materials filled with a nanodispersed filler (fullerene-carbon black
mixture) and a dispersed filler (trimethoprim C H N,O,). The maximum values
of adhesive (o, = 36.5 MPa) and cohesive (W = 15.2 kJ/m?®) strength were observed
when a nanodispersed fullerene-carbon black mixture was introduced with content
of — ¢ = 0.050...0.075 pts.wt. In this case, changing the content of the nanodispersed
filler from g = 0.050 pts.wt. to ¢ = 0.100 pts.wt. provide a change in the structure and,
therefore, the properties of the protective coatings (Fig. 1, a-b). The surface of the poly-
mer material, which was not subjected to mechanical treatment, was investigated using
optical microscopy. Based on the analysis of fracture fractograms, it can be stated that
the structure of polymer materials with the content of NFCM ¢ = 0.050 pts.wt. and
q =0.075 pts.wt. (Fig. 1, a, b). is characterized by the presence of straight and, in some
cases, parallel cleavage lines. This indicates a uniform distribution of internal stresses in
the polymer system. In comparison, increasing the content of nanofillerto ¢ =0.100 pts.wt.
creates conditions for forming brittle areas in the polymer volume (Fig. 1, ¢). The value
of the mechanical strength of such materials decreases to W = 13.6 kJ/m?,
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Fig. 1. Fracture structure of polymeric materials with different contents
of nanodispersed fullerene-carbon black mixture: a) g = 0.050 pts.wt;
b) g = 0.050 pts.wt; c) g = 0.100 pts.wt.

The dispersed filler TMP showed the maximum values of the adhesive (¢, =37.0 MPa)
and cohesive (W = 12.8 kJ/m?) strength were observed when trimethoprim was intro-
duced at a content of — g = 10 pts.wt. As in the previous case, a change in the structure
of polymeric materials was observed when a dispersed filler was introduced. Analysis
of the fracture structure of the polymer (Fig. 2, a) allowed us to identify a relief surface
structure with the presence of trimethoprim particles.

Fig. 2. Fracture structure of polymeric materials with different trimethoprim contents:
a) g =5.0ptswt.; b) g =10.0 pts.wt.; ¢) g = 15.0 pts.wt.

The nature of the filler distribution in the polymer binder is not uniform. We analyzed
the fracture structures of a polymeric material filled with trimethoprim at a content of —
g = 10 pts.wt. (Fig. 2, b). This allowed us to identify more particles in the polymer volume,
the lateral surface of which borders on the cleavage lines. This indirectly indicates the for-
mation of physicochemical bonds around the particles of the dispersed filler, which changes
the trajectory of crack propagation under the influence of impact loading. When the filler
content increases to g = 15 pts.wt. (Fig. 2, ¢), an uneven distribution of particles in the poly-
mer volume was observed. The brittle nature of the fracture changes to a more viscous one.

So, based on the analysis of the structure and properties of polymeric materials filled
with dispersed and nanodispersed fillers, the following can be stated:

— to ensure adhesion strength, it is possible to use both dispersed and nanodispersed
fillers since the values of the adhesion strength are sufficient for application in the pro-
tection of water transport surfaces;
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— to improve the physical and mechanical properties of protective coatings, it is
advisable to use a nanodispersed filler since the mechanical properties differ from those
of a polymeric material filled with a dispersed filler. However, taking into account
the properties of trimethoprim (a synthetic antibiotic capable of inhibiting micro-
organisms and bacteria), it is advisable to use it when filling coatings for anti-corro-
sion and anti-fouling protection of surfaces of ship navigation aids. Therefore, one
of the methods of increasing mechanical characteristics, and as a consequence of pro-
tection from aggressive external factors, is to combine fillers of different physico-
chemical nature and dispersion.

Mathematical modeling of properties of protective coatings. Considering
the above, the problem of improving the characteristics of protective coatings designed
for the protection of water transport surfaces was addressed by optimizing the compo-
sition of polydisperse fillers in the epoxy binder when setting up an active experiment,
i.e., using an orthogonal plan of the 2nd degree 3% The content of the ingredients was
selected based on previous comprehensive studies of the adhesive and physico-mechan-
ical properties of epoxy composite materials. The primary levels of change in the con-
tent of TMP and NFCM components are given in Table. 1.

Table 1
Variable levels in conventional and natural scales

Intermediate | Variation Value of content of variable
Name of ingredients | Factor | level, q, pts. | step,Aq, |Parameters/ingredients, pts.wt.

wt. pts.wt. -1 0 +1
g‘rlflletf\}og“gMp) X, 10.0 5.0 5.0 10.0 15.0
Nanodispersed fuller-
ene-carbon black X, 0.050 0.025 0.025 0.050 0.075
mixture (NFCM)

According to the complete factorial experiment (CFE) design, a series of 9 exper-
iments (N = 9) was conducted, each of which was repeated five times (p = 5). The
experiment was carried out randomly according to the experimental scheme in [6, 7] to
exclude systematic errors. The CFE design matrix and its results are given in Table 2.

Table 2
Results of research on the properties of polymer materials
Ne Component content, Adhesion strength, Impact strenzgth,
Experiment q, pts.wt. o. MPa W, kJ/m
Xl X? yl y’)

1 5.0 0.025 39.8 15.1

2 15.0 0.025 36.1 15.2

3 5.0 0.075 37.2 15.4

4 15.0 0.075 35.0 15.0

5 10.0 0.050 41.3 17.2

6 15.0 0.050 38.0 17.0

7 5.0 0.050 42.0 17.1

8 10.0 0.075 36.3 15.8

9 10.0 0.025 37.5 16.3
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The mathematical model of the dependencies y = f(x,, x,) was expressed in the form
of a regression equation:

y=by +bx, +b,x, +b x} +b, x> +b, x,x, (1)
The formula determined the regression coefficients for adhesive strength and impact
strength according to [6, 7], the values of which are given in Table 3.

Table 3
Regression equation coefficients
Marking Regression eqpation coefficient Regressio-n equation coefficient
for adhesion strength for impact strength
b, 40.67 17.52
b, -1.65 -0.07
b, -0.82 -0.07
b, -0.35 -0.63
b, -3.45 -1.63
b, 0.37 -0.13

Based on the calculations performed, the following regression equations were
obtained for the two properties under study: adhesive strength at separation (y,)
and impact strength (y,):

y,=40.67 - 1.65 x,— 0.82 x,— 0.35x? — 3.45x,7 + 0.37x,x,
y,=17.52-0.07 x,— 0.07 x,— 0.63x,> — 1.63x,? — 0.13x, x,

For statistical processing of the obtained experimental results, a test of the reprodu-
cibility of the experiments was carried out according to the Cochrane’s test:

SZ

G=5"=<Goosn 2)
2.5,
u=1

The formula determined adequacy variances:

" —\2
Z(J’i _yi)
§i=t—— €)
ur m—l
where y,, — the value obtained from each parallel experiment; y, — the average value
of the quantity obtained in parallel experiments.

The formulas determined the reproduction variances:

Sotly)
cHyl=12 : 4)
Wl oD
where o° {}, =Z(y; -
o ()= g % ©

Jdo N Th N
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The values of the obtained calculations of the variances of adequacy and reproduc-
tion are given in Table 4.

Table 4
Calculation results
N Adequacy variances Reproduction variances
B Symbol Value fory, | Value fory, | Symbol | Value fory, | Value fory,
1 S 0.043 0.030 oyl 0.087 0.060
2 Sz, 0.053 0.063 o2y 0.107 0.127
3 S 0.003 0.010 2{ ) 0.007 0.020
O i
2
4 Sz, 0.043 0.013 ol {y}4 0.087 0.027
5 SZ 0.010 0.003 o2y, 0.020 0.007
6 Su26 0.013 0.010 oy} 0.027 0.020
6
7 SZ, 0.023 0.070 52y 0.047 0.140
8 S2 0.043 0.010 2 0.087 0.020
s a*{v}
9 Suz9 0.023 0.040 a2yl 0.047 0.080

At the same time:

N N
D.85=0257(r); 3 s2 =0.250(0,);
i=1 i=1

o?{y}=5;=0.029 (v); o {y} =S5 =0.028 (»,);
Then, the estimated value of the Cochrane's criterion at a confidence level of
P,=0.95 was determined by the formula:

G = S, ©)

c N = >
DI
i=1
0.070

G, =203 0208 () 6, =290 928 ()
0.257 0.250

Verification of the experimental results according to Cochrane's criterion [6, 7]
for a confidence level P, = 0.95 confirmed the reproducibility of the experiments for
the investigated initial parameters (y,) and (y,). In this case, the dispersions characteri-
zing the dispersion of the experimental results on the combination of factor levels are
S2 . =0,053(y,); 0,070 (,). Calculated values of Cochrane's criterion: G, = 0.208 (),
G,=0.28 (y,). Then, as the tabular value of the Cochrane criterion: G, = 0.478.
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That is, condition (2) is fulfilled:
G,=0,208<G,,= 0,478
G,=028<G,=0478
The significance of the regression equation coefficients was further determined by
analyzing the results according to the experimental plan (Table 5).

Table 5
Results of the study of adhesive strength and impact toughness
No Adhesion strength, . MPa Average property value
B 1 2 3 4 5 6
1 39.7 39.7 39.8 39.7 40.1 39.8
2 36.5 36.1 35.7 36.1 36.1 36.1
3 37.0 37.5 37.1 37.2 37.2 37.2
4 34.9 353 35.0 35.1 34.7 35.0
5 41.2 41.4 41.2 41.3 41.4 41.3
6 38.0 37.9 38.1 38,1 37.9 38.0
7 42.0 42.1 42.1 42.0 41.8 42,0
8 36.1 36.3 36.3 36.2 36.6 36.3
9 37.5 37.6 37.3 37.5 37.6 37.5
Impact strength, W kJ/m?
1 15.1 15.1 15.2 15.2 14.9 15.1
2 15.2 15.1 15.0 15.2 15.5 15.2
3 15.2 15.3 15.4 15.5 15.6 15.4
4 14.9 14.9 15.0 15.0 15.2 15.0
5 17.2 17.1 17.2 17.3 17.2 17.2
6 17.0 17.0 17.1 17.0 16.9 17.0
7 17.1 17.1 17.0 16.9 17.4 17.1
8 15.8 15.8 15.8 15.9 15.7 15.8
9 16.3 16.3 16.3 16.5 16.1 16.3

Further, the variances of the regression coefficients (Table 6) were determined using
the formula: 2
So

N
>
u-1

The Student test [6, 7] determined the significance of the regression coefficients' signif-
icance. Inthis case, the tabular (t ) and calculated (t ) Student tests were determined (Table 6).
For a confidence level of P, = 0.95, the tabular value of the Student test is t, = 2.028.

When constructing a mathematical model for predicting adhesion characteristics, the cal-
culated values of the Student's test t, o U Lo L T U, (Table 6) are more significant than t,.

Therefore, it was considered that all coefficients of the regression equation are sub-
stantial, and thus, the equation remains unchanged:

y,=40.67—-1.65x,—0.82 x,— 0.35x,* — 3.45x,” + 0.37x x,

Then, when constructing a mathematical model for predicting impact toughness,
the calculated values of the Student's test t b 1oy (Table 6) are less than t,. Therefore,
the equation takes the form:

(7

57

y,=17.52-0.63x2— 1.63x,?
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Table 6
Dispersions of the regression coefficients (s?) and calculated values
of the Student test (t )
No Dispersions of regression coefficients Calculated Values of Student’s test
B Symbol | Value fory, | Value fory, Symbol | Value fory, | Value fory,

1 sz 0.003 0.003 t, 701.22 302.58

2 Shz1 0.005 0.005 I 23.93 0.98

3 S 0.005 0.005 - 11.85 0.98

4 Se, 0.014 0.014 t, 293 5.37

5 Sz 0.014 0.014 t, 28.89 13.86

6 szlz 0.007 0.007 tlzp 4.4 1.5

The adequacy of the obtained model was checked using Fisher’s test [6, 7] :

— Sjmax
Fe="g2 =Foosir_ir ®
v ao Y

Therefore, the following values of the Fisher’s calculation criterion were obtained:
F.=1.827 (v, F,= 2.5 ().

Based on the calculations, it was found that the calculated value of the Fisher’s
test is less than the tabular value, i.e., condition (8) is fulfilled. This makes it possible
to state that the obtained mathematical models for predicting adhesion and physical
and mechanical properties adequately describe the composition.

To convert the conditional values of the variable parameters into natural values,
the following equation was used [6, 7]:

P ©
Agq

where ¢,— the value of the ith factor of the experiment,

;o — the value of the zero level,

Ag,— the variation interval.

By substituting these values according to formula (9) into the regression equation
and transforming it, we obtained the following mathematical models with the natural
value of the variable parameters:

o, =31.9-0.2g, + 489.333q,— 0.014¢* + 3.0¢ ¢, — 5520.0¢
W =8.22222 +0.543333¢ + 268.667¢, — 0.0253333¢ "~ 1.0¢,¢,~ 2613.33¢,?
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The obtained mathematical models allow for predicting the values of the output
quantities (y,, y,) for the presented points in the middle of the factor variation area. The
geometric interpretation of the response surface is given in Fig. 3, 4.

Pareto map (o.) Pareto map (W)
=]
q1°
o |
e |
ae: (]
8 0 2 4 6 8
a) b)
Main effects o, Main effects W

Probability plot for adhesion strength Impact strength probability graph

99.9 99.9 q

99 99
£ 95 £ 95
280 280
E 50 B = 50
=) k)
% 20 Axi g 20 AL
- < 8B
& s &5

1 1t
0.1 = 0.1t e
-520 -32 -1.2 0.8 7 5 3 1 1
Standardized effect Standardized effect
c) d)

Fig. 3. Pareto maps (a, b) and main effects (c, d):
AA—q, BB—q,; Axl —q/; Ax2 —q,’; AB—q 4,

Based on the presented Paretto maps (Fig. 3, a, b), which were obtained when ana-
lyzing the experimental database using the Statgraphics Centurion 19 software, it can be
stated that the most statically significant effects that affect the initial parameters under
study (y, and y,) are those that cross the vertical line (corresponding to a confidence
level of 0.95). Therefore, it can be stated that the most significant factors for impro-
ving the adhesion characteristics are ¢,%, ¢, and ¢, i.e., the square value of the con-
tent of the fullerene-carbon black mixture, the value of the content of trimethoprim
and the nano dispersed fullerene-carbon black mixture. The most significant factors
for increasing the impact strength are ¢,” and ¢, i.e., the square values of the content
of the two additives. Based on the Pareto maps, it can also be stated that the influence
of the main filler's content is stronger than the additional one.

Additional analysis of the graphs for diagnosing errors in the obtained values allows
us to state that the maximum deviation of factors from a direct distribution indicates
their significance in forming a mathematical model. Thus, it can be noted that all
aspects in the mathematical model (y,) are significant (consistent with previous calcula-
tions) since they are as close as possible to a direct distribution. Then, when analyzing
the probability graph for the mathematical model (y,), we observed some deviation
of factors from a direct distribution, which allows us to state their indirect influence in
predicting impact toughness. In this case, the most significant are their quadratic values
of the ingredient content.
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Based on mathematical modeling and Statgraphics Centurion 19 software, response
surfaces and their contours for the studied output parameters y, and y, (Fig. 4).

0,075 F

0,065 |-

0,055 F

0,045

d., MPa
0.035 |
0.025 |
5 8 1 14 1
q2
wars
0.065 [
0.055 [
q1
0.045 [
W, kI/m? 0.035
0,025 —v

Fig. 4. Calculated response surface and response surface contours o,/ W= f(q, q,)

Thus, after optimizing the content of fillers of different physicochemical natures
and dispersion, an increase in the protective coatings' adhesion and mechanical strength
by 1.1 to 1.3 times was observed (compared to composites with only a single filler).
Additional analysis of the structure of the polymer material, which contains trimethop-
rim — 10.0 pts.wt. and a nanodispersed fullerene-carbon black mixture — 0.050 pts.wt.
(Fig. 5), allows us to state that the increase in impact strength is associated with the max-
imum densification of the polymer structure.

Fig. 5. Fracture structure of polymeric materials with an optimal content
of trimethoprim (10.0 pts.wt. ) and nanodispersed fullerene-carbon black mixture
(0.050 pts.wt.)
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At the same time, the synergy between particles of different dispersion and physico-
chemical nature ensures the filling of voids with nanofiller, thus increasing the density
of the material, and, as a result, creates conditions for a uniform distribution of mecha-
nical loads in the material. This, in turn, allows us to reduce the likelihood of the spread
of microcracks, which create the prerequisites for forming large prominent cracks,
destroying the polymer.

Conclusion. Setting up an active experiment using an orthogonal plan of the 2nd degree
3% allowed us to obtain results, with the help of which mathematical models were created that
describe the dependence of the adhesive strength and impact strength of polymeric materials
on the content of fillers of different dispersion and physicochemical nature.

Based on the mathematical model and its graphic representation in the form
of response surfaces projected onto a plane in the form of a set of lines (which cor-
respond to the optimization parameters), it was established that the adhesive strength
increases with an increase in the trimethoprim content to 7.0 pts.wt. Increasing the con-
tent of more than 7.0 pts.wt. of trimethoprim provides a linear decrease in the studied
property. Regarding the nanodispersed fullerene-carbon black mixture, the concentra-
tion curves pass through a maximum at an additive content of 0.040...0.050 pts.wt.
While the impact strength increases with increasing trimethoprim content in the range
of 8.0 wt. parts to 15.0 pts.wt., and 0.035...0.065 pts.wt. of nanodispersed fullerene-car-
bon black mixture, respectively. However, the maximum values of the initial parameters
(o, =42.0 MPa, W = 17.2 kJ/m?) were observed when the ingredients were introduced
at the following content: trimethoprim (d = 5...10 um) — 5...10 pts.wt., nanodispersed
fullerene-carbon black mixture (d = 30...40 nm) — 0.050 pts.wt. per 100 pts.wt. of epoxy
oligomer ED-20 and 10 pts.wt. of hardener PEPA.

It is proven that the increase in adhesive and physico-mechanical properties (com-
pared to the unfilled matrix — o, = 24.4 MPa, W = 7.0 kl/m?) by 1.7...2.4 times is
associated with a change in the polymer structure, which is due to the physicochemical
interaction of the ingredients and mechanical compaction. This makes it possible to
use the developed materials to form functional coatings for protection against external
factors of ship navigation aids.
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Anomauisn

Bcemyn. [okpauenns micbkoi MOOIIbHOCTI € 8ANCTIUBUM OJISL AKOCTNL HCUMMISL MA eKO-
J102ii micm. Po36umok epomadcokoco mpancnopmy, 8e10CUNeOHUX OOPIHCOK I NIUOXIOHUX
30H 3HUJICYE 3aMOPU Ma BUKUOU NAPHUKOBUX 2a316. Opearnizayis niutoxiono2o pyxy nioeu-
wye besnexy ma komghopm nepecysanusi. Cepeo CyuacHux piuteHs — 0iaeOHANbHI NIUOXIO-
Hi nepexoou (A1), axi 0o3gonawms nepemunamu nepexpecms y Oy0b-s1KOMY HANPAMKY.
Bonu smenwyroms sampumru pyxy ma puzuxu JTII, cmarouu nonyiapuum eubopom y
cyyacHux micmax. Mema. L[ cmamms npucesauena oOIpYHMY8aAHHIO HEOOXIOHOCMI Ma
nonepeoniil oyinyi enposadaicenns J[I11. Biocymuicms makux piuieHb CMeoplo€ He3pyy-
Hocmi Onst niwoxo0is i niosuwye puzux JTII Ha nepexpecmsix 3 iHMEHCUBHUM DYXOM.
Hocnioocennsn 6azyemovcs Ha ananizi YCniumo2o MidiCHapoOHo20 00c6idy uepes oome-
arcenns micyesoi ingppacmpykmypu. Pezynemamu. /locnioscenns I 0emoncmpyrome
ix eqhexmusnicms y niosuwenni 6e3nexu niuoxoo0i6 i 3HUNCeHHI KOHGIIKMIE i3 mpancnop-
mom. Ilpuxnaou ycniunozo 6nposadiceniis € 6 bazamvox micmax ceimy. B Yxpaini maxi
nepexoou 3'18UnUcs He y 6CiX MICIMAX, X04a MidCHAPOOHUL 00C8I0 00800UMb BANHCIUBICIL
3aCMOCYBAHHS MEXHONOLIYHUX Piluetb 051 ONMUMI3ayii 00pOANCHLO20 PyXy ma be3nexu
niwoxo0is. Y 00cniodnceHni npoananizoeano moscaugicms enposaddicenns I na npu-
K1a0i nepexpecms eynuysb €gponeticoka — Ilampiapxa Mcmucnasa — Ocmana Buwuni 6 m.
Tonmasa. Busnauerno kpumepii 011 11020 86e0eHHs, 3anpONOHOBAHO 08I cxemu nopasHo-
20 po3 130), npoB8edeHo MOOENI08AHHS OOPOACHLOLO PYXY M OYIHEHO eeKmUEHICIb 3MIH
30 NOKAZHUKAMU 3aMPUMOK, Oe3neKu ma exonoziunoeo eniugy. Bucnoexu. Pezynomamu
MOO€NI0BANHS MA AHANI3Y QYHKYIOHYBAHHS OOCTIONCYBAHO20 Nepexpecms 6KA3yIomb Ha
epexmusHicms enposadicenns 1. BcmanoeneHo cepeOre 3HUNCEHHS 3amMPUMOK PYXY
mpancnopmuux 3acobie (13) i niuioxodis, obcsey sumpam namuea ma O0BICUHU 3AMOPI8
npubnusro na 10%. Lle niomeepoorcye payionanvricme enpogadxcenns 1111 ona onmu-
Mi3ayii NPoOnyCcKHOI 30amHOCMI nepexpecms ma 3vMeHUWeHHs MPAHCNOPMHUX SUMPAN.
Bpaxoeyrouu eucoxuii pisens inmencusnocmi mpancnopmuux nomoxis (T11) y m. Xapxis,
enposadicenns JI1I1 € nepcnexmunum pivieHHaM 05t RIOGUUEeHHS Oe3neKu niuoxoodie
ma NOKpawjeHHs op2anizayii pyxy.

Knrouoei cnosa: diaconanvruil niwioxioHull nepexio, nepexpecms, OOPOACHIl PYX,
cxema noghasnozo po3’iz0y, beznexa, MOOeno8anHs:
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Summary

Introduction. Improving urban mobility is important for the quality of life and the
environment of cities. Developing public transport, bicycle paths, and pedestrian areas
reduces congestion and greenhouse gas emissions. The organization of pedestrian
traffic increases the safety and comfort of movement. Modern solutions include diagonal
pedestrian crossings (DPC), which allow people to cross intersections in either
direction. They reduce traffic delays and the risk of accidents, making them a popular
choice in modern cities. Purpose. This article focuses on the rationale and preliminary
assessment of the feasibility of implementing DPC. The absence of such solutions
inconveniences pedestrians and increases the risk of accidents at intersections with
heavy traffic. The study is based on the analysis of successful international experiences
due to local infrastructure limitations. Results. Studies of DPC demonstrate their
effectiveness in improving pedestrian safety and reducing conflicts with vehicles. There
are examples of successful implementation in many cities around the world. In Ukraine,
such crossings have not appeared in all cities, although international experience
proves the importance of applying technological solutions to optimize traffic flows and
pedestrian safety. The study analyses the possibility of introducing a DPC, using the
example of the intersection of Evropeiska — Patriarch Mstyslav — Ostap Vyshnia streets
in Poltava. The criteria for its implementation are defined, it is proposed to consider
two schemes of crossing the carriageway by pedestrians, traffic modeling is carried out,
and the effectiveness of changes in terms of delays, safety, and environmental impact is
assessed. Conclusions. The modeling and analysis results of the functioning of the studied
intersection indicate the effectiveness of DPC implementation. An average reduction of
vehicle and pedestrian delays, fuel consumption, and congestion length by about 10%
was found. This confirms the rationality of implementing DPC to optimize intersection
capacity and reduce transport costs. Given the high level of traffic in Kharkiv, DPC is a
promising solution for improving pedestrian safety and traffic management.

Key words: diagonal pedestrian crossing, intersection, traffic, phase separation
scheme, safety, modeling.

Beryn. IlokpameHHss Micbkoi MOOUTHHOCTI € Ba)JIMBHM JUIsl 0ararboX acrek-

TiB XKHUTTA cydacHoro micrta. [llogeHHI 3aTopw y BENWKHX MiCTax MPU3BOIATEH JIO
BTpaT 4acy, MiIBHUIIEHHS PIBHS CTPECy Ta 3HIKSHHS MPOAYKTUBHOCTI. ITokparieHHs
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TPAHCIOPTHOI THPPACTPYKTYPH, BKIFOYAIOUM TPOMAJCHKHIA TPAaHCIIOPT, BEJIOCHUIICIHI
JIOPIXKKU Ta MIMIOX1/IHI 30HH, CIIPHSIE 3MEHIICHHIO KUIBKOCTI MPUBATHUX aBTOMOOLIIB
Ha JIoporax i 3HIKEHHIO 3aTopiB. JIo TOTO X TPAaHCIOPT € OAHWUM 3 OCHOBHHX JDKe-
pell BUKH/IIB MAPHUKOBUX Ta3iB y MicTax. [lepexo/isiuu Ha eKOJIOTiYHI BUIM TPAHCIIOPTY
(enmexTpoOyCH, BEIIOCHIICIHUI PYX, MIIIOX1IHI MPOTYISHKH), MiCTa MOXKYTb 3MEHIITUTH
BUKW/IM, TOKPAIIUTH SIKICTh NOBITPS Ta CIpHUsITH 00poThOi 31 3MiHOIO KiniMary. JloOpe
CIIaHOBaHa MOOITTBHICTh JO3BOJISIE )KUTEIISIM IBUIKO Ta 3pYyYHO IEPECyBaTHCS MiCTOM,
BUTpaYarO4uu MEHIIE Yacy Ha jgopory. lle mae Ouibiine yacy juis poOOTH, BiIIOYUHKY
1 CHIJIKYBaHHS 3 POJAMHOIO Ta JPy3sMU. PO3BUTOK JOCTYIHOI TPAHCHOPTHOI iH(pa-
CTPYKTYpH (Hanpukia, 6e30ap’epHOTro JOCTYITY JI0 IPOMaJICKKOTO TPAaHCIIOPTY) 3a0e3-
nevyye piBHUHN JOCTYI /IO BCIX YaCTUH MicTa JIJIsl JTFOAEH 3 00MEKEHUMH MOKIINBOCTSIMH,
JITHIX JIFOfied, 0aThKiB 3 JUTAYMMHU Bi3kaMu Toio. EdekTrBHa MOOUIBHICTE Cripusie
E€KOHOMIYHOMY PO3BUTKY, OCKIJIbKH IOJETHIYE JOCTYH JI0 POOOYUX MiCIlb, OCBITHIX
Ta KYJIbTYpHHUX YCTaHOB, CTHMYJIIOE TIAMPUEMHUIITBO 1 Typu3M. BogHouac 3MeHIIeHHS
3aTOPiB 3HMIKY€E BUTpATH HA MaJUBO Ta oOCiyroByBaHHs T3. 3a0XOYCHHS 10 aKTHB-
HOTO TPAHCTIOPTY (IIIIKK Y1 HA BEJIOCHUTICI]) CIIPHSIE MOINIIICHHIO (Bi3UIHOTO 3/I0POB's
JKUTEINIB, 3MCHIIYFOYH PU3UKHU 3aXBOPIOBaHb, OB’ SI3aHUX 3 MAJIIOPYXJIUBUM CIIOCOOOM
KUTTS. Bee nepenidene poOUTh MOKpalieHHS MiChKOT MOOITTBHOCTI KITFOUOBHM 3aBJIaH-
HSM JUIs Cy4acHUX MicT. Tomy 0araro MicT, BKJIHOUAIOUYM YKPATHChKI, AaKTUBHO TIPAIftO-
I0Th HaJI pepopMyBaHHSIM CBOiX TPAHCIOPTHUX CHCTEM.

OnHUM 3 OCHOBHHX HAaIpsIMKIB pehOpMyBaHHSI € OpraHizallisi MiIIOXiTHOTO PyXY,
sKa Bi/Iirpae BaXJIMBY poJib y 3a0e3reueHHi Oe3MeKu Ta 3pydHOCTI repecyBaHHs Mic-
ToM. [limmoxisHi 30HM MalTh OyTH CIPOEKTOBaHI TaKWM YUHOM, 100 MiHIMIi3yBaTH
pmsuku JTTI i koHmikTiB MiXk mimmoxonamu Ta T3, a TAaKOXK COPUSTH IBUAKOMY i KOM-
dbopTHOMY pyXy. BimoMumu MeTo1aMu oprasizariii mioxigHoro pyxy € [1]: Tpaguiiiai
MIIoXifHI nepexoan (KJIacu4Hi «3e0pu» 3 TOPH30HTAIBHOI PO3MITKOIO, SIKi BCTa-
HOBJIFOIOTHCSI HA KO)KHOMY TlepexpecTi Jijisl 0e3MeYHOT0 MepeTHHY J0POTH); HAJI3eMHI
Ta MiJ3eMHI Tepexoau (3a0e3MeuyoTh Oe3MeYHNI MePeTHH BEIUKUX 1 )KBaBUX JIOPIT,
130JTIOIOUH TIIIOXOIB B/l aBTOMOOIIBHOTO PyXY); MIIIOX1IHI 30HU (BYJ M1l 200 TITOT],
MOBHICTIO 3aKPUTI JIJI1 aBTOMOOIJILHOTO PYXY, IO CTBOPIOE MPOCTIp JUIsl MPOTYJISHOK,
TOPTIBI Ta BIAMOYMHKY); CBITIO(QOpHE perymtoBaHHs (IIIOXOMH OTPUMYIOTh MOXK-
JMBICTh MEPETHHATH JIOPOTY 32 CHTHAJIlaMH CBITIIO(OpA, 0 CHHXPOHI3YETHCS 3 TPaH-
CIIOPTHHUM PYXOM); OCTPOBKH O€3IEKHU (HEBEJIMKI 30HU IMOCEPEIUHI IIUPOKUX JOPIT, SKi
JIO3BOJISTIOTH ITIIIOXOJIaM MEPETHHATH JOPOTY y JIBa €TaI) TOLIO.

Cepen ux MeTOIIB Ayke nmonyisspHumu ctaroTh JII1I1 [2]. BoHr 1at0Th MOXKITUBICTH
MIIIOX0/]aM TIEPETHHATH MEPEXPecTsi B OyAb-SKOMY HAINpsIMKY, BKJIFOYAIOUW TI0 Jiaro-
HaJti, i vac crnenianbHoi (asu criTnodopa, KoIu Bech TPAHCTIOPTHHN PyX 3yNUHS-
erbes. Takuid MiAXi He JUIIE MiBUINY€E e(eKTUBHICTD IEPETHHY JIOPIT, ajie # CyTTEBO
3amkye pusuk JITII, 0coOMUBO y HIIIBHO HACEICHUX MIChKUX paiioHax. [liaroHaibHi
MePEeXO/In JeJlalli YacTille BIPOBAKYIOTHCS B Cy4YaCHUX MicTaX, SKi ParuyTh 3p0OUTH
CBOI ByJIUII OC3TMEUHILIMMH Ta 3PYYHIIIUMU JUIS TIIIOXOIIB.

IMocranoBka nmpodiemu. CBiTOBA NMPAKTHKA BXKE JTABHO JIEMOHCTPYE €(EKTUBHICTD
JliaroHaJIbHUX repexoiB. B Ykpaini moaiOHuMit JOCBI yKe BIPOBAKCHUH Y JISIKUX Mic-
Tax, MpoTe M. XapKiB JI0Ci 3aIMIIAETHCS Oe3 TAKMX 1HHOBAIIHHUX pillleHb. BijcyTHICTH
JiaroHabHUX TEPEXOJiB Y MICTi CTBOPIOE HE3PYYHOCTI JJISI MIIIOXOMAIB Ta IMiBHIIYE
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pmsuk JTII Ha xBaBux nepexpectsx. Bueni XHAJIY BH3HAIOTH HaraibHy HEOOX1THICTb
BIPOBA/KEHHS TAKHX PIllleHb Y XapKoBi, BPAXOBYIOUM HOTO MacIITa0Hy TPaHCIIOPTHY
MEpPEeXY Ta BUCOKY HIUIbHICTh HACEJCHHS. Y 3B 53Ky 3 IIUM aKTYaJIbHICTh JIOCIIIPKSHHS
noJisira€ B 0OIPYHTYBaHHI OTPeOH Ta po3poOIli nmpomno3uiliii mono srposamkerns JITT
Ha TepexpecTsx M. XapkiB. Uepes BiICYTHICTh BIAMOBIHOT IHPPACTPYKTYPH Ta MOXKIIH-
BOCTI IIPOBEJICHHS EKCTIEPUMEHTIB Y M. XapKiB, OCHIPKCHHs 0a3yBaTUMEThCS HA aHAi31
YCIIIITHOTO JI0CBiAy Ta cripo0 BripoBapkeHHs AT1IT B iHmmx Micrax.

AHaJji3 ocranHix pocaimkenn i myomikamiii. JII1I1, abo Tak 3BaHi «IIiIIOXiTHI
3e0pu X», — 11e OCOONMBHUI THII TIEPEXPECTh, JIe MIIIOX0IaM JO03BOJISIETHCS MEPEX0-
JUTH JOPOTY B YCIX HANpPSIMKaxX OJHOYACHO, BKIFOYAIOUH 110 JliaroHami. Taki nepexoau
CTBOPIOIOTHCS ISl TIOKPANIEHHS IMIIOX1IHOTO PYXy 1 3HMDKEHHSI KUTBKOCTI KOH(IIK-
THUX CHUTYallill MK mimoxoaamu Ta T3. Ix ocHOBHHUMH repeBaramMu € Te, 1o 3aBASKU
MOXITUBOCTI TIEPETUHY B Oy/Ib-SIKOMY HANPSIMKY 3a OJIMH LIUKII CBITI0(hOpa, MIoxoaam
He MoTpiOHO YeKaTu JBidi, MO0 MEPETHYTH TEPEXPECTsl y JABOX HANpsSMKax; 3MEHIIIY-
etbest pusuk JITII mix mimmoxogamu ta T3, OCKUIBKM BC1 aBTOMOOLTI 3yNHUHSIOTHCS,
KOJIM TIIIIOXO/M MAIOTh «3€JICHE CBITIIO»; Takuil (popMaT mepexoay OCOOIMBO KOpHC-
HUH y MICISIX 3 BEJIMKOIO KUIBKICTIO TIIIOXOAIB, HAMPHKIIAJI, 01151 TOPrOBUX LEHTPIB,
HaBYAILHUX 3aKJIaJ(iB 200 Ha EHTPAIBHUX IJIONIAX MICT.

Teorpadist BpoBaxenns AT nyxe mmpoxa: 11i6ys (Tokio, Smowist) — ouH 3 Haii-
BIZIOMIIIMX J[IarOHAJIBHUX TIEPEXOMIB Y CBITi, MO SIKOMY OJJHOYACHO MOXKYTh TIEPEXOUTH
nopory nonan 3000 mimoxoxis; Oxford Circus (Jlonnon, Benvika Bpuranist) Takoxx mMae
el Tvm mimoxigHoro mnepexomy; nepexpects Friedrichstrasse/Kochstrasse (beprtis,
Himeuunna); benbris, @panmis, Hinepnanau ta inmi kpaiau [3]. o pedi, 3a migpaxyH-
KaMH EKCIIePTiB, 3aBSIKH iX BUKopucTaHHo pusuk JTII Ha noporax 3MEHIIYETHCS IO
10%. B 2019 porii, sik 3a3HaucHO B IHTepHET /pxepenax [4], MiHicTepcTBO perioHalib-
HOTO PO3BUTKY, Oy/IIBHUIITBA Ta HTJIOBO-KOMYHAILHOTO IrOCIIOApCTBA YKpaiHU 3aiiHs-
JIOCh Po3po0OKor0 mpoekty 3Mminu JIBH, sika nepen0avana JO3BOJUTH MPOCKTYBATH Jlia-
rOHAJIbHI MIIIOXiIHI Tiepexoau. Toji BiMIuanochk, 1mo B €BpoIli OUIBIIICTh MIIIOX1THUX
MepeXo/IiB — HA3eMHI, a He MiI3eMHi, sIK B Ykpaini 1 monpu 1ie, JITI1 Tam B pa3u meHiie.
Bce 3aBisiku po3yMHOMY IIPOCKTYBAaHHIO BYJIMIIb 1 JIOPIT, HAPUKIIA]], OOJIAIITYBaHHIO Ha
MePEeXPecTsiX HA3eMHHX MIMIOXITHUX MEPEXO/IiB 13 «KOCOK 3e¢0poro» — He M MPSIMUM
KyTOM JIO TPOTyapy, SIK 3a3BUYai, a TPOXH HABCKOCH. 3aBJISIKM TaKUM IIepeXojiaM Odi-
KyBaJIOChH IIiJIBUIIICHHS BUJAUMOCTI JIFOJICH Ha TIepexojli — pu3KK Hai3my ado inmroi JATIT
Habararo MEHIIHA, a TAKOX TiIBUIICHHSI YBard i CaMmoro MilIoXo/a, OCKUIBKH 1€ 3MYIITy€E
rioro puButHCs B Oik pyxy. AT Oynu 3anposamkeni B [T/IP Vkpaini B 2021 pori. [5].
Bonu no3HavyaroThest JOPOXKHIM 3HAKOM 5.39 Ta creliaabHO po3MiTKo. MeTa Takoro
HOY-Xay — MaKCUMaJIbHO PO3BaHTAXKUTH IEPEXPECTs, Jie 30MPaEThCs Oararo MimoXoIiB.
[TJIP nependavaroTh, 1110 MEPEXOAUTH TIEPEXPECTSI 10 JIiaroHaIi MOKHA 32 HAsIBHOCTI BijI-
MOBIZIHOTO JIOPOXKHBOTO 3HAKY Ta PO3MITKHU. [Ipu 1[bOMy Taki mepexoan OpraHi3oBYIOTh
BUKIIIOYHO Ha MEPEXPECTSIX, MO PErYIOIOTHCS. [TiMI0X0au MOXKYTh TIEPETHHATH MPOTK-
JDKY YaCTHHY TIO JIiarOHaI, KOJIU JJIsl aBTOMOOLITIB TOPUTH YePBOHHI CUTHAI CBITIIO(OpA.
[Ipo JIIIT 3aroBopuiu 1ie B 2015 poi y JIbBoBi. Toxk M. JIbBIB CTaB mepIimM MiCTOM
Vkpainu, ne y mucronasi 2022 poky 3'SBUBCS TaKWH Mepexis Ha epexpecTi Byauls baH-
nepu, AHToHOBHYA Ta PycoBux. Takuii HecTaHIApTHUN BHJ] TIEpeXoy, K 3a3Ha4aJIoCh,
CITi/I 3aCTOCOBYBaTH Ha THX JUISHKAX, Jie € IHTEHCUBHHUI pyX MIMIOXOMIB 1 Jie iM Tpeba
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NepeTUHATH JIBi Ta OLIbIIe JAOpIT, MO0 Jictarucs 3 Touku A B Touky b. [Himiaropu Gynn
BIICBHEHI, 110 3aB/ISKH JIiarOHaIbHOMY TIEpPEX0jy MEPEeUTH JIOPOTY MOKHA OyjIe IIBH/IIIIE.
[Miznime, B 2023 poui, yHiKanpHUNA nepexin Oy moMiueHuid B M. Ofieca Ha TepeTHHI
Bynunb KarepuHencbka Ta JlamkeponiBebka. [lig vac 3eieHoro curHaiy cBiTiogopa
MIIIOXOM MOXYTh PyXaTucsi ofipasy KiIbKOMa HamlpsIMKaMH. Take pillleHHS CIpOIILy€e
nepexiji IOporu Ta poOuTh Horo Oe3neuHimmM Ta mBuamuM. Y M. JJainpo nepuruii JJITT
3'sBuBcst B 2024 porii Ha niepexpecti Byauils Koponesu €nm3aBetn Ta XapKiBChKoi, OiIst
TPL «Mocr-Citiy», s tepuropii nmodmmzy Moct-Citi, e 3aBKIu iHTECHCUBHHH PyX
1 miImoxomiB, i T3 1me JoCUTh HEOOXiJHE HOBOBBEICHHS.

3a KOpIOHOM JIAaBHO BTy THCSI pOOOTH 11O BUBUEHHIO €(DEKTUBHOCTI (PYHKITIOHYBaHHS
nepexpects 3 JI1I1. 3okpema, B [6] okpeMa mimioxigHa ¢asza 3 JiaroHaJIbHUM IePEX0I0M
€ JIOIIBHOFO JIJISl TIIBUIIICHHSI OS3IIEKHU MIIIOXOIB Ha MEPEXPECTAX 13 BUCOKOK 1HTCH-
CUBHICTIO PyXY SIK MIIIOXOMAIB, Tak 1 T3. Mo/ie/toBaHHs JOPOKHBOTO PYXY IMOKA3YE, 1110
TakKa opraHizallist e)eKTHBHA 32 HACTYITHUX YMOB: Ha TIEPEXPECTSIX i3 2+2 cMyramu; npu
IHTEeHCUBHOCTAX mimoxoniB 1 T3 Bigmosinguo Outemre 900 mimr./rox ta 1600 aBT./rox.
BonHouac exckito3uBHA MimoxigHa (aza Moxe OyTH BIIpOBa/HKEHA HA MEpeXpecTsiX i3
HU3BKUM a00 cepeaHiM o0csrom TIT He3ane)HO Bij] KITBKOCTI MILIOXO/IB, OCKUIBKH 11€
MOKPAIIye€ 3arajibHy OPraHi3alliio pyxy Ta MiJBHUIIY€E PiBEHb OC3IEKH.

B pobori [7] aBropaMu TOBEJCHO 3BOPOTHE, 110 BIPOBAHKEHHS OKPEMHX ITiIIO-
XigHuxX (a3 0e3 JiaroHaJbHOrO MEPEXoy Ha OJHOSPYCHUX PEryIbOBaHUX IMEpPEeXpec-
TAX 3HAUHO TMiJBMIY€e Oe3eKy MIIIOXOAIB. 3a3BUYall €KCKIIO3MBHA TIIIOXiAHA (a3a
3 JIlarOHaJIbHUM TIEPEXO0/I0M BIIPOBADKYETHCS JUIsI I IBUIIICHHS OS3MIEKU IMIIIOXO/IIB Ha
nepexpecTsixX i3 BUCOKOK iHTEHCHBHICTIO MIIIOXigHOTO pyXy. Jocmimkenns y M. Binb-
HIOC MPOJEMOHCTPYBAJIO, IO PIlICHHS NPUOpaTH JiaroHaJIbHI IMIIIOXIIHI MEPeXoau
edextuBHO 3MeHIye pusuk JTII 1o Hyms, HaBiTH Ha EPEXPECTIX 13 CEPENHBOIO YN
HU3BKOIO 1HTEHCHUBHICTIO MIIIOXIJIHOTO pyXy. 3anpONOHOBAaHMHN MiJXiJ] € OCOOIUBO
aKTyaJIbHUM JUISL PETyJIbOBaHHUX TIEPEXPECTh, JIe BIIPOBAKECHHS JiaroHalbHUX Tepe-
X0/iB HeMoxiIuBe. OJIHAK B HIJIOMY, PE3yJIBTaTH MiITBEPKYIOTh, IO OKPEMI IIIOX 1 THi
(a3u € 1i€BUM IHCTPYMEHTOM JIJIsl 3HIDKECHHS aBapiHOCTI Ta 3a0e3MeueHHs Oe311eYHOT0
CepeIoBHIIA JUTS BCIX YYaCHUKIB JIOPOKHBOTO PYXY.

J1y1s 3MeHIIIeHHSI IPOTUPIY Y BUCHOBKaAX [6] 1 [7] BapTO BpaxyBaTH, 110 KO>KHA POOOTa
Mae CBOi MEXi 3aCTOCYBaHHSI, a MPOBE/ICHHSI HAMH aHaJli3y TTOBUHHO OyTH MPOJIOBKEHO
i3 3aiydeHHsM peanbHuX JAanux npo ATII y pisHux micrax i KpaiHax Ta JeTaibHOTO
MOJICTIIOBAHHSI PyXy Ha IMepexpecTsxX i3 pizHUMH KOoH(pirypamismu. TiTbKH KOMILICK-
CHMI TIiJIXi]I, IO OEAHYE Oe3IeKy Ta e(PeKTUBHICTD PYXY, J03BOJIUTH BU3HAYUTH OIITH-
MaJsibHI yMOBH s BripoBakeHHs I um X BUKITIOUEHHS.

Hocnimpxenns [8] miaTBep/pKye, 1110 3aCTOCYBaHHS METOJIIB MAIIMHHOTO HABYaHHS,
30KpeMa METOJy OMOpPHUX BEKTOpPiB (SVM), 103BOJISIE CYTTEBO MiJABHUIUTH TOUHICThH
aHaJizy ¥ MpOTHO3YBaHHS MOBEIIHKHY IMIIIOXO/IB Ha mepexpecTsx. Llel miaxin € edek-
TUBHUM 1HCTPYMEHTOM JUUIsl PO3POOKH IHTEIEKTYaJIbHUX TPAHCIIOPTHUX CHUCTEM, SIKi
371aTHI ONTHUMI3yBaTH NPOIEC YIPABIIHHS MIIMIOXiTHAM PyXOM; IiABHIIUTH O€3IeKy
JOPOKHBOTO PYXY 3aBJSIKHM MPOTHO3YBaHHIO MOPYIICHb MPaBWIL; 3a0€3MeUnTH OLIbII
TOYHE MOJICIIOBAHHS CIICHAPIiB JOPOXKHBOTO PyXy. Y MaiOyTHHOMY BIPOBAKCHHS
TaKMX TEXHOJIOTIH y PO3YMHHX MICTax MOXKE CIPHSITH 3MeHIIeHHI0 KinbkocTi JATII,
orrruMizaiii TTI 1 crBopeHH!O OisIbIl OE3MIEYHOTO CEPEOBHUIIA IS MIIIOXO/IIB Ta IHIIIUX
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ydacHUKiB pyxy. Ciij 3a3Ha4uTH, 110 JaHE JOCIIKCHHS MOXKE OyTH KOPHUCHHUM JIJIst
anami3y Ta ontumizanii I, ockinbku monmens SVM, sika eMOHCTPYE BUCOKY TOY-
HICTh y MPOTHO3YBaHHI NIBUJKOCTI Ta HMOBIPHOCTI MEpexoj1y, Moxe OyTH 3aCTOCOBaHA
JUTSL aHaJTi3y CHelu(IYHUX CIICHAPIiB MOBEAIHKH MIIIOXOIB Ha JIIarOHAJIbHUX TIEPEX0-
nax. Lle Moxe J0MOMOTTH BH3HAUUTH HMOBIPHICTh OPYIIEHD MIIIOXOJAMH Ha Jiaro-
HaJbHHX Mepexoaax ado nepea0oaynuTy, siK MIoxXoau B3aeMoaissTuMyTh 13 TI1 Ha Takux
nepexpectsx. JJo Toro *x pe3yabraTd MOJEIIOBaHHS MOXYTh BUKOPHCTOBYBATHCS LIS
HaJANITyBaHHs CBITIO(OpPIB HA JiarOHaJbHUX MEpEeXo/iaX 3 YpaxyBaHHSM IIBHIIKOCTI,
IHTEHCUBHOCTI pyXy mimoxoaiB 1 T3. Ile cnpusiTiMe 3HWKEHHIO 3aTPUMOK JIJISL BCIX
YUYACHHUKIB JIOPOXKHBOTO PyXy. AHaIII3 MOPYIICHb Ha MEPEXpecTsiX T03BOMISE 1ICHTU]I-
KyBaTH HeOe3IeuHi 30HH, Jie MIIIOoX0¥ HalvacTille iIrHOpyroTh npaBuia (HanpuKiIa,
MEPETHHAIOTh Ha YepBOHE CBITIO). Lle Moke OyTH KOPHCHHM JIJIsl CTBOPEHHS MTPEBEH-
TUBHHUX 3aXO0J1iB a00 BCTAHOBJICHHS JOJIaTKOBUX 3aCO0IB KOHTPOJIIO (Kamep, Mmomnepe-
KYBAJIBHUX CUTHaNIB). JlOCHi/PKEHHST MiATBEP/DKYE, IO BUKOPUCTAHHS MAIIUHHOTO
HaBYaHHS MOXKE IHTETPYBATHCS B IHTEIEKTYaJbHI TPAHCIIOPTI CUCTEMH JIJIsl KepYBaHHS
JiaroHaJILHUMHU TiepexoiamMu. Hampukiaa, BOpoBaKEHHS afalTHBHOTO YIPaBIiHHS
cBiTIIOopamMu, po3po0OKa CUCTEM OIOBIIICHHS JJIs1 BOJIIB 1 MIIIIOXO/IB PO MOTEHITIIHI
koH(uTiKTH. [laHi, oTprMaHi 3 pealbHUX NEPEXPECTh y TOCIIKEHH], MOJKHA aJIallTyBaTH
JUIsS. MOZICITTFOBAHHS J1arOHAIbHUX TIEPEXO/IiB, 10 TO3BOJIMTH BU3HAYUTH, 33 SKHX YMOB
JIiarOHaJIbHI MePexXou € HalOUIbI e()eKTUBHUMU Ta 30aj1aHCyBaTH OE3MeKy i mpoImyc-
KHY CIIPOMOKHICTh Ha CKJIAJHUX IepexpectsiX. Tox, TOCHiKEHHS 3 BUKOPUCTAHHIM
MAaIIMHHOTO HAaBYAHHS ¥ TEXHOJIOT1H pO3IMi3HaBaHHS 300pakeHb MOXKE CYTTEBO ITiJ[BH-
T eexkruBHicTh BrpoBaukeHHs JIII1. BoHo 103Boiisse MpOTrHO3YBaTH i aHAi3y-
BaTH TIOBEJIIHKY IMIIIOXO/IIB y PI3HUX YMOBAX, ONTUMI3yBaTH OpraHi3allito pyxy Ta IMij-
BUILIMTH 3araibHUil piBeHb Oesrneku. [IpakTndanHe 3acTocyBaHHS MOMIOHUX JIOCIIIKEHD
y M. XapKiB MOKHU 110 OOMEKEHE, OCKIJIbKU TaKi Mepexou He BIpoBapkeHi Ha BJIM.

Hocmimpkennst B [9] anamizye edexruBHicTh BrpoBapkenHs JIIIT («scramble
Crossing») Ha MepexpecTi 3 ICHYIUO JOBXHHOI IUKIY curHany 79 c. Pesynsraru
MOKa3yI0Th, 10 32 HASSBHUX YMOB TaKe BIPOBA/PKEHHS € JOIUIBHUM. ABTOPH PEKOMEH-
JIYIOTh MPOBECTU JOJATKOBI JIOCIIJKCHHS MMapaMeTpiB Ta OOMEXKEHb JIJIsl OTPUMAaHHS
OUIBIII TOYHUX PE3yJIbTaTiB. 30KpeMa, CJIiJi JeTalbHIIIEe MPOaHaIi3yBaTH MIBUAKICT
00CITyroByBaHHs CBITIIO(OPIB, KA 3aJCKUTh BiJl JOBKHHU TEPEXPECTS Ta MOCTYIIO-
BOTO 301IBIICHHSI IIBUIKOCTI PyXy TPaHCIIOPTY. ABTOpaMH 3alpOIIOHOBaHI TOYHI (op-
MYJIH JJIs PO3PaXyHKY ONTHUMAJIbHOI TPUBAJIOCTI CUTHAIY JIJIS MIIIOXO/IB, SKI MOXYTh
OyTH BUKOPHUCTAaHI JIJIsl YTOUHEHHSI TPUBAJIOCTI CUTHAIY Ha JIIarOHAIBHOMY TEPEXOIi.
Takox BapTO BpaxyBaTH, IO JISSIKI CUTHAIN HA MEPEXPECTIX KOOPIUHYIOTHCS 3 THITUMH
MOOJIU3Y PO3TAIIOBAHUMH MEPEXPECTAMH, 1 BIPOBAHKEHHSI HOBOTO IIUKITY MOXE TIOPY-
IIMTH MOTIK TpadiKy B TaKWX 30HaX. [lomanbI JOCHiPKEHHS MOXKYTh BKITFOYATH BITPO-
Ba/KCHHS J1IarOHAIBHOTO TIEpeXo/ly Ha MIEBHUX MEPEXPECTsiX 3 ONTUMI3AIIEI0 CHCTEMH
B [[IJIOMY Ta BpaxyBaHHSIM B3a€MO3B'sI3KiB MiX [IUKJIaMH CBiTI0(0opiB. KpiM Toro, aman-
Tallis TPUBAJIOCTI CUTHAJIB J0 PI3HUX MEPiofiB 100u, Koiu 3MiHOwThC TII, n103BO-
JIUTH OUTBII €)EKTUBHO BUKOPUCTOBYBATH MEPEXPECTSI.

B [10] 3a3nauaetncst, mio JII1 noBUHHI BUKOPUCTOBYBATUCS TUIHKH Y BUITAKAX, KOJIH
€ peasibHa moTpeda JIsl MIIIOXOIB TEPETUHATH TIEPEXPecTs O JiiaroHaii, 1 1e MoBH-
HHO TPU3BOJIUTU JI0 3MEHIICHHS 3aTPUMOK SIK JUISl THIIOXO/IB, TaK 1 JUIS TPAHCIIOPTY.
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BpaxoByrouu, 110 JliarOHANBHI MIEPeX0 MOXKYTh 30UTBIIUTH Yac MIIoxixHoi ¢asu, ne
BUMarae peTelibHOrO IUIaHYBaHHS Ta BCTAHOBJICHHSI BIIMOBIHMX 3HAKIB 1 iHPpacTpyK-
Typu Jutst 3a0e3redeHHs Oe3MeKr Ta 3pYYHOCTI BCIX YYaCHUKIB IOPOKHBOTO PYXY.

ABtopamu pobotH [ 11] mpoananizoBano, sik Bcranosnenns 111 BruBae Ha edexk-
TUBHICTh PYXy TPaHCIIOPTY, BUKOPUCTOBYIOUM METOJl MOJICIIIOBAHHS B MPOIPAMHOMY
cepenosuiti PTV Vision VISSIM. Pesynbsratu nmokasasnu, 1o mpu eBHOMY CITIBBIHO-
mienHi TTI (Hampukiaa, KOJU CIiBBIHOIIEHHS TOJIOBHOI BYJIHMII 10 JApyropsaHoi 1:6)

BIIPOBA/KECHHSI JIiarOHAJIbHAX TIEPEXOJiB MOXKE 3HIIKYBATH 3aralibHi 3aTpUMKH Ha
nepexpectsix TUMiB 2-Ha-1 i 3-Ha-1. Taki nepexoau migBUIYIOTh €(EKTHBHICTH POOOTH
nepexpecrtsi, 30KpemMa, KoM Ha ToJI0BHi# Bynuii 6inbiuii TI1, a Ha qpyropsiHii — MeH-
M, 1 KOJIU JIOBKHUHA TIEPEXO/Ty JUIsl TOJIOBHIN By/uIll Oiibina. Lle mocmikeHHs MoKe
OyTH KOPUCHHM JIJIsl BU3HAUCHHSI YMOB, 32 SKHX ciijx Brposapkysatu AT miist mokpa-
HIeHHs e(DEeKTUBHOCTI IOPOXKHBOTO PYXY.

Cain takox BigmituTh, 1o me 'y 2002 pomi B M. Oxnena (KamidopHist) Gyno Brpo-
BQ/DKCHO Ha MEPEXPeCTi Mopsijl 3 TPAAULIHHIM cIocOOOM TMepeTHHAHHSI BYJIHI, TIepe-
xig o giaronanti,. OCHOBHOIO MeTOI poOoTH [12] Oysa oIiHKa MiABUINEHHS Oe3MeKn
MIIIOXO/IB Ha IIBOMY IEPEXpecTi B pe3ysbTaTi BIPOBADKEHHS «scramble crossing.
Byso npoBeneHo aHaii3 KOH(UIIKTIB MiXk minioxofamu Ta T3 Ta mopyuieHb MIOXOIIB
IO 1 TTiCTIsT 3MIHM CHTHAJII3AIl1, @ TAKOK OITUTAHO IMIIIOXO/IB U1 BUBYCHHS X CTABICHHS
Ta po3yMiHHS 3MiH. Moaudikallist CUrHaIi3aIii B pe3yabrari Ipu3Belia 10 CTATHCTUIHO
3HAYHOTO 3MCHIICHHS KOH(JIIKTIB MiX TilIoxogaMu Ta T3, a TakoxK JIO0 CTAaTUCTUYHO
3HAYHOTO 301JBIICHHS MOPYIIEHb IMIIIOXO/AIB. 3arajioM, MilIOXOAW 3pPO3yMITH 3MiHY
B po0OTI TIepexpecTsl Ta MPUHHSIN 3MIiHHU Y BHIVISIII «scramble crossing»-curaanmizarii.
L1i pe3yabTaTH CBiI4aTh MPO TE, IO CHCTEMa «scramble crossingy B 1iioMmy Oyia edek-
TUBHOIO IS TIOKpaIIeHHs Oe3MeKn Ha repexpecti. 301IbIIeHHsT KITBKOCTI MOPYIICHb,
HE3BAKAIOUM Ha 3MEHIICHHS! KOH(IIIKTIB, YACTKOBO MOSICHIOETHCSI THUM, IO ITEBHA Yac-
THHA TIIIOXO/IIB MPOIOBKYBAIa HE3aKOHHO NIEPEXOIUTH JOPOTY Ha «Oe3neuHii» minro-
X1IH1# cMy3i (TOOTO Ha cMy3i, 1110 TTapalieNibHa PyXy TPAHCIOPTY, JIe HEMAE MOKITHBOCTI
Uit KoH(DITIKTIB). BakimBo, mo6 curHan «scramble crossing» KOHTPOIIOBABCS TPOTS-
TOM Yacy JJIsl TOTo, 00 OIIHUTH, HACKIJIBKU 3MEHIIICHHS KOH(IIIKTIB Mixk T3 Ta mimio-
XOJIJaMH TIPU3BOAMTH JIO 3MEHIICHHS KiJILKOCTI TPaBM Ta CMepTed cepel] MillOXOMIiB.
BrpoBapkennst curnainy «scramble crossingy B OKIEHII BHUSBHIOCH €(EKTHBHUM
y 3HI)KEHHI KOHQITIKTIB MX Mitoxonamu ta T3, o criprsiio MOKpaIleHHIo Oe3MeKu Ha
nepexpecti. OpHaK 30UTbIIEHHS KiJTBKOCTI TOPYIIEHD MIIIOX0JaMH, TOTIPH 3MEHIIICHHST
KOH(QIIIKTIB, BKa3ye Ha nmotpely B JIOAATKOBIH OCBITI Ta MOHITOPHHTY 1ILOTO BUJIy CHT-
HaJTi3aIii JJIsl OLIHKY i JOBFOCTPOKOBOTO BILJIMBY Ha 3HWKCHHS TPaBM 1 CMEPTEIbHUX
BHUIIAJKIB Cepe/l MIlIOXOIIB.

Hocnimkennst [13] Bkasye Ha HEOOXIHICTh BpaxyBaHHS cCHeHUpIYHUX MTOTPed pi3-
HUX TPYyN INIOXOMiB MPH NMPOEKTYBaHHI MIIIOXIHUX TEPEXO/iB, 30KpeMa st 0cid
3 O0MEXEHUMH MOXJIMBOCTAMH. BUSBIIEHI MpPOTalivHU B MICHEBHX PEKOMEHAIISNX
Ta noka3Hukax Healthy Streets BkasyroTh Ha moTpeOy B yIOCKOHAJICHHI 1HCTPYMEH-
TIB JUIS BU3HAUCHHS CKJIAJHMX JUIS MIMIOXOIB TepexodiB. Lle mocmikeHHs 103BOIsIE
CTBOPUTH OUThII e(EeKTHBHI MEXaHi3MU ISl ajanTamii icHyrouoi iH(pacTpyKTypH,
10 MOKPAIIUTh OE3MeKy Ta 3pYYHICTh MIIIOXO/IB, @ TAKOXK 3pOOUTH MPOIEC ajarTa-
il iHQpacTpyKTypu OUTBII MPOAKTUBHUM i OPIEHTOBaHMM Ha 1oTpedu rpomazsH. Lle
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JIOCITI/DKEHHST MOYKe OyTH KOPHCHUM JUIsl OLIHKKM Oe3rneku npu BrpoBakeHHi JITTIT.
BoHo Hajae peanicTHYHy OLIIHKY MICIICBUX PEKOMEHJAIlH 3 JAM3aiiHy Ta MOKa3HHUKIB
Healthy Streets, a Takox BUBYa€ BaxIUBI (HaKTOPH, SIKi MOXKYTh BILUTMBATH Ha 3pyYHICTD
1 Oe3meKy MiIIoXO/iB MPH Tepexoaax. 30KpemMa, JOCIIIPKEHHS 3BEPTAEThCS 0 TaKUX
aCTICKTIB, SIK MIKOBUI Tpadik, CKIAAHICTh 1 pajlycH MOBOPOTY JJISl TPAHCIIOPTY — Iii
METPUKH MOXKYTh OyTH BHKOPHCTaHI JUIsl OIIHKH Toro, Hackinbku JIIIT moxe cratu
Oap'epoMm JUIs MIIOXOAIB, 30KpeMa Jist 0ci0 3 THBaIHICTIO. TakoXk, pe3ynbTaTi BKasy-
I0Th Ha MIPOTAJIMHYU B MICIEBUX JH3AMHEPCHKUX PEKOMEHJIAIISX, 1[0 O3HAYAE, M0 JUIs
YCIINIHOTO BIPOBA/KCHHS J1arOHAFHUX NIEPEXOJ1iB BXKITMBO BPAXOBYBATH TaKi MOKa3-
HUKH B 1HQPACTPYKTypi Ta ajanTyBaTH iX JJisl MOJETIICHHs MilmoxigHoro pyxy. Lle
JIOCITI/PKEHHST HaJla€ KOPUCHI 1HCAWTH JJIsl TIOKPAIIEHHS MICIICBUX CTaHJAPTIB 1 CTBO-
PEHHsI OLIBIT OE3MeUHNX Ta 3PYYHUX YMOB JUIS MILIIOXO/IiB, 30KpeMa depe3 peTpodiTHHT
ICHYIOUHX TIepexo/liB abo X mepenpoeKTyBaHHS.

AHaJ1i3 HasiBHUX JKEPEIT I11e Pa3 MiJTBEPIUB BAXKIINBICTh Ta HEOOXiTHICTh IPOBECHHS
JoCHipKeHb 1mon0 BrposapkeHHs JIIIT Ta omiHKY iX e(eKTUBHOCTI B MicTax YKpaiHU.
BuBUeHHSI MI>KHAPOIHOTO JIOCBITY, @ TAKOX ICHYFOUMX TPAKTHK HAI[IOHAJIBHOTO PIBH,
MOKa3ye, 110 JiaroHalibHi MePEXOId € MOTYKHUM 1HCTPYMEHTOM JIIS TIOKpaIleHHs Oe3-
TMIEKH TIIOXOB, CKOPOUEHHS Yacy Ha Iepexiji Ta 3MEHIICHHS 3aTPUMOK JUISl BCIX ydac-
HUKIB JJOPOXKHBOTO pyXy. [IpoTe Juisi TOCATHEHHSI MAaKCUMAaJIbHOTO e(DeKTy BaXKIIMBO HE
JIMIIE 32CTOCOBYBATH I1i PIllICHHS B MEBHUX YMOBAX, a i PETENBHO JIOCIIJIUTH, SIK BOHH
BIUTMBAIOTh HAa TPAHCIIOPTHY H(PACTPYKTYypy Ta MIlIOXiJHUI MOTIK, OCOOIMUBO B YMO-
BaX YKpaiHChKUX MIcT. HasiBHICTh TaKUX JOCIIPKEHD J03BOJIUThH 3a0€3MCUUTH HAYKOBO
OOTpYHTOBaHI pIllICHHS IOA0 TPOEKTYBaHHS 1 peaii3allii JiaroHaJbHUX MEepexXOiB,
a TAKOXK aJIallTallif0 MI>XKHAPOHOTO JIOCBI LY 10 Crieliudiky yKkpaiHCbkux MicT. Lle, B cBOO
4epry, JOMOMOXKEe ONTUMI3yBaTH MPOIIECH MOOUILHOCTI, MOKPAIIUTH OS3MEeKyY MIlIOXO/IIB
1 TPAHCIIOPTY, a TAKOXK 3a0e31MeunTH OUTHII ePEeKTHBHE BUKOPUCTAHHS 1HYPACTPYKTYPH.

Tum Olsblie, 0 y BITYU3HSIHUX JDKEPEIaX 30BCIM BIJICYTHI OY/Ib-sIKi J0CIIIKSHHSI
B 1IboMY HanpsiMky. Tak, B [14] Ha ocHOBI aHauizy cratuctuku JITIT y kpainax €Bporiy,
CH/I ta YkpaiHi, cTBep/KyBaTH, 110 3a0e3MeueHHsT OS3MEKH IIIIOXO/IIB € OJHUM i3
KITIOUOBHX 3aBJIaHb JOPOKHBOTO PYXY, a MITHATI MIIOXiJHI TepeXoIu — 11e ePeKTUBHHH
iHCTpYMEHT /7151 3MEHIIeHHs aBapiftHOCTi Ta TiIBUINEHHS PiBHS Ge3MeKu. X BUKOpHC-
TaHHS CIPHsIE 30€PEKECHHIO KHUTTS Ta 370POB'Sl YUACHUKIB JIOPOKHBOTO PYXY 3aBJISKH
3HIDKCHHIO MIBUAKOCTI T3 Ta MOKpaIeHHO BUIUMOCTI MIIIOXO/1iB Ha MIPOI3HIN YaCTHHI.
Takuii miaxin 70BiB CBOIO e(eKTUBHICTH Ta MOTpeOye MOAAIBIIOrO BIPOBAKCHHS
3aJUlsl CTBOPEHHs OE3MEeUHIoro cepeioBrila Ha joporax. Ha BinMiHy Bif migHITHX
MIIIOX1THUX NepexoiiB, muTanHs epextuHocTi I B Ykpaini npakTu4HO HE HOCTi-
JokeHe. TakuM YMHOM MU MIIIAIUIN 10 GOPMYJIFOBAHHS METH J0CIIKCHHSI.

@opmyTOBaHHS HiJIel cTaTTi. METOI0 JTOCHIKCHHS € TONePeIHs OlliHKa e(eK-
TUBHOCTI (D)YHKI[IOHYBaHHS TIepeXpecTsi 3a paxyHOK BIpoBajpkeHHS Ha Hhomy JIIII,
OCKIJIbKM JIOCBII IHIIMX KpaiH JEMOHCTPYE TXHIO TOTEHIHHY e(eKTUBHICTh SK
y 3HIDKCHHI aBapiiHOCTI, TaK i B MOPIBHSIHHI 3 IHIIMMHU cXeMaMu pyxy. /s peamizamii
METH HEOOX1THO MPOBECTH JOCIIKEHHS JOPOXKHIX YMOB Ta IMapaMeTpiB TPaHCIIOPT-
HUX 1 MIIIOXIJTHUX MOTOKIB, HA OCHOBI SIKUX CTaHE MOXIJIMBUM PO3POOHTH IMiTaIliiiHi
TPaHCIOPTHI Moziei 00paHoro nepexpectsi y nmporpamMHomMy cepenosuiie PTV Vision
VISSIM [15].
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Buxnan ocHoBHoro marepiajy. Kadenporo opramizarii i 6e3meku IT0pOKHBOTO
pyxy XHAJLY BemyThCs JOCIIHKSHHS MO0 MOKINBOCTI 3acTocyBanus 1111 B m. Xap-
KiB. BiZIcyTHICTB peanpHUX MPOEKTIB Ta MPOITO3UIIiH 11010 BupoBamkeHas I B micTi
3HAYHO OOMEKY€E MOMKIMBOCTI HAYKOBIIIB 3aiMaTHCS ITOCIHIDKCHHSIM 1 BUPIIICHHIM
[[HOTO TTUTAHHS.

Ha ocHoBI aHaizy BKe iICHYIOUHX JTiarOHAIEHUX TIEPETHHIB, K 1 B YKpaiHi, Tak i 3a
KOpZIoHOM Oyi1u copMoBaHo kputepii ays BBenenus I

1. Bucoka minroxigHa iHTEHCUBHICTD (HasSBHICTD MIMTOXiTHUX MUISIXIB, MO MTOTPEOy-
FOTH O€3MEYHOT0 Ta MBHUIKOTO TIEPETHHY JOPOTH, OCOOIIMBO B MICIISIX 3 BUCOKOIO KiJTh-
KICTIO TIIIOX1THUX MapIIpyTiB a00 MOOIN3y 3HAYHOT KiTLKOCTI IICHTPIB TOKIHHSA).

2. HasiBHa ckJ1aJiHA CTPYKTYpa MepexpecTsi.

3. CnocTepexeHHs 32 KOH(PIIIKTHIMH CUTYaIlisIMU MK mmimoxogamu ta T3.

4. ObMexeHHsT a00 HEMOXKITUBICTE CTAHAAPTHUX ITEPEXOIIB.

5. liaroHanpHUH mepexin 3a0e3MeunTh MiABUIICHHS BUAMMOCTI ITIIIIOXOIIB.

6. HasBHICTE CBITIIO()OPHOTO pETyTIOBAHHS.

7. HasBHICTH O€3MeuHuX 30H IS MIITOXOIiB.

8. Hu3pka MBHUIKICT PyXy TPAHCIIOPTY (IIEPEXPECTS 3 AiarOHAILHUMH TIEPEXogaMu
TTOBUHHI MaTH OOMEKEHHS IIBHIKOCTI a00 BUKOPWUCTAHHS 1HIIUX METOIIB 3HMKCHHSI
MIBUIKOCTI TpaHCTIOPTY, 100 3MeHuTH pu3uk JTII 3 ygacTro mimoxois).

9. JIOCTYIIHICTD TSI JTFOACH 3 0OMEKCHIMH MOMITHBOCTSIMH.

10. KigpkicTe cMyT pyxy (HE OUTBIIE TPHOX CMYT Ha KOKHOMY ITAXOMAI IO Tepe-
XpecTs).

MOKITMBOCTI 3aCTOCYBAaHHSI TAKHX ITIEPEXOIiB B M. XapKiB €, OCKITHKH B MiCTi YUMAJIO
BEITUKHUX TEPEXPECTh 13 IHTCHCUBHUM PYXOM IIIIOXOMiB, OCOOJHMBO MOOIN3Y CTAHIIii
MeTpo «IcTopuunamii My3eity, « YHIBEpCUTET», J¢ MiarOHAIbHUN Tepexil MOKe OITH-
Mi3yBaTH PyX IMIIOXOIIB, CKOPOUYIOUH Yac O4diKyBaHHS Ha cBiTiodopi. [Ipu nmpaBumis-
HOMY HaJamTyBaHHI CBITIIOhOpiB yci TII 3ynmuHSAIOTECS OMHOYACHO, MAIOYH ITIIITOXO0-
JlaM 3MOT'y TIEpEeTHHATH BYJIUIII B OyIb-sIKOMY HampsMKy. CITiJl BiI3HAYUTH 1 €CTETUIHE
OHOBIICHHSI MICTa, KOJIM JiarOHaJbHI TIEPEXOAN JOMAI0Th CyY4acHOCTI MICBHKiH iH(ppa-
CTPYKTYPI, III0 TIPUBEPTAE yBATY TYPHCTIB, SIKIIO TaKi Mepexoau 0hOPMHUTH KPEaTUBHO.
AJte MICTO MOXE CTHKHYTHCS 3 PSIOM MPOOJIEM: depe3 BEeITUKY KiTbKICTh TIEPEXPecTh
13 BUCOKOIO TIUTBHICTIO pyXy T3, MiaroHaJIbHUN MepeXia MOXe CIPHYNHATH 3aTPUMKH
IUTSL TPAHCIIOPTY, SIKIO HEe Oyze PETebHO CTTAaHOBAHUM; TI0IaTKOBI BUTPATH, ITOB’ I3aH1
3 HaJaITyBaHHAM CBITIIOhOpPiB; HOBUH (popMar mepexomy Moke OyTH HE3BUIHUM IS
MEIITKaHIIIB MicTa, TOMY TTOTpiOHa iHpopMariitHa kKaMITaHis, 00 HABYUTH KOPHUCTYBa-
THCS TIEPEXOIOM.

B mamiif crarTi IpoAeMOHCTPOBAHO OOTPYHTYBaHHS €()EKTHBHOCTI 3aCTOCYBaHHS
TaKUX TEPEXOMiB ISl TIepexpecTs BYAuIlL €Bpomeiickka — [larpiapxa McTtucmaBa —
Ocramna Bumai B M. [TonraBa (muB. puc. 1). Bubip manoro mepexpectss 00yMOBICHHI
mostBor0 B 4epBHI 2023 poky merutii [16], CyTh SK0i ToyisArae y HeoOXigHOCTI 3a0e3-
TedeHHsT 0e3MeKr JTOPOKHBOTO PyXy Ha JaHOMY TIEPEXpPecTi, JIe peryispHO Tparuis-
totbest JATII, 30kpemMa 3a ygacTi miTedt. 3 omisay Ha OMM3bKE PO3TAITYBAHHS ITKOIH
No 27 Ta IHTEHCHBHHMH PyX TPAHCIIOPTY, MEIIKAHII MiCTa 3BEPHYIINCH 3 TPOXAHHIM
BCTAaHOBUTHU JTOJIATKOBI CETMEHTH CBiTIOdopa, Mo0 3a0e3neunTr Oe3MeTHIi Tepexi
JIOPIT IJIS IMIIOXOIB, OCOOMUBO TITEH, a TaKOXX TEPMIHOBO JEMOHTYBATH ITOPOXKHIM
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3HaK «JI0JIaTKOBa 3elieHa CTpijKa» Ha cBiTIodopi yepe3 0OMeXeHY BHUIMMICTh JUIS
BOJIIiB Ta MIIIOXO/IB i1 yac pyxy. OCKUIbKY JJaHE TIEPEXPECTI € aBapiiHO HEOS3MEUHUM
Ta CTAHOBMTD 3arpo3y JKHUTTIO 1 3JI0POB’ 10 IPOMA/ITHH, HATOJIOIIYBAJIH I11€ TO1 Ha HEBIJI-
KJIQJHOCTI BXKHUTTS BIAMOBIIHUX 3aXOJiB JJis 3a0€3MCUCHHs O€3MeKH BCiX YYaCHHKIB
JIOPOXKHBOTO PyXy. AJie 10oci mpobiieMa Ha MEepPexXpecTi He BUpilicHa. A 3amuT Ha 0e3-
MEYHUH MepexiJ] MPoi3HOT YaCTHHHU MIIOX0JaAMH BUMArae BIPOBA/KCHHS e()EKTHBHUX
pimens. ToMy JeMOHCTpaIlisi TAKOTO HOBOBBEJCHHSI B M. [lonTapa, sIK BIIPOBaJKCHHS
JaroHaJILHOTO MIEPEXO/Ty, MOYKE CTATH TUJIOTHUM MPOEKTOM, SKHI MOYKHA BUKOPHUCTOBY-
BaTH JUISI aHAJI3y ¥ TIOAJBIIOTO BIIPOBA/HKEHHSI B IHIIMX MICTax, 30KpeMa B M. XapKiB.
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Puc. 1. Ilepexpecms synuys €sponeticorxa — [lampiapxa Mcmucnasa — Ocmana Buwni
6 m. [lonmasa

ITepeBaroro BIpOBaKEHHS MUJIOTHOTO MPOEKTY B M. [lonTaBa Moxke OyTH # Te, 110
B MICTI MEHIIIAH 0OCST aBTOMOOUTEHOTO PYXY IMTOPIBHSIHO 3 BEIMKUMH MiCTaMH, 30KpeMa
M. XapkiB. lle 3MeHITye pHU3WKH TPAHCTIOPTHUX 3aTPUMOK TIPHU TECTYBaHHI Jiaro-
HaJLHOTO Tepexomy. OOpaHuil mepexia MoKe CTaTH 3Pa3KoM IS CIIOCTEPEKEHHS, K
II1e HOBOBBEIICHHS BIUIMBAaTHME Ha Tpadik, OE3MEeKy Ta 3BHYKH MIMIOXOMiB. OCKUTEKH
€ TICTHIIis1, MICIIEBI KHUTEI BXKE TOTOBI JIO TiaJIOTy Ta CIIBIIpaIli, IO 301TbIITy€e HMOBIp-
HICTH YCITIIITHOTO 3aITyCKy. YCITIIITHA peaizaiisi mpoekTy B IlonTaBi Moxe mepeKoHaTH
By IHITUX MICT Y JOIIIFHOCTI BIPOBAKCHHS TAKUX ITEPEXOIIB.

Ha manwmii yac Ha mepexpecti Bynmumb €Bpomeiickka — I[larpiapxa McTtucmaBa —
Ocrana Bumai nmodazawit po3’i3g B ABi ¢aszn. Hamu 3amponoHoBaHO 1Ba pO3TISHYTH
JIBa BapiaHTH po3’i3My: BBEIECHHS TPETHOI MIMIOXiTHOT (ha3w 3 MiarOHATEHUM TIIIIOXi]I-
HHM TIepeXo1oM (IuB. pHc. 2 (a)) Ta 3 pyXOM ITIIOXOIB IT0 IepuMeTpy (IuB. puc. 2 (0)).

Crig 3a3HauMATH, MO TPH PO3POOI ITUKIY CBITIOPOPHOTO peryaroBaHHS OyiIx
BpaxoBaHI AaCIEKTH ONTHUMIi3allii 3HAYHUX TOBOPOTHHUX TIOTOKIB, 30KpeMa aHa-
J3yBaMCh BapiaHTH PAaHHLOTO Ta TMI3HBOTO CTapTy cUTHaTB. OmHAK IeTanbHE
TOCTIKCHHS X BIUTMBY Ha TPAHCIIOPTHI Ta IMIIOXiAHI TMOTOKH BUXOIHWTH 3a MEXKIi
3aB/IaHb TaHOTO JOCIIKeHHS. TOX, B pe3ynbTaTi MOJEIIOBaHHS TOPOKHBOTO PYyXy
(muB. prc. 3) HaMU OTPUMaHi 3HAUYCHHS MTOKA3HUKIB €(DEKTUBHOCTI (PYHKITIOHYBAHHS
repexpects (3arpuMku T3 1 MIMOXOAiB, BUKUAM IIKIIJIUBUX PEUOBUH Ta ITAJIHBA,
TOBXUHA 3aTOPY), SKi CBiTIATh MPO MEPEBard BIIPOBAKCHHS IiarOHAIBHOTO ITIIIO-
XigHoTO TIepexony (auB. puc. 4).
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Puc. 2. 3anpononosani cxemu nogasnozo po3’izdy na nepexpecmi

Not foricommerciz

Puc. 3. Imimayis 00podcHb020 pyxXy npu pi3HUX 8apiaHmax cxem pyxy niuioxooie
6 npoepamuomy cepedosuwi PTV Vision VISSIM

LA CSU L s M) s MR0 co, 2 80 N%’,‘i 2 80 g, n 80
70 70 70 o7 0 70 70
60 60 60 60 5, 60 60
50 50 550 303 50 50 50 50
40 40 40 388 40 40 40
30 23 25 30 3 3 3 3
20 I I 20 20 20 20 20
10 10 10 10 10 l 10
0,73 1,06
5 0 075 135
Cepennn Cepennn  MaxcuMmatsia BHKHIH Burnan Burpatu
3aTPHMKA, ¢ JOBKHHA JOEKHHA — WKILTHBHX  IIKiIZTHBHX naTHBA
IATOPY. M 3atopy. M pedoBuH CO peuopnn NOx

m I =110

Puc. 4. Iloxasnuxu egpexmusrnocmi ¢ynkyionysanus nepexpecms,
OMPUMAHi 8 pe3yIbmami MoOeno8anHs
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BucnoBku. B pesynbrari npoBeICHOT0 MOJEIIOBaHHS Ta KOMIUIEKCHOTO aHAalli3y
(YHKITIOHYBaHHS JOCIIIKYBaHOTO MEpeXpecTsi OTPUMAHO BAXKIIMBI KUTBKICHI KpUTEPIi,
30KpeMa: 3aTpuMKH pyxy T3 i MmiloxoiB, 0OCIT BUTpAT MajiiBa, a TAKOXK JOBXKHUHY
TPaHCHOPTHHUX 3aropiB. OTpHMaHi pe3yNbTaTH JIEMOHCTPYIOTh, IIO BIPOBAKCHHS
JIIIT € 6inpin eheKTHBHUM PIlIEHHSIM TIOPIBHSIHO 31 CTaHIAPTHOIO CXEMOIO OopraHizaii
pPyXy. AHauti3 32 BCiMa 3a3HaYCHUMH ITapaMeTpaMy BKa3ye Ha CepelHE 3HIKSHHS Bi/IIO-
BIJIHUX MMOKa3HUKIB MPpuOIM3HO Ha 10%, 1110 MiATBEPIKYE AOIIIBHICTh BIPOBAKEHHS
JTIIT 3 Touk# 30py MOKpaIIeHHs MPOITYCKHOT 3[aTHOCTI MePEeXpeCTs, 3MEHIICHHSI eHep-
roputpar T3 Ta MiHiMi3alii 3aTpuMoK pyxy. OKpiM [IbOTO, TIPOTHO30BAHE CKOPOUCHHS
JOBXKWHU TPAHCIIOPTHUX 3aTOPIB MO3UTUBHO BIUIMHE Ha OE3IEKy PyXy Ta CKOJOTTUHHH
CTaH MPUIIeTIol TepuTopii. BpaxoByroun MaciiTaOHy TPaHCIIOPTHY MEPEKY Ta BUCOKY
HIUIBHICTh HaceJeHH M. XapkiB, BrpoBapkeHHs [AI111 Moxxe CyTTEBO MiABUIIUTH 0e3-
MEeKy MIIIOXO/iB, 3MCHIIUTH KOH(UIIKTH MK TPAHCIIOPTHUMHM Ta MIIIOXiJHHMH TIOTO-
KaMWU, a TAKOXK TIOKPAIIUTH 3arajibHy OpraHizaliito JOpoKHBOTo pyxy. PesynbsraTn Mose-
JIFOBAHHS MIATBEPIXKYIOTh IOMUIBHICTD [IBOTO PILICHHS JIJISI MICTA 3 TAKOIO IHTCHCUBHOIO
TPaHCIOPTHOIO 1HPPACTPYKTYPOIO, SIK M. XapKiB.
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