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Industry 5.0 and the new competency challenges

Borislava Galabova, Boryana Trifonova, Yoan Hristov
University of Mining and Geology “St. Ivan Rilski”
borislava.galabova@mgu.bg

Abstract: For the last ten years, Industry 4.0 has been available to address the industry's shortcomings. Therefore, Industry 4.0 has met
some challenges and limitations. Consequently, we have entered the era of Society 5.0 and Industry 5.0. Smart factories and robots are
driving up business productivity and growth, focusing on sustainability and resilience. This paper analyzes Industry 5.0 and its
implementation challenges based on the competence profile of employees. The content and effects of entering Industry 5.0 to align with the
competency profile of employees in the Era 5.0 were systematized. Industry 5.0 is transforming paradigms and bringing about resolution, as
it shifts the focus away from technology and instead emphasizes the potential for progress through fruitful collaboration between humans
and machines. In a business context, the advancements in technology necessitate the implementation of Industry 5.0 to secure competitive
advantages and foster economic growth and development. Firstly, we discuss the definition and features of Industry 5.0 from the competency
point of view. Secondly, we present two of the most recent and significant competencies—the entrepreneurial and green competencies. The
question of their significance and necessity in the context of Industry 5.0 for industrial development on one hand, and for career development
on the other hand, is discussed. On this basis, some conclusions and recommendations aimed at business and academia are made. It can also
serve as a basis for further research in the field of skill development and workforce transformation in the face of the deep transformation
framed by the green and digital economy.

Keywords: INDUSTRY 5.0, COMPETENCY, INDUSTRIAL ENTERPRISE, GREEN COMPETENCE, ENTERPRENEURIAL COMPETENCE

1. Introduction

In recent years, the new external factors of the economic and
social environment and the established trends have changed the
course of economic, technological, environmental, and social
development. These new circumstances have led to the need for
changes in technologies, processes, and relationships between
economic actors. Consequently, given the numerous prerequisites
and challenges, a transition from Industry 4.0 to Industry 5.0
became necessary. The Fourth Industrial Revolution focused on the
digitalization of processes and the use of new technologies to
increase productivity. Industry 5.0 complements and extends
Industry 4.0 [1]. In Industry 5.0, human resources serve as the focal
point and primary driving force of the production process. A
supranational, European approach is imposing a new paradigm
where technologies serve human needs and encourage active
cooperation. If Industry 4.0 is based on the relationship between
machines and information systems, then Industry 5.0 unites the
strengths of humans and machines and seeks the intersection—their
common usefulness and added value. The goal is to achieve a
sustainable, resilient, and human-centric industry. This necessitates
the development of a new strategy and plan to enhance relevant
competencies, as it is crucial to upskill and reskill employees.

In this dynamic and challenging environment, possessing and
developing knowledge, skills, experience, and attitudes are decisive
factors for the prosperity of organizations in general and of
individuals in particular. Against this background, two relatively
new competencies receive attention: entrepreneurial competence
and green competence. They ensure that the professional capacity of
specialists meets the requirements of the production and business
environment. The recruitment, retention, and development of
quality and suitable human resources for the modern stage of
economic development is a crucial and responsible process that
underpins the organization's further activity and its effective
functioning as a production system. An industrial enterprise tackles
these challenging issues at every stage of its development. The new
realities require new competencies and approaches to overcome
challenges and to achieve a sustainable and resilient industry. This
approach should also consider external dynamics and economic and
social development prospects. Managers make strategic decisions
related to personnel selection, retention, and development, which
outline a long-term horizon. Without the rightly trained personnel,
placed in precisely selected jobs, neither enterprises nor society can
develop and achieve prosperity and economic development. Thus,
by 2024, gaining competencies becomes crucial for the
development and growth of the industrial enterprise.

2. Theoretical and methodological foundations of
the study

In the context of new economic, technological, and societal
trends and labor market requirements, this study explores the
contemporary dimensions of the role and importance of
competences in Industry 5.0. The relevance of the study is proven
and justified. Discussions on the topic are prevalent at national,
European, and international levels. The research problem holds
significant importance for the development of new competencies.
These competencies play a crucial role in the professional
realization and career development of specialists, as well as in the
transition from education to employment. Today's trends and
prospects for socio-economic development—Industry 5.0, green
transition, digitalization, and innovative business development
based on open approaches to innovation and human resource
training—further heighten this interest and significance.

In this context, the importance of entrepreneurial and green
competence as a key prerequisite for the professional realization of
specialists in the conditions of Industry 5.0, digitalization, artificial
intelligence, and green transition is checked. The study aims to
confirm the extent to which entrepreneurial and green competence
are essential for individuals seeking employment in the labor
market, and for those who become realized, effective, and
competent specialists in various sectors of the economy and the
educational field. Industry 5.0, green transition, digitalization, and
innovative business development require a change in the thinking,
attitude, and concept of the business in terms of the workforce and
its competencies. If the necessary competencies are not
accumulated and developed, the challenges for the implementation
of Industry 5.0 will be great in practice. The reason for this is that
the imposition of the new paradigm is primarily driven by human
resources and the impulse for action and change. The state of
research on the problem indicates a need for in-depth analyses on
the topic of industrial development that align with the new realities.
Industry 5.0 already "frames" these realities, complementing the
many existing challenges for business, industry, education, and the
competence profile of future specialists. Adopting new ways
requires workforce transformation, including reskilling and
upskilling employees.

The research uses the following methods to achieve its goal: a
review of the literature; an analysis of the content of entrepreneurial
and green competence; an analysis of their significance for the
implementation of Industry 5.0 and employees' career development;
a survey and systematization of the results; and the formulation of
conclusions and recommendations for business and educational
institutions.
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3. The paradigm of
competency gap

Industry 5.0 and the

Era 5.0 represents a profound transformation of society and
humanity, emphasizing the enhancement of quality of life and the
well-being of individuals, communities, the environment, and the
economy. Issues such as climate change, warfare, social divisions,
and cyber dangers are essential and demand more attention and
concern from politicians, organizations, and communities.

Industry 4.0 is focused on ensuring consistency of the quality
and data collection [2]. The moment for Industry 5.0 has finally
come; it has been offered for the past ten years to help the industry
and its shortcomings. In this context, the European Union (EU) has
used the concept of Industry 5.0, a relatively new term, several
times due to its importance as a key driver of the economic and
social transitions we are going through. This concept extends
beyond efficiency and productivity as the only goals. The Industry
5.0 concept is an evolution of Industry 4.0, using emerging
technology and applications to integrate the virtual and physical
domains, prioritizing human value at its core. This will lead to the
creation of Society 5.0, which will be characterized by technologies
and infrastructure that prioritize humanity and address social and
environmental challenges. The main goal is to build a society
grounded on sustainability, human value, and resilience. Compared
to Industry 4.0, the most important difference is that Industry 5.0
puts workers' well-being at the heart of the manufacturing process,
bringing prosperity beyond jobs and growth. As a consequence, the
human-centered approach puts basic human needs and interests at
the center of production processes.

The term "Industry 5.0" describes humans' use of robots and
intelligent machinery. It is about robots using advanced
technologies like big data analytics to assist people in working more
efficiently. In fact, human workers and universal robots are
boosting the productivity of the manufacturing industry [3]. Due to
the Industry 5.0 revolution, industrial production is becoming more
efficient as humans and machines collaborate. As a result, the
manufacturing sector is becoming more productive thanks to both
human labor and universal robots.

Industry 5.0, also referred to as the Fifth Industrial Revolution,
reflects a shift in focus from an economic approach to one on social
value and well-being. Industry 5.0 paves the way for a prospering
development in the industrial sector [4]. This is a new phase of
industrialization in which people work together with advanced
technologies and robots controlled by artificial intelligence to
improve work processes. Industry 5.0 refers to a revolution in which
humans and machines collaborate to increase the methods and
efficiency of manufacturing production. This form of next-
generation industrial production relies on innovations in artificial
intelligence (Al), 6G, the Internet of Things (loT), autonomous
processes and activities, robotics, 3D printing, nano- and
biotechnology, quantum computing, blockchain technologies,
network algorithms, and machine learning. Simultaneously, it
underscores the significance of human intelligence, potential, and
capabilities. As a consequence, supply chain 5.0 highlights the
importance of collaboration among smarter machines like cobots
and humans [5]. Industry 5.0 plus cobots is the heart that can
combine people’s creativity and craftsmanship with the efficiency
and constancy of the robots [6]. In conclusion, it’s “socially pulled
and technologically pushed digital transformation of the industrial
sector” [4].

Industry 5.0 possesses unique characteristics that qualitatively
deviate from all previous perspectives on business development and
economic growth. Behind Industry 5.0 are technologies
representing a set of complex systems. Each of the categories can
realize its potential only if combined with the others. The revolution
of Industry 5.0 means that humans and machines are working
together, improving the efficiency of industrial production [1].
Industry 5.0 mainly focuses on mass customization, where humans
will be guiding robots [7, 8]. Integrating the human element to

manufacturing and development is the goal of Industry 5.0. Industry
5.0 added human-centric, sustainable, and resilient concepts to the
industrial revolution. In light of this, it will revolutionize the
manufacturing systems worldwide by preventing repetitive tasks
from human workers [9].

The next generation of technology seeks to build intelligent and
effective machines. Due to the Industry 5.0 revolution, industrial
production is becoming more efficient as humans and machines
collaborate. Industry 5.0 is bringing about a paradigm shift and
resolution by acknowledging the possibilities for advancement
through  human-machine collaboration rather than only
concentrating on technology. Through the use of customized
products, the industrial revolution is increasing customer
satisfaction. In modern industrial companies, Industry 5.0 is crucial
for attaining competitive advantages and promoting economic
growth in manufacturing due to technological advancements.

In fact, Industry 5.0 is considered the edge of the smart factory,
where it communicates with robots and humans [10]. It is seen as a
new production paradigm that emphasizes both human-machine
interaction, but it leads to workforce and competence
transformation. The goal of Industry 5.0 is to utilize human
ingenuity and cooperation between increasingly precise machinery.
It develops processes that recycle and repurpose materials to ensure
sustainable production and a resilient economy. Industry 5.0 focuses
on highly skilled people plus robots to create individualized
products, from smart devices to cars for consumers [11]. With
industry 5.0, the robots are starting to work together. The
collaborative robots are accomplished with the tasks of heavy lifting
plus ensured consistency, while skilled humans are provided
cognitive skills of the craftsperson [12]. It is to be expected that
robots are changing relations among humans plus machines in the
context of production [1]. People are required to develop
competency skills, as working with the advanced robots, the human
workers are required to get knowledge about collaboration with the
smart machine and robot manufacturer [13]. Apart from the soft
skills required, gaining technical skills is also an issue for human
workers [14,15].

Industry 5.0 faces a number of challenges as it grows within the
wider framework of Society 5.0. Industry 5.0 adoption is a
demanding and complex process that requires highly qualified
workers and smart machinery to boost output and efficiency. Both
governments and companies ought to invest money developing and
implementing education and training initiatives to provide workers
the skills they need for Industry 5.0. Proactive steps, such as
investing in education, collaborating on standards, and
implementing ethical governance, can address societal issues and
pave the way for a more technologically advanced and inclusive
future. The increasing automation of industrial processes
necessitates a major effort in skill development. This includes
educating the workers on how to use cutting-edge technology and
changing their behavior when interacting with them.

As a conclusion, Industry 5.0 promotes more skilled jobs
compared to Industry 4.0, as intellectual professionals work in a
challenging and entirely new environment. In the context of
Education 5.0 and Society 5.0, the system should promote the
planning and execution of training processes, facilitating the
development of a wide range of skills. For instance, this includes
developing work and soft skills, adapting to constantly changing
environments, processing data, interacting with our environment
and others, and fostering personal and social development.
Education and training play a crucial role in implementing Industry
5.0 in practice. This transformation imposes the adaptation and
improvement of new skills and abilities, including completely new
competencies. Only this way Society 5.0 will be improved, a
society centered on people, in which all citizens are intended to get
involved in a dynamic way, introducing digital technologies for the
benefit of the quality of life [16]. Personal skills (soft skills) will
become ever more important in the future, while technical and
digital skills will become much less essential. In addition to
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technology, digital, and data acumen, soft skills (including the art of
communication and also the ability to think in a creative and critical
manner) are also going to be increasingly in demand [16]. Skills
needs are evolving as fast as technology. The industry is struggling
with a skills shortage, and educational institutions are unable to
meet this demand. This applies to both the expert level and the
general requirements for digital skills.

4. The entrepreneurial competence as a factor for
career development

In recent years, entrepreneurial competence has gained
prominence alongside other competencies. It is a competence that
emerges as a fundamental pillar in building the entrepreneurial
abilities of European citizens (European Council, 2006). As one of
the key competencies, entrepreneurial competence encompasses a
certain set of knowledge, skills, and attitudes that are crucial for
career development and adequacy.

The EntreComp framework is the result of robust research work
and a well-established methodology [17]. EntreComp offers a
comprehensive description of the knowledge, skills, and attitudes
that professionals need to develop in order to have an
entrepreneurial mindset and act entrepreneurially in various work
and social situations. The use of the framework as a self-assessment
tool attracts the attention of specialists, business representatives,
and the academic community. Entrepreneurial competence includes
15 competencies: learning through experience; working with others;
coping with ambiguity, uncertainty, and risk; planning and
management; taking the initiative; mobilizing others; financial and
economic literacy; mobilizing resources; motivation and
perseverance; self-awareness and self-efficacy; ethical and
sustainable thinking; valuing ideas; vision; creativity; spotting
opportunities.

Previous international practice proves that the development of
entrepreneurial competencies integrated into entrepreneurial
competence provides two advantages. First, it helps employees
transition from individual roles to management roles. Second, it
allows the organization to develop and grow with the help of its
active and motivated employees, encouraging internal
entrepreneurship and activity. An organization can stimulate the
acquisition and development of employees' entrepreneurial
competencies in two ways: knowledge sharing, an open and
integrated approach to training, and process management; initiating
programs and trainings that foster development and creativity and
the generation of innovative and entrepreneurial ideas.

Entrepreneurial knowledge, skills, experience, and attitudes are
becoming critically important not only for developing their own
business initiatives but also for finding employment and keeping a
job for practically every specialist. According to the available
statements, entrepreneurial competence primarily refers to the
ability to identify, create, and utilize opportunities, as well as
manage processes that result in added value and usefulness. As a
multifaceted and wide-ranging competence, it presupposes and
requires an in-depth analysis and knowledge of the context,
environment, opportunities, and risks, as well as its own potential,
which can be further developed and upgraded over time.
Entrepreneurial competence and the competencies that build it
complement and enrich green competence, integrating new green
and digital knowledge, skills, and attitudes. In the conditions of
transition to Industry 5.0, entrepreneurial competence plays a
connecting role and provides an impetus for the implementation of
innovations, capacity expansion, and improvement of processes and
business models.

5. The green competence as a factor for career
development
The European Skills Agenda (2020) presents the approach to

green skills. At the same time, one of the main tasks is to define a
taxonomy of skills for the green transition, which will allow

statistical monitoring of the greening of professions. The European
Sustainability Competence Framework (GreenComp) (2022) [18]
lays out the solution. It consists of 12 competencies organized in the
following four areas: embodying sustainability values, perception of
complexity in the concept of sustainability, forecasting a sustainable
future, and actions for sustainability. Given that knowledge is a
resource that generates added value, mastering green competencies
could enhance the added value of higher education by providing
additional utility, aligning with the three priorities of the Europe
2020 strategic framework. These priorities are: (1) smart growth—
building an economy based on knowledge and innovation; (2)
sustainable growth—fostering a greener, more competitive, and
more resource-efficient economy; and (3) inclusive growth—
fostering an economy with high employment levels that creates the
conditions for social and territorial cohesion [18].

Green competence therefore refers to the skills, knowledge,
experience, and attitudes actually applied in a practical working
environment and necessary to successfully address the challenges of
sustainable and environmentally friendly business development.
This competence becomes important for professionals,
organizations, and society as a whole, as it helps to achieve a
balance between economic development, social justice, and
environmental protection. The key green competences that are
integrated into the green competence are: 1) eco-awareness and eco-
education; 2) eco-innovations and technologies; (3) sustainable
resource management; 4) social economy; 5) ethics and
responsibility; and 6) civic activity and participation. In the
conditions of the transition to Industry 5.0, green competence plays
a crucial role in the green transition, implementation of innovations,
and improvement of processes and business models.

6. Research and discussion

In 2024, a survey between employers in the raw materials
industry was conducted. One of the goals was to determine the
necessary competencies for future employment and career
development in the companies in the context of Industry 5.0, green
and digital transition. The study involved 11 large companies from
the industry (71% of them have more than 250 employees, and the
rest are also more than 50 employees). The questions aim to verify
the importance of entrepreneurial and green competence from the
point of view of employers who face directly the challenges and
changes in processes and models.

The following research questions were formulated and included
in the survey. Research question 1 is “Do you think that
entrepreneurial competence will be useful for the career
development of your employees in the context of Industry 5.0?”.

Do you think that enterpreneurial competence will be useful for the
career development of your employees in the context of Industry 5.0?

% 429
429
14,3
0 5 10 15 20 25 30 35 40 45 50

Hlcan't judge " No ®Yes, rather than no. Yes To alarge extent

Figure 1. Research question 1

Source: Own survey among business representatives in RM industry
The respondents hold the belief that knowledge and skills

related to entrepreneurial competence will significantly contribute

to the career development of staff members. The responses are: “to

a large extent” (14.3%), “yes” (42.9%), “rather yes than no”

(42.9%).
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Research question 2 is “Do you think that green competence
will be useful for the career development of employees in the
context of Industry 5.0?”.

Do vou think that green competence will be useful for the career development of
employees in the context of Industry 5.0?

143

143

20 10

Bl can'tjudge “No ©Yes,rather thanno =Yes Toalargeextent

Figure 2. Research question 2
Source: Own survey among business representatives in RM industry
Managers believe that knowledge and skills related to green
competence can also help develop the careers of employees in the
companies. The responses are: “to a large extent” (14.3%), “yes”
(57.1%), “rather yes than no” (14.3%), and “I can't judge” (14.3%).
It appears that enterprises in the raw materials industry have
recognized the importance of this competence and set requirements
for ownership and mastery.

7. Conclusion

People are required to develop competency skills, as working
with the advanced robots, the human workers are required to get
knowledge about collaboration with the smart machine and robot
manufacturer [13]. Some of the modern methods of organizational
management include the use of competencies in practice, as well as
the application of the competence approach in human resources
management across various activities. Turning to new competencies
is a prerequisite for developing, adapting, and overcoming the
competitive battle. Moreover, the creation of innovations and their
dependence on the conditions of Industry 5.0 is a guarantor of the
passage through the transformation processes.

In order to effectively manage the potential of human capital,
human resources management specialists should build and maintain
an integrated system of complementary competencies as a whole
and an adequate competence model. The goals of acquiring and
using managerial, entrepreneurial, and green skills in combination
are to achieve sustainable competitiveness, corporate development
and growth, social justice, and a positive and healthy work
environment. As a result, the growth of industry, business, and
education places significant importance on these skills. Business
and education should work in symbiosis in order to fulfill their
common goals—a smooth but at the same time rapid transition of
young professionals from education to employment and career
development. The new vision and strategy for industrial
development require the timely training of personnel, regardless of
their previous work experience, who have entrepreneurial and green
competence. To adapt educational and staff training programs in the
direction of accumulation and sustainable upgrading of these
modern competencies, specific policies and measures are required.
To achieve this, we need specific policies and measures that adapt
educational and staff training programs toward the accumulation
and sustainable upgrading of these modern competencies.

All companies, not just those in the raw materials industry, are
going to confront the challenges of green transition and sustainable
development. They must adapt production processes and supply
chains, establish standards, invest in research and innovation,
collaborate, and share knowledge [19]. They should include in their

long-term corporate strategies increased investment costs related to
training and adaptation to new realities. These investments should
include training human resources to comprehend environmental and
sustainability issues, as well as the potential environmental impacts
of human activity. Employers expect their employees to have the
skills to develop and implement innovative technologies that
improve energy efficiency and reduce adverse environmental
impacts. Future personnel training should prioritize environmental
protection and emphasize socially and environmentally responsible
behavior.
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Abstract: The integration of two of the most significant technologies can lead to the revelation of many possibilities. The development is
made to search for the role of blockchain technology in the development of the internet of the network. It examines how the two technologies
can be combined and what will be achieved in building a blockchain-based IoT system. A theoretical summary of the contributions of

blockchain technology to the Internet of Things network is made.
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1. Introduction

Modern conditions are greatly influenced by the development of
technologies because they have a significant role in society. Their
improvement leads to the creation of new opportunities and changes
people's well-being and way of life.

The Internet of Things is part of everyday life for a large part of
the population and continues to evolve and increase in popularity
and applicability. According to data from the National Statistical
Institute [1] in Bulgaria, 34.5% of individuals use Internet devices
and systems for personal purposes. This type of network is widely
used as it supports and automates many processes.

One of the most current and global technologies is the
blockchain, which is distinguished by high levels of security and
transparency. Technology has a strong impact on the financial
sector and currently continues to develop and find new applications
in various fields.

Combining the Internet of the grid with blockchain technology
can lead to significant developments in the capabilities and features
of the scaled-down network. This in turn will show societal
influence on lifestyle. This is where the importance and relevance
of the chosen topic come from.

The object of the article is 10T networks, the application of
which is developing and developing more and more. The subject of
the study is loT development. The purpose of this development is to
explore the role of blockchain technology in the development of the
Internet of the Web. To achieve the goal of the search the following
specific tasks have been added and completed:

- A brief overview of the nature of 10T networks;
- Description of blockchain technology;

- Examining the role of blockchain in the development of the
Internet of Things;

- Derivation of main conclusions and conclusion

2. Nature of loT

The Internet of Things (10T) is a concept of a sensor network of
physical objects [2], [3] that have embedded electronic,
communication devices between them. 10T networks are designed
to comprehensively facilitate the automation of households,
industries, and infrastructure while providing new opportunities for
development and innovation in various sectors — healthcare, sports,
education, and many more.

At the heart of 10T is the idea that devices that find the greatest
application in a person's daily life, such as phones, home
appliances, cars, and others, can communicate with each other and
exchange information to improve their lifestyle.

Connectivity is the key property that distinguishes the essence
of 10T [4]. This property is based on connecting different

components and devices through embedded electronics, sensors, or
wireless connections. The exchange of information between devices
makes it possible to control their actions and make decisions about
their computer.

Sensors are elements that continuously collect information
about their surroundings. The accumulated data is fed to the central
system for processing and analysis. The advantage of 10T wireless
connectivity is the absence of physical connections, which makes
the implementation more flexible and inexpensive. Wireless
technologies that find applications in 10T are Wi-Fi, Bluetooth,
Zighee, and others.

The storage, processing, and analysis of large amounts of data
that are produced by the devices are used in a cloud infrastructure.
It, on your end, provides access to data management and
applications from various locations and devices that enable and
monitor systems. To enable the integration of different devices and
systems from different manufacturers, 10T networks support
standards and compatibilities. This is of particular importance as it
ensures interaction and joint use of data from different systems.

3. Nature of Blockchain

With the emergence of cryptocurrencies, the blockchain [5]
began to be popularized, because Bitcoin [6], [7] was the first
realized project developed based on the technology. At a later stage,
the blockchain developed significantly and revealed new
application possibilities [8]. Nowadays, technology is being adopted
in various processes in the public and private sectors.

The development of blockchain technology stands out in 4 main
stages. The first generation is associated with cryptocurrencies and
financial services. The second is connected with the introduction of
smart contracts. In the third generation of blockchain technology, its
application is expanding in various sectors such as government, art,
and others. The fourth stage of blockchain development is
associated with its application in the private sector in real time [9].

A blockchain is a collection of blocks that are interconnected
without the presence of a central server. The decentralization of the
blockchain is one of the main advantages of the technology
because, in this way, a higher security of the records on the network
is ensured. All data is stored on all blocks in the system and the
information will be preserved in the event of a natural disaster or
any attempted hacking and malicious intervention.

All processes, transactions, and activities within the system are
visible to anyone with network access. Blockchain provides
transparency and this is another key advantage over other
technologies. For this reason, the information in the blockchain
cannot be tampered with.

Blockchain is currently being used in many areas in the public
and private sectors - healthcare, logistics, education, manufacturing,
e-voting, commerce, e-government and many others.

Implementing blockchain technology in Internet of Things
networks provides new opportunities for developing 10T networks.
In the following lines, the key advantages that can be achieved by
integrating the two technologies are discussed and summarized.
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4. Convergence of 10T and Blockchain

The topic of combining the Internet of Things (loT) with
blockchain  technology presents significant potential  for
development and innovation in the digital realm. Main key
applications in the adaptation of blockchain technology in the
Internet of Things (Fig. 1):

Logistics

Protocols

Fig. 1. Block chain technology in Internet of Things

* Protocols — Blockchain technology after the first generation
enables the creation, execution, and maintenance of smart contracts.
They are protocols that automatically check, execute, and control
set contractual conditions. Their implementation in the 10T network
can enable automatic payment and transaction processing.

» Management — Blockchain can be used to manage an existing
10T network. The efficiency and security of managing multiple loT
devices can be improved by creating decentralized registries on
individual devices.

» Payment — Blockchain technology can significantly improve
business models by reducing costs and facilitating payments
between individual 10T network devices when needed for project
needs.

» Logistics — Blockchain allows transparent tracking of all
processes within the network. loT devices allow tracking the
location of certain objects in real time by extracting data from
sensors. Combining the two technologies has great potential in
tracking entire supply chains transparently, securely, and in real-
time.

Blockchain can be adapted into 10T systems in different ways
depending on the specific project's needs. The applications listed do
not describe all the possibilities, because both technologies are
constantly evolving, and with it, the ways to implement blockchain
in the Internet of Things are growing.

After looking at how blockchain can be combined with the
Internet of Things, the role that blockchain plays in the
development of 10T networks is explored.

An analysis [10] of the security and privacy of blockchain
implementation in loT systems concluded that blockchain is one of
the promising technologies that can offer many advantages. The
development describes the main capabilities related to improving
security, interoperability, automatic interactions, reliability, secure
code deployment, and traceability.

The authors of the development summarize the following main
roles of blockchain technology in 10T systems (Fig.2):
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Transparency

Identification

Compatibility

Security
Compatibility

Fig. 2. Roles of blockchain technology in 10T systems

Security — This is one of the main roles of blockchain
technology in the development of the Internet of Things.
Blockchain implementation can provide a more reliable
form of data storage and processing. The distributed
storage of the data and its encryption provides a higher
level of security in case of possible malicious and hacker
attacks. This is extremely important for loT networks
where large amounts of data and/or sensitive information
are generated and exchanged between devices. At the same
time, the use of blockchain for storing and processing large
databases expands the possibilities for analysis, by which
necessary decisions can be taken.

Identification — This role of blockchain technology is
important for the development of 10T networks because
devices continuously exchange information without human
intervention. Adapting blockchain into 10T networks can
provide significantly higher levels of security and
authenticity to any device. Blockchain can secure the
processes of device identity authentication, device control,
and rights to use the 10T network. This is extremely
important for the efficient, safe, and reliable operation of
10T systems.

Transparency — Blockchain technology, which is
embedded in an loT network, plays a role in the
transparency of the system. All processes within the project
are traceable and can be verified by any participant in the
network. In this way, higher levels of confidence can be
built in the efficiency and reliability of the constructed
network. Increasing transparency in the Internet of Things
can significantly improve data verification, accountability,
and understanding processes.

Compatibility — Improving compatibility is one of the main
roles of blockchain in the development of 10T networks.
For the Internet of Things to function effectively, all the
devices involved need to be compatible and share common
standards. By implementing blockchain technology, it can
help create common standards using smart contracts and
blockchain protocols. In this way, it will facilitate
communication and increase the efficiency of interaction
between devices, regardless of their manufacturers and
countries.
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- Payments — Another important role of blockchain in the
development of the Internet of Things is to facilitate
payments between devices. This will facilitate and increase
the efficiency of 10T networks where financial transactions
need to be made to use services or resources. A P2P (peer-
to-peer) sales platform can be built between IoT devices
and users. An example of the application of such a system
is in the production of energy - those who wish will be able
to purchase easily produced energy from decentralized
sources (solar panels, wind generators, and others).

Combining the Internet of Things with blockchain technology
can provide opportunities in the areas of device efficiency and
reliability. The role of blockchain technology in the development of
10T networks is expressed in the fact that it helps to achieve higher
levels of security, transparency, and compatibility. At the same
time, it has the effect of building more reliable identification and
facilitating payments.

Various types of research are being developed for the
application of a network that combines both technologies — the
Internet of Things and Blockchain. The integration of the two
systems is a relatively new introduction that continues to be
researched, developed, and popularized.

As of now, quite a few cryptocurrencies are being used for loT.
The brightest examples as of October 2023 are VeChain, I0TA,
Fetch.ai, and loteX according to one of the largest crypto exchanges
[11].

In a study [12], an infrastructure is proposed in the combination
of blockchain and the Internet of Things, which provides a strategy
for the acquisition of IEQ (Indoor Environmental Quality) in real-
time. Such a type of network can visualize the energy behavior of
occupants and provide clarity on the spatial and temporal variations
of personal impact on the environment.

The merging of blockchain technology and the Internet of
Things in the healthcare field is discussed in a paper [13] that
describes the characteristics, challenges, and various integrations of
a BCloT system. The role of the combined network in remote
patient monitoring, electronic health record management, healthcare
resource tracking, and more is highlighted.

In another study [14], a blockchain-based 10T model applied to
criminal investigation was considered. In summary, these networks
are primarily used to: improve the chain of custody of evidence;
accuracy and completeness of information; origin of the data;
privacy, and identity anonymity.

Authors [15] propose a blockchain-based 10T network that
ensures the security and transparency of data generated in
manufacturing industries. The proposed system in the study reveals
the potential to offer a more reliable and verifiable environment that
is significantly ahead of the current capabilities.

A blockchain-based loT architecture solution was proposed in
a study [16] to improve the environment in which third-party
accessory vendors operate. To cope with the multiple challenges, a
system is proposed that reaches 85% accuracy under a high rate of
malicious attacks in a short time.

The table 1 summarizes a comparison between the blockchain-
based Internet of Things and the Internet of Things. The former is
more secure, decentralized, transparent, and efficient. The second is
easier and cheaper to build.

Blockchain and the Internet of Things complement each other
and create new opportunities and more efficient solutions. Both
technologies are constantly evolving and various studies are being
carried out. This allows us to conclude that in the future their
application will be expanded, both individually and jointly.
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Table 1 Comparison between the blockchain-based Internet of Things and
the Internet of Things

Criteria BCloT loT
Decentralized v X
Security v X
Transparent v X
Effective v X
Cheap X Y
Easy X %
5. Conclusion

Technologies are a part of every individual's daily life and this
highlights their importance. Combining two current technologies
can lead to many new possibilities. In this paper, the role of
blockchain in the development of the Internet of Things is
considered.

From the research done, it can be concluded that blockchain can
have a significant role in the development of loT networks. By
combining the two technologies, the security, transparency, and
efficiency of the operations that take place within the built loT
network can be significantly increased.

Blockchain can create more resilient and secure loT

infrastructures.
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Abstract: Digital transformation and sustainable development are key concepts that are actively developing in modern business and society.
They go hand in hand, creating opportunities to improve efficiency, reduce the negative impact on the environment and increase people's
quality of life. The Industrial Internet of Things is a powerful tool for connecting industrial devices, sensors, and equipment to a network to
improve monitoring, analysis, and process automation. With the increasing digitization of business in recent years, cyber-attacks are also on
the rise. To protect against such actions, organizations need cybersecurity technology solutions, as well as reliable tools to detect, prevent,
and respond to cybersecurity breaches. This publication presents an exploration of the combination and interconnectedness of 10T and
cybersecurity in industrial enterprises, which are necessary to keep these systems secure and protected from cyber threats. A conceptual
framework for multi-layered cyberattack defense designed for industrial enterprises is proposed.
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1. Introduction

Digital transformation is the process of integrating digital
technologies into all aspects of a business or organization, resulting
in significant changes in the way a business operates and creates
value for customers.[9] Sustainable development is a concept that
aims to meet the needs of the present generation without
compromising the ability of future generations to meet their own
needs. [13]

The concept of loT first appeared as a term and as a concept in
the late 20th century. British digital transformation expert Kevin
Ashton is considered the founder of this concept. It defines the
Internet of Things as a collection of identifiable connected objects
using radio frequency identification (RFID) technology. According
to Ashton himself, this concept considers the organization of such
networks as a phenomenon capable of reorganizing economic and
social processes in such a way as to exclude the need for human
participation in some of the actions and operations. This practically
marks the beginning of another revolutionary concept - Industry
4.0. This concept represents a profound transformation of the
industrial sector, leading to new levels of productivity, efficiency,
and sustainability. Combining technologies from different fields, it
offers not only the improvement of existing processes, but also the
creation of new opportunities for innovation and development. This
integration will continue to change the way people live and work,
ensuring a more sustainable and productive future.

10T is a specialized part of the broader IoT concept that focuses
on connecting industrial devices and systems in a network. This
technology aims to optimize industrial processes through real-time
data collection and analysis, automation, and integration of various
systems. [19] loT is a concept where physical objects and devices
are equipped with sensors, software, and network capabilities to
collect and exchange data over the Internet. Key aspects of 10T are
smart devices, data collection and analysis, automation and
convenience, user applications, etc.

loT and 1loT are two closely related but also different concepts
that are used to improve processes and systems in different fields.
Both technologies aim to use data and connected devices to improve
various aspects of life and work but are used in different contexts
and for different purposes.

At the same time, they are also strongly related to cyber
security, as industrial 10T systems that connect machines, sensors
and control systems are vulnerable to various cyber threats. lloT
networks automate and optimize industrial processes in sectors such
as manufacturing, energy, and transportation, but also open new
opportunities for cyberattacks that can cause serious damage to
critical infrastructure. According to Fortinet's Forti Global Threat
Landscape Report 2H 2023 [25], cybercriminals are exploiting new
industry vulnerabilities 43% faster than the first half of 2023.
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Organizations need a robust framework to help them define
their approach to cybersecurity and minimize the consequences of a
potential attack. It should emphasize protecting critical systems,
detecting, and responding to threats, and recovering from an attack.

2. Industrial internet of things (110T)

For industrial enterprises, the concept of 10T is of particular
importance. 10T represents a powerful tool for the transformation
of industrial processes. Through the integration of connected
devices, sensors, analytical tools, and automated systems, IloT
offers significant benefits such as increased efficiency, improved
quality, and reliability, as well as greater flexibility. Although there
is security, interoperability and change management challenges, the
potential of 10T to revolutionize the industry is significant and will
continue to develop in the future.

lloT offers significant advantages for optimizing production
processes but requires complex infrastructure and advanced
technologies. To ensure the security and efficiency of these
systems, it is necessary to implement strict cyber security measures,
use modern communication networks, cloud, and distributed
computing resources, as well as constant monitoring and analysis of
data. [19] These measures will help minimize risks and ensure the
continuous operation of industrial systems in an increasingly
digitized and connected environment.

IloT integration in industrial enterprises brings significant
advances in efficiency, productivity, and automation. However, it
also introduces new cybersecurity challenges that must be addressed
to protect critical infrastructure and sensitive data.

The most important benefits of 1loT for industrial enterprises
can be classified as follows:

e Improved operational efficiency: 1loT devices enable real-
time monitoring and control of industrial processes, resulting
in optimized productivity and reduced downtime.

e Predictive maintenance: Sensors and analyses can predict
equipment failures before they occur, enabling timely
maintenance and reducing unplanned downtime.

e Improved productivity: Automation and data-driven
decision-making streamline processes and increase overall
productivity.

e Supply Chain Management: Real-time tracking and analyses
improve supply chain visibility and efficiency.

Despite the benefits they bring to businesses, many industrial
I0T devices are designed with an emphasis on functionality rather
than security. This makes them easy targets for attacks. Connecting
multiple devices creates a complex network where even a weak
connection can open access for cybercriminals. Attacks against I1oT
systems can have physical consequences, such as stopping
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production or damaging equipment. Many lloT devices do not
support regular security updates, making them vulnerable to new
threats. Therefore, as 10T networks evolve, cybersecurity becomes
a critical aspect for these technologies.

3. Cybersecurity challenges in 110T

While 10T offers numerous benefits to industrial enterprises, it
also presents significant cybersecurity challenges that must be
proactively managed. Implementing robust cybersecurity measures,
being aware of emerging threats, and continuously updating
security protocols are essential steps to protect industrial systems
and ensure the reliable and secure operation of Internet of Things
networks. [8] By prioritizing cybersecurity, industrial enterprises
can fully take advantage of IloT benefits while minimizing risks.
Some of the most serious 10T challenges are related to:

e Cybersecurity: Protecting connected devices and data from
cyberattacks is critical.

e Data and Privacy: Ensuring data privacy and integrity.

e Compatibility: Integration of devices and systems from
different manufacturers requires standardization and
compatibility.

e Change Management: Adapting new technologies and
processes can be complex and requires effective change
management.

The study is done in close cooperation with specialists from
Schneider Electric Bulgaria Ltd.24 and Testel Engineering Ltd.

The results can be summarized as follows:

e Expanded scope for attack: The proliferation of connected
devices expands potential entry points for cyberattacks.

e Legacy obsolete systems: Many industrial systems were not
designed with cybersecurity in mind and are vulnerable to
modern cyber threats.

e Complexity and integration: Integrating IloT devices with
existing information and operational technologies and
networks adds complexity, making security management
more challenging.

o Data confidentiality: Ensuring the confidentiality and
integrity of data collected and transmitted by IloT devices is
critical.

The results show that 10T requires a complex infrastructure and
multiple complementary technologies to ensure efficient
connectivity, processing, and data transfer.

4. Key tools and techniques used in cyber attacks

Cyber-attacks pose a serious threat to modern computer
systems, networks, and data. Attackers use a variety of tools and
techniques to compromise systems and achieve their goals. The
main tools and techniques used for cyber-attacks can be grouped
into several groups:

1. Malware: [18]

e Viruses: Programs that spread and infect files on computers,
changing or deleting data.

e Trojans: Malware that pretends to be legitimate and is used
to gain access to the victim's system.

e Worms: Only spreading programs that spread over networks
and cause damage to systems.

e Spyware: Programs that track and collect information about
the user without their knowledge.

e Ransomware: Software that encrypts the victim's data and
demands a ransom to restore access to it.
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2. Attack tools [14]

e Metasploit: A popular framework for developing and
executing exploits and penetration tests. Often used for
vulnerability testing. [16]

e Nmap: A network scanning tool that helps detect active hosts
and open ports. [1]

o Wireshark: A network analyzer used to capture and analyze
network traffic. It can be used to monitor communication
and discover data. [24]

e Burp Suite: A web application analysis tool used to identify
vulnerabilities and weaknesses in web-based applications.
[22]

e Aircrack-ng: A set of tools for analyzing and cracking WEP
and WPA/WPA2 cryptographic protocols in wireless
networks. [7]

3. Techniques and Strategies

e Phishing: Social engineering, where attackers send fake
messages (emails, messages) in order to gain personal
information or access to systems. [4]

e DDosS attacks (Distributed Denial of Service): Attacks that
use multiple compromised devices (botnets) to overwhelm
the target server with traffic and make it unavailable.[6]

e SQL Injection: Attack where malicious code is injected into
an SQL query to gain unauthorized access to a database. [2]

e Cross-Site Scripting (XSS): A technique where malicious
code is embedded in a web application to execute in the
user's browser. [21]

5. Key cybersecurity measures for 110T
To protect l1loT networks, companies are taking measures as:

o Network segmentation: Isolate IloT devices from other
network segments to contain potential breaches.[25]

e Strong authentication and authorization: Implement multi-
factor authentication and strict access control to ensure only
authorized users and devices access the network. [5]

e Encryption: Encrypt data both in transit and at rest to protect
it from interception and tampering. [12]

e Regular updates and fixes: Ensuring that all devices and
systems are regularly updated with the latest security
patches. [10]

e Monitoring and detection of anomalies: Using advanced
monitoring tools and anomaly detection systems to identify
and respond to suspicious activity in real time. [15]

e Incident response planning: Develop and regularly update
incident response plans to quickly and effectively respond to
cyber security incidents. [17]

Exploitation and analysis tools

e Cobalt Strike: An attack simulation and network defense
testing platform used by security professionals and
cybercriminals.

e Empire: A command-and-control framework was discovered
that allowed attackers to control compromised systems.

e Kali Linux: An operating system specifically designed for
penetration testing and wulnerability analysis, featuring
multiple cybersecurity tools. [11]

(o2}

. Tools for ongoing evaluation and maintenance

Nessus: A vulnerability scanning tool that identifies potential
weaknesses in systems. [20]
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e OpenVAS: A vulnerability management system that scans
and assesses vulnerabilities in networks and systems. [23]

e Snort: Network intrusion detection and network traffic
analysis tool. [3]

7. Preventive protection measures
The common preventive measures that companies apply are:

e Regular updates: Keeping software and systems up to date
to protect against known vulnerabilities.

e Password security: Use of strong and unique passwords and
implementation of two-factor authentication.

e Training and awareness. Constant training and caution when
opening files and links from unknown sources, recognizing
phishing attempts and safe browsing practices.

e Monitoring and reaction: Implementing incident monitoring
and response systems to detect attacks in time and respond
quickly.

e Regular backup: Regularly back up critical data and systems
to recover information in the event of an attack. Maintaining
up-to-date archives of important data. Storage of backup
copies in a safe place - offline or in a cloud structure with
enhanced security measures

e  Attention by email: Beware of email attachments and links,
especially from unknown or unsolicited sources.

o Network security: Implementing special network security
measures, including firewalls and intrusion detection
systems.

Understanding the tools and techniques used by hackers is an
important part of building an effective cybersecurity and data
protection strategy.

The information from this survey shows that more than half of
the survey participants face challenges related to the many sailed
tools and individual solutions for data protection, security,
sovereignty, localization, storage, and privacy. That information
clearly shows the need for a multi-purpose and multi-aspect cyber
security system that covers all processes and resources of industrial
enterprises.

8. Multi-layered protection against cyber attacks

Based on the literature review and the study of global practices
and in close cooperation with specialists in the field of information
and communication technologies, the idea was born to develop a
conceptual framework of a model for the multi-layered protection of
all assets and processes of the industrial enterprise from cyber-
attacks.

This defense against a cyberattack is a cybersecurity strategy that
involves the use of several layers to prevent and minimize the risks
associated with attacks. It is because no single defense mechanism is
reliable, therefore several different systems are implemented at
different levels to provide a more complex and sustainable
protection.

Multi-layered cyber defense is an approach that involves the use
of various defense measures at multiple levels to provide maximum
protection against cyber threats. This approach is important because
cybercriminals use a variety of methods and tools, and no single
measure can provide complete protection. The protection provides
flexible and comprehensive protection by combining different
technologies and strategies to address diverse cybersecurity threats.
By integrating various security measures and approaches,
organizations can reduce the risk of successful attacks and provide a
higher level of security to their systems and data. The need for this
type of reliable protection is becoming more and more tangible and
imperative, especially in industrial enterprises, given the fact that
they create and operate a large volume of sensitive information about
their products, processes, customers and partners, as well as for
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scientific research, innovation, markets, contracts, etc., which is
directly related to their competitiveness and sustainable
development. This information is very often subject to malicious
attacks.

I1oT and cybersecurity are critical aspects of modern industrial
automation. As connected devices and systems increase, so does the
risk of cyber attacks. Cybersecurity for 10T is critical because these
devices are often connected to the Internet and are vulnerable to
various types of cyberattacks. Cyber attacks are a global problem
and every organization needs to find the most secure and effective
way to protect itself.

In the development of the concept of the model, well-known
cyberattack protection tools were used, but they were integrated and
interconnected in a system that provides three-layer protection
against cyberattacks in real time to all assets, processes and resources
of the enterprise. The model is universally applicable, and additional
software modifications can be made for each specific enterprise, with
a view to adapting it to the specifics of its activity.
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Fig. 1. A multi-layered cyber attack protection model designed for
an industrial enterprise (Cybersecurity Framework)

The proposed network security concept is three-level:

First level (Initial Access) - at this level, the protections that
operate stop the attacker and his access to the network by providing
protection for the services performed in the Internet space (Internet-
exposed services). The actions that are performed at this level are:

e Protection of Internet-exposed services act after Valid
credentials and Exploit vulnerability and before Internet
service,

e Correction of devices (Patching) works after Exploit
vulnerability and before Internet service.

e Implementation of MFA (Multi-Factor Authentication)
works before Valid credentials and before Internet services.

e Disable macros works after Malicious document and before
Malware.

e Application allowlisting works after Malicious document
and before Malware and also works at the end of Level 1 and
before Level 2.

e Use of logging and alerting (Logging and alerting) operates
immediately after Valid credentials, Exploit vulnerability
and Malicious document and after the end of Level 1 and
before Level 2.

e Password manager works after Password guessing and
before Valid credential.

At the second level, Consolidation and Preparation, the defenses
that work together to prevent an attacker from accessing network
devices are:

e Correcting the devices (Patching), using network Network
segmentation,

e Applying the principle of Principle of least privilege,
e Application of MFA (Multi-Factor Authentication)

e Logging and alerting usage.
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All of these protections work after Command and control and
before Lateral movement and Privilege escalation.

At the third level, Impact on Target, protections that try to stop
or reduce the impact of an attacker from stealing or encrypting data
are:

e Using Logging and alerting works before Encryt data and
Data Exfiltration. Using and maintains of (Backups) works
before Destroy backups.

e Using a list of permitted applications (Application
allowlisting) operates before Encrypt data.

These levels represent three layers of protection for all parts of
the information system. The goal is that if one level is overcome by
the attack, it will be stopped at the next levels, thereby limiting the
damage to the security, data and information of the enterprise. The
proposed protection framework provides an opportunity to
significantly reduce the risk of successful attacks and improve the
resilience of industrial systems and networks.

9. Conclusion

In an increasingly interconnected and digital world, robust
vulnerability management is paramount to protecting critical
information assets and maintaining the integrity of network
infrastructures.

10T offers significant benefits to industrial processes, but these
benefits come with new security risks that require a proactive and
comprehensive approach to cybersecurity.

This study provides a comprehensive overview of the
vulnerabilities of information security systems in industrial
enterprises and the tools to counter cyber attacks against them. As a
result of the study, a conceptual model of a system for multi-layered
protection against cyber-attacks, designed for industrial enterprises,
is proposed. The multi-layered protection provides an effective and
reliable cybersecurity strategy that aims to minimize the risks
associated with cyber-attacks. Different levels of protection provide
a comprehensive approach to protecting data, infrastructure, and
users, reducing the likelihood of successful attacks, and increasing
the safety of the company across the country.
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Abstract The transformation of industrial enterprises to a circular economy in the conditions of Industry 4.0 is a key step towards
sustainable development and reducing the carbon footprint on the nature. The main objective of the circular economy is to reduce the waste
and utilize resources as efficiently as possible by reusing, recycling and extending the life cycle of products. This transformation requires
changes to both the production processes and the business models of enterprises. The transition of industrial enterprises to a circular
business model will have a beneficial effect on the environment, increase their financial results and improve their competitiveness. The
circular business model requires a rethinking of internal processes, products and strategies. This research aims to analyse the opportunities
of industrial enterprises to rethink their product strategies, optimize resources, effectively manage waste and promote a circular
organizational culture.
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only economic advantages, but also contributes to protecting the
environment and building a more sustainable economy. The main
The circular economy is an economic system that aims to  aspects of this transition include:

eliminate waste and ensure continuous use of resources. It is in the
context of the traditional linear economy that follows the "take,
produce, throw away" model. The concept of circularity focuses on
closing the product cycle by increasing resource efficiency and
reducing waste.[8] Modern living conditions with great acuteness
pose the question of more efficient use and management of limited
natural resources.[4]

1. Introduction

1) Product redesign

Industrial enterprises must rethink the design of products to
increase their durability, ease of repair and reuse. This includes
using more sustainable materials that can be recycled or composted,
and developing modular designs that facilitate repair and
renovation. Incorporating circular economy principles at the initial
stage of product design is essential, as once product specifications

The transition of industrial enterprises to a circular economy  are defined, usually only minor adjustments can be made. Once
within the framework of Industry 4.0 is a key step towards resources, infrastructure, and activities are committed to a particular
sustainable development and reducing the carbon footprint on design, change becomes difficult to implement.[2] Already at the
nature. Industry 4.0 is a comprehensive system of information and ~ design stage, products can be planned to have a longer life cycle
knowledge that increases productivity, supports sustainability and through the use of durable materials and modular components that
optimizes process management.[5] The aim of the circular economy are easily replaced and repaired. Innovative companies improve the
is to minimize waste and use resources as efficiently as possible by ~ economic environment by introducing new ideas, on the quality and
reusing, recycling and extending the life cycle of products. For the  quantity of which future business growth depends.[1]
successful implementation of this transition, changes are needed
both in the production processes and in the business models of the
enterprises. As the transition to a circular economy is already
underway, understanding its characteristics and current state is
essential to create effective policies and strategies..[11] The main
contribution that the circular economy can make to the strategic
transition to a sustainable production model covers the entire life
cycle of products that become waste after use and are recycled to
feed the same or different life cycles.[3] Companies that are at an
early stage of readiness for Industry 4.0 can strengthen their
competitiveness by combining the principles of the circular
economy with the technologies of Industry 4.0. The effect of
combining circular economy and Industry 4.0 technologies can
improve the overall performance of the company and become a
source of distinctive competitive advantage.[10]

2) Optimization of production processes and resources
through digital technologies and automation

Process optimization focuses on waste minimization, energy
conservation and efficient use of water and other natural resources.
In this context, companies often introduce technologies such as
automation, loT and big data that enable precise tracking and
control of resources. Concepts such as Industry 4.0 and the Internet
of Things (10T) enable enterprises to collect and analyze data in real
time, making production processes more flexible and able to adapt
to rapidly changing market demands. Technology and innovation
not only improve production efficiency, but also impact product
quality and sustainability and optimize resource management. The
transition requires the introduction of technologies and practices
that ensure efficient use of raw materials, energy and water, such as
the integration of water recycling systems or the use of renewable

Moving to a circular business model will not only help protect  energy sources in production activities. They facilitate the transition
the environment, but also increase companies' financial results and to a circular economy by enabling the traceability of resources
improve their competitiveness. The circular model requires a  throughout their life cycle.
rethinking of internal processes, products and strategies. The
present study aims to analyze the possibilities for the transformation
of industrial enterprises' product strategies, resource optimization,
effective waste management and the establishment of a circular
organizational culture.

3) Recycling and use of recycled materials

Industries are beginning to use secondary raw materials (waste
products or recycled materials) instead of new resources. This
reduces the need to extract primary materials and helps preserve
natural resources. The recycling of waste materials is a key part of
the circular economy. Industrial enterprises are working towards the

2. Main aspects of the transformation of industrial integration of recycled materials in production, which helps to close

enterprises to a circular economy the cycle of resources and reduce the dependence on new raw
The transformation of industrial enterprises towards a circular materials.

economy involves a series of strategic and operational changes 4) Extending the life cycle of products

aimed at creating a more sustainable and efficient resource The main approaches to extending the life cycle of products

management system. This transformation is a long and complex include repair, refurbishment, reuse and recycling, which allows

process that requires a change in mindset and adaptation at all levels  materials and products to retain their value for as long as possible.
of the organization. The transition to a circular economy brings not
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Models such as "product as a service" can also be applied, where
companies instead of selling their products make them available for
rent or through subscription. This incentivizes manufacturers to
develop more durable products and retain control over them even
after their initial use is over.

5) Partnerships and collaborations

For a successful transition to a circular economy, businesses
need to work closely with other organizations, including suppliers,
partners and even competitors. A good opportunity is the creation of
industrial clusters, where waste from one production is used as a
resource for another. Cooperation between industrial enterprises is a
fundamental element for the realization of the circular economy, as
it leads to the optimization of resources, the reduction of waste and
the creation of new economic and environmental opportunities.
Partnerships ~ with  governmental and  non-governmental
organizations also support businesses in the transition to a circular
economy by finding funding opportunities, technical assistance and
guidance on implementing sustainable practices. Through
partnerships, businesses achieve sustainable development that
brings benefits to both business and the environment.

6) User engagement

Consumer engagement in the circular economy is a key factor
in the successful implementation of sustainable business models and
practices. The circular economy cannot be fully realized without the
active participation of consumers, who play an important role
through their purchasing decisions, usage behavior and attitudes
towards product reuse and recycling. The increasing demand for
sustainable products is driving manufacturers to create products
with a long life cycle, repair and recycling capabilities, and use
environmentally friendly materials. Changing the mindset and
behavior of consumers is also an important aspect. By educating
customers about sustainable products and services, businesses can
stimulate greater demand for green solutions, which will help build
sustainable supply chains.

7) Change in business models

Traditional linear business models (production - use - disposal)
must be replaced by circular models that encourage collaboration
between different sectors and supply chains to ensure maximum use
of resources and minimization of losses. An important aspect of the
transformation is the internal management of sustainability
processes. This includes creating dedicated sustainability
departments that monitor and manage progress towards a circular
economy and report to the public on the results of these practices.

3. Challenges in the transformation of industrial
enterprises

Based on the analysis, it is established that there are a number
of difficulties and challenges facing industrial enterprises on the
way to their transformation to a circular economy. The majority of
enterprises do not have a scientific basis, do not carry out
independent research and development activities and do not have
qualified personnel available for the development and
implementation of new technologies.[7] The main challenges that
industrial enterprises have to deal with in their transition to a
circular economy are:

1) Technical complexity

The transition to a circular economy requires the
implementation of new technologies and significant investments in
infrastructure. Technology transfer is, in practice, one of the main
approaches to achieving competitive advantage. It is specifically
related to innovation in the manufacturing sector and is responsible
for the integration of innovation activities in the economic sphere
and the application of the achievements of scientific development.
[6] In the conditions of Industry 4.0, the advantages of a higher
scope, such as the ability of the sector to develop high-tech
productions, to produce and export goods with an intellectual
component and a higher degree of processing, are increasingly
important. [6]
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2) Regulations and standards

Support is needed from governments to create legislative
frameworks to promote the circular economy, including standards
for recycling, waste management and incentives for the use of
renewable resources. Circular economy regulations and standards
are important tools to promote sustainable resource management
and waste minimization. They set frameworks and rules that
encourage companies and consumers to adopt circular practices in
production, consumption and waste management. These regulations
and standards aim to facilitate the transition to an economy that is
based on the reuse, repair and recycling of materials, while reducing
harm to the environment.

3) Cultural changes

Cultural changes are a critical factor for the successful
development of the circular economy, as its introduction requires a
change in the way society perceives consumption, resources and
waste. The traditional model of a linear economy based on
production, consumption and disposal must be replaced by a new
way of thinking that promotes sustainability, reuse and conservation
of resources. The traditional maintenance and repair culture that
was prevalent in the past is being encouraged again to extend the
life cycle of products. Many companies are also starting to offer
repair and refurbishing services, incentivizing customers to keep
their products longer. The attitude of consumers and producers must
change. It is necessary to promote more responsible consumption
and raise awareness of the benefits of the circular economy. The
cultural dimension affects not only the business sphere, but also the
market, the behavior and the choice of customers.

4. Model for transformation of
enterprises to a circular economy

industrial

The transition to a circular economy offers long-term benefits
for both industrial enterprises and the environment, while creating
opportunities for innovation and new business models. The
transition to a circular economy is a large-scale transformation that
requires a new way of thinking and a different approach to business
management. The more significant the technical or product
innovation, the greater the challenges and the likelihood of the need
for changes in established business models.[9] The transformation
of industrial enterprises towards a circular economy includes
strategic approaches and steps that aim to maximize resource
efficiency, minimize waste and create sustainable products and
processes. This requires the implementation of specific models to
make this transition. Based on a literature review and studies in real
enterprises where the transformation has already occurred or is in
the process of implementation, a conceptual model is proposed that
would help managers in industrial enterprises to plan and
implement this transition to a circular economy in conditions of
Industry 4.0 and to deal with challenges and problems more easily.
(Fig. 1) The main transition stages in this model cover:

1) Analysis of the current state and identification of
opportunities:

e Assessment of current flows of materials and energy, as
well as waste products and opportunities for their reduction or
recycling;

o Identifying key areas for improvement where resources can
be used more efficiently or new sustainable practices implemented.

Analyzing the current state and identifying opportunities is an
important process for any organization seeking to optimize its
operations and thrive in a dynamic business environment. The main
purpose of this analysis is to assess the current situation of the
organization, to discover the strengths and weaknesses, as well as to
identify new opportunities for growth and improvement.

2) Development of strategies for the transition to a circular
economy:

e Choosing appropriate strategies such as recycling, re-use,
extending the life cycle of products or developing "products as a
service",
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e Designing products and processes with a focus on
sustainability and easy disassembly, repair or recycling.
Developing strategies for the transition to a circular economy
requires a comprehensive approach and coordination between
different stakeholders. Industrial enterprises must commit to
innovation, effective resource management, sustainable product
design and cultural change. These strategies, when applied
consistently, contribute not only to environmental protection, but
also to economic benefits, while promoting social responsibility and
long-term sustainability of businesses and society as a whole.

3) Technological transformation and innovation:

e Investing in basic and innovative technologies that support
the circular economy, such as waste management systems,
digitization to track resources and 3D printing for recycled
materials;

e Using automation and digital twins to optimize processes
and minimize waste.

Technological transformation and innovation are key drivers for
implementing the circular economy, as they enable companies to
develop sustainable business models that maximize resource
utilization and minimize waste. Innovating in the circular economy
is transforming the ways products are designed, manufactured, used
and recycled.

4) Supply chain integration:

e Creating sustainable supply chains that include partners for
the collection and processing of waste materials;

e Appling methods to effectively track and manage materials
along the supply chain, encouraging collaboration for resource
reusee.

Supply chain integration in the circular economy is a process
that requires collaboration, innovation and flexibility. Through
closed chains, traceability, reverse logistics and partnerships,
companies can achieve significant economic and environmental
benefits.

5) Development of new business models:

e Shifting to service-based business models, such as renting,
sharing or selling "functionality” instead of a product;

e Creating hybrid models that combine the traditional sales
approach with circular economy models.

Each model offers different opportunities for industrial
enterprises, allowing optimization of processes, reduction of the
ecological footprint and long-term preservation of competitiveness.
These new approaches in business models create a sustainable basis
for future economic development by promoting a responsible
attitude towards resources and the environment.

6) Sustainability assessment and monitoring:

e Building systems for measuring and evaluating the
environmental, social and economic sustainability of products and
business processes;

e Using metrics such as carbon footprint, resource savings
and social impact to track progress towards sustainability and
efficiency.

Assessing and monitoring the sustainability of industrial
enterprises in the circular economy is complex but vital to a
successful transition to a circular economy

7) Creating an organizational culture oriented towards change
and learning:

e Training employees for a new way of thinking through
circular economy and environmental responsibility training;

e Promoting a culture of innovation and sustainability where
all levels of the organization understand and support circular
practices.

These measures will create a culture where sustainability is not
only understood but supported by all employees. The organization
will be able to achieve long-term success in the circular economy,
with all levels working in sync and sharing common goals.

The proposed model aims to help industrial enterprises more
easily adapt to changes in the economic, social and technological
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environment. It is also aimed at increasing their ability to respond to
market fluctuations, new competitive threats and changes in
consumer preferences. Flexibility is a key factor in increasing
competitiveness and ensuring sustainability. It is of particular
importance in the modern world that industrial enterprises form
behavior oriented towards effective strategic management of
resources, implementation of innovative technologies, constant
quality control and adaptability to external changes. The conceptual
foundations of the model are based on a combination of different
management approaches, strategic directions and technical aspects
that influence the efficiency and sustainability of all processes in the
industrial enterprise. This model is cyclical and requires continuous
improvement and adaptation to new technologies and market
demands, each step contributing to a more sustainable and efficient
economy. Effective measurement of sustainability requires the use
of clear and reliable indicators and tools that reflect the
environmental, economic and social aspects of the circular
economy.

Performing a comprehensive analysis of current business processes.
Identifying areas where waste is produced and resources are not used
efficiently. This assessment will identify opportunities for improvement and
establish the starting point for assessing progress.

Assessment of current
processes in the industrial
enterprisee

Product design plays a key role in the circular business model. Products
must be designed with their entire life cycle in mind, anticipating how they
can be recycled, repaired, refurbished or remanufactured. Durable materials
and modular designs that allow for easy disassembly and replacement of
components should be chosen.

Rethinking products and
services

Optimizing material and energy consumption in your operations.
Strategies such as “smart manufacturing” that reduce waste without
should be used. Considering the
of energy-efficient technologies and renewable energy sources to reduce the
ecological footprint.

Resource efficiency
assessment

Creating sustainable waste management strategies that emphasize
reduction, reuse and recycling. Encouraging cooperation with recycling
companies to ensure responsible treatment of waste materials. Looking for
opportunities for industrial symbiosis, where waste from one process is used
as raw materials in another, if possible

Introduction of waste
management practices

The transition to a circular business model requires a cultural change in
the organization. Educate and engage employees on the benefits of
circularity. Stimulating innovation and sustainable thinking. Creating an
environment in which each team member realizes his role in the realization
of the circular goals.

Promoting circular culture

Collaboration with other companies, suppliers and stakeholders, to build a
circular value chain. Join networks and platforms that support circular
economy principles. These partnerships can lead to resource sharing,
knowledge exchange and new business opportunities.

Collaboration and
networking

Setting measurable goals and monitoring progress regularly. Use of key
performance indicators (KPIs) related to waste reduction, resource efficiency
and product life cycle sharing

Measurement of progress il e
challenges with stakeholders, including customers, investors and employees.

Adoption of technologies that promote circularity, such as digital
platforms for product lifecycle management, modemized recycling

ies and ing processes. Investing in research
and development for innovative solutions and improving existing ones.

Use of technology and
innovation

Fig. 1 A model for transformation of industrial enterprises to a circular
economy

For the implementation of the model, a program has been
developed, which includes 4 main sections:

1) Diagnosis of
environmental hazards

This includes:

e environmental pollution and their  corresponding
characteristics and parameters as a result of the enterprise's
production activity;

e sources, causes and trends of pollution;

e environmental problems;

e the importance of the identified environmental problems,
according to quantitative assessments, but different groups and
criteria.

Diagnosis of the condition and identification of environmental
hazards are critical activities aimed at preventing environmental
risks and protecting natural resources and human health. Early

the condition and identification of
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identification of hazards allows preventive measures to be taken to
reduce or eliminate the negative impact on nature. This prevents
future problems that could be more expensive and difficult to fix.

2) Setting goals

Precise formulation of the main goals and sub-goals and an
easily understandable algorithm of activities and their sequence.
The main goal is formulated as a result of the diagnostics of the
processes in the entire system. When formulating it, economic,
social, political and other factors are taken into account. The goals
and sub-goals should aim at a differentiated, logical movement
towards tackling environmental problems, step by step. Objectives
must meet the following requirements:

e 10 be feasible;

e not to contradict each other;

o be relatively flexible and adapt to changing external factors;

e are based on objective information and are understandable;

e be measurable and allow reporting of the achieved results.

This part of strategic planning contains a set of activity tasks
that define different strategies and tools to achieve the goals, such
as:

e standards - creation and improvement of the legal
framework;

e investments - development and implementation of
investment projects, technical activities, implementation of

technologies;

e organizational and technical measures - changes in the
organization, technologies to achieve better environmental
indicators.

3) Resource provisioning

The resource part of the program includes:

e summary assessment of the set of necessary resources;

e sources of resource provision;

e resource allocation tasks;

o allocation of resources by the implementing organizations.

4) Organization and management of the transition to a
circular economy

The transition of the industrial enterprise to a circular economy
requires the reorganization of its structures and processes so that
they meet the new requirements for sustainable production, resource
management and waste minimization. Effective management in this
transition includes strategic planning, integration of new
technologies, and continuous improvement approaches to business
processes. The successful application of circular principles and the
achievement of competitive advantages in an increasingly
sustainable and ecological market depend on a systematic approach
and commitment at all levels of the enterprise. The choice of
management model, especially in the manufacturing sector,
becomes a strategic factor in the transition to a circular economy
oriented business model. [3]

The model and the program have been developed in close
cooperation with managers from various industrial areas, who are
interested in finding effective ways to practically implement the
transition to a circular economy.

5. Conclusion

Adopting a circular business model can bring significant
economic benefits, including cost savings through efficient use of
resources, new revenue streams from recycled materials, and
increased customer loyalty through sustainable practices. In
addition, such an approach contributes to environmental
sustainability by reducing waste and conserving natural resources.
A business transition to a circular model is a strategic move that can
ensure long-term sustainability and profitability. By rethinking
products, optimizing resources, managing waste effectively and
promoting a culture of circularity, companies can thrive in
conditions of limited resources. This transformation will contribute
to a more sustainable future and achieve competitive advantages.
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This study contributes to the understanding of Industry 4.0
technologies and their relationship to sustainability, setting the stage
for future research in this area. Future work will cover key aspects
such as the supply chain, key technologies and infrastructure, as
well as the development of methods to assess the environmental,
social and economic sustainability of circular products and business
models. Future research will concentrate on the cooperation
between all stakeholders in the production chain, placing a strategic
emphasis on actors involved in recycling and recovery activities.
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Integration of methods based on artificial intelligence in the processing of images in
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Abstract: The article examines modern artificial intelligence technologies used in photo processing, as well as their capabilities and
limitations. The focus is on machine learning and deep learning algorithms that automate image editing processes, improve photo quality,
and create unique artistic effects. The article also explores the ethical and technical limitations associated with the use of Al, such as
processing quality, technology availability, and the impact on photographers' creative process. The author describes the prospects for the
further development of Al in the field of image processing and its potential to transform approaches to visual art. The article will be useful to
both professional photographers and researchers interested in the intersection of technology and artistic expression.
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ARTIFICIAL INTELLIGENCE

1. Introduction

The relevance of the study is due to several key factors that
indicate the importance and relevance of this problem.
First, with the increasing availability of digital technology and the
increasing volume of visual content created, photo editing is
becoming an important aspect in various fields, from professional
photography to social media and marketing. Artificial intelligence
(Al) offers new tools and techniques to improve image quality,
automate editing processes and create unique visual effects [1].
Second, Al technologies such as machine learning and neural
networks show impressive results in image recognition, detail
recovery, and styling tasks. This opens up new horizons for creative
professionals, allowing them to realize ideas that were previously
unavailable or required a significant investment of time.

2. Image analysis
However, despite the many advantages, the use of Al in

photo processing also raises a number of questions and limitations.
This includes ethical considerations [2] related to copyright, image
manipulation and potential reality distortion. Furthermore,
technological limitations may affect the quality of the resulting
work as well as the accessibility of such tools to a wider audience.

The purpose of this research is to comprehensively analyze the
current artificial intelligence technologies used in the field of photo
processing in order to identify their potential to improve the quality
of visual content, as well as to determine the existing limitations
and ethical aspects of the use of these technologies.
In our fast-paced world, we are faced with a huge number of photos
every day. From social media to advertisements, images are
everywhere. Some of them captivate our attention for a long time,
and others seem elementary and insignificant. There are many ways
to improve the quality of your photos and make them more pleasing
to the eye. Artificial intelligence and advanced technologies help us
turn ordinary photos into true works of art. Modern image editing
programs offer various functions [3, 4]: from color and contrast
correction to removing unnecessary elements and correcting
imperfections in the photo. This is where artificial intelligence
manifests itself by automating the process of image processing and
corrections. With the development of artificial intelligence and the
expansion of its capabilities, a new era has dawned in photo
processing. Artificial intelligence has become an indispensable tool
for enhancing and transforming images thanks to its new
algorithms. Its role in photo processing cannot be overstated.
Artificial intelligence improves image quality by removing noise,
increasing sharpness and expanding dynamic range. It also
automatically adjusts the color balance and brightness of photos and
removes unwanted defects such as dust and scratches. Using
machine learning techniques, artificial intelligence is able to
recognize objects and faces in photos and automatically perform
retouching, improving contrast and adjusting lighting. This allows
you to create impressive and professional images without having to
manually adjust each element. Thanks to artificial intelligence,
everyone can benefit from modern photo processing techniques.
The use of Al in image processing speeds up the process and
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improves the results, making them more realistic and attractive [5,
6]. Artificial intelligence plays an important role in photo
processing, providing the ability to improve quality, retouch and
automatically optimize images. Anyone can become a professional
photographer and create amazing images without having extensive
knowledge and skills in photography and image processing. Today's
innovative approaches provide capabilities that go beyond simply
changing color saturation or removing noise. Using artificial neural
networks, photographers have access to tools that can enrich images
by imparting new textures and styles, changing shape and
perspective, and creating realistic simulations of photographic
effects and settings. Intelligent exposure correction, automatic
removal of defects, restoration and restoration of old photos,
creation of images that resemble artistic masterpieces, advanced
retouching and processing of portraits - all this is possible thanks to
the new capabilities of artificial intelligence.

3. The methods of evaluating the quality of

photographs using intelligent algorithms

Let's look at the methods for evaluating the quality of
photos using smart algorithms (Table 1). Thanks to artificial
intelligence, it is possible to accurately determine the level of image
quality without taking into account the subjective preferences of a
person. The analysis is based on various image parameters,
including clarity, color rendering, contrast, and more.

Table .1. Photo quality assessment methods using intelligent
algorithms

No Methods Description
Intelligent algorithms process the provided
Comparison selection of images and determine the main
1 |with reference| quality criteria. The new image is then compared
images to reference samples and the degree of agreement
is determined
From an aesthetic point of view, an intelligent
Human |algorithm evaluates how well an image matches a
2 | Perceptual person's perception. This includes studying
Processing structure, harmony of hues and tones, and
assessing the level of noise and distortion
Using a large amount of data, the artificial
intelligence is trained to recognize patterns
3 Statistical between the quality of photos and their
methods characteristics. Based on such training, the
algorithm can evaluate the quality of the new
image

Using Al to assess photo quality opens up many
possibilities. This helps you choose the best images for print,
contests, advertisements, and other areas where image quality
matters. Image enhancement includes various procedures such as
improving clarity [7], removing noise, adjusting brightness and
contrast [8] and adjusting color balance. To qualitatively modify the
color properties of the image, color correction methods are actively
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used. They allow you to change the shades, saturation and
brightness of colors, which makes the image more saturated and
expressive. You can also use color correction to balance whites and
correct color distortions caused by incorrect exposure or lighting.
Another key aspect to improving image quality is noise reduction.
Noise in photos can occur due to various factors, such as low
lighting, high camera sensitivity, or poor lens quality. There are
various noise filtering methods that help improve image quality and
make it clearer and more detailed. Automatic retouching [9, 10]: is
based on computer vision and machine learning algorithms. These
algorithms analyze the image for various defects such as spots,
scratches, wrinkles and other unwanted elements. The program then
automatically applies appropriate corrective methods to correct
these defects. Thus, the retouching process is optimized and
performed automatically without human intervention. Various
algorithms and methods are used to effectively use automatic
retouching and defect removal. For example, one of the most
popular approaches is to use filters and improve the contrast of the
image, which helps to hide small imperfections, making the photo
more attractive and natural. Machine learning methods are also
used, which allow the program to learn to recognize and remove
certain defects, thereby increasing the accuracy and efficiency of
processing. It is important to note that automatic retouching and
removal of defects does not replace professional retouching and
work with Photoshop, but it can save time and effort when
processing many photos. Additionally, these techniques can be
useful for those who don't have specialized retouching skills but
want to improve their photos.

4. Using neural networks

Here are some key areas where neural networks are used in image
processing:

- Image quality improvement:

Super resolution: Neural networks can increase the resolution of
images by adding details based on learned patterns in other images.
Noise Reduction: Used to remove noise and artifacts from photos,
improving overall quality.

- Image segmentation:

Neural networks such as U-Net are used to segment an image into
different regions, enabling precise object and detail extraction,
which is useful in medicine, autonomous transportation systems,
and other fields.

- Object recognition:

Networks such as YOLO (You Only Look Once) and SSD (Single
Shot Detector) are used to identify and locate objects in images with
applications in video surveillance, security and autonomous driving.
- Style transfer:

Neural networks can change image styles by applying the style of
one picture or photo to another, creating unique artistic effects.

- Data Augmentation:

Neural networks can create new images from existing ones, which
helps train other models and increases the amount of data available.
- Automatic coloring:

Networks can colorize black and white photos by using trained
models on color images.

- Generate new images:

Generative adversarial networks (GANSs) are capable of creating
new, realistic images that can be used in art, fashion and design.

- To create filters and effects:

Algorithms based on neural networks allow you to create photo
filters that change the lighting, color palette and other aspects of the
image. Each of these areas opens up new possibilities for creative
and professional use of photos, improving the quality of processing
and expanding the tools available to artists and photographers. The
abundance of data contributes to a deeper understanding and
analysis of various image features by neural networks, such as
palette, contrast and clarity. The richer the data set, the more
opportunities the network has to develop skills to recognize and
reproduce certain elements in photos. Rich data allows neural
networks to learn from a wide variety of images covering different
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scenes, objects and lighting conditions. This, in turn, leads to
increased accuracy and quality of results in image processing and
enhancement. [11]:

Artificial intelligence in photo processing offers many
opportunities to improve and automate processes, but it also brings
limitations and risks. By balancing the use of technology with
remaining creative, photographers can make the most of Al in their
work. The development of Al technologies in photo processing
continues, and every year new opportunities and tools appear to
improve the quality and creativity of photos. It is important to
choose the right tools and technologies for a specific task and not to
forget about the creative approach to image processing.

5. Conclusion

The use of artificial intelligence in the world of photography
represents a significant innovation that is changing both the
technical aspects of capturing and processing images, as well as the
creative process of creating photos. Al offers benefits such as
making processes more efficient, automating routine tasks,
enhancing creativity and increasing access to quality photos for a
wider audience.

However, the use of Al also raises concerns related to
issues of authorship and originality, loss of individuality in
creativity, ethical dilemmas, and a possible decrease in demand for
professional photography services. These discussions reflect deeper
questions about the role of technology in art and creativity in
general.

Thus, Al in photography is a powerful tool that can enrich
the photography industry, expand the boundaries of creativity, and
make the art of photography more accessible. It is important to
strike a balance between using technological innovation to empower
others and preserving the human element that is at the heart of
creative expression in photography.
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Abstract: Fundamental tasks in Natural Language Processing include Part-of-Speech tagging, lemmatization, and dependency parsing,
which provide crucial linguistic information essential for a wide range of NLP applications. POS tagging assigns each word in a sentence its
grammatical category. Lemmatization identifies the dictionary form of each word, considering its contextual usage within the sentence.
Dependency parsing, on the other hand, determines the structural relationships between words, producing dependency trees that capture the
grammatical organization of sentences. In this paper, we introduce ALB-Stanza, a neural pipeline parser designed for sentence
segmentation, tokenization, POS tagging, morphological feature annotation, lemmatization, and dependency parsing specifically for the
Albanian language. To train the ALB-Stanza parser model, we used our own corpora annotated according to the Universal Dependencies
schema and the Stanza neural pipeline. The model was evaluated on unseen data, demonstrating its effectiveness in accurately predicting
POS and morphological feature tags, lemmas, and dependency relations for text in Albanian language.
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1.

The Albanian language represents a distinct branch of the Indo-
European language family. It is the official language of Albania and
Kosovo, a co-official language in the Republic of North Macedonia
and is widely spoken within the large Albanian diaspora
communities worldwide. Albanian is a linguistically rich language
characterized by a grammatically complex structure and an intricate
inflectional system, making it particularly interesting for
morphological and syntactic annotation.

Introduction

Despite some efforts to develop Natural Language Processing
(NLP) tools for Albanian, it remains classified as a low-resource
language due to the limited availability of annotated corpora,
linguistic resources, and dedicated NLP tools. Addressing this gap
is critical for advancing linguistic research and enabling the
development of modern NLP applications for Albanian language.

NPL is a rapidly advancing field that aims to equip machines
with the ability to process and understand human language.
Foundational tasks such as Part-of-Speech (POS) tagging,
lemmatization, and dependency parsing are pivotal in providing
linguistic annotations that enable advanced NLP applications like
machine translation, text summarization, and information retrieval.
These tasks make possible detailed insights into the grammatical
and syntactic structure of a language.

Part-of-Speech (POS) tagging involves assigning grammatical
categories to words, such as nouns, verbs, and adjectives.
Lemmatization refines this process by identifying the dictionary or
canonical form of a word while considering its context. Dependency
parsing extends this linguistic annotation by capturing syntactic
relationships between words, resulting in dependency trees that
illustrate sentence structure and grammatical dependencies.
Together, these tasks facilitate deeper language understanding and
enhance the performance of NLP tasks.

In this paper, we introduce ALB-Stanza, a neural pipeline parser
for the Albanian language. ALB-Stanza integrates sentence
segmentation, tokenization, POS tagging, morphological feature
annotation, lemmatization, and dependency parsing. Built on the
Stanza neural pipeline and trained using our Albanian treebank,
which is annotated with the Universal Dependencies (UD) schema
and consists of 24,537 tokens, this parser represents a significant
advancement in addressing the linguistic complexities of Albanian.

The rest of the paper is organized as follows: Section 2 reviews
related work on NLP tools and resources for Albanian language.
Section 3 provides an overview of the UD Standard Albanian
Treebank, detailing its annotation process and linguistic scope.
Section 4 describes the development and evaluation of the ALB-
Stanza model. Finally, the conclusion discusses the contributions of
this work, its limitations, and potential directions for future
research.
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2. Related Work

Small scale and restricted research works have been conducted
for the Albanian language, most of them being not available to be
used for further studies. This means that the research on POS
tagging and dependency parsing for Albanian is still in its initial
steps, compared to highly studied languages such as English,
German or French. The Albanian language has a rich morphological
structure, but it has a limited attention in the NLP field. Approaches
used for Albanian language relied on rule-based approaches.
Meanwhile, nowadays more and more machine learning and deep
learning based approaches are being considered to conduct studies
in low-resource languages such as Albanian.

Regarding POS tagger for the Albanian language, we emphasize
works presented by authors in papers [1-10]. The papers [5-14]
contributed with small corpora and tag sets for standard Albanian
and the Gheg dialect. The authors in [6] present a corpus in
Albanian, containing 2,020 sentences and 31,584 tokens in total,
used to train and test six different POS taggers. The accuracy of the
model varies from 85.96% to 95.10%. In paper [7] is presented a
corpus of 118,000 tokens, tagged morphologically following the
Universal Dependencies (UD) scheme and a neural pipeline
morphological tagger and lemmatizer.

The corpus [10], composed of 16.6 million tokens, represent the
largest corpus used for a POS tagger in Albanian language,
developed by the Saint Petersburg Institute. This corpus covers
grammatical categories, such as nouns, verbs, pronouns. Despite
this, the before mentioned research is not open, and does not
provide the possibility to download the annotated corpora.

The UniMorph project [11] includes a small, annotated corpus
for Albanian in morphological tagging. It is annotated based on the
UniMorph schema and its features. The size of the corpus is 33,483
words, and 589 lemmas.

The sqg-Globe corpus total [12], that has been created by the
Beijing Foreign Studies University includes 1 million words
annotated with PoS tags, allowing linguistic exploration, but still
not available for download and impractical for NLP system.

The authors in paper [13] published the first official Albanian
UD treebank with 60 annotated sentences. Later, in paper [14], the
first UD treebank for the Gheg dialect of the Albanian language was
presented. Our previous work, presented in paper [15], introduced
the largest UD-annotated treebank for the Albanian language
annotated by expert linguistics.

3. The UD Standard Albanian Treebank

The UD Standard Albanian Language treebank [15], used to
train the proposed model in this paper, was developed in our
previous work. The annotated treebank contains 24,537 tokens
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(1,400 sentences), annotated with lemmas, part-of-speech tags,
morphological features, and syntactic dependencies using the
Universal Dependencies (UD) framework [16]. This comprehensive
annotation allows for detailed syntactic analysis and serves as a
valuable resource for developing NLP tools for the Albanian
language.

Universal Dependencies (UD) [16] is a framework for advanced
research in morphological and syntactic annotation across multiple
languages. The aim of UD is to provide a standardized approach to
linguistic annotation, facilitating cross-linguistic comparison and
analysis. UD enables the consistent representation of grammatical
structures in a multilingual context, supporting a wide range of
languages with varying syntactic and morphological characteristics.
Based on universal principles, UD promotes a unified methodology
for linguistic annotation, for the development of robust NLP tools.
The annotation in the UD schema is based on the principle that each
token in a sentence must be assigned a distinct, individual tag,
ensuring precise linguistic representation for every word.

The treebank text was collected by selecting sentences from
grammar books, fiction books, and the Leipzig Corpora Collection,
ensuring the use of open-source resources to make the data publicly
available online. This diverse selection of sources enhances the
linguistic richness of the treebank, making it representative of
different styles and registers of the Albanian language.

The annotation of the treebank was done entirely manually by
two expert linguists. This careful, manual annotation ensures a high
level of accuracy and consistency, making the treebank a reliable
resource for linguistic analysis and NLP applications.

The annotation based on the UD scheme includes:

e  Sentence segmentation — Dividing the text into individual

sentences based on punctuation.

e Word segmentation — Separating each word within a
sentence using whitespace and punctuation marks, while
also considering the synthetic-analytical nature of the
Albanian language.

e Lemmatization — Assigning each token its dictionary form,
taking into account the meaning of the word in context.

Part-of-speech  tag Assigning each token the
corresponding part-of-speech tag based on the context in
which the word is used.

e  Morphological features tags — Assigning each token a
morphology feature tag based on its POS tag.

e  Syntactic annotation — Identifying syntactic dependency
relations between tokens within a sentence, based on the
sentence structure.

This detailed syntactic annotation enables deeper linguistic
analysis and enhances the performance of NLP applications.

The treebank contains of 24,537 tokens (14,000 sentences),
including 87 multiword tokens, with an average sentence length of
18 words.

The treebank is saved in CoNLL-U [17] format. This format
organizes the annotated data in a tabular structure, where each row
represents a token, and the columns include information such as
token ID, word form, lemma, part-of-speech tag, XPOS tag,
morphological features, as well as the head and DEPREL for
syntactic dependencies, and DEPS and MISC for any additional
annotations.

We have used a total of 17 POS tags, with different
morphological feature tags assigned depending on the part of
speech, as shown in Table 1.
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Table 1: List of POS tags and morphological features

POS tag Morphological features
verb VERB / mood, time, person, number, vqic_:e;
AUX *verb form only in case of participle
noun NOUN gender, number, case, definiteness
proper noun PROPN gende_r, number, case, Qefiniteness;
Abbr in case of abbreviation
adjective ADJ gender, number, case, degree
PRON depends on the type (case, number,
pronoun
gender, person, prontype)
adverb ADV AdvType
numeral NUM NumType
interjection INTJ
preposition ADP case
particle PART
R CCONJ/
conjunction SCONJ
articles DET gender, number, case and prontype
symbols SYM
punctuation PUNCT
marks
others X Abbr in case of abbreviation

A total of 42 tags have been defined for syntactic dependencies
and a complete list of these tags is provided in Table 2.

Table 2: List of syntactic dependency tags
Tag Tag
nsubj mark
nsubj:pass nmod
nsubj:outer Appos
obj nummod
iobj Acl
csubj Amod
csubj:pass det
csubj:outer clf
ccomp case
xcomp conj
obl cc
case fixed
vocative flat
expl compound
dislocated list
advcl parataxis
advmod goeswith
advmod:emph reparandum
discourse punct
aux root
cop dep

Annotating text in the Albanian language, both morphologically
and syntactically, is a challenge. The Albanian language is
grammatically rich, and adapting annotations to a uniform schema
like UD requires us to make important choices.

Fig. 1 shows an example of an annotated sentence with a
compound verb in the Albanian language. According to the UD
schema, each token must be annotated with an individual tag, which
presents significant challenges when annotating complex
constructions, such as compound verb forms and adjectives in their
comparative and superlative degrees. Compound verb forms in
Albanian combine two verbs, a verb with an adverb, or a verb with
an article. The future tense, expressed analytically with auxiliary
particles like “do” and “z¢” plus an inflected verb, lacks explicit
mood or tense representation in the annotation, demanding precise
tagging. Even the comparative and superlative degrees of
adjectives, which are formed analytically through multi-word
constructions rather than morphological inflection, cannot be
annotated within the UD schema.

For comprehensive details on the corpus annotation process,
please refer to the referenced paper [15].
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nsubj

root

punct

case

nummod

({iel\ (d_et\ conj cc
Njé  numér 1 madh fshatrash kané mbetur me dy a tr1 shtépi
DET NOUN DET ADJ NOUN AUX VERB ADP NUM CCONT NUM NOUN PUNCT
njé numér i macdh fshat kam mbes me dv a tre shrépi
one number ART big vilages have remained with two or three houses
Definite=  Case=Nom Case=Nom Case=Nom Case=Abl Mood=Ind VerbForm=Part Case=Acc NumType NumType=C Case=Acc
Ind Definite=Ind Gender=Masc Degree=Pos  Definite=Ind Number=Plur =Card ard Definite=Ind
Gender=Masc Number=Sing Gender=Masc Gender=Fem  Person=3 Gender=Fem
Number=Sing PronType=Art Number=Sing Number=Plur Tense=Pres Number=Plur
Voice=Act
Fig. 1 Annotated sentence in Albanian language.
4. Albanian Stanza Model Table 3: Albanian Model e}/a_lluation
Annotation Precision Recall F1 Score
In this section, we detail the training and evaluation process of Sentence 95.45 97.67 96.55
the ALB-Stanza parser model. To develop this parser, the Stanza Token 99.81 99.52 99.67
neural pipeline [18] was trained and tested using the Albanian Words 99.33 98.96 99.14
treebank data describet in Section 3. The training process was UPOS 93.90 93.54 93.72
designed to optimize the model's performance in accurately UFeats 69.30 69.04 69.17
predicting linguistic annotations, including Part-of-Speech (POS) All tags 67.97 67.71 67.84
tags, morphological features, lemmas, and dependency relations, Lemma 87.42 87.08 87.25
while the evaluation focused on assessing its effectiveness on
unseen data. Table 4: Albanian Model evaluation for syntactic dependencies
Stanza [18] is a Python-based NLP toolkit developed by Annotation Precision Recall F1 Score
researchers at Stanford University. It provides complete NLP neural UAS 82.65 82.34 82.49
pipeline for sentence segmentation, tokenization, POS tagging, LAS 70.83 70.56 70.69
morphological analysis, lemmatization, dependency parsing and CLAS 65.05 63.81 64.42
Named Entity Recognition (NER). As a neural model it is designed MLAS 35.28 34.60 34.94
to be used with a wide range of languages. Stanza supports over 70 BLEX 52.91 51.90 52.40

languages using models trained on UD treebanks, making it
particularly suitable for cross-linguistic research and low-resource
languages. Stanza is a neural network model based on sequence-to-
sequence models with Bi-LSTM layers, enhanced with pre-trained
word embeddings for robust language representation and
processing.

To train our model, we utilized the following processors:
TokenizeProcessor, ~ POSProcessor,  LemmaProcessor, and
DepparseProcessor. Pretrained word vectors from the Albanian
FastText embeddings [19] were employed to enhance the model's
performance. The corpus was divided into training, development,
and test sets. For the test corpus, we specifically selected sentences
unrelated to those in the training set to ensure a more accurate and
unbiased evaluation of the model's performance. We used the
default configuration of Stanza in the training.

Tables 3 and Table 4 present the evaluation results of the ALB-
Stanza trained parser model. The model's performance is evaluated
across several key linguistic processing tasks, including sentence
segmentation, token segmentation, part-of-speech (POS) tagging,
morphological feature tagging, and lemmatization, with metrics
such as precision, recall, and Fl1-score used for evaluation.
Additionally, the performance of the syntactic dependency
annotation is measured using standard metrics: Unlabeled
Attachment Score (UAS), Labeled Attachment Score (LAS),
Complete Labeled Attachment Score (CLAS), Morphology-Aware
Labeled Attachment Score (MLAS), and Bilexical Dependency
Score (BLEX), providing a comprehensive analysis of the parser's
accuracy and robustness.
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The results achieved across these tasks underscore the
robustness and reliability of the ALB-Stanza model as an effective
tool for processing text in Albanian language. The evaluation
demonstrates high performance in fundamental linguistic tasks,
such as Tokenization (99.67 F1) and Word Segmentation (99.14
F1), alongside commendable results in Sentence Segmentation
(96.55 F1) and UPOS tagging (93.72 F1). These findings highlight
the model's precision and applicability in handling core aspects of
Albanian language processing.

However, the evaluation also reveals areas requiring
improvement, particularly in capturing morphological features
(69.17 F1), all tags (67.84 F1), and syntactic dependencies, where
scores for UAS (82.49 F1) and LAS (70.69 F1) are moderate, and
performance in CLAS (64.42 F1), MLAS (34.94 F1), and BLEX
(52.40 F1) is less robust. These results suggest the model is
effective for basic and intermediate NLP tasks while highlighting
the need for enhancements to handle more complex morpho-
syntactic and syntactic interactions.

Overall, the evaluation validates the Albanian parser as a
reliable and practical tool for many real-world NLP applications.
With targeted improvements, it holds great potential to fully meet
the demands of Albanian language processing across diverse and
advanced tasks.

5. Conclusions

In this paper, we introduced the ALB-Stanza parser, a neural
pipeline designed for comprehensive linguistic annotation tasks,
including sentence segmentation, tokenization, Part-of-Speech
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(POS) tagging, morphological feature annotation, lemmatization,
and dependency parsing for text in the Albanian language. The
model, built on the Stanza neural pipeline and trained on our
annotated Albanian treebank, has archived a high performance in
some core NLP tasks, offering valuable insights into the linguistic
structure of Albanian language.

The evaluation results confirm the model's robustness in key
tasks. The ALB-Stanza parser achieves high precision scores for
Tokenization (99.81), Word Segmentation (99.33), and Sentence
Segmentation (95.45), demonstrating its reliability in handling
fundamental text processing. Similarly, UPOS tagging (93.90) and
Lemmatization (87.42) further validate its accuracy in essential
linguistic annotations. The parser also performs well in dependency
parsing, with UAS (82.65) and LAS (70.83) indicating its
effectiveness for syntactic analysis. Nevertheless, lower scores for
CLAS (65.05), MLAS (35.28), and BLEX (52.91) highlight
challenges in handling morpho-syntactic dependencies and
advanced syntactic phenomena.

Our contributions address a critical gap in Albanian NLP,
providing a reliable and good-performing tool for a low-resource
language like Albanian. With the development of ALB-Stanza, we
provide a tool that can aid in advancing Albanian language
processing for a range of NLP applications, such as machine
translation, information extraction, and semantic analysis.

However, despite these promising results, there are areas for
further improvement. The model's performance in complex
syntactic dependency tasks indicates the need for additional work,
such as refining annotations and expanding the training treebank
with diverse and representative data. These efforts could improve
the parser’s generalization and accuracy in morpho-syntactic
interactions and dependency parsing.

In conclusion, the ALB-Stanza parser represents a significant
advancement in Albanian NLP and lays the groundwork for further
research and development of more sophisticated tools for the
Albanian language. We hope that this work will inspire further
development of NLP resources and tools for the Albanian language
and similar low-resource languages.

As future work, we aim to focus on expanding the treebank by
systematically identifying and addressing annotation errors
generated by the model. This process will involve analyzing
specific areas of mis annotation to better understand the model’s
limitations. Additionally, we plan to enhance the dataset by
incorporating sentences with more complex linguistic structures,
ensuring broader coverage of syntactic and morpho-syntactic
phenomena. This enriched treebank will not only improve the
model’s performance but also contribute to the development of a
more robust and comprehensive resource for Albanian language
processing. Additionally, our corpus contains certain annotations
that do not fully align with the universality of the UD annotation
schema. Addressing these inconsistencies will be a priority in the
near future, as we aim to refine the annotations to ensure
compliance with UD standards and enhance the model's
interoperability within the broader UD framework. Once these
improvements are completed, the enhanced treebank will be
published online as part of the Universal Dependencies (UD)
project, making it accessible to the broader research community and
supporting further advancements in Albanian NLP.
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Abstract: In this study, an original design was developed to address the issue of insufficient packaging speed, a key challenge in wet wipe
production lines. A separator/distributor was developed that enables a single wet wipe machine to work with three packaging units during
the transfer of products from the wet wipe preparation unit to the packaging process. The developed separator moves angularly on the
vertical axis and can transfer products to conveyor groups leading to three different packaging lines. Additionally, a unique movable upper
conveyor was designed to operate across a range of product heights, which applies pressure to the products during movement to prevent
them from scattering. One of the primary design criteria for the conveyor is lightweight construction, and this was a key focus during
development. To achieve angular motion, a servo-driven flywheel mechanism was designed. The machine is equipped with sensors for
Industry 4.0 compatibility, ensuring communication between units. In case one of the packaging machines becomes inactive, the separator
automatically redirects the product feeding process to the remaining packaging machines, ensuring uninterrupted production.

Keywords: WET WIPE, PACKAGING, INDUSTRY 4.0

1. Introduction

In the modern industrial environment, optimizing production
lines for efficiency and speed is crucial. Wet wipe production, in
particular, faces the challenge of balancing product quality with
high-speed packaging processes. A key issue in wet wipe
production is the limitation in packaging speed, which can lead to
bottlenecks and inefficiencies.

Industry 4.0 has revolutionized manufacturing by introducing
smart technologies, including the Internet of Things (loT), sensors,
and automated systems, which enable enhanced communication and
coordination between machines. This paper presents an innovative
solution to increase packaging efficiency in wet wipe production by
designing a vertically angular automated line separator that
integrates Industry 4.0 technologies.

2. Literature Review

The literature on manufacturing automation, particularly in
production line optimization, emphasizes the need for efficient
systems that enhance productivity and flexibility. Recent
advancements have allowed for the development of automated
separators and conveyors that help address the challenges posed by
high-speed packaging, especially in the context of multi-line
production environments where efficiency is paramount. This
review focuses on automation in manufacturing, the role of
vertically angular systems, Industry 4.0 integration, and recent
packaging innovations, with the aim of establishing a basis for the
proposed design of an Industry 4.0-compatible, vertically angular
automated line separator.

2.1. Automation in Manufacturing and Packaging Lines

Manufacturing automation, a cornerstone of industrial
development, has undergone several transformations, with each
phase introducing technologies that reduce human intervention,
streamline production, and decrease operational costs. Initially,
automation focused on simple mechanized tasks, but advancements
in robotics and control systems have enabled more complex
operations, including real-time adjustments and multi-directional
product flow. Flexible conveyor and distribution systems have
become essential in modern manufacturing environments, allowing
lines to adapt dynamically to changing production demands [1, 2].

Flexible conveyor systems have been identified as a solution to
minimize downtime and optimize product flow. Studies reveal that
traditional conveyor systems, while effective, often struggle in high-
speed production environments, particularly when dealing with
products of variable shapes and sizes. By integrating modular and
adaptive conveyors, manufacturers can meet these demands while
reducing production costs. Research on the use of robotic arms and
other mechanical actuators shows that automation systems with
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precise control and flexibility can effectively handle variable
product dimensions, achieving reliable, repeatable separation and
distribution in packaging lines. These findings support the
development of systems capable of transferring products to multiple
packaging units, addressing a common need in high-output
industries such as consumer goods and pharmaceuticals.

2.2. Vertically Angular Systems in Manufacturing

The implementation of vertically angular motion within
conveyor systems presents a significant opportunity for optimizing
space usage and enhancing flexibility in product handling.
Traditional conveyor setups, typically limited to horizontal
movement, can occupy large areas of the factory floor and restrict
the ability of a production line to handle varying product heights.
By enabling angular movement along the wvertical axis,
manufacturers can design systems that utilize available space more
effectively, particularly in facilities where space constraints are a
concern.

The design of vertically angular conveyors, especially in
compact environments, has been shown to reduce operational
complexity and improve the flow of products through multi-line
processing systems. This approach not only conserves space but
also allows for more efficient utilization of resources by aligning
product flow with specific line requirements, such as directing items
to different packaging stations based on real-time line status.
Although the vertical movement is well-documented in material
handling applications, studies reveal a lack of comprehensive
exploration into systems that combine vertical and angular motion,
especially with industry-specific applications. This study aims to
bridge this gap by integrating a servo-driven flywheel mechanism
for controlled angular movement, which ensures precise product
positioning and transfer across multiple lines.

2.3. Industry 4.0 Integration and Smart Manufacturing Systems

Industry 4.0 represents a paradigm shift in manufacturing,
bringing smart technologies and digitalization to traditional
processes. By incorporating 10T, machine learning, and real-time
data analytics, Industry 4.0 enables the creation of intelligent
production  environments  where  machines  communicate
autonomously, adjusting operations based on sensor inputs. This
real-time communication and adaptability are particularly valuable
in automated packaging systems, as they enable production lines to
respond instantly to fluctuations in demand or disruptions within
individual units [3].

The integration of 0T technologies allows for continuous
monitoring of machinery, which is essential in high-speed
production environments where equipment failure can result in
significant downtime. The use of real-time data not only facilitates
predictive maintenance but also enables optimization algorithms to
adjust production rates, manage inventory flow, and maintain
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product quality. For example, real-time tracking of product
movement and adaptive control can ensure seamless transitions
between different sections of the production line, reducing product
loss and minimizing human intervention [4].

Smart manufacturing technologies also enable efficient
coordination across interconnected units, which is crucial for multi-
line systems that must operate in unison to achieve optimal
throughput. Predictive maintenance models powered by machine
learning provide a framework for forecasting equipment failures,
allowing operators to address issues before they result in production
stoppages. By implementing these smart technologies, the proposed
separator design aims to maintain uninterrupted product flow even
if one of the packaging lines goes offline, maximizing productivity
and minimizing waste.

2.4. Innovations in Packaging Systems

Packaging is a critical phase in production, particularly in high-
speed environments where products must be handled with precision
to prevent damage or misalignment. Modern packaging systems
incorporate modular and flexible designs that allow manufacturers
to adapt to changing product requirements quickly. Studies indicate
that modularity in packaging equipment offers significant
advantages in terms of scalability and customization, as operators
can reconfigure lines to handle products of different sizes, shapes,
or packaging formats without extensive retooling [5].

Automated distributors and separators designed to work in
tandem with packaging machines have proven effective in
enhancing line efficiency. By directing products to multiple
packaging stations, these systems reduce the likelihood of
bottlenecks and improve overall throughput. For industries
requiring high-speed packaging, automated separators that facilitate
smooth transitions between preparation and packaging stages are
essential for maintaining product integrity and consistency.

Modular design is another area of focus, allowing packaging
systems to adjust quickly to new product demands. Research into
modular packaging line architecture has shown that reconfigurable
systems can meet varying production needs with minimal
downtime, which is especially valuable in fast-paced industries like
consumer goods. The proposed design incorporates a movable
upper conveyor to accommodate products of different heights,
preventing product scattering and ensuring secure transfer to the
packaging units. The lightweight construction of the conveyor also
supports rapid, angular movement, providing a compact and
ergonomic solution to meet production demands [6].

2.5. Gaps in Current Research

Despite significant advancements in automation and Industry
4.0 technologies, there is still limited research on integrating
vertically angular motion with Industry 4.0-enabled packaging
systems. Most studies focus on horizontal automation systems or
isolated technology implementations, without considering
integrated solutions that combine angular motion and smart
manufacturing capabilities. This study addresses this gap by
developing a vertically angular separator that leverages smart
manufacturing systems for seamless communication, real-time
monitoring, and automated adjustments [7].

The proposed design aims to create an efficient, adaptable
separator capable of directing products to multiple lines based on
real-time operational conditions. By combining vertically angular
motion with loT-enabled monitoring, the system promises to
increase productivity and flexibility in packaging lines, meeting the
evolving demands of high-output industries. This novel approach to
automation, which prioritizes space efficiency, real-time
adaptability, and minimized downtime, represents a new direction
for research in automated packaging technology.
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3. Design and Methodology

The goal of this study was to address the demand for an
efficient product transfer system in wet wipe production lines,
where products need to be transferred from a single production
machine to three separate packaging machines. The challenge lies in
meeting a high throughput requirement—up to 300 packages per
minute—while ensuring each packaging machine can handle a
maximum of 100 packages per minute. To meet these demands, a
vertical angular automated separator was designed, with a focus on
ease of adjustment, maintenance, ergonomics, space efficiency, and
the ability to perform product transfer via angular motion on the
vertical axis.

3.1. Separator Unit Design

The separator unit was designed to move angularly on the
vertical axis, allowing it to transfer products to conveyor groups
leading to three different packaging lines. The angular motion is
crucial as it enables the system to handle multiple packaging lines
without requiring excessive floor space, thereby improving the
overall factory layout. This design also makes it adaptable to
varying production needs, especially in high-speed environments
where flexibility is essential [8].

The key innovation of this design is the incorporation of a
movable upper conveyor that can function across a wide range of
product heights. This feature allows the separator to handle products
of varying dimensions without disrupting the product flow. The
upper conveyor plays an essential role in ensuring that the products
are maintained in a stable position during the transfer process. By
applying light pressure as the product moves across the conveyor,
the risk of scattering is minimized, ensuring smooth and efficient
transfer to the packaging machines.

3.2. Lightweight Conveyor Design and Servo-Driven Flywheel
Mechanism

The design of the conveyor system is centered on minimizing
weight without compromising performance. The lighter
construction of the conveyor enables faster movement, reducing
wear and tear, and ensuring the longevity of the system.
Additionally, this lightweight design facilitates easier adjustments
and maintenance, providing the operator with a more ergonomic
system for day-to-day operations.

To achieve the angular motion of the separator, a servo-driven
flywheel mechanism was developed. This mechanism is designed to
allow for precise angular movement while maintaining stability and
reliability at high speeds. The servo drive ensures that the separator
can adjust its angle quickly and efficiently, making it adaptable to
various packaging line configurations. This system is crucial for
achieving the required speed of 300 packages per minute while also
handling the product transfer to multiple packaging lines.

3.3. Industry 4.0 Integration and System Automation

The separator unit is equipped with sensors and communication
interfaces that integrate with the overall production line, ensuring
compatibility with Industry 4.0 standards. This allows for real-time
data exchange between the separator and the packaging machines,
optimizing the efficiency of the system.

One of the key features of the design is its ability to maintain
uninterrupted production. In the event that one of the packaging
machines becomes inactive due to maintenance or malfunction, the
separator automatically redirects the product flow to the remaining
active packaging lines. This automatic redirection ensures
continuous production without the need for manual intervention,
thus reducing downtime and enhancing the overall efficiency of the
manufacturing process.



3.4. Ergonomics and Maintenance Considerations

In addition to the technical functionality, the design emphasizes
ergonomics and ease of maintenance. The system was built with
user-friendly interfaces for quick adjustments and straightforward
maintenance procedures. The lightweight design of the conveyors,
along with their modular construction, allows for easy access to
parts that require routine maintenance, reducing downtime and
labor costs. The compact nature of the system also ensures that it
occupies minimal space, making it ideal for factories with limited
floor space.

The vertical angular movement of the separator further
enhances the system’s ergonomics, as it minimizes the need for
large horizontal conveyors that could otherwise require more space
and labor for adjustments. The angular motion system is easy to
configure, and operators can quickly adapt it to meet different
production requirements, making it highly versatile for various
product types and packaging configurations.

The designed separator is shown in Figure la and the
manufactured separator is shown in Figure 1b. In figure 2a the
detail of design and figure 2b. detail of the manufactured separator
is shown in front view. Rear view is shown Figure 3a and fig 3b.

Figure 1a the designed and Figure 1b. the manufactured
separator in front view

INDUSTRY 4.0 2024, WINTER SESSION, vol 2

2a. 2b.

Figure 2a the detail of design and Figure 2b. detail of the
manufactured separator in front view
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3b.

Figure 3a-b. Rear view of designed and manufactured separator
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4. Results and Discussion

The vertical angular separator was tested in a real-world wet
wipe production environment to evaluate its performance in
handling high-speed product transfer to multiple packaging lines.
The results confirmed the separator's ability to efficiently direct
products from a single production line to three separate packaging
lines, each capable of handling up to 100 packages per minute. This
setup allowed for a sustained throughput of 300 packages per
minute, meeting the target production speed and ensuring a
balanced distribution of products across the three lines.

The servo-driven flywheel mechanism proved crucial for
achieving precise control over the separator’s angular motion. This
mechanism allowed the separator to quickly adjust to shifts in
production flow and align with each of the packaging lines without
delays. The lightweight conveyor design contributed to the system's
ability to operate smoothly at high speeds, effectively reducing
mechanical stress and wear over prolonged periods of use. By
minimizing the stress on mechanical components, the design also
helped extend the lifespan of the separator and reduced maintenance
needs.

Integration of Industry 4.0 features was particularly
advantageous. Through real-time monitoring and feedback from
embedded sensors, the separator could automatically reroute
product flow if one of the packaging machines went offline. This
function minimized potential downtime, maintaining continuous
production—a critical feature in high-output manufacturing lines
where any stoppage can result in significant productivity losses.

Furthermore, a patent application has been filed for the
developed system, reflecting its innovative contributions to
automated packaging line technology and the novel approach to
integrating vertical angular motion with Industry 4.0 capabilities.
This patent application not only highlights the uniqueness of the
separator's design but also establishes a basis for future
developments and potential commercialization in automated
production and packaging systems.

5. Conclusion

This study presents a novel design for a vertically angular
automated line separator that addresses the challenges of
transferring products between multiple packaging machines in a
high-speed wet wipe production line. The design successfully
integrates  Industry 4.0 technologies to ensure seamless
communication between production units and minimize downtime.
With its lightweight construction, ergonomic design, and
adaptability to varying product heights, the separator system
provides a highly efficient and flexible solution for modern
manufacturing challenges.

Further research could explore the integration of additional
smart technologies, such as Al-based predictive maintenance and
advanced data analytics, to further enhance system performance and
efficiency.
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Abstract: This study investigates the mechanical behaviour of AILOCu materials fabricated through powder metallurgy and subjected to
quasi-static and dynamic compressive loadings. The materials were sintered and tested under controlled conditions to evaluate their
compressive strength. Quasi-static tests were performed at a constant strain rate of 0.003 s ™/, while dynamic tests were conducted at strain
rates corresponding to impact speeds of about 10 m/s and 20 m/s. The results indicate that sintered Al10Cu materials are suitable for
applications under high-strain impact loadings due to their high energy absorption. These findings demonstrate the suitability of AI10Cu
alloys, fabricated via powder metallurgy, for high-strain-rate applications, providing valuable insights into their potential for dynamic

environments.
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1. Introduction

Investigations of light metal matrix materials and composites
produced under solid-state conditions have gained great attention in
the last decade. Researchers have focused on solid-state processing
due to its lower processing temperatures [1,4], which align with the
EU's sustainable consumption and production policies. Generally,
Aluminium and its alloy are widely used as a base for the
production of metal matrix composites (MMC), reinforced by
ceramic particles (SiC, B,C, Al,O5, TiC and WC), because of their
advanced properties like reduced weight, high specific stiffness,
excellent strength/weight ratio, increased mechanical and thermal
performance, improved strength, higher elastic modulus, and
superior wear resistance compared to unreinforced matrices
[1,2,4,7,12]. The production of MMCs with enhanced properties
involves investigating matrix material quality, reinforcing particle
type, size, and quantity and the influence of process parameters on
the material structure and properties. And the first step is always
choosing the best matrix material. The primary alloying elements in
aluminium powder are copper, magnesium, and zinc [4], with
copper being the most significant due to its ability to enable
additional age hardening in Al-Cu alloys. In the Al-Cu sintering
process, a eutectic liquid forms at 548°C along the Al-Al, Cu
boundaries [5]. This liquid phase enhances diffusion between the
powders by penetrating grain boundaries during sintering [6]. From
the literature review, it has been proved that Al-Cu matrices possess
great potential for developing MMCs with improved properties via
solid-state fabrication techniques such as powder metallurgy and are
commonly used for the production of lightweight functional
components. Different matrix content had been investigated as Al-4
wt% Cu [1,2,4,9], Al-3%Cu [3,10,13,19], Al-6%Cu [3,13,19], Al-
45 wt.% Cu [8] and Al-9 wt.% Cu [13]. It is observed that the
addition of copper to the aluminium matrix allows for a higher
densification of the materials [4,19], which gets us to the point of
this investigation aiming to investigate the properties of Al-
10wt%Cu produced by the conventional PM technique. Some
investigations are already made by increasing the amount of Cu till
9 vol.% for production of AI-Cu composite by vacuum and
microwave sintering techniques [13] and an increase in steps of 5
wit% (5%, 10%, 15%, and 20%) for developing in-situ Al-Cu metal
matrix composites using microwave sintering and friction stir
processing [14] which revealed that the addition of copper enhanced
the mechanical and electrical properties of the MMC up to
10wt%Cu and beyond which it decreased. The mechanical
properties are accessed through compression testing particularly
under dynamic conditions, due to the lack of sufficient data for the
response of Al-Cu materials, produced by the PM technique, to high
strain rates of deformation [15]. Although significant research has
been conducted on the mechanical properties of aluminium-based
alloys and their composites, the specific mechanical characterisation
of AI10Cu alloys produced through powder metallurgy under
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varying compressive loading conditions remains largely
unexplored. Addressing this gap provides critical insights into the
performance of AI10Cu alloys under diverse loading regimes,
offering valuable data for high-strain-rate applications.

This study aims to comprehensively evaluate the mechanical
behaviour of Al10Cu alloys fabricated through powder metallurgy
under varying compressive loading conditions. Specifically, the
research seeks to assess the compressive strength and energy
absorption capabilities of sintered AlI10Cu materials by subjecting
them to quasi-static and dynamic compressive tests. By
systematically analysing their performance under these distinct
loading regimes, the research seeks to establish the suitability of
Al10Cu alloys for applications demanding robust energy absorption
and high strain-rate performance.

2. Materials and methods

Aluminium-based Al-10 wt.% Cu alloy was fabricated using
aluminium powder and copper powder as the primary materials.
The Al and the Cu powders employed had a particle size of <325
mesh. To create the Al-10 wt.% Cu base alloy, the Al and Cu
powders were first mixed in the desired proportions. The combined
powders were then subjected to ball milling with a ball-to-powder
ratio of 6:1. This milling process was carried out for 5 hours at a
rotation speed of 500 rpm using a high-energy ball mill, ensuring a
uniform distribution of Cu particles within the Al matrix. Following
ball milling, the powder mixtures were compacted using a hydraulic
press. Compaction was performed in a cylindrical steel die with a
diameter of 16 mm, resulting in the formation of green bodies.
These green bodies were subsequently sintered in a controlled
atmosphere furnace under argon (Ar) to prevent oxidation and
contamination. The sintering process was conducted at 530°C for 3
hours. After sintering, the samples were allowed to cool slowly
within the furnace to ensure uniform microstructural development
and to minimise thermal stresses. The powder metallurgy technique
utilised to produce the Al10Cu alloy is illustrated in Fig. 1.

[ Powder Mixing and Ball MiIIing]

[ Hydraulic press compaction ]
[ Sintering of green compacts ]

_[

Fig. 1 Production process chart

Final Product: Al10Cu ]

The sintering process influences the material's microstructure
and properties [6]. The specimens used to determine the mechanical
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properties of the fabricated materials are cylindrical with a diameter
of 10 mm and height of 15 mm (for quasi-static testing) and a
diameter of 5 mm and height of 5 mm (for dynamic testing). The
quasi-static compression tests were conducted on a Zwick Roell
HA250 servo-hydraulic testing machine at a constant low strain rate
of 0.003 s~ ' The dynamic compression tests by the Split
Hopkinson Pressure Bar (SHPB) apparatus were carried out at high
strain rates of about ~1500 s— and ~3200 s—*, corresponding to
impact speeds of about 10 m/s and 20 m/s. A modified version of
the Split Hopkinson-Kolsky Pressure Bar is used, specially
designed for impact testing of porous and light materials, which
includes an aluminium alloy incident bar and transmitted bar in the
form of a steel tube. To access high strain rates compression
properties of the tested materials the incident bar is stroked and a
compressive pulse is generated which propagates through the
incident bar. Part of the incident pulse signal is reflected as the
reflected pulse into the incident bar at the incident bar/specimen
interface. The remainder passes through the sample, deforming it
plastically and continuing forward into the transmitted bar as the
transmitted pulse [15]. The transmitted pulse is compressive, and
its instantaneous amplitude is related to the instantaneous stress in
the specimen. The stress information can be obtained as a
parametric function of time. The instantaneous strain was obtained
by integrating the incident and the transmitted pulse upon time. The
modified version of the SHPB and the corresponding mathematical
apparatus for calculating the strain are described in [22].

3. Results and discussion

The analysis of the compression test results is based on
structural changes that occur during the PM production process of
Al-Cu alloys. It is known, according to the Al-Cu phase diagram,
that five intermetallic phases of Al,Cu, AlCu, Al;Cu,, Al,Cus, and
Al,Cug could be formed in the Al-Cu system through solid-state
phase transformation [10,11,18] and among these AlCu, Al,Cu, and
Al,Cug are the stable phases [14]. Thermodynamically Al,Cu and
Al,Cug phases evolve first due to their lowest formation energy
[11,18] and the remaining intermetallic phases are formed after
them depending on temperature and time. Al4,Cug is a brittle
intermetallic phase and its formation is desirable to be avoided [14].
Al,Cu is more stable and the long thermal processing time is
sufficient to convert AlCu to Al,Cu, which can explain the fact that
increasing Cu content only results in the formation of Al,Cu in the
fabricated composites [10]. When sintering the Al-Cu system at
temperatures exceeding the solidus, a liquid phase forms, which
migrates along particle boundaries, fills pores and infiltrates
aluminium grain boundaries. Upon slow cooling after sintering, this
phase precipitates at the grain boundaries as Al, Cu [4]. Therefore,
the microstructure of the Al10Cu matrix material is expected to
consist of aluminium grains with dissolved copper surrounded by
coarse copper precipitated in the form of the Al,Cu phase at the
grain boundaries of aluminium grains [1, 4]. The precipitate
morphology shows a combination of linear structures at grain
boundaries and dot-like features within the grains [4]. The Al,Cu
phase is believed to be the main reason for the enhanced mechanical
properties of the tested Al10Cu alloys, summarised in Table 1.

Table 1: Average values of the mechanical properties of tested materials.

Specimen quasi-sta_tic high impact d_ynamic
compression compression

Dimensions [mm] 10x15 5x5 5x5

strain rate [s™ '] 0.003 1500-1900 3200
Modulus of elasticity [GPa] 10.4 7.8 5.62
Y S(offset=0.2%) [MPal] 64.4 79 74

Compressive strength [MPa] 431 418 1445

Deformation € [%] 60 44.6 79.1

Quasi-static compression test results are presented in Fig. 2,
showing the stress-strain curves for six powder-metallurgy-derived
AIl10Cu specimens. The curves exhibit consistent behaviour under
quasi-static compression. All samples go through the stages of
elastic compression of the compact up to about the proportional
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limit and vyielding, strain hardening with particle inelastic
deformation under normal and shear forces, and non-uniform
deformation at compressive strength with two conic shear bands
begin to develop along the diagonal axes of the compact, at 45° to
the loading direction [20,21].

Static tests Al10Cu

600

——1AI10Cu

——2Al10cu

——3Al10Cu

Stress [MPa]

——4AI10Cu

——5AI10Cu

TAIOCU

——Average
AIT0Cu

20 30

Strain [%]

40 60

Fig. 2 Quasi-static tests result at a constant strain rate of 0.003/s

Deformation concentrated within shear bands leads to a
decrease in the load-bearing capacity of the compact, culminating in
complete failure as bonded particles separate along the shear bands,
initiating from the corners of the cylindrical compact specimen [21].
The stress-strain curves are smooth up to 40% deformation in all
tested specimens The observations reveal that the yield stress in all
the specimens is almost equal and the material continues to strain
harden even after 30% plastic strain. The differences in quasi-static
compression response are notable after 40% deformation, which is
believed to be due to different amounts of pores and microcracks,
formed at the grain boundaries during the production of PM alloys
based on Al and Cu powders [1,4,8], even after the sintering process
[19]. The pores primarily formed in the matrix, while the
microcracks predominantly appeared at the joint between the matrix
and Cu particles [20]. These defects act as stress risers causing
components to fracture and deform more easily [19]. The actual
crushing of different specimens is presented in Table 2.

Table 2: Actual crushing characteristics at different strains

£,% | 10% _30% 40%

=

All specimens showed almost the same degrees of barrel-shaped
deformation as the strain increased, although more serious failure
behaviours were not observed. The first formation of the shear
cracks is visible by the naked eye after 40 % deformation and the
exact values for every specimen are shown in Table 3. At 50%
deformation, all specimens possess severe failure cracks.
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The results from dynamic compression tests are shown in Fig. 3
for moderate strain rates of 1500/s and Fig. 4 for high strain rates of
3200/s and the tested specimens are presented in Table 4. Figure 3
shows the results of dynamic tests at moderate strain rates of
1500/s. The resulting curves are not as smooth as the ones under
quasi-static loading conditions.

Table 3: The formation of the visible shear cracks

. Deformation .
Specimen % Picture
1AI10Cu 42
2Al10Cu 47
3AI10Cu 43
4AI10Cu 41
5AI10Cu 40
7AI10Cu 41

Al10Cu - test speeds 10 -12 m/s

——BAI10CY, 1500/5
200

——9A110Cy, 1500/

——104110Cu, 1500/5

Stress, MPa

——14Al10Cu, 1900/5

15A110Cu, 1900/s

Strain, %

Fig. 3 SHPB dynamic test results at 10-12 m/s

There is some gradual strain hardening up to 5% strain in the
specimen tested at 1500/s strain rate after which the flow stress
drops. The same fluctuations during the strain hardening are
observed in the interval between 30 and 40% deformation. The

stress-strain curves under dynamic compression reveal the same
failure mode at different strain rates. The ultimate strength and
failure strain increased with the strain rate. The three types of
failure could be observed in specimens under different impact
velocities: plastic failure, splitting failure and smash failure [20].
Figure 4 shows the results of dynamic tests done at higher strain
rates of 3200/s which reveal similar to quasi-static curves trends.

Al10Cu - test speeds 20 m/s

1600

—— 11A110Cy, 3200/s
12A110Cu, 32005

——13A110Cy, 3200/s

Stress, MPa

16A110Cu, 3200/s

Fig. 4 SHPB dynamic test results at 20m/s

In our case, all tested at 1500/s specimens exhibited plastic
failure, while at some tested at 3200/s partial splitting was observed.
The plastic failure occurred at impact velocities greater than 9 m/s
while smash failure occurred at impact velocities over 19 m/s. All
tested specimens exhibited a distinct elastic stage, with the hardened
state persisting under dynamic compression. A comparison of
stress-strain relationships revealed superior dynamic mechanical
properties at a strain rate of 3200/s compared to 1500/s, although
the kinetic energy required for failure remained consistent. The
comparison of the specimens at different strain rates showed that
the compression strength of the material increases with the strain
rate, but the variation in yield strength is negligible.

Table 4: Specimens — before and after dynamic compression testing

Before After Before After Before After

9AI10Cu — 1500/s
| £
L_N

11AI10Cu — 3200/s

10AI10Cu — 1500/s

.

12A110Cu — 3200/s

8AI10Cu — 1500/s
\,

. )
\ |
15AI110Cu — 19005

| <lEClls

16AI10Cu — 3200/s 17Al110Cu — 3200/s

“ILE ol

13AI10Cu — 3200/s

|
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A comparison of all tested samples at all tested strain rates is
shown in Fig. 5. The compressive strength increases from about
400 MPa at quasi-static rates (0.003/s) to 1400 MPa at high strain
rates (3200/s) and the strain corresponding to the maximum
compressive stress is shifted from about 40% to 80%. The
specimens displayed very little change during the elastic stage. It
was also found that the change in strain rate had little effect on the
elastic modulus which lowers with the rise of the strain rate (table
1). The elastic modulus obtained under quasi-static loadings is
approximately 10 GPa, about 50% higher than that obtained at
strain rates of 3200/s (5 GPa). The yield strength at high strain rates
is higher than that under quasi-static loadings. Generally, yield and
ultimate strengths increased with strain rate, while the lower failure
strain is observed at a strain rate of 1500/s. As mentioned before,
the slight differences in properties could be due to the different
densification of specimens [20], although this is not obvious from
compression tests.

The difference between the quasi-static and moderate and high-
strain dynamic tests is that the stress-strain curves reached higher
stresses at high strain rates. The higher strain hardening at higher
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strain rates is also notable, which is typical of fcc metals and is due
to the suppression of dynamic recovery mechanisms at high strain
rates [15]. The same trend of all the curves at all tested speeds leads
to the conclusion of similarity in the intermetallic content of all of
the specimens and based on previous research of the microstructural
evolution of Al-Cu materials fabricated through powder metallurgy
it is expected that Cu atoms diffuse into the Al matrix during the
synthesis of Al-Cu alloy and Al,Cu precipitates in a solid solution
of AI(Cu). That is why we believe that observed mechanical
properties are governed by indirect strengthening of the Al matrix
which is expected to be due to Al(Cu) solid solution strengthening
and the structural Al,Cu precipitate strengthening [16]. Precipitation
hardening of aluminium alloys can involve either precipitate
shearing for coherent precipitates, or precipitate by-passing by the
dislocations [16]. To be positive about the type of precipitation
hardening mechanisms - precipitate shearing or precipitate by-
passing, additional analysis and TEM observations must be done
involving the determination of the precipitate radius.

Stress-strain diagrams of AI10Cu  —swiocu, 1500/

SAIL0CY, 15005
10A110Cy, 1500/s
1600 —— 14A110Cu, 1900/s
1400 15A110Cu, 1900/s

——11A110Cu, 3200/
1200

12A110Cu, 3200/s

Stress [MPa]

1000 -
—— 13A110Cu, 3200/s

80O 16A110Cu, 3200/s

600 —— 17A110Cu, 3200/s
——1A110Cu, 0.003/s
400
—— 2AI10Cy, 0.003/5

200 ——3AI10Cu, 0.003/s

——4AI10Cu, 0.003/s

40
strain [%]

80 —— 5AI10Cu, 0.003/s

7AI10Cu, 0.003/5

Fig. 5 Comparison of all tested samples at all tested strain rates

Generally, the advanced compressive properties of Al-Cu alloys
are led by three possible strengthening mechanisms including the
Orowan strengthening mechanism of uniform distribution of Cu
particles, enhanced dislocation density due to the large mismatch
between the thermal expansion coefficient of copper particles and
the aluminium matrix and the dispersion hardening effect of the
hard Cu particles into the soft Al matrix [13]. However, the
strength of the composites does not depend on a unique mechanism
and several mechanisms may act simultaneously. The dislocations
could be piled up against the grain boundaries turning them into a
barrier to dislocation motion and thus increasing the strength of the
alloy [17]. The precipitates could also act as a barrier to the
dislocation movement, requiring greater stress to move the
dislocations [17]. Also, precipitates along the grain boundaries act
as a pinning agent for the grain boundary sliding. That is why the
distribution of the secondary phase precipitates within the grains
and along the grain boundaries is responsible for increasing the
compression strength [17].

The deformation mechanism of the tested compacts includes
particle separation occurring primarily at the interparticle bond
region with ductile fracture type of the interparticle bond while
originally non-contacting particles are developing contacts with
neighbouring particles during deformation and as a result of particle
inelastic deformation the contact area between bonded particles
increases over the interparticle bond area. During the non-uniform
deformation in the samples voids and macrocracks were observed in
the interparticle bond region. The growth and coalescence of these
voids eventually led to the development of macrocracks and
complete separation of the interparticle bond region [21].

4, Conclusions

The current investigation focuses on Al-Cu matrices material
with enhanced mechanical properties under compression loadings,
which will be incorporated with different ceramic particles in our
future work. The major conclusions that could be drawn back are:
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1. Aluminium-based Al-10 wt.% Cu alloy was successfully
fabricated through the powder metallurgy method.

2. The increased compressive strength up to 1445 MPa and
deformation up to 80% at high strain rates (3200/s) were
experimentally validated by SHPB testing.

3. The significant improvement in mechanical properties is
attributed to the dispersion hardening effect of hard Cu particles in
the soft Al matrix.
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Investgation properties of part — holder of breaking shoe beam made of SG60/SE300 steel
cast

Sveto Cvetkovski., Nazif Jashari?,
Faculty of Technology and Metallurgy, Ss Cyril and Methodius University, Skopje Republic of North Macedonia® State University Tetova,
Republic of North Macedonia?
sveto@tmf.ukim.edu.mk

Abstract: The main reason to perform this research investigation was to find a reason for appearing failures in exploratory condition of a
part holder of breaking shoe beam. This part is incorporated in an assembly in railway wagon. This part together with few others was
damaged in exploratory condition. It means that cracks were noticed on these parts. Some parts were completely broken. Because of that
purchaser of parts complained of received parts to the producer. One of these parts was delivered to Prof Cvetkovski to find a reason and to
give opinion about the reason for failure. The damaged parts are made of cast steel SG60/SE300. Many types of investigation was performed
in order to solve this problem. As first visual control was done. After that, radiographic control was made. Investigations continued with
determination of chemical composition and macro and micro metallography and determination of non-metallic inclusions. Finally
mechanical testing like tensile testing, hardness measurement and impact toughness were performed too. Performed research confirmed that
typical casting defects in the investigated part like the hot tears, slag inclusions, shrinkage porosity and segregation are the main reasons
for failure of the delivered parts, holder of breaking shoes i.e. appearing of cracks or their completely fracture.

KEYWARD: HOLDER OF BREAKING SHOE BEAM, SG60/SE300, STEEL CAST, HOT TEARS, SLAG INCLUSIONS, FRACTURE,
MICROSTRUCTURE,

Introduction 2 Performed investigations

This technical report was prepared on the request of company for 2.1 Visual inspection

production of parts for railways vehicles. Subject of investigation is ~ Visual inspection of the holder (figure 2) was done by necked eye
holder of breaking shoe beam as a part of assembly mounted in and magnifying lens. Inspection confirmed that one macro crack
railway wagons. Because of accident, which happened to some of was formed in the holder. On the top of the part the crack is much
these parts in exploitation conditions, the purchaser of parts submit ~ wider. Propagating into interior crack become thinner and stop to
complaint to the producer in order to explain the reason for the propagate in the material. It is quite normal to espact that crack will
failure. According obtained information’s, about sixty parts were continue to grow if part continue to work. Other cracks or some
delivered to the purchaser. Six of them were failured. More  other defects was not detected in the holder by visual inspection. It
concretely in few parts was noticed cracks and few parts were  can be seen too that part is painted after production.

completely fractured. C i

One of the rejected parts was returned to the supplier in order to be
performed investigations and to find a reason for appearing of
defects — cracks. Producer of assembly asked Prof Cvetkovski to
make investigations and find a reason for occurred accident.

It has to be point out that casting parts were produced by
subcontractor i.e. casting company. Damage of parts happened in
exploitation conditions. During routine control was detected that
some parts have cracks but some of them were completely broken.
Investigated part is one of the few parts in which cracks appeared in
exploitation period. It was clearly confirmed that casting technology
is base reason for failure of parts [1, 2].

Figure 2 Crack on the specimen

2.2 Radiographic testing (RT)

1 Material for investigation . _ Radiographic testing was performed using x-ray tube XXG-2005
Investigated part was produced by steel casting GS60 (GE300) with 51 Kodak T500 films with Pb foils. The seven expositions of the
material number 1.0558. It is defined as steel cast for general investigated specimen was made. Besides macro crack, noted

engineering purposes. Designation C60 of this of steel cast i gyring visual inspection, no other significant casting defects were
according DIN EN 1681 while designation CE300 is according EN  yetected Fi 3 (a-C).

10293. After casting heat treatment i.e. normalization was
performed [3]. Once cast, steel alloys will often have a non-
homogeneous microstructure, which includes large grains as well as
other unwanted structural components normalizing the casting will
deliver a uniform, fine-grained structure with greater mechanical
predictability and improved machining qualities [4, 5].

This cast has a fairly low ductility and a moderately high tensile
strength among cast carbon, non-alloyed steels. Delivered steel
holder for investigation is presented in the figure 1. This part is
obtain by send casting process.

Figure 3 Radiographic films

Figure 1 Received holder for investigation 2.3 Determination of the chemical composition of the holder
For determination of the chemical composition of the investigated
holder, piece with dimension 30x30 was cut. The emission

spectrometer type SPECTRO was used for chemical analysis.
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Obtained concentration of chemical elements were compared with
the values prescribed in previously mentioned standards (tables 1
and 2).

Table 1 Chemical composition of the analyzed steel casting
compared compared with DIN 1681prescribed values

Element % C Si Mn P S Cu
Measured 0.44 0.32 0.724 | 0.019 | 0.05 | 0.15
(SPECTRO
Standard DIN | 0.27- | 0.456 | 0.75- | 0.04 | 0.04 | 0.3
1681) 0.32 0.90

Table 2 Maximum concentration of unspecified elements in
analyzed specimen is given in DIN EN 10293 standard

Element % Cr Ni Mo

Measured values 0.349 | 0.182 | 0.08
(SPECTRO

Standard EN 10293) 0.3 0.4 0.12

2.4 Metallography

For the metallographic investigations was prepared specimen cut
from the holder containing the macro crack (figure 4). Standard
metallographic preparation of the specimen was performed. After
grinding and polishing with diamond powder, Nital (3%) etching of
the specimens was done. Macro and microanalysis were made on
the specimen. Polished specimen was used for the analysis of the
material cleanliness (non-metallic inclusions) or any others type
casting defects. Optical microscope Meiji Techno was used for
metallographic investigation.

2.4.1 Macro metallography

Figure 5 presents prepared specimen for macro metallographic
investigation. Macro inspection confirmed that one macro crack
was formed in the holder. On the top (origin, Point A) the crack is
much wider. Propagating into interior crack become thinner and
stop to propagate in the material point B. Other cracks was not
detected in the holder by macro metallography.

Figure 5 Metallographic specimen with crack cut from the
holder

2.4.2 Analysis of the non-metallic inclusions

Non-metallic inclusions were analyzed on polished metallographic
specimens using optical microscope Meiji Techno. Magnification of
x100 was used for this analysis. As can be seen from the
metallographic pictures, material is pretty clean concerning non-
metallic inclusions. The presented inclusions are small mainly
rounded, randomly distributed (figure 6 (a-c)).
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c
Figure 6 (a-c) Nonmetallic inclusions in casting x100

2.3.3 Analysis of defects on the polished surface

Figure 7 (a and b) present beginning and end of the macro crack. It
can be seen from the figure 7a that crack origin is pretty wide, but it
must be point out that very big defect so call slag inclusion is
detected on the left side of the crack. End of the crack is shown on
the figure 7b. It is important to say that propagation of crack is
forced by presence of the of the defects in the material like
shrinkage cavities.

Figure 7 (a and b) a. beginning b. end of crack

Figure 8 presents end of this central crack magnified x500.
Shrinkage cavities are clearly noticed during this magnification.

Vg
Iy

-

Figure 8 End of the crack x500 - shrinkage cavity

Figure 9 shows polished surface of the specimen. It is clearly seen
crack formed beneath the surface, which start from the some
impurity, and it’s propagate almost parallel with the surface of the
specimen.

Figure 9 Crack beneath the surface x100 (on the left side of the
macro crack)
Figure 10 presents cracks, which are, formed on the surface of the
specimen. Their orientation is different.
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given in the table 3. Diagram stress-deformation is given in the

b
Figure 10 a. Formed cracks on the surface of the specimen with
different orientation, x100 b. hot tears schematic presentation (right
side from macro crack)

2.4.3 Micro metallography

Figure 11(a and b) presents microstructure of the investigated,
casted part (holder) after normalization. It is clearly seen that
microstructure consists of ferrite and pearlite. It can be concluded
that ferrite delineate former austenite grains. Segregation in the part
can be seen too.

Figure 11 Microstructure of the normalized smecimen etched with
Nital
a. x100 b. x500
Figure 12 (a-d) shows microstructure of the specimen in the
neighbourhood of the crack. With black arows are shown slag
inclusions.

o

- -
5

Vs kel

Figure 12 Present defects in the specimen i.e. slag inclusions near
the crack
2.5 Tensile testing
For determining tensile properties of casted part, one round
specimen was machined. Obtained results from testing probe are
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figure 13, and fractured surfaces of the specimen are shown in
figure 14.
Table 3 Tensile properties of the material — holder

Tensile properties | Rpo, | Rm, MPa | A
Measured values | 660 | 750 17
Standard EN | 300 | 600-750 15
1293
Test Results
- Sp Gage Length:  100.0000 mm
i Area: 49.0167 mm*
L 7 Tensile Strength: 750 N/mm?*
il | Young's Modulus: -23870 N/mm?
= Load at Offset: 9379 N
£ 480 Rp 0.2: 190.9343 N/mm?
s Upper Yield Point: Failed
S =) | Lower Yield Point: Failed
B o | Total Elongation: 17.5000 %
z ¥ Pretest Punch Length: 40 mm
Posttest Punch Length: 47 mm
Load at Offset#2: 12868.3200 N
[ Stress at Offset: 262.5443 N/mm*
| / ! Stress at Offset#2: 262.5443 N/mm’?
; [ Load at Offset#3: 12868.3200 N
§ % W5 T 3 Stress at Offset#3: 262.5443 N/mm?
Position (mm) Load at Offset#4: 12868.3200 N
Diameter: 7.9000 mm

Test Summary

Figure 13 stress-strain diagram

Figure 14 Fractured surface of tensile specimen

2.6 Impact toughness

Impact toughness testing was performed at ambient temperature i.e.
20 °C as is standard requirement for this material. Three specimens
with V notch were prepared. Because of lower thickness of the part
nonstandard specimens with dimension is 10x8x55. According
standard for material with thickness beneath 13 mm the value of
impact toughness should be 27J. It is clear that specimens with
proper dimensions should fulfill requirements. Fractured surfaces of
Charpy specimen is given in figure 15, and obtained toughness
value is given in the table 4.

Figure 15 Fractured surface of impact specimen

Table 4 Impact toughness value for tested Charpy specimens
Specimen no 1 12 |3
Impactvalue | 25 | 24 | 20

2.6 Hardness measurement

Hardness measurement was made using HRB method. According
with standard requirement for normalized steel cast (SG60) DIN
1681 hardness values should be in range 165/215 HB. Hardness was
measured from the top of the specimen toward its interior. As can
be seen from the figure 16, the highest hardness value is measured
at the top of the specimen i.e.185HB. But the hardness in the
interior is 163HB. It means that difference of 20HRB units. Because
of that additional measurement’s was made on the top of the
specimen, and the same values were obtained. In order the explain
such situation metallographic analyze was made figure 16b. It can
be seen that at the top of the specimen microstructure is deformed
and consist of fine grains Microstructure in the interior consists of
ferrite and perlite. Microstructure have to be normalized ferrite
pearlite like in the lower part of the figure 16b. Anyhow, hardness
values in the range of standard requirement.
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a
Figure 16 (aand b)

a. Measured hardness values
b. microstructure near the top of the specimen and in the
interior
Discussion
Chemical composition of the holder is in accordance with standard
requirement, only carbon content is over upper limit prescribed with
standard 0.44 %C, and required values should be 0.27-0.32%C. In
order to determine mechanical properties of the casting, specimens
were prepared from the investigated holder near the crack. Hardness
values were measured on the metallographic specimen. It was
decided for this option because we did not have testing coupons.
Generally, it can be concluded that mechanical properties fulfil
requirement. More concretely mechanical properties of the
investigated specimens correspond with values prescribed by
standard.
It was found from metallographic analysis that few types of casting
defects directly influence the quality of the casting holder i.e.
formation of macro crack [6-8]. One of them are hot tears and
another slag inclusions, besides shrinkage cavity and segregation
contribute for defects formation in the investigated part too [9]. It
can be concluded from the metallographic analysis that besides
main crack and another crack were detected; some of them starts
from surface and some appear and propagate beneath the surface
these type of cracks are known as a hot tears or hot cracks [10].
Another detected defects are slag inclusions. Slag inclusions located
immediately near to the macro crack. Both types of defects belong
to the metallurgical casting defects [11,12]
Description and reasons for the appearing of hot tears in casting:

« hot tears are intercrystalline discontinuity (cracks),

« cracks run along the grain boundaries,

« the risk of cracks at alloys with a high freezing range is higher
than with a small freezing range,

» the reason are stresses during solidification because of
hindered a small freezing range contraction (residual stress)

* the main reason for formation of hot tears are the geometry of
casting.

Prevention:

« design appropriate to casting, prevention of residual stresses,
wide difference in the wall thickness and hot spots)

« prevention of hot sand effects .

The main reasons for appearing of slag inclusions are the
following:

Slag inclusions are divided in two main groups - endogenous
and exogenous inclusions

Endogenous inclusions are caused by the reaction products
during the melting process (especially during deoxidation).
Exogenous inclusion are caused by other materials in the melt e.g.
refractory lining.
Prevention of slag inclusion appearing in casting are the following:
use of clean charge,
optimization of gating and feeding system (lamellar flow), decrease
of the dissolved oxygen, decrease of the overheating temperature
Shrinkage cavities were detected on the metallographic specimen
too. Nevertheless, they are pretty small and propagate along the
imagine line, figure 8.
Metallographic specimen with macro crack was broken after
performed investigation. Our idea was to perform visual inspection
on the fractured surface (figure 17). It is clear that fractured surface
is coarser in the upper half. With arrows and circles are denoted
locations with  impurities. Besides crack and impurities were
detected on the fractured surfaces.
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Figure 17 Fractured surface of metallographic specimen
Additionally pictures from other damaged holders were required
from purchaser in order to compare the location and types of
defects. It was concluded that macro cracks were detected in all
cases, and its location is almost at the same for all specimens. It is
another confirmation that casting technology is the main reason for
the accident.

Conclusion

From the performed investigation was concluded that formation of
macro cracks in the investigated holder is influenced by few types
of casting defects i.e. hot tears and slag inclusion. Besides shrinkage
cavities, (porosity) and segregation were detected on the
metallographic pictures too. It is well known what are the reason for
their appearing, So our opinion is that these defects are results of
unappropriated casting technogy like mold design, too high or too
low casting temperature, deformation during cooling and many
other. If producer did not undertake necessary precautionary these
crack should not appear. As most important for appearing of this
metallurgical reason could be slag in the molten metal, very high
temperature of molten metal, stress of the casting during cooling,
improper design of casted part and similar.

Although mechanical properties of the part are in accordance with
standard requirement, casting technology is the main reason for
cracks appearing.
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Possible energy savings in passenger elevators
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Abstract: Paper deals with determining the possible savings of electrical energy in a passenger elevator. After carrying out calculations
with a set number of floors of an administrative building and number of passengers according to a proven and widely used methodology in
Bulgaria, an appropriate three-phase squirrel-cage induction motor has been selected to drive the considered elevator system. Calculations
have been also carried out on the possible recovery, i.e. returning electrical energy back to the supply power grid when the driving rotating
electrical machine is switched to generator mode. Variants with different number of passengers and movement of the cabin in upward and
downward directions were theoretically studied. The active power, time to work in recovery mode and the active energy returned to the
power grid are defined for each specific case. Calculations of possible electrical energy return in generator mode would be of interest to

specialists dealing with these technical facilities.

Keywords: INDUCTION MOTORS, ELECTRIC DRIVE, ENERGY CONSUMPTION, POWER GENERATION, POWER GRID

1. Introduction

Lifting and transport equipment plays a key role in the
processes of mechanization and automation of specific activities
related to lifting, lowering, transportation, loading, unloading and
other manipulation actions of different size, mass and type of
cargo in the industry [1, 2].

Elevators are stationary lifting devices with periodic action,
intended for raising or lowering people or various loads in a cabin
or platform moving between two or several permanent stops in a
specially constructed shaft. If there is no such shaft, and the
stairwell is small and does not allow the construction, then in the
mass case, an external elevator is made along one of the walls.

Elevators save us the endless and tiresome climbing of stairs in
tall buildings. They were used as early as 2600 years ago, but of
course they were quite different from modern ones. The first
electric passenger elevator was made by the German company
SIEMENS in 1888. It rose to 22 m in just 11 seconds. The first
OTIS electric elevator was installed in a skyscraper in New York
in 1889.

Currently, the situation in Bulgaria regarding elevators is as
follows. As of 16 September 2024, according to the information
system of the State Agency for Metrological and Technical
Surveillance (SAMTS) for the facilities with increased danger,
which also includes information about the elevators registered by
the technical supervision authorities, their number is as follows:
registered 90905 elevators, of which 80905 are in operation, and
licensed persons have registered 69873 elevators, of which 64117
are in operation. There are 11,122 units in public buildings, which
are under the supervision of SAMTS, and 69,873 units. are in
residential and industrial buildings and they are under the
supervision of companies with a license issued by SAMTS to
inspect them [3].

A large part of the elevators that left the factories count them
as being in service. But there are many buildings in which there
are 3 or 4 elevators, but only one is actually functioning. The
technical condition of the old elevators is getting worse every year.
They are becoming more and more dangerous and still not
maintained according to European safety requirements and
standards. The average age of elevators that were manufactured
before 1992 is now almost 40-45 years. Periodic repairs must be
carried out, which are necessary and stipulated by the
manufacturers of the respective lifts. All who maintain elevators
are obliged to comply with the instructions of the factories that
produced them and to carry out functional inspections, technical
services: small, medium and capital repairs.

An elevator is a means of transport like a car. It has even been
proven that globally, elevators carry the most people in the world,
even more than cars. Because many people today will travel by
car, by subway, by bus, but they will also take an elevator in a
building. So this is an extremely important facility that the owner
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must manage properly so that its safety is not compromised. Just
as if a car fails technical inspection, its owner is penalized, so if an
elevator in an apartment or administrative building fails technical
inspection, the owner of the building is penalized [3].

By purpose, elevators are divided into the following types:
passenger, hospital, cargo. Elevators are divided by the size of the
nominal speed also: low-speed - with nominal speed up to 1 m/s
for buildings up to 15 floors; speed - with a nominal speed up to
2.5 m/s for buildings with a height of up to 24 floors; high-speed -
with a nominal speed above 2.5 m/s for buildings with a very high
height and with a large flow of passengers.

The main parameters that characterize the qualities of
individual elevators are: speed, load capacity (the maximum
weight of payload or passengers), lift height (the distance from the
lowest to the highest service level of the elevator) and number of
stops (usually the number of stops overlaps with the humber of
floors).

Most often, induction motors (IMs) - single-speed and two-
speed - are used to drive elevators. Two-speed IMs provide motion
at rated and reduced speed. The nominal (high) speed is used for
transport between floors, and the low (reduced) speed is used for
positioning and precisely stopping the cabin relative to the set
floor. Unlike general-purpose IMs, those for elevators have an
increased starting torque.

It has been estimated that IMs are used in seventy to eighty per
cent of all industrial drive applications [2, 4]. In turn, IMs owe
their wide distribution for solving various engineering tasks to
their relatively simple construction, the small number of moving
parts and the high wear resistance of the motor elements. It is
primarily due to the absence of a collector and the associated
friction, sparking, wear of the brushes and contact elements. An
important advantage of these machines is their direct power supply
from an alternating current (AC) mains.

The electrical control schemes for passenger elevators that are
still widely used are relay-contactor control systems. To improve
the operation of elevators and to improve the automation of their
management, control systems based on programmable logic
controllers (PLC) can be used.

The development of technology leads to rapid progress in
elevator technology. A modern solution is to include more
elevators in a common system. The market demands are small
size, high speed and higher heights, quick stopping and low noise
level. In recent years, the elevator market has witnessed a
significant technological evolution towards systems with gearless
traction, which allows the construction of reliable, quiet and
comfortable installations, overcoming the limitations of traction
with traditional gearing [1, 2].

There has been a huge interest in the purchase and installation
of elevators in recent years. Until recently, the largest number of
orders came from hotels, new business buildings, but more and
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more customers are those who have old cooperatives without an
elevator or small new blocks for which this service is saved. The
prices move in a very wide range, depending on three main factors
— local or imported production, size and load capacity, luxurious
interior design, etc.

2. Details according to the passenger elevator
under consideration

The elevator, the subject of this paper, has been designed for
an office building with 10 floors. The flow of passengers in the
morning is high, up direction, boarding a full cabin and descending
an empty cabin, and in the late afternoon it is the opposite —
ascending an empty cabin and disembarking passengers
afterwards.

When choosing the power of electric motors (EMs) for
elevators, the method of successive approximations is used. It
consists in the following — on the basis of static loads or statistical
data for similar mechanisms, a preliminary power of the EM is
determined. With the static load data and the data of the pre-
selected motor, calculations have been made and a static and
dynamic load diagram has been drawn out for a full cycle. This
chart checks the pre-selected motor for warm-up and short-term
overheat conditions.

The average power loss method or equivalent quantity
methods are used to check the EM for heating. If these checks are
not passed, the next higher power motor from the standard power
range is selected and the checks are carried out again.

In order to dimension the EMs correctly it is extremely
important to specify the kind of operation the EM is to perform.
Regulation CEI 2-3, dossier 8284, in accordance with European
(European Committee for Electrotechnical Standardization —
CENELEC EN 60034-1) and international standards (IEC 60034-
1), distinguishes 10 types of duties, whose operating criteria are
specified below [5, 6]. The first three modes (S1, S2 S3) are
adopted as the main operating modes of EMs: continuous, short-
time and periodic duty. Modes S4 — S10 are introduced to simplify
the puzzle of random mode equivalents by rated load, by
expanding the nomenclature of the latter. The heating conditions
of EMs are different, which is why different methods of power
selection are needed. For each mode, specially designed EMs are
used.

The duty cycle type of the elevators is Intermittent Periodic
Duty (S3). This mode is characterized by a cyclical change in the
state of the EM — after work, there is a pause for a short time and
then the process is repeated. The temperature does not have time to
reach a constant value, and during shutdown the machine does not
have time to cool down to the ambient temperature. The duty cycle
is too short for thermal equilibrium to be reached. The starting
current does not significantly affect temperature rise.
Recommended values for the cyclic duration factor are 15, 25, 40,
and 60%. The duration of one duty cycle is limited to 10 min.
Induction motors, driving lifting equipment (cranes, hoists,
elevators), electric tools, as well as punching and drilling
machines, etc., are specifically designed and work most often in
this mode [2, 7].

Selected and successfully passed the checks is an EM with
specific output data, some of them are:

v Rated load capacity Grarep = 3200 N — i.e. 4 passengers
weighing 80 kg (+800 N) each

v/ Cabin travel speed V=1 m/s

v’ Cabin Welght GCABIN =5100 N;

v' Guide wheel diameter D =0.58 m

v’ Transmission ratio of the gear iy = 27.32

v" Number of floors — 10;

v Floor height h = 3.6 m;

v Nominal efficiency of the system #=0,75.
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Some technical data of the drive EM are given in the
Appendix.

In elevators with electric drive, a feature of the mechanical
system is the presence of the so-called a counterweight that
balances the weight of the cabin plus part of the load.

The weight of the counterweight is determined by the formula:

Gew =Gcapin + @GRraTteD: N 1)

where Gew — weight of the counterweight

o — equalization coefficient, takes values from
0.3 to 0.6, i.e. balancing 30-60% of the rated
load capacity. We accept o= 0.5.

Gew =6700N

The acting resistance forces F; and their corresponding
moments of resistance are determined for each of the possible
stops, as well as the travel times and the acting accelerations.

In terms of resistance forces, they are greatest when a loaded
cabin with a nominal load starts up from the lowest floor and when
an empty cabin descends from the top floor.

The determination of the resistance moments acting on the
individual stops is as follows:

_ F.D _ 1600 x0.58
2.gnm  2x27.32x0.75°

@

where n;— efficiency for the respective stop.

In terms of accelerations, the two most severe cases with the
largest values in elevator operation are lowering a full cabin and
raising a single passenger. When starting and stopping the
elevator, the accelerations must be less than the permissible value
1.5 m/s%. If the accelerations in the mentioned cases are greater
than the permissible value, with an already selected EM, they can
enter the norm by changing the flywheel moment of the system
with the addition of a flywheel.

Both the torque of an EM and its speed can be in different
directions. Since in mathematical formulations the direction of
velocity and torque are represented by their signs, both quantities
are sign-variable. The polarity of angular velocity and torque
determines the direction of power transmission between the motor
and the mechanism connected to it (this mechanism is considered
as a mechanical load). When the shaft power of the electric motor
is P>0, the EM motor operates in motor mode. In this mode, the
EM converts electrical energy to mechanical energy. Electrical
energy is drawn from the supply power grid, converted to
mechanical energy in the EM and given to the load, i.e. the
mechanism. When P<0 the EM is said to be operating in braking
mode.

There are three types of braking modes:

v’ generator braking (with release of electrical energy into the
power grid)

In this stop, the rotor is spun by an external mechanical source.
The angular speed becomes greater than the synchronous speed: ®
> ®,. The slip s becomes negative, the signs of the induced voltage
and current in the rotor change and the IM becomes an induction
generator (IG). This method of stopping is used in micro-
hydroelectric power plants and in mechanisms with a potential
active moment of resistance (elevating transport mechanisms -
cranes, hoists and elevators).

v’ dynamic braking

It is used for squirrel-cage IMs in flywheel mechanisms. The
stator winding is disconnected from the mains and to two of the
phases voltage is applied from a direct current (DC) source which
creates a constant stationary field. The interaction of the rotating
magnetic field of the rotor and the stationary magnetic field of the
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stator produces a braking effect. In this mode IM becomes a
generator, which is loaded with the resistance in the rotor circuit.
Mechanical energy is converted into thermal energy, which is
dissipated in the air space.
v’ braking by counter-locking: exclusively for IMs with a
wound rotor.

As a summary — in the generator modes, the mechanical
energy coming from the working machine is converted in the EM
to electrical energy. In regenerative braking, electrical energy is
fed back into the power grid. In practice, rotation frequencies
much higher than synchronous are not allowed due to increased
losses and heating and reduced efficiency. That is why, even as a
generator, the asynchronous machine works with slips that are the
same in absolute value as those of a motor.

3. Results obtained

In connection with the set goal, calculations were carried out
for the possible recovery, i.e. returning electrical energy back to
the supply power grid when the driving rotating electrical machine
is switched to generator mode.

Two sets of calculations have been performed. First group of
calculations have been carried out in the case that there is no
previously selected EM and only the output data is used — 10-floor
building (each floor with a certain height and floor slab thickness)
with a lift for a maximum of 4 people. A second group of
calculations have been carried out in a different way - with an
already selected EM — and taking into account its nominal data
(mainly rated power and rated rotational frequency).

For both sets of calculations, results have been obtained for the
movement of the cabin with passengers in it in the UP and DOWN
directions. The results for moving the cabin with passengers in it
in the DOWN direction are assuming it moves from the top floor
to the ground floor.

The obtained results are presented in tabular form below.

Table 1: Results of preliminary calculations for an electric motor for an
upward direction

Forces Eﬁiciench Torques at Active | Working | Active
%S ¢| atthe |atthe stops the stops, power, time, s | energy,
g Sistops, N Nm kw X107
= kWh
=
» [Fo=1600 |0.75 Mo=22.65 [2.134 8.33 4.938
S [F1=800 |0.72 M;=11.79 |[1.111 8.33 2571
c
& |F=0 0 M,=0 0 8.33 0
8 |Fs=-800 [0.48 (loadMs=-4.08 |-0.384 8.33 0.890
~ downward)
» |[Fo=800 |0.687 Mo=800 1.164 11.1 3.589
ag)’ F,=0 0.114 M;=0 0 11.1 0
[<5)
é F,=-800 |0.596 (loadM,=-800 -0.477 11.1 1471
™ downward)
o [Fo=0 0.114 Mo=0 0 16.65 0
(<5
2 |F1=-800 |0.596 (loadM;=-800 -0.477 16.65 2.206
& downward)
©
o
N
_  |Fo=-800 |0.596 (loadM,=-800 -0.477 33.3 4.412
3, downward),
c
a3
@
o
-
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able 2: Upward direction results with electric motor selected

'S o [ Active power, 6.8 kW [Working time,| Active energy,
s S s x10"° kWh
e

£}

z8

» Between stop 3 and [8.33 15.734
o |stop4

o

&

@

o

<

” Between stop 2 and [11.1 20.967
g |stop3

2

@

o

(32]

o Between stop 1 and |16.65 31.450
o |stop2

c

2

@

o

N

- To stop 1 (we accept 33.3 62.900
g |[the last floor)

2

@

o

—

Table 3: Results of preliminary calculations for an electric motor for a

downward direction
=

», | Forces, |Efficiency| Torque, Active | Working | Active
- §, N Nm power, time, s | energy,
é = kw x10° kWh

(2]

w
Z8
» |[Fy=-1600 [0.66 My=11.21 |1.056 33.3 0.010
g
c
a
&

o
<
» [Fy=800 [0.59 My=5.01 |0.480 33.3 0.004
g
c
a
&
o
[30]

Table 4: Downward results with electric

motor selected
-

«» | Active |Working| Active
= g [power, kW| time, s | energy,
£5 x10"° kWh
28
- P8 33.3 62.9
)

c
2
&
o
<
- P8 33.3 62.9
)
c
2
&
o
(32)

It can be seen from Table 2 and Table 4 that the greatest
savings in electrical energy are achieved in the cases of raising 1
passenger from the ground floor to the top floor and when
lowering 3 or 4 passengers from the top floor to the ground floor.

Other scenarios are also possible, but the ones studied so far
show certain trends.
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4. Conclusions

The treated topic is actual, as the results of some developments
in this area have not yet been put into practice.

With the availability of smart electricity meters in recent years,
the electricity generated by the elevators could be counted and
deducted from the monthly bills of consumers. If this energy is not
taken into account, it is immediately consumed (and recorded on
another electricity meter) by the nearest consumer.

Regardless of the specific case - whether it is a new elevator or
an existing one - it would be good to take into account the possible
savings in electrical energy. They directly affect the monthly and
annual electricity costs of administrative and domestic buildings.

Among the leading technological trends in drives, summarized
by the analysts, is the increasingly targeted market demand for
specialized solutions for specific applications. Typical examples
are drinking and wastewater pumping equipment, HVAC systems,
elevators, and faucets. Investing in a purpose-built solution creates
greater confidence for users, who are convinced that they can rely
on optimized hardware, firmware and technical documentation that
precisely matches the application area.

Leading EM and ED manufacturers are united around the
proposition that key Industry 4.0 technologies such as artificial
intelligence and machine self-learning will play a fundamental role
in the development of modern drives as well. Consumers already
expect every device to have smart functions, but their self-serving
integration alone does not lead to serious technological progress,
experts believe. The real winners in the race will be those
manufacturing companies that succeed in harnessing innovations
such as machine learning to collect performance data from ED in
real time. The possibilities for automated adaptation of work
parameters and processes “on the fly" based on the collected
information will prove to be the real winning advantage over the
competition.
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Appendix

INDUCTION MOTOR DATA

Type AC 200-1-6/24 — elevator two-speed induction motor
Rated power — Pu = 6.8 /1.4 KW

Cyclic duration factor — CDF =50/10 %

Number of switches on per hour — SF = 180 h*

Rated voltage — U =380 V

Rated rotational frequency — n, =897 /193 min ~

1

Rated current — 1, =17.0/13.8 A
Multiplicity of starting torque — 2.55/1.86
Multiplicity of starting current — 63.5/19.0
Rotor moment of gyration — 1.07 kgm?
Weight — 160 kg
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Ynpasienue Ha OUTOBH esleKTpoypeau ype3 kadeana u Wi-Fi mpeska

Control of household electrical appliances via cable and Wi-Fi network

YrnpasiieHne ObITOBHIMH YJIEKTPONPHGOpamMu no Kadeao u cetu Wi-Fi

Hou. o-p XKeitnos, XK. Us.l, Unk. Tenmues E.2
Texuudecku YHusepcurer-Bapna, benrapus
e-mail:zh_viv@tu-varna.bg', rahe@abv.bg?

Abstract: The article analyzes some solutions for remote control of household electrical appliances, through which electricity
consumption is monitored. A historical overview and classification of technologies for remote control of consumption is made. The hardware
and software features of the control are discussed. An example implementation of an accessible Arduino microcomputer control system is
shown via cable and Wi-Fi network. The system sends data about electricity consumption and switches electrical consumers on and off

according to a schedule.

Keywords: ELECTRICAL APPLIANCES MONITORING AND CONTROL, ARDUINO, MICROCOMPUTER, WI-FI MODULE,

ELECTRICAL CONSUMPTION

1. Yeoo

ABTOMaTI/I3aL[I/ISITa B JOMAaKHHCTBOTO Hpe,I[OCTaBﬂ 3HAYUTCIIHO
ynoOCTBO Ha MOTPEOUTENNTE, KATO MM MO3BOJIABA J]a KOHTPOJIHUPAT
W yOpaBisSBaT pa3IMdHU ypeou OUCTaHIHOHHO. ToBa JaBa
CIIETHATE TIPEIUMCTBA:

- Enepruiina edextuBHOCT: Upe3 aBToMaTH3alUsATa MOTAT Jaa
ce ONTHMH3MpAT pa3XOAWUTE 3a EHEprus, KaTo YpeauTe ce
BKJIIOYBAT U H3KJIIOYBAT CIIOpPE] HYXKIUTE U BPEMEBHTE IpadHLIH.

- IlomoOpsBane Ha  Oe3zomacHocTtTa: CHcremuTe 3a
JMCTaHIIMOHHO YIpaBICHHE MOTaT Ja BKJIIOYBAT (QYHKIMH 32
MOHHMTOPHUHT ¥ TPEIyNpeXICeHHs, KOETO MNOBHIIaBA HUBOTO Ha
0€30MacHOCT B JI0Ma.

- [lo-necuo YyIpaBJICHUEC Ha I0oMa: ABTOMaTH3aIMATa YJE€CHsBaA
YIpaBJICHUETO Ha pas3jii4yHUu acClieKTH OT JAOMAKMHCTBOTO, KaTo
OCBETJICHUE, OTOMJICHUEC, OXPAHUTECIIHU CUCTEMH U J1P.

PasButnero nHa MWurepuer na Hemara (IoT) wu cmapr
TEXHOJIOTUUTE TpaBud aBTOMATH3alMsATa BCE IO-JOCThIIHA U
MOIyJIIpHA.

IlorpeburenuTe Moratr aa KOHTPOJIHPAT YPEAHUTE Y AOMa CH OT
BCsIKa TOYKA Ha CBETa Ype3 CMapT(HOHU WK KOMITIOTPpH. BB3MOXKHO
€ TpeABapUTENHO 3aJaBaHe Ha TrpadWld W aBTOMATH3aIWH Ha
3aauynTe, KaTo BKIIOYBAHE W M3KIIOYBAHE HA OTOIUICHHE WU
OCBETJICHME TIIpeld MpucTurane y jgaoma. Onrumuzanusra Ha
MOTPEOJICHAETO HA CHEPTHs HAMAJsIBa MECEYHUTE CMETKHU 3a TOK W
JPYTH YCIYTH.

JIMCTaHIIMOHHOTO yNpaBJeHUE MO3BOJIABA MHTETPALUS C IPYTH
CMapT CHUCTEMH KaTO OXPaHWTEIHH KaMEpH, NATYUIH 3a JBHKCHUE
u nip.. [ToBumieHoTo yao00CTBO M KOHTPOJ BBPXY JOMAIIHATA Cpeaa
mo100psiBa KAYECTBOTO HA KUBOT HA OOUTATENHUTE.

2. Ilpeonocmaséku u HAYUHU 34 peuiasane Ha
npoonema

JIMCTaHIIMOHHOTO YIpaBJICHHE MO3BOJISIBA MOTPEOUTENHTE 12
KOHTPOJIUPAT ypeiuTe B JIOMa CH OT BCsKa TOYKAa Ha CBETa 4pe3
cMmapThoHr i KoMmoTpu. C HEro ce MOCTUra YHpaBJICHHE IO
Bpeme. ToBa € BB3MOXKHOCT 3a NPEIBAPUTEIHO 3aJaBaHE Ha
rpaduny M aBTOMATH3alMsg Ha 3aJayuTe, KaTo BKIIIOYBAHE Ha
OTOIUICHHE WM OCBETJICHHE MpeAd MNpPUCTHraHe Yy JoMa.
OnruMusanusra Ha IIOTPeOJIEHHETO Ha CHeprus BOAU IO
HaMaJIsIBaHE HA MECEYHHUTE CMETKH 33 TOK M peasln3als Ha IpYyTH
YCIIyTH.

ITbpBHUTE ONMUTH 33 AUCTAHIMOHHO YNPABJICHUE HA YPEIHU ca
0asupaHn Ha MEXaHWYHH TalMepH U eJICKTPOMEXaHHIHU
perneiinn cucremu. B kpas Ha 20-TH Bek, uH(padepBeHHUTE
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TEXHOJIOTHH CTaBaT MOMYISIPHH 32 YIPAaBJIEHHE HA YCTPOUCTBA
KaTo TEJEeBH30pU M aynuo cuctemMu. B Hawamoro Ha 21 Bek
Radio Frequency (RF) AMCTaHUMOHHWTE  YIPABJICHHS
MO3BOJISIBAT yIpaBICHHE Ha ypead O0e3 mpsika BHIMMOCT,
pasIMpsIBaiiki BE3MOXHOCTUTE 33 AUCTAHIMOHHO YIPaBJICHHE
[2]. C pasBuTHeTO HAa MEPCOHAIHUTE KOMITIOTPH M HHTEPHET,
3amovBar ga  ce  pa3paboTBaT  IIbPBUTE CHCTEMH 32
JIMCTaHIIMOHHO YIPAaBICHHE Ype3 KOMITIOThPHH MpekH [3].

. Be3xogpr Ha Wi-Fi TexHomorumre u cmaprdonute
NpaBd BB3MOXKHO YIPABICHHETO HA YpPEIHM 4pe3 HHTCPHET U
MoGwiHE npunoxenust [1]. Tloseata Ha IoT miardpopmu kato
Amazon Alexa, Google Home u Apple HomeKit ch31aBa HOBH
Bb3MOXKHOCTH 32 HHTEerpalus W  aBTOMaTH3alus  Ha
nomakuHckuTe ypean. Wi-Fi uMar mupoka 10CThITHOCT, JieCHa

HUHTErpanusa CbC CBIICCTBYBAIIUTE MPEXKH, BUCOKA CKOPOCT Ha

npeqaBaHe — Ha  JIaHHH, obaue  HUMaT  MO-BHCOKO
eHepromoTpeOieHne W ca  BB3MOXKHH  NPOOIEMH  ChC
CHT'YPHOCTTA.

. Bluetooth mpemmara mucko enepromorpedieHue,

no0pa chbBMeCTHMOCT ¢ MOOWIHH ycrpoiictBa. Bluetooth mma
obade orpaHnveH 0OXBAaT M OTpaHUYEHA CKOPOCT Ha IpelaBaHe
Ha JIaHHH.

. Zigbee wma HuCKO eHepromoTpebiieHHe, MpEKOBa
tonosiorust (mesh network), Bucoka HagexaHoct. Zighee uma
MO-HHUCKA CKOPOCT HA Mpe/aBaHe Ha JaHHH, HEOOXOJUMOCT OT
CIIeNHAHHA XbOOBE 32 YIpaBlCHHE.

. Z-Wave mMa HHCKO €HEpromnoTpeOJIeHHe, CUTYpHA H
HaZeXK/IHAa KOMYHHKaLUs, MpexoBa Tornojorus (mesh network).
Hemocrarbiu ca mo-BUCOKH Pa3Xxo/Iy 3a Xapyep, mo-mMaika dasa
OT CbBMECTUMHU yCTpOl\/'ICTBa B CpaBHEHHUE C APYTr'A TEXHOJIOTHUH.
Radio Frequency Identification (RFID) u Near Field
Communication (NFC) ce mossBar Haii-Beue 3a KOHTpPOJI Ha
JIOCTBIIA ¥ HACHTH(HKALMS Ha 00EKTa.

Ipennmvcrara Ha RFID u NFC TexHONOTHUTE Ca IECHOTO
U OBP30TO UM B3aUMOJECHCTBHE Ha KbCH PA3CTOSIHUS.
Henocrateimre um ca B orpanuuenus obxsar. Te He ca
HOJXOJIAIIH 32 BCHUKH BUJIOBE YPEIH.

CT)H.[GCTByBaT HAKOJIKO pEHICHUS U MPOAYKTH, NMpEAjIaraHnn
Ha rasapa 3a IMCTAaHIIMOHHO YTIIPABJICHUEC:

. Unrerpupann  [oT mmarpopmu: Amazon Alexa,
Google Home, Apple HomeKit. ToBa ca cucremH, KOHUTO
npelyiaraT LEHTPAIM3UPAaHO yIpaBiICHHE Ha Pa3HOOOpa3HU
ypemu 4pe3 INIACOBH KOMAHIW M MOOWIHHM MPHJIOKCHHS, HAMP.
CMapT KpyIIKH, TePMOCTAaTH, OXPAaHHTEIHN CHCTEMH, CMapT —
poserku [4].

. Creunanusupanu cucremu 3a ynpasienue: Philips Hue,
Nest Thermostat. Ilpomyktu, &kouTo ce (OKyCHpaT BBPXY
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CrieU(UYHA aCIEeKTH Ha ITOMAaKHHCTBOTO, KAaTO OCBETJICHHE U
KiuMaTu3aiust. Te mpeiaratr JiecHa HHCTAIALWsl, HHTYHTHBHH
unTepdeiicu, ceBMecTumoct ¢ apyru [oT miardopmu [5].

e Oreopenn miarpopmu u ,Hampasu cu cam” /Do It
Yourself/ pemrennst: OpenHAB, Home Assistant. ToBa ca
mwiaThOpMH € OTBOPEH KOZ, KOWTO MO3BOJNSBAT Ha
noTpeOuTeNMTe [ga Ch34aBaT M IIEPCOHAIM3HPAT CBOU
COOCTBEHH CHCTEMH 3a IUCTAaHLMOHHO YIpaBicHHE. Te ca
CBBKaBH, OCHTYPABAT MOJIPHXKKA HA NIMPOKA TamMa OT
ycTpoiicTBa M aKTHUBHH moTpeOuTencku obmHocti. Te mmar
[0-CJI0KHA KOH(MHUTYpaIysl, H3UCKBAIl[d TCXHUYECKH TT03HAHUS.
Monynau cucremu: Samsung SmartThings. Tosa e
CHCTeMa, KOSTO MOJAABPIKA MHOXKECTBO MOJYJIH M YCTPOMCTBA,
MPEeNOCTaBIWKM T'bBKaBOCT H Mamiadupyemoct. Ilo3Bossia
JIECHO Pa3IIMPsIBaHE C HOBU MOIYJIM M MHTCTPALUS C PA3IHIHH
texnonoruu (Wi-Fi, Zigbee, Z-Wave).

3. Pesynimamu u ouckycus

lIle peanm3upame MakeT Ha MPOCTA CHCTEMa 32 JUCTAHIIMOHHO
yhopaBieHHe Ha  OHTOBH  CICKTPOYpeId C  yIpaBJisiBall
MHKpPOKOMIIOTBD W mepudepuss. UYpes Hero 1mie Obaar

JEMOHCTPUpPAHH MpPEIUMCTBaTa M BB3MOXKHOCTHTE HAa TaKaBa
cucrema. Crcremara I03BOJIsIBa YIPABICHNAE HA PAa3HIHH YPEIH B
JOMAaKHHCTBOTO Ha KBCH Pa3CTOSHHUS KAaTO W3MOpala IaHHH 3a
MOTPeGICHHETO HAa ENEKTPHYECTBO M BKIIOYBA M H3KIIOYBA 110
rpaduK AUCTAHIHOHHO eIEKTPHIECKUTE KOHCYMATOPH.

IlpumepHa peanm3anus Ha eIEKTpUYECKOo TablIo 3a JoMa e
moka3zano Ha ¢wur. 1. KM TabinoTo ca CBBbp3aHU ENEKTPHYECKHUTE
KOHCYMarTopH.

| |
& &

NN

R2
| cs2 |:| | ©s3

L2

|
&

N
|cs4 |:|_.

Ny

| CSM

!
N
IRI

| cs1

o

N\

SwW

L4

L3

Ny

®@ur. 1. biiokoBa cxema Ha ITaBHOTO Pa3NpeAeTUTETHO
EJIEKTPUYECKO Ta0IIOo

L1

Ha ¢wur. 1 ¢ R1-R4 ca o3HaueHu penerara, KOMyTHpAIId TOKa
mpe3 toBapure L1-L4. CS1-CS4 ca TOKOBH CEH30pH, M3MEpBAIlU
ToKa 1pe3 ToBapute. CSM e TOKOB ceH30p 3a 00II0TO moTpebieHue.
KbM rnaBaust npexbeBad SW Ha enekTpuueckoTo Tabiio e 1o0aBeH
natunk Ha Xon (ACS724 50A), ¢ koiito mie ce u3MepBa
KOHCYMUpaAHHUS TOK, PECIEKTUBHO CHEpPrusATta M MOIIHOCTTAa Ha
ITaBHOTO  pasmpenenurenHo Tabmo. Karo mpekbcBaunm  3a
SJISKTPUYECTBOTO 3a MIOMEILCHHUATa (XOJI, CIIaHs, KyXHs, OaHs...) ca
mnomBanu  Solid State Relay (SSR) pemera, mMonTHpanun Ha
OT/IeNIHA TIeyaTHa Iuiatka. Upe3 TIX ce KOMYTHpa ChOTBETHATa
TOKOBA BEpHUra.

WupopmanusaTa OT TNETTe TOKOBH JaT4UIM Ce IojgaBa 3a
00paboTka KbM MHKPOKOMHIIOTBPA Ha yHpasisBamius Moxyn. Tasn
uHdopmaius ce Bulyanusupa Ha jokageH LCD gucrmnedr u ce
noxasa kbM WEB 6pay3sp — dur. 2.
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RTC
DS32n

Wi-Fi
ESP8266

MMCT

Arduino Mega 2560

@ur. 2. briokoBa cxemMa Ha MOJIyJIa 3a yIpaBJeHUe Ha
eNEKTPUIECKH KOHCYMaTOpH

VhpaBngBamuaT ~ MOAYJ — OCBIIECTBSBA  BKIIOYBAaHE U
M3KJIIOYBAHE Ha EJIEKTPUUYECKOTO 3axpaHBaHe. Toll chbabpxka
MHUKpPOKOHTpoJiepeH Moxyn Arduino Mega 2560, 4acoBHUK 3a
peanto Bpeme (RTC) DS3231 u moaymsr ESP8266 3a Gexuuna
KOMYHHKaIHs U cBbp3BaHe KbM Wi-Fi Mpexa.

3a menTta KbM amapTaMEHTHOTO eJIEKTpHYecKo Tabiio ca
Jo0aBeHU eNeMEHTHTE 0 HpoekTa. HemocpelncTBeHO 10 Hero ce
HocTaBsi TabJIOTO ¢ MOJyJIa 3a yIpaBJIeHHUE.

Ha ¢uwur. 3 e nokasana ¢oTorpadus Ha peann3upaHust MakeT 3a
yIIpaBIICHHE Ha MEKTPUIESCKA KOHCYMAaTOPH B MAITbK allapTaMEeHT.

Ll

®@ur. 3. Maker 3a eeKTPOHHO YIPaBJICHHE HA EIEeKTPHUCCKH
KOHCYMaTOpH

Arduino Mega2560 e pasBoiiHa miaTka c  8-OuToOB
MuKpokoHTpoep ATmega2560, paboren ¢ TakroBa udectota 16
MHz, 4KB EEPROM, 8KB pwrpemna SRAM. [IpeammcTtBo Ha
TO3HM MOJZEI € rojsMara My (UIall ITaMeT, KOSITO MOXe Ja JOCTHra
1o 256 KB. MUKpOKOMITIOTHPBT UMa 54 UPPOBH BXOTHO-U3XOIHU
KpadeTa, 15 OT KOMTO MOXe Ja ce M3MOJI3BaT KaTo aHAJIOTOBH 8-
6uroBn usxomu 3a PWM (Power Wide Modulation) u 16 karo
aHaJIOroBM BXoxoBe. MonenbT Mega uma 4 mporpaMupyeMu
cepuiinu komyHukaionuu nmopra (USART), SPI koMyHHKAI[HOHEH
nopt U 6 xapayepHu npekbscBaHus. [lnatkata Moxke 1a ce 3axpaHBa
npe3 USB KOHEKTOp WIIM BBHIIHEH )KaK C IOCTOSHHO HalpeXeHHe
7-12V.

KbM ympasmsBanms MHKPOKOMIIIOTBD ca CBBpP3aHH C Kabenu
yetupure SSR pernera u reTTe TOKOBHU JaTIUKa.

3a u3MepBaHE Ha TrolEeMUHATa Ha TOKA C€ IOJ3BAa aHAIOTOB
TOKOB CeH30p, u3nou3sail epekra Ha Xos. CeH30pbT npeodpasysa
u3MepeHara CTOMHOCT Ha Toka B HampexxeHue. HM3mepeHoTo
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HalpeXeHue ce 1mojasa Ha aHaiorosure Bxonose A0 u Al na ALIIT
Ha Arduin0 MHUKpOKOMITIOTBpa. MI3MEpEeHHAT TOK Ce mpecMsita Mo

¢dopmynara (1):

__5000xSens «(Ir—lo )
1024

M)

KBJIETO |- aHayoroBa CTOMHOCT Ha M3MEPEHHs TOK BbB BepHTaTa
[A]l, a Sens KOHCTaHTa Ha mpeoOpasyBaHeTo. Sens e
HanpexeHueto [mV], naBaHo OT ceH30pa 3a eIMHHIA U3MEPEH TOK.
Ir e momy4yena m3Mepena 1u¢ppoBa CTOHHOCT Ha HAIPEKEHHETO OT
ADC /0-1023/. lo e nomydyeHa u3MepeHa HubpoBa CTOMHOCT Ha
Hanpexenueto 2.5[V] or ADC npu tok [=0[A]. Imax e Mmakcumaisa
U3MepBaHa CTOMHOCT Ha TOKa OT ceHszopa. Axo |=Imax, uzxomHoTO
Halrpe)XXeHue Ha Jatduka e S[V].

W3nomsBaHu ca WHTETPAlHM CXEMHM Ha TOKOBH CEH30pH THII
ACS712 3a tok Imax=30[A] u ACS724 3a Imax=50 [A].

3a JloKaNmHO W3MepBaHe W BH3yanmsamus ce nobass LCD
muctuiei ¢ 4 pena u 20 cumBona/pen. To3u aucmeil U3Mmon3Ba NMHA
12C 3a nanHu 3a Bpb3Ka ¢ Mukpoxkommoorspa. Ha LCD nucnies ce
M3BEXJAa TEKYIIOTO BPeMe OT PETHCTPHUTE Ha YaCOBHHKA 32 PEAJHO
BpeMe, TeKyllaTa KOHCyMAaIUsi OT BCEKHM KaHal, CBBP3aH KbM
CEeH30pa 3a TOK.

YacoBHUKBT 3a peanHo Bpeme DS3231 nonawspixka nadGopMarus
3a CEKyHId, MHUHYTH, dYacoBe, [eH, Mecell, TroauHa. Toi
ABTOMaTHYHO KOPUTHpA Jlarara B Kpas Ha Mecella IIPH MEeCeLH ¢ 1o~
Maiko ot 31 muu. Paboru B 24 mwim 12 wacoB ¢opmar Ha BpeMeTo.
YacoBHukbT nMa 3V Oarepus, Taka ue TOYHO OTYUTA BPEMETO U
KOraro JIMIICBA 3aXxpaHBaHe OT MHUKpokoMmioTbpa. DS3231 e
cBbp3aH KbM Arduino mocpenctsom [2C  wumHTepdeiic, KoiTo
u3non3Ba kpaderara SDA u SCL na Arduino moxyna.

ESP8266-01S e kommakreH Moxya c¢ BrpageHa Wi-Fi
rxomyHuKanus. Toit mo3BonsiBa cBbp3Bade ¢ 802.11 b/g/n mpexwu,
paboreiiku B pexxumu Wi-Fi Direct (P2P) u Soft-AP. Upes Hero
BaIlIETO YCTPOWCTBO MOXKE Jia CIIOAENS JaHHH B Mpekara Wid Aa
Obie ympaBisIBaHO OT pas3crosHue. Brpagenusar B moayna 32-
OHUTOB MUKPOKOHTPOJIEP CE MporpaMupa 4pe3 ceprueH nHrepdeic ¢
nombrHuTeNeH USB-cepueH koHBepTop. MomynmsT Moxke aa
KOMyHHKHpa mnocpenctBoM AT komaHau WM Ja ce H3M0J3Ba
CaMOCTOSTEHO MporpaMupan upe3 copryepa Ha Arduino IDE.

TokoBHTE CEHCOpPH ca CBBP3aHH KbM aHAJIOTOBHTE BXOAOBE HA
Mega 2560
MPOMOPLUHOHATHO Ha u3MepeHus Tok. LCD nucnieit e cBbp3an
kbM Arduino upes [2C unTepdeiic 3a BU3yanu3anus Ha TaHHUTE.

M3rotBeHO € JEMOHCTpAlMOHHO Ta0lo, Ha KOeTo ca
MOHTHPAHH BCHYKHM KOMIOHEHTH. TabloTo € H3MOoN3BaHo 3a
peanHa (yHKIMOHATHA MpPOBEpKa HA OTJACITHUTE ENEeMEHTH M Ha
IsUIaTa CUcTeMa Karo IsIo.

Hammucanust codryep BKIII09YBa CICAHUTE OCHOBHHU IIPOTPAMHA
€JIEMEHTH !

1. HWuanmuanusanus:

Arduino 3a OTYUTaHE Ha HANPEKECHHUETO,

- Manmmanmsupane Ha cepreH MoHuTOp 11 ESP8266 Momyn
3a Wi-Fi Bpb3ka.
- Manmmammsupane Ha LCD mucrureit u RTC.
- Kondurypupane na ESP8266 xaro Touka 3a goctsi (AP).
- CrapTupane Ha CbpPBBpa.
- Kondurypupane na xpaderara 3a yrpaBlieHHe Ha pelieTara
Y 33 U3MepBaHe Ha TOK U HAIPEKEHUE KaTo M3XOJH U BXOJIOBE.
2. OcHoseH kb1 (loop):
- [IpoBepka 3a HANUYHK KIMEHTCKH 3asBKH KbM ChPBBpA.
- O6paborka Ha GET 3asBKH OT KIIHEHTA.
- 3mMepBaHe Ha TOK U Halpe)KSHHeE.
- M3uncnsBane Ha MOIIHOCT U €HEPTHS.
- O6unoBsBane Ha LCD nucrest.
3. OO6paboTka Ha KIIMEHTCKH 3asBKU:
- O6paboTka Ha 3asIBKH 3a yIIPABJICHUE Ha peJieTa.
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- O6paboTka Ha 3as1BKH 32 3371aBaHe Ha BpeMe 3a BKIIOUBAHE
U M3KJTIOUBAaHE Ha pereTa.

- Msnpamane Ha JaHHM 3a U3MEPBaHMSA KBbM KIIMEHTa upe3
reHepupase u unpaiase Ha ocHopHara HTML crpanuna.

4. 3Zarxnrouenue

ITpy pon3BOACTBOTO M MOTPEOICHUETO HA EINEKTPOCHEPTHS €
Hy)keH OamaHc MeXIy IIpOM3BeleHaTa M KOHCyMHpaHaTa
CJICKTPOCHEPT L. BsB BCEKH MOMEHT reHepupaHara
CJIEKTPOCHEprua TpsAOBa Ja TOKpHe moTpedieHuero. Mepkure,
KOUTO MpelnpueMa AbpikaBaTa 3a OCUTYpsiBaHe Ha OajaHC Ha
CHEProNOTPEOICHUETO CTUMYJIMPAT M OrpaHNYaBaT MOTpeOUTEINTE
Ha eJIeKTPUYECKa eHEeprus KaTo s 3alulallaT Mo pa3iniHU TapHH.
Pe3kure KIMMaTHYHM TPOMEHH CBIIO HamaraT BBbBEXIaHE Ha
penuia perynamuu. ToBa Hajara BCeKH €JUH OMTOB MOTpeOHTEN aa
€ B CBCTOSIHME caM Jla MOXKe Ja IUIaHUpa, CIEAHd M KOHTPOJIHpa
HOTPeOJICHNETO Ha eNIEKTPUISCKa SHepTUsl.

OCHOBHHTE NpeIUMCTBa Ha pa3pabOTEHOTO PEIIEHHE ca, Ye TO
UMa JIeCeH IOCTBII 10 AaHHWTE OT KoHcymammsarta. Upes WEB
uHTep(elic JTaHHUTE ca JOCTHIIHU B PEAHO BPEMe, KOETO YJIECHsBa
MOHUTOPDHMHIa ¥ yHpaBlIeHHETO Ha cucremara. Cucremara e
MOJyJHa M T'bBKaBa. TS MOXe JECHO Ja ObJe pasliMpeHa WIu
MoauGHIMpaHa 3a Pa3IMYHU TPUIOKEHHUS.

3apaqy M3IOI3BaHETO Ha MOXyna 3a Oe3KMYHA KOMYHMKALHs,
cucreMara MOXe Ja MMa 3a0aBsiHe Ipu 00paboTKaTa Ha JaHHH.
OcBeH TOBa T KOHCYMHpa 3HAUHTEIHO KOJIMYECTBO CHEPTHS,
ocobeHo npu aktiuBHa Wi-Fi koMyHHKaIH.

Tesu HemoctaThIm MoraT na ObzaT wu30erHaTH dpe3
onTUMHU3alMsA Ha copTyepa W M3ION3BaHE HA CHEPTUIHO
e(eKTHBHI KOMIIOHEHTH.

Pa3rneganata cucreMa Moxke Ja Obae U3MOI3BaHA B
Pa3HOOOpa3HU MPHUIOKECHHS KaTo:

- Jomamna  aBroMarm3alys 32 ~ MOHHTOPHMHT  Ha
EHEPTONOTPEOICHHETO.

- Hayuynn u3cnenBanus u oOpa3oBaTeHU MPOCKTH, CBBP3aHU C
enexkrponuka u loT.
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CONTROLLING EFFECT OF ADDITIONAL STRESSES ON THE ROLLING PROCESS
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'Rudny Industrial University, Rudny, Kazakhstan
2Karaganda Industrial University, Temirtau, Kazakhstan
e-mail: melentev.98@inbox.ru

Abstract: As it is known, the manufacturing process of complex long products is accompanied by significant uneven deformations.
Accordingly, as a result of the equalizing action of the compressions in height and width of the produced varietal profile, undesirable
additional stresses arise in it at the inlet and outlet of the deformation zone. But at the same time, these additional stresses can act as a
controlling effect on the deformation zone. This work is devoted to the consideration of realization factor of additional stresses as a control
action factor. During the work, both theoretical research in this area of research and a physical experiment were carried out. The conducted
studies have shown that in order to make sure how effective and efficient the loading is when regulating the stress-strain state of the plastic
medium with the help of additional stresses, it is always necessary to assess the additional impact on the deformation zone. It has been
proved that the effectiveness of the control effect of additional stresses on the rolling process takes place if its implementation under force

loading is less than the main deformation effect.

KEYWORDS: ROLLING, ADDITIONAL STRESSES, UNEVEN DEFORMATION, ADDITIONAL IMPACT, PHYSICAL MODEL

1. Beéeoenue

W3roToBieHre COPTOBOrO MpPOKAaTa HMEET OTIHYUTEIbHYIO
O0COOEHHOCTh, YTO MPOLECC IPOU3BOJCTBA CONPOBOXKIACTCS
3HAYUTEILHBIMU HEPaBHOMEPHBIMHU nehopMaIisIMH. B
pe3ynbTaTe ypaBHHBAIOIIETO JEHCTBUS BBITSDKEK IO BEICOTE U
MYpHHE NMpoQuIs Ha BXOJAE M HAa BBIXOJE M3 odara aedopmanuit
BO3HHKAET JOTOJHUTENbHOE HampspkeHue [1]. JomogHuTenpHOE
HampsDKEHHE BOCIPHUHAMAETCST KaK OTPHUIATENbHBIA  (akTop,
OMHAKO €CThb BAPHAHTHI MPH KOTOPBIX OMOJHHUTEIHHBIC
HATPSDKEHUST MOTYT BBICTYNATh KaK YIPaBJSIONIee BO3ACHCTBHE
Ha ouar aedopmanyu. B 3HAYMTENBHON CTENEHH H3MEHSETCS
HanpspkeHHoe ¥ 1e(OPMHUPOBAHHOE COCTOSHHE B 30HE
dbopmomsmenenusi.  Ecam  Oyamer  J0Ka3aHO ~— YTO  3TO
JIOTIOJIHUTENIbHOE  BO3CHCTBHE OyzmeT MeHbIIe OCHOBHOTO
HATPY)KEHHsI, TOrJa MOXXHO CYHUTATh HYTO 3TO JOMOJHHUTEIHHOE
HATrpy)K€HHE MOXeT OBbITh YIPAaBISIOMIUM. PACCMOTPHM BEITHYHHBI
JOTIOJTHUTEIbHBIX HATPSIKEHHH M COMOCTAaBHM HMX C OCHOBHBIM
HarpykeHHeM B ouare paepopmamuu. C 3TOH 1enpio  ObLT
CIUIAaHUPOBAH M OCYILECTBJIEH KCIIEPUMEHT IO 3aMepy MOMEHTOB
CO CTOPOHBI OOKOBBIX JIMHEEK C HEPABHOMEPHBIM aCCUMETPHYHBIM
obxaTueM.

Ha pucynke 1 nmokazaHo cOBMeEIIEHHE Ia0JOHOB YHCTOBOTO M
MPeIYUCTOBOrO KamrOpOB B MOCIEAHEM MPOXOIE MPHU MPOKATKE
npoduas o6oma Koyeca TpPy30BOro aBTOMOOWIS. B maHHOM
cllydae peajn3yeTcsi TEXHOJIOTHsI TPOKATKH 0000 TOHKOCTEHHOTO
npoduias B MEHTPATbHOM YACTH IMPH MOMOIIHM YHPABJISIONIETO
BO3JICHCTBUS, XapaKTepH3yeMOro CKOPPEKTUPOBaHHOI Qopmoii
(BoTtHOOOpa3HOiT) CHIIBHO 0OKHMMaeMoro yJacTka [2].

Puc. 1. Hucmosoii u npeduucmosoii wabroHsl npu npokamke 0600a ¢
YeHmpanbHoOU 801HO0OPAZHOT YACHbIO

Cnemyer OTMETHTh, 4YTO B pabore [2] 000O0mIeHsI
TEOPETUUECKHE, SKCICPIMEHTAIBHBIC HCCIEOBAHUS, IPUBEICHBI
CBHUJICTENbCTBA BHEJIPEHUS BHICOKOA(P(EKTUBHBIX Mpoduie
MpoKara.

HeonnopoaHocTs miiacTudeckoi aAeopMaluy MpUCYTCTBYET
BO BCeX Ipoueccax o00pabOTKM METaUIOB JaBJIEHUEM, YTO
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HETaTHBHO  CKa3bIBAaeTCd Ha  TEXHOJOTHYECKHX

M3TOTOBJICHHS M3JEIH. DTO BIMSHHE OUCBUIHO.
Henpro maHHOW paboOTHl SBIsETCS pa3pabOTKa (PH3UUECKOH

Mozmenn d¢ddexra TOMONHUTENFHOTO BO3ACUCTBUS HA oOdar

mporeccax

nedopmanmu,  Kak  yOpaBisomiero  ¢gakTopa  mporecca
IIACTUYECKOH nedhopmarm.

2. Mamepuaisl u memoosl

I[OHOJ'[HI/ITG,HLHLIC HalpsHKECHUs, KaxKk pe3yabTaT

B3aHMOJICHCTBHUS PA3IMYHO 00)KUMAEMBIX 3JIEMEHTOB B YCIOBHSX
HEPaBHOMEPHOW NeOpMannu OmpeaessieTcs TU00 TeOpEeTUIECKH
[2], [3] mubo skcmepumeHTansHO [5]. B cooTBeTcTBHU ¢ padoToit

[2]:

0i a; He J; 1 He

o =2—" ‘In—L, g =2—- -In—2, (1)
g 1+a g 1+a

rae oy, 01 — JAONOJIHUTECIIbHBIC HAIPSOKCHUA Ha BXOIAC H

BBIXOZIE M3 odvara aeopmanud A [ —TO 3JEeMEHTa;, 0; —
HHTEHCHBHOCTh HOPMAJIbHBIX HANpPSDKEHWH; & — MHTEHCUBHOCTH
nedopmaruii; a; — Ko3hHUIHEHT, ONpeaensIIomuil COOTHOIICHHE
MEXKTY JOMONHUTEIHHBIME HATPSKEHUSIMH Ha BXOJE M BBIXOJIE M3

m
ousara  gepopmanuu; In—% —  npojgonbHas  aedopmanus
Py
BSaI/IMO}]eﬁCTBI/Iﬂ Me)l(}ly CMECIKHBIMU yqaCTKaMI/I IMOJIOChI C
pasHBIMH  OOXATHAMH;  [ip, — CPENHsAS  BBITAKKA B - ovare

nedopmanuu mpu mpokKaTtke NMPOQHIL C PasHBIMH 110 HIMPUHE
nedopmarsamMu; [; — 9acTHast BBITSDKKA | — I'0 DJIGMEHTa IOJIOCHI.

JlomoTHUTETEHBIE HaIpsHKEHHS Ha OCHOBaHUH
9KCTIEPUMEHTANBHBIX JaHHBIX Pa0oTHI [S]:
gy = .Bo-u(kl - 1): 0 = Bo-u(l - kZ)' (2)
rie ki =n — 9KCIEPUMEHTATbHBIN K03 uUIMeHT

HaNPsDKEHHOTO COCTOSIHHSL METalla CHIIBHO OOXHMAero sJeMeHTa
(1), (mommop); k; = n, — SKCHEpUMEHTANBHBIA KO3()UIIHEHT
HANpsDKEHHOTO COCTOSIHUSL MeTajlia ciiabo 00XKHMMaero sjieMeHTa
(1), (pactsxenue).

Ioncrasnsas Beipaxenus (1), (2) B ypaBHeHHE paBHOBECHS AJIs
MOMEHTOB, MOJY4YUM JUI BXOzAa B o4ar ne)opMaiMy M BBIXOJA
CJIeTyIOIUE BHIPasKSHUS:

B g 1+a;

U
' lanOiinr
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i 1 C]
MBLIXZZZZ_i' ln’;—fFu}’u- (3)

oo

Broipaxkenus (3) ciokHO HCIONIB30BaTh B pacyeTax T.K. B
CTPYKTYypE IOMOTHUTENBHBIX HanpspkeHui (1), (2) 1 B BEIpaKeHHUAX
UL MOMEHTOB (3) MPUCYTCTBYET HEJIMHEHHOCTh OTHOLICHHH T;/
&. OueBnmHO MOMEHTH (3) HEOOXOIMMO SKCIEPUMEHTAIBEHO
npopaboTaTh Kak QYHKIHU:

0; a; Hep
My, = (Zz—‘-—l-ln—r ) 4
BX f & 1+ai i 0iY0i ( )
a; 1 u
MBLIX=f<ZZS_:'m'lnﬁF1iyli)' %)

IlpencraBisier HMHTEpPEC MCIOIB30BaTh JKCIEPUMEHTATbHbIC
JaHHBIE paboTHI [S] , BeIpaxkeHus (2), 1JIs ONpeAeIeHNs MOMEHTOB
CHJI CO CTOPOHBI BHEIITHUX 30H:

CO CTOPOHEI BX0J1a

Fy _(kl—l)'(l—kz)

M, = fo, = 6
w =B ©

CO CTOPOHBI BBIXOZA

Mo = g, 1 =D (k) -

o * 2h ki — ks '

Hcnons3oBanue Boipaxkenuii (4), (5) u (6), (7) u conocrasieHue
pe3yNbTaTOB  pacueToB YCUIMBAET JIOCTOBEPHOCTh WM HeE
JIOCTOBEPHOCTh ~ (PM3MYECKOH W MaTeMaTH4ecKOd  MOJIENH

HCIIOJIb3YEMOM NP PELIEHUU TIOCTABIEHHOHN 3a1a4u.

Crnenmyer OTMETHTB, YTO A OOOCHOBaHHS IOCTOBEPHOCTH
pe3yibTaTa MOsSBMIACh HEOOXOJMMOCTh B MPOBEICHUN paboThI [4].
B sTOM HccenoBaHNM IPOKATHIBAJICS aHAIOTHIHBIN 00pasel] ¢ TeM
omimuneM, uto (opma obpasua Obuia acuMmmerpuuHod. Ha
ocumiuiorpaMme (0) TMOKa3aHO W3MEHEHUE BEJIMYMHBI OOKOBOM
cuiabl P B mporecce NMPOKAaTKH IMOJOCH Ha BBIXOJE M3 odara
nedopmarmu. MmeeT MecTo pe3koe yBEIMUCHHE JaBICHUS Ha
JIMHEWKy B IEPUOZ BBIXOJa MEPEJHEro KOHIA IOJIOCH U3 BAJIKOB.
BripaBHIBaHNE H30THYTOTO KOPOTKOTO KOHIA TOJIOCH TIPOHUCXOIUT
¢ OGONBIIMMH MMMKOBBIMH Harpy3kaMmu. B 3ToT MOMEHT paBieHne Ha
JUHEHKy Ha BXoJe B odar AedOopMamuH TPOHCXOJHUT MO
HapacTaiouie cxeMme, a 3aTeéM HacTylaeT YCTaHOBUBIIMKCS
npolecc.

3. Pezynomamot
Ha pucynke 1 mpezncraBieHbl OCHMIIOIpaMMBl CHI €O

CTOPOHBI TOJIOCKI Ha OOKOBBIC JIMHEHKH CO CTOPOHBI BXOAa U
BBIXOJ1A.

==

a

=1}

Puc. 2. Ocyuniozpammpl cui co cmopowl NOIOCHL Ha BOKO8bIE
JUHELKU cO CMOpPOoHblL 6x00a (a) u gbixooa (6)

U3 comocraBieHHsl JaHHBIX BHAHO, YTO MPU YCTAHOBHBIIEMCS
npolecce BhIPAaBHHUBAIOLIME CHJIBI Ha BXOAE B odvar aedopmaruu
OoJblie, 4eM Ha BBIXOJE U3 o4ara ae(hopMaruH.

TakuM 00pa3oM, yaanock MpHUBS3aTh pasHele paboTHl [5] u [2],
yepe3 HEpPaBHOMEpHOCTh Jedopmarmu, k obmemy  dakropy
BIIMSTHHS, KOTOPBII XapakTepHu3yeT JONOJHHUTEIBHOE BO3ZeHCTBHE
Ha oyar nedopmaruu. TakuM 000OUIEHHBIM (DAKTOPOM, C YUETOM
(GU3MUECKOro M MaTeMaTHYeCKOro MOJIEIMPOBAHHSA, BBICTYHAIOT
BHEILIHUE ONEPEYHbIC CHJIBI MJIM MOMEHTBHI CO CTOPOHBI OOKOBBIX
JIMHEEK.
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OueHKa JOTOJIHUTEIBHOTO BO3ACHCTBHSA Ha ovar aedopmanuu
HeoOXoauMa Al TOro, 4TOOBI YOEOUThCS HACKOJBKO 3TO
HarpyxeHre 3((GEKTUBHO M AEECIOCOOHO MPU PEryIUpOBaHUU
HaIpsKEeHHO-Ae(OPMUPOBAHHOTO COCTOSHUS MIIACTUIECKOH Cpeibl.
D¢ dekTUBHOCTH ATOr0 BO3zAeiicTBHSA OyIeT MMEeTh MECTO B TOM
cirydae, eciad OyJeT IMoKa3aHo, YTO €ro peasln3alys IPH CHIOBOM
Harpy)keHHH OyZeT MEHbIIE OCHOBHOTO ae(hOpManOHHOTO
BO3JIEUCTBHUS. DTO OJMH M3 OCHOBHBIX IIOKa3aTelied yIpaBIIsIONEero
BO3JEUCTBUSI Ha ovar AeopManum.

Ecin HampsokeHMs BXOASIIHME B MOMEHT IPUHHUMAOTCA
PaBHBIMU HAMPSKEHUSAM IUIACTHYECKOH TEKy4eCTH, CIe0BaTENbHO,
STH HANpsDKEHHs MaKCHMalbHBIE, a HarpyKeHHEe OT JaHHBIX
MOMEHTOB SIBISIETC OCHOBHBIM. B  manpHeilmem cremyer
MPOU3BOJUTH AHAIN3 W OLEHKY OTHOCHTEIEHO JTOTO OCHOBHOTO
Harpy keHHsI.

Jns  monTtBepxkneHus otoro  Qakra Ha craHe 150
NPOKATHIBAINCH CTYNEHYAThle HEeCHMMETPHYHBIE O00paslbl, C
pasHbiM oTHOIIeHHeM Bi/By u Hy/Hg. s usmepeHust naBieHUS
MONOChl HA JIMHEHKH TNPHMEHSINCh POJMKOBBIE  JIMHEHKH
CIEIHANBHON KOHCTPYKIIUH, PHCYHOK 3.

[IpokatbiBanoch 8§ mapTuil CBHHIIOBBIX OOpAa3LOB C Pa3HBIMU
pasmepamu 3arotoBku Bi/Bg u Hi/Hy, xoTopsie Haxomuiauch B
npenenax 0,5...0,93 u 0,65...0,91 cooTBeTCTBEHHO.

Mapamerpet Hy/Hy u By/By B onpenenenHoit CTEIIEHU
XapaKTepH3yI0T HEPaBHOMEPHOCTh ILIACTHYECKON AehopManuy 1o
mupuHe  TpoduIA. Coorromenne Hi/Hy ompenensier B
KOJIMYECTBEHHOM OTHOIIEHWH HEPaBHOMEPHOCTh Jedopmarmu
MEXIy ABYMS CMEXHbIMH dieMeHTamu. CoorHomrenue Bi/By -
BECOMOCTH Ka)KAOTO 3JIEMEHTA IIPH HEPAaBHOMEPHOH JedopMaruu.

Puc. 3. Cxema ycmanogxu 01 uzsmepenus 0a6ileHust packama na
60KO08bLE IUHEKU

[leiicTBUTENBHO, 4eM Gonbure HEPaBHOMEPHOCTb,
CclleIoBaTeNnbHO, MeHblIe oTHouteHne Hy/Hy Tem Gonblie ycuane
Ha JuHelku. [lpu 3HaueHMAX Bi/By = 0,62 u 3HaueHHi
orHomenuit Hy /Hy, = 0,87;0,83; 0,75; 0,72 MOMEHTHI CO CTOPOHBI
BXO/Ia YBEINUUBAIOTCS COOTBETCTBEHHO, My, = 1115; 1210; 1805,0;
19520 H co cropoHsl BbeIXOZAa U3 ouara aehopManuu
cootBercTBeHHO M,,,,=487,0; 563,0; 786,0; 780,0 H. Yem Ommxke
oTHouleHue By /By K eaumHuuE, TeM NPSAMOJUHEHHEH BBIXOAUT
HOJI0Ca U3 BAJIKOB, TEM MCHBINIE €€ CTPEMJICHHE K HCKPHBICHHIO,
TEeM MEHbIIIEe CHJIa CO CTOPOHBI JINHEEK. [1py 3HaYeHUSIX OTHOIICHUH
H{/Hy =0,65...0,67 Onu3kux K JApyr J[Apyry, H 3HAUYCHHUSIX
otHowenuit B /By = 093;0,77; 0,63, MOMEHTBI CHJ CO CTOPOHBI
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BXoJa Merajuia B Bajku paBuel M,,=680,0; 1255,0; 1290,0 H co

CTOPOHBI BbIXOZA2 W3 o4ara JaeopMalud COOTBETCTBEHHO
M,,.x=257,0; 505,0; 520,0 H.
Iapamerpst By/By u H{/Hy B omnpeneneHHONH CTeNEeHN

CIIOCOOHBI OLICHUTH TPOLECC HEPABHOMEPHOCTH, KOT/IA KOJIMYECTBO
9JIEMEHTOB ~ MHMHHMManbHOe. HO OHM He JalOT  IIOJHOTO
MpeCTaBIeHUss 00 aCHMMETPHH HarpyKeHus Juisi mpodueit
CIIOKHOW KOHCTPYKIMH, KOIZIa HX KOJHYECTBO OOJBIIE JBYX U C
JPYTHMH Ka4eCTBEHHBIMH ITOKA3aTEeIISIMH.

@dparMeHTaMH TaKHX MOKa3aTesied MOTryT ObITh CTATHYCCKHE
MOMEHTBl JaHHOTO CEUYCHMs, Janee (aKTOpbl, YYUTHIBAIOIINE
TIPOJIONIbHOE  B3auMoJiekicTeue B ouare aedopmanmu Inpg, /p;, v
T.a. Jna  Gomee  MONHOM — XapakTEPUCTHKH  [apaMeTpOB
HEpaBHOMEpHOH  JgedopMaluy  CleqyeT  BOCIHOJIB30BATHCS
MaremMaTHdecko Mozensio (4) wu  (5) TpuBeOeHHOH K
Oe3pa3MEpHOMY  IIOKa3aTeNi0, IMOJYYCHHbIE HAa  OCHOBAaHUH
YpaBHEHUII PABHOBECHS BHEIIHMX 4YacTed MOJIOCHl. BelpaxkeHus,
CTOSIIIME B CKOOKAX, OMPEEIAIONME MOMEHTBI CO CTOPOHBI JIMHEEK,

TMOKa3aHbl MApaMeTpaMu &, CO CTOPOHBI BXOJIA U BHIXO/IA:
BXOJL
X2 ﬁ : ln%”m}’ol’
O = Winex ' ®
BBIXOZL
X2 %ai ' ln%Fliyli
Bouux = W , €]

rae W,, — MOMEHT IUIaCTUYECKOTO COMPOTHUBIICHHS HA BXOJEC U
BBIXOJIe U3 o4ara qed)opMaiiuu.

Marematnueckas 00paboTKa SKCIICPUMEHTAIBHBIX PE3yIbTaTOB
METOJIOM HAMMCHBIINX KBAJPaTOB JUIA CTCNECHHON (yHKIMH,
TIO3BOJIMJIA TTOJTYYHUTh BHIPAKCHUS BUIA:

Ha BXOJIe
a u 0,443
X217 ln%FOiin

My = 1.938 - My, oy - - : ) (10)

VVHJ[.BX
Ha BBIXOJIE
1 u 0,485
X273 lnﬁFuJﬁi
MB]:IX = 1'827 ) MHJ[.B])IX ) W N (11)

IJL.BBIX

TecHoTa cBsi3ell HCCleIyeMBIX MapaMeTpoB COOTBETCTBEHHO
IUTs BXOAa | BbIxona pasHa 0,946 u 0,937. Beipaxenus (10) u (11)
MO3BOJISIIOT ~ PACCYUTHIBATH 3HAUCHUS MOMEHTOB pu
ACHMMETPHYHON TIPOKaTKe Pa3HBIX MpoduIe JI0OBIX pa3MepoB U ¢
JFOOBIM KOJTMIECTBOM 3JIEMEHTOB.

Cnenyer oOpaTuThb BHUMaHHE Ha pasHHULy 3HA4YCHUH
OCHOBHOTO M JIOTOJIHHTEIBHOTO HATrPY)KCHHH, KOTOPBIE MOXKHO
OOBSICHUTD pasHbIMA (DU3UUCCKUMH TMPOIECCAMU MPOUCXOISAIINX
npu 1actTudeckoit gedopmanmu. Ilpu mnmacTudeckoM U3rube
HaNpsDKEHHUS TTOCIEIHET0 JOCTHTal0T MAaKCHMAJBHBIX 3HAYeHHH
paBHBIX TMpefeNly TEeKy4ecTH, UTO XapaKTepH3yeT OCHOBHOE
HarpyxeHue. [Ipu mpokaTke ¢ HepaBHOMEPHEIM 00XKaTHEM B odare
JeopMarMy MOSBISIOTCS. CHJIBI TIPOAOJIBHOTO B3aHMMOJEHCTBUS,
OnpeacIICEMbIC  TOIOJHUTEIIbHBIMU  HANIPSXKCHUAMM. Bennunna
JOIIOJTHUTCIIbHBIX Haﬂpﬂﬁ(eﬂﬂﬁ, KaK 3TO BHJHO M3 NPOBECIACHHBIX
UccreI0BaHuH, MEHbIIIE npejena TEKy4ecTH. Ono
XapaKTepu3ylTcs HE IUIACTHYECKUM HArpy)XeHHeM, a pPa3HBIMU
BEITSDKKAMH B odare  JedopMmanusMu,  HOXUHHSIONIHECS
3aKOHOMEPHOCTAM MaTeMaTnueckux moxeneit (10), (11).
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Puc. 4. 3asucumocmu omnowenuti momenmos M..IM,,, na éxode u na
8bIx00€ U3 0uaza dehopmayuu om napamempos o.

3. 3aknrouenue

B nanHoi#t pabore:

- paccMoTpeH (aKTOp  peanu3alud  JAOTOJHUTEIBHBIX
HanpsbKEHUH Kak (pakTop yIpaBIsIoIero BO3AeHCTBUS;

- MIOCTaBJICH 3KCIIEPUMEHT I10 3aMEPY CHJI CO CTOPOHBI OOKOBBIX
JIMHEEK MPH ACCUMETPHUYHOM HATrPYKEHHH TIO IIHUPUHE;

- MOKa3aHo, YTO JOMOJHHUTEILHOE HArPYKECHUE HM3MEHSCTCS K
OCHOBHOMY  HArpy»CHHIO B  3aBUCHMOCTH OT  CIIOKHOTO
IeOPMAIIIOHHOTO TEOMETPUIECKOTO TTaPAMETPA Opy, Ogyixs

- OTHOIICHHE IONOJHHUTEIBHOTO HATrPY)KEHHS K OCHOBHOMY
HaxomuTcs B mpenenax 0,2-0,8.

Jannoe uccredosanue gunancuposanoce Komumemom nayxu
Munucmepcmea nayku u gvicwieco obpaszogeanusi Pecnyonuxu
Kaszaxcman (Tpanm Ne AP23488953).
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UCCJEIOBAHUE U AHAJIN3 IOTEPU YCTOMYUBOCTHU IMTPOIIECCA
IMPOKATKMU B YCJIOBUAX CJIOKHOI'O ACUMMETPUYECKOI'O HAT'PYKEHUSA

INVESTIGATION AND ANALYSIS OF THE STABILITY LOSS OF THE ROLLING PROCESS AT
COMPLEX ASYMMETRIC LOADING
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3Innovative University of Eurasia, Pavlodar, Kazakhstan

e-mail: decan_2008@mail.ru

Abstract: This work is devoted to the study and analysis of the stability loss of the rolling process at complex asymmetric loading during
deformation of thin and extra thin products. To solve this practical problem, a physical and mathematical model of the rolling process at
complex asymmetric loading was developed. The analysis of the obtained results showed that the physical and mathematical modeling of
asymmetric rolling of thin and extra thin strips allows to fully assess the impact of loading on the stability of this process.

KEYWORDS: ROLLING, DEFORMATION ZONE, COMPLEX ASYMMETRIC LOADING, EXTRA THIN-WALLED STRIPS,
CONTACT STRESSES

1. Beeoenue CrenyomuM 3TanoM SIBISIETCA  ONpEJENICHHEe KacaTelbHOIo
HampspkeHus: ¢ ygetoM (5). s 9Toro BBOIATCS B paccMOTpEHHE

o BC aprymecHT HKIOHWHN:
C YUYETOM MOCICAHUX TEOPETUUCCKUX NOCTUKECHUU B obJractu A PTy q)y 1

Ly _ o —
MEXaHWKHA CIUIOIIHOW  Cpelbl IPOUCXOMUT  yCHUICHHE B T—i—SlTlA(D, T, = H; exp¥, (6)
MPOTHO3UPOBaHUU 3((HEKTOB M OCOOEHHOCTEH IIIaCTHYECKOM
Cp€Ibl B YCIOBHUAX CIOKHOTO aCHMMETPHUYHOI'O HATPYKCHHUS MPU Torma kacaTenbHbIE HaINpsDKEHUS, C  Y4ETOM (6), MOYKHO

MPOKATKEC TOHKHUX U 0Cc000 TOHKHX H3ICIHI. I[J'I}I peanmn3anu 3amnucaTh B BUJIC:

U3BECTHBIX NMOAXO0J0B [1-4] paccMaTpUBalOTCSA PEKUMBI NPOKATKU

0COOOTOHKOCTEHHBIX II0JIOC HAa TPaHH IIOTEPH YCTOWYHBOCTH Tyy = Hy exp 0 sin A ®. @)
MPOIIECCOB, KOTOpBIE MIO3BOJISIOT peluTh pan

BBICOKOA((PEKTUBHBIX MPHUKIIAJHBIX 3a7a4. C yuerom (6) u (7) ypasHeHWe (5) MOXKHO MepelucaTh
CIIETYIOIUM 00pa3oM:

2. Mamepuanst u memoost

1
. . —.exl’(g + iA¢) : {[(Ha)xx - (Ho)yy - Zi(Ho)xy] +
Jlns  pelieHuss JAHHOW  MPaKTUYECKOW  3amgayd  Obuia 2i
paccMOTpeHa IIOCTAaHOBOYHAsI CHUCTEMA YPaBHEHUH TEOPHH + Z(Ha)x[(ex + A‘Dy) -
IIacTUYHOCTH [5]. McxoaHas cucreMa ypaBHEHMIA: —i(Hy - Acpx)] - 2(H0)y[i(ex + A(;by) —(Gy - Ad)x)]
+ Hy[(0rx — 0y + 240,,) +

+i(ADy, — APy, — 20, )] + H,[(6, + AD,) —i(6), — Acbx)]z}_

a@ﬂ+ar—xy=0; 9w 9%y g, _
OX oy X oy 1
5 5 _zexp(e — lA(D) {[(Ha)xx - (Ha)yy + Zi(HJ)Xy]
(ax — ay) + 41, ° = 4k*, 1) + Z(Ha)x[(ex +A¢’y) n
TPaHUYHBIC YCIOBHS: . .
P Y +i(8, — A®,)] - 2(H,), [(6, — A®,) — i(6, + AD,)]
T, =— [erz—ffy sin(2¢) — Tay COS(2¢)]. ) ' + HU[(gxx - 9)’}’ + ZAd)xy) _
—i(Ady, — ADy, —20,,)] + H, (6, + A®,) +i(6), —
2
Hauano penienust ¢Benoch K YNpOLIEHUIO TPAHUYHBIX yCIOBUN —Aq)x)] } =0. 8
(2) ¢ ucHONB30BaHMEM  BBIPAKEHUS  JUIA  OIpeAesIeHUs
HMHTEHCUBHOCTHU KacaTeJlbHBIX HaHpﬂ)I(eHI/II\;I, [5] ypaBHeHI/Ie (8) B 3HAYUTEIILHON CTEIIEHHA yrponraercs, €cCiik
BOCIIOJIB30BAThCS COOTHOMmEeHUsIMH Komu-Pumana:
1 2 2 3
Ti :E (Gx _Gy) +4Txy' ( ) (Gx = _A(py), (Gy = A(px) (9)

Ucnons3yst BelpaxkeHust (3), MOXKHO 3alHcaTh pa3HOCTh Iocne noxeranoskn (9) b (8), mveen:

HOpMAaJIbHBIX HANpsDKEHUH W OTcroga, ¢ yderoM (1), modyduTh iexp(9+ iA@) {I_(HG )XX — (Hc )W — 2I(HG )Xy J+
0000111eHHOE YpaBHEHHE PABHOBECHSI: 2i
+H,|0, -0, +2Ad, )+i(Ad, -AD -20, |-
c,—c,=2T* -1, 4 1 _ _
—Eexp(e - |A®){[(HG)XX -(H,), + 2'(H5)xy]+

® i H_ |6, -0, +2AD, )-i(AD, —AD, —20, )|}=0.
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MoOXHO MOKa3aTh, YTO ONEPATOPhl B KBAaJPATHBIX CKOOKAX
PAaBHBI HYJIIO, OTCIOZA:

%QXP(Q + iAd)) {[(Ha)xx - (Ha)yy - Zi(HU)xy] -

— >-exp(0 — iAD) {[(Hy)xx — (Hy)yy + 2(Hy)yy] = 0. (10)

C yuerom muddepenmansHoro ypasHenus (10) ompenensercs
rapamerp:

Co (%—x)+C1 (%+x)

H, = i
Honcranas  ¢ynkmumro  (7), ¢ ygerom  (9), B
muddepennmansapie  ypaBHeHus (1), mocne HHTErpUPOBaHUS,
UMeeM:

ke (1 ky (1
_wM¢JT“VWW‘%“Yamﬁ6+@wﬂwwo

T I cosAP
+ ko,
k0 (L ) exp (0-00)+—1—(Ltx) exp (9-61)
O_y — _3 cosA@o(Z ) lcasAtbl(Z ) COSA¢+kO‘
kg l ky 1
G Awy (2 %) w0 = 00) + ohg (3 x) e @ - 0)
Ty = 1 SinA®,
I I
CO E - X|+ Cl E + X
og =2 I explcos Ad, (11)
npu

0, = —A®,, 0, = Ad,. O +6,, = 0,Ad,, + AD,, = 0.

Ilocne mMOACTaHOBKM TIpaHUYHBIX YCIOBUM M YHpoOLIeHUi
HONTyYHM:
_ ke K&
° " exp0,cosA®, ' expo,CosAd,
Ucnonesys coorHomenuss (9) um ypaBHenus Jlarmmaca (11)
3aIMIIeM apryMeHT (QYHKIUH:

, e e
AP =AA6<§+X)Y_AA6<§_’C)V_Z¢=
= AAG[(x = Xo) + (5 + X0 )|y + A4 [ (x — X0) —
G-%)ly -2

g=-1

2 (A4g + AAG)[(x + X0)? = y?] = (AdGlyy — AAgly,) (x —

Xo), (12)

rae ¢=(1-x)/R — yroy HakI0HA IUIOMIAIKK KOHTAKTA;
X0 — monoxeHHE HEHTPaIbHOTO CEUCHUS] OTHOCHTEIHHO
Havajia KOOp/IUHAT;
AA¢', AAg" — mnocTOSIHHBIC, OTpEAeNsIOINe 3HAUCHUS
TPUTOHOMETPUYECKUX (YHKIHUH MO KpasiM ovara Jedopmariuu.

C y4yeToM TpaHMYHBIX YCJIOBHH OIpenesnsercs HeHTpasbHbIH
yroj, IOKa3bIBAIOIIMI MOJ0XKEHHE HEHTPaJbHOTO CEYeHUs Ha
KOHTaKTe B o4are Je(opMaIiin:

a AP —a

2 (4do+20)(1-3¢ ) (13)

14

3. Pezynomamot

Ha pucynke 1 mpencraBieHsl SHIOPHl  pacHpeaercHHs
KOHTAKTHBIX HaNpsOKEHUH B 3aBUCUMOCTH OT YIJla 3axBaTa HpU
OJIMHAKOBBIX 3HAYCHHUSX KOd(duieHTa TpeHus 1 paxropa GOpMsI.
IlomydeHHblil pe3ynbTaT IpeACTaBISCTCS, KaK —YCTOHYUBBII
TIPOLIECC MPOKATKH.
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Puc. 1. Pacnpedenenue KOHMAKMHbIX HANPAXCEHUI NO OlUHe oyaza
depopmayuu 8 3aeucumocmu om yena zaxeama, npu: npu l/h=11.04,
a=0.077,; 0.129; 0.168, f=0.4: a — pacnpedenerue HOpMAIbHbIX
HanpsxiceHull; 6 — pacnpeoeieHue KacamenabHblX HaNPA#CeHUll

Ha pucynxke 2 mpencraBieHsl 3MOPbI KOHTAKTHBIX HOPMaJIbHBIX
M KacaTeIbHBIX HANPSDKCHUH B YCIOBUSX IMOTEPH YCTOWYHMBOCTH
mporecca, KOrja IMeeT MeCTO TPOOyKCOBKa ITOJIOCH B BAJIKAX.
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Puc. 2. Pacnpedenenue KOHMAKMHbIX HANPAANCEHUI NO OUHE 04a2d
Odepopmayuu 6 3aeucumocmu om yena saxéama, npu: 1/h=11.04; ¢=0.077;
0.129; 0.168; f=0.2: a — pacnpedenenue HopmanrbHbIX HARPSAHCEHUL,; O —
pacnpeoenenue KacamenbHulX HANPANCeHull

BupHo, 4Yro MakcUMambHBEIM = O0XATHAIM  COOTBETCTBYET
BOTHYyTasl JIIOpa PAaCIpeNeNICHHsT HOPMAJbHBIX HAIPSDKCHUH, a
KacaTeJbHBIC HANpsHKEHHWsS ONPENeIiOT OJHO30HHBIM  odar
nedopmaruu, 30Ha ONepekeHnst OTCYTCTByeT. B comocraBnenuu ¢
MHMHHUMAQJIBHBIMH OOXaTHUsMH o4ar aedopMaluM JABYX3OHHBIH,
SMI0pa HOPMANlbHBIX HampspKeHui Bbimykias. M3 storo cremyer,
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|
YTO JAHHBIE MAaTeMaTH4YeCKHE MOCTPOEHHs YJIABIMBAIOT MOTEPIO

YCTOHUMBOCTH TIPOLECCA M TI0 HOPMAIbHBIM U MO KacaTelbHBIM

HampsHKeHUsAM. Takue KpUTEpHH OLEHKU HANPsHKEHHOTO COCTOSTHHUS

MO3BOJIAIOT HW3y4aTh U YOPaBISATh MapaMeTpaMH Ipolecca

NMPOKAaTKM  HpH  pa3paboTKe  ONTHMAIbHOH  TEXHOJIOTHH

TIPOU3BOJCTBA.

3. 3aknrouenue

1. Paspabotana ¢usnyeckas U MaTeMaTH4yecKas MOZeb
npolecca MPOKATKM B YCJIOBHAX CIOKHOTO aCHMMETPHYECKOro
HarpyXeHus.

2. AHanu3 pe3ynbTaToB pacyera MoKa3all, YTO MOJCIHPOBaHHUE
ACHMMETPUYHOW  TIPOKaTKH  IO3BOJISIET  OLICHWTh  BIIMSHHE
Harpy>eHus Ha yCTOWYHBOCTB IIPOIIecca.

3. Iloka3aHbl KpUTEPUH HOTEPH YCTOHUYUBOCTH, Oa3UPYIOIIUECS
Ha OLCHKE HAIPSDKEHHOTO COCTOSIHHS IUIACTHYECKOIl  cpesbl,
ompenensomeil GakTop mpoOyKCOBKH BaIKOB.

Hannoe uccredosanue punancuposaroce Komumemom nayku
Munucmepcmea Hayku u  evicwezo obpazosanus PecnyOnuxu
Kasaxcman (T panm Ne AP19678682).
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Abstract: In this paper are presented results of the energy and exergy analyses related to the steam generator from nuclear power plant at
four observed operating regimes. It is shown how the optimization processes and algorithms influence observed steam generator operation.
The highest steam generator energy outlet is equal to 3012.17 MW and the lowest energy loss is 0.07 MW — both of them are obtained by
using Genetic Algorithm (GA). Whale Optimization Algorithm (WOA) gives fluid operating parameters which will result with the lowest
steam generator exergy destruction (107.05 MW) and the highest exergy efficiency (92.709%) in comparison to all other operating regimes.
During the increase in ambient temperature from 5 °C up to 45 °C the lowest decrease in steam generator exergy efficiency (equal to
2.0136%) is obtained in the second operating regime which operating parameters are defined by using WOA. Final conclusion which can be
derived from the observed research is that WOA has the most beneficial influence on the steam generator operation.

KEYWORDS: ENERGY ANALYSIS, EXERGY ANALYSIS, STEAM GENERATOR, NUCLEAR POWER PLANT, VARIOUS OPERATING

REGIMES, THE AMBIENT TEMPERATURE CHANGE

1. Introduction

In recent years, many technologies and processes are developed
with an aim to reduce fossil fuel consumption and to decrease the
emission of harmful elements from the fossil fuel combustion gases
[1, 2]. However, the dominant part of the electricity nowadays is
still produced by the combustion of various fossil fuel types [3].

Nuclear energy is one of the solutions how the harmful emissions
can be notably reduced, while the electricity production can be
maintained (or even increased if required) [4]. Nuclear power plants
nowadays operate on the nuclear fission principle, while the nuclear
fusion is currently under investigation [5, 6]. Many researchers and
scientists performed various analyses and improvements related to
nuclear power plants [7, 8]. Regardless of the potential problems
and challenges, nuclear power plants are surely promising solution
in electricity production worldwide in the future.

Operating medium used in nuclear power plants is water which is
transferred to almost saturated steam in steam generators. Such
steam is delivered to the steam turbine through which expands.
Steam generator in a nuclear power plant is a highly important
component, because it uses heat produced in nuclear reactors and
transfer that heat to the operating medium (water) which will
expand in the turbine [9]. Therefore, steam generator in nuclear
power plant actually connects reactor and turbine cycles [10].

In this paper are performed energy and exergy analyses of a
steam generator which operates in a nuclear power plant. Both
analyses are performed at four different operating regimes.
Research in this paper will not present the operating characteristics
of steam generator only (during the various operating regimes), it
will also show how optimization algorithms and procedures can
influence the steam generator operation and which improvements
can be expected. In addition, it will be presented that optimization
algorithms and procedures can help to reduce sensitivity of steam
generator exergy parameters during the ambient temperature
change.

2. Description of the analyzed steam generator from
nuclear power plant

Simplified scheme of the steam generator from nuclear power
plant analyzed in this paper is presented in Fig. 1. In Fig. 1 are also
presented operating points (from 1 to 4) required for the steam
generator energy and exergy analyses.

Steam generator in nuclear power plant is a completely different
component in comparison to steam generators from conventional
steam power plants. In conventional steam power plants, steam
generators are composed or at least three (or more) heat exchangers
- water heater, evaporator and superheater mounted in the same
housing. All steam generator components in conventional steam
power plants are using heat from combustion gases (combustion
gases are obtained by fossil fuel combustion) for increasing water
temperature, for the evaporation and finally for obtained saturated
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steam superheating [11]. In nuclear power plants, fossil fuel
combustion did not occur, so the steam generators cannot be
composed in a same manner as in conventional steam power plants.

In nuclear power plants, steam generators are heat exchangers in
which occur heat transfer from the warmer water (from a nuclear
reactor) to colder water (from condensate/feedwater heating
system). During the heat transfer, the temperature of warmer water
decreases (from operating point 1 to operating point 2, Fig. 1) and
the heat is transferred to water from condensate/feedwater heating
system (operating point 3, Fig. 1) which temperature firstly
increases after which it evaporates. Obtained steam contains many
water droplets (wet steam) which are dominantly removed in the
steam separator (gray rectangle in Fig. 1). After the steam separator,
steam is very close to the dry saturated state and that steam is
delivered to the steam turbine (operating point 4, Fig. 1). After heat
transfer, warmer water (operating point 2, Fig. 1) is delivered back
to the nuclear reactor which increases its temperature. The entire
heat exchange in steam generator from nuclear power plant occurs
through the walls of U-pipes (through U-pipes passes warmer water,
while around U-pipes passes the colder water which will be
transferred to steam). It should be highlighted that nowadays, each
nuclear reactor has several identical steam generators (not only one)
[12], but the heat transfer and operating fluid parameters are
identical in all of them.

To steam
turbine

From
condensate/feedwater
heating system

From nuclear
reactor

To nuclear
reactor

Fig. 1. Simplified scheme of the analyzed steam generator from
nuclear power plant along with operating points required for
energy and exergy analyses

Observed steam generator from nuclear power plant is a counter-
flow heat exchanger [13]. Fluid streams temperature change
diagram of the analyzed steam generator is presented in Fig. 2.
Operating point numeration in Fig. 2 is in relation to operating point
numeration from Fig. 1.

From Fig. 2 can clearly be seen that warmer water transfers heat
to the colder water and its temperature decreases (from operating
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point 1 to operating point 2, Fig. 2), while due to the heat transfer,
colder water temperature increases (from operating point 3 to
operating point 4, Fig. 2). Fluid streams temperature change
diagram of any heat exchanger (as well as of the analyzed steam
generator) is a very useful tool for overall visualization of the heat
transfer process. Temperature change curves of both fluid streams
must not touch or intersect — touching or intersection of the curves
in Fig. 2 will denote an impossible heat transfer process.
Temperatures presented in Fig. 2 in each operating point are related
to the data from Table 1 (in Table 1 are presented data required for
the steam generator energy and exergy analyses in all four observed
operating regimes).

A (] 322.645c

274.27 °C

Temperature
EEEEEEEENEEENEEEESR

Fig. 2. Fluid streams temperature change diagram of the analyzed
steam generator from nuclear power plant (steam generator is a
counter-flow heat exchanger)

3. Equations for the energy and exergy analyses
3.1. Overall equations and balances

In comparison to the exergy analysis of any system or component
which is based on the second law of thermodynamics and consider
ambient conditions, the energy analysis is based on the first law of
thermodynamics and it did not consider the ambient conditions [14].
Therefore, in the observation of any system or component exergy
analysis offer additional possibilities related to the ambient
conditions change (which cannot be considered in the energy
analysis) [15]. Both energy and exergy analyses comprise some
general equations and balances which must be satisfied, regardless
of the observed system, component as well as operating or ambient
conditions.

The main energy and exergy balance equations can be found in
the variety of literature [16]:

Q_PZZEnout_ZEninx
Xheat -P= ZExout _ZExin +E.'xD-

)
@

In two equations above, @ is heat energy transfer, P is
mechanical power, index in denote inlet (input), index out denote
outlet (output) and index D denotes destruction (exergy loss).
Energy and exergy flows of any fluid stream (En and Ex) can be
defined as [17]:
En=m-h, (3)
(4)

where m is fluid mass flow rate, h is fluid stream specific
enthalpy and ¢ is fluid stream specific exergy which can be defined
by an equation [18]:

e=(h—hy) =Ty (s~ sp). 5)

In Eq. 5, index 0 denotes the ambient (environment) state, T is
temperature and s is fluid stream specific entropy. The last
undefined variable from Eq. 2 is a heat exergy transfer at the
temperature T (Xyeac ), Which can be calculated as [19]:

Xheat = 2(1 - 7’;—0) : Q

Ex=m"¢,

(6)

53

In standard operation of any system or component fluid leakage
did not occur, therefore the mass flow rate balance is:

Xy = X Moyt (7
General energy and exergy efficiency equation, valid for any
system or component can be written as [20]:

cumulative energy (exergy ) output

Nen (ex) —

®)

It must be highlighted that exact energy and exergy efficiency
equations of any system or component can be notably different than
presented in Eq. 8. The exact energy and exergy efficiency
equations are dependable on system or component operation
characteristics.

cumulative energy (exergy ) input

3.2. Energy and exergy analyses equations of the observed
steam generator from nuclear power plant

Steam generator energy and exergy analysis equations are
composed according to recommendations and guidelines from the
literature [21]. In all equations from this subsection, numbers in the
indexes are related to operating points from Fig. 1 and Fig. 2.

Steam generator cumulative energy (exergy) inlet is:

Enggin (Exsgn) =11y Z1 — 1y * Zy. C)]
Steam generator cumulative energy (exergy) outlet is:
Engg out (EXsgout) = My~ Zy — My * Z3. (10)

In Eq. 9 and Eq. 10 during the calculation of energy inlet and
outlet, Z is fluid stream specific enthalpy (h), while during the
calculation of exergy inlet and outlet Z is fluid stream specific
exergy (¢). Steam generator energy loss and exergy destruction are:

Engg. = Ensgin — Engg out (11)
Exsgp = Exsgin — EXscout- (12)
Steam generator energy and exergy efficiencies are:
Ensg ou
NsG,en = ﬁf (13)
Exsg ou
NsG.ex — ﬁ (14)

All equations (from Eq. 9 up to Eqg. 14) remain identical as
presented, regardless of the observed operating regime. In each
steam generator operating regime, variables which change their
values are fluid mass flow rates (m), fluid specific enthalpies (h)
and fluid specific exergies (), but the equations remain as
presented.

4. Fluid operating parameters required for the steam
generator energy and exergy analyses

The operating parameters of all fluid streams related to the
analyzed steam generator (in each operating point from Fig. 1 and
Fig. 2) at all four operating regimes are found in [22] and presented
in Table 1.

First of all, it should be highlighted that four observed operating
regimes include base plant operating regime (BASE) which
involves operating parameters measured during the nuclear power
plant operation. Second, third and fourth operating regimes are
related to operating parameters obtained by using three different
optimization algorithms and procedures (WOA Whale
Optimization Algorithm, GA = Genetic Algorithm and PSO =
Particle Swarm Optimization). The main goal in [22] was to
perform whole nuclear power plant optimization through overall
plant efficiency increase, while in this paper is observed how
applied optimization algorithms influence steam generator operation
only (and steam generator energy and exergy parameters).

Secondly, it should be highlighted that in [22] are found fluid
temperature, pressure and mass flow rate in each operating point
and at each operation regime — other operating parameters presented
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in Table 1 are obtained from the previous ones by using NIST-
Refprop 9.0 software [23].

In regards to energy analysis, in the exergy analysis is required to
define the base ambient state for which the calculations will be
performed. In this paper, the base ambient state is defined by the
ambient temperature of 25 °C (298.15 K) and ambient pressure of 1
bar (0.1 MPa).

Table 1. Steam operating parameters required for the steam
generator energy and exergy analyses — all four operating regimes

Base plant (BASE)
Specific | Specific Specific
O. P.|Temp. Pressure| Mass flow enrihalpy er?tropy Quality| exergy
* | (°C) | (bar) |rate (kg/s) (KJ/kg) (kI/kg'K) faied (k;]ilig)
1 [322.64) 157.0 | 16800 | 1469.0 | 3.4498 | Sub. |445.02
2 [291.00| 154.0 | 16800 | 1289.7 | 3.1415 | Sub. |357.63
3 [223.82] 59.2 1660 962.1 | 2.5465 | Sub. |207.46
4 [274.27| 58.8 1660 2776.2 | 5.8820 [0.9939{1027.00
WOA
- - Specific
O. P.|Temp. [Pressure| Mass flow Specific | Specific Quality| exergy
« | '©C) | (bar) |rate (kg/s) | ETENRIPY | €ntropy | =50 g )
(kI/kg) (kJ/kgK) o
1 [322.64| 157.0 | 16800 | 1469.0 | 3.4498 | Sub. |445.02
2 [291.00| 154.0 | 16800 | 1289.7 | 3.1415 | Sub. |357.63
3 [224.48] 59.6 1664 965.2 | 2.5526 | Sub. [208.73
4 R74.27| 58.8 1664 2775.4 | 5.8805 [0.9934[1026.70,
GA
- - Specific
O. P.|Temp. Pressure| Mass flow esnliiglf;); Sﬁfrc(;gf/ Quality| exergy
* | (°C) | (bar) |rate (kg/s) (ki/kg) (kI/kg'K) folad (kilil:g)
1 [322.64) 157.0 | 16800 | 1469.0 | 3.4498 | Sub. |445.02
2 [291.00| 154.0 | 16800 | 1289.7 | 3.1415 | Sub. |357.63
3 [224.45 59.7 1664 965.1 | 2.5523 | Sub. [208.68
4 R74.27| 58.8 1664 2775.3 | 5.8803 |0.9933[1026.60,
PSO
- . Specific
O. P.|Temp. Pressure| Mass flow :naﬁ(;ré; Sr?frcc:g)c/ Quality| exergy
(°C) | (bar) [rate (kg/s) (kilkg) (ky/ke'K) (k;]ilig)
1 [322.64] 157.0 | 16800 | 1469.0 | 3.4498 | Sub. |445.02
2 [291.00] 154.0 | 16800 | 1289.7 | 3.1415 | Sub. |357.63
3 [224.40| 60.0 1664 964.8 | 2.5517 | Sub. [208.60
4 R74.27| 58.8 1664 2775.0 | 5.8798 |0.9931[1026.50,

* 0. P. = Operating Point (in accordance to Fig. 1 and Fig. 2)
** Sub. = Subcooled; 0 = water; 1 = dry saturated steam
*** At the base ambient state

5. Results and discussion

Energy analysis results for the observed steam generator at all
four operating regimes are presented in Fig. 3.

In all operating regimes steam generator energy inlet is the same
and equal to 3012.24 MW, due to the same fluid temperature,
pressure and mass flow rate in operating points 1 and 2 (Fig. 1 and
Fig. 2). However, the steam generator energy outlet varies in all
operating regimes due to the change in fluid operating parameters in
operating point 3. In addition, each used optimization process and
algorithm increases the mass flow rate of fluid which enters in the
steam generator from the condensate/feedwater heating system.
Such change in fluid operating parameters resulted in a fact that the
steam generator energy outlet is higher for all operating regimes
where the optimization is performed (in comparison to the base
plant process). The highest steam generator energy outlet is equal to
3012.17 MW and is obtained by using GA.

Steam generator energy loss is the highest at the base plant
process (equal to 0.90 MW) and is notably reduced in all optimized
operating regimes. The lowest steam generator energy loss is
obtained by using GA (equal to 0.07 MW), while other optimization
algorithms and processes results with the highest steam generator
energy loss equal to 0.13 MW. The energy efficiency of the
observed steam generator is very high, higher than 99.95% in all
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observed operating regimes. Such high energy efficiency and low
heat losses in all operating regimes of various heat exchangers (not
only of the observed steam generator) are the reason why energy
analysis cannot be recommended for the heat exchangers operation
observation [24].

Presented energy analysis results lead to conclusion that
optimization algorithms and processes increase the steam mass flow
rate which will be delivered to the turbine, what increases produced
mechanical power and overall plant efficiency. Simultaneously, an
increase in the steam mass flow rate results with a notable decrease
in steam generator energy losses. GA has the most beneficial impact
on the steam generator energy analysis parameters — it results in the
lowest steam generator energy loss and the highest energy outlet.

3012.4

Lo
T 09
T+ 08
T 0.7
T 0.6
T 0.5
T 04
+ 03
T 02
+ 0.1
+ 0.0

0.90

3012.17

3012.2 +
3012.0 +

30118+ mOutlet
3011.6 1| ®Loss
30114

30112 +
3011.0 1

3012.12 3012.11

3011.34

Energy outlet (MW)
Energy loss (MW)

3010.8 +

BASE WOA GA

PSO

Fig. 3. Steam generator energy outlet and energy loss for all four
observed operating regimes

The positive influence of optimization algorithms and processes
is also clear when observing steam generator exergy parameters,
Fig. 4.

Increase in steam mass flow rate which will be delivered to the
turbine (in comparison to the base plant process) reduces steam
generator exergy destruction and increases its exergy efficiency. All
optimization algorithms and processes decrease steam generator
exergy destruction and increases its exergy efficiency in comparison
to the base plant process. However, WOA gives fluid operating
parameters which will result with the lowest steam generator exergy
destruction (equal to 107.05 MW) and the highest exergy efficiency
(equal to 92.709%) in comparison to all other operating regimes.

Due to the additional losses considered in exergy analysis of any
heat exchanger (not only the observed steam generator), in
comparison to energy analysis, exergy analysis can be
recommended for any heat exchanger operation observation.

Final conclusion from the steam generator exergy analysis results
is that WOA has the most beneficial influence on the steam
generator operating parameters. Therefore, for the analyzed steam
generator, energy and exergy analyses gives different optimization
algorithms and procedures as the most beneficial ones, Fig. 3 and
Fig. 4.

107.8

92.72
92.71
T 92.70
T 92.69
T 92.68
T 92.67
T 92.66
T 92.65
92.64

92.709

CDestruction
@ Efficiency

107.05

92.701 |

~92.703
107.6 ~

107.4

107.2 107.13 10717

107.0

'q

192663

Exergy efficiency (%)

106.8

Exergy destruction (MW)

106.6

BASE WOA GA PSO

Fig. 4. Steam generator exergy destruction and exergy efficiency at
the base ambient state for all four observed operating regimes

At the end of this analysis is performed investigation related to
the ambient temperature change influence on the observed steam
generator exergy parameters in all four operating regimes. The
ambient temperature is varied from 5 °C up to 45 °C, while the
ambient pressure remains the same as at the base state (1 bar).

An increase in the ambient temperature results with an increase in
steam generator exergy destruction and simultaneously with a
decrease of its exergy efficiency in all operating regimes. However,
the decrease intensity of steam generator exergy efficiency is not
the same in all operating regimes.
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Fig. 5 shows that during the increase in ambient temperature
from 5 °C up to 45 °C the lowest decrease in steam generator
exergy efficiency (equal to 2.0136%) is obtained in the second
operating regime which operating parameters are defined by using
WOA. 1t is interesting that operating parameters obtained by the
GA are more sensitive to the ambient temperature change (in
regards to steam generator exergy efficiency) than operating
parameters of the base plant process.

2.0200
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2.0188
20190 + . e

20180 + A
20170 + P
20160 +

2.0147
2.0150 +

Exergy efficiency decrease
during the ambient temperature

2.0140 +

change from 5 °C to 45 °C (%)

L} ’

o
2013 — @
2.0130

BASE WOA GA PSO

Fig. 5. Steam generator exergy efficiency decrease during the
ambient temperature change from 5 °C to 45 °C for all four
observed operating regimes

Final conclusion which can be derived from the observed
research is that WOA has the most beneficial influence also on the
steam generator operation (as well as on the overall plant efficiency
and produced mechanical power [22]).

6. Conclusions

This paper presents results of the energy and exergy analyses
related to the steam generator from nuclear power plant at four
observed operating regimes. The most important conclusions are:

- The highest steam generator energy outlet is equal to 3012.17 MW
and is obtained by using GA. The lowest steam generator energy
loss is obtained by using GA (equal to 0.07 MW), while other
optimization algorithms and processes results with the highest
steam generator energy loss equal to 0.13 MW. It is obvious that
GA has the most beneficial impact on the steam generator energy
parameters.

- Very high energy efficiency and low heat losses in all operating
regimes of various heat exchangers (not only of the observed steam
generator) are the reason why energy analysis cannot be
recommended for the heat exchangers operation observation.

- WOA gives fluid operating parameters which will result with the
lowest steam generator exergy destruction (equal to 107.05 MW)
and the highest exergy efficiency (equal to 92.709%) in comparison
to all other operating regimes. WOA has the most beneficial
influence on the steam generator exergy parameters.

- During the increase in ambient temperature from 5 °C up to 45 °C
the lowest decrease in steam generator exergy efficiency (equal to
2.0136%) is obtained in the second operating regime which
operating parameters are defined by using WOA.

- Final conclusion derived from the observed research is that WOA
has the most beneficial influence on the steam generator operation.
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Abstract: There are many different models and types of heat exchangers depending on the area of use. The type of fluids involved in heat
transfer and their temperature play a critical role in selecting the appropriate model. Common heat exchangers include plate exchangers,
tube-type exchangers, air-cooled exchangers, and graphite exchangers. In this study, a sustainable and original heat exchanger system was
designed to increase energy efficiency and reduce natural gas consumption by utilizing the waste heat from natural gas. The design
prioritizes ease of maintenance and cleaning. Detailed engineering analyses were conducted, and critical engineering errors identified in
previous heat exchanger designs were resolved. The developed designs were validated through test studies and experiments, leading to the

final design after an optimization process.

As a result of the study, a high-capacity, energy-efficient, and sustainable heat exchanger integrated with modern technology was developed.
Keywords: HEAT EXCHANGER, NATURAL GAS, ENERGY EFFICIENCY, SUSTAINABILITY, INDUSTRIAL DRYERS

1. Introduction

Industrial dryers play a crucial role in various sectors by
removing moisture from materials such as food, textiles, and
chemicals. However, the energy consumption of these dryers,
particularly in terms of natural gas usage, is substantial,
contributing to high operational costs and significant environmental
impact. As industries strive to reduce their carbon footprint and
operating expenses, energy-efficient technologies have become
essential. Among these, heat exchangers offer a promising solution
by recycling heat within the system, reducing the need for
additional energy input.

Heat exchangers play a critical role in energy recovery, making
them invaluable in applications aimed at reducing overall energy
consumption and optimizing operating costs. These devices work
by capturing waste heat from exhaust gases or other sources within
the system and transferring it back to the incoming air or process
fluid. This process not only recycles energy, but also reduces the
amount of additional heating required, thus saving fuel and reducing
emissions.

Conventional heat exchangers such as plate and tube models are
widely used in industries for this purpose. However, their efficiency
can be limited, especially when large amounts of energy recovery
are required over long periods of time. In such cases, factors such as
heat exchanger contamination, flow resistance, and maintenance
requirements can affect their performance, limiting their
effectiveness and increasing operating costs. To address these
limitations, more sustainable and highly efficient heat exchanger
designs are needed that can withstand the demands of continuous
operation in industrial environments while maximizing energy
recovery potential.

This paper presents a sustainable heat exchanger design
specifically aimed at improving the natural gas efficiency of
industrial dryers. By focusing on energy recovery, material
optimization, and system integration, the proposed design seeks to
enhance both the economic and environmental performance of
industrial drying processes.

2. Literature Review

The performance of heat exchangers in industrial drying
systems plays a crucial role in enhancing energy efficiency,
reducing operational costs, and minimizing environmental impact.
As drying processes often account for a significant portion of
energy consumption in industrial facilities, advancements in heat
exchanger design are critical for achieving sustainable and cost-
effective operations. This review explores the challenges associated
with traditional systems, recent innovations in heat exchanger
design, energy conservation strategies, renewable energy
integration, and existing research gaps.

Traditional heat exchangers, such as shell-and-tube and plate
designs, are widely used in industrial drying applications, but they
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face significant limitations. Shell-and-tube heat exchangers, for
example, often experience substantial heat losses due to inefficient
insulation and suboptimal heat transfer surfaces. Plate heat
exchangers, although more compact, are prone to fouling, which
reduces their efficiency over time and increases maintenance costs.
Both types are characterized by their inability to maximize heat
transfer efficiency without incurring significant pressure drops or
requiring larger installations. This trade-off between performance
and practicality often results in higher energy consumption,
increased fuel usage, and elevated operational costs for drying
systems.

To overcome the limitations of traditional systems, researchers
have developed advanced heat exchanger designs that optimize heat
transfer performance while addressing space and operational
constraints. Spiral heat exchangers, for instance, utilize a coiled
structure that creates higher surface area for heat transfer while
maintaining compactness. Their design minimizes pressure drops
and is effective at handling viscous fluids, making them ideal for
certain industrial processes. Heat pipes, which leverage the phase-
change properties of working fluids, offer another promising
solution. These systems excel in applications with significant
temperature gradients, providing high thermal efficiency. However,
their application in drying systems is limited by challenges in
scaling up for large industrial operations.

Microchannel heat exchangers have garnered considerable
attention for their high thermal performance and compact design.
These exchangers feature extremely narrow channels, increasing the
heat transfer coefficient while reducing the size and weight of the
system. [1] This design offers significant advantages, including
reduced energy consumption, lower material costs, and easier
integration into space-constrained environments, making them
particularly well-suited for industrial drying applications.

Energy conservation techniques, such as waste heat recovery
and heat integration, have proven effective in reducing energy
demand and improving overall system efficiency [2,3]. Waste heat
recovery systems capture excess thermal energy from exhaust
streams and repurpose it to preheat incoming air or other working
fluids. This approach not only reduces fuel consumption but also
enhances sustainability by decreasing greenhouse gas emissions.
Research has shown that properly designed waste heat recovery
systems can achieve significant reductions in fuel usage. Heat
integration, which optimizes internal heat distribution within the
drying system, reduces energy losses and enhances thermal
efficiency without additional energy inputs. Advanced control
systems and process simulations are often employed to maximize
the effectiveness of heat integration strategies.

Renewable energy integration has emerged as a complementary
solution for industrial drying systems. Solar thermal systems, for
example, can capture solar energy and convert it into thermal
energy for use in drying processes. These systems are particularly
advantageous in regions with abundant solar radiation, as they
reduce dependence on fossil fuels. However, challenges such as
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intermittent solar energy availability, the need for large-scale
storage systems, and high initial investment costs have limited their
widespread adoption. Other renewable energy technologies, such as
biomass-based heating and geothermal energy systems, are also
being explored as alternatives to conventional heating methods.
While these systems offer carbon-neutral operation, their
implementation is often dependent on regional resource availability
and economic feasibility.

Despite these advancements, significant research gaps remain in
the design and application of heat exchangers that address both
energy efficiency and sustainability. Many existing designs
prioritize thermal performance but often overlook other critical
factors such as the use of sustainable materials, long-term
durability, and environmental impacts over the system's lifecycle.
Moreover, the integration of advanced heat exchangers and
renewable energy systems into large-scale industrial drying
operations presents challenges in system optimization and control.
The development of robust simulation tools and real-time
monitoring and predictive maintenance systems could improve the
performance and reliability of these technologies, ensuring optimal
efficiency.

Hybrid systems that combine advanced heat exchanger designs
with renewable energy sources and waste heat recovery are a
promising avenue for future research. These integrated systems
could achieve unprecedented levels of efficiency and sustainability
by leveraging the strengths of multiple technologies. Further studies
focusing on material innovation, system integration, and advanced
control mechanisms are essential to optimize heat exchangers for
industrial drying applications. Addressing these challenges will
allow the next generation of heat exchangers to play a
transformative role in achieving sustainable industrial operations.

3. Heat Exchanger Design Principles

The design of a sustainable heat exchanger for industrial dryers
requires a meticulous approach to balance several critical factors,
including maximizing heat transfer efficiency, ensuring material
durability, and minimizing environmental impact. The goal is to
develop systems that enhance energy recovery, lower operational
costs, and reduce the carbon footprint associated with the drying
process. By integrating various design principles, the heat
exchanger can achieve high performance and sustainability.

Maximizing heat transfer efficiency is the central aim of any
heat exchanger. Effective heat transfer can be achieved by
optimizing fluid flow arrangements and enhancing heat transfer
surfaces. Counter-current flow, where hot and cold fluids flow in
opposite directions, is one of the most efficient designs as it
maintains a large temperature gradient across the entire heat
exchanger, ensuring that the heat is transferred efficiently
throughout the system. In industrial drying processes, where large
volumes of hot air or gas are involved, maintaining this gradient is
crucial for ensuring that the system operates with high thermal
efficiency.

The design of heat transfer surfaces plays a pivotal role in
improving efficiency. Finned tubes, which increase surface area,
and turbulators, which disrupt fluid flow to increase turbulence, are
commonly employed. These design features enhance the contact
between the heat transfer surface and the fluid, promoting more
efficient heat exchange. Another emerging design involves the use
of advanced microchannel systems that allow for highly compact
and efficient heat exchangers [4,5]. By reducing the size of the heat
exchanger while maintaining or even improving heat transfer rates,
these systems are ideal for industrial dryers where space constraints
are common, and high thermal performance is essential.

In industrial dryers, the importance of managing pressure drop
cannot be overstated. While enhancing heat transfer is crucial, the
increased flow resistance can lead to higher pumping power
requirements, which may offset the energy savings achieved
through improved heat exchange. Therefore, achieving an optimal
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balance between heat transfer and hydraulic performance is
necessary to ensure that the system operates efficiently without
excessive energy consumption. Innovative designs, such as using
low-resistance heat transfer surfaces or optimizing the geometry of
flow paths, can help reduce pressure drop while maintaining high
heat transfer performance.

Material selection is another critical factor in sustainable heat
exchanger design. The materials used must have high thermal
conductivity to ensure efficient heat transfer while being resistant to
corrosion and wear, as industrial dryers often operate in
environments with high humidity, temperature fluctuations, and
potentially corrosive substances. Copper and aluminum are
commonly used for their excellent thermal properties, but advanced
alloys, such as stainless steel and titanium, are often chosen for their
durability in harsh conditions. Materials must also be selected with
environmental sustainability in mind. Low embodied energy
materials, which require less energy to produce, are preferable for
reducing the carbon footprint of the heat exchanger. Additionally,
recyclable materials should be prioritized to enable the reuse of the
heat exchanger at the end of its operational life, contributing to a
circular economy.

Long-term durability is a major concern for industrial systems
that operate continuously over extended periods. Heat exchangers
are often exposed to high thermal stresses, chemical exposure, and
mechanical wear. Therefore, selecting materials with high fatigue
resistance and the ability to withstand these extreme conditions can
help prolong the life of the heat exchanger, reducing maintenance
costs and extending its operational lifespan [5]. Furthermore,
material selection should align with sustainability goals by focusing
on materials that are locally available, reducing transportation
emissions, and lowering overall environmental impact.

Heat recovery integration is a cornerstone of designing
sustainable heat exchangers. By capturing waste heat from the
drying process and reintroducing it into the system, energy
consumption can be significantly reduced. Air-to-air and liquid-to-
liquid heat exchangers are common systems used for this purpose.
For example, an air-to-air heat exchanger recovers heat from
exhaust air and transfers it to incoming air, reducing the amount of
energy required to heat fresh air. Liquid-to-liquid heat exchangers
work similarly by transferring waste heat from hot water or other
fluids to preheat the incoming fluids used in the drying process.
These heat recovery systems can reduce overall fuel consumption,
making the drying process more energy-efficient and cost-effective.

The integration of real-time monitoring and control systems can
further enhance the effectiveness of heat recovery systems. By
continuously monitoring process variables such as temperature,
flow rates, and energy consumption, these systems can adjust
operations dynamically to maximize energy recovery. For example,
when waste heat is abundant, the system can optimize heat
recovery, while during periods of lower waste heat, it can adjust to
ensure that energy use is minimized. This adaptive approach
ensures that the heat exchanger operates at optimal efficiency,
reducing energy consumption and operational costs.

Renewable energy integration is an essential strategy for further
reducing reliance on conventional fossil fuels, such as natural gas,
and lowering the carbon footprint of industrial drying systems.
Solar thermal energy and geothermal heat are two renewable energy
sources that can be incorporated into heat exchanger systems. Solar
thermal collectors harness the sun's energy to heat fluids used in the
drying process, while geothermal heat pumps exploit the earth's
natural temperature for heating or cooling. These renewable sources
can reduce or eliminate the need for fossil fuels, making the drying
process more sustainable.

However, the integration of renewable energy systems presents
challenges, including intermittency in the case of solar energy and
the initial capital costs associated with implementing geothermal
systems. To address these challenges, hybrid systems that combine
renewable energy with conventional heating methods can be



INDUSTRY 4.0 2024, WINTER SESSION, vol 2

employed. For instance, solar thermal systems can be used to
preheat incoming air or water, while natural gas or electricity can be
used as a backup during periods of low sunlight or high demand.
This approach can optimize energy use and reduce reliance on non-
renewable energy sources.

In conclusion, designing a sustainable heat exchanger for
industrial dryers involves several integrated principles that focus on
improving heat transfer efficiency, selecting durable and
environmentally responsible materials, incorporating waste heat
recovery, and integrating renewable energy sources. By developing
systems that balance these elements, industrial drying processes can
operate more efficiently, reduce energy consumption, and minimize
their environmental impact. As industrial sectors continue to
prioritize sustainability, innovative heat exchanger technologies will
play an essential role in achieving energy efficiency, lowering
operational costs, and reducing the carbon footprint of industrial
processes. [6,7]

4. Design Proposal

The proposed heat exchanger design for industrial dryers
incorporates several innovative features to improve natural gas
efficiency:

Enhanced Heat Transfer Surfaces: The design employs multi-
layered, finned surfaces within the heat exchanger tubes to increase
heat transfer rates and minimize heat loss. [8,9]

Heat Recovery System: A dual-loop heat recovery system
captures exhaust air from the dryer and uses it to preheat incoming
air, thereby reducing the energy required to reach the desired drying
temperature.

Advanced Materials: The heat exchanger is made from
corrosion-resistant alloys that reduce maintenance costs and extend
the life cycle of the system. Table 1 lists mechanical properties of
selected heat exchanger materials.

Table 1: Mechanical properties of materials

Stainless steel Stainless steel
AlISI 316 AlSI 304
Yield strength
Rm [MPa] 270 205
Tensile
strength 690 515
Modulus of
elasticity 190 193
[GPa]
Max. working
temp. [°C] 500 500

Optimized Flow Arrangement: A counter-current flow
arrangement is used to ensure maximum temperature gradient and
efficient heat transfer.

Initial simulations suggest that this design could reduce the
natural gas consumption of industrial dryers by up to 30%,
depending on the specific application and operating conditions.

The design process (Fig.2) consisted of several stages: initial
concept development, detailed engineering analysis, optimization
and validation through physical testing. Each phase is meticulously
structured to address overall goals such as sustainability and
efficiency; ensuring that the final product not only reduces energy
consumption but also complies with modern environmental
standards.

In the first phase, the primary focus was to identify the
difficulties and inefficiencies present in existing heat exchanger
systems. General problems such as high flow resistance, material
degradation due to corrosion, and contamination caused by

particulates in exhaust gases were analyzed to determine design
priorities. The goal was to create a heat exchanger that could
overcome these challenges while maintaining ease of maintenance
and a long working life [10].

After the basic concept was defined, detailed engineering
calculations were performed to determine the specific dimensions,
material requirements and performance parameters of the heat
exchanger [11]. At this stage, it was largely based on
thermodynamic principles to calculate heat transfer rates, surface
area requirements and the overall efficiency of the system. For
example, the following basic heat transfer equation was used in the
design:

Q=U-A‘AT i,
Q: Heat transfer rate (W)
U: Overall heat transfer coefficient (W/m?-K)
A: Heat transfer surface area (m?)

ATIm : Log mean temperature difference (K)

The new design developed by taking these basic approaches
into account is shown in Figure 1. Detailed views of the heat
exchanger are given in Figures 2a and 2b.

Fig. 1. 3D model of Heat Exchanger

EXHAUST
FRESH CLEAN AIR

Fig. 2a. General design of the developed heat exchanger
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Fig. 2b. Inside design of the heat exchanger

5. Implementation and Case Study

To evaluate the effectiveness of the proposed heat exchanger
design, a case study was conducted in a wetlaid textile processing
facility. The existing drying system was retrofitted with the new
heat exchanger design, and performance data was collected over a
six-month period. The test results showed that the new design (Fig.
1) provides a significant reduction in natural gas consumption
without compromising drying performance. The modular structure
of the system allows for easy integration into existing industrial
installations, and the sustainable design approach ensures that both
operating costs and environmental impact are minimized.

The results showed a 25% reduction in natural gas
consumption, with a significant decrease in operational costs and
environmental emissions. The system's payback period was
calculated to be 12 months, demonstrating both economic and
environmental benefits. These findings highlight the potential for
wide-scale adoption of this heat exchanger design across various
industrial sectors seeking to improve their energy efficiency and
sustainability.

6. Results and Discussion

The proposed sustainable heat exchanger design offers
substantial energy savings and a clear pathway toward reducing
natural gas usage in industrial dryers. Key findings include:

* A 25% reduction in natural gas consumption.

* Significant cost savings, particularly for large-scale industrial
operations.

* A positive environmental impact due to reduced carbon
emissions and energy consumption.

The integration of waste heat recovery and sustainable materials
further enhances the system's overall efficiency and
sustainability.[12]

Moreover, to protect the innovative aspects of the design and
ensure its commercial viability, a patent application has been filed
and is currently pending. This underscores the novelty and potential
of the technology, which could offer a significant advancement in
energy-saving solutions for industrial drying systems [13,14]

7. Conclusion

This paper presents a sustainable heat exchanger design aimed
at reducing natural gas usage in industrial dryers. By incorporating
enhanced heat transfer surfaces, heat recovery systems, and
advanced materials, the design offers both economic and
environmental advantages. The case study demonstrates its
feasibility and potential impact, providing a model for industries
seeking to improve energy efficiency and sustainability in drying
operations. Further research and development are recommended to
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optimize this design for broader applications and explore the
integration of renewable energy sources.
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Numerical results of CFD simulations for full-scale ship-shape body motion in deep and
shallow water
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Abstract: The objective of the simulations is to calculate the total resistance and visualize the flow around a bare hull of a boat motion in
deep and shallow water. Ship resistance is an important issue for ensuring smooth propulsion in various speeds in open sea and especially in
the increasing influence of shallowness. Subcritical speed range in open shallow water is the main interest regime. A limited number of cases
in critical and supercritical speed regions are applied in computations for comparison. For the full-scale bare ship-shape body resistance
tests, computational fluid dynamics techniques and SST k-omega turbulence viscous model were employed. All calculations were carried out
considering the influence of the free surface effect in a fluid. For convenience of mesh generation, an automated structured polyhedral
meshing was adopted for the delicate curved surface and the domain. CFD solver interFoam — OpenFOAM, is applied to execute all
computations in this article. The numerical model was initially built in FreeCAD, an open computer aided design (CAD) software and
discretized in the cfMesh, a library implemented on top of the OpenFOAM framework. Post-processing is performed within ParaView, an
application for scientific visualization. All software is free.
Keywords: SIMULATION, FREE SOFTWARE, CFD, FREECAD, OPENFOAM, PARAVIEW

1. Introduction In the basis of all models is momentum, mass, and energy
balance which are PDEs (Partial Differential Equations). They
require Boundary and Initial conditions to be defined in the solver
before calculations.

Maneuverability is a key component in performance. There are
standards for ship maneuverability that are promulgated by the
International Maritime Organization (IMO), but these standards
cannot ensure absolute navigation safety. For this purpose, ITTC The final system of differential, integral and algebraic equations
Maneuvering Technical Committee take responsibility for the is complex to be solved analytically and for this reason, numerical
prediction of the hydrodynamic performance of ships and marine solutions are applied based on appropriate algorithms, where the
installations based on the results of physical and numerical initial mathematical model is reduced to a system of linear algebraic
experiments. The test process is complex and the distribution equations giving an approximate solution.
information of the flow field around the ship obtained from the test
is limited. Compared with traditional methods, computational fluid
dynamics (CFD) method can provide more detailed information for
naval architecture and ocean engineering, Yang et al [1].

Finite Volume Method (FVM) is the common approach that is
applied for discretization of the space under study. OpenFOAM
implements a cell-centered FVM.

CFD simulations not only minimize physical testing which is 2.1 Case formulation
expensive but also reduce time spent for field tests. More
importantly it is achievable to test the models in environments and
situations that are hard to experiment within real life. Simulations
can recreate critical moments or incidents cases virtually and this
may increase understanding and decrease the chance of such. The test model simulates forward motion with a speed U = 2,
3.2, 4 and 5.2 m/s with drift angles of 0°, 3°, 6°, 9° and 12°in calm
water.

The precise formulation is a fluid mechanics of a ship-shape
body with surge motion in deep and shallow waters, representing a
straight flow around a static body (captive model).

Obtaining data from CFD models for shallow waters, gathering
information and visualizations about hull behavior can be helpful

for seamen. The Froude number, for hull resistance indication (F,) and for

The behavior of the ship in real sailing conditions is important ~ Shallow waters (£, ):

for safety, where the total resistance gives us the proper speed to E =
optimize the voyage. Therefore, use of numerical methods to " VgL
predict the hydrodynamic phenomena during maneuverability in

shallow waters can help navigators to optimize their decisions, ~ Where U is the ship velocity, L is the ship length, g is acceleration
consent within review’24 [2]. due to gravity. A general rule is that Fn < 0.4 indicate a pre-planing

hull, also known as displacement hull, and Fn > 1.0 indicate a fully
It is noticeable that there is a relatively small amount of research planing hull.

papers that considered the free surface effect of flow around the U

vessel, which is closely related to resistance and maneuverability. In Fy= ﬁ

the present study, the flow field around ship-shaped body is &

simulated. where h is depth of water basin. Setting relative depths for h/d to

2 General Setu 4.0 (deep water), 1.8 (moderate shallow water), 1.5 (shallow water)
' P and 1.2 (marginal shallow water) are specified by Vantorre et al [4].
A hydrodynamic coefficient must be determined to predict the . .
maneuvering motion of the ship. The methods used for this purpose For F"h_< 1the ﬂov‘f is called a SUb_C_”t'CaI flow, further fcir F,>
are the captive model test, system identification techniques applied L the flow is characterized as supercritical flow. When £, ~ 1 the

to the results of free-running model tests, and computational fluid ~ flow is denoted as critical flow.

dynamics (CFD). The numerical study considers E, of 0.10, 0.16, 0.20, 0.26 for

CFD simulations became popular with the advancement of  speed in deep water and i, from 0.17 to 0.84 for shallow water.
computer technology. The results obtained with the CFD method
are very reliable and provide a detailed picture of surface elevations 2.2 Mathematical models
as well as velocity and pressure fields. This lead to a better
understanding of the hydrodynamic phenomena of a ship
maneuvering in shallow waters. CFD calculations are an alternative
to physical methods because they provide reliable data at a much
lower cost [3].

The mathematical model of ship maneuvering motions is a key
component in marine simulators. The numerical results presented in
this paper are used to improve understanding of hydrodynamic
phenomena acting upon hull in shallow waters with seawater free
surface effect.
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Therefore:

e  RANS method is used to predict the hydrodynamic forces
and moments to obtain a more accurate fluid flow equation
since it capable to capture turbulent effects [5].

e  Turbulence model ‘SST k-Omega’ is used in OpenFOAM
[6]. The Menter [7] Shear Stress Transport model (SST) k-
o turbulence model which the transport equations are
solved for two variables: turbulent kinetic energy k and
specific dissipation rate o.

The maneuvering derivatives of CFD data from such settings
help to improve the accuracy of mathematical models for ships
maneuvering motions and enable maneuvering motions to be
predicted, confirmed by Yang et al [1].

+ General assumptions:

Mathematical models describing ship manoeuvrability and
seakeeping are based on six equations of motion according to the
six degrees of freedom (6DOF) of a ship and an equation of
equilibrium for ship propulsion.

A model motivated by Newton’s second law: F = Aa, where F
represents force, A the mass of the vessel and a - the acceleration of
ship dynamics, can be described by means of strongly nonlinear
dimensional equations from figure 1.

Aw+qgw—rv) =X
AW+ru—pw) =Y
L7+, —I)pg=N

where A - mass of the ship, u,v,w — linear velocity and angular
velocity p,q,r. Moments of inertia Ix, ly, 1z around X-Y-Z axis
which are ship-fixed reference frame and Xo-Yo-Zo are the Earth-
fixed reference frame. Note here that X and Y are total forces acting
along appropriate axes and N is total moments acting to the hull.

>

Xo

Fig.1 6DOF for a ship-shape body with centre of rotation at the
ship gravity center exactly in the mid-section.

For many control applications like the heading, speed and/or
trajectory stabilization it is a common practice to neglect
pitch, roll and heave motion with assuming thatp = g = w = 0.
That lead to change of the 6 DOF model to the 3 DOF model:

Au—-rv) =X
AW+ru) =Y
Li=N

< Formal models:

The equations of motion in the horizontal plane, introduced by
Abkowitz in the 1960s [8], are based on a third order Taylor-series
development of the hydrodynamic forces. Unfortunately, a 3rd
order Taylor-series expansion results in a large number of terms. By
applying some physical insight, the complexity of these expressions
can be reduced. Abkowitz (1964) makes the following assumptions:
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1. Most ship maneuvers can be described by a 3rd-order
truncated Taylor expansion about the steady state condition

u=1u

2. Only 1st-order acceleration terms are considered.

3. Standard port/starboard symmetry simplifications except
terms describing the constant force and moment arising from
single-screw propellers.

4. The coupling between the acceleration and velocity terms is
negligible.

Simulations of standard ship maneuvers show that these
assumptions are quite good, Fossen (2011) [9]. The force of
hydrodynamic phenomena related to the hull movement through the
water can be expressed as follow:

X =Xy + Xppv? + Xy vr + X, 12
Y =Y, v+ Yr + Yy, v3 4 Yy v2 + Yy vr? + Yy 73
N = N,v + N,7 + Ny v + Ny % + Ny 012 + Ny 73

here X, is direct navigation resistance and we can *note also that
equation N is as same as Y.

During direct navigation, the ship-shape body moves at constant
speed along the X direction, and the hull resistance coefficient X, is
measured.

When the ship moves obliquely at a certain drift angle g, the
velocity components u and v in the body-fixed coordinate system
can be expressed as:

u = Ucosf
v = —Usinf

where hull has longitudinal velocity u and transverse velocity v,
and the other disturbances (v =+ =r =0 ) are zero, than Taylor
expansion can be simplified (regressed) as follows:

X =Xy + X, v?
Y =Y, v+ Y, v}

Here X,,, Y,, Y., N, and N, are transverse velocity dependent
damping coefficients (*equation for Y is same as N). The
coefficients Y, and N,, are the linear coefficients and the rest are
nonlinear ones. Simulation at various drift angle g provides the
forces X, Y and N moment (Fig.2).

outlet
inlet

Fig.2 3DOF Diagram of oblique towing test.

Considering the port- and starboard symmetry, the mathematical
model relating Y, N, and v can be expressed as:

1
Y=Y, +Y,v +EYW,,U3

1
N =Ny +N,v+ ENVW#
where Y,, Y,,,, N,, N, are the maneuvering hydrodynamic
derivatives, and Yy, N, are the lateral force and moment at the initial
steady state of forward motion.

The variables are transferred to non-dimensional values based
on the ship length L, ship speed U, and water density p. They are
distinguished by putting the sign of ' (prime) as follows:



INDUSTRY 4.0 2024, WINTER SESSION, vol 2

/ , 1
Y=Y, +Y v+ gY’,,Wv’3

, , 1
N =Ny +N v +EN'W,,U’3
The dimensionless forms for wetted surface:

M
T 0.5pL2dU?

’ v ’ F ’
- F =
U 0.5pLd U?

< Modular mathematical models:

In the 1980s the ‘concept of modularity based on a separate
representation of elements of the manoeuvring model’ has been
fully recognized among the world, MARSIM °93 [10]. The
principal structural form of a modular manoeuvring model
neglecting the external forces is based on Newton’s equations:

A —vr—xer¥) =X
AW +ur+xs7)=Y
L,7+Axg(v+ur) =N

There are a lot of expressions of this mathematical model
comment a research group called Maneuvering Modeling Group
(MMG) in Japan [11]. Nowadays, a lot of simulation methods based
on MMG model exist and many simulation methods sometimes
harm the adaptability of hydrodynamic force data for the
maneuvering simulations since one method may be not applicable
to other methods in general.

To avoid this, the basic part of the method should be common.
The test procedure and the data analysis to determine the
hydrodynamic force coefficients for the simulations should be also
common since those often involve the quantitative value of the
hydrodynamic coefficients (*next equation A sign will substitute
mass symbol m used in MMG model for synchronous purposes and
other reasons):

D +8)0— (A+A))v,r —xgAr? = X
(A+Dy)0p + (A +ADur +x607 =Y
(I + x2A + J)F + xgA(V,, +ur) = N,

where A, A, is added mass, v, is lateral velocity at midship. x
longitudinal coordinate of center of gravity of ship, I,; is moment
of inertia of ship around center of gravity and J, added moment of
inertia.

« Mathematical model describing manoeuvring motion:

The research work published by authors during the last and this
century is of great value for the prediction of ship manoeuvrability.
However, none of the existing methods is sufficiently broad and
accurate at present to be raised up to a general, standardized
manoeuvring model, Kose (1995) [12].

The preference is given to a modular manoeuvring model. In
contrast with the formal or regression models, ship/fluid interaction
is no longer treated as a black box and the hydrodynamic forces are
linked to the three modules of a manoeuvring ship: hull, propeller
and rudder, Eloot (2006) [13].

3. CFD Simulation

The physical model of environment domain was created in
FreeCAD version 0.21.1. Analyses were performed using the
software product OpenFOAM version 2212. Post-processing and
images are extracted from ParaView version 5.12.0.

3.1 OpenVFOAM Solver

The multiphase solver interFoam is designed for transient
simulations for two incompressible, isothermal, and immiscible
fluids. It can handle laminar and turbulent, accommodating both
Newtonian and non-Newtonian fluids. It utilizes the Volume of
Fluid (VOF) approach for capturing the interface between the fluids
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accurately.

The solver uses the PIMPLE (merged PISO and SIMPLE)
algorithm for pressure-momentum coupling. This algorithm
leverages the strengths of both PISO and SIMPLE methods for
pressure-velocity coupling, ensuring robustness in handling
transient flows with large time steps. This approach is supplemented
by under-relaxation techniques to secure convergence stability.

interFoam uses the multidimensional universal limiter for
explicit solution (MULES) method to maintain boundedness of the
phase fraction independent of underlying numerical scheme, mesh
structure [14]. So, the choice of schemes for convection are not
restricted to those that are strongly stable or bound.

The ability to capture complex fluid interactions together with
dynamic mesh capabilities makes it very versatile and useful in the
marine industry, where complex ship-waves interactions can be
studied. For the transportation industry, mixing stirring tanks can be
analyzed and tank sloshing phenomena. Wave loading or offshore
structure loads can be predicted.

As a validation of interFoam solver, it is proposed to recreate a
Sloshing Problem. As an example, a 2D and 3D Dam Break
problem are applied.

3.2 Sloshing Problem: Dam break problem

The 2D dam break case is represented by OpenFOAM tutorials
in software package after installation the product or from official
website [15]. A coarse mesh with the same domain dimensions was
created for comparison, figure 3a.

Fig.3a 2D breaking of a dam compared with experiment (time=0.25
sec)

where the sample is taken from OpenFOAM Tutorial number 4.1.

The 3D dambreaking problem developed by Kleefsman et al
[16]. A coarse mesh with the same domain dimensions was created
for comparison, figure 3b.

Fig.3b 3D coarse mesh snapshots of a dambreak simulation with a
box in the flow compared with experiment (t=0.56 sec)

It is visible and we can say for the used approach of CFD
method is correct and reproduces the test case very well, which is a
guarantee for the authenticity (verification) of further research on
the ship-shape body.
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4. Ship-shape body and Simulation design
4.1 Physical shape of the studied body

The physical model used in the simulation is in figure 4.

Fig. 4 Body shape evolution

All simulations are performed with the bare boat design model
with following dimensions (Tab. 1)

Table 1. Boat model particulars, Full-scale
Design

Length of waterline Ly, 4121 m

Breadth B 1574 m

Draft d 3.27m

Wetted Surface Area So 577.19 m?

The scale is one to one, full scale because of viscous forces
(ITTC, 1978) [17].

4.2 Domain numerical set-up

A 3D rectangular computation domain representing a numerical
towing tank is used in the simulations. Due to the vertical plane
symmetry of the ship hull and domain, the task is symmetrical so to
facilitate memory and computation time, the simulation can be done
for half of the experiment. The half domain will have length of 255
m, close to 2L in front and 3L behind the hull, 156 m wide and 26
m above water line. Depending on the case, there is a free surface at
distance of 3.924 m from domain bottom for marginal shallow
water (Fig. 5a).

Fig.5a View of half-model

Both domains’ dimensions are selected sufficiently large to
avoid back flow at high drift angles. For full model distance of the
inlet and outlet boundary from ship center is considered to be more
than 2L and 4L, respectively. The side boundaries are located at
around 3.5L and the top is at 1L from the free surface (Fig. 5b)
while bottom distance depends on cases.

Fig.5b The domain

Full model dimensions are tailored considering ITTC
recommendations (75-03-04-01: Guideline on Use of RANS Tools
for Manoeuvring Prediction, 2017).

The model is prepared for calm water surface, no wind effects.
It is achievable by dividing the inlet wall of physical domain to two
zones, one for water inlet and the other zone for air inlet, which
condition is added to top boundary. BCs are on table 2.

Table 2. OpenFOAM built-in boundary conditions
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Boundary  alpha.SeaWater  p_rgh U
. . fixedFlux .
inlet fixedValue Pressure fixedValue
outlet variableHeight zero outletPhase
FlowRate Gradient MeanVelocity
: total pressurelnlet
top inletOutlet Pressure OutletVelocity
side symmetry symmetry symmetry
. fixedFlux movingWall
bottom zeroGradient Pressure Velocity
hull zeroGradient fixedFlux fixedValue
Pressure

The hull is a no-slip wall allowing for boundary layer around

the ship-shape body to be developed. So y* wall treatment with 10
layers is used for the hull with expansion ratio 1.2 (ITTC 2017,
Recommended Procedures and Guidelines). Bottom and side
boundaries are modelled as symmetry for deep water case, while top
is open boundary. As for shallow water only, the bottom is changed
to a no-slip wall.

Different model cases of depth can be seen in figure 6.

h;=13.080m  h,=5.886m

h3=4.905m
Fig. 6 Four depths: from deep to optimal shallow water models

h,=3.924m

4.3 Mesh generation

Mesh is of highest importance in CFD simulations and the
process of creating optimal mesh for any case is a hard and time-
consuming process. Having this in mind, the quality metrics must
be checked with an OK mesh Check Test for topological errors or
orthogonality, skewness, aspect ratio and smoothness for obtaining
accurate results.

Table 3. Grid Quality Check for h = 1.2d, drift 12°

Mesh: OK Values:
Cells 6 164 509
Max Aspect Ratio 41.897
Max non-orthogonality [deg] 81.304

* faces > 70 [deg] 5859
Avg non-orthogonality [deg] 8.058
Max Cell Skewness 3.798

Should be aware that numerical results can be considered
precise and valid if its solution is independent of the grid.
Nevertheless, validation and verification are mandatory.

5. Numerical results

e  Resistance test

Drag coefficient, C; can be calculated by the formula:

E

Cr=——i—
T 0.5pS,U?

at different water depths, which gradually increases as the ship
manoeuvring in shallower basin due to the effect of the sea bottom.



INDUSTRY 4.0 2024, WINTER SESSION, vol 2

Crll R o AY & PR
-1,0E-3
-6,5E-3 e ——
-1,2E-2
-1,8E-2
-2,3E-2
-2,9E-2
-3,4E-2
-4,0E-2
-4,5E-2
-5,1E-2
-5,6E-2
-6,2E-2 -8,65E-03

-6,7E-2
362 -1,41E-02

-8,4E-2
-9,5E-2
-1,0E-1

Fig.7 Force coefficient Cy against time, within four depths at
same ship speed U=5.2 m/s.

Only for deep water with different speeds is drawn at figure 8:

-7,0E-3
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-4,0E-3
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-3,29E-03

-1,72E-03

0,00 0,10 0,20 0,30

Fig.8 Results of resistance at various ship speeds in deep water.

here horizontally is Frude numbers (Fn) and vertically are the
values of ship resistance coefficient in straight motion (Ct), which
in FreeCAD coefficients.dat reporting function file correspond to
Cd.

G -] @—2.0m/s 0—3.2m/s
-0.05 —8—4.0m/s —e—5.2m/s
-4,56E-02
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00 01 02 03 04 05 06 0,7 08 09 1,0

Fig.9a Results of resistance F, N in shallow water for dif. speed.
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Fig.9b Results of resistance Fnh at dif. speed for shallow waters.

Figure 10, gives us information about the values of force and
moment for the whole period simulation time:
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Fig.10 Report of functions (t=51 sec.)

e  Static drift test
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In the static drift test, the ship moves in oblique flow due to a 5.1 Numerical post-processing (data visualization)
given drift angle 3. The hydrodynamic forces are a function of sway
velocity, v = —Usinp. Figure 11 illustrates the results of the static Free surface related patterns performance for different depths
drift test at various water depths. are shown on these figures, except figure 13 and 16.
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Fig.11 Results of static drift at various water depths: Surge force, ‘
Sway force, and Yaw moment. Hydrodynamic forces acting

on hull.

The hydrodynamic forces are higher when the water
shallowness increases. Diagram slope has a significant change at
h=1.2d, as the hydrodynamic force are equal to double (2 times) of
h=1.5d. The increase in hydrodynamic forces and moments in
shallow water was caused by the increased in flow velocity and
decrease in pressure through the limited space between ship bottom
and seabed. This proves that shallow water affects considerably
hydrodynamic forces generated by sway velocity.
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4d

—

1.2d

Fig.13 Keel plane, velocity field at X and Y direction.

here ‘keel plane’ means, that in ParaView a flat plane to Z axis is
placed at the lowest construction point of ship hull.

3500 4000 4500 5.3
| | I

5.0e-01

Fig.14 Wave pattern, free surface U field at Z axis.
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Fig.16 Pressure field on hull bottom wetted surface at drifts with
U=4m/s

Fig.18 Drift angle of 12 deg at deep and marginal shallow
Applying vectors on free surface show velocity of the free water.
surface interface, figure 17.

UMagniude

g
8
2
€
]
2
=
=

Fig.17 Comparing deep water and marginal shallow water
depths at 0 deg drift. U vector at free surface. U=5.2m/s.

0.08+00

Fig.19 Drift angle 12[deg] wake 4d and 1.2d, I1SO lines

Time for these quantitative results is around 90 days with a
desktop computer: CPU Intel Core i7 6700 (Skylake), RAM DDR4
32 GB 2666 Mhz. For the same case and settings to have a medium
mesh and higher accurate results, 64 GB RAM is necessary, which
' is confirmed with the last model set and performance for h=1.2d.

6. Conclusions

As a result of the simulations the following conclusions are made:

R - can obtain free surface flow around body with good data for
prediction of forces and moments acting upon hull.

- can generate quantitative results considerably fast, depending on

computational resources. At least 64GB RAM is necessary for
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more accurate values through medium or fine mesh compared to
the coarse mesh used in this paper. However, despite this we
can still get good enough results that can be of use.

the CFD simulation with RANS enables accurate prediction
flow details around hull in marginal shallow water problems and
prediction of hydrodynamic capabilities for designed or an
already constructed ships.

Diagrams and images from post-processing with ParaView

show that the results from OpenFOAM are a reliable method for
accurate prediction and analysis.

Recommendation for better understanding about ship-shape

motion in shallow waters with CFD simulations is the use Multiple
Reference Frame, MRF and Overset mesh techniques. MRF will
recreate simulation for rotating arm test to obtain rotary derivatives,
as for Overset to obtain trim and sinkage within 4DOF. It is
important for harbor Pilots and ship Masters, who take sinking and
trimming as a priority when navigating in channels and ports with
limited depth, especially for large ships.

10.
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Abstract: The publication examines the use of artificial neural networks to calculate the linear thermal conductivity (Psi-factor) of thermal
bridges given various parameters, such as geometrical data and the thermal resistance R of the thermal bridge components. The neural
network is trained on examples of IF, IW, and B thermal bridges, considering the straightforward task of determining Psi using given
parameters. The neural network training results show high accuracy in calculations — RMSE is 1.132% on training data and 1.1423% on
test data, and the correlation coefficient (R?) is around 0.9997 for both data sets. The applicability of the approach to seismic conditions in

the Balkans is assessed.
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1. Introduction

Thermal bridges are sections of the building envelope that
transfer heat from the inside to the outside and vice versa more
efficiently than other parts of the building envelope. A precise
definition is given in [1, Art. 3.1.1], and according to it, a thermal
bridge is a part of the building envelope where the heat transfer
resistance changes significantly for one or more of the following
possible reasons: full or partial penetration of materials with
different thermal conductivity into the building envelope; change in
the thickness of the main element; changing the configuration of the
element (for external and internal corners, wall-roof connection,
wall-floor connection, wall-internal wall connection, etc.).

Thermal bridges are diverse — they can be linear, point,
geometric, constructive, mixed (geometric-constructive),
convective, etc. Among them, the geometric-constructive ones are
very significant, which in their composition include building
elements with high density and thermal conductivity — for example
slabs, beams and columns of reinforced concrete or metal, which
are in close proximity to the external space.

Thermal bridges lead to greater heat loss as well as problems
such as condensation and mold. Their reduction through proper
insulation is of great importance to reduce the need for heating in
winter, from cooling in summer and, in general, to lower carbon
emissions.

According to conservative estimates for countries in seismic
regions, the losses through thermal bridges are well over 20-25 of
the total heat losses from heat transfer through the walls [2],
although their area on the facades is much smaller. In order to
improve energy efficiency, it is important to identify and minimize
these losses through appropriate design and use of modern thermal
bridge assessment and modeling methods.

The contribution of a thermal bridge to the losses through an
external wall is estimated by determining the so-called coefficient
of linear thermal conductivity y (Psi-factor) of the thermal bridge.
This is known as a forward problem because the goal is to calculate
y of a thermal bridge based on known input parameters such as
geometry and thermal resistance of the components.

The value of the coefficient of linear thermal conductivity v is
relatively difficult to determine — through specialized software that
calculates the heat balance of the element, usually (but not only) by
the finite element method (by dividing the cross-sectional area of
the structure into a huge number of triangles). Examples of such
software are BISCO by the Belgian company Physibel [3] for linear
thermal bridges, which has been verified with the MKC EN ISO
10211 standard [1], as well as COMSOL (Comsol 2006) [4, 5],
TRISCO (also by Physibel) [6], FLIXO [7] and etc. Mention should
also be made of the Bulgarian temperature field program TEPOL,
described in detail in [8], whose application is demonstrated in [9,
10]. These relatively universal and usually quite expensive software
products are not suitable for the daily work of designers. Therefore,
they are most often used to prepare catalogs of thermal bridges for
use in design. Catalogs can be with simplified solutions, for
example [11]. An example of a much more extensive and detailed
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catalog is that of linear thermal bridges in buildings in seismic areas
by Dr. Eng. Arch. Petar Nikolovski [12, 13]. In the catalog, the
dimensions of the building elements are changed in a certain step
(for structural elements — in 5 or 10 cm; for thermal insulation —in 2
cm) and typical values of the coefficient of thermal conductivity are
used, for example A = 0.04 W/(mK) for thermal insulation, A = 0.45
W/(mK) for brick wall and A = 2.50 W/(mK) for reinforced concrete
elements — beams and slabs. Nikolovski's catalog includes over 350
linear thermal bridges typical of the construction practice of the
Balkans, structured in groups and subgroups. It is also applicable in
Bulgaria because it solves tasks in the specific conditions of seismic
regions, such as our country. Although the catalog tries to include
all significant variants, it is still possible in practice to determine the
coefficient y of a thermal bridge whose dimensions do not exactly
match the dimensions given in the catalog. It is possible that the
desired intermediate values of U and y can be obtained by
interpolation, but this requires additional effort and time and
increases the element of uncertainty due to the possibility of
introducing human error.

The need for new approaches arises due to the need for greater
efficiency and accuracy in the estimation of the Psi-factor. One
such alternative is described in an earlier development by the author
[14, 15], based on the use of artificial neural networks (ANN) in
one type of thermal bridges (the so-called IF — Interior Floor).

The concept of artificial neural networks [16] realizes in itself a
computer analog of specifically connected neurons in a system.
They are divided into layers with different purposes — input,
hidden(s), and output. Each neuron is connected to all neurons of
the previous and next layer by a connection that is numerically
tunable. Each neuron processes in a special way (through an
activation function) the influence of all neurons from the previous
layer and sends the result of this processing to all neurons from the
next layer.

The set of neurons in the form of an organized network uses
input data and generates a final output and is capable of learning to
perform this task better.

The expanding application of ANNSs in design is based on their
ability to learn from existing (measured or calculated in more
laborious ways) data and predict outcomes for new situations. In the
case of thermal bridges, trained neural networks can be used to
calculate the Psi-factor without requiring detailed modeling and
simulations. This can help to optimize the architectural parameters
of the building envelope and structure, taking into account different
material options, geometries, and climatic conditions.

Artificial neural networks (ANNSs) have advantages that make
them a useful choice for application in various tasks in building
design:

e Ability to model complex interrelationships: Neural
networks are capable of modeling complex dependencies between
thermal bridge parameters, achieving higher accuracy than
traditional analytical methods. Their training can be performed on
the basis of measurements taken, and this significantly increases
their accuracy and reliability.
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e Calculation speed: Once a neural network is trained,
depending on its structure, it can very quickly calculate the Psi-
factor for new unknown data, which is much faster than the detailed
modeling typical of the finite element method.

o Adaptability: Neural networks can be easily developed for
different types of thermal bridges, materials and geometries. This
makes them very flexible when design requirements change.

e Process automation and simplification: With the use of
ANNSs, the process of calculating the Psi-factor can be greatly
automated, reducing the need for manual calculations or complex
simulations. This simplifies the work of engineers and reduces the
possibility of human error.

o Applicability in different settings: Networks can be trained
on different types of structures, making them suitable for wide
application, including in regions with high seismic activity, such as
the Balkans.

These benefits do the artificial neural networks a powerful tool
for solving tasks related to improving the energy efficiency of
buildings by providing fast, accurate and flexible solutions for the
assessment of thermal bridges.

2. Methodology
2.1. Types of thermal bridges considered.

In the present development, three different types of thermal
bridges are considered — IF, IW, and B (Fig. 1) according to EN
1SO 14683 [17].

Fig. 1 Types of thermal bridges, according to EN 1SO 14683 [17].

IF (Interior Floor) — Internal floor:

This is a thermal bridge that occurs when an interior floor or
slab connects to an exterior wall (Fig. 2). This type of thermal
bridge can appear in places where interfloor slabs break the
enclosing wall and reach the outer space. Usually this is
accompanied by an outer beam.

IW (Interior Wall) — Internal wall:
IW refers to a thermal bridge that occurs at the points where an
interior wall abuts an exterior wall or slab of a building (Fig. 3).

B (Balcony) — Balcony:

This is a thermal bridge connected to the construction of the
balconies (Fig. 4). They are directly exposed to external conditions
and are structurally filled with materials with high thermal
conductivity.

The three types of thermal bridges have some common
parameters, as well as different but amenable to a common
parameterization (see Table 1).

thermal insulation - A = 0.04 Wi{m.K)

I masonry - A= 0.45 Wim K)

- reinforced concrete - A = 2.50 W/iim_K)

Fig. 2 Thermal Bridge Data — Type IF, with sample lambda values for the
materials.

thermal insulation - A = 0.04 Wi(m.K)

- masonry - A = 0.45 Wi(m.K)
|

Fig. 3 Thermal Bridge Data — Type IW, with sample lambda values for the
materials.

thermal insulation - A = 0.04 Wi{m.K)

- masonry - A = 0.45 Wi(m.K)

- reinforced concrete - A = 2.50 Wi(m.K)

Fig. 4 Thermal Bridge Data — Type B, with sample lambda values for the
materials.

Table 1: Parameters needed to train ANNs on thermal bridge types.

Parameter

type IF type IW type B

a +

R_D

R_c

R_ext

R_int

+ +| ]+ +
+| +| +] +

R_per

+|+| +] | +]

balcony
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The meaning of these parameters is as follows:

e a - height of the beam (in the range from 0 to 60 cm).

e R_b — horizontal thermal resistance of the beam (in the
range of 0 to 0.2).

e R_c - thermal resistance of the outer wall (in the range of 0
to 3).
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e R _ext —thermal resistance of the external thermal insulation
(in the range from 0 to 5).
e R_int — thermal resistance of the internal thermal insulation
(in the range from 0 to 5).
e R _per — thermal resistance of a perpendicular plate or wall
(in the range of 0 to 3).
e halcony — there is or no balcony (values 1 or 0).
The match in a large number of parameters is a prerequisite for
all three types of thermal bridges to be modeled with one common
neural network instead of three separate ones.

2.2. Description of inputs and outputs

From Table 1, it follows that seven input parameters are used in
the developed neural network, which describes the different
characteristics of thermal bridges. Among them, there is one
geometric parameter (vertical size of the beam a in cm), the other
parameters represent thermal resistance, and the last parameter
plays the role of True / False for the presence of a balcony. The
neural network has only one output — the value of the linear thermal
conductivity Psi, which ranges from -0.1 to 2.

To calculate the values of thermal resistance (R) of a material
we use the formula R = d / A, where d is the thickness of the
material (in meters) and A is the coefficient of thermal conductivity
of the material (in W/m-K). For walls that have several components,
a generalized thermal resistance is calculated.

2.3. Neural network training

The following steps should be considered when training an
ANN:

Data partitioning: The database containing 422 rows (the
input-output matching sample) was split into a training and a test
set, with 80% of the data (323 rows) used for training and the
remaining 20% (99 rows) — for testing.

Data normalization: This is bringing the values of the
parameters and the target scores in the range of 0 to 1 and is done to
improve the training efficiency.

Data shuffling: This is the process of randomly rearranging the
rows in the dataset before training an ANN to prevent the model
from learning any unintended patterns or sequences present in the
data.

Training algorithm: The network was trained with a back-
propagation algorithm at a variable learning rate according to the
calculated error.

Number of epochs: Training lasted 370,000 epochs, which
helped to reach quite low RMSE values and a very high correlation
coefficient between target and modeled results. The RMSE errors of
the training and test data are almost the same, indicating no
overfitting.

Denormalization of the result: The ANN produces a
normalized result that must be scaled back to its usual range to
obtain its real value.

2.4. Data used and evaluation criteria

Data from the Catalog of Linear Thermal Bridges in Seismic
Regions by P. Nikolovski [12], developed for North Macedonia,
were used to compile the training database. They were calculated
using BISCO [3] — software of the Belgian company Physibel for
linear thermal bridges, which works by the finite element method.

In the present work, the following criteria are used to evaluate
the learning outcomes:

e Root Mean Square Error (RMSE): This is a key metric
for evaluating the quality of network performance. It has
different values depending on whether it is calculated on
normalized or denormalized scores.

e Correlation coefficient (R?): it is used to measure the
degree of correspondence between the target and the
modeled values. Its value does not depend on whether the
results are normalized or not.
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2.5. Description of different neural network architectures
(number of hidden layers)

Network with one hidden layer: The one used A neural
network has one hidden layer that contains 10 neurons. This is a
simple but effective architecture for regression tasks such as the
present one.

Experiments with different numbers of hidden layers:
Experiments were also conducted with networks with more than
one hidden layer (e.g., 2 and 3 hidden layers) to see if increasing the
complexity of the model would significantly improve the prediction
accuracy. The results showed that increasing the number of hidden
layers leads to a slight improvement in accuracy, but it does not
significantly compensate for the complexity of the model.

3. Results

ANN training results after 370,000 epochs show very high
model performance accuracy, both on the training and test data sets.
The root mean square error (RMSE) was 1.132% on the training
data (Fig. 5) and 1.1423% on the test data (Fig. 6). This shows that
the model succeeds in predicting the Psi-factor values with high
precision, which is also confirmed by the correlation coefficient
(R?) 0f 0.999718 on the training set and 0.999607 on the test data.

Psi_m = function (a, R_b, R_c, R_ext, R_int, R_per, balcony), 7 inputs, 10 hidden neurons
double logistic sigmoid function, Total Nepochs= 370000 a

Nrecords = 323
MBD =0.00016
MBD = 0.0446%
MAB = 0.00508
RMSD = 0.00671
RMSE =1.132%
RMSE =1.9104%
R2=0.939718
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Fig. 5 Comparison of y coefficient values used for training (in the
horizontal direction) with the ANN modeled ones (in the vertical direction)
for the training data.

The applicability of the model was evaluated for the seismic
conditions of the Balkans, where structural requirements lead to a
higher percentage of reinforcement in slabs, beams, and columns,
increasing the importance of thermal bridges and ways to neutralize
them. The neural network used to estimate the Psi-factor showed
that it can be effectively used to predict heat losses, even in
complex conditions such as those associated with higher seismic
hazards. This shows the potential of the model to be used as a tool
for the optimization of building solutions aimed at energy efficiency
in these specific conditions.
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double logistic sigmoid function, Total Nepochs= 370000 a

Nrecords = 99
MBD =-0.0003
MBD = -0.074%
MAB = 0.00565
RMSD = 0.00724
RMSE =1.1423%
RMSE =1.8014%
R2 = 0.939607
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Fig. 6 Comparison of y coefficient values used for training (in the
horizontal direction) with the ANN modeled ones (in the vertical direction)
for the test data.

The trained neural network is integrated into an HTML page
(Fig. 7) [18] using JavaScript code, which allows its interactive use.
The user can select the type of thermal bridge (IF, IW, or B), and
depending on the choice made, a different dialog is launched to
enter the necessary information for the selected type of thermal
bridge (for example, geometric dimensions of the beam, walls,
presence of a balcony). From this data, thermal resistances are
calculated, which are then normalized and fed into the JavaScript
environment as input to the trained neural network.

_

Calculation of @ (Psi) of Thermal Bridges

Heat Bridge Type:
B (Balcony) OK v

Labeled Dimensions

Labeled Lambda Values

Auto Scale

thermal insulation - A = 0.04 W/(m K)
[ masonry - A= 0.45 Wi(m.K)
[l reinforced concrete - A = 2.50 W/(m.K)

Fig. 7 HTML page for calculating  of linear thermal bridges of type IF,
IW, and B [18].

After processing by ANN, the obtained result (Psi-factor) is
denormalized and presented to the user. This value can be further
used for calculations of losses through the thermal bridge, which
provides a quick and convenient assessment of the energy
efficiency of a given structure and building envelope [19].
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4. Conclusions

The considered three types of thermal bridges cover a
significant part of the losses through the thermal bridges of
buildings. For this reason, a neural network that calculates their Psi-
factor would be very useful in a series of heat gain and loss
estimation software. The research results show that the trained ANN
successfully predicts the linear thermal conductivity at different
geometries and thermal resistances, achieving a low root mean
square error (RMSE) and a very high correlation coefficient (R?)
between target and modeled results. This confirms the potential of
neural networks to solve complex tasks related to improving the
energy efficiency of buildings.

The neural network used with one hidden layer with 10 neurons
and  back-propagation  algorithm  demonstrates  excellent
generalization and generalization ability in this task. This makes it
much easier to solve the task of determining the coefficient of linear
thermal conductivity Psi in the specific conditions of seismic areas,
compared to traditional methods that require more resources and
time for modeling.

It is of interest in the future to combine these results with other
modern technologies, such as 6D BIM, which would allow a more
efficient calculation of heat losses and heat transfer gains directly in
the modeling and design process. This will provide a better
understanding of the opportunities to improve the building envelope
already at the design stage, allowing optimization of materials and
structures with a view to minimizing thermal bridging and
improving sustainability. Another interesting direction is the use of
more complex neural network architectures, exploring their ability
to discover new dependencies between materials and structural
parameters.

The development shows that neural networks can be used to
solve complex tasks related to the assessment of thermal bridges in
complicated climatic and seismic conditions. Such applications can
support the design of sustainable buildings by taking into account
specific environmental and climatic factors, making them extremely
useful in complex and dynamic environments.
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Abstract: This paper investigates the inverse problem for thermal bridges — determining design parameters (such as material, geometry,
thermal resistance R of the components) of the bridge at a known Psi-factor. By using artificial neural networks, a thermal bridge type IF
(wall-floor connection) has been considered to evaluate the effectiveness of the methodology. The results show that the approach provides a
fast and accurate way to predict the optimal parameters that meet specific energy efficiency requirements. In the future, this approach could
help to determine the parameters of thermal bridges using thermographic images non-invasively.
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The present study aims to develop a methodology for
determining the parameters of thermal bridges using ANN at a
Thermal bridges are sections of the building envelope that ~ known Psi-factor.
transfer heat from the inside to the outside and vice versa more
efficiently than other parts of the building envelope. In them, the 2. Methodology
heat transfer resistance changes significantly for one or several of
the following possible reasons: full or partial penetration of

1. Introduction

2.1. Considered type of thermal bridge.

materials with g.reater t.hermal conductiyity into the byilding In the present work, one of the significant types of thermal
envelope; change in the thickness of the main element; changing the  bridges is considered: IF (Interior Floor, wall-floor connection)
configuration of the element (for external and internal corners, wall- (Fig. 1) according to EN 1SO 14683 [4].

roof connection, wall-floor connection, wall-internal wall
connection, etc.) [1].

Conducting heat through thermal bridges is a significant factor;
in Bulgaria, it is over 20-25% of unwanted heat losses in winter and
heat gains in summer. Unprotected thermal bridges are also a
prerequisite for condensation and mold, which worsens the internal
conditions in the building. The influence of thermal bridges can be
limited with the help of thermal insulation layers in front of them so
that the path of heat out or in is blocked to a significant extent.

Usually, when designing a part of energy efficiency and
calculating heat losses/gains, the values of the linear coefficient of
thermal conductivity (Psi-factor) are needed for each thermal bridge
in the building envelope. Its determination is known as a “forward
problem”, solved with known design parameters — geometry,  Fig, 1 Types of thermal bridges, according to EN 1SO 14683 [4].
material characteristics and thermal resistance R of the components.

An example of a solution to this task using neural networks can be This thermal bridge occurs when an interior floor or slab

found in [2, 3]. connects to an exterior wall. It can appear in places where inter-

~ The "Inverse” problem involves solving it in the opposite  floor slabs break the enclosing wall and reach outer space. Usually,
direction: with a known Psi-factor, the goal is to determine some of  thjs js accompanied by an external beam (Fig. 2).

the design parameters of the thermal bridge, such as material,
geometry, and thermal resistance of the components. This task is
more complex because it requires finding the combination of
parameters that results in the specified value of the Psi-factor. The
solution of the inverse problem is useful both for designing the
building envelope and for determining parameters of already built a
structures, for example, using thermographic photographs.
Due to its complexity, solving the inverse problem is often
avoided. However, there are some traditional methods for its

solution — trial and error, catalog search, software modeling. This c

necessitates the search for new, more efficient ways of solving the

inverse problem. d ext d int thermal insulation - A = 0.04 Wi(m.K)
- > - -

Artificial _Neurgil Networks (ANN) enable modeling more I o - A = 0.45 WicmK)
complex relationships between related values. They are usually _
used to numerically determine the relationship between a series of I =or-=d conrate
input parameters and some result, for example, between the Fig. 2_Thermal Bridge Data — Type IF, with sample lambda values for the
geometrical and thermotechnical parameters of a thermal bridge and materials.
the value of the Psi-factor, i.e. forward problem. . . .

In the inverse problem, when training the neural network, some IF type thermal bridge can be modeled with the following
parameters and the Psi-value are given as input data, and other ~ Parameters: )
parameters are searched for. For this purpose, the function used to a - beam height (from 0 to 60 cm).
solve the linear problem must be monotonic (increasing or R_b — horizontal thermal beam resistance (from 0 to 0.2).
decreasing) concerning the sought parameter. In the absence of an R_c — thermal resistance of the outer wall (from 0 to 3).
analytical solution (as is the case), numerical methods, optimization R_ext — thermal resistance of the external thermal insulation
algorithms, or neural networks can be used. The latter can learn the (from 0 to 5).
complex interrelationship and provide a solution to the inverse R_int — thermal resistance of the internal thermal insulation
problem. (from 0 to 5).
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e Psi— linear thermal conductivity (from -0.1 to 2).

To calculate a material's thermal resistance R, we use the
formula R =d/ A, where d is the material's thickness (in meters) and
A is its coefficient of thermal conductivity (in W/m'K). A
generalized (reduced) thermal resistance is calculated for walls with
several components.

In the forward problem, Psi is determined based on the first 5
parameters, and in the inverse problem, based on the first 3
parameters and the last (Psi), the fourth and fifth, which are
indicative of the thickness of the thermal insulation, must be
determined.

2.2. Description of inputs and outputs

Data from the Catalog of Linear Thermal Bridges in Seismic
Regions by P. Nikolovski [5], developed for North Macedonia,
were used to compile the training database. They were calculated
using BISCO [6] — software of the Belgian company Physibel for
linear thermal bridges, which works by the finite element method.
The geometry is modeled “manually” by Nikolovski in a graphic
editor, which leads to minor deviations (for the building design).

The relationships between the parameters and Psi for the IF
type thermal bridge are described in a total of 135 lines (entries).
The four graphs in Fig. 3 are based on these data.
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Fig. 3 Dependence between the thermal resistance of the external and
internal thermal insulation R_ext and R_int on the one hand and Psi (top) or
Psi/ U_all (below) on an IF thermal bridge on the other. The color of the
curves is a function of R_ c.

The graphs of the top row of Fig. 3 show the dependence
between the thermal resistance of the external and internal thermal
insulation R_ext and R_int on the one hand and Psi on the other. In
the bottom row of the figure, the graphs show the dependence
between the thermal resistance of the external and internal thermal
insulation R_ext and R_int on the one hand and the ratio Psi/U_all
on the other, where U_all is the heat transfer coefficient of the outer
wall with all its layers. All four graphs show a monotonically
varying function within the investigated parameter values.
However, the ratio Psi/U_all (instead of Psi) performs better
because the steeper slope of the bottom row of graphs will give a
higher accuracy of the result for R_ext and R_int.

The two graphs of the bottom row of Fig. 3 suggest that R_int
will be more easily determined than R_ext because the slope of the
curves is greater. Problems also arise from the “manual” modeling
with slight deviations, as well as the low accuracy when recording
Psi in the catalog (up to 3 digits after the decimal point), which does
not allow to distinguish well between relatively close and very low
Psi values for external thermal insulation.
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2.3. Description of inputs and outputs

Above, in the description of the forward problem, the input
parameters for the developed neural network were listed, five in
number, which describe the different characteristics of the thermal
bridges. Among them there is one geometric parameter (vertical
size of the beam a in cm) and the other parameters represent
thermal resistance. The neural network has only one output - the
value of the linear thermal conductivity Psi.

The newly developed neural network for the inverse problem
has 4 inputs: a, R_b, R_c and Psi (or Psi/U_all), and output R_ext or
R_int, which represent the thermal resistance of the external and
internal thermal insulation. Based on a known value of A —
coefficient of the thermal conductivity of the thermal insulation
(usually about 0.04 W/m-K), it is possible to calculate how much its
thickness should be.

Thus, the two new neural networks for the inverse problem have
the following input parameters:

e a-—beam height (from 0 to 60 cm).

e R_b - horizontal thermal beam resistance (from 0 to 0.2).

e R_c—thermal resistance of the outer wall (from 0 to 3).

e Psi/U_all — the ratio between linear thermal conductivity
and the heat transfer coefficient of the wall with thermal
insulation (from -0.1 to 6).

and one of the following results:

e R_ext — thermal resistance of the external thermal insulation
(from 0 to 5).

e R_int — thermal resistance of the internal thermal insulation
(from 0 to 5).

Based on each of the obtained results, the trained neural
networks  should enable  non-destructive  (non-invasive)
determination of the internal and external thermal insulation
thicknesses at a known A-value.

2.4. Neural network training

The following steps should be considered when training an
ANN:

Data partitioning: The database containing 135 rows (the
input-output matching sample) was split into a training and a test
set, with 80% of the data (111 rows) used for training and the
remaining 20% (24 rows) — for testing.

Data Normalization: This is bringing the values of the
parameters and the target scores in the range of 0 to 1 and is done to
improve the training efficiency.

Learning algorithm: The networks are also trained with a
back-propagation algorithm at an adaptive learning rate (Learning
Rate), which decreases as training progresses and approaches the
minimum error.

Number of Epochs: Training continues until a more significant
local minimum of the RMSE error is reached for the training and
test data.

Denormalization of the result: The ANN produces normalized
results that must be returned to their normal range to obtain their
true values.

Architecture of neural networks used: Two neural networks
are trained with the same input of 4 parameters, 1 hidden layer and
1 output. One ANN gives the final result R_ext, and the other —
R_int. The other option is to train a single network with two
outputs, but training is usually more difficult in this case and slower
and ends at a higher RMSE error. Sigmoid activation functions
were used.

2.5. Evaluation criteria

In the present work, the following criteria are used to evaluate
the learning outcomes:

Root Mean Square Error (RMSE): This is a key metric for
evaluating network performance quality. Its value varies depending
on whether it is calculated using normalized or denormalized
scores.
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Correlation coefficient (R?): it is used to measure the degree of
correspondence between the target and the modeled values. Its
value does not depend on whether the results are normalized or not.

2.6. Description of the different neural network architectures
tested (number of hidden layers)

Network with one hidden layer: For both results, the used
ANN has one hidden layer that contains 20 neurons. This is a
simple but effective architecture for regression tasks like the present
one.

R_int_m = function (a, R_b, R_c. Psi/U_all), 4 inputs, 20 hidden neurons

double logistic sigmoid function, Total Nepochs= 3680000 Rb
/

5.0 0.20

Nrecords = 111
MBD =-0.00044
MBD =-0.0423%
MAB =0.00359
RMSD = 0.00862
RMSE = 0.8466%
RMSE = 0.8318%
R2 =0.999972
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Fig. 5 Comparison of thermal resistance values R_int of the target data (in
the horizontal direction) with the ANN modeled (in the vertical direction)
for the training data.

R_int_m = function (a, R_b, R_c, Psi/U_all), 4 inputs, 20 hidden neurons
double logistic sigmoid function, Total Nepochs= 3680000

Nrecords = 24
MBD =0.00216
MBD = 0.1279%
MAE = 0.00641
RMSD =0.01143
RMSE = 0.8843%
RMSE = 0.6808%
R2 =0.939364
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Fig. 6 Comparison of the thermal resistance R_int values of the target
data (in the horizontal direction) with the ANN modeled (in the vertical
direction) for the test data.

Experiments with different numbers of hidden layers:
Experiments were also conducted with networks with two outputs
and/or more than one hidden layer (e.g. 2 and 3 hidden layers) to
see if increasing the complexity of the model would significantly
improve the accuracy of forecasts. The results showed that
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increasing the number of hidden layers leads to a slight
improvement in accuracy, but it does not significantly compensate
for the complexity of the model.

3. Results

Due to the different complexity of the two tasks, each of the two
ANNSs was trained with a different number of epochs.

R_ext_m = function (a, R_b, R_c, Psi/U_all), 4 inputs, 20 hidden neurons
double logistic sigmoid function, Total Nepochs= 15540000 R_b

Nrecords = 111 ! e
MBD =-0.00294 4
MBD =-0.1532%
MAB =0.03093

RMSD = 0.06167 -
RMSE = 4.4521%
RMSE = 3.2139%
R2 =0.998705 -
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Fig. 7 Comparison of the thermal resistance values R_ext of the target
data (in the horizontal direction) with the ANN modeled (in the vertical
direction) for the training data.

R_ext_m = function (a, R_b, A_c, Psi/U_all), 4 inputs, 20 hidden neurons
double logistic sigmoid function, Total Nepochs= 15540000

Nrecords = 24
MBD =0.00051
MBD = 0.0374%
MAB =0.03201
RMSD = 0.07441
RMSE = 6.3459%
RMSE =5.4118%
R2 =0.997835
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Fig. 8 Comparison of the thermal resistance R_ext values of the target
data (in the horizontal direction) with the ANN modeled (in the vertical
direction) for the test data.

The neural network for determining the thermal resistance of
the internal thermal insulation was trained relatively more easily,
with 3,680,000 epochs, reaching the lowest root mean square error
(RMSE) of 0.008466 on the training data (Fig. 5) and 0.008843 on
the test data (Fig. 6). The correlation coefficient (R?) is 0.999972 for
the training set and 0.999964 for the test data, which is an extremely
high value and indicates very good training.
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The neural network for determining the thermal resistance of
the external thermal insulation was trained much harder, with
15,540,000 epochs, reaching a root mean square error (RMSE) of
0.044521 on the training data (Fig. 7) and 0.063459 on the test data
(Fig. 8). The correlation coefficient (R?) is 0.998705 for the training
set and 0.997895 for the test data.

4. Discussion

To solve this task, two software products developed by the
author were used with the same neural network architecture (one
hidden layer with 20 neurons):

1) Program PowerSolver is written in the PowerBasic
programming language. It is characterized by great speed
(PowerBasic is comparable in speed to C++) but does not
use optimization techniques during training.

2) Program TensorSolver in the Python programming

language uses the TensorFlow standard library for working
with neural networks [7] and, more specifically, Adam-
optimizer for neural networks [8].

For several reasons, the second program is significantly slower
to produce comparable learning outcomes. The Python language is
used through interpretation, which itself is a slower process, and the
TensorFlow library is written in the fast language C++ and
compiled. Communication between the two languages, Python and
C++, requires additional time for preparatory operations preceding
learning. Training graph compilation and optimization in
TensorFlow also add time to training implementation. Automatic
optimizations for different hardware platforms make TensorFlow
flexible and capable of different solutions but lead to performance
delays.

Another problem is that the Adam optimizer aims to find a local
minimum of the RMSE error, which rarely coincides with the
global minimum. Combined with a low initial learning rate (e.g.,
LR = 0.01), this results in (relatively) faster learning (like for
Python), but the RMSE error of the solution remains high. After the
solution hits the local minimum of the error, the neural network
cannot search for another minimum, and the training is terminated.
Slightly better results are obtained with a higher starting value of
LR (0.2), balanced with a lower LR reduction factor (0.99) and
lower patience = 5. This increases the time to search for the error
minimum and also the chance of finding a lower local minimum.
However, with this software, we were able to achieve a correlation
coefficient of around 0.997 (at 0.999972 with PowerSolver) for
internal thermal insulation and around 0.992 (at 0.9987 with
PowerSolver) for external thermal insulation.

Experiments have shown that the PowerSolver software, which
runs without the Adam-optimizer and starts with a higher initial
learning rate (e.g., LR = 0.5 or even 0.8), precisely thanks to the
larger steps at the higher learning rate “steers” the solution to areas
with a more significant potential to contain a global minimum of the
error.

Ultimately, although with more training epochs, PowerSolver
achieved extremely low RMSE values and very high model
correlation coefficients. Investing more computational time in
training is justified because it is done once, and then its results are
used many times (potentially thousands to millions of times).

Table 1: Evaluation of training with TensorSolver and PowerSolver by
RMSE and correlation coefficients between target and model results.

TensorSolver PowerSolver

RMSE_ext: 0.14858
R?_ext: 0.99247

RMSE_ext: 0.044
R?_ext: 0.9987
Training data
RMSE_int: 0.04228
RZ_int: 0.99942

RMSE_int: 0.008
R2_int: 0.999972

RMSE_ext: 0.20586
R?_ext: 0.98346

RMSE_ext: 0.063
R? ext: 0.9979
Test data
RMSE_int: 0.08599
R?_int: 0.99548

RMSE_int: 0.009
R’ int: 0.999964
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Table 1 shows the RMSE and correlation coefficients between
the target and model results for the best models with the two
software — TensorSolver and PowerSolver for external (denoted
_ext) and internal (denoted _int) thermal insulation.

5. Conclusions

This development focuses on the inverse problem in thermal
bridges and the use of artificial neural networks (ANN) to
determine the design parameters of a thermal bridge at a known Psi-
factor. The method is innovative and can be used both in the design
stage to determine the required thickness of thermal insulation and
in non-invasive verification of this parameter in existing and
renovated buildings. The development provides an opportunity for
non-destructive measurements, which is a key point in modern
construction and energy efficiency.

The solution has two separate ANNs with one hidden layer and
one output each. Low RMSE values were achieved (especially for
R_int for internal thermal insulation), indicating that the model
could adapt to the input data. The high correlation coefficient (R?)
value also suggests an excellent agreement between the target and
modeled values.

In future work, similar ANNs for the inverse problem in other
types of thermal bridges are envisaged, and if a viable approach is
identified, the solutions may be combined into a common ANN.

The significance of this development for the Balkan Peninsula
and other regions with increased seismic activity, such as Southern
Europe, Turkey, and others, where the need for seismically resistant
structures often leads to more significant thermal bridges, should be
emphasized. Artificial neural networks offer an effective approach
to determining the thickness and placement of thermal insulation in
such cases, especially in designing and evaluating building
envelopes where thermal bridging has a significant effect. For
regions with lower seismic hazards and buildings with lower Psi
values, the approach may be more difficult to implement, as the
lack of significant thermal bridges makes the non-destructive
measurement vaguer and less accurate.

In terms of building types, the method is particularly suitable
for structures using internal insulation — a common practice in
historic buildings or those with facade restrictions where external
insulation placement is impossible. The internal insulation that
often accompanies structures in seismically active regions increases
the importance of precisely determining the parameters of thermal
bridges, especially in the areas of contact between internal and
external structural elements.
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Abstract: Data analysis, particularly predictive analysis, has seen significant development with the emergence of modern LLMs,
especially the latest GPT models. Nowadays, Generative Al is a turning point in modern industry. Many new LLMs have been available
during the last several years, but an essential case is how these models are changing: what is the direction of evolution, and what can we
expect from Gen Al shortly?

This study analyses different aspects of the evolution of predictive analysis systems using different LLMs: GPT 3.5 turbo, GPT-4, GPT-
40, GPT-401 OpenAl GPT o1.

This report includes comparative studies of predictive analysis for construction structures conducted using a comparative reference
framework with different GPT models, reaching GPT-40 and GPT ol. The accuracy of the analysis on identical cases is compared. The
study also compares the cost and performance of the different models. Current research will be useful for scientists, researchers, industry
engineers, and businesses to estimate the cost and effectiveness of the GenAl solutions that they are going to implement and choose the right
LLM for their cases and

Keywords: OPENAI, CHATGPT, GENERATIVE Al, CPT-4, GPT-40, GPT-01, PREDICTIVE ANALYSIS

1. Introduction

Table 1. OpenAl Foundation GPT models The evolution of accuracy for

One of the main points in the new era of Generative Al, LLMs, OpenAl's language models

and Al as a service, _in general, i_S how models are changing and Model Release Date | Accuracy in | Notable Observations
what the main trends in the evolution of large language models are. Version Specific Tasks
This pape_r IS.fO.CUSEd preliminary on the OpenAl GPT models, but GPT-1 June 2018 Not specified Introduced the generative pre-
the trend is similar for many other LLMs. The research covers the training  approach, setting  the
accuracy of the models and the learning curve during the adoption foundation for subsequent models.
of GenAl technolqgles. The_ last point has to do with how easily GPT-2 | February Not specified | Demonstrated Significant
users learn how to interact with Al. 2019 improvements in text generation but
: i raised concerns about potential
The first OpenAl LLM generations up to GPT-3.5 focus on misuse due to its ability to generate
routine tasks. The accuracy is not very good, but these models are coherent and contextually relevant
good for essential customer integration. text.
. . e GPT-3 June 2020 Not specified Showed substantial advancements in
GPT-4.0 models provide options for perfect refining Al- P natural language understanding and
powered customer interactions. These models are very accurate and generation, capable of performing a
have good interaction capabilities. wide range of tasks without task-

specific training.

GPT-40 models bring more advanced language processing and

. . GPT- 2022 ~53% Achieved  approximately — 53%
adaptive learning. These models have no better accuracy than GPT- 35 accuracy in specific tasks, such as
4.0 in a specific completion request, but they have superior physiology ~and  pharmacology
capabilities to support complex business operations [2] assessments.

e . GPT-4 March 2023 97.6% Initially achieved 97.6% accuracy in

The current statistics on the preciseness of the OpenAl GPT (initially) identifying  prime  numbers,
models are relevant for specific cases analyzed for specific cases However, by June 2023, this

- . . - . 0, .

like problem-solving at the International Mathematical Olympiad 95,2% accuracy declined to 2.4% for the

(IMO) (updated) same task, indicating variability in
performance over time.

Fig. 1 and Table 1 compare different GPT models (GPT-3.5 and GPT-40 | May 2024 86% Achieved  86%  accuracy i
the later models). Results demonstrated from GPT-4 models are the physiology ~and  pharmacology
most accurate (in the case of mathematical tasks) compared to the assessments, fmark'nlg_ a notable
other Open Al models (including also the latest one). Improvement from earlier versions.

) ) GPT- October 2024 | 86% Maintained the improvements seen

100 Accuracy Comparison Across GPT Model Versions 401 in GPT-40, with 86% accuracy in
Preview specific assessments.

80 OpenAl | September 83% (IMO | In a qualifying exam for the

ol 2024 qualifier) International Mathematical

60 Olympiad (IMO), o0l correctly

solved 83%  of  problems,
significantly outperforming GPT-
40 40's 13% accuracy on the same task.

Accuracy (%)

20

Results from the general comparison are related to a benchmark

0 - & o & & framework used for the evaluation of LLMs. This framework
A S AY -
¢ ° ¢ K & includes:
X
£ o .
6P Model Versions e  Quantitative Evaluation

e Human evaluation

Fig.1. Accuracy Comparison Across GPT Model Versions [3] e  Computational Resource Analysis
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e Robustness Testing (test on generalization)

e Longitudinal analysis (performance over time and
model drift)

Details on the methods to evaluate and compare LLMs will be
explained later in this paper.

It is important to get insights about the targets for each of the
GPT models to understand why the accuracy has changed and is not
only in one direction. Some of the newer GPT models are observed
to have lower accuracy compared to some older ones. The
directions of development for different GPT LLMs are described in
Figure 2.

Taxonomy of GPT Models with Labels Outside Circles

aras

uuuuuuuuu

Fig.2. GPT models, including their main specifics [4]

Another important metric for LLMs is related to ease of
prompting. The adoption of Al, and especially Al as a service,
depends on how easily organizations can use these technologies.

Table 2. Metrics of Comparison. Ease of Prompting for Different GPT
models.[5]

Metric GPT-3 GPT-35 GPT-4 GPT-40 GPT-401 OpenAl
ol

Instruction 70% 85% 95% 88% 90% 92%

Following

Few-shot Medium High Very High Very Very

Learning High High High

Ability

Tolerance Low Medium High Medium High Mediu

to m

Ambiguity

Response Medium High Very High Very Very

Coherence High High High

Prompt Medium High Very Medium High High

Robustness High

Overall 65% 80% 90% 85% 88% 86%

Ease  of

Prompting

The main KPIs include:

e Instructions Following: measures the ability of the models
to interpret detailed or ambiguous instructions

e Few-shot Learning Ability: shows how well the model
adapts to examples provided in the prompt.

e Tolerance to Ambiguity: this metric demonstrates how
well the model handles unclear and imprecise prompts.

e Response Coherence: considers how logically consistent
and fluent the output is relative to the prompt
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e  Prompt Robustness: shows how well the model deals with
noisy or suboptimal prompts.

e  Overall Ease of Prompting: A combined score reflecting
all the above factors

The last essential group of metrics that is needed to compare
OpenAl LLMs is related to the pricing. Table 3 demonstrates the
current pricing (December 2024) for different OpenAl GPT models

Table 3. OpenAl Foundation GPT models pricing

Model Context Window Pricing
(tokens)

GPT-3 4K $0.02 per 1K tokens

GPT-3.5 16K $0.015 per 1K tokens

GPT-4 8K $0.03 per 1K tokens

GPT-40 128K $0.005 per 1K input
tokens; $0.015 per 1K
output tokens

GPT-40 mini 128K $0.00015 per 1K input
tokens; $0.0006 per 1K
output tokens

OpenAl ol 128K $0.015 per 1K input
tokens; $0.06 per 1K
output tokens

OpenAl 01-min 128K 80%  cheaper  than
OpenAl ol

The main KPIs are described below:

e Context Window: this parameter is related to the
maximum number of tokens used for the model in a single
interaction.

e  Pricing: Reflects the cost per 1,000 tokens processed, with
distinctions between input and output tokens for certain
models.

LLMs, and especially OpenAl GPT models, can be applied to
various kinds of analysis.

e  Descriptive analysis
o Diagnostic analysis
e  Predictive analysis
e  Prescriptive analysis

Descriptive analysis focuses on examining and summarizing
data to provide insights into the current state of a specific situation.
This type of analysis helps to interpret, visualize, and summarize
data, often serving as a foundation for other analytical approaches.
It is particularly well-suited for Computer Vision, as it can interpret
and convey the meaning of images or videos. While it can leverage
various technologies, using Al-powered solutions makes extracting
metadata from diverse types of digital content significantly more
efficient and manageable.

Diagnostic analysis is analyzing the root causes of something
that happens (for example, construction failure). Descriptive
metadata from images and videos can be critical in explaining why
something (events, behaviors, outcomes) happened. It works
together with descriptive analysis to get information describing the
case and find the main reason for having a specific situation.

Predictive analysis focuses on forecasting future events or
outcomes by leveraging various data inputs. This type of analysis
can be enhanced with Al, either as a standalone analytical solution
or through a hybrid approach integrating Al elements. Predictive
analysis can be implemented using various Large Language Models
(LLMs) such as GPT, DALL-E, DAVINCI, and WHISPER. One
major scenario is related to the analysis of images and video
content, where other Al technologies like Computer Vision often
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play a critical role in extracting the necessary information to serve
as input for predictive analysis. The predictions are then generated
using suitable LLMs that analyze the metadata derived from
Computer Vision processes. This scenario will be discussed later in
chapter 3 of the paper.

Prescriptive analysis provides actionable recommendations for
future decisions based on the outcomes of predictive analysis. It
leverages statistical algorithms, machine learning techniques, and
other Al-driven solutions to determine the optimal next steps in a
given situation.

This research is focused on how different GPT models perform
in scenarios related to predictive analysis. The comparison covers
some of the latest GPT models, included in real-life scenarios for
structure maintenance and prediction.

The next chapter explains the prerequisites to design and
implement the PoC used for the experimental research.

2. Prerequisites and means for solving the problem
This paper covers the following areas:

e Design and implementation of Predictive Analysis based
on Computer Vision using OpenAl

o Democratization of the implementation of flows,
providing Predictive Analysis with OpenAl and Power
Automate (Low Code/No Code)

e Analyze the results (preciseness and correctness, ease of
prompting, and price) based on sample data (photos of
structures and construction schema).

e  Options to optimize the cost and performance

o A reference comparison between general performance,
ease of use, and pricing metrics and the specific one for
scenarios with predictive analysis is needed to analyze if
general trends are valid for prediction use cases.

The current research uses a reference framework to implement
solutions with a short time to market, analyze cases from images
and video, and provide predictive analysis to implement predictive
maintenance and decrease the overall maintenance cost for different
structures in the construction industry.

The overall schema explaining different types of analysis and
related Al technologies, Computer Vision, and Open Al is

demonstrated in Fig.3

@} OpenAl
N

ChatGPT-4 Turbo
COMPUTER ChatGPT-40
VISION
1 !
ANALYSIS
\
PREDICTIVE PRESCRIPTIVE
DESCRIPTIVE DIAGNOSTIC

Fig. 3. Implementation of different types of analysis using Computer Vision,
Open Al — general dependencies
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2.1 Areas of Optimization for Solutions
Using Al as a Service

Modern solutions stay more integrated with Al services that are
used as a service. This approach makes the performance and cost
optimization more complex and challenging. It is not enough to
know the best-performing services in a sandbox environment.

Optimization of analysis is considered in three primary
directions:

1)  Improving the preciseness
2)  Performance optimization
3)  Cost optimization

The first is mainly related to solution design, decomposition,
and a combination of analysis based on different Al-related
technologies. The general performance uses, in addition to
architectural patterns and a mixture of Al and Analytics
technologies, to provide faster and cheaper solutions on a scale. In
this aspect, the best-performing standalone Al services are not
always components of the best-performing solution, solving specific
problems. LLM Optimization directions are shown in Fig. 4.

This article's primary focus is on performance metrics related to
image analysis for Predictive Analysis for Construction using
OpenAl with Computer Vision, described in [7]. The concept is also
applicable to a variety of different cases from different domains.

=
2 Retrieval
T augmented @@ All of these
g - S&
£ generation
a
(=]
i P t —-—
g romp _—
< engineering —=&- Fine-tuning
o ——
]
—_—

LLM optimization

Fig. 4.. LLM Optimization stages [8]

The research covered a comparison between different OpenAl
GPT models, working in a solution for predictive analytics based on
OpenAl and Computer Vision, including RAG and fine-tuning.
Details on the experimental setup are explained in the next chapter
of this paper.

3. Solution of the examined problem

The main focus is on solving similar cases for Predictive
Analysis for Construction using OpenAl with Computer Vision.
Generative Al needs a very well-described case to generate a
valuable answer. In the experimental solutions,

The subject of the research is to analyze the effect of using
different concepts for improvement of performance and cost
efficiency for image analysis, based on Open Al multi-modal LLMs
(GPT-4, GPT-40, GPT-401). GPT-3.5 is not applicable because it
doesn't support image analysis.

The experimental environment uses configuration with GPT,
Computer Vision, and Prompty.ai [9], RAG, and fine-tuning.

3.1 Implementation of Analysis based on
Computer Vision and OpenAl/ChatGPT

The experimental setup includes a module for case
decompositions based on Digital Twins (DT) on Azure (Azure
Digital Twins / ADT). ADT is used to manage the overall context
from the observed solution, decompose the case, and unify the
analysis case, converting it from domain-specific to domain-
agnostic subcases suitable for LLM analysis.
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One high-level schema of the solution is presented in Fig. 5
I Image Analysis
== Context Diagram
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Open Al Service
— Azure Al Vision
& openAl \
\ + Data
Operator ~ CHATGPT-4-TV L Persistence fa— —
(o] Coordination (Storage, DB) !
Service '
¥ Digital
Twins Gther Analytics
P Aut 1{ —f i

Fig.5. Experimental Setup: Predictive analysis using Image Analysis with
Computer Vision Open Al LLM

The coordination service helps create and ask questions that
clarify the search and allow the OpenAl service to provide the right
solution. Digital Twins (DT) is a part of the solution that can be
skipped if there is no decomposition of complex tasks. The
coordination service is based on Low-code/No-code: Power
Platform (Power Automate) for PoC. For analysis, sample data of
rusty construction components from the USA, like the one in Fig. 6

Fig.6. Sample image of steel construction with corrosion

4, Results and discussion

In this paper, metrics related to the experimental project PoC
are added and realized using Microsoft Azure, OpenAl, ten videos,
and 2000 experimental images.

Test experiments are provided by deploying the test
environment and LLM models in the Central Sweden Azure
Region. The existence of all components in the same cloud region
minimizes the variations in the latency based on the connectivity
between different solution components (except Power Automate).
Detailed results are shown in Table 4.

Table 4. OpenAl Foundation GPT models pricing
LLM Al videos time
Vision image[s]

time RAG

video[s][

images succes

srate

GPT-4 no 2000 10 98.1% 540 790 no

GPT-4 no 2000 10 98.1% 298 710

GPT-4- yes 2000 10 99.2% 540 780 no

GPT-4 yes 2000 10 99.2% 298 661 yes

GPT-40 no 2000 10 98.2 278 410 no

GPT-40 no 2000 10 98.2 188 340 yes

GPT-40 2000 10 99.4 278 399 no

GPT-40 2000 10 99.4 188 320

GPT-401 2000 10 99.2 274 408 no

GPT-401 2000 10 99.5 187 338 yes

GPT-401 2000 10 99.6 274 396 no

GPT-401 2000 10 99.6 187 317
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5. Conclusions

The provided experiments demonstrate a list of dependencies and
trends, explained below:

Predictive analysis can effectively use Open Al and Al-based image
analysis to solve cases related to construction predictive
maintenance.

Azure Al Vision for object detection provides relatively small
additional precision, increasing the correctness of the description by
up to 2-3%, but it has a higher impact on overall performance and
cost reduction related to image analysis with LLM.

The overall analysis offered by automation solutions can effectively
solve complex cases even on the PoC level using both custom and
Low-Code/No-Code solutions. The approach is domain-agnostic
and can be used in different business domains.

Cost and performance optimization rely on many factors. It depends
on the specific LLM, but on a more significant level, and it can be
improved up to several times using prompt optimization, Retrieval
Augmented Generation (RAG), and fine tyning, especially for the
analysis of complex images and videos.

The cheapest implementation is based on GPT-4o, but the best-
performing solution is based on GPT-401, despite the fact that the
in-sandbox GPT -4 performs better than other GPT models.

6. Future work:

Research will be extended based on more complex cases and
improved MML models. The major focus will be to propose the
best framework, such as LLM models and solution design, for real-
life prediction and maintenance cases related to manufacturing
systems.
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Pestome: Ilpes nociednume 200unu Gesnuromnume aemamentu anapamu (BJIA), useecmuu owe kamo Oponose, npuOOOUXA 3HAYUMENHA
nonyasprocm. TAXHOMO pazHOOOpasue o OMHOULCHUE HA MEXHUYECKUMe XApaAKMepUCmuKy OKA36d GIUSHUE 6bDXY NPUTLONCCHUCO UM 8
npakmukxama. Te ce u3n0ON36aM KAKMO 3a 60CHHU, MAKA U 3d YUSUWIHU yeu. B cmamus ce npasu ananus u xiacugpuxayus na oporoseme no
MexHume Xapaxmepucmuru, Qusuiecku napamempu u npunoxcerue. Cneyuaino HuManue e omoeieHo Ha Yusuinume OPOHoO8e, d me3u C

60EHHO npujiodicerue ca pa32ﬂedanu 6 no-o6u4 acnekm.

Knrouoeu oymu: bJIA, sudose Oporoge, npunodicenue Ha OpoHoGeme 8 NPAKMUKama

1. Bveeoenue

besnunoraure snerarenuu anapatu (BJIA), U3BeCTHH olle KaTo
JPOHOBE, ca yIpaBisseMH JieTaTenHu amapatd 0e3 muinor [1]. Te
MOXKE ]a c€ YNpaBisiBaT JUCTAaHIMOHHO WM HPHUTEKABAT CHCTEMHU
32 aBTOHOMHO YympaBiicHHe. CBhILECTBYBaT Hail-pa3iMyHH BHIOBE
0e3MIIOTHY JICTATEeIHU alapaTH, UMAIly JIBE OCHOBHH Pa3/IelICHUS
B 3aBHCHMOCT OT TSIXHOTO KPWJIO: JPOHOBE C HEIOJBIDKHO KPUJIO U
C POTAIMOHHH (BBPTALIM ce) Kpuia. FimMa u ApoHOBE, JBIKEIIHN ce
10 3eMHaTa MOBBEPXHOCT M TaKWBA, KOMTO IUIABAT ITO WM TIOJ BOJA.
Te3u npoHOBe ce HapuyaT U pobomu. Vnesra 3a cb3IaBaHETO Ha
paauoympaBisieMd YCTpoicTBa BB3HHKBa ome mpe3 1898 1. or
cBeToBHOM3BecTHUs yueH Hukoma Tecna, xoiTo 3a mbpBU I'BT
M3II0JI3Ba PAJIHOCHTHAN 33 yIpaBlieHre Ha JoAkH [2]. B HacTosmara
CTaTHs C€ Pas3MIeKAAT CaMO BB3IYIIHHUTE OE3MMIOTHH JICTATCITHU
armapaTH, KOUTO HaMHUpaT LIMPOKO MHPHIOXKEHHE 3a OTKPHBaHE U
HpoCIeIsIBaHe Ha o0eKTH, olIecTBeHa CUT'YpHOCT,
BUJICOHAOIO/ICHNE Ha IbTeH Tpaduk, BOGHHH ONEpalHHy,
MPOYYBaHE Ha CKPUTH HJIM ONIACHM 30HH, HABUTallUs HA OTKPUTO U
3aKpUTO, aTMOC(hepHH HAONIONCHMS, OIEpalud clex OencTBus,
3[paBeona3BaHe, CIOJENSHE Ha JIaHHW, YIPaBICHHE Ha
uHQPACTPYKTypaTa, CHpaBsIHE C M3BBHPEAHM CUTYALMH W KPH3H,
TOBapeH TPAHCIIOPT, MOHUTOPHHI HAa CTUXUHHU MOXapH W
aoructuka [3].

Pa6ortocniocobHocTTa M MpHUIOKUMOCTTa Ha BJIA 3aBucsAT ot
OrpaHMYeHaTa W3IPHKIMBOCT Ha Oarepusra, OrpaHHYCHATa
MOABIKHOCT, ~ OrpaHMYeHAaTa aBTOHOMHS M  OrpaHHYeHaTa
MPOABIDKMTEHOCT Ha TMOJIeTa. BpeMenpoabDKUTENHOCTTa  Ha
monera ce AB/DKM Ha pa3inuHM (aKkTOpPH, BKIIOUHTEIIHO TEXKH
aTMocpepHH YCIOBHS, pa3Mep Ha (QUKCHPAHOTO KpHIO U
M3APBKINBOCT Ha Oarepusta. Be3NMMIOTHUTE JeTaTelHH amapatu
NPUTEKABAT U CIa0OCTH, KOUTO OTPAaHUYABAT TAXHOTO M3MOJI3BaHE
B mpakTukaTa. ChIIECTBYBaT MPOYYBaHUs, TIOCBETEHN HA OLCHKATa
Ha Yya3BUMOCTHTE, aTakuTe M 3amiaxute Ha bBJIA, karto ce
npearar peuieHus 3a MPeooisiBaHE HA TE3HM TPYIHOCTH, KaTo
HampUMep H3IOJ3BaHE HAa BHCOKOKAYECTBEHH YCTpOWCTBAa 3a
KOMYHHUKAIHs, KAYeCTBEHH OaTepuu, aepojHHAMHYHA I'€OMETPHS,
BHCOKOTEXHOJIOTHYHH MaTepuajy, HaJeKIHU JBHraTend u 1p. [4,
5, 6].

BJIA ce ympaBisBart JIECHO U IPUTEXaBaT BUCOKA MAHEBPEHOCT.
Te ce pasznuuaBar no KoH(Uryparus, pazmep, o0OXBaT Ha I0JETa,
TETJIO, THUII JABUIaTel M CKCIUIOATAIMOHHH XapaKTCPUCTUKHU. B
JauTepaTypaTa Cce  CpeuiaT  pa3iMyHH  KIacH(pUKalMKd  Ha
Oe3MWIOTHUTE JIETATEJHH anapaTH CIIOpEA pas3inyHH [apaMeTpH
KaTo KOH(Urypamus, THII, TeIrJ10, 00XBaT U pa3Mep Ha JBHUratels [7,
8].

B Hacrosmata cTaTtus ce mpeara KiacMUKauus Ha
BB3AYyUIHUTE GCSHHHOTHI/I JICTATCIIHA arnapatd CIopea TEXHUTE
TEXHUYCCKHU XapaKTCPUCTUKU u TAXHOTO TMPHUITOKEHUE B
MpaKTHKara.

2. Pazeumue na nazapa na bJIA

IIpe3 nocnegunTe TOXMHM ce 3a0ensi3Ba yBeNMYaBaHE Ha
npuioxeHneTo Ha BJIA kakTo 3a BOSHHH, Taka ¥ 32 IUBHJIHY [IEJN.
Ha ¢wurypa 1 e moka3ana quHaMuKara Ha ra3apa Ha KOMEpPCHATHH
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BJIA B CAIll no cexropu Ha MPUIOKEHUE, KATO CE OUaKBa TAXHOTO
notpebJieHre J1a ce yBeslndaBa B Obemie.

North America Commercial UAV Market, by Application, 2014 - 2026

(USD Million)
6,703.8
7327 = m B I I I
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
= Agriculture = Energy sector monitoring Security & Law Enforcement
= Media & Entertainment Others

@ue. 1. Tepeoscku nasap 6 MaH 0onapu Ha Oe3NUTOMHU JemamenHu
anapamu ¢ Cesepna Amepuka (2014-2026) [9]

B kpas Ha 2023 r. CeBepHa AMepuka IpUTeKaBa Hali-rojaeMus
Ma3apeH i1 B CBETOBEH Mallad, KakTo e Moka3aHo Ha Qurypa 2, Ho
B CIEJBAIIOTO JECETHIIETHE CE O0YaKBA a3MATCKO-TUXOOKEAHCKHUST
peruoH na n3npesapu CeBepHa AMepHKa.

6.00%

North America

Europe
39.00% P

20.00%

Asia Pacific

Latin America

0000

Middle East & Africa

26.00%

Que. 2. [lazapen 0sn na Komepcuainu OpoHope 8 C6emo8eH Mawad Kom
kpas na 2023 2. [10]

JunamuuHoTO pasButre Ha bBJIA wu3uckBa OBp30 da ce
Ch3/aJaT MpaBWiIa, pasnopeaOM MW HACOKM OT aBHAI[MOHHATA
aJIMUHHCTPAIHS 32 TAXHOTO 3aKOHHO M 0OE€30IMacHO H3IOJI3BaHE OT
OusHeca.

3. Knacugpuxayus na bJIA

Be3nunoTHUTE JIETATENIHU alapaTd ce mpeiaraT ¢ pa3indHH
TEXHUYECKH IapaMeTpy, 000pyaBaT ce ¢ pasHOOOpa3HU CEH30PU U
arnapatd ¥ HAaMHUpPAaT IIMPOKO MPHIOKEHHE B 3a00MKAIAIIUS HU
CBAT.

Cropen Buzma Ha ympasineHue bBJIA OuBar ¢ pbuHO-
IUCTAaHIIMOHHO YIPaBJICHWE WM aBTOMAaTHYHO YIpaBICHHE dYpe3
CEH30pH, MUKPOIIPOLIECOPH U JPYTH €IEKTPOHHH IPHCIOCOOICHHUS
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[11]. [JpoHoBeTe KOMYHHKHpAT Ha KbCH H JBJITH PA3CTOSHHUSI
MOCPEJICTBOM OE3KMYHU TEXHOJIOTHU.

B 3aBucuMocT OT HauMHA Ha JIeTeHE [POHOBETE Ce
KnacuuIUpar KaTo POTOPHH, ¢ (UKCUPAHO KPHIO M XUOPHUIHU.
JlpoHOBETE, KOUTO Ce 3a/BIDKBAT C JBUTATeNH (POTOPH) M HSIMAT
(UKCHpaHU KpHia, ce HapudaT pomophu oponoge. Te3n IpoHOBE ca
Hali-pa3npocTpaHeHaTta KaTeropus npoHoBe. IIpemuMcTBOoTO Ha
TE3H APOHOBE €, 4Ye MOTaT Ja W3JINTAT U Kalar BepTHKaiaHo. ChIno
TaKa T€ MOTaT J]a OCTaHaT BbB BB3/yXa CPAaBHUTEIHO HETOIBIDKHU
(3aBHCBaT) 3a IBIBr HEepHOA OT BpeMme. KaTo HemocTaThk Ha Te3U
JpOHOBE € OrpaHHYeHaTa INPOABIDKHTENHOCT Ha MONeTa, KOATO
3aBHCH OT U3APBXKIMBOCTTA Ha TAxHaTa Oarepus. ChIIO Taka Te
UMaT CEpHO3HO OrpaHHUYEHHE B CKOPOCTTa Ha JBIDKeHHE. B
3aBUCHMOCT OT Opos Ha POTOPHTE TEe3W IPOHOBE IPUTEXKABAT
crerM(pUYHNA XapaKTEPUCTHKH, OT KOHTO 3aBHCH H TSAXHOTO
npunoxeHue B Ipaktukata. Ha maszapa BJIA mpucscrBar ¢
pasnudeH Opoil poTOpH WM BHTJIA, KAKTO € IT0Ka3aHo B Tabnmma 1

[12].

Taonuua 1. Kamezopuu 6e3nunomuu nemamenHu anapami 6b3 0CHO8A
6posi Ha pomopume

Ha

bpoit Bunose bBJIIA XapakTepucTUKU
poTopH

Tonemu BuTIAa, MHOTO e(EeKTUBHHU,

1 MoHnoxkorntep BHCOKa TOBAPOIOJEMHOCT, HO Ca CKbIIH
1 HecTaOWIHU (CHIIHH BUOpanum)

2 Bukonrep Hecrtabunnu, Majka ojeMHa cujia

3 Tpuxonrep HecraOuiiHu, MaHEeBpeHH

4 Ksapokorrrep CrabuiieH IOJeT, JISCHO YIpaBJIeHUE,
HPOJIBJDKUTEIICH MOJIET

6 Xekcakonrep CraOuiieH TOJIeT, JIECHO YIpaBIICHHUE,

8 OkTOoKONTEP JIeTAT M IIPU OTKa3 Ha JBHUIATelN, CKBIIN,

m MyntupoTopHI ToJjIsiMa TOBapOIOJEMHOCT

JlpoHoBeTe ¢ HUKCHPAHO KPUIIO ca MOJA00HH Ha camosieTure. Te
ce IBIDKAT CaMo HAIpe], W3IMO0JI3BaT IMOJeMHATa CHjia Ha KpWiiaTa
CH, MOTaT [a Pa3BUBAT II0-BUCOKH CKOPOCTH M H3MHHABAT II0-
MajedHd Pa3CTOsSHMS. VI3NMMTaHeTO WM WM3HCKBA  CIIEIHATHA
YCTaHOBKa, a 3a KamaHeTo € HeoOxomuma mmcra. OCHOBHHAT UM
HEIOCTAThK € B TOBA, Ye HE MOTAT Jla U3JIUTAT U KallaT BEPTUKAIHO,
KakTo W Ja Cce 3adbpKaT Ha €IHO MsCTO BBB BB3IyXa.
3aBIDKBAHETO UM CE OCBINECTBSBA OT JBUTATEN, KOWTO B MOBEYCTO
MBTH € POTOP, HO MOYXKE J]a CC U3MOJ3BAT U Fa30BU JIBUTATEIIH.

XubOpuaHUTEe JAPOHOBE CE CPElIaT MO-PSIKO B MPAKTHKAaTa, HO
Te OOemMHSABAT TOPHHTE  TEXHOJOTHH, Karo  W3MOJI3BaT
MPeANMCTBAaTA HAa KPWJIOTO M MHOToTo poropu. Te cpueraBar
MpeANMCTBaTA W HAa JBara BHAa JAPOHOBEe. XHOPHIHH ca W
JPOHOBETEC C aJTCPHATHBHU W3TOYHMIIM HAa 3aXpaHBaHE KaTo
OCH3MHOBO-CJICKTPUYCCKH U JIp. 32 MOMEHTa 00ade ca Mo-CKbIU U
ca MO-TPYy/JHH 32 yIpaBJICHHE.

4. Xapaxmepucmuxu na bJIA

4.1. Cxopocm u npoOvadicumenHocm na noiem

Ilo-ManmkuTe OE3MWIOTHU JICTATEIHH amapaTH MOrar Ja JIETAT
CBhC CKOPOCT TO-Masika OT 15 M/cek, JOKaro rojeMuTe Morar Ja
NeTAT cbe ckopocT a0 100 m/cek. [IpoabmKUTENHOCTTa Ha MMOJETa
Ha JIPOHA 3aBHCH OT KOJHMYECTBOTO €HEPrus B OaTepusiTa, KakTo W
OT pa3Mmepa, TerjJoTO U METEOpOJOTHYHUTE yciaoBus. l'omemute
BJIA morar nma JjeTIT ¢ 4YacoBe, JOKATO ITO-MaJIKUTE JIETAT 3a
orpannueHo Bpeme ot 20-30 MUHYTH.

4.2. Ilonezen mosap

INone3HusaT ToBap, KOMTO MOXe 1a Obae MOBAUTHAT U HOCEH OT
BJIA, Bapupa OT HSIKONKO Tpama 1O CTOTHIM Kuiorpama. [lo-
roysiMaTa TOBapOINOJEMHOCT CE ITOCTHIA 32 CMETKa Ha MO-KPaTKOTO
TIOJIETHO BpPEME, BUCOKATa KOHCyMalusl Ha OaTepHsaTa M MO-TOJSIM
pasmMep Ha JApoHa. B rmoBedero ciydam MONE3HHMAT TOBap
MpeJCTaBIIsIBA CEH30PHU, BUAEOKAMEPH U JIP.

4.3. Obxsam u HAOMOPCKA BUCOUUHA HA NOJIEMA

Oo6xBarpT Ha moseta Ha BJIA 3aBucu oT pascrosHuero, 10
KOETO MOJKE€ JMCTAaHLMOHHO /a c€ ynpasisiBa ApoHBT. Toil Bapupa
OT HSKOJKO METpa 3a MaJKHTE APOHOBE IO CTOTHIH KHIOMETPU 32
no-roxemMu aponose. OT Apyra cTpaHa, HaAMOPCKaTa BUCOYMHA Ha
HoJIeTa ce OTHacs 10 BHCOYHMHara, Ha koATo BJIA Moxe nma nern.
Tabnuma 2 npeacTaBst KaTeropu3anys Ha OE3MIIOTHUTE JeTaTeHN
arapaTH Bb3 OCHOBA Ha BUCOYMHATA Ha ITOJIET.

Tabnuua 2. Kamezopusayus na bJIA no éucouuna na nonema [4]

Makc.
HPOJ. HA
noera (1)

Hanmopcka
BHUCOYMHA HA
nonera (M)

Oo6xBar

Kareropus )

Maca (kr)

Hucxka
HaJMOpCKa
BHCOYMHA,
Majka
BpEeMETpaitHOCT
Ha I0JIeTa

50-900 >250 250-2500

Hucka
HagMopcKa
BHCOYHHA,
roisma
BpPEMETPaHOCT
Ha I0JIeTa

>24 <3000 >500 15-25

Cpenna
HazMopcKa
BHCOYHHA,
roisma
BpEMETPaHOCT
Ha I0JIeTa

1000-

24-48 1500

>3000 >500

Bucoka
HazMopcKa
BHCOYHHA,
roisma
BpEMETpaHOCT
Ha oyiera

2500-

24-48 5000

20,000 >2000
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JpoHoBeTe Morar na ce oOOpyABaT ¢ pa3iyHa IOMOIIHA
amapaTypa KaToO: HaBHTAI[IOHHA CHCTEMa 3a OIpe/eNisiHe Ha
Mmectononoxenuero (GPS), censopu, cTabunusatopu, KaMepH | ap.

4.4.  Ob6nacmu
obopyodsaremo

OobnacTuTe Ha TPWIOKEHHWE Ha IPOHOBETE 3aBUCAT KAKTO OT
TEeXHHYECKHTE MM ITapaMeTpH, Taka U OT amaparypara, ¢ KOATO ca
obopynBaHu. Pa3BUTHETO M YCBBBPIICHCTBAHETO Ha CEH30PHTE
BOAM JI0 HENPEKbCHATOTO IMpe/UlaraHe Ha HOBHM BHJIOBE YCIYTH H
HosiBaTa Ha Pa3IMYHH NPUIOKEHHUS 38 OC3NHIOTHH OIIepaLUH.

Ha npuLosHceHue 6 3asucumocm om

4.4.1. Boenno npeonasnauenue

be3nunoTHUTE JeTaTeIHU amapaTéd WUIpasT ChLIECTBEHA PO
BbB BOCHHHTE MHCHU 3a HaOmoneHme. Hskonko mbppxaBu ca
00aBHIM OE3MIJIOTHH JISTATEIHY allapaTH B CBOMTE OTOPaHUTEITHH
CTpaTeTHYecK! IUIAaHOBe. JIbpikaBHTEe W3ION3BAT TE3M JICTAIIN
poboTH3MpaHN MalmIMHH 3a OTKpHMBaHE Ha Bpara, 0Oopba c
OpaKOHMEPCTBOTO, MPaHUYEH KOHTPOJ W MOPCKO HabirofeHHe Ha
BOXHM MOPCKM MNbTHIIA. EBTHHUTE, HaAeXOHUM U TbBKaBH
(MpHUCIOCOOMMH CIIPSIMO  YCIIOBHUSITA M CUTyalusTa) O€3MMJIOTHH
JIeTaTeJIHU arapaTd MOHACTOAIIEM MMAaT 3HAYMTENIeH NPHUHOC BbB
BB3IYIIHOTO pa3y3HaBaHe, HAONIOICHUETO U MPOYYBAHETO Ha BCSKA
TEpUTOpHs, 3a Ja Ce MPEeNOTBpaTH KakBaTO M Oa € He3aKOHHA
neitnoct [13]. Hampumep, HaOMIOAEHHETO C JAPOHOBE MOXKE Ja
OTKpHE BCAKO JABIDKCHHE M 3aIulaXxa B 30HH C OTPaHUUYEH JOCTHII
BJIA Moxe pma TpemocTaBH Te3W YCIyTH, KaTo pPErHCTpHpa
ABTOMATUYHO MPEAYNPEKACHNE C MUHIMAJIHA YOBEIIIKa HaMeca.

BoeHHHTEe ApOHOBE ce KaTeropu3upaTr Bb3 OCHOBA HA TAXHOTO
Terno, oOXBaT Ha IOJETa, CKOPOCT, KaKTO M CHEHU(DUYHHTE UM
Bb3MokHocTH. HATO  wm3nomsBa  kiacudukauus — croopen
MunncrepcrBoto Ha orOpanara Ha CAIL[ u pa3pmens apoHOBeTe B
TPH KJaca, KakTo € nokasaHo B Tabmuua 3 [7].

BJIA or xnac I, Tl kxaTo ca mo-MaJku 1o pasmep, OOMKHOBEHO
ca IPEHOCUMH, IIyCKaT C€ PBbYHO U CE YNPaBISIBAT OT OTHAEJICH
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KoHTponep. OOMKHOBEHO MMAaT O0XBaT Mo-MalbK OT 20 MMM U
U3APBKINBOCT [0 JBa 4Yaca. le ca TOAKAaTeropH3HpaHH KaTo
MHKPO, MHHHU U MaJIKH.

BJIA ot xnac II ca cpenHO rojeMu TaKTUYECKH CHCTEMH, KOUTO
morar ga serar go 10 000 ¢yra max HEUBOTO Ha 3emsarta (AGL) c
paguyc Ha MucusaTa oT 200 KrtoMeTpa (JIMHUS Ha BUAUMOCT).

Taonuya 3. Knacughuxayus na HATO na BJIA [7]

Makcumanen | MakcumanHa
Kiac Kareropus 00XBaT Ha BHCOYMHA HA
JIeTeHE noJera
| Mukpo Jlo 5 km Jlo 200 m
<150 xr MuHu Jo 5 km Jo 3000 m
Maunku Jlo 50 xm Jo 5000 m
1.
ot 150 kr | TakTHuecku Jo 200 xm Jo 10 xm
10 600 xr
Hmbnra
VBAPBATTHBOCT Heorpanuuen | [lo 45 km
Ha cpeqHa
BHCOYHMHA
e Jbara
> 600 kr U3JPBKIABOCT
Heorpanngen | [lo 65 km
Ha rojisiMa
BHCOYHHA
Boen Heorpanngen | [lo 65 km

Ot ppyra crpana, xmac III BJIA ¢ ¢uxcupanu kpuia, 3a
pas3iuka oT kiac I, n3ucKkBa NUCTHU 3a U3JIUTaHE U BH3CTAHOBSABAHE U
JOIBJIHUTENIHA JIOTUCTUYHA TOMAPHXKKAa M HHppacTpykTypa. Te
CHIIO Taka HMAaT IIOBeYe CHOOpaXKEHMS 3a YIpABICHHE Ha
BB3AYIIHOTO NMPOCTPAHCTBO, CPABHUMH C IMMJIOTHPAHUTE CAMOJICTH.
BJIA ot xnac III BkitouBaT caMOJIETH 3a ABIra U3APHKIMBOCT HA
CpelHa BHCOYMHA W CAaMOJIETH 3a JBJIra M3APHKINBOCT Ha TOJIsIMa
BHCOYHHA.

4.4.2. [{ueunno npeonasnauenue

BJIA ce m3non3Bat 3a mojyyaBaHe Ha M300paK€HHsl C BHCOKa
pa3lenuTeNaHa CHOCOOHOCT Ha OTHaJedeHH pailoHH, OCTPOBH,
IUIAHWHCKU BHPXOBe U Operosu nunun u ap. [14]. baaroxapenune Ha
BJIA ce momoOpsiBAT 3HAYUTETHO [AHHWUTE OT IHCTAHIMOHHO
HaOJIIoIeHNe 3a CpaBHEHHE ¢ KOCMHYECKHTE M Ha3eMHHTE JaHHH,
MOTy4eHH OT caTennTH. Huckure pasxoaw W IOAXOISIIH
XapaKTepPUCTUKN Ha OE3MMJIOTHHTE JICTATENHH arapatd Ipejiarat
KaueCTBEHO HAONIOZEHHE C BHCOKAa BpeMeBa M IPOCTPAHCTBEHA
pa3lenuTeaHa CHOCOOHOCT. BB3MOXHOCTHTE 3a IUCTaHIMOHHM
W3CIeBaHUsS OT OE3MWIOTHHM JIETATEeJIHH amapaTd MHOAIoMarar
MOHHUTOPHHTA Ha Ka4eCTBOTO Ha BOJAATa, MOHHTOPWHTA Ha CyIIara,
HepTa M Tas3a, ONEHKH 3a NOOMBA, XHIPOIOKKOTO MOJCIHpAHE,
ONa3BaHETO Ha OWOJOTMYHOTO pa3HOOOpa3HWe, TeOJOKKUTE
MIPOYYBaHUS, OencrTBus, HaOJII0IEHNETO Ha TepeHH,
KapTorpagupaHeTo Ha TOPUTE U MOHUTOPHHTrA Ha Kyarypure. Ta3u
TEXHOJIOTHs Ce M3IOJI3Ba U 3a KapTorpadupane U ch3naBane Ha 3D
KapTH, KakTO M KaprorpadupaHe Ha apXeoJIOTMYECKH OOCKTH.
M3nom3Baneto Ha bBJIA B [UCTAaHIMOHHUTE W3CIEABAHUA C
Pa3IMYHO NPHIIOKEHHE € TT0Ka3aHo Ha ¢urypa 3.

Tvpcene u cnacssane

BesnmnoTHuTE NIETaTeNHN amapaTé ca OT OCHOBHO 3HAUCHHUE B
KPUTHYHM CIEHApUH KaTO CIIpaBsHEe C OEICTBUS M CITACHTEITHH
omepanuu. Te Morar aa yCKOpSAT OIEpalMuTe MO THpPCeHEe U
cracsgBaHE€ B KPUTHYHU CUTYallUM KaTO OTKPHUBAHE Ha SHFyGGHI/I
X0pa, JIUIA, MOCTPaaid OT JaBUHHM, NMOXKAPH, 3eMETPECCHUs U JIp.
BJIA morar ma JOCTaBAT MEIULIMHCKH TNPOAYKTH, XPaHUTEIHU
CTOKH, JpEXH, BOJa M BCSAKAaKBM HEOOXOIMMHU MPOIYKTH Ha
OexcTBam XOpa B HEIOCTHIIHHM PAfOHM NpEAW NMPUCTUTAHETO HA
CITAaCUTEIIHUTE CKUIIH.

Ipeyusno 3emedenue

BJIA, obopyaBaHu ¢ MOAXOAAIIN CEH30PH U KaMepH, MOTaT Ja
HaOmoaBaT 3JpaBeTO Ha KyITypuUTe€ IO OTHOLIEHHE Ha
PACTUTETHOTO MOKPUTHE, HUBOTO Ha XJIopoduia U TeMIeparypaTa
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[15]. bBesnunoTHWTEe JeTATENHM ~amapaTd Ce HM3M0I3Bar B
NPELU3HOTO 3eMeleNiue 3a CbOMpaHe Ha MJaHHM OT Ha3eMHHU
npubopu U yCTPOHCTBa OTHOCHO KauecTBO Ha BOJaTa, CBOWCTBA Ha
moyBara, Biara W JAp., NPbCKaHe € MECTHLUAU, OTKpUBaHE Ha
0OJIeCTH W BpPEIWTENH, IUIAHUpaHE Ha HAMOSBAHETO, OICHKA Ha
3aIJICBEHOCTTA M HAOIIOJICHHE Ha X0J1a HA Pa3BUTHE HA KYJITYpHTE.

JIMCTaHIIMOHHWUTE W3CICIBAHUA OT OC3MWIOTHU JICTATCITHU
amapatd WrpasrT KIUYOoBa pOJsS B TPEIU3HOTO 3eMEeine,
OCHUTYpSIBAliKM JaHHM OTHOCHO CBCTOSHHETO, PAa3BHUTHUETO U
HYXIUTE Ha KyITypHTE Bb3 OCHOBA Ha JAaHHU U H300paKeHUS C
BUCOKAa BPEMEBa, IPOCTPAHCTBEHA W CIIEKTpalHa pa3AeiuTeNHa
cnocoOHOCT. be3anmioTHUTE NeTaTeTHU amapaTd MOTraT Aa OKakaT
3HAYUTENTHO BB3JCHCTBHIE BBPXY CEICKOCTONAHCKOTO MPOU3BOJICTBO
9pe3 M3BHPIIBAHE HA HMHTEIMICHTHO BB3JYIIHO KapTorpadupaHne.
Tlomyyenute ot BJIA m300pakeHHs MoOrarT Ja ce H3IOJI3BaT 3a
M3CIIe/IBaHEe Ha OOJIECTH TI0 PACTCHUATA M OIICHKA Ha PACTHTEITHUS
cTpec.

MOHUTOPUHT Ha
U3MeHeHUeTo Ha
Knumara

WHBeHTapusauua
Haropurte

Tonorpagcko
KaptorpadupaHe

MpunoxxeHue Ha
BJ/1A 3a
AUCTAHLMOHHM
u3cneaBaHuA

MpeuunsHo
npbcKaHe B
3eMepgenuero

Bop6a c ropcku
noxxapu

MOHUTOPUHT Ha
KayecTBOTO Ha
Bopara

@Due. 3. Ilpunooicenue na bJIA 3a oucmanyuonnu uscnedsanus

Monumopune na 0gudicenuemo no NeMUWAMa 8 peanHo speme

BJIA e HOB oOemaBam MHCTPYMEHT 3a chOMpaHe Ha JaHHU 3a
mbTHaTa OOCTAaHOBKAa MO MarucTpaimuTe. 3a pasiuKa OT
KOHBCHI[OHAJHUTE  yCTpoWcTBa  3a  HAONIOJeHHME  KaTo
MHKPOBBIHOBO 00Opy/BaHE, KaMepH 3a BHIECOHAOIIOAEHUE M
JIETEKTOPH 32 KOHTYPH, APOHOBETE MOTaT Jia HaOIoAaBaT OrpOMHH
nbTHH ydacTeuu [16]. Te morar ma Oboar ymnpaBisBaHH OT
MECTHaTa MONUINKS, 3a Ja MOJy4yaBaT sICHA TNPEACTaBa OTHOCHO
ITBTHOTPAHCIIOPTHHUTE TIPOM3IIECTBUS MM 33 OBP30TO OTKpPHBaHE
Ha W3ANPBAHU IPEBO3HU cpefcTBa. JIpoHBT MOXeE 1a ce U3I03Ba U
3a OoIpedensHe Ha CKOPOCTTa Ha JaJeHO IIPEBO3HO CPEACTBO.
besnmnoTHUTE JeTaTeNHM amapaTH MoraT Aa Cce H3IION3BaT 3a
HaGH}OJIeHI/Ie KaKTO Ha IIBTHUTE YCJIOBHUSA, TaKa U 3a MOHUTOPUHT Ha
II’bTHAaTa HACTWJIKA C L€J1 HABPEMEHHO OTKpUBAHE HAa IMYKHATUHU U
JYIIKH TIO Hesl.

Apxumexmypa, 2eo0e3us u cmpoumencmeo

Kaprorpadupanero, KakTo U HaOIIOEHNE HA apXeOJOTHYECKU
WM CTPOMUTETHN OOEKTH € BH3MOXKHO C MOMOIITA Ha OEe3NMMIOTHH
JeTaTeNHM amapaTdH. MOHHTOPHHTBT HA APXEOJOTHYECKH MIIH
CTPOUTENHH OOEKTH OT HA4aloTO JIO Kpas rapaHTHpa KauecTBEH
HampexAbk Ha pabortata. ToBa Moke Ja BKIIOYBA JOKJIAIH,
ChIBpPXKAIIN U300paxkeHus, Buneo3anucu u 3D kaprorpadupane 3a
eBCHTYaJHUTEe 3aUHTEpecOBaHM CTpaHU. M3momsBanute B BJIA
TEXHOJIOTMM MOTaT 3HAYUTENHO Ja MOANOMOTHAT MHCIEKIUSITA Ha
UHppaCTpyKTypaTa IpH CTPOMTEICTBOTO. J[pOHOBeTe mpemarat
ToJsIMa TIOMOII IIPU T'e0/Ie3MYHN 3aCHEMaHHs, IIPEAOCTaBAT OoraTa
BU3yallHa MHGpOpManus 3a ch3maBaHe Ha udpoBu kaptu u 3D
MOJIEN Ha MOBBPXHOCTTA, KAKTO M HA Pa3INIHK OOEKTH U CTPaju.

Domo- u sudeozacnemane
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JlpoHOBeTe,  BKIIOYUTENHO  JIIOOMTEICKMTE, MacoBO  ce
U3MoJ3Bar 3a (GOTO- M BHACO3ACHEMAaHE OT ,,itHud mormen” [17].
bnarogapenne Ha Tasu QoTorpadus ce momydaBa HOBa TIJieIHA
TOYKa 3a 3ao0uKamsAiata cpexa. bbp30TO  pasBuTHE HA
CbBpeMEHHHUTEe (QoToamapatd¥ H  BHIEGOKAaMEpPH, KakTOo ¢
BB3MOXKHOCTTa 32 BHCOKOCKOPOCTEH IIPEHOC Ha JaHHH 4pe3
0e3KMYHa TEXHOJIOTHS JaBa BH3MOXKHOCT B PEaHO BpeMe Ja ce
nobue mpencraBa 3a OKONMHUS CBAT. JlpoHOBeTe ca ymoOHM 3a
3aCHEMaHe Ha CIIOPTHHU JEHHOCTH M ChCTE3aHH, KaTO MPEJOCTaBAT
pa3IMyHa BH3yaJlHA IICPCIICKTHBA. 3a BHCOKOTO KauyecTBO Ha
n300paXeHUsITa € HeoOXOOMMO JAPOHOBETE Ja ca CHalAeHH C
ABTONMJIOTH M MOJYJM 3a NO3ULIMOHMpAHE W HaBHMrauus. MHOro
YeCcTOo Te3U APOHOBE ca 000pYIBaHU C TeXHOJOrusATa ,,CienBail me*
W TapaHTHpaT cTaOWiM3anus Ha KaMmepaTra IIpH HelpeKbCHATO
oJIbpokane Ha (hoKyca BbpXY AeHCTBHETO.

Ilpenoc na mosapu

B 3aBHCHMOCT OT TEXHHUYECKUTE MapaMeTpH Ha JPOHOBETE Te
HPUTEKABAT PA3IMYHHM TOBAPOIIOZEMHH BB3MOXKHOCTH M MOTaT Ja
JOCTaBAT TOBAPU HA DPAa3IMYHM pascTosHUA. KommaHum KaTto
Amazon, Google u Opyru ycHemrHo M3MoJi3BaT JPOHOBE 3a MPEHOC
Ha NPaTKM U JOCTABKU HA CTOKM M YCIyrd. B mapanes ¢ 1ocTaBKUTE
Ha TOIIEHCKH ¥ THPTOBCKH IPATKH ce 3a0essi3Ba U MPUIOKESHHETO
Ha JPOHOBE 3a IPEHOC Ha HE3aKOHHHM CTOKH KaTO HAapKOTHIIH,
OpBXKHUE U IIp.

Monumopune u
ungpacmpykmypa

JlpoHOBETE MO3BOJISIBAT J1a CE OCBIIECTBSIBA MO-OBP3 M EBTHH
MOHHTOPHHI ¥ HHCIEKLHMS Ha TPYJHOIOCTBIIHH CHOPBKCHHS H
HHPPACTPYKTYpHH OOEKTH Karo KyidW, KOMHHH, AaHTCHH,
SJIEKTPOIIPOBOAN, BETPOTreHEpaToOpH, (OTOBOITAWYHHU IEHTPAIIH,
MocroBe, mbTHa- U JKII umH@pactykTypa m np. HaBpemenHoTo
OTKPHBAHETO HA HEW3NPABHOCTH M INPEJOTBPATABAHETO HA aBaApHU
OT KpUTHYHATa MH(pacTpyKTypa OM CHECTHIO OTPOMHH CPE/ICTBA,
KaKTO 1 OW MPenoTBPaTHIO HHIMACHTH C (haTajieH Kpail.

Hponose 3a 3abasnenue

Hemaznka uact oT ymoTpebaTa Ha IPOHOBE Ce OTHAcs M0
3abaBneHne. Te3u APOHOBE ca €BTHHU U JIECHH 3a ymorpeba. Te ca
NpeTMMHO MalK{, HaHO ¥ MHHHM JpoHoBe. Iloaxomsmu ca 3a
HayMHAeIlM T[Opajd HHCKaTa CH LeHa M MajJKM pasxoau. B
MOBEYETO CIIyJau ca CHabJIeHH C KaMepH 3a BUJIC03aCHEMaHe.

UHCneKyus HA CbOPBIHCEHUSA u

4. 3aknrouenue

Ot HampaBeHUs aHAIN3 M KIaCH(UKAIUS HA CHIIECTBYBAIINTE
JPOHOBE CE BIXK[A, Y€ T€ HaBIM3aT MACOBO B JCHHOCTTA U )KUBOTA
Ha Xopara, KarTo TPEAyaraT HEOTPAHHYEHH BB3MOXHOCTH 3a
TprioxkeHne. Bp3M0oXXHOCTTa UM /12 JIETSAT KaKTO C BUCOKA CKOPOCT,
Taka U /1a 3aBHCBAT BbB Bb3/lyXa yBeJIMUaBa TAXHOTO IIPUIOKEHHE B
npakTykara. Te 3a He3aMEHUM MOMOIIHUK B KPUTUYHU CUTYallud U
M03BOJISIBAaT OBp3a peakiys IpH KPU3H, KaTo HaMUpaT MPUIIOKEHHE
KaKTO 3a BOGHHM, Taka M 3a IMBWIHHU omepauuu. [IpeacraBeHoro
H3CIIe[BaHEe He MPETEHIUpa 3a N3YepIaTesHOCT, a € T0-CKOPO OIUT
3a KIacuukanus Ha eqHa Obp30 pas3BUBala ce HHIYCTPUS C
HEOTPAaHWIEHH IPHII0KEHNS.

bnazooaprnocmu

CratusTa € peaqusupaHa 10 NPOEKT ,,J/IHOBaTMBHU METOAM U
AITOPUTMH 3a OTKPUBAaHE M pPa3lo3HAaBaHE Ha MOJABMKHH OOCKTH
ype3 UWHTerpupane Ha  xereporeHHn janHn”, KII-06-H
72/4/05.12.2023, ¢purancupan or PHU-MOH.
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OTKpHBaHe Ha IMMOABHU’KHHU 00eKTH qYpe3 KOCMUYECCKHU paauoCuraajam
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'Y uuBepcurer o 6uGIHOTEKO3HANNE i HH(BOPMAIHOHHY TexHONornH, Codust, Beirapus
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Pesztome: B cmamusma ce uzcieds8am 6vb3MONCHOCMUME 3 omKpueane Ha JemAauiu obexmu cpaaapna cucmema ¢ npsKo pa3ceﬁ8ane HA
CcucHala, usnoiaszsauiad KocCmudecKku pa()uocueme, U3IBYEHU On KOoCMUuudecKu mejila Kamo C/Z‘bHI/[e, nyacapu u 0p Ta3zu ewv3mooicHocm e
oyeHnena, kamo ca onpedeﬂenu cmotHocmume Ha OMHOUICHUEMO CUSHATL KbM wym Ha 6X004 HA CUSHAIHUS omkKpueameia, U34UCIEeHU 6
sasucumocm om vecmomama Ha cucHala, pasmepa Ha obexma u pascmosAHuemo om npuemHuxka 00 obekma 6 MoMeHma Ha npecuvdane Ha

6azoeama IUHUS HA padapa nood NPUOIUZUMETHO NPAS bebIl.

Kntouosu oymu: omxpusane na noosudichu obexmu, obpabomxa na cueHanu, paoap ¢ nPsaKo pascelsane Ha CUSHANA

1. Bveeoenue

Pamapst ¢ mpsiko pasceiiBane (Forward Scatter Radar — FSR) e
crienudUyYeH BHA MACHBEH OUCTaTHYEH pajap, KOWTO IMpUTEKaBa
HSKOM CBIICCTBEHH NPEIMMCTBAa B CPaBHEHHE C MOHOCTATUYHHUS
panap. Paborara Ha Te3u pajapy ce OCHOBaBa Ha MPHIIATaHETO Ha
edekra Ha npsiko pasceiiBane (Forward Scatter — FS) [1]. Tosu
edekT ce mosBSBa, KOrato AaaeH oOeKT € OONBbYEH OT CHUTHAI U
JMHEHHHTE My pa3Meph ca MHOTO IIO-TOJIEMH OT JBJDKHMHATa Ha
BBJIHATa Ha CUTHaNa. B To3M ciy4ail eHeprusta Ha CUTHaja ce
pasceiiBa B pesynrar Ha AUQPaKUHOHHHUSA e(eKT Ha BBIHATA. B
Oomu3ocT 1m0 obekra ce (opmMupa 30HA Ha pPAgUOCSIHKA, a B
JaleyHaTa 30Ha OT O0EKTa ce TMojly4aBa YyBeJIMYaBaHE Ha
CHEPTUATa, pa3cesHa IO JHMHUATA ,IpeAaBaTel-IpUeMHUK . B
pe3yaraT Ha To3H e(peKT ce MOoJydaBa MHOTOKPAaTHO yBeIHYaBaHE
Ha e(eKTHBHO oTpassiBaiiara miour Ha obekra (Radar Cross Section
— RCS) B cpaBHenne ¢ RCS Ha oOckTa B TpaJUIHOHHHS
MoHocTatnueH pamap [2, 3]. Exmna or xapakTepucTukuTe Ha
cucremara FSR e Hanmmumero Ha CHIICH IUPEKTEH CUTHAI OT
npeaBaress, KOiTo TpsoBa fa Obae MOTHCHAT MPEIH OTKPHBAHETO
Ha oOexTa. Hamocnenpk Oucrarnunute FSR pamapu, m3monsBamu
€CTECTBEHH WM M3KYCTBEHH M3TOYHHIM HAa KOCMHYECKH CHIHAIM
(carenuTH, myJicapy U Ap.) NPEAN3BUKBAT 0coOeH uHTEpec [4, 5, 6].

Ilpe3 nocnegHuTe TOAMHM HAONIOAEHMETO HAa KOCMoOca H
3ampTaTa Ha 3eMATa OT HeXelaHH KOCMHUYECKH OOEKTH ce
OCBIIECTBSBA OT MOYTH BCHYKU TEXHOJOTHYHO PA3BHTH IbPXKaBH C
MOMOIITa Ha TEJNECKOMM M PAAUOTENIECKONH. 3a ChKaJeHHe
MPEBaHTHBHOTO OTKPHBaHE HAa TOJNEMH W MAJIKH JICTSAIIN
KOCMHYECKH OOCKTH C HAIMYHUTE TEXHHYECKH CPEICTBA KaTo
pajapy, TENECKONMH M PaJUOTEIECKONM He € JOCTaThbYHO
e(eKTUBHO, Thi KaTo ce OTKpuBaT 0kojo 30% OT mpenuTaniure
oGexrtu [7, 8]. Karo 1suio ce 3abensi3aBa TEHAEHIUs HA [O-YECTOTO
n3non3Bane Ha FSR cucremu 3a oTkpuBaHe Ha MOJABMIKHH OOEKTH,
BKJIIOYUTEITHO M 3a KocMuyeckn obektu. C Iied Aa ce yBelnndu
NPOUCHTHT HAa OTKPHMBAHEC Ha Pa3iIM4YHU KOCMHYCCKU O6eKTI/I, HHC
npeyiaraMe Ja ce mpuiaraT npuHuunure Ha FSR o cucrema,
M3MON3BAIlA ECTECTBEHH KOCMHYECKH CHrHamu kato CirpHIe,
myncapu u ip. B [9] ce npennara n3nomssanero Ha FSR cucrema 3a
3ammTa Ha 3eMATa OT HEXENaHH KOCMHYECKH OOCKTH, KbICTO
U3TOYHUK Ha CHUTHAJIM Ca PaaUuOoIlyJICapUTE H/I/IHI/I U3KYCTBCHUTE
CaTeIINTH.

Nnesata Ha Ta3u craTus € TEOPETHYHO Jda ce U3cieaBa
BB3MOXHOCTTA 32 OTKpPHBaHe Ha JieTsau obektr o FSR cuctema,
KOSTO H3IMO0J3Ba KOCMHYECKO paauonbueHHe. B rtakaBa FSR
CHCTeMa M3TOYHMK Ha paJnMou3IbuBaHe Moxe na Obae CIbHIETO,
IyJicap Wid JIPYr M3TOYHHK Ha KOCMHYECKO PaJHOM3IbYBaHE, a 3a
Ha3eMeH MPHUEMHHUK Jla ce M3IO0J3Ba pajauoTeneckon. M300pbsT Ha
CrpHLETO 32 M3TOYHHK HA pAJAMOM3IBYBAHE HMMa MHOTO
npeanuMcTBa. CursaauTe OT HEr0 ca MHOTO MOIIIHHU, U3JITBYBAHETO €
B IIMPOK YECTOTEH IHANa30H, KAaKTO M B3MOXKHOCTTA Jia ce paboTn
Hpe3 JIeHs, KOraTo TEJIECKOIUTE ca HEU3IOI3BaeMH.

2. Kocmuuecku paouoemucuu

B kocmoca mma TCJla, KOUTO HU3TbYBAT CHUI'HAJIA B IIHUPOK
YECTOTCH AHalla3OH. TakuBa w3TpUBaHUS Cca CJ'I’I)HIICTO, myJcapure
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U MHOTO JAPYTHM KOCMUYECKHM Tena. l3mpdyeHWTe CHTHAIM ce
XapaKTepu3upaT ¢ BHCOKA MOIIHOCT M MOraT JAa IpeMHHAT
Pa3CTOSHUS OT IOpsAbKAa HA AECETKH CIbHYEBH roaumHH. Yact oT
Te3W CUTHAIM AOCTUTaT W 0 3eMsTa, KaTo 3eMHaTa arMmocdepa
oTpassiBa, abcopOupa WM pasceiiBa IMOBEUETO EJIEKTPOMArHUTHH
JTbYeHHs. BBIpeku ToBa MMa IpO30pPIM B YSCTOTHHUS JWANa30H,
npe3 KOWTO IIPEMHMHAaBaT KOCMHYECKH CHTHAIM ¥ JOCTHIaT
MOBBPXHOCTTa Ha 3emsTa. Te3w mpo3opuu ca BBB BUAUMHS
IUama3oH B 4YacTH OT uH(ppadepBeHaTa 30HA, KaKTO U B
pagumodecToTHaTa  00JacT  (BKJIIOYMTEIHO  HSAKOM  YECTOTH,
KIacuQUIMpaHd KaTo MHKPOBBIHOBH). Te3n mpo3opmu ca
moka3aHu Ha ¢wur. 1. brnaromapeHue Ha TAX y4eHUTE HaOJIOAaBaT
KOCMOCa OT 3eMsTa U U3CNe/BAT CUTHAIUTE, ABALIU OT JIBJIOOKUS

Wost of the
Gamma rays, %-rays and uhravialet
light blocked by the upper atmosphere
(best observed from spacel,

visible light
observable
fram Earth,
with some
atmospheric
distortion,

Long-wavelangth

abservable

absorbed by from Earth.

atmospheric
gases (best.
abserved
frum space)

blocked,

100

Atmospheric
opacity

B oem o mew Tpmo 10um mopr mm o km

Wavelength

@ue. 1. Henpospaurnocm na semnama ammocepa, ezema om HACA

Ot ¢urypa 1 ce BWXKOa, 4Ye CIBHYCBUTE M ITyJICAPHHUTE
W3IBYBAHUS MOTAT Ja Ce M3MOJ3BaT 3a OTKPUBAHE HA ITOJBIDKHU
00EKTH B paIUOCHCTEMHM, TMpWJIAraimyd NPHHIMIA Ha MPSIKO
pasceiiBaHe Ha CHTHaA.

3. Paoap c npako pasceiieane

PamapsT ¢ mpsiko pascefiBane e crieruduveH BUI OHCTaTHYCH
pangap, IpH KOHTO IpenaBaTelsT M NPHUEMHHUKBT ca pa3sHECEHH B
MPOCTPAHCTBOTO, HO e(eKTHT Ha HPSKO pa3celBaHEe ce MOSBSBA,
Koraro OHCTaTHYHMAT BI'BI MEXIy IpenaBarens, oOekTa u
npuemMHuKa kioHun kbM 180 rpagyca. To3um edekT ce momydasa,
Korato oOeKkT mpecuya 0Oa3oBaTa JIMHHSA MEXIy IpeiaBaTelst H
npuemHuka. Kondurypanusara Ha To3u BHA pajap € MokazaHa Ha
¢urypa 2, KbIETO U3TOYHHMKBT HA CUrHaN e Obae CIbHIETO WIN
HeyTpOHHa 3Be3/a (IyJcap).

[IpenaBaren
[Togsmxen
JIupeKTeH ‘A obekT
CUrHaJ A ‘
[Tpuemunk
[Ipeorpazen
CUrHal

Que. 2. Kongpueypayus na paoap c npsiko pasceusane
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4. Teopemuuen paszuem Ha XapaKmepucmukKume
Ha padap ¢ npakKo pasceiisane

PamapHuTe CHCTEMH, M3MOJI3BAIIM KOCMHMYECKH CHTHAJH,
reHepupanu oT CIBHIETO, MyJICApH WINM IPYI'M W3TOYHHIM Ha
paguoCHTHAIN H3II0N3BaT KaTO IPHEMHHUK paxuoTeneckond. Ilpu
numnca Ha oOekT Ha 0a3oBaTa JIMHHUS ,,IIpefaBaTel-IIPHEMHUK B
HpPHEMHHMKA Ce TI0Ty4aBa AUPEKTeH CUrHAI OT KocMoca Ugjpecy - AKO
HSIKaKbB 00EKT Ipecede 0azoBaTa JIMHUS ,,IIpeaBaTel-IIPHEMHHUK ",
TO JUPeKTHUAT curHal Ugpee M€ € H3IPUIO WIM YacTHIHO
6s10kupaH ot obekra (dur. 3).

IIpenaparten R, IIpuemunk
*—r --------------------------------------------
U direct Udmdcl\\

@Due. 3. Tononoeus na excnepumenma

B T03u cimydaii OMOKMPaHUAT CUTHANI Ha BXOJAa HAa MPHEMHHKA
Ug, Moxe nga ObIe mpeicTaBeH Karo cymMa OT JUPEKTCH
oesnpensaTcTBeH cUTHAN Ugjpeer W OJOKUpaH (CEHYECT) CHTHAI

Ushadow [7]
Urx = Ugirect + Ushadow ey

CoriacHo npuHnuna Ha Babinet, mupektHOTO mbueHHe Uyirecs
n OnokupanusT curHal Ugpqqow , CB3AAACHH OT HENpPO3payeH
0o0exT, mMaT mnpoTuBomoNoxHM (azu. Cmopen TeopusATa Ha
¢u3uyeckarta ONTHKA, MAaTEMAaTHYECKO OIMCAHHWE Ha IIOJETO HA
CCHKHTE, KOETO C€ Cb3haBa OT OOEKTa, ce OCHOBaBa Ha
nudpakimsita Ha Kupxod-®Ppenen [10]:

i expiti—jkR,)
Ushadow = j//l ff Udirect Rit 2
Q t

B (2) Q e momTa Ha cuimyeTa Ha 00ekTa, dq € Majka 4acT OT
IUIOIITA Ha CHiIyeTa Ha oOekTa, R, € pa3cTosHHeTO OT 0OeKTa Io
npuemMHrKa. Criopen [1] moneTo Ha csiHKaTa He 3aBHCH OT (opmara
WM MaTepualia Ha 3aCeHYBAINUsI 00EKT, a Ce OMPEeAeNs U3IFUIO0 OT
pa3Mepa U TeoMeTpHsTa Ha criyeTa Ha oOekta. Korato o0ekThT e
JOCTaThYHO [ajed OT IMpedaBareis M MpHEMHHKA (JajaevHa
nudpakIMOHHA 30Ha), MOXe Ja ce mpueme, 4e: (i) — IUPEKTHOTO
mosie Ugjrecr OT TpEmaBaTesss € pasmpelnelieH0 PaBHOMEPHO BBPXY
TUTOIITA HA cuilyeTa Ha 00ekTa; (i) — CTOMHOCTTA Ha Pa3CTOSIHUETO
R, mouTH He ce MPOMEHS IPH MTPOMSHA Ha MO3UIHATA HA dq BBPXY
IUIOIITA HA CHIIyeTa Ha oOekTa. B naneynarta 30Ha Ha audpakuus

uHTEerpansT (2) npueMa opmara:
Udirect fj dq
Q

—jkR,)
Cnen unTerpupaneto ypapaenuero (3) npuema dopmara:

dq

®)

jex
Ushadow = 1R
t

jexpi—jkR,)
Ushadow = T Udirect Q (4)
Ot (4) cnenBa, ye 0OBMBaIIaTa HA CEHUECTUS CUTHAII €:
_ Edirect Q

|Ushadow | = Eshadow = AR, (5)

PamapbT ¢ mpsiko pasceiiBaHe H3MON3Ba CHIHana 33 00EKTa
(csiHkara) 3a oTKpuBaHe Ha oGekra. MOIHOCTTa Ha JHMPEKTHHS
curHait obade € MHOrO IIO-CHJIHA OT CHTHaja B CsHKara.
CrnenoBartenHo, korato ce o0paboTBa BXOTHHUAT CHTHAT €
HEoOX0MMO J1a ce peMaxHe (KOMIICHCHPA) AUPEKTHUST CUTHAI OT
BXOOHHA CUTHAJI WIM Aa C€ pasAciaaAT AUPEKTHUTE U CECHUYCCTHUTE
CHTHAJIM 110 YeCTOTa M CIIe[ TOBa Jia CE H3MOJI3Ba aMIUIUTYyara
(MOLIHOCTTA) HAa CEHYECTHs CHTHA 3a OTKpHBaHE Ha oOeKTa.
Ooara 0;10KOBa cXeMa Ha IpeJlaranara B cTaTusTa 00paboTka Ha
curHaia B FSR cucrema e mokasaHa Ha ¢ur. 4. M3non3BaHeTo Ha
epekra Ha TpAKO pasceliBaHe Ha CHTHaJA IIpeAroara
MECTONOJIOKEHIETO Ha TIpHEMHHUKA (paguMoTeNecKona) Ja ce
HaMUpa OT Jpyrara cCTpaHa Ha OOEKTa CIpsSMO IIpeJaBaTens
(kocmuueckoTo TsU10). Pagapure ¢ mpsko pa3sceiiBaHe MMaT Majka
30Ha Ha HaONIOJEHME, KOSATO € B OmM3ocT mo Oa3oBaTa JIMHHS
MeXay npenaBaTens u npuemHuka. OT gapyra crpaHa Te He
HPUTEKABAT PaA3/EIUTENIHA CIIOCOOHOCT MO PA3CTOSHME, HO KaKTO
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BCAKa paJapHa KOXEpPEHTHa CHCTeMa IpuTexasaT Jlomiepoa
paszeNuTeHa ClIOCOOHOCT U MOTaT Jla OTKPMBAT M Pa3JeiT LeNuTe
0 CKOPOCT.

JupexTen
CHTHAT | Panwno- Cenexuus OTKpHBaHe
—p»| TCIICCKOIL Ha CHI'HaJl Ha obekTa
Pascesn
CHTHAI OT +
obeKTa JIA / HE

@Due. 4. bnokosa cxema na aneopumvma 3a oopadbomra

B crarmsra ce pasriexxzia ciryqasiT, KOraTo ONCTaTHYHUAT BIbI
e okono 180 rpaxmyca, KOeTO € Hal-ONaroNmpUATHUAT CIydaid H
e(eKTHBHO OTpa3siBamiaTa IOBBPXHOCT € MaKCHMajHa. 3a
W3BJIMYAHE HA TIOJIE3HUS 3a HAC CHUTHAJ, Ch3JaJeH Clie]] KOHTaKTa
My ¢ 00eKTa (CeHYeCT CHrHall), Morar Jia ce M3I0JI3BaT METOJHTE 3a
MOJIeNIpaHe W KOMIICHCAIMs Ha CUTHaja, KaKTO M BpeMeBa W/MIU
YECTOTHA CENICKIIHMS Ha CUTHAJIA.

EnvH oT Hali-Ba)XKHUTE MapaMeTpH, KOUTO XapaKTepu3upa BCEKH
€CTECTBEH M3TOYHUK Ha PaJJOCUTHAN, € CIIEKTpaIHATa INTBTHOCT Ha
MOTOKa, U3MepBaia ce B SIHcku. MomHocTTa Ha equd Janski (Jy) e
exsuBanentHa Ha 102° Bata Ha KBagpaTeH MeTHp Ha XepiL
CerioacHo (5), muKoBaTa CIEKTpalHAa IUIBTHOCT Ha TIOTOKA,
HoJy4yeHa OT OOEKT ¢ Iulonl Ha cuwiyera ( OT aHTeHarta Ha
pajuoTeneckona ¢ epeKTUBHa oM Agfs, €

QZ

— 6
eff (/12 th) ( )

Kppero S e mukoBaTa IUTBTHOCT Ha IOTOKA, IpeAaBaHa OT
KOCMUYECKHUSI M3TOYHHK Ha paguanus mpenu na Oble pasnpbcHaTa
0T 00€KTa KbM paJHOTeNecKona, R, € pa3CcTOsIHUEeTO OT 00eKTa J1o
paguoTenieckorna M A € IB/DKMHATAa Ha BBJIHATa HAa CHTHAJA.
YpaBHenueTo (6) Moxe 1a Ob/ie MpeHancaHo KarTo:

Santenna = SA

Santenna = SA

eff (471'th) (7)

Kppero o e edexruBHO oTpassBamarta noBspxHOcT (RCS) Ha
obekra. B pagnoactponomusita edekTHBHATA ILUTONI HA aHTEHATa Ha
PaaMOTENecKOIa ce H3UhCABa Kato [2]:

A = 2kpG (8)

Kbnero G e ycuiBaHeTO Ha aHTEHaTa Ha pajuoTeNecKona (B
K/Jy), a kp ¢ koHcrantata Ha Bonuman (1,38:10% W/Hz/K).
Cropen [1] edekrbT Ha TpAKO pasceiBaHe BB3HHUKBA, KOTATO
00EeKTBT € pasMoioKeH Ha WM MHOTO Oim30 nmo 0azoBara JIHMHUS
MEXJy paJHoTeNIecKona M KOCMHYECKHsS HM3TOYHUK Ha pajuarius
(CrpHIIE WK TIyJicap), KakTo ¢ mokasano Ha ¢ur. 3. B To3u cnyuait
RCS Ha o0OekTa MOXe J1a ce U3pas3u Karo:

4mQ?

Kbaero Q e miomnira Ha cuityera Ha 0OeKTa.

B craTusTa ce aHanu3upa ciaydasT, Korato o0eKThT (acTepou.I)
npecuda  0azoBaTa  JIMHUS  ,,lIPEAABATEN-MPUEMHUK™  TOJ
NPHOIM3UTENHO TPaB BrbIL

ITpemnonoXKeHNeTo e, Ye CHIIyeThT Ha 00eKTa € IPHOIU3UTEITHO
IucK ¢ nuamerbp h. B To3m ciywail ypaBHenuero (9) mpuema
dhopmara:

©)

m3h*
42
C.He,[[ IIoJlaraHe Ha 0 B (6) 3a IMMKOBaTa CIICKTpaJiHa IUIBTHOCT
Ha TIOTOKA CE MOTyJaBa:

(10)

TTZSGth4
8R2)2
CrhexrpanHara IUTBTHOCT Ha IyMa Ha HPUEMHHKA MOXE 1A
Obe NMpUOIM3UTENHO OIEHEHa C ITOMOINTa Ha TeMIepaTypara Ha
MpUEMHATa CUCTEMa KaTo:
Ny = kBTsys (12)
Kato ce B3emar mpemux (11) m (12), cboTHOIIEHHETO
curHan/myM (SNR) Ha m3Xonma Ha aHTeHaTa MOXeE Jia Ce HM3pasu
KaTo:

(11)

S antenna
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Santenna _ n2SGh*
No 8T, R?}?
3a oTkpuBaHe Ha o0ekTa € Heo0XOAUMO Ja HaMepum

MaKCHUMAJIHOTO Ppa3CTOSHHE [0 O0EKTa, KOETO ChOTBETCTBA Ha

muHAManHOTO SNR, HeoO0XommMo 3a OTKpHBaHE Ha OOEKTa C

MpEIBAPUTEIIHO ONpee/icHaTa BEPOsSTHOCT 3a oTKpuBaHe [11, 12].

3a ta3u nen croHocTHTe Ha SNR ce m3uncnsaBar kato QyHKIUS Ha

Pa3CTOSIHUETO MEXKIY PAJUOTEIICCKOIA H 00SKTa:

SNRantenna (13)

SNRdirect = p (14)
t
K'B)ICTO C € KOHCTaHTa paBHa Ha:
_ m2SGh* (15)
BTy, A2

5. Pesynmamu

Cmopen mpuHIMIa Ha bBaOWHET IMPEKTHOTO IIbUCHHWE U
CEHYECTOTO JIBYEHHE, CH3IAJCHO OT HEMpo3paueH OOEeKT, HMar
nporuBononokan ¢asu [13, 14]. CnemosarenHo, oOBHBKaTa Ha
CyMapHHs CHTHAJI Ha BXOZIa Ha IIPUEMHKKA CE OMPEENIs KaTo:

(16)

Ot (16) crnenBa, ye ceHuecTHAT cUrHan Egp,q,, MOXE Ha ce
pasriexaa Karto HamassBaHe Ha JUPEKTHHS CHTHAT Egpecr
HOJydeH B pajapa ¢ IpsKo pasceliBane. Taka e B CHiIa CIIEIHOTO
HEpaBeHCTBO:

ERx = Edirect + Eshadow

(%))

Karo ce B3emar npensua (5) u (17), MoxeM Ja 3aKIIOYNM, Y€
n3uncisiBaneTo Ha SNR Ha BXoja Ha OTKpHBaTess C MOMOINTA Ha
(13) moxe nma ce W3BBpIIM caMo 3a pascTosHHs (R;), KOHTO
YIIOBJIETBOPSIBAT CIEAHOTO HEPABEHCTBO:

Edirect 2 Eshadow

R > % (18)
KbJIeTo ILIONITa Ha CHJTYeTa Ha aCTEOPH/A CE H3UNCIISIBA KATO:
h?
_ T (19)
0=

ITpu uzumcnssanero Ha SNR mpuemame, ye FSR cucremara
“Ma aHTeHa ¢ auameTbp d = 25 m U CHCTeMHara TeMIeparypa Ha
NpUEeMHHKa B paguoobcepBaropusita e 150 K.

AKO ce M3MO0N3Ba CIBHUYEBATa paJHalys KaTo W3TOYHHK Ha
CHTHAJI, CIIEKTPATHATa YE€CTOTHA INTBTHOCT (TIOTOK) Ha CI'EHUEBOTO
paguoTbUeHHe 3aBHCH OT YeCcTOTaTa, Ha KOSATO C€ IpHeMa
CI'BHYEBOTO JrbueHMe. CTOHHOCTHTE HA CIBHUEBHS MOTOK 32
pa3IM4YHU YEeCTOTH ca aaaeHd B Tabmuma 1, kpmeto 1 SUF e
exBuBanenten Ha 10> Bara Ha KBaJpaT€H METHP HA XEPII.

Taénuya 1. Cnexmpanna uecmommna nibmHOCH HA CTbHYE60 PAOUOTbYEHUE

f [MHz] 410 1415 15400

Flux [SUF] 26 45 530

3a HACTOSAIIOTO M3CICIBAHE Ca H30PaHU TP OOCKTA C TUAMETPH
hl =2m,h2 =4mmn h3=6m

Haii-BaxHuTe mnapamerpu Ha OOEKTHTE, KOUTO BIHSAT Ha
croiinoctute Ha SNR, ca TsaxHara eQeKTHBHO OTpa3sBama
TIOBBLPXHOCT (G) M BI'BIBT Ha IOBTOPHO m3buBane (6°).

B Tabnuua 2 ca mokaszanu croiiHoctute Ha FS RCS Ha Tpute
obekTa B 3aBUCHMOCT OT TEeXHHTe pa3MepH (h) W yecToTaTa Ha
CITIBHUEBOTO paguousnbuBane (f). M3uucnsgBaHeTo Ha e()EeKTHBHO
oTpassBalla MOBBPXHOCT (C) Ce€ H3BBpIIBA C [OMOINTA Ha
ypasuenue (10).

Tabnuya 2. Epexmusno ompaszssaua nogbpXHOCm Ha mpu obexma

f RCS (o) [dB]
MHz] hi=2m hy=4m hy=6m
410 38.2 57.9 66.0
1415 49.0 68.6 76.4
15400 69.7 89.4 97.5

Cropen Teopusita Ha AudpakuusATa BIEIBT HAa IMOBTOPHO
msrpuBabe (6°) ce M3UMCIABA B 3aBHCHMOCT OT TPAcKTOPHATA HA
JBIDKEHHE HA [IENITa M 9eCTOTaTa Ha N3IbYBAHUTE EMHUCHH!

yl
69 = 180/m7 (20)

Tabmuna 3 moka3Ba CTOWHOCTHTE Ha Brbjla Ha IOBTOPHO
M3ThYBAHE HA BCSKA IIEJT B 3aBHCHMOCT OT Hai-TOJNeMHus pa3Mep Ha
cwiyera Ha nenta. To3W BI'bJ HAlpaKTHKa IIOKa3Ba MIMPUHATA Ha
JbYa Ha IIeNTa B TOCOKa KBbM ITaCHBHHS NPHEMHHK, B HAIIHS
cirydaii, pauoTenecKona.

Taonuya 3. beva Ha nosmopHo uznvusame

f 6°
[MHz] hi=2m h, =4m hy=6m
410 20.96 10.48 6.98
1415 6.07 3.03 2.02
15400 0.56 0.28 0.19

BpemeTo Ha mpecToif Ha 00EKT B 30HaTa Ha MPSKO pa3ceiBaHe
ce ompezesisi HE camMO OT BIJOBaTa HIMPWHA Ha JuarpaMara Ha
mmpuBae Ha obekra (0°), HO CHIIO M OT BINOBATA IIMPUHA HA
JMarpamMarta Ha HAaCOYCHOCT Ha TpueMHara aHTeHa (B ), KOATO
3aBHCH OT AWaMeThpa Ha aHTeHara (d) (tabmmma 4):

Oune = 1802/ (1d) (1)

Koratro o00exTbT mnpecedue Oa3oBaTa JIMHUS ,JIpe/aBaTel-
NPUEMHHUK‘, BpeMETO Ha IpecTol Ha 00EKT B 30HaTa Ha pa3ceiiBaHe
ce OIpesieNs KaTo:

teont = Re/Vmin(20,04,,) (22)
Kbmeto R, u V ca pa3cTOsHHETO 1O OOEKTa M Herosara

CKOPOCT.

Taﬁﬂuua 4. benosa wupura Ha 0ua2pa.4mma Ha uszlv4eane Ha npuemnama
aHmena

f Oant
[MHZ] d=5m d=25m d=300m
410 8.38 2.79 0.14
1415 2.42 0.81 0.04
15400 0.22 0.07 0.004
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CroiiHocTiTe Ha OTHOIIeHWeTo curHanm kKbpM myM SNR,
M3YNCIICHH 3a TPH CTOMHOCTH HA YeCTOTaTa Ha paJHOM3IbYBaHE B
3aBHCHMOCT OT Pa3CTOSHUSATA A0 O0EKTa, ca MpEeACTaBeHH Ha (ur.
5-7. Bunbt Ha nmosydeHHUTe pe3ysTaTé MOXe Jia ce 00sICHH, KaTo ce
OTYETE W BapHalMATa HAa CTOHHOCTHTE Ha e()EeKTHBHO OTpa3siBalla
IOBBPXHOCT (G) OT 4YecToTaTa Ha CIBHYEBOTO pPaJUOU3TbUBaHE
(tabnuma 2).

" SNR, .., (f=410 MHz)

25 h=zm| |

[dB]

R, [km]

@ue. 5. OTHOWmEHNE CUTHAT KbM IIyM ripu f = 410 MHz
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SNR,_, . (f=1415 MHz)

30

----- h=2m

25 A B

[dB]

15
R, [km]
OTHolIeHrne cUrHal KpM miym npu f = 1415 MHz

30

Due. 6.

SNR,_ . (f=15400 MHz)

30 T T

[dB]

150
R [km]

300

@ue. 7. OTHOWICHUe curHai KpM tiyM mpu f = 15400 MHz

[Monydenure pe3ynTatd ca (YHKIUS HAa Pa3CTOSHUETO M ca
u3uuciieHn 3a comapHa FSR cucrema, kaTo Juana3oHbT Ha
u3cnenBaHe € B uHTepBana OT Ry pmin = Q/A 10 Ry pmax =
200R; 1yin.

OT ¢urypure ce BIKIA, Y€ KOJKOTO € MO-BUCOKA YecToTaTa Ha
CHTHANIA, TOJIKOBAa MOABMKHHAT OOEKT Iie ObJe OTKPUT Ha IO-
TOJSIMO  pa3cTosiHMEe. B CBIIOTO BpeMe, KOJKOTO € MO-TOJIsIM
pa3mMepbT Ha O0EKTa, TONKOBA TOW € OTKPUBAEM HA IO-TOISIMO
pascrosiHAe OT TpHeMHHKa. OTHOIICHHETO CUTHAI KbM IIyM €
MaKCHUMAJIHO l'lpl/l MHWHUMAJIHO pa3CTO$[Hl/IC Me)l()]y npenaBaTeﬂﬂ u
00eKTa, a € MUHUMAJTHO MPH MaKCUMAJIHO OTIaJCYCHN MPUEMHHUK U
00ekT. KoJIKOTO € MO-MOIIEH CUTHAIBT OT KOCMOCA, TOJIKOBA € I10-
TOJISIMO OTHOILIEHUETO CUTHAJI KbM l_l_IyM Ha BXOJa Ha l'lpl/leMHI/IKa u
00eKTBHT OM OMIT OTKPHUT C TIO-TOJSIMA BEPOSTHOCT.

6. 3aknrouenue

Tony4yeHure pe3yiTaTH c€ OTHACAT 3a Cly4as, KOrato
CITBHIIETO Ce M3II0I3Ba KaTO U3TOYHHK HA CUTHA.

B pasriexnanus ciydail oOCKTHT mpecuya Oa3oBara JIMHHS
MEpIeHANKYIIPHO, KOraTo BPEMETO 3a KOHTaKT Ha oOeKTa ¢
IpHEeMHATa aHTEHa € MUHHMMAJHO U IeiTa Obp30 H3/IU3a H3BBH
JMarpaMara  Ha ~ HAcO4e€HOCT  Ha  pajuoTeleckona U
MPOABIDKUTEIHOCTTa Ha CHIHAJA, IMOJY4eH OT OOEKTa, € MalbK.
IIpn Tasm xoHdurypamuss Ha U3CIEABAHETO C€ IOJIydaBa
MaKCHMaJHa e(pEeKTHBHO OTpa3siBalla IOBBPXHOCT M CHOTBETHO
MaKCHMAJIHO OTHOIICHHUE Ha CUTHAJIA KbM IIyMa.

[TosmyueHurte pe3ydTaTd IIOKa3BaT, ue IpeAjaraHara pajgapHa
CHCTEMa 3a OTKpPHUBAaHE Ha NMOABMKHU OOEKTH TPU H3IIOJI3BaHE Ha
CHTHAJIM OT KOCMOCa MOKe Jia ObJie MHTerpHUpaHa B ChbBPEMEHHUTE
CHCTEMH 3a HaOJIOACHUE ¥ yIPABJICHHE HA BB3YIIHOTO JIBHKCHHE.
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bnazooaprnocmu

Cratusita e pceajm3upanHa 1o MHPOCKT ,,HHOBaTI/IBHI/I MCTOAU U
AITOPUTMH 3a OTKPHUBAHE W pa3lO3HaBaHE Ha MOJABHKHHU 00eKkTH

ype3  HHTerpHpaHe Ha xereporeHHn pgaHHu“, KII-06-H
72/4/05.12.2023, ¢punauncupan ot ®PHU-MOH.
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Statistical processing of set up error occurred during turning in self-centering three-jaw
chuck and between centers on CNC machines
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Abstract: In this article, the objects of research are 40 pieces sleeves made from aluminum alloy 6080 and results were obtained from the
measurement of the observed sign of inner cylindrical surface runout relative to the external one. The graphical visualizations of the
analyzed data were made. A comparison is made between the amount of error obtained by two setting methods on a CNC lathe- in a

universal self-centering chuck and between centers.

Keywords: ALIGNMENT, MACHINING ERRORS, CNC MACHINES, PRECISION, STATISTICAL PROCESSES, SELF-CENTERING CHUCK

1. Introduction

The accuracy of CNC machines is determined by various
factors, including machine class, type and work condition of used
tools, type of material being processed and selected machining
technology[1]. The requirements for CNC machined parts are
becoming higher and higher, and at the same time complexity of
details is increasing [2]. This necessitates a more detailed analysis
of CNC errors such as geometric errors of tools, erros due to
deformation processes ,set up erros etc [3]. Setting error during
machining cylindrical parts in self-centering chuck depends on:

e Degree of precision of the chuck

e  Hesitation of the clamping

e  Deviations from the correct position of the part set up
bases relative to base surfaces of chuck

When the setup base is fine, influence of the form accuracy on
setup error is insignificant compared to of other factors.

Sleeves are details that have more than one internal or external
surface and meet the condition 1<L/D<3. Their functional purposes
in machines and mechanisms are very diverse. They often
determine relative position of single parts in assembly, joining parts
of different sizes, for leading tools and mechanisms. Depending on
accuracy of the central hole, the sleeves are particularly accurate - 7
degree of precision, accurate - 8-9 degree of precision and reduced
accuracy - 10-11 degree of precision. In addition to the mentioned
requirements for the accuracy of the central hole, there is a
requirement for forms deviation in relation to internal and external
surfaces, accuracy to the longitudinal functional dimensions and
low roughness of the processed surfaces to increase durability of
components[4]. Alignment of rotationally symmetrical parts is
performed on external, internal and frontal surfaces, depending on
type of workpiece. The purpose of the first operation is to process
an internal or external surface and the adjacent face,The alignment
error is a sum of two errors - of set up and clamping.

2. Materials and methods

The objects of the research is a series of 40 pieces sleeves from
material-AL 6082. fig 1[5]. The research was carried out on a CNC
lathe equipped with an 8 inch chuck with quenched jaws[6]. The
runout of the self-centering chuck was pre-measured to be
0.03mm[7].The drawing is presented in fig.2.
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Fig 1.A series of 40 pieces sleeves

The measurement was made with dial gauges with an accuracy
of 0.001 mm and 0.002 mm. The blanks have a fine external base ¢
33 and a pre-prepared length - 180mm.

Examination of the machining error in a three-jaw chuck
follows the following methodology: the workpiece is set up in the
chuck, then the bearing seats and a 30° chamfer are turned. After
relocation, the other bearing seat is processed - the short one and a
30° chamfer. After processing the two seats,the control checking
using dial gauges is performed fig.3. The examination of the runout
error  when turning between centers follows the following
methodology: the workpiece is set up and the external cylindrical
surface is turned to dimension 32, fig 3.
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Fig.2 The drawing of the sleeves

Fig.4 Experimental set up



When measuring the runout, the samples are set up at random
angle in the chuck. In this position, which the workpiece has
occupied in the radial direction, the error is obtained as a difference
between the external and internal runout.The absolute value of the
deviation is measured using dial gauges-fig 4.

3. Results and discussion

The one-time sampling method was used. For its application, a
population was considered, processed under nominally unchanged
conditions [8]. The condition that the measuring device has a scale
division value of 1/6-1/10 of the tolerance of measured size is
fulfilled for correct results. The measurements of runout of the short
and long bearing seats are presented in tab 1.

Table 1: Measurements of runouts of the short and long bearing seats,
processed in the chuck

Short beating seats Long bearing seats
(5]

_E|_-F| 38| F| T | 2%

- g = g = g =2 g = E = é =

zZ 28 | o8 S T 23 a8 S o
| dE | E€| s | O€ | E€ | 8%
a a | 4§~ 2 2 hiks
1 25 10 15 27 22 5
2 22 20 2 28 102 74
3 35 52 17 24 14 10
4 24 54 30 26 34 8
5 30 34 4 42 80 38
6 35 6 29 26 18 8
7 32 72 40 30 28 2
8 30 70 40 24 62 38
9 28 8 20 25 36 11
10 30 34 4 32 50 18
11 25 70 45 27 24 3
12 33 8 25 29 22 7
13 25 68 43 32 70 38
14 32 42 10 26 2 24
15 26 6 20 25 38 13
16 37 88 51 38 24 14
17 25 14 11 27 66 39
18 30 38 8 29 2 27
19 27 92 65 30 42 12
20 35 68 33 34 38 4
21 30 18 12 32 56 24
22 30 48 18 26 46 20
23 32 76 44 30 18 12
24 38 68 30 31 88 57
25 29 48 19 30 56 26
26 25 10 15 36 60 24
27 35 36 1 31 38 7
28 25 84 59 29 14 15
29 25 64 39 30 10 20
30 27 50 23 30 74 44
31 30 58 28 30 26 4
32 34 54 20 31 44 13
33 26 28 2 32 52 20
34 22 56 34 26 74 48
35 32 46 14 30 40 10
36 18 70 52 30 72 42
37 26 10 16 25 74 49
38 34 62 28 30 18 12
39 30 82 52 23 76 53
40 32 58 26 29 64 35
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Anderson-Darling Normality Test
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Fig.5 Summary report-runout short beating seats

The summary report samples fig. 5 and fig. 6 for the short and
long seats gives an idea of the symmetry of the distribution.

An Anderson-Darling statistical test was used, which measures
how the data follow a chosen distribution[9]. For a given data set
and distribution, as much as the distribution fits the data, smaller is
the value. In this article, all data are sampled with a normal
distribution.

For the short seat, fig3 the sample volume N=40, the mean is
26.1, the sample standard deviation (Std. Deviation) is 16.662, the
sample dispersion (Variance) is 277.631, the sample coefficient of
asymmetry (Skewness) is 0.472, so the distribution is right
asymmetric, the sample coefficient of kurtosis is -0.501. Similarly
for the long seat, fig4 the sample volume N=40, the mean is 23.2,
the sample standard deviation. (StDev) is 17.506, the sample
dispersion (Variance) is 306.472, the sample coefficient of
asymmetry (Skewness) is 0.965, so. the distribution is right
asymmetric, the sample coefficient of kurtosis is 0.344.

Anderson-Darling Normality Test

A-Squared
P-Value

Mean

130
<0,005

23,200

StDev

Variance
Skewness 0,965045
Kurtosis 0,343900

N 40
Minimum 2,000
1st Quartile 10,000
Median 19,000
3rd Quartile 38,000

Maximum 74,000

95% Confidence Interval for Mean
17,601 28,799

95% Confidence Interval for Median
12,000 25178

95% Confidence Interval for StDev
14,34 22,479

17,506
306,472

95% Confidence Intervals

0 15 20 5 20

Fig.6 Summary report-runout long bearing seats

Figures 7 and 8 show normal distributions of the
measured deviations of the external and internal cylindrical
surface of the seats during processing in the three-jaw self-centering
chuck.
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It should be noted that in technological research the main goal is
to obtain the probable scattering field indicator of the studied
phenomenon. In this case, what has been stated about the
determination of practical scattering limits is sufficient.

Figures 11, 12,13 show the graphs for the normal distribution of
the measured values of the external and internal cylindrical surfaces
of the seats when processing between centers.

Probability Plot of In [um]; Out [pm]
Normal - 95% ClI

Variable
—&— In [um]
= - out [um]

Mean StDev N AD P
3185 8.807 40 1050 0.008
349 5781 40 0589 0.119

Percent
w
3

30
Data

60

Fig.11 Probability plot-external and internal cylindrical surface-short seats
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Fig.12 Probability plot-extarnal and internal cylindrial surface-long seats

The test rejects thehypothesis of normality when the p-value is
less than or equal to 0.003. A failed normality test allows us to state
with 95% confidence that the data does not follow a normal
distribution.

Probability Plot of Er-S1; Er-L1; Er-S2; Er-L2
Normal - 95% Cl
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£ 60 232 151 40 1296 <0,005
S 50 805 6363 40 2157 <0,005
8w 875 4856 40 0988 0012
30
20
10
5
1
-40

Fig.13 Probability plot summary of set up erros-in the chuck and between
centers(Er-S1-error short seat processed in the chuck, Er-L1,error long seat
processed in the chuck, Er-S2-error short seat processed between centers,
Er-L2-error long seat processed between centers.)

93

Anderson-Darling statistic may be used to compare the fit of
several distributions to determine which is better. However, to
conclude that a distribution is the best, its Anderson-Darling
statistic should be significantly lower than the others[10]. When
statistics are close together, you should use additional criteria, such
as probability plots.

Area Graph of Er-St1; Er-L1; Er-82; Er-L2

120 Variable
M er-s1
M e
O Ersz
W ErL2

100

Data

12

16 20 24 28 iz ELS 40

Index

Fig.14 Area graph of Er-S1;Er-L1,Er-S2,Er-12

From fig. 14, it may be seen visually that the error from runout
of the bearing seats has decreased by more than 3 times. Research
on beating in CPU continues to be extremely current[11]

4.Conclusions

The experimental data set is subjected to statistical processing
in order to analyze the dimensional space and extract the most
valuable information contained in the experimental data set.

Passing the normality test only allows us to state that no
significant departure from normality was detected.

The obtained high percentage of accuracy confirms the
successful implementation of the set task. The proposed
methodology may be applied to different details.

Grouping of the results is observed, which is most likely due to
a measurement error due to the small values of the dispersion of the
runout processed between centers (Er-S1, Er-L2)..

The error from runouts of the bearing seats has decreased by
more than 3 times.
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Structural and technological aspects of the production of ceramic beehives
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Abstract: Applied research work carried out for the development and manufacture of an innovative movable frame ceramic hive with
increased operational stability and efficiency is presented. A brief justification of the design solutions used and the choice of the applied
technological approach is made. The main stages of the developed technological regime for the preparation of structural ceramic elements
and various modifications of experimental prototypes are discussed in a summarized form. The existing possibilities for the production of
new modifications of ceramic beehives with improved performance chracteristics by applying different technological approaches are
analyzed. The technological regime for the preparation of structural details is fully compatible with the production methods typical for the
ceramic industry and provides the opportunity for further implementation.

Keywords: INNOVATIVE CERAMIC BEEHIVE, EXPERIMENTAL MODEL, TECHNOLOGICAL MODE

1. Introduction A complete design documentation has been prepared and a

suitable technological model has been developed for the production

Different beehive systems have been developed with a variety  of a complete range of ceramic construction parts. Experimental
of design features [1]: Dadant-Blatt, Langstroth-Ruth, Roger-Delon  prototypes of an innovative ceramic beehive with high operational
Alpine hive, Farrar, Lezhak, Hybrid model and a number of others.  stability and increased productivity were prepared. The first expert
There are single-hull, double-hull and multi-hull hives with  analysis of the idea provides the basis for the development of a
different volumes of the working space and the possibility of  utility model. The presumed main advantages of the ceramic hive
installing additional hulls in some of the systems. have been confirmed by the experts.

The predominant construction types in the modern production The analysis of the experimental data obtained from
of standard movable frame beehives use different materials [1]: comparative studies involving ceramic prototypes and standard
solid wood, particle board, plastics, polystyrene, polyurethane and  beehives confirms the formulated working hypothesis and proves
others. The movable frame structure of modern standard frame  the constructive practicability of the developed conceptual model.

hives ensures good exploitation functionality and r]igh efﬁciency in The aim of this publication is to present in a summarized form
the production of bee products by applying highly productive  the technological approach applied in the preparation of ceramic
methods. structural parts for different modifications of innovative beehives.

The existing standard hives made of different materials are  Much of the specific technological data is presented in a series of
characterized by a relatively limited operating period, unreliability  separate publications [31-39] and does not constitute the subject of
in case of fires and more intensive depreciation accompanied by  this work. Existing technological possibilities and trends for further
aging of the material [2, 3]. Daily and seasonal climatic cycles in  development of the product with a view to realizing new
temperature, the amount and intensity of rainfall, the formation and modifications with increased exploitation characteristics are
duration of snow cover and a number of other factors further discussed.
accelerate the depreciation of hives [4]. Different types of standard
beehives are at (some) risk of the emergence and spread of fungal 2. Experimental model
cultures and microbiological agents with toxic effects [5, 6]. At the
same time, the use of traditional primitive reed non-movable frame
hives continues at some beekeeping farms.

An appropriate approach to effectively improve the state of the
beekeeping industry and its adaptation to global climate change and
intensive industrial and noise pollution of the environment involves
increasing the functional characteristics and core capabilities of the
material base of modern bee farms [7, 8]. In this respect, the
development of innovative beehives based on materials with proven
durability and increased resilience under critical environmental
conditions is of immediate interest. Existing opportunities in
various technological directions have been analyzed [9-30].

Following a technical study, an original conceptual model of an
innovative movable frame hive made of ceramic structural parts
containing chambers with air cavities was developed.

The development is based on the hypothesis that the ceramic
materials and the designed chamber structural elements allow the
construction of a beehive which provides a suitable microclimate
and adequate protection of the bee colonies from the dynamic
change of the external environment and the negative impact of
various natural and anthropogenic factors.

The use of classical ceramic technological methods allows the
production of durable, waterproof, fire-resistant, environmentally . .
friendly construction details, superior in performance to the 3. General technological regime

materials commonly applied in the production of various standard For the preparation of the designed hollow chamber ceramic

beehive systems. At the same time, the use of ceramic materials for  parts, the slip casting method was selected as the most appropriate
the manufacture of beehives has a beneficial environmental effect and efficient technological approach for moulding. It is a classical

An experimental model of a Dadant Blatt-system beehive
(10 frames for stationary farm) was designed. The Dadant Blatt type
was chosen since it is the most widely used one in the country. The
construction of the beehive consists of ceramic plates (forming the
brood box), a supporting metal structure and a standard lid
(commercially available). The developed brood chamber is made of
single-chamber ceramic plates (with a cavity of more than 66%).
The ceramic plates (in the shape of a parallelepiped) are mounted
on the supporting structure, forming the inner volume of the brood
box. The main support structure performs a load-bearing and
supporting function (through mounted corner profiles) and can be
made of different materials - wood, metal or ceramic. To the base of
the frame are mounted (by welding) auxiliary elements - handles
and support of the movable bottom drawer located in the base (of an
open type with a net or fully closed). The drawer is a sliding one,
providing the possibility to adjust the temperature and air
circulation (according to the season and the outside temperatures),
and it can be pulled out for cleaning or other operational needs
during the maintenance of the hive and colony. The dimensions of
the prototype design are in accordance with existing standards for
Dudden-Blatt hives.

as it reduces wood consumption. ) - moulding method used in the ceramic industry and allows the
The use of ceramic parts wlth chambered air cavities ensures preparation of a variety of complex products.

good thermal and acoustic insulation properties of the main After conducting a series of preliminary laboratory experiments

structural elements of the hive. using standard casting slurry masses, it was found that from a
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technological perspective, they are not suitable enough for the full
realization of the main objectives of the development.

Further indicative laboratory studies were carried out to specify
the most appropriate raw materials potentially applicable for the
development of formulations suitable for the preparation of slurries
for the moulding of hive structural parts.

Necessary quantities of raw materials were obtained from
accessible local deposits in the country. The chemical and phase
composition, as well as the technological, mechanical and physico-
chemical characteristics of the raw materials samples were studied.

After the analysis of the experimental results of those studies, it
was found that the marl raw materials originating from deposits
near the town of Debelets (Veliko Tarnovo region) and the village
of Lovets (Targovishte region) meet to the greatest extent the
envisaged technological requirements.

Thermal treatment of a marl raw material originating from a
deposit near the village of Lovets yielded polyphase samples in
which the presence of anorthite (dominant phase), diopside, leucite,
wollastonite, and quartz was recorded (using X-ray fluorescence
analysis).

At the same time, for the purpose of the prototype development
kaolin raw material (deposit “Saragyol”, located near the village of
Doirantsi, Shumen region) was selected. The use of washed kaolin
is suitable due to its characteristic natural whiteness, fire resistance
and stability under high temperatures.

On the basis of the studied raw materials, formulations were
developed for the preparation of slurry masses with appropriate
consistency and complying with the defined technological norms.

After a primary processing of the raw materials with a
collergang (mix miller), the resulting product was subjected to
sieving using a set of standard sieves.

The preparation of the slip mass is carried out by mixing and
intensively stirring the required quantities of raw material and
water. The resulting homogenized mass is subjected to straining and
technological residence (minimum 48 h or more).

Under laboratory conditions, the shrinkage coefficient of
sample bodies prepared from the cast slurry masses was determined.
For the purpose of the project, a complete set of original gypsum
moulds was designed, in accordance with the technological
characteristics of the moulding masses and the shrinkage processes
during drying and high-temperature processing of the samples until
they have reached the required dimensions as stipulated in the
design documentation.

Moulds were developed for the front and side plates consisting
of two elements (element 1 and element 2). Due to the large size of
the hive’s side and the possibility of combining the moulds to
produce the side of the honey supers, it is envisaged that it is made
of two elements, which are interconnected by means of a structural
step. This allows the use of the same matrix to produce the brood
box side and the ceramic honey super. The construction solution
used ensures a more stable and robust construction of the brood
box, guarantees easy and quality assembly and the possibility of
stability when transporting the hive in an assembled state.

The designed gypsum moulds were prepared (fig. 1 and 2) and
applied for the moulding of blanks (in the form of structural parts)
from slurry masses.

After a series of laboratory experiments, the required
technological residence time (from 10 to 40 minutes) of the slurry
in the gypsum moulds for the preparation of hollow chamber
specimens with the required wall thicknesses was specified. The
duration of the technological process of molding was determined
taking into account the temperature of the working room, the
temperature of the slurry, the wall thickness of the gypsum molds,
the time for the deposition of the material on the walls of the molds,
all of which affect the speed of formation of the wall thickness of
the samples.

For the moulding of the designed structural elements, a portion
of the prepared casting slurry was introduced into the pre-assembled
gypsum moulds. After forming the required wall thickness of the
structural elements, the residual liquid phase of the slurry was
removed by draining. After the completion of the envisaged process
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time (4 to 6 hours), the resulting specimens were freed from the
plaster molds by disassembling them (fig 3 and 4).

Fig 1. Part of a plaster mold.

o ¥

Fig 2. Parts of a plaster mold.

Fig 4. Molded structural elements.

Moulded blanks are hollow three-layer structural
consisting of solid walls and an intermediate air chamber.

The resulting blanks were subjected to drying (to a residual
moisture content of about 6-8%), by free drying for about 5 days or
by forced drying at 100°C for 24 h in a drying unit.

parts
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To reduce the risk of manufacturing defects, it is advisable to
position them wvertically when carrying out the temperature
treatment (drying and firing).

After the drying process was complete, the resulting specimens
were subjected to high temperature processing. According to the
specifics of the compositions used and the envisaged performance
characteristics of the products, specialized heat treatment modes (in
air environment) were developed. The regime of high-temperature
treatment was established experimentally after analysis of the data
obtained from the laboratory studies (differential thermal analysis,
X-ray phase analysis and a number of others). The synthesis
conditions, firing interval, risk of formation of deformation defects,
phase  composition,  physico-chemical ~and  mechanical
characteristics of the experimental specimens were analyzed.

For the firing of the moulded structural parts with a composition
based on marl raw material, a heat treatment regime was developed
consisting of the following stages: heating rate of 3°C/minute to
150°C, isothermal hold of 30 minutes at 150°C, temperature rise at
2°C/minute to 605°C, isothermal hold of 30 minutes at 605°C,
temperature rise at 2°C/minute to 850°C, isothermal hold of 30
minutes at 850°C, temperature rise at a rate of 1°C/minute to
1115°C, isothermal hold of 3 hours to 1115°C, temperature
reduction at a cooling rate of 1°C/minute, opening of the oven when
70°C is reached, process hold to a temperature of 40°C, removal of
the ready products.

For the firing of the moulded structural parts with a composition
based on marl raw material and washed kaolin, a heat treatment
regime was developed with the following stages: heating rate of
3°C/minute to 150°C, isothermal hold of 30 minutes at 150°C,
temperature rise at 2°C/minute to 605°C, isothermal hold of 30
minutes at 605°C, temperature rise at 2°C/minute to 850°C,
isothermal hold of 30 minutes at 850°C, temperature rise at a rate of
1°C/minute to 1180°C, isothermal hold of 3 hours at 1180°C,
temperature reduction at a cooling rate of 1°C/minute, opening of
the oven when 70°C is reached, process hold to a temperature of
40°C, removal of the ready products.

Various technological factors play a significant role in the
formation of the structural and performance characteristics of the
ceramic samples: fractional, chemical and phase composition of the
raw materials, grinding mode, developed recipe compositions,
technological parameters of the prepared casting slurry mass,
methodology of moulding the blanks, conditions of the drying
process, specifics of the high-temperature processing mode, etc.

On the basis of the developed formulations and experimentally
determined optimum parameters of the technological process, a
complete technological cycle was carried out for the preparation of
a set of construction details up to the assembly of experimental
prototypes.

The method used for the preparation of structural elements for
ceramic beehives meets the conditions typical for the silicate
industry and is applicable for carrying out profitable production
activities in existing factories based on available standard
equipment. The development of the entire technological cycle (from
the quarry to the final product) allows for the preparation of detailed
technological regulations and the planning and organisation of the
production process.

As an original alternative option, a technological regime for the
preparation of structural parts (for beehives) from quartz ceramics
has been developed. A process flow diagram of a workshop for the
production of beehives from quartz ceramics has been prepared.

To further improve the conditions of an adequate hygienic
living environment for the bee colonies, the application of
polycomponent silicate glaze coatings (of different types -
transparent, colourless, coloured, coating, matt, shiny, etc.) on the
internal surfaces of the ceramic structural elements is applicable. At
the same time, the presence of a glaze layer allows for more
effective disinfection (if necessary). The glazing of the external
surfaces of the products (or of the whole parts) provides protection
against the effects of various environmental factors and improves
the performance and aesthetic characteristics of the product. On the
other hand, the introduction of glazing as a separate technological
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stage complicates, prolongs and makes more expensive the
production process.

To improve the decorative characteristics of beehives, it is
possible to produce naturally coloured (ecological) ceramic
construction parts based on natural raw materials (without
introducing additional synthetic colouring agents). The main
disadvantage of this type of product is the relatively limited colour
palette. At the same time, the production of articles with a variety of
colour characteristics from coloured moulding masses with
introduced colouring agents broadens the basic product range.

An adequate technological direction for effective modification
of the characteristics of ceramic parts is the modification of the
developed formulations or modifying the technological regime. The
introduction of additional components and modifiers allows for
adjusting the technological parameters of the moulding masses,
modifying the firing interval and improving the performance of the
final products (e.g. refractoriness, mechanical resistance, thermal
and acoustic insulation, etc.). In some cases, modifying the
compositions necessitates a partial modification of the heat
treatment regime and other technological conditions.

The main directions for creating new modifications of ceramic
beehives with lower operating mass include the preparation of
structural parts with higher hollowness and porosity or the
introduction of additional components such as silicate lightweight
additives, etc. into the moulding masses. At the same time,
maximum lightweighting of the support structure allows for further
reduction of the overall mass of the hive.

4. Conclusions

The development of innovative modifications of modern
beehives with increased operational efficiency is an adequate
approach for the long-term improvement of the state of the
beekeeping sector as a whole in the face of climate change and
intense industrial pollution.

Based on an original working hypothesis, a substantiated
conceptual model of an innovative movable frame beehive
consisting of long-lasting fire-resistant ceramic structural parts with
chambered air cavities (with improved thermal and acoustic
insulation characteristics) is developed.

The main arguments for the choice of the conventional ceramic
technology as an appropriate manufacturing approach to the
preparation of the designed structural elements for beehives are
presented.

The technological method of slip casting which was used allows
for the moulding of a variety of products with complex geometry
and is optimal for the realization of the objectives of this project.

Based on the raw materials used, a series of formulations have
been developed, applicable for the preparation of various slurry
masses with the necessary technological parameters and suitable for
moulding structural parts.

Original sets of gypsum moulds for the structural elements (for
beehives) using the slip casting method were prepared. The moulds
are tailored to the technological characteristics of the slurry-casting
masses used and the volumetric changes of the specimens during
drying, heating and high-temperature heat treatment.

An optimal technological regime for precision moulding (using
the slip casting method) of a complete set of the designed hollow
chamber structural elements was experimentally established.

Adequate temperature treatment modes (drying process and
high-temperature treatment) have been developed, in accordance
with the composition and specificity of the moulding masses used
and the envisaged performance of the final products.

The role of the individual technological factors in the formation
of the structural characteristics and the main performance
parameters of the prepared chamber ceramic parts is analyzed.

Original experimental working prototypes of innovative
movable frame beehives were built by assembling the prepared
ceramic structural elements.
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In summarized and chronological form, the entire technological
cycle for the preparation of ceramic structural details and individual
modifications of ceramic movable frame beehives is presented.

The technological regime developed for the preparation of
ceramic beehives is consistent with the production conditions and
basic machinery typical for the silicate industry, which allows for
easy implementation of the development.

Some of the existing different technological possibilities for the
development and preparation of new modifications of ceramic
beehives with increased exploitation characteristics are discussed.
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Remote detection, recognition and tracking of objects in drones aircraft
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Abstract: A review and analysis of methods for the detection and recognition of unmanned aerial vehicles (UAVSs) has been carried out. UAV
detection channels were considered - acoustic, optical, radar, infrared, radio reconnaissance channel. The advantages and disadvantages of
the channels used are compared and evaluated. In the case of small UAVSs, there are a number of significant difficulties and limitations. One
of the directions in UAV detection is acoustic observations. The noise created by the UAV's power plant and propeller is an important
unmasking feature. The creation and improvement of methods for the detection, direction-finding and recognition of small UAVs by
receiving and processing their sound signals is an urgent task. In the implementation of this method of detection of UAVs are used frequency
spectra, spectrograms, normalized autocorrelation functions and phase portraits of acoustic signals. Information features of the UAV sound
image can be estimates of spectral coefficients determined from a discrete implementation containing a given number of samples, as well as
parameters of autoregressive models.
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1. Introduction another name for UAVS, can also be used by the state emergency
One of the most important tasks in ensuring security against ~ service for surveillance and forecasting, as well as for the control of

threats arising from the use of unmanned aerial vehicles (UAVs) is  dangerous sites.
their detection and determination of their movement parameters. :
The following requirements apply to UAV detection equipment: 3. Main types of UAVs
- high target detection efficiency; ease of use; profitability
(low cost); safety for people and wildlife; absence of
obstacles in the operation of other technical systems.

2. Methods for detection and determination of UAV
mOtion paramEters TRICOPTER FIXED WING ROTOR ‘,"‘

Currently, the most common methods for detecting and
determining UAV movement parameters are:
- radio technical control (RTK); radar control; optical control;
acoustic control.
In radiotechnical monitoring, two methods of obtaining information

HEXACOPTER .
are used: search and observation. [1] / /
The search includes detection of radio signals from radio emission : (

Based on the variety of designs, there are four main types
of UAVs. Fig. 1.

UAV
*-.[ CLASSIFICATION | .-
.~|BASED ON WINGS] .
AND ROTOR

rr""'f

.. SINGLE ROTOR

sources (ERS), their technical analysis, recognition of radio signals " QUADCOPTER | FIXED WING HYBRID VTOL

of ERs, recognition of ERs themselves and processing of spatial Flg. 1. Classification of UAV based on wings and rotors.
parameters of radio signals (bearing of ERs) to determine the ) ) )
coordinates of emitters. Multicopter drones are a flying platform with brushless

The surveillance includes the implementation of radio interception ~ motors and propellers. They have the ability to take off vertically or
operations of RES messages, tracking of the trajectory of RES, hover over an object and are the cheapest and most accessible
technical analysis of radio signals and recognition of RES signals. version of UAVs. [3] Fixed-wing UAVs fulfill the structure of an
The main tasks of radio technical control are: aircraft and are ideal for long-range operations. Single-Rotor
- search and detection of UAV radio Signa|s during panoramic Drones — Unmanned heliCOpterS are much more efficient than the
viewing in the required frequency range or when tracking a ~ Mmulti-rotor versions. They have longer flight times and can even be
fixed set of frequencies; determination of parameters and type ~ powered by internal combustion engines. Hybrid drones are also
of modulation of detected signals; demodulation of certain ~ known. As drones become more common, the issue of detecting
types of signals; determination of the type and structure of ~ UAVSs in the air becomes more relevant. The following methods
binary sequences (protocols), types of synchronization, and means are used for this: radar, optical and acoustic. UAV
primary and noise-resistant coding; optical detection is highly dependent on environmental factors.
decoding and extracting messages; logging signals and messages, Increasing the detection range is achieved by narrowing the field of
archiving data; direction finding of radioactive sources and  View, reducing the field of view and increasing the search time.
determining their location during search; tracking the trajectory of ~ Therefore, visual sensors are inefficient search devices. The use of

the UAV during surveillance. acoustic channels for UAV detection is becoming more and more
To solve these problems, it is necessary to use automated radio relevant. Acoustic sensors allow ground assets to search for and
engineering control systems that provide: detect UAVSs in passive mode, thereby reducing the likelihood of

- setting alerts; automatic scan (review) in a set range with the enemy identifying their own positions. Therefore, modifying
display of scan results; determination in automatic mode and existing acoustic search systems or creating new systems can
in dialogue mode with the operator of the modulation  provide a reliable method of UAV detection. Drones can also be
parameters of the analyzed signals; demodulation of certain ~ detected by receiving and analyzing radio signals: communication
classes of signals; Recording of signals on computer media; ~ and control links, radar altimeters, active jammers and radar
maintaining a database of processed signals; signal stations. However, this method can only determine the direction to
classification and exposure detection; direction finding and ~ the UAV, and the accuracy of the determination increases as the
location determination of the UAV. [2] observation time increases. Some low-frequency communication
Currently, unmanned aerial vehicles (UAVs) are widely used links can be detected over considerable distances. Emissions from

in various fields of human activity. For example, in agriculture, ~ @irborne radar stations (radar) and active jamming of UAVs can be

UAVs with GPS navigation are used to pollinate plants in fields. At ~ detected at even greater distances. This method requires minimal

the same time, significant savings in chemicals and more thorough ~ €duipment and allows you to quickly determine the direction of the

crop treatment are achieved compared to manned aircraft. UAVs are  target for further issuing target designations to optical or infrared
used to deliver medicine and humanitarian aid to hard-to-reach ~ surveillance equipment. [4, 5] Searching for UAVs using active
areas and can be used to inspect power lines and pipelines. Drones, ~ radar stations is quite productive, since they have a relatively large
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pulse search volume and a significant detection range. A significant
drawback of the radar method is that most UAVs are made of
composite materials that reflect electromagnetic waves rather
poorly. Radio waves penetrate the surface of the device and are only
partially reflected by it. Another problem is that due to the small
size of UAVs, bandwidth limitations and, importantly, high cost,
surveillance radars cannot be used often, especially when a network
of radars needs to be deployed to ensure full coverage of the
controlled area. Continuous wave (CW) and frequency modulated
continuous wave (FMCW) radars currently represent the most
attractive and cost-effective solution to this problem. An FMCW
signal consists of a linearly modulated continuous wave transmitted
in the desired direction. These types of signals differ from a CW
signal where the operating frequency does not change during
transmission. In most cases, target detection aims to detect the
presence of objects that are not constant in the observed scenario,
that is, objects that can dynamically appear or disappear. The
moving target indicator is a mode of operation of the radar that
allows the system to distinguish the target both among noise and
among stationary objects in the observation area. This property is
based on the Doppler effect, since stationary targets do not cause
any Doppler frequency shift in the observed signals. Thus, the main
method for detecting UAVs at significant distances is the radar
method and the corresponding radars, characterized by a significant
energy potential.

In world practice, there are two approaches to detecting
objects using infrared (IR) images. The first approach is related to
identifying an object by its own radiation using thermal imaging
cameras. The spectrum of the object's own radiation is in the range
of 7-14 microns. Modern thermal imaging cameras have a light
temperature sensitivity of about 0.05 K. In the future, such systems
should be equipped with a zoom lens up to 10-20 times. The second
approach involves the use of active infrared laser illumination, for
example, an infrared laser of 903 nm or 1560 nm for object
detection and identification, topography of the area with subsequent
identification of moving UAVs against the background of moving
wildlife objects. In order to be able to detect UAVs at a distance of
up to 2 km, the authors suggest using 1560 nm with a pulse duration
of 1 ns, a repetition rate of 1 MHz and a pulse power of 700 kW.
The divergence of the laser beam is of the order of 0.5 degrees In
this case, the system is equipped with a matrix photodetector (150 x
20 pixels) and an optical system so that the angular field of view of
the matrix photodetector corresponds to the angular field of the
laser beam. In other words, the system works by recording the
reflected signal from the UAV in a given angular space from a
matrix photodetector unit (PDU). The scanning system is equipped
with a high-speed galvanometric mirror ( f = 1 kHz) for sequential
scanning of the laser illumination field. Such systems also perform
the function of a laser range finder - LIDAR. [6, 7] Fig. 2.

Multi- spectral
camera

RGB-camera IR-camera LiDAR

Detects
adiation for

to day light

Fig. 2. Functions

4. Optical spectral methods

The ability to use optical spectral methods to solve
problems with the detection and recognition of unmanned aerial
vehicles against the background of wildlife objects largely depends
on the power of the radiation sources, which decreases with
increasing distance to the object and the sensitivity of the recording
equipment . Estimating the potential maximum detection distances
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of UAVs using optical methods requires further basic science
research. The goal of such research should be to develop the
scientific foundations for remote detection, identification, tracking
and determination of UAV parameters and UAV membership in
different groups using optical localization methods and optical
spectroscopy, as well as automatic optical recognition in different
environments of the background of moving live objects. Research
should encompass existing and promising spectral optical methods
aimed, among other things, at identifying new informative detection
features. [8, 9] For their implementation, an experimental bench is
created, which enables the implementation of the research
objectives.

5. Conclusion

The analysis of the modern state of methods and technical means,
optical location and optical spectroscopy showed the prospects for
use in problems with the detection and identification of moving
objects. At the same time, a complete effective system for spectral
optical control of UAVs has not yet been created, as many unsolved
problems, such as the speed of neural networks and the need for
their constant training; physical limitations of the range of different
types of optical methods; the complexity of the task of remote
differentiation of objects of different nature. To solve them, it is
necessary to combine methods of optical location and spectral
analysis, methods of statistical theory, graphics, machine learning,
neural networks and automatic control methods, which is an
interdisciplinary fundamental scientific problem.
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Abstract: This article presents the development process of Custom GPT based on GPT-40 for paid users and GPT-4 for non-paid users to
promote and explain climate analysis and the use of GIS technologies in scientific projects. The bot's work will be as a communication
system, offering detailed scientific explanations on the topic, navigation and pointing to additional resources such as web pages, reports and
visualizations. The article examines the planning of the bot, the structure and volume of the submitted information, as well as the possibilities
of expanding its functions in the future. Potential additional tasks that the bot could take on, such as automating processes and assisting with
data work, are being explored. The conclusions highlight the benefits of using GPT for the promotion of scientific results and the

possibilities for future development of its functionalities.
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1. Introduction

A revolutionary new technology is beginning to change our
world: Large Language Models (LLM). They are entering more and
more fields and transforming more and more industries. They are
based on deep learning, are trained on vast amounts of human
knowledge, and are capable of generalization (extracting rules and
principles from the data they are trained on) and generalization
(applying the learned principles to completely new and unknown
data). The latter makes them very useful for a wide variety of
applications, including education, scientific research, and science
popularization.

One of the directions for their use is as chatbots that
communicate with people and answer questions. Development of
these possibilities are the so-called custom GPT bots that are
further trained for a specific user task. OpenAl offered this
technology to its users in November 2023. [1] and since then tens of
thousands of user bots have been developed with a variety of
purposes and applications.

The task of the present development is to create a user chatbot
based on the GPT-4 model [2] of OpenAl, which will serve as a
system for communication and promotion of climate analyzes in the
GIS environment. The main idea is to make it easier for the user to
access scientific information, to be assisted in its analysis and to be
directed to appropriate sources of additional information.

Users of such a GPT could be:

» Researchers: Through the created chatbot, they can get
acquainted with information related to their interests,
analyses and research in the field of climate and GIS within
a targeted conversation.

» Students and teachers: For them, the chatbot can serve as a
useful tool in the educational process, helping students
understand complex scientific concepts and supporting
teachers in their academic disciplines.

« Broad audience: Custom GPT can be used by people who
do not have specialized knowledge but are interested in
information about climate change and related GIS
technologies. They can get easily understandable
information from the bot.

A characteristic of such bots is that they are able to adapt to the
level of users and present information in a way that is
understandable to them - both for specialists and for the general
audience.

Communicating climate and other scientific information
through user GPT bots requires new ways of thinking, new
understanding of scientific information, and new information
structuring technologies. For more complex tasks and high goals,
this requires knowledge of the way of work and technological
features of user bots for different groups of users. Acting on
intuition and without knowledge would not allow the creation of a
user chatbot with more complex behaviors and capabilities.

This article presents the development process of a user bot
named ClimaGeo GPT, based on the model GPT-40 for paid users
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and GPT-4 for non-paid users. The main purpose of this bot is to
promote and explain climate analysis and the use of GIS
technologies in climate science projects.

2. Methodology

The methodology for developing a custom GPT bot includes
several stages, tailored to the features of the currently available
versions of GPT:

» Collection of complementary information to GPT 's

knowledge of climate analysis and GIS;

» Shaping this information in a way that is consistent with the

features of the bot;

»  Setting up the bot with the collected information;

+ Testing and Optimization.

2.1. Basic information of chatGPT-4.

The core learning process of any basic GPT model involves the
provision of increasingly large and increasingly specialized
volumes of information in a variety of scientific domains. As a
result, the current versions chatGPT-4 [2] (for non-paid users) and
chatGPT-40 [3] (for paid users) have a solid understanding of
climate science [2] and geographic information systems (GIS),
especially when it comes to fundamental concepts and principles.
The development of chatGPT-40 is based on the same GPT-4
model, but implemented with a larger context window (i.e., it has
more memory for a single chat session). Its basic knowledge [2]
allow it to provide useful information about:

Main climate models and scenarios;

Processes and components of climate systems;

GIS technologies — basic and intermediate levels of GIS
functionality;

Application of GIS for climate analysis and assessment of
environmental impacts.

According to chatGPT-4o0, his knowledge in this complex field
is more basic and extensive, rather than narrowly specialized, unlike
other fields such as programming and artificial intelligence, where
he has a greater depth of knowledge. The latter helps him to be a
valuable advisor and facilitator in the field of Al applications in
climate analysis and GIS.

2.2. Additional information.

User GPT models include the usual base information of the
GPT 4 model, but before each dialog session with a user is started,
they also load additional information. It is structured in two main
parts: Instruction and Knowledge and is accessed differently. The
instructions [4] are plain text generated by the chatbot’s creator or
by a GPT-4 helper session. The size of this text can be at most 8192
tokens. Knowledge is stored in auxiliary files of various types:

Text documents — files with extensions .TXT, .DOCX,
.PDF, these can be articles, lectures, educational materials,
documents with information and instructions;
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e Spreadsheets — files with extensions .CSV, .XLS, .XLSX,
they are useful for uploading tables of results, statistics, lists
and graphs.

e Presentations — files with extensions .PPTX, they enable
information to be extracted from the slides;

e JSON files — with extension .JSON, these are structured

data and records from databases or configuration files; can
also contain Python programming code for the user bot to
execute.

The length of the knowledge files can be longer because GPT is
not trained from them by sequential reading, but searches them for
keywords and phrases and can perform selective citation. This
allows efficient use of the files as external knowledge base without
them being loaded into GPT memory within token limits.

When asked specific questions, the user GPT model prioritizes
its local knowledge base over its base knowledge created during its
basic training by OpenAl.

2.3. Tokens — meaning, limitations, features

The basic text unit of the GPT model is the “token”. It can be a
word, part of a word, a space or a punctuation mark. The text of the
prompts that the user enters is divided into tokens that the model
processes. Its responses also consist of tokens.

In English, a simple word is usually a single token, but longer
or more complex words can be divided into several tokens that
contain a prefix, a root and an ending. In other languages with
complex structures (for example, Bulgarian), longer words are
divided into several tokens. Prefixes and suffixes are also often
separate tokens. In program code, tokens include syntactic elements
such as operators (+, =), keywords (if, for), variable identifiers, as
well as individual characters or combinations.

The context window of the dialogue between the user and the
GPT determines the volume of text in tokens that the model can
work with at once, and thus indirectly affects the complexity of the
task that the model can handle. For English, 8192 tokens are
approximately 6150 words (about 22 standard pages), and in
Bulgarian this is about 15-18 standard pages. When the context
window fills up (in a longer conversation), the model starts to get
rid of the older information in the conversation, i.e. to "forget" it.

@) OpenAl Platform

Tokenizer

Learn about language model tokenization

OpenAl's large language models process text using tokens, which are common sequences of
characters found in a set of text. The models learn to understand the statistical relationships between
these tokens, and excel at producing the next token in a sequence of tokens. Learn more.

You can use the tool below to understand how a piece of text might be tokenized by a language model,
and the total count of tokens in that piece of text.
GPT-40 & GPT-40 mini

GPT-35&GPT-4 GPT-3(Legacy)

Large language models are a revolutionary technology that has rapidly
entered mainstream practice in the past few years and is beginning to
have

transform various industries. These models, based on deep learning,

exceptional abilities to understand and generate human language, which
makes them extremely useful for a wide range of applications, including
scientific research, education, and communication. They are trained with
a rich and diverse information from their creators, on the basis of

which they can make generalizations (extract rules and patterns) and

Clear  Show example

Characters

1010

Tokens

180

Large language models are a revolutionary technology that has rapidly
entered mainstream practice in the past few years and is beginning to
transform various industries. These models, based on deep learning, have
exceptional abilities to understand and generate human language, which
makes them extremely useful for a wide range of applications, including
scientific research, education, and communication. They are trained with

Fig. 1 Tokenization of the first paragraph of the post, in English is 180
tokens with model GPT-40 [5].

Open Al offers an online tool — OpenAl Tokenizer [5] for
determining the number of tokens in a given text. This can also be

102

done by chatGPT-4 in a direct dialog (provided access is available
to the ability to execute the necessary code). It should be noted that
tokenization in GPT-4 models is different from that in GPT-40 and
GPT-40 mini, with the latter giving a lower number of tokens. For
example, the first paragraph of the present article in English with
1010 characters is 181 tokens according to the GPT-4 model and
180 according to GPT-40 (Fig. 1). The same text in Bulgarian is
1048 characters, with 489 tokens according to the GPT-4 model and
299 according to GPT-40 (Fig. 2).

@ OpenAl Platform

Tokenizer

Learn about language model tokenization

OpenAl's large language models process text using tokens, which are common sequences of
characters found in a set of text. The models learn to understand the statistical relationships between
these tokens, and excel at producing the next token in a sequence of tokens. Learn more.

You can use the tool below to understand how a piece of text might be tokenized by a language model,
and the total count of tokens in that piece of text.

GPT-40 & GPT-40 mini GPT-35&GPT-4 GPT-3 (Legacy)

lonemuTe e3MKOBM MOgenw NPeACTaBNABAT PEBOMWUMOHHA TEXHONOrWA, KOATO Hasnese
6Lp30 B MacosaTa NPaKTHKa NpPe3 NOCNEAHMTE HAKONKO FOAMHM W 3ano4sa Aa

TPaHCHOPMMPA PasNMUHM MHAYCTpMM. Tesu mMojenu, 6asupau Ha AunGoko oByuenue,
Pa3nNoNaraT C W3KMOYUTENHW CNOCOBHOCTM 33 PasbUpaHe U reHepMpaHe Ha HOBewKM
©3MK, KOeTO ¥ NPaBi W3K/IKYMTENHO MONE3HW 33 WMPOK CNEeKTLP OT MPHUAOKEHMA,
BKNKYMTENHO Hay4HW M3CneaBaHuA, obpa3osBaHMe W KOMyHWKauua. Te ca obyuenu C
6orata M pa3sHoobpa3sHa MHPOPMAUMA OT Cb3AATENMTE CH, Bb3OCHOBA HAa KOATO MOraT

Ba npasAT obobuexua (u3BNM4aHe Ha NpaBuna M 3aKOHOMEPHOCTW) W Aa npunarat

Clear  Showexample
Tokens Characters
489 1048

FonemWTe e3UKOBM MOMENM NPEACTAaBAABAT PEBOMKUMOHHA TEXHONOTMA, KOATO Hasnese 6
P30 8 MacosaTa npaP@THKa Npe3 NOCNEAHUTE HAKONKO FOAWHM M 3ano4Ba Aa TpaHC

$OpMMpa Pa3nMuHKM WHAYCTPMM. Tesu moaenw, 6asupaHu Ha AwABoko OByueHwe, pasnonar
aT C M3KNK4UTENHW CNocobHOCTM 3a pas3bupaHe M reHepupaHe Ha 4HOBeWKM e3uK, KOeTo
W NPaBW W3KNKYMTENHO MONE3HW 33 WMPOK CMEKTLP OT MPUAOKEHMA, BKAKMUTENHO Hayy

HM W3CnepBaHMA, o6pasOBaHMe M KOMyHMKauua. Te ca obyuenu ¢ GoraTa w pasHoobpa@
Fig. 2 Tokenization of the first paragraph of the publication, in Bulgarian,
there are 489 tokens with the GPT-4 model [5].

2.4. Versions of the models for paid and non-paid users

Chatbot users are divided into two main groups: paid and
unpaid, who have access to different models and functionalities of
GPT. Paid users can use the GPT-40 model, which has more
computing power, more customization options, and a context
window of 32,000 tokens. Non-paid users use GPT-4, which
provides a high level of functionality but with a smaller context
window of 8192 tokens. This difference requires consideration of
access to tasks of different complexity and a different
communication strategy depending on the level of access to the
system. Users with the Enterprise access level have access to a
context window of 128,000 tokens. This allows them to have even
longer conversations and solve more complex structural tasks.

3. Strategy for preparing and structuring the
information in the additional knowledge base.

3.1. General principles

Some general principles can be formulated that the creators of
the supplementary knowledge base for custom GPT models should
follow:

e Clear content structure — divided into logical sections,
categories and subcategories. This facilitates navigation and
makes information more accessible to users;

Clear and unambiguous presentation language — using
understandable language, without redundant terminology
when unnecessary. This helps a wide range of users to
understand the content.

GPT-specific directives should be at the beginning of the
document - these directives direct the model to a specific
goal or behavior that makes it more efficient in handling
user queries.
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For structured data, it is best to use a tabular format — for
example in XLS and CSV files. Tabular format is suitable
for faster data search and retrieval, as well as for presenting
large volumes of information in a clear manner.

For unstructured data, it is best to use .TXT files, which are
faster to process and do not require additional tokens to
store structured information. Format as. txt is much more
suitable for semantic search. Since the text is not separated
with formatting tags, the model can perform better and more
accurate searches for the required keywords and phrases.
The glossary of specialized terms used in training the
chatbot helps users quickly become familiar with specific
terms and concepts.

The sample question and answer file can serve as a “guide”
for users on how to use the chatbot and what type of
information they can expect.

JSON files are suitable for describing complex data
relationships. They allow for easy integration with the
chatbot and searching for specific fields of information.
JSON files with Python code are available for execution in
the GPT-40 version (for paid users) and can be used for a
number of tasks, such as running neural networks to
generate forecast values of climate data, running various
computational scenarios, or processing data in real time.
Finally, the creators of the user bot need to run a test with
sample questions. This provides a check of the functionality
and quality of the answers. It is an important step to ensure
that users will receive relevant and accurate answers.

With a complex and extensive structure of the additional
knowledge base, optimization (reduction of the number of tokens)
may be necessary. This requires that this knowledge base be created
without unnecessary duplication of information, without
unnecessary texts and using keywords. This is important in order to
achieve more efficient use of the context window and to preserve
the maximum amount of useful information within the token limit.

The current requirements for knowledge files are: up to 20 files
[6] of up to 512 MB each, with a total of up to 2 million tokens [7].
In these files, the bot uses semantic search, which allows it to find
relevant information based on the context and meaning of words,
rather than just exact matches.

3.2. Guidelines for structuring a text file

The most economical way to provide unstructured text for
additional knowledge bases is text files. When creating and
formatting them, the following should be considered:

Clear headings and subheadings — such a structure helps
GPT quickly find the necessary information.

A section with questions and answers (FAQs) about the
main functions of the bot and its capabilities. This makes it
easier for GPT to navigate in the expectations from it.

Lists and bullet points for important information (key points
or instructions) are easier to perceive, not only by humans,
but also by chatbots.

Tables for presenting quantitative data or comparisons.
Short summaries at the end of each section help to
emphasize the most important points.

It is important to remember that chatGPT can help structure the
file by creating an example structure template, a question and
answer section, a glossary of terms, as well as suggesting an
appropriate organization of content to meet the specific needs of
users. This not only saves time, but ensures that the document is
well organized, consistent and easy to navigate. Structuring the
content in this way ensures maximum efficiency and makes it easier
for the GPT bot to search and use the information.

If it is necessary to reduce the volume of information, it should
be remembered that for the same content, the Bulgarian language
requires more tokens than the English language. If more unpaid
users are expected, both their more limited context window and the
efficiency with which the free GPT-4 model (in English or
Bulgarian) tokenizes are relevant.
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4. ClimaGeo additional knowledge base GPT

The discussed principles for structuring the additional
knowledge base of the custom GPT were applied in the
development of the ClimaGeo GPT, available on the OpenAl site at
address [8]. Below follows the description of all the files that make
up the functionality of the bot in the field of climate analysis for the
territory of Bulgaria.

4.1. Information about the project (saved in a text file
Project_information.txt)

This file contains a detailed description of the project ”GIS-
based analyzes of climate change impacts on road infrastructure to
build adaptive capacity” project at the Research, Consultancy and
Design Center of UACEG, emphasizing the main tasks that will be
performed, and the scope of climate analyses. The objectives are
presented in a clear and understandable manner. The file also
includes information about the expected results, as well as what
specific benefits the analyzes bring to different groups of users.
Such information is particularly useful for demonstrating the added
value of the project and how it can support informed decision-
making related to climate change.

4.2. Glossary of terms and methods (saved in text file
Glossary_of_terms.txt)

This file contains a brief explanation of the terms used in the
project — both scientific and GIS terms. For example, “climate
models”, “temperature anomaly”, “GIS layers” and many others.

& Share

What does global warming mean and what are its causes?

D @ cimaGeo GPT

:  Global warming refers to the long-term increase in Earth's average surface temperature due to
human activities, especially the release of greenhouse gases (GHGs) like carbon dioxide (CO.),
methane (CH.), and nitrous oxide (N,O) into the atmosphere. This temperature rise is a major aspect
of climate change and has significant impacts on ecosystems, weather patterns, sea levels, and

biodiversity worldwide.

Causes of Global Warming

1. Greenhouse Gas Emissions: The burning of fossil fuels (like coal, oil, and natural gas) for energy
and transportation releases large amounts of CO,, which is the primary greenhouse gas
responsible for trapping heat in the Earth’s atmosphere. Human activities have significantly

increased CO, levels since the Industrial Revolution.

~

. Deforestation: Trees absorb CO; as part of ~hotosynthesis, so deforestation reduces Earth's

capacity to remove CO, from the atmosphc. <. When forests are cut down or burned, the stored

Message ClimaGeo GPT

0
Fig. 3 ClimaGeo GPT dialog [8].

4.3. Description of climate models and scenarios (recorded in
text file Climate_models_scenarios.txt)

This file contains a detailed description of the climate scenarios
used, such as RCP 4.5, 6.5 and 8.5, and their key characteristics.
The inclusion of information about each model and its purpose
helps users understand the main differences and applications of the
climate scenarios that are possible in the future. In addition, a
comparison between the different climate scenarios is included in
the analysis, which will be useful for analyzing the complications
that arise from their implementation. This information is important
to support informed decision-making when analyzing climate data
and projections.

4.4. Climate analysis data by zones and periods (saved in a text
file Climate_data_by zones.csv)

This file contains tabular data with some climate indicators for
different regions such as average temperatures (Fig. 4), precipitation
and temperature anomaly forecasts. This information is useful for
defining climate conditions that will affect the economy,
agriculture, maintenance of settlements, etc.



INDUSTRY 4.0 2024, WINTER SESSION, vol 2

4.5. Results of the specific climate analyzes (saved in file
Results_of analyses.xlsx)

This file contains the results of analyzes that include forecast
data for regions of Bulgaria, as well as for the entire country.
Forecast data includes information on changes in temperatures,
precipitation and other indicators, divided by scenarios. The
information is presented in tabular form to facilitate analysis and
comparison of different scenarios and time periods.

Average Annual Temperature (All Stations) with Trend (2000-2023)
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Fig. 4 Graph displaying the average annual temperature for all weather
stations in Bulgaria from 2000 to 2023, created by ClimaGeo GPT [8].

4.6. Sample questions and answers (saved in a text file
FAQ_questions_and_answers.txt)

This file contains a list of frequently asked questions and their
answers that users may encounter. An example question could be:
"What is the predicted temperature change in North-Eastern
Bulgaria by 2050?". Such information helps users to quickly find
answers to their questions and helps them to better orient
themselves in the content of the project.

4.7. Summary results and conclusions (saved in a text file
Conclusions_from_the_project.txt)

This file contains a summary of the most important findings of
the analysis, presented in understandable and accessible language.
The inclusion of key data and findings by region and scenario helps
users quickly navigate key findings. Summary conclusions are
especially useful for people who don't have time to delve into the
technical details but want to get an overall picture of the project.

4.8. Instructions for using ClimaGeo GPT and the analyzes
(saved in the text file Instructions_for_use.txt)

This file contains guidance for users on how to most effectively
use ClimaGeo GPT, as well as advice on formulating questions
related to climate analyses. These instructions are intended to
facilitate users in using the tool to get the most out of its
capabilities. The file also includes examples of questions and good
practices.

4.9. Additional resources and links (saved in text file
Additional_resources.txt)

This file contains links to important articles, research reports,
external sources and official websites that provide additional
information on the project topic. The selection of resources is made
with a view to their reliability, so that users can deepen their
knowledge and find additional materials that can be useful for their
work.

It is important to note that according to OpenAl's custom GPT
design [4], chatbot creators do not have access to the chats that
other users are having with their GPT. OpenAl emphasizes that
privacy and safety are fundamental to GPT. All interactions remain
private and are not shared with model creators, and users retain full
control over whether data is sent to third parties.

ClimaGeo GPT is about to be tested in the educational process
at UACEG. In the future plans are both the addition of new
capabilities implemented with Python code, and the connection of
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the chatbot with external sites on the same topic to expand its
functionalities.

5. Conclusions

The development of the ClimaGeo GPT bot for climate analysis
and GIS shows the potential of artificial intelligence as a tool for the
popularization of scientific information and scientific data. The
created bot helps to facilitate access to complex scientific
information and facilitate the understanding of complex climate
processes for both scientific experts and the general audience. In
order for GPT to become an effective assistant in the popularization
of scientific research work and the educational process, careful
development and installation of an additional specialized
knowledge base is required, which contributes to the bot providing
well-thought-out and focused answers.

The developed structure of the additional knowledge base for
ClimaGeo GPT based on a strategy for creating such content
demonstrates the importance of proper planning and clear
structuring of information. As a result, ClimaGeo GPT can not only
answer questions, but also act as an auxiliary tool for analysis,
significantly increasing the productivity of its users.

The main advantages of the developed model include:
Increasing the accessibility of complex information:
Through the use of GPT technology, barriers to
understanding complex scientific concepts and analyzes are
overcome.

Research and education support: Custom GPT supports
researchers, educators, and students by providing them with
easy access to data and analysis needed for their
assignments and studies.

Popularization of climate analyses: This is an important
contribution to raising awareness of the mass audience
about climate change and GIS technologies for assessing
these changes.

Prospects for future development of this project include
expanding the knowledge base with new data, Python programming
code, and adding functionalities to automate some aspects of
climate analyses. In addition, it is planned to connect the chatbot
with external databases and visualization systems, which will
improve the functionality of ClimaGeo GPT in practical scientific
research and applied projects.
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HpOCTpaHCTBeHO MOJ€C/JIUPaHEe HA JaHHHU 32 OIICHKA HA KIIMMAaTUYHHUTE IIPOMEHU B
B'b.]'[l"apl/lﬂ: FI/IC-633I/IpaH AHAJIN3 U CbIIOCTAaBKA HA TCHACHIIMHUTE C PA3JIMYHUTE
KIUMATHIHHU COHCHAPHUHA

Tamapa I/IJII/ICBal, Huna HI/IKOJ'IOBaZ, Crosnka Vsanosa’
VHHBEPCHTET 10 APXUTEKTYPA, CTPOMTEICTBO H Te0Ie3Hs
Coduitckn yausepeuter ,,C. Kimment Oxpuacku?
ilieva_fgs@uacg.bg, nina@gea.uni-sofia.bg, siva_fce@uacg.bg

Pesztome: Tazu nybauxayus npeocmags npoCmMpanHcmeeHo MOOerupane u aHamu3 Ha OdHHU 34 KaumamuuHume npomenu 6 bvreapus,
usnonzeatiku ceoepagcku ungopmayuonnu cucmemu (I'UC) u ucmopuuecku OaHHU OM UHCIMPYMEHMATHU USMEPEAHUS 8 MEMeOPOI0SUYHU
cmanyuu. [lenma Ha aumanuza Ha OaHHumMe 3a MUHAL NEPUOO e 0a ce UOSHMUDUYUPAM OCHOGHUME MEHOSHYUU HA MeMNnepamypHume u
BANEIICHU NPOMEHU 8 PA3TUYHUME PeSUOHU HA CMpaHama, Kamo ce Omyumd WAXHOMO MEeCHONON0MCeHUe, HAOMOPCKAmMa GUCOYUHA U
NPUHAONLEHCHOCMING UM KbM ONpedelena KIUMamuina 30ua. 9pes mosu ougepenyupan nooxoo ce oyeHssa KaK paziuyHume KiuMamuiHu
VCI0BUSL 8 PA3IUYHU 2€02PAGDCKU U BUCOYUHHU 30HU We ce U3MeHsm 6b8 epemento. H36edena e u 0b6obuena oyenka Ha menoeHyuume 3a
MepUMopUAMa Ha YALAMA CMPARA, KOSMO e CoNOCMABEHA C PASIUYHU NPOSHO3HY KIUMAmuuHu mooenu, ocHogasawu ce na GIMP (Global
Integrated Model Projections) npoexyuume na coomeemnu RCP (Representative Concentration Pathways) u SSP (Shared Socioeconomic
Pathways) cyenapuu. 3axmouenusma noouepmaeam snauenuemo wa THC 3a oyenka Ha KiumamuuHume mMeHOCHYUU, CbOMBEMHUME
PpucKoge u pazpabomeanemo Ha cmpamesuu 3a a0anmayusl.

Knwuoeu oymu: I'MC, I[IPOCTPAHCTBEHO MO/EJIUPAHE, T'MC-BA3UPAH AHAJIU3, KIIUMATHYHH TEH/EHINU,
KIIHMATUYHH CLIEHAPUH, FBJITAPUA

Spatial data modeling for assessment of the climate changes in Bulgaria: GIS-based analysis and comparison
of the trends with different climate scenarios

Tamara llieva®, Nina Nikolova?, Stoyanka lvanova®
University of Architecture, Civil Engineering and Geodesy*
Sofia University “St. Kliment Ohridski’?
ilieva_fgs@uacg.hg, nina@gea.uni-sofia.bg, siva_fce@uacg.bg

Abstract: This publication presents spatial modeling and data analysis of climate changes in Bulgaria using Geographic Information
Systems (GIS) and historical data from instrumental observation in weather stations. The purpose of the data analysis for the past period is
to identify the main trends of temperature and precipitation changes in different regions of the country, taking into account their location,
altitude and belonging to a certain climate zone. Through this differentiated approach, it is assessed how different climatic conditions in
different geographical and altitudinal zones will change over time. A generalized assessment of the trends for the territory of the entire
country was also derived, which was compared with various predictive climate models based on GIMP (Global Integrated Model
Projections) of relevant RCP (Representative Concentration Pathways) and SSP (Shared Socioeconomic Pathways) scenarios. The
conclusions highlight the importance of GIS for assessing climate trends, relevant risks and adaptation strategies development.

Keywords: GIS, SPATIAL MODELING, GIS-BASED ANALYSIS, CLIMATE TRENDS, CLIMATE SCENARIOS, BULGARIA

1. Y600 Ha roaumHa 6a3a) u HamassBaHe npu Bropure ¢ 80 mm (okoso 4
mm TOJIMIITHO) 32 U3CIICBAHUTE MEPHOJIH.

[Ipe3 mocneqHuTe IECETWNIETHs] KIMMATHYHHTE IPOMEHH ca
(bakT, KakTO B ri00aNeH, Taka M B PETMOHAIICH Mamiad ¢ IBIOOKH
CKOJIOTUYHH,  MKOHOMHYECKM M  COLMAIHH  IOCJIEICTBHS.
CohllecTBEHH M3MEHEHHS B TEMIIEpaTypara, KOJHYECTBOTO H
peXUMa Ha BAJICKHTE M yBelMYaBaHE Ha YeCTOTaTa Ha EKCTPEMHHU
METEOPOJIOTUYHU sIBJICHUs ce HabmomaBat W B Bwirapus [1].
Bbhopeksn Manmkata IUIOII, TEPUTOpWSITa Ha CTpaHarta ce
XapakTepuszupa ¢ pasHooOpasHH oporpad)CkM W KIMMaTHYHH
YCJIOBHS, MOPaAHd KOETO IPOCIEASBAaHETO HA MPOCTPAHCTBEHO-
XPOHOJIOTUYHUTE HM3MCHCHHSA Ha KiIMMaTa € MNpCAU3BUKATCICTBO.
IMopanu ToBa HACTOSWIETO M3CIEABAHE MMa 3a LEN J@ MOKaKe OcHoOBHHTE TIpHpOAHH 001acTH B bwiarapust ca mokazaHm Ha
TIPUIIOKEHHETo Ha reorpadckn nHpopmarmonuu cuctemu (I'MC) 3a ¢ur. 1 [4]:
xmuMmatnaan aHammsu. [YC nosBomsiBaT oOpaboTkara Ha roleMH
obemu OT JaHHH M pasmojarar ¢ Habop OT MOIIHH HHCTPYMEHTH 3a
U3IBJIHEHUETO HAa NPOCTPAHCTBECHU aHAJIM3U W BU3yalU3allds Ha
KIIMMAaTU4YHU TCHACHIIUH.

Penedst Ha brarapust ¢ pazHooOpaseH — MPEANMHO HU3UHEH U
PaBHHHHO-XBJIMHCT — 00110 OK0JIO 72% OT TepUTOPHS Ha CTpaHaTa,
OpelMMHO B CeBepHAaTa M [OrOM3TOYHATA YacT C HaJIMOpPCKa
BucournHa oT 0 10 600 m [4, 5]. OcraHanara 4acT € ¢ IUIAaHWHCKH
pened, ToBa e oOkomo 28% OT TepUTOpWsITA, pa3jeliieHa Ha
HHUCKOIUIAHUHCKH, CPCIAHOIJIAHUHCKH U BUCOKOIIJIAHUHCKH pal\/'IOHI/l
¢ HagMopcKa BUcoYrHa ¢hoTBEeTHO OT 600 10 1000 m, ot 1000 mo
1600 m u Haxg 1600 m. I'onemute TepeHHn GopMu ca OpHEHTUPAHU
3amaja-u3Tok [4].

1) lynaBcka paBHUHA;

2) Crapa miaHnHa;

3) Ipexomua 0bmacT;

4) Puno-Poporicka obiacr;

2. Obwa xapakmepucmuka Ha mepumopuama Ha 5) Hepromopcko Kpaiibpesue.

CHPAHAmMa — KTUMAMUYHA U 2eozpadcKka B 3aBucumMoct oT Mopdorpadckute 0COOCHOCTH MPUPOTHUTE

obmacTu ce aenst Ha nogobnactu (¢wur.1).
3a menTa Ha HACTOSILETO M3CIIE/IBAaHE Ca M3MOA3BAHHU JAaHHU OT

M3MEpPBaHMUATA B METCOPOJIOTMYHM CTAHIIMM Ha TEPUTOpHUATA Ha B pe3yirar Ha paavdaliioOHHH, OUPKYJIalMOHHA u
crpanara [2, 3] B mepuoma 2000 mo 2023 r. — 3a mpu3eMHH ¢usukoreorpadcku ¢pakTopu Ha TepuTOpHATa Ha bhirapus ca
Temrieparypd, u B mepuoma 2005 jgo 2023 1. — 3a BaNeKH. (dbopMHpaHu neT KIMMaTHIHU 30HH [5, 6], nitocTprpanu BbB ¢ur. 2
VYcraHoBeHHTE TEHACHLMU 3a TeMIeparypara U BajJekHTE B U ONKCaHy B Tabuma 1.

cTpaHaTa ca Ha ToBHaBane npu mwbpsure ¢ 1,5°C (okomo 0,06°C
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Que. 1 Ilpupoonu obnacmu 6 bvrecapus: 2A) Ipedbanxan; 25) Cmapa
nnanuna, 3A4) 3ad6arkanckume nonema, 35) Cpeona eopa u Bumowa, 3B)
Kpauwe u 3I) Topnompakuiicka nuzuna, Caxap u Cmpanoxca; 44)
nnanunume Ocoeoso u benacuya, 4b) Puna u Iupun, 4B) 3anaonu Pooonu
u 4I") Usmounu Pooonu

Tabnuya 1: Obwo onucanue u XapaxmepucmuKku Ha KIUMAmudHume 30Hu
bwacapus

Cp. Cp. 1Hoc
TEMII. TEMII. Banexu CH. )
3oHa, 00XBaT BATH
3uMa JISITO [mm/ron.] TIOKD.
el | [l (wecer) | P
‘YmepeHo-
KOHTHHEHTAJHA B paBH.
30Ha: O6xBama IICK.-
4acTu OT MapT 3
JlyHaBckata 1 Cé
[SEEITEEY 2/10 20-23 500-800 B muan. CI/I,
porFmere, Makcum. | orcp. Ha ’
HHUCKHUTEC 4aCTHU Ha v I/I
U3rouna Crapa Mal\l/;l-}o HH, HOEMB.

IInaunsHa u HH. 210 Cp. Ha

Codwuiickara (deBpyapu arnp.

KOTJIOBHHA.

IpexoaHo- 550-750
KOHTHHEHTAJHA Makcum.
30Ha: 1) mait- 3
TopHOTpakuiickata 10HH, 2) Kpatko- >
HHU3WHA, U3TOYHATa 0 o 22_24 HOEMB. Tpaf,'[Ha C3’
MOJIOBMHA HA 3 MI/IHI/IMyM I/Is
BanbankaHcKuTe 1) asryer cu
KOTJIOBUHH U ryer,
Buaroesrpajckara 2) desp.
KOTJIOBHHA.
500-600,
IIpexoano- 3a
Cpen3eMHOMOp TOKHATC Kpav““"

(O TR TUTAHUHCK TpaifHa— C
OO0xBala JOJIUHUTE 1104 23-25 1 HacTH Makc. 3a CI/’I
na pekute CTpyma, A 700-1000 1-2 tun " é

Mecra u Apra, MakcumM. ’
paiionuTe OKOJIO0 HOEMB.~
Crpanmxka. u Caxap. TIeK.
MuH.-11T0
Tlianuncka 1=
s0ma: 210 800-1000 Mecela
: X Makcum. npes
HUCKOTLTAHMHCKA -3 15-18 3
(20 1000 m); 3uMa (1or) 3UMaTa N
35 10-13 M TIPOJIET C3,
Cp. TTAHHHCKA )10' 45 (ceBep) OKOJIO 3- 103
(zo 1600 m) ' 6:9 4 Mecena *
BHCOKOIUIAHUHCKA -6 no 107
(saz; 1600 m) -10 vecena
B CEB.
4acT ce
YepHomopcka 3ambpKa
30Ha: 1ces. B C,
450 ces. 2-4
O0xBama 0 3,5 22-23 10 CenMHLH CH.
KpaiibpexHaTa 30Ha or 750 ’ n
¢ mmpuHa 10 40 km Ha tor aB
FO)KHATa
4-5 tau

* 3asucu om ce3ona,
penegpnume gopmu.

Gopmama u opuenmayusma Ha
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v KANMATHUNH JOMM
MAIHANCD
NPEXOAMO KONTANEHTINNY

YMEDEHO- KOMTHHEHTANMS

LS << <

NPEXOAMO-CPLAAIEMHOMODCKD
@uez. 2 Knumamuuru 30Hu 8 bvieapus

3. Onpeodensane na mendenyuu 6
npomenu — pe3ynimamu u OUCKycus

Kaumamuiunume

Knumatuyaute npomenu B bearapus ce nposiBsBaT upe3
MIPOMEHH B CPEIHUTE U EKCTPEMHH TEMIIEPATyPH, PAa3NPeeTICHUETO
Ha BaJICKNTE U YBEIMYABaHE HAa YECTOTATa HAa €KCTPEMHH SIBICHHS
KaToO CYyIIW W HaBOAHEHWA. [IpenBua ToBa, 4e KIMMATHYHHUTE 30HH
ca C pa3NMYHU XapaKTePHCTHKH, TO W TPOMEHHUTE B TAX ca
aHAIM3UPaHU IOOTAEIHO M Ca YCTAaHOBEHU DPA3IMYHU TCHICHLIUU
(rabnuua 2). JlaHHWUTE 3a TEMICPATYPHTE M BAICKHUTE OT
KIMMaTHYHUTE CTAHIMHU 110 Mecelr u roaunu [2, 3] ca ocpeanenu
U ca U3BEJICHU YPaBHEHMS Ha perpecus 3a OLlCHKa Ha IIPOMEHMUTE.

Taonuya 2. Oyenka Ha MeHOCHYUUMe HA USMEHEeHUE RO KIUMAMUYHU 30HU

H3men. cp. Hsm. Kon.
30Ha, 00xBaT TOJI. TEMII. BaJICKHU
[°C] [mm/ron.]
YMepeHo-KOHTHHEHTAIHA 30HA
Orenka ot ctannuu: Bugus, JIoseu, +0,063 -5,2
Pasrpan u Codust
IIpexonHo-KOHTHHEHTAJIHA 30HA: +0,060 7.9
CrnuseH u [1azapmxuk
IIpexoxHo-CpeN3eMHOMOPCKA 30HA
Orerka ot cranuun: Kepmkamu i +0,046 +2,2
CaHIaHCKH
IlnannHCcKa 30HA
OreHka OT cTaHIum: Bp. Mycana u Bp. +0,049 -1,7
Mypramt
YepHomopcka 30Ha +0,061 4
Onerka ot craHuuy: BapHa u Byprac

YcranoBeHHTE IMPOMEHHU CIIOpPE€A KIMMaTUYHUTE 30HU Ca

CICIHHTE:

e VYMepeHO-KOHTHMHeHTaJHa 30Ha. HaOnromaBa ce Haii-
BHCOK TEMIT Ha 3aTOIUISTHE W MOBUIIEH PUCK OT 3acylIaBaHe

1 HaMaJIIBaHC HAa BOOHUTE PECYPCH.

IIpexoaHo-KOHTHHeHTATHA 30HA: VMa BHCOK TeMn Ha
MOBHIIIAaBAaHE HA TeMIleparypara, KaTo Ce pEerucTpupa u
MaKCHMAJTHO HaMaJIIBaHEe Ha BAaJISKHUTE CyMHU.

IIpexoano-cpeausemMHomMopcka 30Ha: Perucrpupar ce
Hal-MaJIKi CTOMHOCTH Ha IPOMEHHUTE Ha TeMIIepaTypara, a
ChIIO ce HaOJIoJaBa M YBEJIMYCHHE Ha BaJeXUTE —
CAWHCTBCHATA 30HA C MO3UTHUBEH TPCH HAa BAJIC)KUTE.

Ilnanuncka 30Ha. TeMIbT Ha 3aTOIUIIHE € YMEPEH U
3aCylIaBaHETO € mo-cjaabo H3pa3CHo.

YepHomopcka 30Ha: Bucok Temn Ha 3aTOINISIHE W CpeieH
TEMIT Ha 3acyIllaBaHe, BbIPEKH OIM30CTTa IO MOPETO.

Bcuuku paitonn B beharapus mnoka3BaT TEHIEHLUS KbM
3aTOIUIAHE, a BJEKUTE HAMAJsBAaT BbB BCUYKU KIMMAaTHYHH 30HH,
C U3KIIOYEHHE Ha MNPEeXOIHO-CPEIU3EMHOMOPCKAaTa, KBbAETO HMa
cnabo yBelUUCHHE.
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M3MeHeHusiTa Ha Temreparypara M BaleXHUTe B Pa3IMuHUTE
XHUIICOMETPUYHH 30HH MOKA3BaT CICJHUTE TCHACHLIUH:

e Temmneparypa: 3aTOIUISIHETO € IO-CHJIHO M3pa3cHO B
HU3MHHUTE U MO-c1abo B IIaHWHHUTE. Pa3nmukata Mexmy
HHUCKUTE M BHCOKHTE PaiiOHM € yMepeHa, HO IUIAHHHCKHUTE
paliloHM BCe TIaKk I[OKa3BaT YCTOWYMBOCT Cpemly Io-

BHCOKHTE TEMIIEPATYPHH yBETHUCHUSL.

Bajexu: Haii-rondMo HamaleHHE Ha BaJEeXKHUTE Ce
HaOmoaBa B paBHUHHHUTE PallOHH (OCOOEHO MPEXOIHO-
KOHTHHEHTaJHaTa 30HA). DBBB  BHCOKHTE IUIAHHHH
HaMaJIsIBaT CHETOBAJICIKHTE.

Tesn TeHmeHIMM TOxYepTaBaT MO-TOJNsIMATa YsA3BUMOCT Ha
HU3HHHUTE KBM 3aCyNIaBaHMs WM 3aTOIUIIHE, OKATO IUIAHWHHTE Ce
TIPOMEHSAT MAJIKO 110-0aBHO.

HM3MmeHeHusTa B CE30HHOCTTa M IIMKOBHUTE CTOMHOCTH Ha
TEHJICHLUUHUTE ca MpeAcTaBeHH Ha ¢ur. 3 u 4. YcraHOBsABaT ce
CJICIHUTE OCOOEHOCTH:

e Temneparypa: Bcuuku mecenu rnoka3BaT yBEJIHMUEHHE HA
CPEOHUTE TEMIIEPAaTypH TMpe3 TONUHHUTE, KOETo € B
CHOTBETCTBHE C INIOOATHUTE TEHACHIMH Ha 3aToruistiae. [1o-
OBp30 3aTOIUITHE 3a TO3M MEPHOA Ce HaOIromaBa mpe3
3UMaTa: 3UMHUTE Meceld (0COOCHO JICKEMBPH) CE 3aTOILISAT
Mo-0BP30 B CpaBHEHHUE C JICTHUTE. TOBA BOJM JIO MO-KPATKH
U TI0-MEKH 3UMH, KaKTO U JI0 ITO-TOPEIIU U CyXH JieTa.

Banexu: IlponmerHure Mecerm (Maif W IOHHM) IIOKa3BaT

KaKTO  HaW-BUCOKM  KOJIMYECTBA  BaJIeXKH, Taka U
MOJIOKUTEIIHU ~ TPEHJOBE. ABIYyCT U  CENTEMBPU C€
XapakTepu3upaT ¢ HaH-HUCKH BAaJeKHH CYMH, KOWTO

MOKa3BaT TEHAGHLWs KbM Hamanenue. Ilpomerra w
HAuYaJoTO Ha JATOTO CTaBaT MO-BIAXHH, JOKATO €CEHTa
CTaBa IMO-cyXa. AHAIMU3BT Ha JaHHATE IIOJYepTaBa
MIPOMEHJIUBOCTTA Ha BAJISKUTE MO CE30HU U M3MECTBAHETO
Ha MO-TOJEMUTE ECEHHM KOJMYECTBA BaleXHU KbBM M.
HOEMBpU.

@ue. 3 Hsmenenuss u nukosu CMOUHOCMU CDeOHO 34 cmpanama —
mendenyuu 3a memunepamypama [°C]

Que. 4 Hsmenenus u nukogu CMOUHOCMU CDeOHO 34 CMpaHama —
menoenyuu 3a éanexcume [mm]

YpaBHeHHuATa HA perpecus, 3alIMCaHu B rOpHaTa yacT Ha ¢ur. 3
u 4, ca 10 KOJIOHH OTrOpe HaJ0y 10 YeTHPUMECeUrs — B IIbpBaTa
KOJIOHA ca sHyapH, (eBpyapH, MapT U anpui u T.H. OT 3HaYeHHe ca
KOe(hUIIMEHTHTE TIPEeN X, KaTO MOJIOKHUTEITHUTE CTOMHOCTH MOKa3BaT
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MOBHIIIABAaHE, OTPULATEIHUTE — HamassiBaHe. KolkoTo mo-romism mno
a0COJIIOTHA CTOMHOCT € KOC(PHUIIMEHTHT, TOJIKOBA MO-3HAYMTEIIHA €
NPOMSIHATA 32 U3CIICABAHUS TIEPUO/L.

Ha 6a3a u3nonsBaHuTe 3a €KCIIEPHMEHTA JaHHU U MOIYYEHUTE
CpeIHH CTOWHOCTH IIpU E€KCTparojanus KbM ObJen] mepuox ot 15
TOIIVHHU Ce OYaKBa TemIeparypara jaa ce mosumn g0 2040 ¢ 1°C u
BaJICKUTE J]a HamazeaT ¢ 60 mm.

3a omeHKa Ha TEHICHIMUTE M ONpelelsiHe Ha Hali-BepOsTHH
KJIMMaTUYHH CIEHApUU B CIICABAIIUTE [ICCETHJICTHS € HalpaBeHa
CBIIOCTAaBKa C MoOjend, redepupanun ot [7]. Ha ¢ur. 5 e
MpeCcTaBeHa KapTa Ha cuMyiupaH kimmarudeH moaen ACCESS-
CM2 (Australian Community Climate and Earth-System Simulator
— Climate Model 2), upe3 koiiTo € mpech3/aafeH0 H3MEHEHHETO Ha
TeMIlepaTypaTa B KpaTkocpodeH IniaH, xo 2040 r., gact or Habopa
Mozenan B pamkure Ha CMIP6 (Coupled Model Intercomparison
Project Phase 6), xouTo ce M3MON3BAT 3a OIEHKA HA MHHAJIOTO,
HACTOSIIETO M OBJEMOTO CHCTOSHHME HA KIMMara B TiioOajeH

Mamab. MogensT  u3mon3Ba  atMoc(epeH, OKCaHCKH U
OMOTCOXMMHYHA  KOMIIOHEHTH U  MPOTHO3Upa  rII0OaIHUTE
TEeMIIepaTypu, BETPOBE, BIAXKHOCT U aTMOC(HEPHO HasAraHe.

W30panust cueHapuii e SSP 5-8,5 (Shared Socioeconomic Pathway
5 — Representative Concentration Pathway 8,5), 6a3upa Ha BHCOKH
eMHCHHU Ha NapHUKOBH Ta3zoBe. CHMyIMpaHa € cpeHaTa CTOWHOCT
Ha JTHEBHHATE MaKCHUMaJIHH TeMmeparypu 3a nepuonxa 2021-2040 r.
To3u monen mokasBa, ue 3a TepuTopusra Ha Beirapus ce ouaxsa
nosumaBane Ha temmeparypara ¢ 2°C. Ilpu mojoKeHUe, ye 3a
nociueHuTe 24 TOOMHU TeMIepaTypuTe ca ce mopummm ¢ 1,5°C,
TO TO3M MOJIEN U3IJISK/A PEATUCTHYCH 3a CIEABALIUTE 15 romuHu.

ACCESS-CM2, ssp585, tasmax, 2021-2040

@ue. 5 Kapma na ouaxeanume npomenu 6 MAKCUMATHAMA MeMNepamypa
[°C), cumymupana ¢ mooer ACCESS-CM2, cyenapuii SSP 5-8,5 [7]

Ha ¢wur. 6 e npencraBeHa kapTa Ha CHMYJIHMpaH KIMMaTHYCH
mozen ACCESS-CM2 (Australian Community Climate and Earth-
System Simulator — Climate Model 2), upes koiito ¢ npecb3aaneHo
W3MEHEHHETO Ha KOJIMYECTBATa Ha BAIIGKUTE ChIIO B KPATKOCPOUCH
mwiad — 1o 2040 r. W30panusat cueHapuii otHoBo ¢ SSP 5-8,5.
CuMynHpaHoO € KOJIMYECTBOTO Ha Bajexwure 3a nepuoaa mo 2040 r.
3a TepuropusTa Ha Beirapus ce ouakBa MOHIKABaHE HA BAJICKHUTE
Ha okoio 0,95 (95%) oT cerammuTe Kommdectsa. Ipensun, de 3a
nocieanuTe 19 ToIuHM BaJeXKHUTE CPEIHO ca Hamasesu ¢ okoo 80
MM, TO U TO3W MOJEJ H3INICKIA PEATHCTHYCH 3a cieaBaiure 15
TOAHUHU.

ACCESS-CM2, ssp585, pr, 2021-2040
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@uez. 6 Kapma Ha ouakeanume omHOCUMENHU NPOMEHU 6 KOIUYeCmeama Ha
sanexcume, cumynupana ¢ mooen ACCESS-CM?2, cyenapuii SSP 5-8,5 [7]
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Ha ¢ur. 7 e npexacraBeHa u Bu3yanu3anus 3a MPOMCHUTE B
CpeiHaTa rOQMINHA TEeMIeparypa, reHepupana upe3 [8] — u Tyk,
BBIPEKU N30paHUs pa3iiMyeH KIMMaTH4YCH CLICHApHi NMpoMsHara B
Temmneparypara € or mopsabka Ha 1-2°C. Cropen [9] B HOBus
BapHaHT 6 Ha TIIOOANTHHUTE KIMMATHYHH MOJEIH BCHUKH CLCHAPHU
nocturatr 1,5 °C zaromisiHe B cpaBHeHHe ¢ 0a3oBara JIMHUS OT
1850-1900 r. mpe3 BTOpaTa MOJIOBHHA Ha TEKYIIOTO JECETUIIETHUE,
KaTo IEepHOIBT OT BpeMe MEXTy 0aBHOTO M OBP30TO 3aTOILITHE
oOxBara Mexny 20 u 27 TOJUHU OT HACTOSIIETO.

Que. T Kapma na ouaxeanume npomenu 6 memMnepamypama Ha 200UuHd
6asza 0o 2040 2. — cyenapuii SSP 2-4.5 [8]

HampaBeHa e W ChIIOCTaBKA Ha IIOJYYEHOTO HPOCTPAHCTBEHO
pasmpezieieHue Ha TCHICHIMUTE HAa M3MEHCHUE HA TeMIeparypara
W BAJIGXKUTE [0 KIMMAaTHYHK 30HHU ¢ JanHn Ha HUMX [10].
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@uz. 8 Conocmaska Ha NONYYEHOMO NPOCMPANCMEEHO pasnpedenenue Ha
meHOeHyuume HA USMEHEHUe HA MeMNepamypamd u edaiexcume no
raumamuunu 3onu ¢ dannu [10]

Tyk TpsibBa ma ce oTOenexd TOBa, 4Ye pa3UKUTE B
TPOCTPAHCTBEHO pasnpeneneHute croiHocth Ha HUMX ca
W3YUCIICHH OT OCPEJHEHH TeMIlepaTypy W BalleXH B JBa
nocnenoBarenan 30-roauinHy uHTepBata — 1961-1990 u 1991-
2020. B cnyyas 3a Temmneparypara TSHACHIIMUTE CE MOTBbPKIABAT,
HO NP BaJIGXKUTE HAMA CHOTBETCTBHE. TOBa MOXeE Ja ce IBbJDKH Ha
(bakTa, e B HACTOSAMIOTO H3CIEABAaHE C€ pas3TIekgar camo 16
roausu ot Bropust 30-roaumen uatepsai (1990-2020), kakro u Ha
YCKOPEHUTE KIMMATHYHH MPOMEHH M HPOMEHEHHTE aTMoc(hepHH
LUUPKYJIALMOHHHA MOJIEJM B MOCIEJHOTO JIECETHJIETHE M Ha
BIIMSIHUETO Ha oporpadusita. 3a M3sACHABaHE Ha pa3IHYMATa ca
HEOOXOAMMM JONBJIHUTEIHM aHAIW3M, KbBM KOMTO IlIEe Oble
HacoveHa ObJeniara paboTa Ha aBTOpPUTE.

4, 3aknrouenue

W3scnenBanero aHanm3upa KIMMAaTHIHATE IPOMEHU B bbirapus
gype3  ['MC-6azmpano  mMojenupaHe ¢  HW3MON3BaHE  Ha
METEOPOJIOTHYHY JJAaHHH U CHIIOCTABKa HA IIOMyYeHHTE PE3YITATH C
AKTYaJHU TTI00aTHI KIMMAaTHIHN MOJIENH.

N3BoauTe ca ciaeaHunTe:

TeH}IeHL{I/IS{ Ha 3aTOIUIAHC BBB BCHUYKH KIMMATH4YHHU 30HHU,
0cOOCHO B paBHUHHUTE pAlOHH HAa YMEPEHO- U IPEXOJHO-
KOHTHHEHTAJIHATa 30HA. 3UMHTE C€ 3aTOIUIAT MO-Obp30 OT Jerarta,
HAOJFOIaBaT CE MO-KPATKU 3UMH H MO-ABJITH TOIUIU TIEPHOJIH.

Hamanenue Ha BajgeKuTe B OYTH BCUUIKU 30HH, C U3KITIOYCHUC
Ha NPEXOAHO-CPEAN3ZEMHOMOPCKATa, KbACTO NMa JIEKO YBEIINUCHHUEC.
HponeT’ra CTaBa IIO-BJIaXKHA, a €CCHTA — I10-CyXa, KOCTO yBCIMNYaBa
pucCKa OT CylIu.
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VYCTaHOBEHO € CBOTBETCTBHE C TIIOOAJIHUTE TNPOCKUUHM Ha
knuMarnyaure monenu (Hamp. ACCESS-CM2), cmopex KouTo
3aTOIIAIHETO Ie € ¢ okojo 2 °C mo 2040 r. u BajexuTe IIe
HaMajesaT 10 95% OT ceramHuTe HUBA.

bwarapust cneaBa riobamHUTE KIMMAaTHYHUM TEHACHLHUM, HO C
OTYETJIMBU PETHOHATHU U CE30HHU pas3lIMuMs, KOETO MoJuepTaBa
HYy)XJaTa OT PETMOHAJTHU U JIOKAIHM aHAIW3H, MPOJBIKABAIIO0
HaOJIfo/IeHe M yCTOIYMBO IUTaHWpaHe. KimMaTW4HWTE MpOMEHH
W3VCKBAT aJIAlITUBHY MOJUTHKH, 0COOCHO 3a YSI3BUMHTE PaBHUHHU
paifonu.

B 3akmoueHue moxke ga ce kaxke, ye [MC TtexHOmorusta
JTIOKa3Ba CBOSITA €)EKTUBHOCT KAaTO HHCTPYMEHT, KOMTO JNOmMpUHACS
3a OLIEHKAa Ha KJIMMAaTUYHUTE PUCKOBE U IUIAHUpPAHE Ha aJalTUBHU
MEpKH Ha JIOKAJIHO M HalUWOHATHO HUBO. [IpoabinkaBamoro
HaOMIOeHWE M MOJENUpAaHEe Ha Te3W IPOMEHH € KIIOYOBO 3a
YCTOMYMBOTO pa3BUTHE M MHHUMH3MPaHE Ha pHCKOBETE 3a
OKOJIHATa Cpefia, MKOHOMHKATa U OOILECTBOTO.

5. brnazooapuocmu

ABTopuTe Ha nyONMKamusTa M3Ka3BaT OJarofapHOCT
¢unancoBata monkperna Ha LIHUII npu VACI B pamkute
npoekr ,JMC-0asupan  aHanmu3  Ha  BB3JICHCTBHETO  Ha
KIMMAaTHYHATE TIPOMEHH BBPXY IbTHaTa HHOPACTPyKTypa 3a
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Pestome: Hacmoswama nybauxayust npedcmagst akmyainume KIuMAamuyHyu menoeHyul, u0eHmupuyupanu na mepumopusma na bvizapus,
6b3 OCHO6A HA MEMEOPONOSUYHU OAHHU 34 MUHAU NEPUOOU, C (POKYC 6bPXY OYCHKAMA HA MAXHOMO HOMEHYUANIHO GIUSHUEC 8bDXY
CMpOUmMencmeomo U eKCHioamayusma Ha c2padu u NbMHOMPAHCNOpMHA uH@pacmpykmypa. Hzciedeanemo awamuzupa OCHOSHUMe
npoMeHU 6 memnepamypume u 6aiexicume npe3 nocieOHume Oecemunemus, KaKkmo u o4aKkeanume 0vOewu UsMeHeHUs. 8 KOHMeKCma Ha
enobannume Kumamuunu mooenu. Tesu npomenu mpsabea 0a 6v0am UHMESPUPAHU 6 CIPOUMETHUME HOPMU U CIAHOAPMU, Mbl KAMOo
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YCMOWUUBOCMMa Ha c2paoume u NoMHOMPAHCROPMHAMA UHGPACMPYKIYPA CAPAMO eKCIMPEMHU MEMeopOL0SUNHU AGACHUSL. 3aKiouenuemo
noouepmasga HeoOXo0UMOCMIMA OMm 6KIOUEAHE HA KIUMAMUYHUME NPOSHO3U 6 Npoyecume HA RNIAHUPAHe U YHPAGleHue Ha
CMPOUmMencmeono, Kakmo u paspabomeanemo HA dAOANMUGHU CMpameuy 3d MUHUMUSUPAHE HA PUCKO8eme U NOSUWABAHe HA
yemouuugocmma  na  ungpacmpykmypama. Ilyomuxayusma npednaza HACOKU 30 UHCMUMYYUU U CHeYUaIucmu 6 obracmma Ha
CMpoumencmeono ¢ yei nodoopseane Ha 20MOSGHOCMIMA 3 CHPABSIHE C KIUMAMUYHUME NPOMEHU.
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Assessment of climatic trends in Bulgaria and their influence on the construction and exploitation of
buildings and road transport infrastructure
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Sofia University “St. Kliment Ohridski’?
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Abstract: This publication presents the current climate trends identified on the territory of Bulgaria, based on meteorological data for past
periods, with a focus on the assessment of their potential impact on the construction and operation of buildings and road transport
infrastructure. The study analyzes the main changes in temperatures and precipitation in recent decades, as well as the expected future
changes in the context of global climate patterns. These changes must be integrated into building codes and standards, as they can have
serious consequences for the construction and transport sectors. Special attention is paid to the resilience of buildings and road transport
infrastructure against extreme weather events. The conclusion emphasizes the need to incorporate climate forecasts into construction
planning and management processes, as well as the development of adaptive strategies to minimize risks and increase infrastructure
resilience. The publication offers guidance for institutions and construction professionals to improve climate change preparedness.
Keywords: CLIMATE CHANGES, TRENDS, CONSTRUCTION, OPERATION, BUILDINGS, ROAD TRANSPORT INFRASTRUCTURE

1. Bweeoenue

KJ'II/IMaTI/I‘IHI/ITe HpOMeHI/I ce rlpeBpmuaT BBB BCC II0-3HAYUM
(I)aKTOp, KOﬁTO OKa3Ba BIIMAHUC B’Lpr BCHYKU AaACIICKTU Ha o
YJoBcUIKarTra I[eﬁHOCT, BKIIFOUUTCITHO CTpOI/ITeJ'ICTBOTO u

TpaHCTIOpTHAaTa MH(PACTPYKTypa. B KOHTEKcTa Ha HapacTBalaTa
YecTOTa W HWHTEH3WBHOCT HA EKCTPEMHHTE MeETEOpONOTHIHH j

SBJICHHS, OCH3HABAHETO Ha KIMMATHYHHTE TEHICHIMN M TSIXHOTO
BB3/ICHCTBHE BBPXY CTpajuTe M IbTHATA MPEXa CTaBa KPUTHIHO.
Benrapus, cbc cBosTa Teorpad)cka M KIMMaTHYHA CIEHU(UKA,
CBIIIO € 00EKT Ha CBIECTBEHH IPOMEHH B TEMITEPATypPHUTE PEIKHUMHU
(®ur. 1) u pasnpemeneHHeT0 Ha BAICKHUTE, KOETO Haiara 2000 2022

a[IalTHPaHe Ha MOAXOAWTE MPH MPOCKTHPAHE, CTPOMTENCTBO M @uez. 1. OmHocumennu memnepamypru npovenu 3a bvieapus om 1850 oo
YNpaBleHne Ha HHQpacTpyKTypara. 2022 2. cnpamo cpednume 3a nepuoda 1971 — 2000 2. ¢ °C [4].
BiusiHueTo Ha KIMMaTUYHUTE MPOMEHHU BBPXY NMPOEKTUPAHETO

Ha Crpajyu U CbOpbKEHHs B Bbirapus e 6uio mcneasaHo u mo- Hacrosimatra crarus u3cnenBa OCHOBHHUTE — KIMMATUYHU
pano. B [1] ce n3cnensar mpomernTe Ha CIBHYEBATa PajMalis 3a NIPOMEHU B CTPaHaTa, KAaTO aHAIM3Upa TIXHOTO IOTECHLIHAIHO
Bearapus © HECHOTBETCTBHETO C HOPMATHBHHIC —COIApHH BIMSIHME  BBPXY  YCTOMYMBOCTTa U EKCIUIOATALlMOHHUTE
croiiHocTH. B [2] ce 06C'b)K}13.T HaCOKHM 3a NPOCKTUPAHC Ha Crpaiu, XapaKTEPUCTUKA Ha CTPOUTEIIHATE CBOPBKEHUS u
CLOGpaSCHI/I C 61)}16].].[“1"6 KIMMaTU4YHU COCHApHUU, OTPAa3CHU B IIBTHOTPAHCIIOPTHATA ~ MpEXkKa. HeHTa € Ja ce noaueprae
r100aIHU M PETHOHATHA KIMMaTHIHU Mozienu. B [3] ce pasruexna HEOOXOAMMOCTTa OT MHTErpalys Ha KIMMAaTHYHHUTE MPOTHO3H H
npoekt Ha crpaga B Co¢us, NpoeKTHpaHa IO HAaCTOSIIHUTE KJIMMAaTUYHH CLEHAPUHU B HALIMOHAIHUTE CTPOMTENHHU CTaHIAPTH U
KIIMMaTU4YHU HOpMHU B BT)HrapI/IF[ 1 Hu3CJic/IBaHa B CHUMYJlallusd 3a CTpAaTETHMMTE 3a YyIpaBJIE€HHUE Ha I/IH(I)paCprKTypaTa, KaTto ce
KIMMaTHIHA yciioBust ciext 50 TOXMHM, KaTo ce yCTaHOBSIBA MpeAIoKaT KOHKPETHH HACOKH 3a IMOBHIIABAaHE HA TOTOBHOCTTA M

3HAYATENHO yBEIMYEHHE HA [OTPeOHOCTTa OT eHeprus 3a YCTOWYMBOCTTA Ha CEKTOPA CHPSMO OBJICIIN MPEIU3BUKATEICTRA.
OXJIaXKIaHe B OBEIIE.
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2. Knumamuunu npomenu u meHOeHUYUU HA
mepumopuama Ha Bvazapus 6pB3KA  CHC
cmpoumennume Hopmu

KiuMaTuyHUTE NPOMEHH Ca TNIOOATHO SIBICHHE, HO TEXHHAT
epexr BBpXy bbarapus e sAcHO wu3paseH. AHAIU3BT Ha
METEOPOJIOTUYHUTE JAHHM 3a IOCJICOHUTE JBE JEeCEeTHIICTHUS
pa3KpHBa CIEAHUTE TCHICHIINM:

2.1. Oyenka na KiumamuuyHume nPOMeHU

Ilopumasane Ha Temneparypute: CpegHUTe TOJUIIHU
TeMIepaTypu B CTpaHaTa HapacTBaT, KaTro ce HaOJrogaBa
TEHJICHIIMO3HO 3aTOIUITHE Ipe3 3MMara M MO-4ecTa IosiBa Ha
€KCTPEMHH TOpEIIHY [pe3 JIETHUTe Meceld. Tosa Boau 0:

e VYBenuuaBaHe PHUCKa OT 3aCyllaBaHEe.

VBennuaBaHe Ha PHUCKa OT IOXKapu.

IloBumena d9ecToTa Ha EKCTPEMHH  TEMIIEPaTypHH
aMIUIMTYI¥, KOMTO  CBb3JaBaT  HATOBapBaHE  BBPXY
CTPOUTEITHUTE MaTEPHANIH.

HN3menenue Ha BaJie:kKHHsI pe:kuM: Banexure craBar Bce IO-
HENPEeIBUANMH, C ICHO U3Pa3eHH TCHICHIIHH:

e HamansgBane Ha 06IJ.IOT0 KOJIMYECCTBO BaJIC)KU B HIKOU
paﬁOHI/I, KO€TO BOJAM OO0 MNOBHUIICH PUCK OT BETPOBA €PO3UsL

Ha 1mo4yBara.

VBennueHue Ha KpaTKOTpaﬁHHTe, HO CHJIHU BaJIC)KHU, KOUTO
MPEAN3BUKBAT HABOAHCHU .

ExcTrpeMHu MeTeopoJsioru4yHu siBjaeHusi: HapactBa yecrorara
Ha Tpaaymky, OypH M yparaHHH BeTpoBe, ocoOeHo B JlyHaBckaTa
paBHuHa U TpakuiickaTa HU3UMHA, a TOBA Ch3/aBa MpsAKa ONACHOCT
3a crpajuTe U MbTHaTa HHQPACTPyKTypa.

2.2. IIposasnenue na Knumamuynume nPOMenU 6 paziuynume
30nu na bvneapus

3a KIMMaTUYHUTE NMPOMEHU U TEHJIEHLUUTE MO OTHOLICHUE Ha
TEeMIepaTypHUTe ¥ BaJeKHH pPEKAMH € YCTAaHOBEHO, Y€ B
pa3IUYHUTE YacTH HAa CTpaHaTa MMAaT Pa3lIMIHO IposiBiaeHue. [Ipu
MPEeAXOJHH TIPOYYBAHHMS HA aBTOPHUTE € YCTAaHOBEHO, 4e
MIPUHAAJIEKHOCTTA HA TEPUTOPHHTE KbM J1aJIeHa KIMMAaTH9HA 30Ha
¥Ma 3HaYeHNE W TeHJICHIIUUTE 32 BCSIKA OT TSAX Ca CIEAHHTE:

e VYMepeHO-KOHTHMHEHTanHa 30Ha: Hali-BuCOK Temm Ha

3aTOIUIAHE U MOBUIIICH PUCK OT 3aCyllIaBaHE.

IIpexonHO-KOHTHMHEHTaNHAa 30Ha: Bucox Temn  Ha
MOBHUIIIaBaHE Ha TEMIIEpaTypaTa, KaTo TaM ce PETHCTpUpa U
MaKCHMAITHO 3aCyIlIaBaHe.

IIpexonano-cpenu3eMHOMOpCKa 30Ha: Perucrpupar ce Haii-
MaJKH CTOMHOCTH Ha MHpPOMEHHTE Ha TeMIeparypara M
BaJISKUTE.

IInaamacka 30Ha: TeMIbT Ha 3aTOILISHE € YMEPEH U €
HaJIUIIEC 3aCylllaBaHe (HaMaJ'ISIBaHe Ha CHeFOBaJIe)KI/ITe).

qepHOMOpCKa 30Ha: BHCOk TeMIm Ha 3aTOIUISTHE H CpeacH
TEMII Ha 3aCylIaBaHE, BBIIPEKU OaM30cTTa J10 MOpETO.

M3MeHeHuATa Ha TemImepaTrypara M BaleKUTe 110 BHUCOUYMHA,
KaTo ce pasrielnaTr 30HUTe, KOUTO 00XBallaT pa3IMuHU HaJAMOPCKH
BUCOYMHH, IIOKA3BaT CICIHUTE TEHACHLUU:

e Temmneparypa: 3aTOIUIIHETO € IO-CHJIHO H3pa3cHO B
HU3MHHUTE U MO0-c1abo B IIaHMHHUTE. Pasnmukata Mexmy
HHUCKUTE M BHCOKHUTE PailOHM € yMepeHa, HO IUIAHHHCKHUTE
palioHH Bce MaK IOKa3BaT M3BECTHA YCTOWYMBOCT CpPELLy

IIO-BUCOKUTE TEMIICPATYPHU YBCIUYCHUS.

Banexu: Haii-ronmasmo HamaneHue Ha BaJIeXHTE Ce
HaOroaBa B pPaBHUHHHTE PallOHHM (OCOOCHO MPEXOJHO-
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KOHTHHCHTAJIHATa 30Ha). Bucokute IJIAaHUHHU ca
OTHOCHUTCJIIHO ITIO-MaJIKO 3aC€THATH OT Ta3u TCHACHIIUA, HO
HMa BUIUMO HaMaJIdBaHC HA CHETOBAJIC)KHUTE.

Te3u TenaeHIIUN noayepraBaTr yA3BUMOCTTa HAa HU3WUHUTEC KbM
3acyliaBaHusl W 3aTOIUIAHE, [AJOKAaTO IJIAaHWHUTE 3ala3BaT I10-
6HaFOHpI/I${THI/I KIIMMaTU4HU YCJIOBUSI, MaKap 4€ U T€ CE€ IPOMECHSAT.

Beuukn  padionn B bearapus moka3BaT  MOJIOXKHUTETHA
TCHACHIMS Ha 3aTOIUISIHE, a BaJIeKHTE HaMalsIBaT BHB BCHUKH
KIIMMaTHYHU 30HH, c M3KITI0YCHUE Ha MIPEXOIHO-
Cpean3eMHOMOpPCKaTa, KbAETO MMa cl1ab0 yBEIUYECHHE.

2.3. Bauanue Ha Kiumamuunume npomenu
nooxooume npu npoeKmupaHne u eKcnjioamayus

6BpXy

HacTostmure KMMMaTU4HE TEHACHIMN W3UCKBAT IPEOCMUCIISTHE
Ha MOJXOJUTE IpU MPOCKTHPAHE U EKCIUIoaTallus Ha CrpajuTe U
IIBTHOTPAHCIIOpPTHATA HH(PACTPYKTYypa:

3a crpagure:

e TOmIMHHHATE BBJIHA H3UCKBAT HOBH CTaHOapTu 3a
TOIUIOU30JIalsd W OXJIAXIaHC. Te BmusiIT " BBPXY

TEepMHUYHUTE JepopMaIy Ha MaTepUaIUTE.

ExcrpemHuTE Bajiexy HajaraT IoJ0OpEHUsI B CUCTEMUTE 32
OTBOJHSBAaHE Ha IIOKPMBH U (acagy, a CbpII0O U
IIPOCKTUPAHETO HAa CHUCTEMHU 3a APEHaX U BJIAaroyCTOHYUBU
KOHCTPYKIIUH.

Heo06xoauMoCT OT 1o-3/ipaBu KOHCTPYKIUH, YCTOWYMBH Ha
JUHAMHUYHUTE HATOBapBaHUS OT CWJIHH BETPOBE W
TpagyIIKy.

KoHcTpykumute Ha crpagute TpsOBa aa ce INPOEKTHpar
YCTOHYHUBH CPEIly CHIIHU JI0 YparaHHH BETPOBE.

3a MBTHOTPAHCIIOPTHATA HHPPACTPYKTYpa:

e Bucokure TEMIIEpATYpHU NPEAU3BUKBAT }:[e(bOpMaL[I/II/I Ha

ac(anToBUTE HACTUIIKH.

HaBonHeHusiTa yBpexgaT IbTHAaTa OCHOBA M BOJIST JIO
epo3usi Ha CKIOHOBETE OKOJO MbTUINATA, 3aToBa €
HEOOXOIMMO /1a C€ OCHTYPH YCTOWYHMBA OCHOBAa Ha IIbTHATa
HACTHUJIKA.

YcToWYMBOCTTa HAa MOCTOBETE M TYHEJIUTE Cpeury
HaBOJHEHHS U MPEJMBaHUS TPIOBa Aa ObJe MOACUIICHA.

[TbTHaTa WHOpacTpykTypa TpsOBa Ja OTYMTA pHCKA OT
BETPOBH €(EKTH, 0COOEHO IIPH MOCTOBE.

3. Adeiicmeawiu cmpoumennu Hopmu

KnumaTtnunute QakTopu — Temieparypa, BaleXH, BITHp, CHSIT
U EeKCTPEMHHM SBJIEHUS — OKa3BaT 3HAYMTEIHO BIMSIHHUE BBPXY
NPOEKTUPAHETO, CTPOUTEICTBOTO M EKCIUIOATALUATA HA Crpaiu U
mbTHa HMHQPACTpyKTypa. Bbiarapckure HOPMAaTHBHH [OKYMEHTH
OTYMTAT Te3U (AaKTOpU 4Ype3 peryialiu, CTaHIapTH M yKa3aHHWs,
KOMTO IeJAT Ja OCHTYpAT O0€30IacHOCT, MABITOTpaifHOCT U
YCTOHYMBOCT HA CTPOUTETHHTE OOEKTH.

Kmmmarnaaure Qaktopn ca HWHTErpupaHn B OBITapCKHTE
HOPMAaTUBHM  JOKYMEHTH W  TIPWIATAaHATE  MEXIyHapOJHH
CTaHJIapTH, U3IOJI3BaHNU Y HaC!

3.1. 3a czpaou

e Hapenba Ne P/1-02-20-2 ot 2012 r. 3a mpoekTHpaHe Ha
Crpagd ¥ CTPOMTEIHH KOHCTpyKuud [5] — T oTumra
CHErOHATOBapBaHMs, BETPOBH HATOBAapBaHHSA M CEU3MUYHA
YCTOHYMBOCT, KAaKTO W  [OCOYBA 30HUPAHETO Ha

TEPUTOPHUATA HA BT).III‘apI/ISI I10 CHEXXHU U BETPOBU KapTH.

Hapen6a Ne PJ1-02-20-3 ot 9.11.2022 r. 3a TeXHHYECKHTE
M3HCKBAHMS KbM CHEPIHIHUTE XapaKTePHUCTHUKU Ha CTPaju
[6] — ToBa e OTHOCHTENHO HOB HOPMATHUBEH JOKYMCHT,
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KOHTO peryiaMpa W3MCKBaHUATA 3a M3rPaXIaHe Ha
eHepruiiHo edextuBHu crpanu. Obaye Toil e Oa3upaH Ha
KIMMaTUYHU U COJIAPHHU JIaHHU, MYOIMKYBaHHU 33 IIbPBU ITBT
B Hapenba Ne PJ/-16-1058 or 10.12.2009 r. 3a
MOKa3aTeNIuTe 3a pPa3XoJl Ha CHEPrust M CHepruiHuTe
XapaKTepUCTUKK Ha crpagute [7], Kato ca ompenesieHH Ha
0a3a Ha M3MepBaHUs Ha TeMIepaTypaTa B METEOPOIOTHIHA
CTaHIMK Ha TepuTopusaTa Ha Beirapms B npemxomuus 30-
rofuiieH KmumarudeH nepuon (1961 — 1990 r.).

BAC EN 1991:2004 Espokon 1 [8]: Be3zeiicTBus BBpXY
CTPOUTEIHNTE KOHCTPYKIIUH — PETyJIUpa BB3ACHCTBHUATA OT
CHSI, BSTBD, TEMICPAaTypH W [OPYTH KIMMaTHIHH
HaTOBapBaHHI.

3.2. 3a nvmna unghpacmpyxmypa

3a HyXIUTEe Ha aHalu3a € BaKHO Ja ce OTOeNexXHu, 4e IpHu

CBCTaBSHETO Ha HOpMaTHBHara ypenba B bbarapus, xosTo ce
oTHacs 10 IIbTHaTa HMHQPACTPyKTypa H  TPAHCIIOPTHUTE
CbOPBKEHHMS KbM Hes, HsSIMa U3IPaJeHU IPaKTUKHU, JAa ce

cb00pa3sBaT MPOEKTHUTE MapaMeTpH ¢ KIMMATHYHHUTE TCHICHIMH.
Pa30upa ce, NPEHOPHKUTE B OTACIHUTE YAaCTH Ha CTaHIAPTUTE U
HapeaduTe ca NPHETH, TaKa 4e J1a OTYUTAT CleU(HKU Ha OKOJHATA
cpelia M KIIMMaTHYHHUTE 33 ChOTBETHATA HAIMOHAJIHA TEPUTOPUSL, HO
KaTo IJI0 ca ¢ BUCOKO HUBO Ha KOHCEPBATHBHOCT NPH ChCTABSHETO
nM. ToBa o3HayaBa, 4e pasMHCAaHUTE pa3NoOpendu, KOWTO TH
CBCTaBsT, OCHTYpsIBaT IPOEKTHH IapaMeTpH Ha Tpaceratra IIpu
CTaHIApPTHU EKCIUIOATAI[MOHHHW YCJIOBHS M 3aJ0KCHO HHBO Ha
nbTHa Oe3omacHOCT. Ta3W XapakTepHCTHKa B KOMOHMHAmus C
MPOABIDKUTEHUTE BPEMEBM MEPHOAM Ha IpepasriiekIaHe Ha
HapeaOUTe TH IPaBM HEPENICBAaHTEH HA CKOPOCTTA, C KOSTO ce
pa3BUBAT KIMMaTHYHUTE PUCKOBE.

Ilo-Baxxuute HOPMATUBHU JOKYMEHTH, C KOUTO CE obe3reyaBaT
MOBTUIATA U TPAHCIIOPTHUTE CHOPBKCHUA KbM TAX Ca!

Hapenba Ne P[-02-20-2 ot 28 asryctr 2018 r. 3a
nmpoekTupaHe Ha mpTuma or 27 cenremBpu 2018 r. — B
obxBata M (Urypupar HpernopbKd KbM YacTHTE Tpace Ha
ObTS, OBTHO IUIATHO, 3€MHO TSUIO M JPYTH, KOMTO HMar
OTHOILICHHE KBM OCHTYPSBAaHETO Ha EKCIUIOATALIOHHUTE
MOKa3aTel Ha MBTHUTE Y4YacTBLHM W IO OTHOIIGHHE Ha
BimsiHueTo Ha Kimmata [9)]. JlelicTBHeTO M € B TpaHHIUTE
Ha HEYpOaHU3MPAHUTE TEPUTOPHH.

Hapen6a Ne P/1-02-20-2 ot 20 nekemBpu 2017 r. 3a
[UIAHUpaHEe ¥  [POEKTHpPaHe HAa  KOMYHHKAIHOHHO-
TpaHCIOPTHATA CHCTeMa Ha ypOaHU3UPAHUTE TEPUTOPUH OT
27 noemBpu 2018 r. — B oOxBara u QUTypupaT NpenopbKU
KbM KOMYHHUKAI[HOHHO-TPAHCIIOPTHHUTE CHCTEMH,
MNPOCKTHPAHETO HA MELIEXOAHH, BEJOCHUICAHH ¥ YIHYHH
tpacera, u apyru [10]. [eiictBueTo © ¢ B TpaHHLUTE Ha
ypOaHU3UpPAHUTE TEPUTOPUU.

W nBata HOPMATUBHU [OKYMEHTa CbIbpXAT IPETNOPBKU 3a
VKPENHUTEIHH W  CTAaOWIM3Wpalld  €JEeMEHTH, OTBOIHSBAaHE,
BUMIMOCT, CHETOHABABAHUSA U IPYTH.

e Hapenba Ne PJII1-02-20-2 ot 21 nexemBpu 2015 r. 3a
TEXHUYECKH TMPABUJIa ¥ HOPMH 3a MPOEKTUPAHE HA MBTHH
TyHeN. JIOKYMEHTBT ChIbp3Ka MPENOPHKH 32 IPOEKTUPAHE,
KOUTO W3KMCKBAaT ChOOpa3sBaHEe C MHKEHEPHO-TEOJOKKHUTE
YCIIOBHSI, BB3JIEHCTBHS HA OKOJHATA CpeJa OT KIMMATHYHO

MPOBOKHUPAHHU ChOUTHs U Apyru [11].

Texamuyecka cnenudukanus ot 2014 r. m TexHudecku
IpaBHIa U U3MCKBAHUSA 32 MOJABbpPXKaHe Ha mbTUIna ot 2009
[12, 13]. ToBa ca moKyMeHTH OT HOpMaThWBHara 0a3a,
CbCTaBeHa OT ATrCHLMS IbTHA MH(PACTPYKTYpa, HACOYCHH
KbM M3IBIHEHHETO U TMOJAPHKKATa Ha MBTUIIATA U
TPAHCHOPTHHUTE CHOPBKEHUS KbM TSIX.

PBKOBOJACTBO 3a OpasMmepsiBaHe Ha ac(aiTOBH IIHTHH
Hactuiku o1 2003 [14]. JIoKyMeHTBT H3II0J3Ba METOIHKA, C
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KOATO C€ IPOEKTUPAT I'bTHUTE HACTHMIIKH, BKJIIOYHTEIHO
CcbOOPA3HO EJIEMEHTH Ha OKOJIHATA Cpejia.

Harmmonanau  cranpapru:  BIAC EN 1317 [15]:
OrpaHMYMTENHH CHCTEMH 32 MBTHIA W HALMOHATHOTO
OPUIOKECHHE KBM TAX. B HEro ca periaMeHTHpaHH
M3MCKBAaHMS 32 OLICHSBAaHE Ha ABATOTPAHOCTTa BBB BPb3Ka
¢ arMoc)epHHUTE YCIOBHS KaTO 4YacT OT EIEeMEHTHTE Ha
KIUMara, C KOMTO B3aHMOJEHCTBAT TI0 BpeMe Ha
CKCILIOATAI[HS.

BAC EN cranmapté 3a mpoeKTHpaHE Ha TPAaHCIOPTHU
CHOPBHKCHHSI — BCHUKH YacTH Ha cucremara EBpokon ot 0
J0 9 ¥ HalHOHAIHATE NPWIOKEHHS KbM TiAX. Ilo
OTHOLICHWE  Ha  BB3ICHCTBUATA, BCHYKH  BHJIOBE,
BKJIFOYMTEIHO KIMMATUYHO IIPOBOKHMPAHUTE OT TAX, ca
sanerHanu B BJIC EN 1991:2004 Espokox 1: Bw3aeiicTBus
BBPXY CTPOUTEIHUTE KOHCTPYKLHH.

3.3. Mesicoynapoonu cmanoapmu

e Cucremara ot crangaptu Ha CEN EBpoxon ¢ Homepa ot 0
10 9 [16] ca MexayHapoJeH periiaMeHTeH IaKeT, B KOUTO
crnenupuIHITe 0COOCHOCTH HAa CHOTBETHATA CTPaHA WICHKA
ca perijaMeHTHpaHH B rpymara Ha HanuwonamHurte
OPUJIOKEHHsT KbM JIajeHata uvact [17]. JleBerte wactu
oOXBamiaT MpPOEKTHPAaHETO Ha BCHYKH Crpagd |
CHOPBKEHHS, BKIIOYHTETHO YacT [eoTeXHWKa M dYacT
Cem3muuHo  ocurypsiBaHe.  [lo  OTHOmIeHHEe  Ha
BB3ACHCTBUATA, BCHUKM BHIOBE ca 3aimerdHanmn B EN 1991
2002.

ISO 14001 u ISO 14090 — 3a amanTamnus KbM e)EeKTHUTE U
CMEKYaBaHe Ha M3MEHEHHUETO Ha KJIMMAaTa.

4. Hacoxu 3a ycmoiuueo npoekmupaune u
aoanmayus Kom KAUMAmMuyHume nPoMeHu.

IMpomensmuTe Ce KIMMATHYHN yCIOBHS HaiaraT OOHOBSIBAHE U
pasmmpsBaHe HA cTpouTenHuTe HOpMHU. HeoOxoammu ca crieqHnTe
MEpPKH:

e  VYCTOWYMBOCT Ha €KCTPEMHHM SIBJICHHUS: CTpajd, yCTONUMBU

Ha OypH, TPagyIIKy 1 HABOJHEHHSI.

Ilo-ctporun crawmapTu 3a H30jJaUUs M €HepruiiHa
e(eKTUBHOCT: MaTepHaIn C BUCOKA TEPMUYHA YCTOHIMBOCT
3a ChOpaBsHE C TOIUIMHHM BBJIHM W  NPOMEHJIMBU
TEMITEPaTypPH.

ITacuBeHn crpajgeH Au3aiiH: MOAXOJAINAa OpHEHTAIMs,
3aCEHYBaHUS, 3€JICHU  IOKPUBH,  YCHBBPIICHCTBAaHA
M30J1alKs, €CTECTBEHA BEHTHIIALUS U 3€eHa OKOJHA cpena
3a HaMaJsiBaHEe Ha MPErpsBaHeTO U EHEPTUiHUTe 3aryou.

AxTuBHM Mepku: PV manenu B 3aceHYBalIM YCTpPOWCTBA,
HMHTEJINTEHTHN CTBHKJIA, aJaNTHBHHU (acagd, aJanTHBHA
apXuTEKTypa U (a30BO-POMEHSIIH CE MATEPHAIIH.

AanTUBHU TEXHOJIOTHH. 3€JICHU TIOKpUBH, yCTOfI‘lPIBPI
MaTe€pruaJIi U CUCTEMU 3a PELHUKIMPAHE HA BOAUTE.

PervonanHo  30HMpaHe: CTaHHApTH, ChOOpaseHH
KIMMaTHYHUTE PHCKOBE B PA3IMYHK YacTH Ha Bbirapus.

C

AnanTHpaHeTO Ha CTpaguTe KbM NPOMEHSAIIUTE c€ KIMMATHYHU
YCIOBHSI 4pe3 YCTOWYMBH Marepuaid, e(eKTUBeH JAu3ailH W
aJaNTUBHU TEXHOJIOTMU IIE OCHIYpU IO-TOJISIMa CHULYPHOCT,
eHepruifHa e()eKTUBHOCT M yCTOIYMBOCT HA CTPOUTEIHUTE OOEKTH
B bwarapus.

5. Ilpeonosicenun 3a npomenu 6 HOpMamueHume
O00KyMeHmu, npeosud meHoeHyuume ¢ UsMEHEHUEemo
Ha K1umama

C’bHIeCTByBaHII/ITe CTPOUTCIHNU HOPMHU U CTaHAApTHU B BT)HFapI/ISI
BCC OLIC€ HE OTpa3saBaT HAIIBJIHO KIIMMATUYHUTC TCHACHIIWUHU. 3a ma
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Ce rapaHTHpa yCTOHYHBOCTTA Ha CTPOUTENTHUTE 0OEKTH KbM HOBHUTE
KIMMAaTHYHU PEalHOCTH, € Heo0XOAUMO Ja Cce HHTerpupar
CJIETHUTE KIIIOUOBHU ACTIEKTH:

1. O0HOBsIBaHe HAa HOpMATUBUTe: BrBeKIaHEe HA apaMeTpH,
KOHTO  OTpa3siBaT  OYAaKBAaHWTE EKCTPEMHH  TEMIIepaTypH,
WHTEH3MBHOCTTa HAa BaJleXHTE, KaKTO M M3HUCKBAaHUA 3a
YCTOHYMBOCT KBbM CHIJIHM BETPOBE M HaBOJHEHMs. ToBa Ie OCUTYpH
mo-mobpa 3ammrTa Ha Crpagure W HHQpacTpyKTypara Cpeury
KIMMaTHYHUTE IPOMEHH U 1I¢ HaMaJli PUCKA OT PaspyLICHHUS.

2. Ilpucnoco0siBaHe KbM perHOHAJIHMTe paszauyus: B
palfoHH € YeCT PHCK OT HABOAHEHUs € He0OXOAMMO INpUIaraHe Ha
MO-BUCOKH CTaHJApPTU 3a OTBOAHSIBAHE, BKIIOUHTEIHO €(EKTHBHU
JpEHaXHU CHUCTeMH. B 30HM ¢ BHCOKa BIaXHOCT TpsiOBa ma ce
H3MOJI3BAaT MaTepHaiy, YCTOMYMBY Ha KOPO3Ws ¥ Blara, 3a Ja ce
rapaHTHpa IBJITOTPAHHOCTTAa U HUCKHUTE Pa3XxOH 3a IOJIPHKKA Ha
crpajaure.

3. UnTerpanus Ha ajanTHBHH peuieHusi: Buenpssane Ha
3€JI€HH TEXHOJOTUH KaTO TIOKPUBHU I'PaJUHU U BEPTHKAIHH 3€JICHH
(acagy 3a HamansgBaHE Ha TeMIepaTypHUs eeKT u moaoOpsBaHe
HAa MHUKpOKIMMara B ypOaHusupaHute paiionn. Ce3gaBaHe Ha
YCTOHYMBHM CHCTEMH 3a YIpaBICHHE HA IBXIOBHHUTE BOJIH,
BKJIFOUMTEIHO 3aIbpiKallld  PEe3epBOAPU U BB3MOXKHOCTH 32
pELMKINpaHe Ha BOJaTa 3a BTOPUYHO U3II0JI3BaHE, KATO HAIpHMEp
THOJIMBaHE Ha 3€JI€HHU IUIOIIH.

Tesu npeanoxeHus mie JompruHecaT 3a M0-¢EKTUBHO CIIPaBSHE
C KJIMMAaTHYHUTE TPOMEHH, KaTo yBEeIMYaBaT yCTOWYMBOCTTa Ha
CTPOUTENHHUTE OOCKTH, HAMAJIIBAT PUCKA OT IIETH W OCHUTYpSBAT
T0-IBIATOCPOYHA e(EeKTUBHOCT Ha HMHBECTHIIMHUTE B
CTPOUTEIICTBOTO.

6. 3aknrouenue

HHTerpupanero Ha KIMMaTUYHUTE NPOTHO3M B CTPOUTEITHUTE
HOPMH € OT KJIIOYOBO 3HAYCHHUE 32 TMOBUILABAHE HA YCTOWYMBOCTTA
Ha crpagute u WHOpacTpykrypata B bbarapus. IIpumaranero Ha
aaNTHBHU CTPATETHM II€ HaMald PHUCKa OT OBACIIN INeTH, e
HaMaJIi 3aryOnTe OT BIMSHHUETO Ha KIMMATHYHUTE IPOMEHU BBPXY
WKOHOMHKATa M IIE€ OCHTYPH IBIBI JKHBOT HA CTPOHTEITHHTE
00eKTH U Ie Momo0py TOTOBHOCTTA 3a CIHpaBsHE C KIMMATHIHUTE
MPOMEHH.

KinnmaTtnyHuTe NMpoMeHn ca KpuTHieH (akTop, KOHTo TpsOBa
Jla OKa3Ba CBIIECTBEHO BIMSHHUE BBPXY IMPOEKTHPAHETO,
CTPOUTEIICTBOTO u eKCII0aTalusITa Ha crpanu u
MIBTHOTPAHCIIOPTHA HWH(pAcTpykTypa B bbiarapus. AHamm3pT Ha
TeMIepaTypHUTE U BaJEKHUTE TEHICHIIUN Pa3KpHUBa SICHO U3Pa3eHO
3aTOIUITHE W TIPOMSHA B Pas3NpeleNICHHETO Ha BAJEXKUTE, KOUTO
W3UCKBAT MHTETPUPAHE HA aJallTUBHH CTPATETHH M HOBH CTaHIApTH
B CTPOUTEIHUTE HOPMHU.

OCHOBHHUTE H3BOJH OT U3CJICABAHCTO BKIIOYBAT:

o HCO6XOZ[I/IMOCT OT aKTyaJlu3upaH€ Ha HOPMATHUBHHUTE
HM3HUCKBAHHUA C OIJIC€d Ha 61;}1€LL[I/ITB KIIMMaTU4HU CUCHapHuu,
KOUTO OTpa3sgBaT OYaKBAHUTE CKCTPEMHHU TEMIIEPATYypH,

BAJIC)KH U EKCTPEMHH METCOPOJIOTMYHU ABJICHHUA.

BpBexaHe Ha yCTOWYMBM M aJalTUBHU pEIIEHUS B
IIPOEKTHUPAHETO Ha crpanu u UHDpPaCTPyKTYypa,
BKJIFOUUTEJIHO 3€JICHU TEXHOJIOTHH, UHTCIIMICHTHU CUCTEMU
Y TIOBUIIEHA YCTOMYUBOCT HA €KCTPEMHH SIBJICHHUS.

3HaueHHEe Ha PErMOHAIHOTO 30HHpAaHE 3a OTYHWTAHE Ha
CHenU(pUIHUTE KIMMATHIHA OCOOCHOCTH Ha Pa3IHYHHUTE
paiioHU B CTpaHaTa.

W3Bopute 0T u3cleABaHETO IOA4epTaBaT HyXJIaTa oOT
KOOpAUHHMPAHU YCUJIHS MEXJY HAy4yHUTE CPEAM, MHCTUTYLHUUTEC U
CTPOUTEIHMA CEKTOp ¢ Lel Cb3JaBaHe Ha yCTOWYMBU U
IBATOTpaiHN  MHGPAacTpyKTypHH pemieHusa. [leWicTBuara 10
ajlanTanus KbM MIPOMEHSIIUTE ce KIMMAaTUIHHU YCIOBHS 1€ HaMalu
pHCKa OT OBJEIN IIETH, 3aryOUTe OT BIMSHUETO Ha KIMMAaTHYHHUTE
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MPOMEHU BBPXY MKOHOMHKATa M I€ AONpPHUHECAT 3a I0-BHCOKA
eHepruiiHa eeKTHBHOCT, HKOHOMHYECKA YCTOHYMBOCT U 110-100pa
’KHU3HEHa cpejia 3a OBACHINTE TOKOIEHHUSI.
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Abstract: Additive manufacturing (AM) of metal structures is transforming industries by enabling the creation of complex, efficient, and
customizable components. This article explores key AM technologies for metals, including Powder Bed Fusion (PBF), Directed Energy
Deposition (DED), Binder Jetting, Metal Extrusion, and Sheet Lamination. Each is analyzed in terms of principles, strengths, limitations,
and applications. A comparative evaluation highlights factors like precision, scalability, cost, and environmental impact to identify optimal
technologies for various industries. Despite its advantages, challenges remain in material quality, process reliability, cost, and certification.
Emerging trends such as hybrid manufacturing, Al-driven process optimization, advanced materials, and sustainable practices hold promise
for overcoming these barriers. By examining current technologies and future opportunities, this article provides valuable insights for
advancing metal AM in diverse applications.
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type, energy source, and process flow, offering a systematic

1. Introduction understanding of the available approaches.

Additive manufacturing (AM), commonly known as 3D 1. Classification by Material Type
printing [1-3], has emerged as a transformative technology in AM methods for metals are designed to handle different forms
modern manufacturing, enabling the layer-by-layer construction of ~ of feedstock, including:
complex and intricate geometries directly from digital models. This + Powders: Common in Powder Bed Fusion (PBF) and Binder
approach contrasts with traditional subtractive methods, offering  Jetting, where metal powder is fused or bonded layer by layer.
significant advantages such as material efficiency, design » Wire: Used in Directed Energy Deposition (DED) processes
flexibility, and reduced lead times. Over the past two decades, AM that employ wire as the primary feedstock for building parts.
has advanced beyond its initial use for rapid prototyping and + Filaments: Found in metal extrusion techniques, where a
evolved into a robust method for producing functional components ~ metal-polymer composite filament is extruded and subsequently
across various industries. sintered.

Metal additive manufacturing [4-7], in particular, has gained « Sheets: Utilized in Sheet Lamination, where thin metal sheets
prominence due to its ability to produce high-performance parts  are bonded and shaped layer by layer.
with superior mechanical properties and lightweight designs. Each material type offers unique advantages, such as high

Industries such as aerospace, automotive, medical, and construction ~ material utilization (powder and wire) or cost efficiency (sheet and

have embraced AM for metals to address demanding requirements  filament-based methods).

for strength, durability, and precision. In aerospace, AM enables the 2. Classification by Energy Source

production of lightweight but structurally strong components, The energy source plays a crucial role in determining the

reducing fuel consumption. Automotive manufacturers leverage  process mechanisms and applications of metal AM technologies.

AM for rapid design iterations and custom parts, while the medical Key categories include:

sector benefits from personalized implants and prosthetics. In + Laser-Based Systems: Common in PBF (Selective Laser

construction, metal AM offers solutions for creating complex  Melting, SLM) and DED, lasers provide high precision and control

architectural structures and infrastructural components with  for melting or sintering metal feedstock.

minimal waste. * Electron Beam Systems: Used in processes like Electron Beam
This review aims to provide a comprehensive exploration of key ~ Melting (EBM), electron beams deliver high energy levels for

additive manufacturing technologies specifically tailored for metal ~ melting metal powders in a vacuum environment.

structures. It examines their working principles, advantages, * Arc-Based Systems: Often used in wire-based DED, electric

limitations, and suitability for various applications. Technologies  arcs provide a cost-effective and scalable energy source for metal

covered include Powder Bed Fusion (PBF), Directed Energy  deposition.

Deposition (DED), Binder Jetting, Metal Extrusion, and Sheet + Binder and Chemical Processes: Found in Binder Jetting,

Lamination. A comparative analysis highlights the strengths and ~ where binding agents solidify metal powder layers without

weaknesses of each method across critical performance metrics requiring direct melting.

such as precision, scalability, cost, and environmental impact. « Ultrasonic Energy: Utilized in Sheet Lamination, where
The article also discusses the current challenges faced by metal ultrasonic welding bonds metal sheets into a cohesive structure.

AM, including material quality, process reliability, certification, and Each energy source offers trade-offs in terms of precision, build

economic constraints. Emerging trends such as hybrid speed, energy efficiency, and part quality.

manufacturing, artificial intelligence  (Al) integration and 3. Classification by Process Flow

sustainable practices are explored as potential solutions to these The workflow of AM technologies for metals can be

barriers. By focusing on the present state and future directions of ~ categorized into distinct stages, affecting the final part's quality and
metal AM, this article seeks to guide researchers and industry application. Key classifications include:

professionals in advancing the adoption of this transformative + Powder Bed Processes: Methods like PBF involve spreading a

technology across diverse fields. layer of powder over a build platform, followed by selective fusion

using lasers or electron beams. These processes are known for high

2. Classification of AM Technologies for Metals precision and excellent mechanical properties but have slower build
rates.

The development of additive manufacturing (AM) technologies - Directed Deposition Processes: DED and similar methods

for metals [4-7] has led to a range of methods optimized for specific  geposit material directly onto a surface in a controlled manner,

applications. These methods enable the creation of metal  offering versatility in repair and large-scale applications.
components with varying complexity, precision, and performance.

AM technologies for metals can be classified based on material
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« Binder-Based Processes: Techniques like Binder Jetting use a
liquid binder to join metal powder particles layer by layer, with
sintering or infiltration required to achieve final part strength.

« Extrusion-Based Processes: Metal extrusion methods rely on
the deposition of a composite filament, followed by debinding and
sintering steps to create functional parts.

» Sheet-Based Processes: Sheet Lamination techniques involve
bonding and cutting metal sheets layer by layer, offering high speed
and material efficiency but limited geometrical complexity.

By organizing metal AM technologies into these categories, we
can better understand the trade-offs and applications of each
approach, laying the groundwork for selecting the most suitable
method for specific industrial needs.

3. Key Technologies

Additive manufacturing (AM) for metals includes various key
technologies designed to meet specific needs in material properties,
precision, and application. These methods allow for the production
of complex metal structures, offering design flexibility and material
efficiency, though they also present challenges in cost, speed, and
scalability. Below is an overview of the main technologies used in
metal AM.

3.1. Powder Bed Fusion (PBF)

Techniques: Selective Laser Melting (SLM) - Uses a laser to
melt and fuse metal powder particles, producing fine details and
excellent mechanical properties; Electron Beam Melting (EBM) -
Uses an electron beam to melt metal powders, effective for high-
melting-point metals like titanium. Mechanisms: Metal powders are
spread across a build platform, melted layer by layer by a laser or
electron beam, bonding them to the layer below. Applications: Used
in aerospace, medical implants, and automotive industries for
producing complex geometries. Advantages and Limitations:
Advantages - High precision and complex part production;
Limitations - High equipment costs, slow build rates, and need for
post-processing.

3.2. Directed Energy Deposition (DED)

Techniques: Laser-Based DED - Uses a laser to melt metal
powder or wire, forming the structure layer by layer; Arc-Based
DED - Uses an electric arc to melt metal wire, depositing it onto the
build surface. Mechanisms: Energy is directed at the material,
melting it and allowing it to deposit layer by layer. Applications:
Used for large parts, such as turbine blades, and for repairs in
aerospace and defense [8-12]. Advantages and Limitations:
Advantages - Flexibility in material use and part size; Limitations -
Lower resolution and surface finish compared to PBF.

3.3. Binder Jetting

Mechanisms: Metal powder is layered, with a binder selectively
applied, followed by sintering to remove the binder and fuse the
metal. Applications: Ideal for medium-sized parts in industries like
automotive and aerospace. Advantages and Limitations:
Advantages - Fast and cost-effective, suitable for complex
geometries; Limitations - Lower strength and density compared to
PBF and DED, requiring additional post-processing.

3.4. Metal Extrusion

Techniques: Bound Metal Deposition (BMD) - Metal-polymer
composite filament is extruded, followed by heating and sintering;
Fused Filament Fabrication (FFF) - Similar to BMD but uses a
metal filament mixed with polymer binder. Mechanisms: The
filament is extruded layer by layer, followed by debinding and
sintering to achieve full metallization. Applications: Primarily for
prototyping and low-volume production of metal parts. Advantages
and Limitations: Advantages - Cost-effective, simple setup, suitable
for prototyping; Limitations - Limited material options, requires
post-processing.

3.5. Sheet Lamination

Techniques: Ultrasonic Additive Manufacturing (UAM) - Uses
ultrasonic welding to bond metal sheets layer by layer.
Mechanisms: Metal sheets are bonded together and machined to
achieve the desired shape. Applications: Used for lightweight
structural components in aerospace and automotive industries.
Advantages and Limitations: Advantages - Fast and low-cost for
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large parts; Limitations - Limited material options and lower
resolution.

These key technologies serve different industrial needs, based
on factors such as material, part complexity, and production speed.
Understanding the advantages and limitations of each method is
critical for selecting the most appropriate technology for specific
applications.

Fig. 1 An image of a metal turbine blade

Figure 1 shows an image (made by Al) of a metal turbine blade
designed for aerospace applications, manufactured using additive
manufacturing. The intricate cooling channels and polished surface
demonstrate the advanced engineering and precision achievable
with this technology.

4. Comparative Analysis

Selecting the appropriate additive manufacturing (AM)
technology for metal structures requires evaluating performance
metrics, application suitability, and environmental impact. This
section compares key technologies based on accuracy, material
properties, build speed, cost, scalability, and environmental factors.

Performance Metrics

» Accuracy: PBF (Selective Laser Melting and Electron Beam

Melting) provides high precision, suitable for complex geometries;
DED offers lower resolution but is ideal for large-scale parts or
repairs; Binder Jetting and Metal Extrusion have lower accuracy,
often requiring post-processing.
Material Properties: PBF delivers parts with superior
mechanical properties (high tensile strength); DED is good for
repairs but lacks the precision of PBF; Binder Jetting and Metal
Extrusion produce parts with lower mechanical strength, requiring
post-processing.

« Build Speed: DED has the fastest build times for larger parts;
Binder Jetting is also quick for medium-sized parts; PBF is slower
due to the scanning process; Metal Extrusion and Sheet Lamination
are the slowest.

» Cost: PBF has high upfront and operational costs due to
expensive materials and equipment; DED is more affordable than
PBF but still involves high costs for equipment; Binder Jetting is
cost-effective for medium volumes, using cheaper materials; Metal
Extrusion and Sheet Lamination are the least expensive but have
trade-offs in material properties.

« Scalability: DED is highly scalable for large parts or repairs;
PBF is best for low to medium-volume, high-precision production;
Binder Jetting scales well for medium-volume production of less-
critical parts; Metal Extrusion and Sheet Lamination are better for
low-volume or prototyping.

Application Suitability

» Aerospace: PBF is ideal for lightweight, high-performance
parts; DED suits large components and repairs; Binder Jetting is
used for prototypes but not for high-strength parts; Metal Extrusion
and Sheet Lamination have niche uses in lightweight structures.

» Automotive: PBF is used for high-performance parts with
complex geometries; DED works for larger automotive components
and repairs; Binder Jetting is suitable for prototypes and medium-
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sized parts;Metal Extrusion and Sheet Lamination are used for low-
volume production and lightweight parts.

* Medical: PBF is favored for biocompatible implants and
prosthetics; DED is used for repairs and custom prosthetics; Binder
Jetting is less common due to material limitations; Metal Extrusion
and Sheet Lamination are not widely used in medical applications.

Environmental Considerations

« Energy Consumption: PBF requires high energy for laser or
electron beam melting; DED is more energy-efficient, especially
with arc-based systems; Binder Jetting is the most energy-efficient;
Metal Extrusion and Sheet Lamination are relatively low in energy
use.

 Waste Generation: PBF generates excess powder, but it can be
recycled; DED produces minimal waste, mainly excess material;
Binder Jetting and Metal Extrusion also create waste, but recycling
is possible; Sheet Lamination generates minimal waste from cutting
and machining.

* Recyclability: PBF and DED can recycle unused powder or
wire; Binder Jetting parts can be fully recycled post-sintering; Metal
Extrusion and Sheet Lamination are harder to recycle due to binder
content.

In conclusion, the choice of AM technology for metal structures
depends on factors like performance, cost, scalability, and
environmental impact. PBF and DED are ideal for high-precision
and large-scale parts but come with higher costs, while Binder
Jetting and Metal Extrusion offer cost-effective solutions for lower-
performance applications. Environmental considerations, such as
energy consumption and recyclability, should also influence the
selection process.

5. Challenges and Limitations

Additive manufacturing (AM) for metal structures offers
promising advancements but faces several challenges across
technical, economic, environmental, and regulatory domains. These
factors affect its broader adoption, particularly in industries
demanding high precision and performance.

5.1. Technical Challenges

Material Awvailability and Quality: Limited availability and
inconsistent quality of metal powders and filaments are significant
hurdles. Properties like particle size and flowability impact part
integrity and performance, with variations leading to defects.

Process Reliability and Repeatability: Ensuring consistent
outcomes across production runs is challenging due to variability in
machine calibration, material quality, and environmental conditions.
Reliable process control is critical for applications in aerospace and
medical fields [13-15].

Resolution and Surface Finish: Some methods, like Powder Bed
Fusion (PBF), offer high resolution but often require post-
processing for better surface finish. Technologies like Directed
Energy Deposition (DED) or Metal Extrusion have lower
resolution, adding to the overall time and cost.

5.2. Economic Challenges

High Costs: Metal AM requires significant upfront investment
in machines and materials. Technologies like PBF and DED are
expensive, both in capital and operational costs, limiting
accessibility for smaller companies.

5.3. Environmental Challenges

Energy Use and Material Waste: Energy-intensive processes,
particularly PBF, require high-powered lasers. While some metal
powders are recyclable, not all are recoverable, leading to material
waste. Efficient recycling and waste management remain key
concerns.

5.4. Regulatory Challenges

Certification and Standardization: Obtaining certification for
metal AM parts is a slow and costly process, especially in industries
like aerospace and healthcare. The lack of established standards
complicates regulatory approval and industrial adoption.

In summary, AM for metal structures faces challenges including
material quality, process reliability, high costs, environmental
impact, and regulatory hurdles. Addressing these issues requires
ongoing innovation and collaboration across industries.
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6. Emerging Trends and Future Directions

Additive manufacturing (AM) of metal structures continues to
evolve, driven by advancements in materials, integration with other
manufacturing methods, automation, and a growing emphasis on
sustainability. These emerging trends are shaping the future of AM,
enabling broader applications and improving its efficiency and
environmental impact.

New Materials [18]

« Alloys and Composites: The development of specialized metal
alloys tailored for AM processes, such as lightweight titanium-
aluminum alloys or high-strength steel, is expanding the range of
applications. Advanced composites combining metals with ceramics
or polymers are being introduced to enhance properties like wear
resistance, thermal stability, or conductivity.

 Advanced Metals: Efforts are underway to create functionally
graded materials (FGMs) that offer varying properties within a
single part, enhancing performance in critical applications like
aerospace and energy.

Hybrid Manufacturing

« Integration with Subtractive Methods: Hybrid manufacturing,
which combines AM with traditional machining methods, is gaining
traction. For example, AM can produce complex geometries, while
CNC milling provides high-precision finishing. This integration
allows manufacturers to leverage the strengths of both techniques,
enabling faster production cycles and improved part quality.

* Repair and Retrofit Applications: Hybrid systems are
increasingly used to repair and refurbish high-value components,
such as turbine blades, where AM builds new material onto worn
areas, followed by precision machining for final touches.

Automation and Al

* Process Automation: The integration of sensors, robotics, and
automated control systems is streamlining the AM process,
reducing human intervention, and ensuring consistent quality.
Automated powder handling and part removal systems are
improving throughput in high-volume production environments.

» Al-Driven Optimization: Artificial intelligence (Al) and
machine learning algorithms are enhancing design optimization,
defect prediction, and real-time monitoring. Al can help identify
optimal process parameters, reducing trial-and-error
experimentation and improving efficiency.

Sustainability Initiatives

 Eco-Friendly Practices: Efforts to reduce the environmental
footprint of AM include developing recyclable metal powders,
minimizing energy consumption, and improving powder recovery
systems. Binder jetting and metal extrusion processes are
increasingly recognized for their energy efficiency compared to
more intensive methods like PBF.

» Green Materials: Researchers are exploring the use of bio-
derived binders and low-energy sintering techniques to reduce
environmental impact. Additionally, closed-loop recycling systems
for unused powders are becoming standard practice in AM
facilities.

Large-Scale Additive Manufacturing

« Construction and Infrastructure: Large-scale AM technologies
are moving beyond aerospace and automotive applications into the
construction sector. Techniques such as Wire Arc Additive
Manufacturing (WAAM) are being used to fabricate structural
components like bridges and building frameworks, offering faster
build times and reduced material waste compared to traditional
methods.

« Energy Sector Applications: AM is being applied to produce
large, high-performance parts for wind turbines, pipelines, and other
infrastructure, where cost-effectiveness and customization are
critical.

In conclusion, the future of metal additive manufacturing is
being shaped by advancements in materials, hybrid manufacturing
approaches, and the integration of automation and Al. Emphasis on
sustainability and scalability is further expanding its applications,
positioning AM as a transformative technology across industries.
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7. Conclusion

Additive manufacturing of metal structures represents a
transformative shift in manufacturing, offering unparalleled design
freedom, material efficiency, and the ability to produce highly
customized and complex parts. Key technologies such as Powder
Bed Fusion (PBF), Directed Energy Deposition (DED), Binder
Jetting, Metal Extrusion, and Sheet Lamination each bring distinct
advantages and limitations, making them suitable for specific
applications across industries such as aerospace, automotive, and
healthcare.

Despite its promise, the broader adoption of metal AM is
hindered by persistent challenges. Technical obstacles, including
material quality, process reliability, and surface finish, remain
critical concerns. Economic barriers, such as the high initial
investment and operational costs, particularly for advanced
machines and specialized materials, further limit accessibility.
Environmental impacts—notably high energy consumption and
material waste in some processes—require continued innovation to
align with global sustainability goals. Additionally, regulatory
challenges, particularly in the standardization and certification of
AM processes, pose hurdles for industrial use in critical
applications.

Overcoming these challenges necessitates a coordinated effort
among researchers, industry stakeholders, and policymakers.
Investment in the development of new materials, hybrid
manufacturing approaches, and sustainable practices will be crucial.
Furthermore, collaboration between industry and academia can
drive innovation, while harmonized standards and certification
frameworks can accelerate adoption in regulated sectors.

In conclusion, while the technologies for metal additive
manufacturing have achieved significant milestones, addressing the
remaining technical, economic, and regulatory challenges will be
pivotal for its broader application. By fostering collaboration and
investing in research, the potential of AM to revolutionize
manufacturing can be fully realized, unlocking new opportunities
for innovation and growth.
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uH@pacmpykmypa, me mpsbea Oa ca CvbcmaseHu ¢ onpedeiena cmpykmypa. Ilybnuxayusma npeocmass udeen eapuawm 3a
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1. Bveeoenue O6xBat Ha AUK: OcHoBaTa Ha CTPYKTypaTa Ha aHANM3a 3a
H3rpakJaHe Ha MOJIENa U TapaMeTpH 3a MpHUaraneTo My — ¢ur. 1:

» TpancnopTtHata MHQPACTPYKTypa € ySI3BUMa KbM DPHUCKOBH
CHOUTHS B CIIECTBHE OT W3MEHEHHMETO Ha KIMMara Mpe3 BCUYUKH
OCHOBHM €Talld Ha OKU3HEHHUS W IHMKBI (IPOEKTUpaHEe,
CTPOUTEIICTBO, EKCILIOATAIIN);

» Etan ¢ Hali-BUCOKa CTEINEH Ha pHUCKa — eKcIioaTanuara. Tosa
ce JBDKM Ha ChbYeTaHHE MEXAy BpeMe IMOoJI3BaHe W
HEOOXOJMMOCTTa OT aJaNTHPaHe HA CTPYKTYpPHO-U3TPaXKIAIINTE 5
KOMITOHEHTH (moxnpwKKa, epeKTHBHa  ycuyra, IbTHA
0e30macHoCT);

» I'pynupane Ha mapaMeTpuTe, KOUTO ONpENENAT CTeHeHTa Ha
YyBCTBUTEITHOCT Ha MOJJPBKKaTa, e)EeKTHBHOCTTA HA yCllyrara u
MbTHaTa 0E30MacCHOCT KbM e(eKTHTe OT KIMMAaTHYHUTE CHOUTHS
TsX — ur. 2;

* OnpenensiHe Ha (HaKTOPUTE KOUTO ONMPEIEIAT aJarTallHOHHHS
KamalureT Ha  [apaMeTpuTe,  U3TPaXIAIId  CTPYKTYpHO-
M3rpaXJalluTe KOMIIOHEHTHM Ha eKCIUIoaTalusTa Ha IIbTHATa
uHpacTpykTypa. Cropeq M3BBPILCHUS aHATH3, T¢ GOPMUPAT TPH
OCHOBHH TPYIHU: YOBEILIKH, TEXHOJIOTHYHN U KIUMATHYHU (HaKTOpU
— ¢wr. 3.

W3meneHnero Ha KIMMata € Ti00ajeH IpoliieM ¢ PerHOHAIHU
crer(UKY B PaMKHUTE Ha OTJEIHUTE CEKTOpH Ha MKOHOMHUKaTa. B
OTrOBOp Ha TOBa ABP)KaBHTE, WICHYBAIld B EBpomelckus cbro3
npUexa perjaMeHTH 3a afjanTalus KbM H3MEHEHHeTO Ha KiuMmara
MO0 CEKTOPU Ha MKOHOMHKATa, KaTo MpouechT craprupa mnpe3 2013
roguHa c¢ pasnucBaHe Ha ,,CTpaTerus 3a ajanTHpaHe KbM
u3MeHennero Ha kimmara [1]. Tlpes ¢espyapu 2021 romuna
EBpomneiickaTa KOMHCHS TpHE ONTHMH3ALM Ha CTpaTerusTta KaTo
aKIeHTHT Oemle M3MecTeH OT JAeUHHpaHe Ha MpoOIeMUTe U
IUIAHOBE 3a PEIICHUS B ITOCOKA KbM H3IBIHEHHETO HAa KOHKPETHH
MEpKH.

Beirapust mpue cBoMTE JOKYMEHTH 3a aJanTamds KbM
u3MeHennero Ha knuMara (AUK) mpes 2019 roamna [2, 3]. Iler
TOJIMHU TO-KbCHO, [0 OTHOIIEHHE Ha CEeKTop ,,IpaHcnopt®,
MEpKHTE TI0 aJIalTalys NPaKTHYeCKH He ca IUIAHOBO pa3paboTeHH,
CHOTBETHO HE MOXE Jla Ce NPEMHUHE M KBbM IPAKTHYECKOTO WM
npunarane [4-6]. B cbmioTo Bpeme TPaHCIOPTHT € HU3KIIOYUTENTHO
YyBCTBUTEJICH KbM KIMMAaTHYHO IIPOBOKMUPAHUTE PHCKOBE, KATO
TOBa C€ OTpa3sBa Ha KadecTBOTO HA ycayrata ¥ Ha
eKCIUTOaTallHOHHUTE MOKa3aTen Ha MPOBEXIAIATa
uHbpactpykrypa [4, 7-11]. Tpsa6Ba na ce 0ObpHE BHUMaHWE W Ha
3aBUCUMOCTTAa MEXAY II'bTHATa 663OHaCHOCT U KINMAaTHYHUTC
puckoBe or tun 1 u tin 2 [10-12] kato KIHOYOB MOKaszaTen OT
eKcIUIoaTanysTa Ha mbTHaTa HHppacTpykTypa. [lo oTHOIIEHNE Ha
AUK ¢oxychT € BbpXy M3IIBIHATENS HA YCIIyraTa U KPUTHYHOCTTA
Ha TpoBeXjaam@ara HWHQPACTpyKTypa, HO 3a  OBITapCcKHs
TPaHCHOPTEH CEeKTOp IbTHaTa 0Oe30macHoCT ce odopMs Karo
oTAeneH mpobieMm, KoiTo B Obieme TpsOBa ma ce pasriiexnaa
OTZENHO OT MKOHOMHYECKATa U COLMaIHATa 3HAUUMOCT Ha CEKTOPA.
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Odekt Ha AMK: [Ilpensun 3HaumMocTTa Ha IbTHATa
UHOPACTPYKTYpa OT CTENEH Ha KPUTHYHA HA HAIMOHAIHO HUBO,
aKo Ce U3rpajd aJanTalMOHEeH KamalMTeT 10 KIMMAaTHYHU
cpOUTHS, LIe ce pelrd M mpodieMa C HEraTHBHHTE e(QEeKTH C
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Que. 2 3asucumocm  medxncOy — CmMpyKmypHO-usepasicoaugume
KOMNnOHeHmu Ha mpancnopmnama ungpacmpykmypa,
napamempume, KOUmo ORpeOeisim uy8CMEUmMeIHOCMma UM KoM
eghekmume om KiumamuuHu CcvOumus u akmopume, KOUmMo
onpeoensam adanmayuoHHUs UM Kanayumem
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Mepxku no AUK no rpynu ¢akropu: B Bbwarapus nima
YTBBPJEHH MPOLEAYpH M AOOPM IPAKTHKM 32 BBBEXKIAHE HA
aJanTalOHHU Meponpuatus BbB Bpb3ka ¢ AWK B cextop
»Ipancnopt OT zApyra crpaHa , mHapamMeTpUTe, YUETO ChUeTaHUE
ompezmenst  eKCIUIOATAl[OHHWTE  IIOKa3aTeld  Ha  ITbTHATa
HHQPACTPYKTypa B paMKHTE Ha TO3U BPEMEBH IIEPUOL OT SKU3HECHHS
UKe) (pur. 1) mposiBIBaT pa3iiMyHa CTENeH Ha 3aBHCUMOCT OT
TpHUTE TPYIH (HaKTOPH.

Jluncara Ha METOJOJIOTHS 32 ThPCEHE Ha HPHUIIOKPHBAIIA CE
005acT Ha €JHOBPEMEHHO INPOTHBOJCHCTBHE HA KIMMATHYHHUTE
PHCKOBE B PaMKUTE Ha TPUTE IPYIH, OrpaHH4aBa e(eKTHBHOCTTA
UM KaTo 00XBaT B CEKTOpa M TO CaMO B PaMKHTE Ha KPaTKOCPOYHa
nepcnektuBa. CriemoBaTenHo, 3a Ja ce TOJNy4d paboTema
METOIMIECKa ITOCIIEA0BATEHOCT, TPSIOBa Jla Ce N3rpajy CTPYKTypa
Ha MOJEJ, NpY KOWTO KpaiHHUTEe pe3ynTaTd OT aHaIM3a 1a ca B
oOxBaTa Ha B3aHMHO JAEHCTBHE Ha IPYIHTE (AKTOPH, PECIIEKTHBHO
QMaNTalMOHHUAT KalaluTeT Ja € KOMIUIEKCHO pelleHHe Ha
npobiema.

3. Enemenmu na zpynume paxmopu, onpeoenauiu
Mooen Ha e3aumooericmeue

B3auMHOTO BIMSHME Ha Pa3BUTHETO Ha  YOBELIKHUTE,
TEXHOJIOTMYHUTE M KIMMaTH4HUTEe (GaKkTopd MOxe Ja Obje
OTIpeNIeNICHO KaTo MapaaurMa npu AepUHUpaHe Ha MOozena. 3a aa ce
3]0kl O0XBaT Ha Mojena, ¢ KOWTO jAa neduHHpame oOmiara
00J1acT Ha B3aMMHO BIIMSHHME MOXKE J1a M3MOJI3BaMe IIOCTaHOBKA 3a
3ajaunTe, KOUTO TpsAOBa na ObJAT pPEIICHH KAaTo Ce Ipuiarar
MOCTIKEHUSI B HayyHarta obuact [11-19].
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Q@ue. 3 Onpedenane na axmopume KOumo onpeoensam doanmayuoHHusl
Kanayumem na napamempume u 001acm Ha 83aumMooeticmeue.

IlocTanoBka Ha 3agauuTe MO rpynu GakTopu, KOMTO 1A ce
peliaT ¢ HAyYHH M TEXHOJIOTMYHH HOBOBbBeEICHMSI |

* Yopemku ¢akTopu, ajanranusaTa TpsOBa Aa ChAbPKA
MEpKH, OCUTYpSBAaIll OCBEIOMEHOCT (BKJIIOUUTEIHO B PEATHO
Bpeme [13]) u aucuuruiHHEpaHe Ha CYOeKTHTE |

* TexHomormynu (akTopm, amanrauusita TpsiOBa na Obae
GasupaHa ~Ha  BBBOKJAHE HA  [PAKTHYECKH  MEPKH
(HAQHOTEXHOJIOTUM W HWHTENUTCHTHH TPAHCIIOPTHH CHUCTEMH) U
TEXHONOTMYHO  oObesmeuaBame (mogxomsama  codTyepHa
riar)opMa ¥ IpriIaraHe Ha u3KyctBeH uarenekt) [14-19];

* KnumaTtuunu ¢akTopu, agantanusaTa U3MCKBa ChOMpaHe Ha
JAaHHU W M3IMOJI3BAaHETO HAa MNPOTHO3HO KIMMATUYHU MOJENH, C
KOHMTO Jla € BBb3MOXKHO INPOCJIEIIBaHE Ha B3aUMHOTO BIIMSHHE Ha
KJIMMaTUYHU CbOUTHUS OT TN 1 (excTpeMHO aeictBue) u THl 2 (C
IIOCTENeHHO HApacTBAIl edeKT WIM C [OCTeABAIIO AeiCTBHE)
3a Ja MOXE J1a c€ NMPEIBUIAT KOMIUICKCHU aJalTallUOHHU MEPKU

[10, 12, 14];

Ot ¢ur. 2 u ¢ur. 3 sAcHO ce BIKAA, 4ye IPOMsSHA B 00XBaTa Ha
BIIMSIHAE BBPXY BCsIKA €JHA OT TPUTE IPYIH, IPOMEHsS MOMEHTHATa
CHTyalusi Ha OpyruTe ABe. ToBa OTpakeHHWE IO MOMEHTAa OCTaBa
HEJOCTAThYHO M3CIIEIBAHO U aHAJIM3UPAHO, KATO CHOTBETHO TOBA
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JlaBa OTpakK€HHE BBPXY MEpKUTE Mo amanTanus. ClieI0BaTeIHO aKko
MEpOTIPUATHUATA ce MPEIBIDKAAT B paMKHUTE Ha IpecedyHaTa obacrt,
TO T€ MOe 112 ObJaT 1Mo eEeKTUBHH OT IJIeJHa TOYKA Ha Pe3yJITaTH.

3a ma ce WIIOCTpHUpa TOBa, MOXKE Ja Ce Aaje CIeIHHUS OOIl
TpuMep 3a MPOTrHO3UPAHE 110 THUIT KIMMAaTHYHO ChOUTHE:

MonenbT 3aiaBa WHPOPMAIWS 32 TOTCHIUAICH KIMMATUYCH
PUCK, TOBa aKTHBUpPa CHUCTEMATa 3a PaHHO MPEAYIPEKIACHHE, KbM
Hess B peEaJIHO BpeMe CTapTUpa BXOJUpaHE Ha JaHHU 3a
KIMMaTU4YHUS (akTop B cucTeMaTa. Te3u IOaHHU ,.BelHAra“ ce
oOpaboTBar (TexHosmoruueH ¢axrop). Tasu oOpaboTka HpoMeHs
BpeMeBaTa paMKa Ha PaHHOTO MPEAYNPeXKICHHE, 3a KOeTo ce
noaaBa oOpaTHa Bpb3Ka 32 KOPEKLHUsI KbM OPTaHHUTE 3a YIIpaBICHHE
Ha CeKTopa (BKIIOYBAaHE HA WHCTUTYLHOHANHHS YIIPaBICHYSCKU
pecypc). AKTUBHpPAHETO HAa MPEBAHTUBHH JCHHOCTH (HAIpUMeEp
gype3 UTC) mie ocBeoMH W TOCIEABAIIO MI¢ JACIHMIUTAHHPA
gyoBemkus Qakrop. CrenoBaTeTHO MOJICTBT Ie € paboTwin B
aJlanTalioHHaTa OO0JIACT W MEpPKUTEe IIe ca MPEHU3UpaHd 3a
CHOTBETHATA TEPUTOPHUS, TPAHCIIOPT M KIUMATHIHO CHOUTHE.

4. Cmpyxkmypa u napamempusupane Ha CUCHEMEH
Mo0en 3a npociiedsasane, AHAIU3 U U3ZPANCOAHE HA
a0anmayuoHer Kanauyumem NpuU MPAHCROPMHAMA

ungpacmpykmypa

IIpenBun aHanmsza B Touka 3, MOXE Ja ce HpUeMe, de HpH
M3ITBJIIHEHNE Ha TE3W 3aJjaddl IPH TOPEHU3PEACHNUTE ITOIXO/H, TE I
CTaHAT W3MOJI3BaCMHU B IIETCTEIIEHHUS] MOJAEN Ha B3anMOAeiHcCTBHE
(mokaszaH Ha ¢ur. 4 u ¢ur. 5) KaTo agANTAUHOHHHAT KalalHTeT,
KOWTO 1€ ce MOJIydd Ha U3X0Ja Clefl eTal 5 ce O4akBa, ye INe
ToTIaiHe B 00JIacTTa HA B3aUMOJICiCTBHE HA (akTopuTe OT (ur. 2 u
¢wur.3.

Ipennaranata CTPyKTypa Ha Mojela € H3rpajeHa B IIET
OCHOBHY €Tara:

Eran 1: Csbupane u o6oOmaBaHe Ha 0a3u ¢ JaHHUM Ha
eNIEMEHTUTE Ha OKOJIHATAa Cpela, KIMMara W TPaHCIOpTHAaTa
HH(DPACTPyKTypa B paMKuTe Ha obmma copryepHa ruatdopma (mp-p:
[6, 13, 17-19]), kbeTOo MOKe ja ce M3rpaad 00JacT, B KOATO 1a
ObIaT MPUCHEAUHEHH EIMH KbM APYT (HE3aBUCUMO JAIIH Ca BXOIHH
MIPOMEHJIMBY WITH ca eeKTH U mocieaunu) — ¢ur. 4.

Ertan 2: [loryuenara uHpopManmoHHa MyJITH 0a3a OT JaHHH B
coryepHara obma obmact ot eran 1, ga ObIe U3cieaBaHa ¢ TIOHE
TpPHU TPYIM MOJIENH, OCHOBaHH Ha Hay4ynu metomu ([4, 8-11, 15-16]),
3a Jla ce MOJIy4aT NMPOTHO3HM pe3ynTaTH. Te3u pe3ynTaTd U MyNITH
JaHHHTe OT eram 1 Ou TpsOBano sJa HPEIOCTaBAT JOCTATHYHO
MH()OPMAIIMOHHH TTapaMeTpH, C KOUTO Jia ce paboTH B erar 3.

Eran 3: Ilapamerpure ot etam 1 u 2 mo rpymud MOAEIH Ha
aHanu3a TpsOBa Jja ObJaT ChbXpaHEHH U MPEIOCTaBsSHU B CHOJEICHA
miarpopmMa ¢ JOCTBII IO BCHYKH CEKTOPH, OTTOBApAIIH 3a
yIpaBJICHUETO HA TPAHCIOPTHATa HHPPACTPYKTYpa MO OTHOILICHHE
Ha NO04ApBXKKarta, e(beKTI/IBHOCTTa Ha Yyciayrata W II'bTHaTa
6e301acHOCT.

B TO3u eTam BcekH CEKTOp, KOWTO M3rpakaa aIMHHHCTPATUBEH
kamaruter no AWK moxe na momyun uHbOpManus, ¢ KOATO Aa
OLICHU TIOCOKHTE, B KOUTO Ja Ce pa3paboTBaT M MPHIIAraT MEepKU 10
rpynure (Gaktopu (YOBEIIKH, TEXHOJIOTHYHH, KIMMATHYHH),[4-5,
12, 15-16].

Etan 4: Pesynrarure ot aHanu3uTe B eTan 3 Aa ce 00cieaBar ¢
M3KYCTBEH MHTEJEKT, 3a J]a Ce IOJIyYd HeoOXoauMaTa MporHosa 3a
CllyyauTe Ha KIMMAaTHYHUTE PUCKOBE OT TUIM 1 WJIM THUN 2, 32 KOUTO
Jla C€ U3ITBJIHABAT MEPKUTE 110 a/IalTallksl B pAMKHUTE Ha eTar 5.

Eran 5: WMsrpaxngane Ha ajanTallMOHEH KanalMTET 3a
KIIMMaTHYHUTE PUCKOBE 3a CHOTBETHATa KPUTHYHA TPAHCIOPTHA
HH}PACTPYKTypa U OCBHIIECTBSBAHE Ha €(QEKTHBHA NPEBEHIUS U
yIpaBICHUE HA PUCKOBUTE €IEMEHTHU II0 BpEMe Ha €KCIUIOaTalusaTa
B PaMKHTE HA )KU3HEHHMS M IIUKBII.
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Quz. 4 Cmpykmypa Ha cucmemer MoOel 3d HpOCledasaHe, aHAIU3 U
usepaxcoane HA AOGNMAYUOHEH —Kanayumem npu  MPAHCIOPMHAMA
ungpacmpykmypa.

Emanu om 1 0o 3 (ocuzypseame na mepkume no o0ceedomMeHoCH ,
mexuonozuuno  obesnevasane . 63AUMHO GIUAHUE HA  KTUMAMUYHU
cvbumus mun 1 u2""")
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@Duz. 5 Cmpykmypa na cucmemen MoOen 3a Npociedssaue, aHAIU3 U
usepaxcoane HA A0ANMAYUOHEH —Kanayumem npu  MPaAHCHOPMHAMA
ungpacmpyxmypa.

Emanu om 4 0o 5 (ocuzypasane na npaxmuueckume mepxu’ u mesu
no Oucyunmunupane”). Pesyimam om memoduxama cied eman S5 —

MSZPLL’)ICdaHQ Ha abanmauuoyeu Kanayumem 8 o6f1acmma Ha
63aumooelcmeue

5. H3600u u 3axkniouenue

HaCTOS[H_[aTa Hy6J’[I/IKaHI/I$[ pa3rne>1</1a 3HAYNUMOCTTAa Ha
KIIMMAaTUYHUTC HpOMeHI/I nu TAXHOTO BL3HeﬁCTBHe B’pry
TpaHCIIOpPTHATa UHQPACTPYKTYpa, KaTo rnoa4yeprasa

HEOOXOJUMOCTTa OT CHCTEMEH IOAXOA MpH HU3TPaXJaHETO Ha
aJlanTallMOHEH KamaunuTeT. AHATM3MPaHU Ca OCHOBHHUTE €TaNHU OT
JKM3HEHMS LIMKbBJI Ha MHPPACTPYKTypaTa, KaTo € MACHTH(HLHUPaH
Hal-BUCOKOPUCKOBHAT €Tall — eKcIuloarauusaTa. ToBa omnpeaens
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KJIIOYOBAaTa pOJI HAa MEPKUTE 3a IOJIPBKKA, €(YeKTHBHOCT Ha
ycimyrata W 0e30macHOCT, KOUTO TpsiOBa na ObAaT ajanTUpaHU
CIIPSMO KIIMMAaTHYHUTE CHOUTHS.

PazpaborenaTa MeTONONOTHs BKIIOYBA IapaMETPH3HpaHE H
rpynupaHe Ha (aKTOpuTe, KOWTO ONIpENeliT YSI3BHMOCTTa Ha
TpaHcnopTHaTa nH}pacTpykTypa. OcoO€HO BHUMAaHHE € OTIEICHO
Ha B3aMMOJICHCTBUETO MEXIy KIMMAaTHYHUTE, TEXHOJIOTWYHHUTE W
YOBEUIKUTE (AKTOPH, IPEJCTABEHO B PaMKHTE HA IETCTENECHCH
MOZeNn 3a MpocleAsBaHE M aHamu3. T03M Mojen mpejiara
CTPYKTYpPHpaH MOAXOJ 3a OINpejeNiHE Ha MEpKH, KOUTO MOrar ja
CMEeKYaT HETaTHBHHUTE e(peKTH OT KIMMAaTHYHHUTE TPOMEHH H Ja
TapaHTHPaT ABJITOCPOUHATA YCTOMYMBOCT Ha MHGPACTPYKTypHUTE

cucremu. IIpunaraHeTro Ha pa3paboTeHaTa MeETOAWKA HMa
MOTEHIHaNIa 1a Ce IIPEBbPHE B OCHOBA 32 B3¢MaHe Ha HHPOPMUPAHH
pCIICHHS Ha HAIMOHATHO HWBO. ToBa Ie MOAINOMOTHE

BBBEK/IAHETO HA KOHKPETHH MEPKH 3a ajalTalys W Iie Mon00pu
KOOpAMHALMATA MEXKIY pa3IMYHUTEC HHCTUTYLHOHATHH U
TeXHU4YeCKH 3BeHa. OCBEH TOBa, NPWIAraHETO HA MOJCIUTE 3a
NPOTHO3MpaHEe ¥ AaHAIM3 IIe MO3BOJIM MNO-JOOpO IUIaHUpAHE M
ONTUMHU3AIMS Ha PECypcUTe 3a MOAJPHKKA Ha TPaHCIOPTHATA
MpexKa.

Pa3paboTeHMsAT CHCTEMEH TNOIXOA 3a U3rpaXkJaHe Ha
aJanTanoHeH KamaluTeT Ipeaiara 3HAuUTeNIeH IPHHOC KbM
YCTOHYMBOTO YIpaBieHHE Ha TPAHCIOPTHaTa HH(OPACTPYKTypa.
Toit ocurypsBa HEOOXOAMMHTE HWHCTPYMEHTH 3a aHAIN3 U
aJlanTanys, KOUTO ca ChOOpa3eHH C PETHOHAIHHUTE CIECHU(UKUA U
HY)XAUTE Ha HalMOHAJIHATA TPAHCIIOPTHA Mpexa. YCTOWYMBOCTTA
Ha Ta3W Mpexa € OT KIIYOBO 3HAYCHHE 32 MKOHOMUYECKOTO
COLIMAJHOTO Pa3BHUTHE, KAKTO M 3a MHHHUMHM3UpaHE Ha PUCKOBETE,
HOPOJICHH OT KJIIMMaTHYHHUTE NPeTU3BUKATEIICTBA.
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MMPOEKTUPOBAHUE ABTOMATHU3UPOBAHHON CUCTEMBI YIIPABJIEHUSI
IMPOLHECCOM JIABEPHOT'O HIOBEPXHOCTHOI'O YITPOUHEHMUSA
WHCTPYMEHTAJIbHBIX CTAJIEH

DESIGN OF AN AUTOMATED CONTROL SYSTEM
LASER SURFACE HARDENING PROCESS TOOL STEELS

B.®. Kopocrenes”, B.A. Xaitnasaposa
“L.T.H., mpodeccop Kapemps AMuP Bragimupckoro [0CyIapcTBEHHOTO YHHBEPCHTETA
E-mail: giess300@mail.ru
**acrmpaHT kagenpsl AMuP Bragumupckoro ['ocynapcTBeHHOTO yHUBEPCHTETA,
ctapmuii mpenoxasaress kadeapsr YOull ITokposckoro ¢unrana MoCKOBCKOTO MEAarOrHUECKOr0 TOCYAapCTBEHHOTO YHHBEPCUTETA
E-mail: v.khainazarova@ya.ru

Abstract: In mechanical engineering, the quality and cost of manufactured products largely depend on solving the problem of durability of
metal-cutting tools. The possibilities of alloying and heat treatment of high-speed steels have been largely exhausted. The dispersion
mechanism of hardening of high-speed steels with carbides Ti, V, Mo, W is insufficiently studied and is not used effectively in practice. As a
new approach to solving the problem of tool durability, it is proposed to increase the hardness of the working surface by 5...6 HRC. The
indicated increase in surface hardness on P18 steel samples was achieved during laser beam treatment with a high concentration of energy.
Special attention is paid to determining the heating temperature of the hardened surface in the vicinity of the focal spot. It has been found
that, unlike carbon steels, the hardness of high—speed steels depends on the interaction of carbides with the base, which is a solid solution of
carbon in y - Fe. This base is plastically deformed during laser radiation under the influence of emerging thermal stresses, which
qualitatively changes the mechanism and kinetics of dissolution of carbides at the heating stage and their release during cooling. Tool
blades, surface-hardened to a hardness of ~70 HRC, are able to withstand higher contact loads and higher thermal stresses, and their
durability is increased by increasing the value of the temperature critical for each specific tool. The critical temperature is the temperature at
which plastic deformation occurs. The combination of simultaneous effects of temperature, thermal stresses and contact loads leads to
plastic shifts in the crystal lattice, to abnormally intense softening compared to softening under isothermal conditions.

KEYWORDS: LASER ENERGY EFFECT, THERMAL STRESSES AND DEFORMATIONS, HARDENING AND SOFTENING OF HIGH-
SPEED STEELS, TEMPERATURE CONTROL, DATABASE, STABLE PARAMETERS OF THE THERMAL CYCLE.

1. Bseoenue

C pasBUTHEM AaBTOMATH3alMUd IPOU3BOJCTBEHHBIX MPOIIECCOB
npobnema TIOBBILICHUS CTOHKOCTH METaJIOPEXKYIIUX
HHCTPYMEHTOB MpHOOpeTaeT Bo3pacTaroliee 3HaYeHHE, TOTOMY 4TO
OT CTOMKOCTH 3aBHCHT HCIIPaBHOCTb U HENPEPBIBHOCTH HAIEKHOM
paboThl CTAaHKOB C MPOIPaMMHBIM YHPABICHHUEM, aBTOMAaTHYECKHUX
JMHUAA W UEeNBIX aBTOMAaTH3MPOBAHHBIX IPOM3BOACTB. YacThle M
HENPOTHO3UPYyeMble cOOM B paboTe HMHCTPYMEHTOB pa3pbIBalOT
WHPOPMAIIMOHHBIE U (U3WYECKHE MPOIECCHl, OCIOKHIIOT PadoTy
H(POBBIX POU3BOACTBEHHBIX CHCTEM, MMPUBOIAT K 3HAYUTEIBHBIM
3aTpaTHBIM MOTEPSM BCE BUJIOB PECYPCOB.
OOmien3BecTHO, YTO Ha  JTame  pa3paboTKu
JETUPOBAHMS W ONPEACNICHHS  COACP)KAHHS  KOMIIOHEHTOB
osicTpopexymux craneit  (bpC) mabGopaTopHBle HCTIBITaHUS
OIIBITHBIX O0pAa3IloB Ha pasylnpOYHEHHE TPOBOAMINCH B YCIOBHAX
H30TEPMUYECKOH  BBIICPKKH, B TO BpeMs Kak Marepuai
HHCTPYMEHTa B TMPOLECCe pE3aHMsl MOABEPracTcs He TOJBKO
HarpeBy, HO M BO3/ICHCTBHIO KOHTAKTHBIX JABICHUH U TEPMHUYECKHX
HaIpsHKEHUH.

B paborax [1,2] yCTaHOBJIEHO, YTO CXKHUMAOIIHE HANPSHKCHUS
CHIJKAIOT TeMIleparypy HOoMMMOpGHBIX U (ha30BIX HAIpsUKCHHI,
YTO B MpOLECCe MNEePEeCTPOWKH KPUCTAJUIMYECKON  PEeIIeTKH
CONPOTHBIICHHE Meraja IUIACTHYECKUM nedopmarmsam
3HAYUTENIBHO CHIIKACTCS.

B 3701 CBS3M 3HAYUTENBHBII HHTEPEC MPEACTABISCT BO3MOXKHOCTh
MOBBIIICHHUS] CTOMKOCTH 3a CYET COYETaHUsS IUCIICPCHOHHOTO
ymnpounenuss bpC wactumamMm  TepMOCTOMKHMX  KapOWmoB ¢
HMHTCHCUBHBIM HArpeBOM KOHIIGHTPUPOBAHHBIM ITOTOKOM JHEPIHH
J1a3epHOTO U3Iy4YCHHSI.

TIPUHIIUIIOB

2. Omauuue 1a3epHO20 NOBEPXHOCMHOZ0 YNPOUHECHUA
om noeepxnocmuoﬁ 3AKdJIKU

JlazepHoe moBepxHOcTHOE ynpouHeHue (JIIIY) 310 yxe He HOBBIH,
a  BIOJHE  pacHpOCTPAHEHHBIM  Ipouecc, He  MMEIOLMi
JOTHACTOSIIIETO ~ BPEMEHH  ONpefeNieHHoro  HaspaHus.  Ha
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MPaKTHYECKOM YpPOBHE, KaK M B ITyONMKamusx 0e3 Kakoro-imdo

00OCHOBaHMSI TIpollecC H3BecTeH Kak «JlasepHas —3aKaikay,
«JlazepHas TepMo0OpaboOTKaY, «JlazepHoe TEPMHUYECKOE
yIpoyHeHHe». B 3THX Ha3BaHMSAX MNPOCMATPUBACTCS TOJBKO
TEepMHYECKas COCTAaBIAIOMIAs, W HE Y4YUTHIBACTCS BIMSHUE

TePMUYECKHX HANpPSDKEHHH, KOTOpbIe BO3HHUKAIOT —BCIICJICTBUE
TpajieHTa TEMIIEPAaTypHOTO MO B OKPECTHOCTH 30HBI JIA3€PHOTO
Bo3aeicTBus. B paborax [3,4] paccMOTpeHO BIUsIHHE TEMITepaTyphl
Y TePMHUYECKIX HaNPsHKEHUH HA CHIDKEHHE TIpefiesla TeKydeCTH, 9TO
naer ocHoBaHue HasbiBaTh JIIIY nasepHbIM TepMOMeXaHHMUECKUM
MOBEPXHOCTHBIM ~ ympouHeHueM (JIT-MITY). OtiauuurensHBIMU
npusHakamu JIT-MITY sBastoTcs:

CKOPOCTh HAarpeBa, HECONOCTaBMMas HU C IIEYHBIM, HH C
WHIYKIMOHHBIM ~ HAarpeBOM, JOCTHTAlONmas MpH  IUIOTHOCTH
MOII[HOCTH 1x10°...1x10® Br/cM? HeCKONBKUX ThHICAY rpagycoB B
CEeKYH/Y;

MPOJOIDKUTEIBHOCTD TEPMUIECKOTO
COTBIE. . . TBICSTIHBIE JTOJH CEKYH/IBI;

YPOBEHb TEPMUUYCCKHUX CXKMMAIOIINX HANpPSHKEHUH Ha TIyOHHY
0,1...0,3 MM, peBbIIAIOIMINN IPEEN TEKYUEeCTH;

B MHTEpBaJIe TEMIIepaTyp HOJMMOP(HOTO MPEeBPaIIeHNs, KOTaa
MPOUCXOINUT PAacTBOPEHHE yIieposa B y — Fe, Meramn miactiudeckn
nedopmMupyeTcs mIacTHYSCKH.

HarpeB mpu Tepmuueckoil oOpabOTKe NPEAINonaraeT BBIICPIKKY,
IPOIOJDKUTENBHOCTh ~ KOTOPOW — M3MepsieTCsl  CEeKyHIaMH
MHHYTaMH, HeOOXOAUMBIMH 1715 [ dy3UH aTOMOB yIIIepoaa.
Ortcrona cnenyer, uto HuKakoro cxoxctsa JIITY ¢ TepmooGpadoTKoit
HET.

BO3JIEMCTBUSA
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PaccmarpuBars JIITY uepe3 mpusmy oOpa3oBaHUsI ayCTEHUTA MPH
HarpeBe W MPOTEKaHHWS MAapTCHCUTHOTO MPEBpAIlleHUs MpU
OXJIQKICHUM O3HAa4aeT HE YUYUTHIBATh HA3BAHHBIC OTIMYHUTEIILHBIC
MIPU3HAKH.

3. Iloseoenue kapouooe ¢ cmpykmype bpC 6o epems
J1a3epHO20 NOGEPXHOCHHO20 HAZpesa
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Hanuuue BpC nucmepcHoit kapOupmHO#l (a3sl  cosmaer
3HAYUTEbHBIC TPYAHOCTH C OOOCHOBAHHBIM BBIOOPOM 3HAUCHUI
mapaMeTpoB  Jla3epHOro  ympouHeHus. Tak, B pabore [5]
YCTaHOBJIEHO, YTO JaK€ HE3HAUUTENIbHOE YBEJIMYEHHE IJIOTHOCTU
MOIITHOCTU C 1,3)(104 no 1,4 Br/cm? npuBoauT B cramu P18 k
CHIDKEHUI0 MukpotBeproctu ¢ 9,8 I'ma no 8,6 I'TIA, a B cramu
P6MS5KS - ¢ 9,6 I'ma o 8,5 I'Tla.

W3BecTHO Takke, YTO OBICTPOPEKYIHE CTAIA YYBCTBHUTEIBHBI K
CKOPOCTH TPEXKpaTHOTO HarpeBa U OXJAXICHHs B Ipolecce
ormycka [6]. W memo 3akirodaercsi HE CTONBKO B KOJHYECTBE
OCTarOYHOTO AayCTEHHUTAa, CKOJbKO B CHW)KEHUH COJEp>KaHUs
JIETUPYIOIIUX 3JIEMEHTOB B MapTECHCHTE.

BnpaBe npenmonoxuth, 4TO Ja3epHbI HArpeB OO0 TEMIIEPaTyphl,
ONM3KOM K TeMIlepaType IUIaBICHUs], MOXKET OKa3bIBaTh BIIHMSHUE Ha
COOTHOUICHHE JIETHPYIOIUX 3JIEMEHTOB B MAPTEHCHUTE U B KapOumax
U TIOBBIILIATH MJIM MTOHM)KaTh TBEPAOCTb. 1103TOMY B JOmOMHEHHE K
(dakTopaM MHOKECTBEHHOTO BIMSHHS Ha TBEPAOCTh TaKHX Kak
TeMIepaTypa MU CKOPOCTb HarpeBa, Iepemagsl TeMIepaTyp,
HanpspkeHus, Aedopmanuu 1 Gpa3oBbie MPEeBPALICHUS CIEAYET B3ATh
B PAaCCMOTpPEHHE PACTBOPUMOCTD JIETHPYIOIMINX JIEMEHTOB B JKele3e
B KOHKYPEHIIIH ¢ 00pa30BaHWEM KapOHIOB U UX YCTOHYHUBOCTHIO.
Ilepeuncnennsie GakTopsl HE MOATAIOTCS KOPPEKTHOMY OMHUCAHUIO
u TeM OoJiee KOJMYECTBEHHOW oIleHKe. 1o cTeneHn 3HAaYuMMOCTH
BEAYyILIAs pOJIb MPHHAAJIEKHUT TEIIOBBIM IPOLIECCaM B TO BpeMs Kak
KaueCTBEHHAs XapaKTEPUCTHKA BIUSHUA OTACTBHBIX (PAKTOPOB U HX
B3aUMOACHCTBUH HeoOxoanMa TS (hopmupoBaHus
COOTBETCTBYIOMIMX 0a3 NaHHBIX M WX HCIOIB30BAHUS B PELICHUH
KOHKPETHBIX 3a7lad TOBBIIICHUS TBEPAOCTH U KPACHOCTOMKOCTH
BpC.

B

4 Onpedenenue memnepamypvl NOEEPXHOCMU RPU

J1a3epHoM Hazpeee

B mensx ucciemnoBaHus 3aBUCHMOCTH TBEPJIOCTH MOBEPXHOCTH OT
TeMIepaTypsl HarpeBa M CBSI3aHHOH C HeHl pPacTBOPHMOCTBHIO
JIETHPYIOIINX SJIEMEHTOB B Y - Fe BaxHOoe 3HaueHue mpuobperaer
OIIpe/ieNIeHNe KPUTHUYECKOTO 3HAYEHHs] TEeMIIepaTypbl JIa3epHOro
Harpesa (KTJIH), npeBbliieHre KOTOPOro MPUBOAUT K aBapUHHOMY
CHIDKEHHIO PabOTOCIIOCOOHOCTH PEXKYIIEro HHCTPYMEHTA.
HccnenoBanus TemnoBslx npoueccoB JIIIY nposonsTcst pacyeTHo-
AQHAINTUYECKUM  METOAOM  [/],  KOTOpPBIi  NpemaoCTaBiseT
BO3MO)KHOCTH ~ OCYILIECTBISITH  OLEHKY BIMSHHMS  Pa3IMYHBIX
(akTOpoB HE TONBKO Ha TEMIIEpPaTypy INOBEPXHOCTH, HO W Ha
pacrpe/ielieHle TeMIepaTypHBIX IojJeil B TpeX HalpapiIeHHsX,
BKJIIOYAsl U pacrpesesieHle TeMIepaTrypbl BIyOb OT MOBEPXHOCTH.
OnHako MeTOJ PacHpOCTPAHSAETCS Ha peLIeHHe OrPaHHYSHHOTO
yucna 3a7ad K TOMY OJK€ C  YHPOLIGHHWSIMH, CYIIECTBEHHO
CHIDKAIOIHMH NPaKTUYECKYIO LIEHHOCTb nporecce
ABTOMAaTH3alluy yIIPaBJICHUS NIPOLECCOM YIIPOUHEHUS.

B KkaXIOM KOHKpPETHOM cCiy4ae HEOOXOAMMO IOCTOBEPHO U
OnepaTHBHO 3a(UKCHPOBaTH TEMIEPaTypy MOBEPXHOCTH IPU
nazepHoM HarpeBe. OCYIIECTBUTB 3TO IKCIEPUMEHTAJIBHBIM MTyTeM
3aTPYAHUTENBHO T10 PALY NIPUYHH:

- NHPOMETp, HaBeICHHBIH Ha (OKAJbHOE MATHO, PETHCTPUPYET
TeMIIepaTypy IIasMbl Ha ypoBHe Gombie 2000 °C;

- B mporecce o0pabOTKH J1a3epHBIM JIy4OM HarpeB MPOUCXOIHT C
HapacTaHUEM TEMIIEPATYPbI CO CKOPOCTBIO 1...2x10* K/c B Teuenne
COTBIX J0JIeH CEeKYHIIbI, YTO MOXET OBITh U3MEPEHO MHPOMETPOM U
3aperuCTPUPOBaHO KOMIIBIOTEPOM, HO MPH ITOM
O]_I_II/I6KI/I, CBA3aHHBIC C 3ama3ibIBAHUEM.

B kayecTBe KOMIIpOMHCCA MpeaiaraeTcs, kak W B pabore [8],
U3MepATh TEMIIEpaTypy MOBEPXHOCTH Ha yhaneHud 1,2 MM 3a
(hOKaJIBHBIM IISITHOM C MHTEpBaJaMH MEX1y 3aMepamu 2...5 c.
Pacnonoxkenne nupoMeTpa Ha KOpPIYCE€ ONTHYECKOM TIOJIOBKU
Jasepa MO3BONSET MPOBOAWTH 3aMEpPhl HAa BCEX ydacTKax
TpPaeKTOpUU 00padOTKH.

B

BO3HHKAIOT
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OKCIepUMEHTAIbHbIC HCCIICI0BaHUs BBIIIOJIHEHBI Ha
pobGotusupoBaHHOM JazepHOM KoMmiuiekce (JIPK), Brmouaromem Ha
nuTTepOueBslii  BonokoHHBIH Jazep JIC-5, B MmxuHMpHHTOBOM

HeHTpe BO BJ'IB.Z[I/IMI/IpCKOM TOCYAapCTBEHHOM  YHUBEPCHUTECTC
(Bal'Y).
Pe3yJ'[BTaTI:;I I/ICCJICHOBHHI/Iﬁ NpEACTAaBJICHLI HA pUC. 1- 3
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Puc. 1. 3aBucuUMOCTb TeMIEpaTypbl, U3MEPEHHON ONTHUYECKUM
MTUPOMETPOM, OT PACCTOSTHUS TOUKH U3MEPEHHMs 10 (POKAIBHOTO
IATHA.

V3mepenns Ha ynaneHuu ~1 MM Jal0T BO3MOXKHOCTB C OIIMOKOI He
Gomee 5 % OT wu3MepsieMOil TemIleparypbl IIPOBOIHMTH OIECHKY
BIIVSTHUSI [TApaMeTPOB U3ITydeHHs Ha TeMIIeparypy Harpesa
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Puc. 2 OneHka BIUSHHS CKOpPOCTH OGpaGOTKI/I Ha TeMIEparypy

TMOBEPXHOCTHU B 30HE BOS[[Gf/iCTBPIH JIa3€PHOI0 U3JTYUCHUA.
Fpad)mc TMOKa3bIBACT, YTO H3MEPCHHUEC TEMIIEPATYPbl MOXKET OBITh
HCIIOJIb30BAHO B KOHTYpPE 06paTHOI>i CBA3U IIPU aBTOMAaTU4Y€CKOM

YHpaBJICHUU JIa3€PHBIM MMOBEPXHOCTHBIM YIIPOYHECHUEM.
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Puc.3. BnusHEe MOIIHOCTH M3IyYeHHs Ha TEMIIEpaTypy Harpesa

YIIPOYHSIEMO HOBEPXHOCTH.

W3 rpaduka cregyer, 9TO 3aBHCHMOCTD TBEPAOCTH ITOBEPXHOCTH OT
MOIIIHOCTH M3JIyYCHUS UMEET CIIOKHBIA He aJIUTUBHEIN XapakTep.
V3mepeHns1 BBINOIHSINCE IHPOMETPOM MOBBIIICHHOH TOYHOCTH
Optris CTlazer LT DCI. ®okycHoe paccrosuue F=350 wmm.
Vnpounsemsii Marepuan Crans Y8. HMccnemyeMblM mapaMeTpoM
SBISIETCS TeMmeparypa t, BappHpyeMble NapaMeTpsl - MOIIHOCTD
n3mydeHus yazepa N 1 ckopocTs 06paboTKH V.
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IIpu Bcex TPyAHOCTSX BBIIONHEHUS U3MEPEHUN YCTAHOBIICHO, YTO
YPOBEHb JIOCTUTaEMOH TeMIlepaTyphl JOCTATOYHO YETKO pearupyer
Ha n3MeHeHus napamerpos N u V.

IIpennoxeHHbI MOAXON K OLICHKE TEMIIEPATyphl HE IpelHa3HAYCH
JUIs HENPEepBIBHOIO M3MEpPEHMs TeMIepaTyphl JIA3epHOIO Harpesa,
HO MOXET OBITh HCIIOJB30BaH B IIPOIECCEe HACTPOWKU MOIIHOCTH H
ckopoctu npu JIIIY KOHKpeTHOro u3jenus WM MHCTpyMeHTa. B
JAHHOM Cllydae TeMIleparypa MOXKET BBICTYIaTh B KadecTBe
KOHTPOJIUPYEMOI0 M YIPABIIEMOT0 MapaMeTpa B3aMeH IapaMerpa
— 1Beprocth HRC, koTOpEIii HE SIBIISETCS YIIPABIsEeMBIM.

5. 3aknrouenue

Ha OCHOBAaHHHM AaHaAJIN3a W HUCIIOJbB30BaHUS I/IHq)OpMaI_[I/II/I us3
J'II/ITepaTypHLIX HNCTOYHHUKOB u pe3yJ'IBTaTOB BBITTOJTHCHHBIX
I/ICCJ'ICZ[OBaHPIﬁ MOXHO cIeci1aTh cneuy}omne BBIBOJEI.

1. Ha3epHoe HOBerHOCTHOG prO‘{HeHI/Ie CTaHeﬁ, BKJIFOYasad U
I/IHCprMeHTa.HBHBIe, SIBIISICTCA OCO6I)IM BHUJIOM O6pa6OTKI/I, B
KOTOPOM TEIUIOBBIE TPOIECCH MIPAIOT BEAYIIYI0 POJIb HAPSAY C
MCXaHHYCCKHUMH, C Hal'[pH)KeHHO-I[eq)OpMPIpOBaHHBIM COCTOSIHUEM U
CTPYKTYPHO-()a30BBIMH TPEBPALICHUSIMA. OTOT BHI 0OpabOTKH

MPEATIOKEHO Ha3bIBaTh «JlazepHoe TEpPMOMEXaHMYECKOE
MOBEPXHOCTHOE ynpouHeHue» - «JIT-MIIV».
2. UHcTpyMmeHTanbHBlE CTaJlM, YIPOYHSEMbIE UCIEPCHBIMU

TEPMOCTOWKUMH ~KapOWJaMH, 4YYBCTBHTCIBHBI K TEMIIEpaType
Harpesa, BIUSIONICH Ha paCTBOPUMOCTD JISTHPYIOIIUX JIEMCHTOB B
MapTEHCHTE M B OCTaTOYHOM ayCTEHHTE, MOJITOMY OIpEICICHUE
KPUTHUYCCKOTO 3HAUCHHS TEMIICpaTypbl HarpeBa, MOXKET OBITh
UCIIOJIb30BaHO B TIPOLIECCE HACTPOWKH PEKUMHBIX IapaMeTpOB
na3epHoii 00pabOTKH.

3. TIpemToxKeHHBII METOJ] KOHTPOJS 00CCIIeUnBACT BO3MOXKHOCTH
OMPENCIUTh 3HAYCHUE TEMIIEPATypPhl, KOTOPOE YCTaHABIMBACTCS 3a
(hOKaNbHBIM TATHOM; 3HAUCHHE TEMIIEPATyphl, OOCCICUHMBAIOIICE
noBeimienne TBepaoctd Ha 5 en.HRC, T. e. 1o 70 HRC moxeT ObITh
3aHeceHO B basy JlaHHBIX W B [JaJbHEUIIEM HCIIOJIb30BAHO
MPaKTHYECKH.
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Investigation and analysis of tested plastic films according to ASTM D6992 Standard Test
Method for Accelerated Tensile Creep using the Stepped Isothermal Method
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Abstract:

In the article, experimental results according to ASTM D6992 standard test method for accelerated tensile creep of plastic films

were investigated and analyzed. A regression model was created based on the obtained results. Real and theoretical data were compared.in
order to determine deviations of the model and what is the reliability of the theoretical data.
Keywords: CREEP,PLASTIC TESTING,STEPPED ISOTHERMAL METHOD,REGRESSION ANALYZE.

1. Introduction

Materials creep is a process of slowly increasing plastic
deformation at constant temperature and applied stresses below
yield strength [1]. Creep deformation depends on several factors -
temperature, applied load and specific characteristics of material.
The process of material creep is not yet fully studied [2].

Plastics are widely wused in mechanical
construction, automobile manufacturing, etc [3]. Plastics are
increasingly used as a structural material, as well as part of
composites that are subjected to long-term loads. Studies of the
creep process in plastics is very current, because it characterizes
dependability of materials in long-term applications.

engineering,

The test to determine creep limit has a long duration - up to
10,000 hours, therefore accelerated creep of materials is often used,
as well as various mathematical models with estimated values, [4],
[5]. Through these methods, duration of the test is reduced and
resources are spared without compromising results.

2.Materials and methods

HDPE-mixture was chosen as test material because it is one of
the most used plastics, so the obtained results and data are
significant for manufacturers. Polyethylene has high mechanical-
physical properties and is not affected by moisture [6]. Polyethylene
is used for pipes, tanks, insulation, packaging, etc. Polyethylene is a
recyclable material, which contributes to its even wider use, in
addition to being a virgin material, but also as a recycled one.

The test was performed according to ASTM D6992-Accelerated
tensile creep and creep-rapture of geosynthetic materials based on
time-temperature  superposition using the stepped-isothermal
method [7]. Stepped isothermal method (SIM) consists of defined
temperature steps and dwell time in order to accelerate testing
process. Deformation and dead weight are presented as a function
of time. The duration of the test according to the standard is a not
less than 60,000 seconds.

The test was carried out on a calibrated universal creep testing
machine, which has an appropriate range of values - temperature,
dead weight and linear deformation according the standard and the
selected material. The results are generated automatically, and the
error of the measured values is less than 0.5% according the
calibration data atmospheric conditions are controlled according to
the standard requirements.

Suitable gripping jaws were chosen, which, on one hand, do not
allow sample slipping, and on the other hand, do not apply
excessive load on sample, which would rapture it. Mechanical
system of the lab stand is stable and minimizes errors of the
sample's alignment. The insulation of the stand does not permit
fluctuations in temperature. The stand, including the dead weight
system and gripping is shown in fig. 1.

The selected test program is shown in Fig.2 and Table. 1. Six
temperature steps, each of 10 000 seconds are selected in order to
meet the requirement for a minimum duration of 60,000 seconds.
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Fig.1 Universal creep testing stand

Table 1: Temperature steps and dwell times

Steps 1 2 3 4 5 6
Dwell Time (min.) 170 | 170 | 170 | 170 | 170 | 170
Temperature (C°) 23 | 30 | 37 | 44 | 51 | 58

Time to the end

118

time to STED in minute

(1)(2)(3])f4])fs5])6
iiﬂll Qi

(2 )(3 ) (5 )(6

&
05;7777,
Fig. 2 Test program

The calibrated dead weights used for tensile creep stresses are
4(3 discs of 10 kg and 2 discs of 5kg) The samples have dimensions
- length 120 mm, thickness 1.3 mm, width 100 mm.The sample is
textured and contains six holes-diameter of which is 20
mm..Accelerated creep testing of the materials means using
equivalent times [8]. Each minute of testing at a certain temperature
determines equivalent time according to the standard shown in
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tab.2. For the purpose of more precise research, a second control
sample of a different material was used, the results of which are
known in advance.

Table 2 Temperatures and equivalent times

Temperature Co Equivalent times (min.)
23 1

30 10

37 100

44 1000

51 10000

58 100000

N order to substantiate correlation relations between strain and
temperature, it is necessary to use a statistical tool to analyze the
empirical data. For the purposes of the articles is chosen a
regression analysis, since it describes types and quantitative
dependences. Regression analysis is a statistical method of analysis
of two or more variables [9]. The purpose of this analysis is to
present the correlation dependences through a mathematical model.
Regression analysis consists of 3 main components:

e Regression equation
. Result variable
. Stochastic residuals.

Regression equation is the functional part of the model, which
can be linear, polynomial, etc. Given the nature of the material
creep test, the most applicable is the linear model. The resulting
variable, which is located on the left side of the equation, is the
dependent variable-the linear deformation was chosen. Factors that
randomly or regularly affect resulting factor outside the regression
equation are called residuals[10].

3.Results and discussion

Fig. 3 shows a sample of the test report, where the first column
contains the date and time, the second is the linear deformation in
microns, the test temperature, the name of the identification test,
equivalent years and the linear deformations in percentage.

|:6T2K_L0G 2

:LOGGING_ID 3
:LOGGING_NAME  "Save to USB"
1SERIAL_ID 13
:DEVICE_NUM 7

:RECORD_NUM 204
:DATE_ORDER YYYY/MM/DD hh:mm:ss

:LOCAL_TIME GMT+82:00

:TIME_INF_ORDER L

:DEV_COMMENT  “um” " “Name" “Years" "R %" "L X"

:DEV_TYPE BIN3Z Unsigned BIN32 Unsigned BIN16 STRING BIN16 BIN1S BIN1E

:DISP_TYPE REAL_FIX REAL_FIX REAL_FIX AsC REAL_FIX REAL_FIX REAL_FIX
:DEV_SIZE 2 2 1 L] 1 1 1

2024/10/81 13:16:31 ] 8 27.8 "1 - 0.00 .80 0.00
2024/10/01 13:21:31 68 400 28.1 "1le " 0.00 0.33 0.85

"118 - .80 @.53 8.13
"110 - 8.00 8.75 8.26

2024/18/81 13:26:31 168 648  28.5
2024/10/81 13:31:31 320 989

2024/10/01 13:36:31 520 1288 "11@ " a.00 1.0 0.43
2024/18/81 13:41:31 588 1480 "118 - @.68 1.16 8.48
2024/10/81 13:46:31 648 1640 0.00 1.36 8.53
2024/18/01 13:51:31 680 1828 6.00 1.51 0.56
2024/18/81 13:56:31 748 20848 8.0 1.78 8.61
2024/10/81 14:01:31 sea 2220 0.00 1.85 8.66
2024/10/01 14:06:31 868 2480 6.00 2.00 8.71
2024/18/81 14:11:31 %88 2548 8.0 2.11 8.75
2024/10/81 14:16:31 %48 2700 0.00 2.25 8.78
2024/180/01 14:21:31 980 2848 6.00 2.3 0.81
2024/18/81 14:26:31 1888 2988 8.8 2.48 8.83
2024/10/81 14:31:32 le4s 3100 0.00 2.58 8.86
2024/18/01 14:36:31 lese 3248 31.1 "118 " 6.00 2.70 6.89
2024/10/01 14:41:32 1148 336@ 312 118 " @.00 2.80 8.95
2024/18/81 14:46:32 1288 3488 31.3 118 - 8.8a 2.98 1.08

Fig. 3 Test report

Mathematical and statistical processing was performed with the
program product MINITAB. For the purposes of the study, the data
of only one sample were selected. The equivalent years were
selected as the independent variable, and the dependent linear
deformation in percentages[11]. The data from the study were
processed and the following regression model was obtained:

Year-s = -0.001481 +0.0814 R% -0.5505R%*R% +0.9975R%*R%*R% (1)

Table 3 presents the coefficients of the variables and standard
errors.

Table 3 Coded Coefficients
95% Upper
Term Coef| SE Coef Bound| T-Value| P-Value| VIF
Constant 0.000143( 0.000578 0.001107 0.25 0.805
R% -0.00251| 0.00111 -0.00066 -2.26 0.027| 15.19
R%*R% 0.009659( 0.000806 0.011003 11.98 0.000| 1.55
R%*R%*R% 0.01379| 0.00133 0.01601 10.33 0.000| 13.36

The coefficient of determination was calculated, and the
corrected coefficient of determination, tab. 4.

Table 4.Model Summary
R-sq(adj) PRESS| R-sq(pred)| AlCc BIC
94.91%| 0.0002429 94.36%| -713.27| -702.71

S| R-sq
0.0017454| 95.12%

Table 5 Analysis of Variance

pP-

Source DF| Seq SS| Contribution| AdjSS| Seq MS|F-Value| Value

Regression 3]0.004099 95.12%| 0.004099/ 0.001366| 448.49( 0.000

R% 1/0.003558 82.57%] 0.000016| 0.003558| 1167.97| 0.000

R%*R% 1]0.000215 5.00%]| 0.000437] 0.000215 70.70{ 0.000

R%*R%*R%| 1]0.000325 7.55%]| 0.000325[0.000325| 106.81|  0.000
Error 69(0.000210 4.88%] 0.000210| 0.000003

2.26%]| 0.000097| 0.000007 3.72| 0.000
2.62%| 0.000113] 0.000002
100.00%

Lack-of-Fit | 13|0.000097
Pure Error | 56|0.000113
Total 72/0.004309

From the condition for the P-coefficient of multiple correlation,
which is insignificant if . From the analysis of the variables, table
5, it can be seen that the P value of the coefficients is less than 0.05
in the case of e 0.

The Pareto diagram, shows the absolute values of the
standardized effects from the largest to the smallest effect fig 5 [12].
The chart also draws a reference line to show which effects are
statistically significant. The components are after the significance
line, therefore all the coefficients are significant.

Pareto Chart of the Standardized Effects
(response is Year-s; o = 0.05)

Term 199

Predictor Name
A

AAA

AA

0 5 10 15 20 25 30 35
Standardized Effect

Fig 5.Pareto chart of the effects

Normal Probability Plot

(response is Year-s)

Percent
&

0.1 <~
-4 =3 -2 =1 o 1 2 3 4

Standardized Residual

Fig. 6 Standartized residuals
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Versus Order
(response is Year-s)

Standardized Residual

35 45
Observation Order

Fig. 7 The standardized residuals in order of obtains

Analysis of residuals is performed using plots in Fig. 6,7. The
values of the standardized residuals should be within £2 [13].

Histogram
(response is Year-s)

20

Frequency
3

—

24

-

-24 -1.2 0.0

Standardized Residual

12

Fig. 8 Histogram of standardized residuals

Figure 8 shows a diagram of the standardized residuals, which
shows that the normal distribution is right-skewed.

4.Conclusions

From the obtained regression model, the relative elongation
according to equivalent years can be predicted with an accuracy of
98.4%.

The verification of the results obtained from the model show
that they are statistically significant, which proves the mathematical
dependence between the variables. The use of a regression model
leads to obtaining adequate results and eliminating random errors
caused by various factors. The model can also be used for creep
tensile testing of other materials in order to reduce duration of the
test. It is possible to use other mathematical models in order to
optimize test duration and used resources.
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Frost resistance of hollow ceramic structural elements for ceramic beehives
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Abstract: In laboratory conditions, the frost resistance of hollow ceramic samples (constructive elements of ceramic beehives) was examined
by applying a standardized methodology for assessing the reliability of ceramic products. For both sample types that were investigated (each
with different phase compositions), the result for the frost resistance coefficient Ky, is above 84%. The products retain their structural
integrity and high resistance in an extreme temperature environment. It was not observed any significant damage that could disrupt their
functionality. The obtained results prove the assumptions that the ceramic beehives are appropriate for use in vast geographical regions
characterized by critical temperatures and high diurnal and seasonal temperature amplitudes. At the same time, the experimental data can
serve for further optimization of the recipe compositions, the technological regime, and for improvements of the construction characteristics
of the ceramic elements that build the ceramic beehive.

Keywords: CERAMIC BEEHIVE, FROST RESISTANCE, MARL, KAOLIN, MOISTURE ABSORPTION

1. Introduction _ _ _ _
beehives. Ceramic elements created on the basis of these minerals

There are various natural, anthropogenic, and complex factors  combine good mechanical strength and a specific microstructure
causing moderately negative to fatal effects on the normal  with porosity that supports their thermal insulation properties.
development and survival of bee families [1-3]: diseases typical for  Despite these advantages, the porous structure is still vulnerable to
the brood and the adult bees; impact of natural enemies of the honey  climate influences, such as freezing and thawing, which can lead to
bee (mainly various insects, birds and others); environmental  the accumulation of water deposits in the hollow of the material.
pollution from growing industrial activity; increasing use of toxic Over time, this process causes micro-level expansion and
insecticides for plant protection in the agricultural sector; intensive  contraction, leading to microcracks and structural deterioration of
noise pollution (transport traffic, industrial production, construction, the material.
and others); annual fires with extensive localization, global climate The present work aims to study the degree of resistance of
changes and many other. ceramic structural elements (for the production of ceramic hives) to

Bee farms nowadays are widely using several basic systems of  freezing and thawing cycles and to analyze their impact on the
beehives [4] made of different materials (wood, polystyrene, and microstructure and the strength of the elements. The obtained
others). results are intended to be used for improvements of the material so

Due to its suitable workability, wide availability, natural origin  that it provides reliable protection and comfort for bee colonies and
and environmental friendliness, wood is a predominant and their owners.
relatively cost-effective raw material for the production of beehives
[2]. The use of wood as the main construction material allows the 2. Experimental procedures
use of various technological methods of processing, accurate
implementation of the designed construction options, and
preparation of a wide assortment of products [4]. Spruce, pine, fir,
pine, linden and others are used in the production of various beehive
systems [2, 4]. The existing experience in the practice shaped the
the opinion that coniferous resinous trees are better raw materials 2.1. Preparation of the samples:
for beehives as they can provide higher resistance to the impact of
destructive cyclic weather factors (mainly during the winter
season).

At the same time, in the course of active exploitation of the
widely spread standard wooden beehives, it is observed a critical
disadvantage [4] - the relatively low resistance under dynamic
extreme climate conditions.

To effectively overcome some of the existing main problems in
the beekeeping sector, an innovative beehive was created. Its
construction consists of hollow ceramic elements that form air
chambers providing thermal insulation of the hive. [5].

For the purpose of the study and the examination of the frost
resistance of hollow ceramic elements were used the following
methods:

— There were prepared two types of samples and from each type
were prepared 5 elements. The types are respectively: from a
mixture of marl clays - anorthite (CaAl, Si, Og ), with dimensions
of 162 mm x 75 mm x 25 mm with a cavity of 66%; and from a
mixture of washed kaolin (Al, O3 -2SiO, -2H,0) with dimensions
of 310 mm x 156 mm x 25 mm with a cavity of 66%.

— The samples were produced according to a previously established
technology for the production of elements for hives by slip casting.

2.2. Initial measurement and analysis:

For materials with a porous structure (such as many types of ~ —Marl clay samples - anorthite (CaAl, Si; Og ), size 162mm x
ceramics), frost resistance is a key factor in their durability. The ~ 75mm x 25mm with a cavity of 17mm or 66% cavity;
moisture that has penetrated the material's pores freezes at low  — Washed kaolin samples (Al, O; -2SiO, -2H,0) measuring 310
temperatures, which leads to the expansion of water and, MM X 156 mm x 25 mm with a cavity of 17 mm or 66 % cavity;
accordingly, to an increase in the internal tension in the pores. To register results for changes in the pores and possible

Repeated freezing and thawing causes: microcracks, widening of microcracks, we performed an initial microstructural analysis of the
existing cracks, reduction of mechanical strength, damage to the ~ samples (fig. 1,2, and 3). For this, we used a scanning electrical

surface layer, and other damages. digital microscope, Wireless Microscope HiView, version 1.4, 2000
The frost resistance of the material depends on its porosity, ¢ USB 1600x, Windows 2000/2003/XP/Vista/7, Linux.

capillary structure, absorption properties, and strength. Various tests The main physical properties of the samples were determined at

and analyses determine how well a material can retain its properties  the beginning of the study, as follows:

and structure under continuous exposure to freeze-thaw cycles. — Compressive strength - 2550 kg/cm’ washed kaolin; compressive
The study of frost resistance of hollow ceramic structural  Strength of marl clay (anorthite) — 2250 kg/cm?;

elements composed of anorthite (CaAl, Si, Og ) — marl clay and ~ —Moisture absorption — of the washed kaolin sample — 2,65%;

washed kaolin (Al, O3 -2SiO, -2H, O) is of key importance for moisture absorption of the marl clay (anorthite) sample — 3,4%.
creating resistant and long-lasting materials suitable for use in
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2.3. Exposure to freeze-thaw cycles [6]:

The samples are exposed to frost-thaw cycles according to the
following procedure:

— The samples are dried in a dryer at 105+5°C to a constant mass
and after that their weight is measured. They are cooled to an
ambient temperature of 25°C and the mass is measured again. [Md]
— After that, the samples are immersed in a tank of tap water at
room temperature and the water is heated in the vessel to 80°C+3°C
for 2 hours. At cool saturation, water enters only the fully open
pores, while at 80°C water temperature, it is assumed that it enters
the semi-closed pores.

— The water-saturated samples are weighed with an electronic scale
with accuracy =1 gram and the results are recorded [Mw]. Then the
samples are left to air for 20 minutes and weighed again [Ms]

— They are placed in a freezer chamber at temperature of
-18°C+3°C. Each freezing cycle is at least 5 hours, counted from
the moment of reaching the set temperature - 15°C.

— Follows a rapid thawing by blowing warm air at temperature of
105°C+5°C for 20 minutes and subsequently leaving at room
temperature 25°C for 20 minutes.

— Each subsequent cycle starts by pouring over with tap water for
minimum 2 minutes, weighing them immediately and after resting
for 20 minutes. After that they are placed in the freezing chamber
for the next freezing.

The first freezing period lasts 6 hours, each subsequent freezing
period must last minimum 5 hours in the chamber after reaching the
set temperature. A cycle of defrosting and subsequent
humidification follows. This freeze-thaw cycle is repeated 51 times.

3. Results and Discussion

3.1. Monitoring of the microstructural changes:

— We are monitoring for cracks on the sample surface.

— Using a scanning microscope, we scan the surface of the samples
for cracks and capillaries after cycles 35 and 50.

— After cycle 35 and cycle 50 for all the anorthite samples
(CaAl; Si, Og ), there is no change in dimensions, nor capillary
cracks  (fig.1). For the samples of washed kaolin
(Al, O3 -2SiO, ‘2H,0) there is no change in dimensions. After
cycle 50, on one of the parts of a kaolin sample is identified a crack
of 1 mm — 2 mm (fig.3) with a length of about 50 mm. The crack is
observed in the funnel area. After cycle 50 capillaries are noticed on
the surface layer of the same sample (fig.3). For the rest of the
samples are not observed any defects or cracks (fig. 2).

Fig. 1 A marl clay sample from left to right: at the t;e‘ginr‘lirﬁlg'; after cycle
35; after cycle 50
T

| ey

- - N . ‘) .
P 1 e
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A . B 2
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Fig. 2 The surface of a washed kaolin sample at the beginning; after cycles
35; and after 50 cycles (from left to right)

Figure 3 Surface capillaries and a crack on one of
the washed kaolin samples

-
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3.2. Measurement of physicomechanical properties after
freezing and thawing cycles:

After the 35th and the 50th cycles, the key physico-mechanical
parameters are measured again: sample sizes, and compressive
strength. The results of these measurements are presented in tables
1 and 2 respectively for marl clay and washed kaolin.

Table 1. Marl clay samples.

Ne Marl rock sample dimensions © 5 % % =& Drzngqts(/e
of 25E | 88 | P
cye 3 é ;:E E_ = E’ capiﬁ];ries
i i S o =
le anorthite (CaAl, Si, Og ), = § ] and cracks
1 162 mm x 75 mm x 17mm 3,40 2250 No
35 | 162 mmx 75 mm x 17mm 3,35 2200 No
51 162 mm x 75mm x 17 mm 2,22 2150 No
Table 2. Washed kaolin samples.
o Dimensions of the washed kaolin c o Defects/
Ne v g © = 2
of sample 520 2 5 presence
2228 £c8 of
cyc °2%FT | g&® iari
. S a0 Eg=x capillaries
le (Al, O3 -2Si0, -2H,0) ® O 8 and cracks
1 310 mm x 156 mm x 25 mm 2,65 2550 HE
35 | 310 mmx 156 mm x 25 mm 2,00 2450 HE
51 | 310 mm x 156 mm x 25 mm 0,68 2400 HE

The results we obtained show that after 50 frost-thaw cycles of
the samples, a crack with the size of 1 mm is observed on the
surface of only one of them. This defect is located in the area of the
technological holes, which are the result of the casting process. This
is probably one of the weakest areas of the element, where the
tension concentration is higher and the structural resistance is lower.

We observe that the compressive strength decreases both for the
samples from kaolin (5,88%) and marl clay (4,44%).

The experimental method we have applied allows us to get a
holistic and comprehensive view of the effect of freezing and
thawing cycles on the structural and mechanical resistance of
hollow ceramic elements composed of marl clay and glass ceramics.

The focus of the analysis is the change of the weitght of the
samples when they are watered, dried, frozen, and defrost. All
measurements are included in a table. Based on the obtained results
we present the following graphs: Graph 1 Shows the mass of the
marl clay samples after drying, after soaking in water, and after
freezing. Graph 2 contains the same information but for the kaolin
samples. Graph 3 displays the information about the water
absorption of the two types of samples over the 50 cycles.

Weight [gr]

1357 9111315171921232527293133353739414345474951

Number of cycles

=0==ass of the sample after drying at 105 °C £5 °C [gr]

Mass of the sample after soaking in water at 80°C+3 °C, weighed in air [gr]

== llass of the sample after freezing at -18 °C + 3 °C, weighed in air [gr]

Graph 1. Mass change of marl clay samples
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Weight [gr]

1234567 E9101112131015161718 192021 2223 2925 2627 2829 30 313 3334 36 3637 3839 1041 4243 14 45 16 47 1€ 495051
Number of cycles

Graph 2. Mass change of washed kaolin samples

450%
4005

12345678 9 101112131415 1617 1819302122 23242526 77202930 11323334 3536 3738394041 42 43445 4647 18495051
Number of cycles

—farl —racin

Graph. 3. Moisture absorption of marl clay and washed kaolin
samples

3.3. Evaluation of frost resistance and analysis of results:

The frost resistance coefficient was calculated for the samples
of marl clay anorthite: K.,=84.45% and washed kaolin
Km=84.30%. According to the standard, the coefficient should be
smaller than 85% for a product to be considered frost-resistant. In
the case of our experiment, both sample types can be considered
frost-resistant.

For the samples of washed kaolin we found that the material
shows stability under existing conditions (drying, soaking in water,
and after freezing). Weight changes are minimal, indicating high
resistance to freeze/thaw cycles. The location of the crack is around
the technological openings related to the casting process: The crack
is concentrated around the technological opening, indicating that
this area is more susceptible to microstructural defects in cold due
to the different density of the material in this area. Another reason
may be the accumulation of internal pressure during the casting and
baking of the element. Such pressure becomes a reason for a higher
degree of water absorption by the pores leading to freeze expansion.
Lower water absorption of the kaolin samples is connected to less
pores. During the cycles of watering, water can not be spread
evenly on the surface and while freezing uneven tensions are
created. This is the reason why for these samples we observe
capillary structural changes on the surface.

For the samples of marl clay, we observe relatively higher water
absorption and weight change, especially after soaking in water and
freezing. We connect this observation to the higher porosity of the
material which would generally mean it shall be more prone to
defects. We observe that for the course of 50 frost-thaw cycles,
there are no changes of the structure on the surface of the samples,
no cracks, nor capillaries which means that the higher porosity
contributes to an even distribution of inner tensions.

4, Conclusion

Our analysis shows that for both types of examined samples, a
sufficient level of frost resistance is reached. They passed
successfully through 50 frost-thaw cycles without significant
changes which can damage their functionality. This leads us to the
conclusion that the selected casting mixtures (marl clay (anorthite)
and kaolin) have physicomechanical properties that make them
appropriate for use in places with variable or extreme temperature
conditions.
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Abstract: Pelton mini hydro-turbine, more concretely its turbine circle buckets was completely damaged during explotation conditions i.e.
working time of about two years and half. Because turbine was ensured in ensured company, representatives of the company engaged court
expert prof Cvetkovski to perform investigations (analysis) and to determine the reasons for these accidents. Normally working time of the
Pelton turbine is about ten years, but there is examples that it can work even twenty years if construction and maintains of turbine was
properly done. Therefore, the purpose of the conducted expert examination is to analyze the causes, effects and potential solutions for the
damaged Pelton turbine. This report covers the technical aspects, the mechanisms that contribute to the appearance of defects, that is,
damage of the buckets of the Pelton turbine. In order to find the reason of failure of the turbine buckets, as first complete visual inspection of
the turbine wheel was performed. As additional investigation was performed chemical analysis of the buckets, measuring of its hardness and
metallographic investigation (determination of type and quantity of non-metallic inclusion and microstructure).

KEYWARD: PELTON TURBINE, BUCKETS, EROSION, WATER JET, VISUAL INSPECTION, HARDNESS, SEDIMENTS

Introduction

This expertise, from the field of technological engineering, was
made at the request of the insurance company UNIKA A.D. Skopje.
The subject of the expertise is a turbine (stream turbine wheel)
mounted on the Topolka river, Macedonia. It is mini, hydro Pelton
turbine (PT), which was in operation for about 2.5 years. During the
exploitation, serious damage occurred to the buckets of the turbine
(turbine wheel) due to which it had to be replaced with, and a new
turbine wheel was installed. The damaged turbine wheel was
dislocated after disassembly. The same was seen by the
representatives of UNIKA AD Insurance company, and after taking
over the case by the authorized court expert Prof. Sveto Cvetkovski.
From the court expert was performed visual inspection of the
dismantled turbine wheel. In addition, a piece of turbine bucket was
taken to analyze the chemical composition, to perform hardness
measurement and metallographic analysis of the microstructure, as
well as checking the purity of the material, i.e. the presence of non-
metallic inclusions in it.
In the technical literature is well known that three main reasons
contribute to the occurrence of defects, and finally, breakdowns in
Pelton turbines [1, 2]. These factors are clearly stated. It is obvious
that the buckets are most susceptible to damage only during the
operation of the turbine. The usual reasons for the occurrence of
defects in the Pelton turbine are:
- Erosion: Occurs because of hitting a water jet moving with great
speed and suspended particles.
- Cavitation: Formation of steam bubbles that collapse and cause
damage to the surface of the turbine.
- Fatigue of the material: Repetitive stress cycles that lead to cracks
and eventual collapse.
- Operational problems: improper maintenance, overloading and
difficult working conditions.

1 Material and investigations

1.1 Pelton turbine overview

Description:

Pelton turbines used in hydroelectric power plants are high voltage.
These are essentially impulse turbines used for hydroelectric energy
production.

Operating principles of the turbine:

The water jet hits the turbine buckets, converting the kinetic energy
of the water into mechanical energy and then into electrical energy.
Schematic presentation of opereting principles of Pelton turbine is
given in figure la. Complete turbine wheel with buckets is
presented in the figure 1b.

130

Casing __
-

Uy
Sre

a
Figure 1. Pelton turbine overview a. Operating principles of
Pelton turbine b. Pelton turbine circle with a buckets

2. Performed investigations of the turbine wheel buckets

2.1 Inspection of the condition of the dismantled turbine wheel
(Visual inspection)

During dismantling, the turbine wheel was cut into two halves and
left in the appropriate location figure 2. A visual inspection of the
cut halves of the turbine wheel (Pelton turbine) was performed on
site. It was ascertained that there was huge damage of the buckets,
which prevented the normal functioning of the feet, in fact, there
was an intense perforation of the buckets. From the on-site
inspection, it was established that the turbine wheel has 14 buckets
on which the water jet hits. The documentation says that 18 buckets
are installed.

s ”.Y

S O

)
I

Figure 2 Cut turbine wheel halfs with a buckets

It is immediately noticeable that the damage (perforation) is noted
only on one side B of the buckets, figure 3. Therefore, there is
drastic damage. This is somewhat incomprehensible, because the
water jet should hit the middle of the bucket (figure 4) so that the
water jet should be distributed evenly on the two halves of the
bucket. It is noted that the outer surfaces of the buckets that are not
in contact with the water jet are not damaged at all, which is quiet
normal. With the visual inspection, it was established that there are
no signs of corrosion on the wheels, as they were cleaned and
painted before putting them into operation. In addition, possible
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cracks on the inner surfaces are not recorded. According to the

information, the turbine wheel was in use for about two and a half

years. This something indicates that it takes a very short period of

time to damage the buckets from exploitation. Almost all turbine

buckets have traces of erosion on the inside, which occurs due to

hitting particles carried by the water jet and roll out the buckets.
e v e -

-

Figure 3 Damaged buckets but only on one side B while on the
side (A) there are practically no perforations

The same conclusions can be reached from figure 4.

According to technical knowledge water jet has to hit any bucket in
the middle, figure 5, but it is not such case in this situation. It is
obvious that water jet is not properly directed [3, 4].

Water jet [

Figure 5 Schematic presentation regular water jet hitting the
bucket

This is somewhat incomprehensible, because the water jet should
hit the middle of the bucket so that the water jet should be
distributed evenly on the two halves of the bucket. It is noted that
the outer surfaces of the buckets that are not in contact with the
water jet are not damaged at all, which is always normal.
Figure 6 show how particles are arranged in water jet when they hit
the bucket depending of their size and weight [5].

Figure 6 Distribution of particles in waer jet before hiting the
bucket
With the visual control, it was confirmed that there are no signs of
corrosion on the wheels, because they were cleaned and painted
before putting them into operation. Corrosion of the buckets was
not noticed. Cracks was not noticed too.
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From the figure 7 could be noticed locations on the buckets where
their perforations start, arows and circles with yelow colour. It is
posible that besides erosion cavitation on the buckets appear too.

Figure 7 View of bucket from the inner side Pczitions where
perforation starts
Figure 8 presents roll out material (buckets) during the exploitation
as results of erosion from the particles sediments. The reason is
erosion that appear as result of hitting the buckets with water jet
together with hard particles. Depending from a particles size, they
hit the bucket at different locations and lower the thickness of the
bucket.

I out of the bucket surface during exploitation

In figure 9, one can see traces of erosion on the inside of the
buckets. Visual inspection showed that practically all buckets were
affected by erosion. Such images can be found in many scientific
and technical papers on Pelton hydro-turbine buckets in different
parts of the world. It was confirmed in our case too.

What is erosion? Erosion is caused by small debris particles passing
through the turbine system. The rapid movement of particles can
deform metal surfaces. Over time, when this process is repeated,
material is removed and the surface of the parts becomes worn. The
level of erosion depends on several factors: the amount of debris,
the type of debris, the material of the turbine and the location of the
section. Often the worst erosion occurs on high head turbines such
as the Pelton. Where water moves very quickly through the valve,
erosion can result in turbine equipment failures. In all turbines, over
time repetitive contact between silt, sand and small stones with a
metal surface will lead to wear.
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Figure 9 Traces of erosion on the inner side of buckets

Conclusions from the visual review were compared with literature
dates i.e. schematic overview of erosion. It is obvious that low angle
hitting of the particles on the surface of the buckets appear, denoted
with red color, figure 10.

Low impact angle High impact angle
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o

Figure 10 Diferent types of erosion depending

Brittle fracture at high
impact angle, brittle
material

, Flake formation due
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Mg

10 high impact angle
= and medium speed for
ductile material

of hiting angle

2.2 Additional investigations on turbine buckets

After the visual control of the turbine circuit (buckets), additional
investigations were perforated on the turbine circuit, such as
determination of the chemical composition, measurement of the
hardness HB and metallographic investigations.

2.2.1 Determination of the chemical composition

The results of determining the chemical composition of the buckets
is given in table 1. For comparison, the table also lists values for the
chemical composition for X3CrNiMo13-4 steel according to the EN
10250-4 standard. Determination of the chemical composition was
carried out in an accredited laboratory. For determination of the
chemical composition was used emission spectroscope device
SPECTRO type.

Table 1 Chemical composition of X3CrNiMo13-4 steel

element Standard measured
X3CrNiMo13-4

C max 0.05 0.0492

Si <0.7 0.302

Mn <15 0.67

P <0.04 0.0142

S <0.015 0.001

Cr 12-14 12.71

Ni 3.5-45 3.54

Mo 0.4-0.7 0.445

Chemical analysis confirmed that the material used to make the
buckets is soft martensitic steel X3CrNiMo13-4. It can be noted that
the maximum concentration of carbon in this steel is 0.05%. The
purpose of the test was to check whether the chemical composition
of the incorporated material for making the buckets corresponds to
the one declared in the offer, namely X3CrNiMo13-4, number
1.4313. So martensitic stainless steel which is subject to quenching
and tempering. This means that the steel after quenching and
tempering has a rather low hardness, which is insufficient to prevent
erosion, i.e. perforating the buckets.

2.2.2 Measuring the hardness of the buckets

Hardness is considered the most important factor affecting erosion.
The higher the hardness, the greater the resistance to erosion.
According to the standard, the hardness for this steel can be 320 HB

if it is in the annealed state or about 300 HB if it is delivered in the
quenched and tempered state. The measured values for strength are
given in table 2. The measurements were performed on cut pieces of
the buckets. The hardness was measured in order to see why we
have bucket erosion and perforation.

Table 2 Measured bucket hardness

1 2 3 4 5 6 7

TBpavHa
HB

255 271 | 262 | 257 262 | 271 | 249
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As can be seen from table 2, the values for hardness range from 249
to 271 HB. It should be noted that this steel is not supplied in the
annealed (A) condition, but in the quenched and tempered (Q&T)
condition. The material in the annealed state has a hardness of 320
HB in the quenched and tempered state its hardness is about 300
HB. The general rule is that the higher the hardness, the greater the
resistance to erosion. The measured hardness of the buckets is quite
low. | assume the buckets are delivered in a quenched and tempered
condition. In quenched and tempered steels, the hardness varies
depending on the tempering temperature and time. When choosing
the material for making the buckets, the erosion situation should
have been taken into account. It must be mentioned here that
erosion is considered as the biggest problem that occurs during the
operation of Pelton turbines. It was also confirmed in this case. It is
obvious that the buckets are one of the most vital parts for the
normal operation of the turbine. Damage to the buckets from the
turbine contributes to its being thrown out of operation, which
means big stoppages due to replacements and thus big financial
losses. It is incomprehensible that the manufacturer of the turbine
did not take into consideration the possible defects of the buckets
due to erosion, which, together with cavitation and fatigue, certainly
contribute to the failure of the buckets. It is assumed that no water
analysis was done at all.

2.2.3 Metallographic investigations

Metallographic tests were performed on a cut piece of one of the
buckets. A standard metallographic preparation of the sample was
done. So, after sanding and polishing, the sample was etched with
Nital (3% sol. HNO3). An analysis of the purity of the material, i.e.
the presence of non-metallic inclusions, was performed on a
polished and unetched sample. From the photographs, it can be
concluded that the material is very clean as far as the presence of
non-metallic inclusions is concerned (Figure 7). The microstructure
consists of quenched martensite indicating that the steel used to
make the buckets was tempered and quenched, Figure 11.

What is erosion? Erosion is caused by small debris particles passing
through the turbine system. The rapid movement of particles can
deform metal surfaces. Over time, when this process is repeated,
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material is removed and the surface of the parts becomes worn. The
level of erosion depends on several factors: the amount of debris,
the type of debris, the material of the turbine and the location of the
section. Often the worst erosion occurs on high head turbines such
as the Pelton. Where water moves very quickly through the valve,
erosion can result in turbine equipment failures. In all turbines, over
time repetitive contact between silt, sand and small stones with a
metal surface will lead to wear.

Discussion

The on-site inspection was carried out on the dismantled turbine,
i.e. the turbine circuit. Almost all the buckets were damaged or
rather large holes were observed on them. It is obvious that this is
serious damage to the buckets that impairs the basic function of the
turbine. Visual inspection clearly showed that these holes
(perforations) occur only on one side of the bucket. On the inside of
the buckets, typical traces caused by erosion of the material of the
buckets were observed too, while on the outside, no such errors
were observed. The buckets themselves are painted as outlined in
the specification. During the inspection, one bucket was cut and
samples were taken from it to determine the chemical composition
of the material, metallography and to measure the strength.

The measurement of the hardness of the bucket showed that the
hardness of the surface of the bucket is quite low, or rather lower
than declared for this type of material. The maximum hardness for
this type of steel is 320 HB when it is in the annealed state, but in
the quenched and tempered state, the hardness should be about 300
HB when it is in the quenched and tempered state, according to the
technical literature (standard EN 10250-4). The hardness in that
case will depend on temperature and tempering time. In addition, in
this case we have a relatively low concentration of carbon. Carbon
increases the hardness of steel, and hardness is known to be the
primary factor affecting the material's resistance to erosion [6].
Erosion occurs when the particles present in the jet hit the buckets,
but only on one side. This indicates that the jet is not hitting the
buckets evenly. A high-speed jet hits the turbine buckets. The
higher the speed of the jet, the higher the speed of the particles
hitting the surface of the buckets (fine sand particles and small
debris/particles). The angle at which the particles hit the bucket
surface also affected the erosion damage [7]. Certain research
shows that the size of the particles depends on which parts of the
buckets will be damaged [8]. As was pointed out earlier, the speed
of the jet also has its own effect on erosion, because the speed with
which the particles (substrates) hit the inner surface of the buckets
also depends on the speed of the water jet. Otherwise, according to
the literature and technical knowledge, ordinary steel, high-alloy
martensitic steel and even bronze are used as materials for making
the [9]. In certain cases, coatings with (chromium or tungsten
carbides) are also applied to the buckets. The martensitic steel used
has a relatively low carbon concentration, and it is well known that
carbon is the main factor that increases hardness and therefore
erosion resistance [10]. The maximum measured blade hardness is
271 HB. Obviously, this strength is insufficient to affect erosion
resistance. | believe that no care was taken to prevent direct contact
between particles and buckets.

Conclusion

The tests conducted in this research work confirmed that the main
reason for the appearance of holes (perforations) on the buckets is
their erosion. Because of the presence of abrasive particles in the
water jet hitting their inner surface in direct contact with water jet.
Practice has shown that the buckets of Pelton turbines suffer the
most from erosion [11]. The higher the concentration of the
particles (mil, sand, gravel, coarse particles, etc.), but also the
higher the speed of the water jet, the greater the damage will be. We
must not forget the influence of the shape, the strength as well as

133

the chemical composition of the particles. Otherwise, this
phenomenon is not unknown when it comes to Pelton hydro-
turbines [12].

Scientific and technical research is still being carried out in this
field. Precisely because of this, it is incomprehensible why the
manufacturer of the turbine did not take measures to analyze the
water and, accordingly, give the optimal solution to erosion. It is
indicative that the manufacturer of the turbine, i.e. its constructors
and designer, did not check the composition of the water, i.e. the
presence of particles. Otherwise, appropriate measures would have
to be taken [13]. The material chosen for making the buckets is
quite good and used for this purpose, however the effort should
have been affected as it affects the erosion resistance to a certain
level. Martensitic steel - soft martensitic steel X3CrNiMo13-4 was
used for making the turbine. Practice shows that carbon steel and
even buckets made of brass can be used. It will primarily depend on
the danger of erosion. In addition to the choice of material, care
should also be taken to install filters that would prevent the contact
of particles, substrates from the water jet with the fire surfaces of
the buckets. Therefore, the water entering the turbine had to be
analyzed, and filters (sieves) should be selected according to the
size of the particles. If it was physically prevented, the contact
between the substrates and the buckets would be much longer. Then
the lifetime of the buckets would be much longer. According to the
technical data, the Pelton turbines can achieve a service life of
twenty years. In this case, the working life is about two and a half
years. There is also a question as to whether the training of the
personnel for operating the turbine as well as its maintenance has
been done. As | previously pointed out, it was necessary to install
filters to prevent erosion of the buckets from the particles, but also
to make a special design of the buckets that directly affects their
resistance to erosion. The speed of the water jet, but also the angle
at which the water jet hits the buckets are also very important. If the
representatives of the manufacturer had come to the site after the
accident, they would have been able to see all the facts | am talking
about. It is known that there are three basic types of failures in
Pelton turbines, namely fatigue, cavitation and, above all, erosion.
Preventing erosion in Pelton turbines is critical to maintaining their
efficiency and longevity. Here are some strategies that would help
mitigate the danger of erosion:

1. Material selection: Use erosion-resistant materials for baskets and
other components. Materials such as stainless steel or special alloys
can withstand the abrasive action of water and particles better than
standard materials.

2. Surface Ccatings: Apply protective coatings to turbine
components. Coatings such as hard chrome, tungsten carbide or
ceramic can provide a barrier against erosion [14].

3. Water quality management: Ensure that the water used in the
turbine is as clean as possible. Installing sediment traps or filters
can help reduce the amount of abrasive particles in the water.

4. Optimal design: Design turbine components to minimize areas
where erosion is likely to occur. This includes optimizing the shape
and angle of the buckets to reduce the impact of water jets.

5. Regular maintenance: Conduct regular inspections and
maintenance to detect early signs of erosion. This allows for timely
repair or replacement before significant damage occurs.

6. Operational adjustments: Adjust turbine operation to reduce
water jet velocity when possible, as lower velocities may reduce
erosive force.
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Abstrct: The fibrous materials produced by electrospinning offer unique properties and enormous applications. Nevertheless, despite
progress in the electrospinning process, it is still an important challenge to find possible adjustments and improvements to the mechanical
properties of these materials. In this regard, the study focuses on the preparation of electrospun poly(3-hydroxybutyrate) materials with
controlled fiber alignment and desired mechanical properties.

Among aliphatic polyesters derived from renewable sources, poly(3-hydroxybutyrate) (PHB) stands out as a promising hydrophaobic,
thermoplastic polymer with physical properties similar to polypropylene. However, unlike polypropylene, PHB is both biocompatible and
biodegradable. Despite these advantages, PHB presents processing challenges: it is brittle, with high crystallinity, leading to poor
mechanical properties. This work explores innovative approaches to enhance the mechanical properties of electrospun PHB materials. One
approach examines the effect of collector geometry and rotation speed on fiber alignment and mechanical properties of the obtained fibrous
materials. Another approach applies coatings of natural polysaccharides (such as chitosan and cellulose derivatives) to the PHB fibers,
using solvents that preserve fiber structure.

KEYWORDS: ELECTROSPINNING, POLY(3-HYDROXYBUTYRATE), PATTERNED COLLECTORS, COATING, MECHANICAL
PROPERTIES

Acknowledgements:
Part of the research equipment of distributed research infrastructure INFRAMAT, part of the Bulgarian National Roadmap for research
infrastructures, supported by the Bulgarian Ministry of Education and Science was partially used in this study.

135



INDUSTRY 4.0 2024, WINTER SESSION, vol 2

Quo Vadis industry? Critical and strategic raw materials, environment-friendly WEEE
mining and REE reuse

Zara Cherkezova-Zheleva™, Daniela Paneva’, Radu Robert Piticescu?, Guido Heunen®, Olivier Jay*
Institute of Catalysis, Bulgarian Academy of Sciences, Sofia, Bulgarial,
National Research and Development Institute for Nonferrous and Rare Metals-IMNR, lIfov, Romania®
SIRRIS, rue du bois Saint-Jean 12, BE-4102 Seraign, Belgium/Wallonia®
FADDTORY SPRL, rue Albert ler, nr42, 5380 FERNELMONT, Belgium/Wallonia*
*Corresponding author

E-mails: zzhel@ic.bas.bg; daniela@ic.bas.bg, rpiticescu@imnr.ro, guido.heunen@sirris.be, oj@faddtory.com

Abstract: Critical Raw Materials (CRMs) are raw materials that combine high importance to the EU economy and high risk associated with
their supply due to their production only in a few countries or in countries with unstable regimes. In this regard the renewed industrial EU
strategy is focused on stimulation of the production of CRMs by enhancing new mining and recycling activities in the EU, as well as on
fostering efficient use and reuse of critical raw materials, a priority area in the EU circular economy action plan. In parallel, the attention is
currently focused on the Strategic Raw Materials, which are a vital Resource for various industries having unique properties and challenging
to replicate. Strategic raw materials help make Europe more independent in the production of strategic products, especially in the area of
green energy production, digital technology and defence. Both critical and strategic raw materials play a crucial role in modern technology,
quality of life, and clean technology initiatives.

Currently, the importance of rare earth elements (REE), both heavy and light REEs, continuously increase on a global level due to their
significance both as critical and strategic raw materials, having an additional high demand connected with the Green transition. REEs are
irreplaceable in applications such as wind turbines, electric vehicles, automotive catalysts, energy-efficient lighting, electric batteries, solar
panels, mobile phone and computer displays, glass additives, metallurgy, etc. Therefore, the sustainable solution to address the high demand
and the straitened supply of REEs is to accelerate the scientific and innovative investigations focused on the closing of the loop of their life
cycle.

On the other hand, mechanochemical treatment of waste materials has been recognized as a green and sustainable method for waste
management and pollution remediation.

The presented investigation is focused on treatment of EoL small magnets from hard discs based on their degree of damage, toward
preparation of standardized batches of Fe-Nd-B-containing materials.

The performed laboratory experiments revealed the possibilities for the design of mechanochemical reactions toward environmentally
friendly, sustainable and economical recycling of target materials. The study includes multidisciplinary analysis of the obtained data based
on detailed physical-chemical characterisation using XRD, Moessbauer spectroscopy, Electron Microscopy and EDS. Special attention is
paid to follow the changes of material composition at different stages of the treatment. The paper is also a step forwards the development of
the scientific foundations of mechanochemistry by studying the multidirectional processes that take place during the material treatment,
toward the selection of mechanochemical reactions with potential application in practice.
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Abstract: This article provides a systematic literature review to explore the relationship between digital transformation and corporate
culture, focusing on their impact on employees' work-life balance and well-being. In today's dynamically changing work environment, the
rapid adaptation of businesses to digital technologies figures prominently in changing corporate practices. This transition to the digital era
has a significant impact on employees' personal and professional lives, which must also remain a key area of research interest. This review
will focus on two key research areas: (1) the role of digital technologies and teleworking in shaping work-life balance, and (2) corporate
culture in the context of digital transformation. Within the research findings, there is considerable current literature on how companies can
use digital technologies to their advantage while shaping a strong corporate culture to improve work-life balance and employee well-being.

Keywords: DIGITAL TRANSFORMATION, REMOTE WORKING, CORPORATE CULTURE, WORK-LIFE BALANCE, JOB
SATISFACTION

1. Introduction for emplo_yees. D_igitalization helps em_plo_yees in many areas. For
example, in learning, development, achieving work-life balance, or
The current era of Industry 4.0 is related to the relentless and  job well-being [7].
dramatically rapid development of technology on the one hand and
the development of socio-economic factors on the other. With the
advent of the latest production technologies, working conditions
and lifestyles of the human population have historically changed.
Industry 4.0 is a turning point that is putting an end to conventional
production. It is the result of merging the boundaries of the physical
and virtual worlds to create cyber-physical systems. It is a change in
the way industry can respond to the changing needs of human
society [1]. The fourth industrial revolution has changed the
information age. Since this moment, for the first time in the history
of mankind, the emerging new technologies that allow us to control
everything around us, in a much more intelligent way, have brought
society to the possibility of rethinking the current practices and
processes, for the re-execution of anything that is as autonomous
and intelligent as possible [2]. As Mariette DiChristina [22] said:
"Technologies that are emerging today will soon be shaping the
world tomorrow and well into the future - with impacts to
economies and to society at large. Now that we are well into the
Fourth Industrial Revolution, it's critical that we discuss and ensure
that humanity is served by these new innovations so that we can
continue to prosper”. Digital transformation has therefore become
inevitable for all sectors within the global economy. Its domain is
the adoption of digital technologies to increase operational
efficiency, expand markets of operation and improve business
competitiveness [4].

Change and adaptability, two concepts in the era of Industrial
Revolution 4.0 and Society 5.0. All businesses, including
universities, need to demonstrate the ability to adapt to the dynamic
environment around them in order to survive in it. Institutions need
to be sufficiently equipped with information technology to face
today's global competition. Corporate culture is a coherent system
of norms, rules, beliefs, values, patterns of behavior and interactions
across a company. Corporate culture is a collaborative means
through which the vision, goals and development of a company can
be achieved [8]. As Katherine Kostereva mentions: "Digital
transformation is a business discipline or company philosophy, not
a project” [23]. Digital transformation aims to help companies
understand and seize the opportunities presented by the digital era,
improve efficiency and competitiveness through innovation, and
ultimately achieve continuous sustainable development. Corporate
culture represents a company's identity, its core values, and
influences communication, collaboration and decision-making.
Corporate culture therefore plays a key role in the development and
success of companies. It is rooted in shared values and beliefs that
reflect the principles and norms of behavior of employees and
management. Corporate culture is unique. It must be derived from
the strategic goals and values of the organization. A strong and
positive corporate culture can positively influence employee
empowerment, increase employee satisfaction and loyalty, and help
businesses achieve long-term success [9].

The digital era has enabled the ubiquity of the work
environment. Employees have much more freedom to choose to
work anytime, anywhere in this environment. Historically, work has
had clearly defined boundaries in the work environment. The
confined spaces of the office were separated from personal life.
Today, however, there is a change in the established trend. In recent
decades, these boundaries have become less and less visible, and
this is mainly due to the increasing interconnectedness brought
about by technological advances [5]. Work-life balance is a key
idea when trying to achieve work-life balance for employees.
Individuals must individually manage their workload, adapting to
flexible working hours on the one hand, and managing their family

corporate |

Culture

al Enterprise

performance

Figure 1 The Theoretical Framework [9]

and social commitments on the other, to maintain the operation of 2 Methods
this balance. Organizations can facilitate this effort for employees )
precisely by offering them adaptable work patterns, supportive This study follows the systematic literature review process

policies and psychosocial support [6]. Digital development has  adopted by Xiao and Watson [2]. The systematic literature review
brought several new opportunities for companies to achieve process is illustrated in the following figure.

sustainable human resource management in many ways, including

teleworking as a means of achieving work-life balance for

employees. Digitalization is improving the skills of employees in

both the public and private sectors. However, private companies are

using work in much greater numbers to achieve work-life balance
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The first step was to formulate the research problem through
research areas or research questions that framed the entire literature
review process. The next step was the development of the research
protocol, which was designed to reduce the subjectivity of the
authors and clarify the selection of the literature used through
criteria that include the purpose of the study, the research areas, the
literature search strategy, or the method of data processing.

Subsequently, we conducted a literature review. The fourth step
was accompanied by the need to evaluate the literature and decide
whether or not to include individual publications in our analysis.
The first step was a rough reading of the abstracts of each study,
followed by a detailed assessment of their quality based on a full-
text study. We set our selection criteria based on our study areas. In
assessing the quality of the articles, we were able to perceive the
differences of the selected literature and the subsequent possibility
of extracting less relevant literature through synthesis of the data
obtained from the literature used. We used induction and deduction
in the data extraction process so that the findings could be
interpreted in a sufficiently relevant way in the conclusion of the
article. After completing the data extraction process, we organized
the data through a spreadsheet. For a clearer output, we chose a
segregated design that handles qualitative and quantitative studies
separately and produces a combination of them in the final text. The
last part of the systematic literature review was the final clear and
rigorous output of our paper. It focuses on key areas of research. It
is included in the results and discussion section of the paper [2].

3. Research results

The following tables provide an overview of the sources and
relevant literature related to two chosen areas of investigation (1)
the role of digital technologies and telework in shaping work-life
balance, and (2) corporate culture in the context of digital
transformation. The tables are divided separately and respond
separately to the issues under investigation. From the key
information for each area, we have created a discussion and output
of our paper.

Table 1 Review of the research results first study area
The role of digital technologies and
teleworking in shaping work-life
balance
Flexibility, autonomy, transparent
communication - tools for remote
working. More time, collaboration,
efficiency
They reduce work-related stress
levels. Automation, flexibility,
efficiency of the working
environment
Creation of new working models

Author, author's
collective

Stephen A. and et al,
2024

Aydinli and Erkasap,
2023

Schongen S. 2023
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(flexible working hours, increased
control and work), autonomy,
increased productivity, automation,
positive social impact

Vyas L. 2022

Flexibility of work, hybrid work,
improving employee well-being,
increasing the psychological well-
being and health of employees

Chatterjee S. and et
al, 2023

Increased work performance, flexible
working options, changes in work
processes and social interaction

Galvez A. and et al,
2012

Autonomy, organizational support,
performance improvement

Table 2 Review of the research results second study area

Author, author's
collective

The role of corporate culture in the
context of digital transformation

Galvez A. and et al,
2012

Applying digital technologies and
measures for teleworking
opportunities. Autonomy, work
flexibility, support

Fahmi T.A. and et al,
2023

Flexibility of working conditions,
development of digital skills,
openness to change

Hamdani N.A. and et
al, 2021

Ensuring flexible and skilled human
resources for the current market
environment

Rathi and Srivastava,
2024

Supportive work environment,
psychological safety, communication,
flexibility

Cultural shift in organisations,
integration of new technologies,
adaptability and development, new
trends (functioning, shaping,
communication)

Shift in corporate culture, integration
of new technologies, role of leaders,
emergence of a culture of
adaptability, development and growth

Bozkus K, 2023

Khanzad and
Gooyabadi, 2022

4. Discussion

Digital technologies bring with them new opportunities in the
context of work-life balance. They enable greater flexibility in work
and work planning, open and transparent communication,
autonomy, efficient planning and help employees to have more time
available for their personal activities. At the same time, they enable
collaboration on a global scale with the elimination of geographical
boundaries. However, from the employer's perspective, there is a
need to assist employees in establishing work-life boundaries and
incorporating an organizational culture that will serve to support
this pull [10]. Work-life balance, work stress and digital
transformation are interconnected elements. There is a significant
link between digital transformation and maintaining work-life
balance. The change brought about by digital transformation does
not have a direct negative impact on work-life balance. Digital
transformation, through state-of-the-art technology, streamlining of
processes and flexible working conditions, alleviates the pressure
that is associated with work commitments [6]. According to
research by Sebastian Schongen, digitalisation brings positive
results for work-life balance. Digital technologies improve working
conditions for employees, offer increased autonomy in the choice of
where and when to work, and allow for increased labour
productivity through the digitisation and automation of work
processes, freeing up time for individuals' other activities. Although
the boundaries between work and private life are constantly blurring
and work stress is increasing at the same time, it has been shown
that technological change can have a desirable positive impact on
this balance. However, one of the negatives remains the difficulty of
social inclusion in the workplace [11]. The role of digital
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technologies is therefore also a contribution to hybrid working
conditions, teleworking, flexible working hours, increased
employee productivity, all elements that go hand in hand with
technological advances. It has been found that the benefits of digital
technologies are also based on improving the psychological well-
being of employees and increasing their health. At the same time,
research also points to possible negatives such as the impossibility
of defining work-life boundaries in teleworking, or the assumption
of being constantly connected to work. That is, based on the current
hyperconnectivity, employees may experience work overload [12].
People who work occasionally in a hybrid or telecommuting
environment have the best job quality and work-life balance [15].

Digital technologies provide tools that can have a positive
impact on work-life balance. However, these tools can only be used
if the corporate culture is set up to do so. It is not so much important
to implement specific measures such as hybrid jobs or teleworking,
but rather to change the organisational culture of companies so that
there is a willingness to put these measures into practice. Corporate
policy cannot be divided into one where it is compulsory to always
be present in the workplace and one where it is not. In such a case,
the consequence will be a negative impact on employees' social
relations, conflicts and an imbalance in work-life balance.
Therefore, the support that teleworkers have from the organization
and management, autonomy, flexibility of working hours are
extremely important within the organizational culture [14]. A
company culture that supports work flexibility and adaptation to
digital change positively shapes employees' attitudes and their
overall well-being at work. The company culture must therefore be
set up in a way that supports the development of digital skills that
will have a positive impact on work-life balance and employee
well-being. Such a supportive corporate culture opens a positive
attitude towards change among employees. This is a key aspect for
their psychological well-being during transition periods [16]. When
the need arises to apply digital transformation in an enterprise,
according to research Chernyavskaya S.A. and et al, in order to
achieve the greatest effect from the organization's digital
transformation, it is necessary to develop its strategy, increase the
digital skills of employees, change the organizational culture to a
digital one, and attract talent [17]. Digital transformation in the
context of corporate culture has a huge impact. It requires a shift
towards innovation, empowerment, collaboration and adaptability
of employees and company leadership. In order to overcome the
challenges and take full advantage of the opportunities offered by
the digital era, organisations need to identify and address this
impact on culture. Employee engagement and investment in digital
skills development is needed. The link between corporate culture
and digital transformation is underlined in addressing the challenges
of the digital era together. Continuous adaptability, learning and
humanity is required for the long-term sustainability and success of
organizations on a global scale [20].

5. Conclusion

The current digital era and remote working has brought new
opportunities for companies to operate. It has brought new
opportunities and challenges to companies around the world. These
opportunities include increased flexibility, autonomy, efficiency and
the removal of geographical barriers, which encourages global
collaboration. However, to take full advantage of these benefits
offered by digitalisation, it is essential to gradually introduce a
supportive corporate culture that helps to establish boundaries
between personal and professional life, is adaptable to digital
change, is supportive in the context of transformational change, is
transparent, engages employees sufficiently and develops them in a
direction in which employees can increase their digital skills. Only
then can corporate culture play a role that enhances employee well-
being, performance, motivation and overall work-life balance. At
the same time, it reduces stress, improves productivity and the
psychological well-being of employees. To thrive in the digital era,
companies need to invest in building a culture that is willing to
embrace change and that fosters adaptability and resilience. If
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companies can find synergies between digital transformation and
building a coherent corporate culture in the coming era, they will be
able to create the conditions for enhancing employee work-life
balance and well-being. They will become more competitive in a
global environment.
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Abstract: In a world of constant change, there is an increasing need for tools and methods that help organizations become more efficient
and competitive. Overcoming traditional thinking in business management requires organizations to quickly adapt to market innovations and
fully focus on “processes, results, and customers.” Otherwise, many traditionally operating organizations may struggle to survive in a
dynamic business environment. The modern concept of production efficiency is no longer limited to individual production units but focuses
on the entire value chain, i.e., the "delivery of value" to all stakeholders. Despite the existence of various practices, methods, approaches, or
theories that identify and deliver value to different stakeholders, the implementation of improvements within enterprises remains a subjective
process. Based on the achievements of existing methods, tools, and best practices for realizing rapid-response and low-cost production
processes, this publication proposes a conceptual model for increasing production efficiency in industrial enterprises in Bulgaria. The model
takes into account the new realities of the Fourth Industrial Revolution and its logical continuation into Industry 5.0 by identifying and
delivering value to all stakeholders.
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1. Introduction the pro_d_uction ;ubsystelm necessary to ensure sustaina_b_ility and
competitiveness in today's economic environment are clarified.

In today's economic environment, characterized by
intense global competition and ever-increasing dynamics of market
demands, the behavior of the enterprise's production system is a key
factor for its sustainability and competitiveness. Changing global
market conditions and advances in technology require new
approaches to the management of production processes. The
development of production systems today is closely linked to
increasing the efficiency, flexibility and quality of production,
which brings into focus the need for an in-depth analysis of the
underlying concepts and principles that determine their behaviour
and interaction.

Technology and innovation are crucial in determining the
behaviour of modern production systems. Progress in automation,
robotics and digitalisation is transforming traditional production
models and creating new opportunities to increase efficiency and
reduce costs. Concepts such as Industry 4.0 and the Internet of
Things (1oT) allow enterprises to collect and analyse data in real
time, which makes manufacturing processes more flexible and
adaptable to changing market demands. The role of technology and
innovation is not limited to the efficiency of production processes,
but also includes aspects related to the quality and sustainability of
production, as well as the optimisation of resource management. It

With the increasing role of technology and innovation, is not possible to achieve long-term business success without
modern enterprises are striving not just for production but also for ~ exploiting the advantages of information and communication
optimization of their resources, which allows the creation of quality ~ technologies in this digital age. Companies must take a reasonable
products at minimum cost. This aspect of production system price to achieve this success because using an innovative approach
management is crucial to remain competitive and to achieve to business strategy, hiring highly skilled IT professionals and
sustainable growth in today's economic environment. making the right decisions at the right time is a prerequisite for

. . L business success.
The production system in an enterprise is a set of

resources, technologies, processes and organizational mechanisms Today's industrial enterprises are faced with the need to
that aim at transforming raw materials and resources into value- implement optimization approaches to ensure quick response to
added finished products. This system includes not only tangible market changes and minimize production costs. Kaizen, Lean and
resources (machinery, equipment, raw materials) but also Six Sigma are the most widely used and well-established methods
immaterial aspects such as process management, quality control, for achieving these goals. These methods are designed to efficiently
logistics and planning. The efficiency of the production system  manage resources, reduce waste and improve the quality of
depends on the ability of the enterprise to synchronise and manage production.

all its components so as to achieve an optimal balance between
productivity and resource utilisation. Understanding the nature and
characteristics of the production system is a prerequisite for
considering the factors determining its behaviour.

Kaizen is a Japanese philosophy of continuous
improvement that focuses on small but continuous improvements in
all aspects of the organization. The word "Kaizen" itself means
"improvement"” and is widely accepted as an approach to engaging

The purpose of this publication is to explore and presenta  all employees, regardless of their position, in the process of
conceptual model for the application of Industry 5.0 principles in optimizing production. Kaizen is based on the idea that sustainable
Bulgarian industrial enterprises to ensure higher production improvements in quality and efficiency can be achieved through
efficiency and sustainability. small but regular changes that lead to long-term results. Through its

philosophy of continuous improvement, Kaizen facilitates rapid

2. Conditions and methods of solving the adaptation to change and reduces costs by eliminating waste and
problem improving process quality. Continuous small improvements reduce
production time and operational costs while improving production

Various methods and approaches exist in the literature to efficiency.
analyze the efficiency and productivity of manufacturing systems.
Classical approaches such as production capacity analysis, resource
management and quality assessment remain fundamental to the
optimization of manufacturing processes. However, modern
demands require the application of innovative models such as Lean
Production, Just-in-Time and Total Quality Management. These
approaches are designed to increase efficiency by minimizing
waste, rationalizing the use of resources and integrating Quality
principles into the overall production process. Through the analysis
of these methods and concepts, the main aspects of the behaviour of Lean manufacturing enables businesses to quickly adapt

to changes in demand, reducing lead times and increasing

Lean manufacturing is a management philosophy
focusing on minimizing waste and optimizing the manufacturing
process by improving the flow of materials and information.
Originally developed at Toyota, Lean uses a series of techniques
and practices that reduce the resources required for production
without compromising product quality. The primary goal of Lean is
to maximize value for the customer with minimal expenditure of
resources.

141



INDUSTRY 4.0 2024, WINTER SESSION, vol 2

production flexibility. By eliminating unnecessary activities and
waste, Lean achieves low costs and higher efficiency, which is
essential for manufacturing competitiveness.

Six Sigma is a methodology focused on improving
quality by reducing defects and variation in manufacturing
processes. The method is based on statistical analysis and the
application of structured problem-solving methods, with the
objective of achieving a defect rate that is less than 3.4 per million
opportunities. Six Sigma, developed at Motorola and widely
adopted in various industries, follows the DMAIC (Define,
Measure, Analyze, Improve, Control) cycle, which provides steps
for identifying and eliminating the causes of inefficiencies

Six Sigma minimizes variation and defects in production,
resulting in better process predictability and stability. As a result,
organizations can respond quickly to market demands and reduce
costs associated with waste and poor quality production. Also,
through its strong focus on data analytics, Six Sigma optimizes
manufacturing costs and supports the long-term sustainability of
quality.

In the last decades, the industrial environment in Bulgaria
has experienced significant changes under the impact of global
digitalization and the introduction of automation and related
technologies. However, Bulgarian industrial enterprises often face
challenges in adapting to the rapid changes, especially in the
context of the constraints of the local economy and market
dynamics. Industry 5.0, presented as the next stage of the industrial
revolution, places emphasis on human-machine interaction,
sustainable production and social responsibility. This concept offers
new opportunities for optimisation and humanisation of production
processes, which is essential for Bulgarian enterprises in their drive
to increase efficiency and competitiveness.

3. Conceptual model for increasing production
efficiency in Bulgarian industrial enterprises.

Publication presents a conceptual model for increasing the
efficiency of production in Bulgarian industrial enterprises. The
model consists of three main components: Technological
Transformation, Humanisation of the Production Process and
Sustainability and Resource Efficiency.

model for i

ion efficiency ‘

1. Technology 2 ion of the 3. Resource sustainability and
process efficiency
Internet of Things (IoT) for Human-robot interaction Energy resources optimisation
production monitoring (cobotization)
Circular economy and recycling

Alintegration for predictive ‘

Training and re-training
‘maintenance

programmes

Cyber security and data protection.
the workplace

Carben footprint menitoring and
reduction.

Fig. 1 Conceptual model for increasing production efficiency in
Bulgarian industrial enterprises

‘ Motivation and satisfaction in

3. 1. Technological transformation

Technological transformation involves the integration of
automated and digital technologies that increase productivity,
collect data for analysis and support decision-making. Depending
on the characteristics of their business, organisations generate, use
or process data that is diverse in type, content and structure. It is up
to each organization to determine which data are vital to its
operations and which are secondary or supporting. [1] :

3.1.1 Internet of Things (10T) for production monitoring

Implementation of 10T sensors that monitor real-time key
metrics such as machine efficiency, energy consumption, and task
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turnaround time. Data can be collected in a centralized platform for
analysis and optimization.

3.1.2 Artificial intelligence (Al) integration for predictive

maintenance

Al algorithms can analyze historical data and predict failures
and maintenance service needs. It will reduce equipment downtime
and optimize repair costs.

3.1.3 Cyber security and data protection

As digitalization continues to increase, cybersecurity is
becoming a priority, especially in industries with high data
sensitivity. Implementing secure protocols and personnel training
will minimize the risks of information loss and protect industrial
systems.

3.2. Humanisation of the production process

The second key element relates to increasing employee
motivation and productivity by enabling collaborative working with
robotic systems and promoting skills. This includes:

3.2.1 Human-robot interaction (cobotisation)

Implementation of collaborative robots (cobots) that work
side by side with humans. Cobots can perform tasks requiring
precision or physical strength, while operators focus on control and
decision-making. This will improve the quality of work and reduce
the risk of injury.

3.2.2 Training and retraining programmes

Develop adaptive programs to train personnel in the skills to
work with new technologies. Retraining will enable the people
employed to use new technologies more effectively and create a
more flexible and skilled workforce.

3.2.3 Motivation and job satisfaction

Introduce motivational programmes and flexible working
arrangements that increase employee engagement. Research shows
that higher employee satisfaction has a positive impact on
productivity.

3.3. Sustainability and resource efficiency

The third key priority relates to increasing resource efficiency
and minimising waste through sustainable practices and circular
economy, which according to the authors includes:

3.3.1 Optimisation of energy resources

Implementation of energy efficient technologies and energy
management systems. For example, intelligent systems can
automatically adjust energy consumption according to production
needs.

3.3.2 Circular economy and recycling

Introduce waste recycling and material reuse processes that
will reduce costs and improve the sustainability of businesses.
Particular attention could be paid to recycling raw materials and
packaging in production.

3.3.3 Monitoring and reducing the carbon footprint

Using loT and resource management software, enterprises
can monitor and optimise their carbon footprint. Reducing CO2
emissions and other pollutants will increase competitiveness,
especially for export markets..

Sustainable development is based on the idea and concern for
economic growth that improves the well-being of people and
society in the long term and is directly linked to the need to solve
global problems related to climate change, economic, social,
environmental and demographic crises. [2]

4. Conceptual model Key performance indicators.

The proposed conceptual model for increasing efficiency in
Bulgarian industrial enterprises implies measuring progress through
a set of Key Performance Indicators (KPIs) that reflect different
aspects of the production process, human resources and sustainable
resource management. Appropriate selection and monitoring of
these indicators will allow enterprises to assess the results of the
model implementation and identify areas for further improvement..
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4.1 Indicators of technological transformation
4.1.1 Overall Equipment Effectiveness — OEE
Production Equipment Effectiveness measures the combined
effect of machine availability, productivity and quality. OEE
provides a summary indicator of equipment efficiency and reveals
gaps in resource utilization and process optimization.
4.1.2 Production cycle speed
This indicator measures the time it takes to complete a
production cycle from start to finish. Reducing turnaround time is
an indicator of manufacturing process optimization and IoT and Al
integration.
4.1.3 Level of process automation
The automation metric reflects the proportion of processes
that are automated and executed by robots or 10T devices.
Increasing automation leads to increased productivity and improved
execution accuracy.
4.1.4 Speed of response to a technical problem
This metric evaluates the time it takes to diagnose and
resolve technical issues, especially through Al-based predictive
maintenance. Reducing response time reduces downtime and
increases efficiency.

4.2 Manufacturing process humanisation indicators
4.2.1 Level of employee engagement and satisfaction
The engagement indicator measures the degree of employee
participation in improvement suggestions and their satisfaction with
working conditions. Higher levels of engagement are associated
with improved motivation and productivity.
4.2.2 Number of employee suggestions for improvement
The number of suggestions for improvement is an indicator of
the active involvement of personnel in the optimization of
production processes. This indicator also reflects the culture of
continuous improvement (Kaizen) and employee engagement in the
production process.
4.2.3 Percentage of hours invested in training and retraining
This indicator measures the amount of time employees spend
training and qualifying to work with new technologies. Increasing
the percentage of training is linked to improving employee skills
and professional flexibility.
4.2.4 Workplace safety and accidents indicator
The number of safety incidents and violations measures the
level of safety and conducive work environment. A reduction in
incidents indicates more effective risk management and
collaborative working with robotic systems (cobots).

4.3 Sustainability and resource efficiency indicators
4.3.1 Energy efficiency of production
Energy efficiency is measured as the ratio of output
production to energy used. Reducing energy costs without
compromising output production is an indicator of sustainable
resource management.

4.3.2 Percentage of recycled materials and waste

This indicator measures the percentage of materials that are
recycled or reused in the production process. Increasing this
percentage reflects the company's commitment to sustainability and
circular economy.

4.3.3 Level of carbon emissions and environmental footprint

The carbon emissions indicator measures the total level of
harmful emissions, including CO2. Reducing emissions and the
environmental footprint is a key factor for competitiveness in
international markets, especially with environmental responsibility
requirements..

4.3.4 Percentage of waste from the production process

The amount of waste as a percentage of total production
reflects resource efficiency and sustainability of production
practices. Reducing waste reduces costs and improves the
sustainability of the enterprise.

These key performance indicators provide a comprehensive
framework for assessing the effectiveness and results of the
implementation of the conceptual model in Bulgarian industrial
enterprises. Measuring these indicators will allow tracking progress
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in technological transformation, humanisation of the working
environment and sustainable resource management. Regular
monitoring and analysis of these KPIs will support management in
identifying areas for optimization and in implementing further
corrective measures to increase the competitiveness and
sustainability of Bulgarian industry.

5. Conclusion

In this publication a conceptual model for increasing the
efficiency of production in Bulgarian industrial enterprises was
proposed, which combines the three main pillars of Industry 5.0 -
technological transformation, humanization of production processes
and sustainable resource management. In the face of global
competition and ever-changing market demands, Bulgarian
industrial enterprises are faced with the need to adapt their
strategies and operational practices to remain competitive and
sustainable.

Technological transformation, which includes the
implementation of automated and digital technologies such as 10T,
artificial intelligence and cyber security, provides the basis for
optimising production processes and increasing equipment
efficiency. Artificial intelligence-based monitoring and predictive
maintenance systems enable reduced maintenance costs and
minimized machine downtime. By using data effectively,
businesses can not only increase productivity but also achieve better
control over their processes and ensure sustainable resource
management.

Sustainability and efficient resource management, which
constitute the third pillar of the model, reflect the critical role of
enterprises in addressing global challenges related to climate change
and environmental protection. The implementation of circular
economy practices and energy efficiency optimisation contribute
not only to reducing costs and increasing profitability, but also to
reducing the environmental footprint of production activities.
Resource monitoring and management systems allow companies to
monitor emissions levels in real time and adapt their processes to
meet the environmental demands of today's market.

The conceptual model also offers detailed performance
measurement indicators that allow regular monitoring and
evaluation of the progress of implemented changes. Key
Performance Indicators (KPIs) provide a structured framework for
tracking performance and identifying areas for improvement.
Implementing this model and monitoring KPIs provides businesses
with the ability to adapt and improve their processes in response to
external and internal changes, increasing their operational agility
and sustainability.

In conclusion, the conceptual model for improving production
efficiency offers a strategic and operational approach for adapting
Bulgarian industrial enterprises to the demands of the modern
economic environment. By integrating technological innovation,
humanization of the work environment and sustainable resource
management, the model creates opportunities for achieving
sustainable growth and high competitiveness.

In order to facilitate the procedure of tracking progress in
technological transformation, humanization of the work
environment and sustainable resource management, or at least to
reduce subjectivism in making final decisions on the relevance of
each pillar of the proposed model, it is recommended to use the
right assessment methods and software [5]. A suitable method to
realize this goal is the Analytic Hierarchy Process/ANP (Saaty,
1980). The ANR method is a useful tool for selecting an alternative
when multiple criteria are used and especially when the criteria also
have subcriteria. It is used to make choices based on the relative
importance of the criteria in achieving the objectives of the
production system and the extent to which the performers are
satisfied.
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Abstract—Globalization in the modern world covers all areas of life, economy and modern technology, politics and culture. The rapid
development of information and communication technologies makes it possible to provide competitive advantages to business organizations.
In recent decades, information systems have led to a dramatic increase in the productivity of large and small businesses. This enables an
accelerated transition to climate neutrality and digital transformation of the economy, society and industry and requires new technologies,
investments and innovations to ensure the sustainable development and competitiveness of every business and a resource-efficient and
competitive economy as a whole. The integration of digital technologies in production processes plays an increasingly important role in
shaping the competitiveness of enterprises and their sustainable development in the modern world.
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1. Introduction

Nowadays, production systems are subjected to more and more
serious analyzes and effective solutions are sought to increase the
production capacity and at the same time reduce the costs per unit of
product. These measures are also in sync with the global circular and
low-carbon economy policy. The development of scientific and
technical progress has led to such technologies, through which it is
possible to apply modern organizational forms in the transfer of
information, as well as for coordination and constant control of the
stages of development and production. The implementation of these
forms creates an opportunity for flexible organization of production,
shorter lead times, avoidance of duplication of effort, overall process
control, consistent data documentation, integration of mechanics,
electrical systems and automation [6]. To ensure business success in
the future, every company must identify ways and means to increase
the efficiency of its internal processes, resulting in achieving the
most cost-effective quotations for it in the dynamic competitive
environment [7].

The search for increasingly creative solutions to improve
production practices and reduce energy consumption is developing
in three main aspects - economic, social and environmental.

From an economic point of view, the aim is to achieve a higher
competitiveness of the manufactured products. The reduction of
energy required per unit of product leads to a reduction in production
costs and thus creates a better position of the product in the market
and a higher attractiveness for consumers. At the same time, this
should not be at the expense of quality. Quality has become one of
the decisive factors for increasing the efficiency and competitive
advantage of manufactured products. [4] Uncertainty in global
markets requires continuous innovation in enterprises, not only in
terms of products, but also in business processes. It is particularly
important to look for methods and techniques to increase production
and increase energy efficiency by introducing systems for
monitoring and controlling energy consumption. The advent of
Industry 4.0 designs intelligent products through hyper-connected
cyber-physical systems in environments where humans and
machines collaborate to achieve goals and use mega data to generate
value. This has fundamentally changed production and business
models, creating conditions for greater flexibility and resource
efficiency [3].

Industry 4.0 represents not only a technical challenge - the
technological change that provides long-lasting organizational
impact and creation of opportunities for new production, models,
concepts and approaches, but also a new concept for a sustainable
networked world [9],[5]. The introduction of Industry 4.0
technologies into enterprises and their gradual transformation into
Industry 5.0 technologies will allow companies to further exploit the
capabilities of machines and combine them with those of people to
develop efficiency, sustainability and safety in all their processes .
This industrial transformation prioritizes environmental protection.
With Industry 5.0 will come new technologies and models aimed at
higher business efficiency and sustainability.

From a social point of view, the creation of good practices for
more efficient production would also generate more successful and

2.
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productive staff. The problem of labor is not something new in the
labor market and is a universal problem for most manufacturing
companies. Well-trained staff would be much more effective in
companies' desire to reduce production costs and would create a
stable environment for companies to develop. In addition to practical
and professional training, training should increasingly focus on
environmental prevention and energy saving, as well as the
maximum degree of suitability of waste for recycling.

From an environmental point of view, green economy policies
are applied by management in the overall function of enterprises.
The corporate social responsibility of business to society, the quality
of life of people, the protection of the environment and the
achievement of the goals of sustainable development and the
transition to a circular economy are increased [2]. The idea of
manufacturing with minimal waste generation and repeated use and
input of raw materials is in line with the idea of improving
production efficiency [10], [8].

In summary, the main goals of the present study can be stated:

e  Minimization of input raw materials per product unit;

e  Full utilization of the technical capabilities of the available

equipment;

Minimal generation of technological waste;

e Analysis and optimization of human potential.

In order to achieve these goals, a thorough analysis of
production in a number of industrial enterprises was made.
Collaboration between experts in the field of information technology
and business users in this field is aimed at developing models and
applications that provide effective integration of people, information
and other resources. The development and implementation of a
system for monitoring and outputting results is set as the main task
towards the achievement of the set goals. These results should
provide the following information:

e Energy consumption for the respective production (per

hour, work shift, day or month);

Quantitative accounting of production by machinery and
equipment and the relevant personnel engaged in the
respective production operation;

e  Qualitative accounting of the manufactured products.

Integrated hybrid system for reporting and
analyzing the required information

As a result of the analysis, it is necessary to conclude that
production enterprises need a universal type of effectively
functioning monitoring system, applicable in any enterprise,
regardless of its size and scope of business. Currently used
conventional monitoring and control systems cannot successfully
deal with a huge volume of information and data. The challenges are
different depending on the size of the business. For smaller
enterprises, control operations, information processing and storage
are less complex, while for large companies they involve a large
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number of processes, machines and personnel. Another problem is
the time-consuming collection, systematization and analysis of data,
where there is a very high chance of technical errors. It is not
possible to achieve long-term business success without taking
advantage of information technology in this digital age. This gives
rise to the idea to develop an integrated hybrid system for reporting
and analyzing data and information. This article presents a
conceptual framework of an innovative hybrid monitoring system
applicable in any type of manufacturing enterprise. This system is
complex and combines automated systems with autonomous
reporting of quantitative indicators and qualitative assessment
according to certain indicators. Such a system makes it possible to
report and analyze correlations between technical and informational
indicators of production machines in the context of Industry 4.0 [1].

The proposed monitoring system for reporting the consumption
of energy by machines is a specialized solution that is used to track,
analyze and manage the consumption of electricity (if the machines
are electric), fuels, special gases, water, heat, etc. in other types of
machines. This system provides valuable data on the energy
efficiency of machines and helps plant managers to identify
opportunities to optimize costs and reduce energy losses.

The main characteristics and advantages of the proposed
monitoring system are related to the accounting of electrical energy,
which is one of the main resources used in the production process,
can be summarized as follows:

e Measurement of energy consumption: The system reports
the energy consumption of an individual machine or
facility;

e Data analysis: The system processes the collected data and
provides detailed information on energy consumption,
including consumption by hours per day, day/days of the
week, month, etc.;

e Identification of inefficiencies: By analyzing the data, the
system can help the enterprise to understand, by machines
or processes, how consumers actually spend electricity;

e Improve maintenance: By monitoring energy consumption,
the enterprise can prevent accidents and unnecessary
production stoppages by reporting various anomalies in the
operation of a specific machine;

e The implementation of the monitoring system can
contribute to the improvement of energy efficiency based
on consumption analysis;

3. Quantitative reporting of expenditure of energy
carriers

The proposed monitoring system for reporting the consumption
of energy by machines is an integral part of the hybrid system and is
a specialized solution that is used to track, analyze and manage the
consumption of electricity (if the machines are electric), fuels,
special gases, water, heat and etc. in other types of machines. This
system provides valuable data on the energy efficiency of machines
and helps plant managers to identify opportunities to optimize costs
and reduce energy losses.

The main characteristics and advantages of the proposed
monitoring system are related to the accounting of electrical energy,
which is one of the main resources invested in the production
process and can be summarized as follows:

e  Measurement of energy consumption: The system reports
the energy consumption of an individual machine or
facility;

e  Data analysis: The system processes the collected data and
provides detailed information on energy consumption,
including consumption by hours per day, day/days of the
week, month, etc.;

o ldentifying inefficiencies: By analyzing the data, the system
can help the enterprise to understand, by machines or
processes, how consumers actually spend electricity;

e Improve maintenance: By monitoring energy consumption,
the enterprise can prevent accidents and unnecessary
production stoppages by reporting various anomalies in the
operation of a specific machine;

e The implementation of the monitoring system can
contribute to the improvement of energy efficiency based
on consumption analysis.

Energy consumption monitoring is one of the steps to achieve
maximum ecological production in modern enterprises. The
construction of a sustainable monitoring system is the condition to
then build a real control of the consumption of energy carriers.

The monitoring system can also be applied to older generation
equipment, usually with the addition of hardware and software flow
meters. Thus, this system could also be applied to existing
production systems.

4. Quantitative reporting of production

Automated machine production reporting is a process that uses
various technologies and automation systems to collect, report and
analyze production data from machines in real time. This practice
aims to improve the efficiency, control and management of
manufacturing processes through automated information collection
and report generation. Some of the main advantages of automated
machine production reporting are:

e Real-time data collection: The automated system can
collect production data from the machines in real-time, with
each machine's counter connected to the overall production
reporting system. If the machine is analog, a digital device
must be implemented to record the output;

e Data integration: The automated production reporting
system can be paired with other information systems in the
enterprise (for example, different ERP modules), which
facilitates and accelerates the exchange of data and allows
managers to have real and reliable information about
production processes;

e Report generation and analysis: The automated system can
generate various types of production reports and analysis,
such as production reports, machine efficiency, resource
consumption, and other key metrics;

e Improved efficiency: Through automated machine
production reporting, the enterprise can identify areas for
improvement, optimize production processes and reduce
waste of time and resources.

e Increase control: The automated reporting system facilitates
the tracking of production processes, control over the
amount of output produced. In this way, the real
performance of a given machine and of the corresponding
operator or work shift can be analysed;

The automated collection of performance information creates a
robust information base from which the hybrid system will draw the
relevant information it needs.

The system includes the ability to identify the operator of each
machine. This is achieved by checking each machine before starting
the work process (adjuster, operator, assistant operator, service
personnel and others) by means of identification (chip, magnetic
card or facial recognition). Thus, in the analysis of the data, there is
information about each employee and the output produced by him or
by a certain group of employees (for machines with more than one
employed worker).

5. Qualitative reporting of the manufactured product

As a result of the increasingly competitive markets and
high consumer requirements, the quality of individual products
becomes an extremely important feature, and its control and
implementation must be given due attention in production
enterprises. In production, taking into account the quality of the
produced units, a qualitative assessment of those employed in

146



INDUSTRY 4.0 2024, WINTER SESSION, vol 2

the production processes is also made. The qualitative
characteristic does not take into account quantitative values, but
it is very important to evaluate the quality of work of equipment
and workers. It can be added in a note to each order to have
reverse traceability of the quality of the manufactured products.
Qualitative analysis visualizes how different workgroups or
individual workers handle the same equipment. Based on an
analysis of the quality of the finished product, steps can be taken
to improve the qualifications of workers.

The qualitative reporting of the manufactured products
must be an invariable part of each individual order and the
system must require mandatory completion of the quality
characteristics. The system will not complete the full analysis of
the manufactured product if the quality assessment of the
product is not completed.

Ways to collect data and information on qualitative indicators:
e  Protocols by quality managers and inspectors;

e  Test results: Documentation of test results if the product
involves any physical quality control tests;

o  Defect Tracking: Documenting defects encountered during
production or received as customer feedback;

e  Audit reports: Results of internal or external quality audits.

The system makes it possible to fill in a field with complaints if
there are any within a certain period after dispatch of the products. In
this way, feedback on the quality of the products is created and
actions will be taken to minimize the risk of recurrence of the
relevant defects. On the basis of this feedback, the qualitative
analysis of the work of individual groups or individual workers and
the equipment used in production will be supplemented.

In Fig. 1 shows a schematic diagram of the concept of an
integrated hybrid system for measuring the energy intensity of
electric powered machines.

Fig. 1. Integrated hybrid reporting and data analysis system.

Manufacturing data collection system \

The hybrid system will be able to measure the consumption of
different energy carriers. The system will be implemented after a
thorough analysis of the used resources of each individual
production, and then separate modules will be generated according
to the specifics of the studied production - for example, for
consumption of compressed air, technical gases, liquid and gaseous
fuels and other energy sources used in production. Thus, this system
will be flexible and modular enough to adapt to a greater percentage
of production systems and to be able to quickly react to changes in
production companies - replacement of equipment, changes in
production technologies, replacement of main energy carriers,
modernization and automation. This hybrid system will also be able
to be used for benchmarking. For example, equipment similar in type
and characteristics using different energy carriers, as well as
machines and systems different in technology using the same energy
carriers. Thus, it will be possible to compare different characteristics
in real working conditions and to draw important conclusions about
the actual performance and energy consumption of machines,
systems and assemblies. It will be possible to compare the real
efficiency of different technologies and methods for the production
of a unit of product. The hybrid system will also be used in the

development activity as a finished product to support tests and trials
of different types and applications of machines and systems.
Through it, it will be possible to test in real production conditions
and extract real data on performance, energy consumption and
quality of the manufactured products. In addition to the fact that the
system will provide information on how those employed in
production exploit the available equipment, it will also be possible to
take measures for the work and energy consumption of individual
machines. An algorithm will be created to display a complete
analysis of energy consumption during operation, in different modes
of operation, as well as during downtimes. In this way, weaknesses
in terms of energy saving will also be identified and improvements
can be made in the automation of the equipment such as adding
different hardware or software products to reduce energy
consumption especially when the machines are idle or individual
units of the machine are idle and engines, turbines, fans and others
are idling.

Actually tested and implemented, the proposed system will lead
to an increase in the efficiency of the production process, increase
the reliability and safety of the monitored machines and
technological equipment, as well as provide opportunities to increase
the environmental friendliness and economy of the related processes.
The software provision of the system includes the development of
algorithms for early prevention, which characterizes the system as
one of the most innovative in the field of automation and
management of production processes. The system will generate a
quantitative and qualitative assessment of the staff's performance.
On this basis, the management will be able to plan the necessary
trainings and ways to increase the qualifications of the employees.

6. Conclusion

Within the scope of the scientific research presented in this
publication, the idea of a universal hybrid monitoring system, which
has the potential to significantly increase the production efficiency of
any business organization, has been developed at a conceptual level.
At the moment, the system is in the test stage, being tested in a
specific enterprise. Work is underway on a companion software
product that synchronizes the operation of all parts of the system. As
information and communication technology-based solutions
continue to increase the productivity and efficiency of business
operations and communications, businesses will continue to rely on
evolving technologies well into the future. The expected results are
aimed at generating and processing data and information in real
time, achieving maximum flexibility and efficiency of the
production process, system modularity and interoperability between
individual modules, increasing the quality of products and processes,
reducing resource and energy consumption.
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Abstract: A brief review of the design characteristics of the main construction types of standard movable frame and traditional beehives
applicable in beekeeping farms is presented. The performance of a newly developed innovative movable frame beehive constructed of
durable, heat-resistant hollow chamber ceramic structural elements is discussed. A comparison of the functional characteristics of prepared
experimental ceramic hive prototypes and the prevailing types of standard beehives made of other materials is carried out. The existing
requirements and prospects for equipping beekeeping farms with ceramic hives providing prolonged service life, higher yields and increased
sustainability in diverse climatic environments and critical conditions are analysed.
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1. Introduction

Bee products find application in culinary practices, the food
industry, cosmetics, pharmaceuticals, alternative medicine and
many other fields [1]. At the same time, the natural life activity of
wild and cultivated honey bees is an essential factor in the
pollination process of various plant species [2, 3].

For millennia, the main source for the production of bee
products was bee colonies growing freely in natural conditions or
artificially colonized in primitive hives (skeps).

With the gradual development of beekeeping as an organized
economic activity, different structural types of beehives were
designed [4]. Some of the beehive systems developed in earlier
periods have been further modified and upgraded to increase their
efficiency.

Currently, there are several construction types of beehives made
of different materials - wood, plastic, polystyrene and others —
commonly in use [5].

The Dadant-Blatt beehive system is a structural type widespread
across Europe. It comes in two main versions — for 10 or for 12
frames, which determines the specific sizes of hives of this type. It
is characterised by the presence of one main brood box [6]. Volume
expansion is achieved by installing honey supers above the brood
box. The main disadvantages are the different sizes of the brood and
store combs which do not allow their interchangeability, and the
relatively limited volume of the hive [5].

In the case of the Langstroth Ruth hive system, volume
reduction and increase is achieved by installing separate
interchangeable supers [4]. The use of a single type of frame
increases efficiency and labour productivity. The increase in the
volume of multi-hull hives allows accelerated and full development
of the colonies and creates conditions for higher yields. The design
features of the Langstroth-Ruth hives make it possible to house
several colonies in one hive.

Roger Delon hives are characterised by their relatively low
weight, increased functionality of management and ease of
transportation [6]. The limited volume makes it easier to maintain
appropriate temperature conditions and low humidity during the
natural life activity of the colonies throughout the overwintering
period. The operation of the Roger Delon alpine hive follows a
predominantly classical approach to multi-hull operation. Intensive
spring colony development and high productivity are observed. At
the same time, the installation of a larger number of supers forms a
tall and unstable structure, making servicing difficult [4-5].

Farrar hives are applicable in a variety of climatic conditions.
They are equipped with a detachable flat bottom board, compact
and light supers of one and the same type and small frames. The
supers are mounted frontally on the bottom. The supers are
interchangeable, with the hive volume increasing in the vertical
direction. This allows the application of the multi-super technology
for breeding bee colonies [6].

Lezhak hives are relatively less common in the sector.
Structurally, they allow a lateral expansion of up to 18 or 24 frames.
Their main advantages are the use of a single frame size and the
absence of sections or buildings. This allows for easier maintenance
and higher efficiency. The relatively larger hive volume enables the
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development of active and healthy colonies throughout the year. It
is applicable for making colony increase, overwintering two or
more colonies together and more [5]. Much of the hive volume has
no functional role for most of the year. Lezhak hives have a
relatively higher weight, making them difficult to transport.

To a limited extent, traditional hives (skeps) made mainly of
natural plant materials and untreated natural clays are still in use.
However, because their primitive construction is suboptimal and the
combs are fixed, management of colony development is limited.
Thus, the use of modern technological methods in the extraction of
bee products is inapplicable and risks the integrity of the colony.
This results in relatively low yields and limited purity of the bee
products [7]. Due to the use of organic, flammable and combustible
materials and thermally untreated clays for the main components,
traditional reed hives are characterised by unreliability in the event
of fires and relatively low resistance in long-term contact with
water.

The aim of this paper is to present the main requirements and
prospects for the potential application in the equipment of modern
beekeeping farms of an innovative ceramic hive. A comparison of
the performance characteristics of the prepared experimental
ceramic hive prototypes and the prevailing design types of standard
and traditional beehives made of other materials is made.

2. Discussion

A study of the current trends and issues in the beekeeping
industry was carried out. The possibilities for increasing the long-
term serviceability and productivity of the main equipment of
beekeeping farms are analyzed. On the basis of the obtained data
and long-term research, an innovative movable frame beehive made
of ceramic structural elements with air chambers is designed [7-14].
The use of ceramic materials for the manufacture of various
structural details of the developed beehive ensures their high
durability, fire resistance and other superior characteristics.

Ceramic experimental prototypes of the Dadant-Blatt system
(10-frame version) have been prepared, specialized primarily for
operation by stationary beekeeping methodology (fig. 1, 2 and 3).
The repositioning of the ceramic hives on the territory of the bee
farms is carried out manually (using the hull-mounted carriers) or
mechanically (by means of lifting equipment - forklift, etc.).

The relatively higher mass of ceramic hives (compared to
standard hive types) makes their handling and transportation only
slightly more difficult. At the same time, the greater weight of the
developed ceramic hives provides significantly higher operational
resistance to the impact of extreme environmental factors (strong
wind gusts, hurricane winds, storms, etc.).

During prolonged torrential rains and intense floods, existing
standard hives (wooden and others) move much easier from their
stationary positions, in the direction of the movement of the main
water mass. This creates significant risks of damage to the basic
inventory of bee farms and irreversible destruction of colonies. In
this respect, the higher mass of the ceramic beehives is mainly seen
as a favourable characteristic ensuring their operational stability and
durability. On the other hand, for the purpose of mobile beekeeping,
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a separate modification of a ceramic movable frame beehive with a
lower mass is being developed, allowing easier handling and
transportation.

Fig. 2. A prototype of a ceramic beehive.

Fig. 3. A prototype of a ceramic beehive.

The standard hives (made of other materials) used in practice
are characterized by a limited lifetime and accelerated depreciation
(under the influence of solar radiation and other climatic factors).
At the same time, the ageing of the materials reduces the
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mechanical resistance of the structural components of the hives and
in some cases is accompanied by the release of various substances
with potentially toxic effects on the normal life activity of the
colonies.

The natural processes of wood decay and the formation of
cracks create an unhygienic environment and conditions for the
development of fungal colonies and various microbiological agents.
At the same time, the impact of certain rodents and various insects
gradually compromises the integrity of the structural elements of
the wooden hives.

Standard maintenance of wood beehives requires periodic
treatment with various varnish-type paints and wood preservatives
that could affect the condition of the colonies and the quality of bee
products.

The low fire resistance of standard hives creates the
preconditions for the loss of a large part of the physical stock of
beekeeping farms in case of fires of natural or anthropogenic origin.
At the same time, the high fire resistance of ceramic materials
significantly increases the possibility to preserve the serviceability
of ceramic hives in limited or larger fires.

When carrying out a complete decontamination, ceramic
beehives allow the use a variety of treatments (through different
impact factors). The high temperature resistance of the ceramic
structural elements allows the application of thermal treatments (at
higher temperature values) which is not feasible and will be
destructive for standard hives made of other materials.

The presence of separate air chambers in the structural elements
of the developed ceramic beehives increases their thermal and
acoustic insulation performance.

Thermographic analysis of hollow ceramic plates, which are the
main structural elements of a prototype beehive, was carried out
using a thermal imaging infrared camera and a heat source.

Thermographic diagnostics was performed in field conditions
on experimental ceramic hives with settled honey bee colonies and
a settled standard wooden hive of the Dadant-Blatt system (as a
control specimen).

The analysis of the obtained thermograms makes it possible to
monitor the temperature distribution in different zones of the
individual ceramic parts and across the whole external structure of
the ceramic hive.

In the ceramic hives studied, a relatively uniform distribution
of temperature values was found across most of the surface of the
ceramic plates, with only local areas of contact with other structural
elements (slats, lid, base profile) showing specific temperature
deviations.

In the case of wood hives, it was found that the wooden walls
were not evenly heated and there were distinct temperature zones.
Water absorbed in the wooden walls and the formation of different
areas of increased humidity create the condition for a more intense
local heat transfer (compared to the dry areas) from the inner
volume of the hive to the external environment. This causes a
relatively more uneven distribution of temperature values in the
inner space of the wood hives and affects the colony’s condition
and activity and the yields obtained. The presence in the wooden
walls of zones of increased humidity with different localisation is
specific to each hive and is determined by the type and state of the
wood and the specific meteorological conditions.

Using the Guarded hot plate method, the coefficient of thermal
conductivity of the main structural detail (ceramic hollow chamber
plate) of a prototype beehive was determined. A laboratory thermal
chamber with an installed heater and four-layer insulation was
constructed. The temperature differences between the two opposite
sides of the examined ceramic specimen (plate) were recorded until
a constant temperature difference was established. Based on the
values found, the thermal conductivity coefficient was calculated.

The studies performed prove the thermal insulation effect
resulting from the presence of air chambers in the ceramic
construction elements and confirm the appropriateness of the design
solution.

Acoustic studies were carried out using the two chamber
method to determine the air noise insulation index (Rw=23 dB, in
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the frequency range 100-3,150 Hz) of a hollow ceramic chamber
plate, which is a structural element of an experimental beehive. A
dedicated laboratory setup of two equipped acoustic chambers with
an experimental specimen mounted between them was constructed
to carry out the study. The difference between the sound pressures
recorded in the chamber with the presence of an acoustic source and
those in the receiving chamber was determined.

Comparative studies and monitoring of the main indicators
(over the autumn-winter period) were carried out in settled hives
(with lattice and solid bottoms) of the Dadant-Blatt system, made of
different materials: ceramic, wood and polystyrene. An electronic
system was used to record temperature and humidity, with sensors
installed in each hive and another sensor which monitors external
temperature and humidity. During the testing period, the
temperature (on average for the whole period and by month) in the
hives was higher and the humidity lower compared to the
temperature and humidity values of the external environment,
regardless of the hive material and bottom construction type. The
highest average temperature value during the autumn period was
found in the solid-bottom ceramic hive (29.15+6.51°C), while the
minimum value was recorded in the solid-bottom polystyrene hive
(19.01£8.47°C). During the same period, the maximum value of the
humidity index for the lattice-bottom hives was observed in the
ceramic hive (50.74 + 8.92%) and the minimum in the polystyrene
hive (45.91 + 9.62%). For the solid-bottom hives, the highest mean
humidity was found in the polystyrene hive (55.14 + 6.96%) and the
lowest in the wood hive (44.69 + 5.00%). During the winter period,
the highest mean temperature was found in the wood hives and the
lowest in the polystyrene hives, regardless of the bottom type. The
greatest difference with respect to the outside temperature (mean
5.11 °C) was observed in the wood hives, 5.04 °C for those with a
lattice bottom and 6.78 °C for those with a solid bottom,
respectively. The lowest mean value of the humidity index was
recorded in the wood hives, regardless of the bottom type, and the
maximum in the polystyrene lattice-bottom hive and the ceramic
solid-bottom hive.

Further studies were carried out in real field conditions to
register the differences between the temperatures of the external
environment and that in unpopulated ceramic hives (with different
phase composition of the ceramic parts) and unpopulated standard
wood hive (made of softwood). The measurements were carried out
at different times of the day at ambient air temperatures from
around 0°C to above 30°C At low ambient temperatures,
temperature differences of 0.8°C to 1°C higher than the ambient
temperature were recorded in the ceramic hive, while a temperature
0.2°C higher than the ambient temperature was found in the wood
hive. At daily outdoor temperatures above 28°C, a temperature
difference of 2.0°C to 2.8°C (lower than the outdoor temperature)
was found for the different ceramic hives, while an average
temperature difference of 0.2°C was reported for the wood hive. At
higher temperature values of the external environment, a
temperature difference of 2.3°C to 2.6°C (lower than the external
temperature) was recorded for the ceramic hive, while a temperature
difference of 0.3°Cwas found for the wood hive.

Feedback from a number of bee product manufacturers on the
experience gathered in the process of managing experimental
ceramic beehives provided to individual beekeeping farms was
analysed. The information obtained established a trend for
increasing honey yields (up to 30 %) when using ceramic hives.

Ceramic beehives provide a long service life with negligible
depreciation of the structural elements, well-balanced temperature
values, appropriate humidity, a hygienic living environment and a
relatively low risk of destruction of the main physical equipment of
beekeeping farms in critical climatic environments and disasters.

The functional structure of the ceramic hive allows adequate
control of the condition of the bee colonies and the application of
modern, highly productive methods for obtaining bee products. The
hive is compatible with the existing standard specialised equipment
typical for beekeeping farms.

The developed experimental ceramic prototypes outperform the
existing standard hives in complex indicators and provide a more

151

favorable microclimate for the development of bee colonies and
ensure higher yields.

At the same time, the obtained experimental data allow further
optimization of the performance of the structural ceramic elements
when designing new beehives modifications.

3. Conclusions

The main functional characteristics of the existing systems of
standard movable frame and traditional hives are discussed.

The performance characteristics of an innovative movable
frame beehive consisting of thermo- and acoustic-insulating
ceramic structural parts with separate air cavities are presented.

A generalized comparison of the main characteristics of the
constructed ceramic beehive prototypes and the commonly used
standard structural types of materials is performed.

The experimental data obtained from the laboratory and field
studies confirm the constructive functionality and efficiency of the
designed ceramic hive.

The high physical-chemical and thermal performance of the
ceramic materials and the design characteristics of the ceramic
hives guarantee their long service life, low depreciation, relatively
high resistance to fire and full potential for carrying out effective
decontamination by applying a variety of sanitary treatments.

The developed ceramic hive is characterized by increased
climatic resistance and potential application in dynamic operating
environments in regions with extreme temperature values and high
cyclic temperature amplitudes.

The relatively greater mass of ceramic hives (compared to that
of standard hives) provides significantly higher operational
resistance to a variety of disastrous weather conditions (hurricane
winds, storms, torrential rains, floods, etc.).

The developed ceramic hive provides a suitable microclimate
and a balanced temperature environment for the full development of
bee colonies and hygienic living conditions, resulting in a reduced
risk of the spread of fungal cultures, pathogenic microbiological
agents and others.

The structural characteristics of the ceramic hive meet the
requirements for the application of modern economic methods for
the production of high-purity bee products and allow systematic
control of the different stages of the life cycle of the bee colonies.

The developed movable frame ceramic hive is a superior
alternative to the predominant standard (made of other materials)
types hives currently found on bee farms.

In prospect, ceramic hives can prove to be a useful major piece
of material equipment for many bee farms.

A new modification of the ceramic movable frame hive with a
lower mass, applicable to mobile beekeeping, is currently being
developed.
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Abstract: This paper aims to present the role of information and communication technology in the rapid emergence of e-commerce,
including its development, role and operation to date, and future prospects. When we talk about technology and its impact on society, we can
talk about many different areas where information technology plays the main role. Nowadays, technology has minimized distances and not
all the actions are done physically. With the development of information and communication technology, different requirements and different
processes are developed, both in the public sector and in the private sector.

The main purpose of the paper is the identification and analysis of the problems that are most often faced by organizations or enterprises
and consumers in the use of electronic commerce, as well as the identification of factors that influence the use of this type of commerce by
the business community in Albania. It is also explained the impact of e-commerce in increasing circulation and commercial activity in local
businesses, with special emphasis in the case of one of the leading distributions and sales company, Marketing & Distribution. In this paper,
the factors that affect electronic commerce have been analyzed and identified in the framework of the rapid development in the field of
information and communication technology. The results of this paper will be able to serve companies in the design of development policies of
their businesses, starting from a newly created business, small and medium businesses to large brands, which do not yet offer electronic
commerce services.

KEYWORDS: INFORMATION AND COMMUNICATION TECHNOLOGY, ELECTRONIC COMMERCE, DISTRIBUTION, BUSINESS.

1. Introduction - Secondary data acquired from scholarly and scientific
publications.
The internet has brought about a lot of changes in society, but
one of the largest shifts of the twenty-first century has been in The literature review approach is used to acquire information
internet technology. There are a wide range of topics where  from a variety of sources, including books and scientific
information technology is crucial when discussing technology and  pyplications, in order to analyze and compile secondary data.
its effects on society. Beginning with the basic text or email  primary data, which will be gathered through empirical study with
exchanges in work or daily life, we are constantly interacting with  the company Marketing & Distribution current clients, will be
electronic forms and their Utilization for Completing dutieS and Complemented by Secondary datal Wh|Ch is essential in |dent|fy|ng
responsibilities in a variety of occupations that are located nearby or  the problem for empirical research.
far away. These days, distances are reduced thanks to technology, Quantitative methods are employed in the collection of primary
and we can perform all of our tasks virtually [14], [10]. data. This approach works well for researching problems in
quantitative terms (like in our example, where we want to know
The primary goal of the research for this paper is to elucidate the how much e-commerce is used and how it affects society on a
theoretical concepts of electronic commerce and its various forms numerical level). This method makes it possible to include a sizable

the Marketing & Distribution sector. It also aims to identify and phenomena or subject of the investigation.

analyze the most common issues that arise when consumers and

organizations use electronic commerce, as well as to pinpoint the The study population is composed of Albanian nationals, mainly
variables that affect this type of commerce's adoption in Albania.  from Tirana, who have completed at least one online transaction.
The paper aims to illustrate the areas in which internet commerce  The sample comprises 100 clients of Marketing & Distribution, who
has superseded physical markets, individuals, and the requirement  are spread across many major cities in the nation. The sample was
for resources or human resources, and the areas in which  selected using a purposive sampling method, with the requirement

technology is gravely endangering jobs related to these sectors. that participants must have made at least one online purchase in the
past two years. The surveys were created using the Google Forms
The paper aims to provide the following: platform and distributed to participants via email and social media
- An explanation of electronic commerce ideas; contact.
- An understanding of the many types and forms of electronic
commerce;

. . . The challenges encountered during this paper were as follows:
- An analysis of how electronic commerce operated during the

pandemic of COVID-19;
- An examination of how e-commerce affected sales growth, using
the company as a case study.

1. The main challenges during the realization of this research
were the lack of resources, time constraints, and, at times,
maintaining objectivity in the selection of methods and
the interpretation of data.

2. Another challenge that can arise in research is managing the
relationship with the research subjects and ensuring
ethical conduct throughout the process.

3. An additional important aspect is the dedication and
patience required to achieve accurate and reliable results.

The research questions of this paper are:
1. What were the contributing elements to enterprises using e-
commerce more frequently?
2. What are the practices of companies that see a higher percentage
of their product sales through online sales?
3. To what extent does our society employ electronic commerce to
advance corporate development? . .
4. How secure is the buying and selling of products via online 3. Literature review
shopping?
In today's world, information technology has evolved at a very
2. Methodology and research methods rapid pace, advancing every day. As a result of the widespread use
of computers for buying and selling various products and services
The selected research methodology is grounded in quantitative by consumers and merchants on a global scale, it is important to
techniques, such as: _ emphasize that the computer can be considered one of the most
- Primary information gathered via a survey, significant inventions for humanity. The unique position of the
computer, along with major technological advancements, has had
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and will continue to have an exceptionally positive impact,
particularly in the development of e-commerce [8], [9].

The Internet has revolutionized how people buy, sell, work, and
organize business activities in more ways and at a faster rate than
any other technology in business history. The spread of e-commerce
worldwide has advanced significantly and is widely used in many
countries. Its development is growing at an unstoppable pace,
influencing the very existence of businesses as competition
becomes increasingly relentless. However, e-commerce in Western
Europe is still a topic of discussion regarding how to sell, how
much to profit, and which platform to use.

A more comprehensive definition of e-commerce is: "The use of
electronic communications and digital information processing
technology in business transactions to create, transform, and
redefine relationships for value creation between organizations, and
between organizations and individuals." The main types of e-
commerce are: business-to-business (B2B), business-to-consumer
(B2C), business-to-government (B2G), consumer-to-consumer
(C2C), and mobile commerce (m-commerce). E-commerce refers to
the process of buying, selling, transferring, or exchanging products,
services, and/or information via computer networks, including the
internet. E-commerce is part of the internet economy, involving any
form of business transaction executed electronically between
companies, individuals, or organizations [20], [17].

E-commerce provides significant support to businesses in terms of
development by helping to enhance service quality, which is a key
focus for many businesses. It also reduces costs related to reaching
customers, increases sales levels, and improves various primary
elements that connect businesses and consumers, with e-commerce
being at the core. The acceptance rate of e-commerce is also
influenced by the sector in which the business operates. Its adoption
is higher among businesses in industries such as manufacturing,
transportation, trade, services, and others [3], [12], [19].

There are two important indicators that must be considered when
developing e-commerce:

1. Consumer protection

2. Data privacy

Digital payment systems are the backbone of e-commerce
transactions, allowing for secure and efficient transfer of funds
between buyers and sellers through various online channels

4. Case study (M&D)

For nearly three decades, Marketing & Distribution (M&D) has
been a leading logistics and distribution company in Albania,
representing both national and international brands with high-
quality products. As a trusted distributor for key global partners,
M&D offers top-tier services in logistics, distribution, product
handling, and storage. The company’s skilled staff is its primary
asset, and it is highly regarded by its clients for being a reliable and
constructive partner. M&D provides integrated logistics services,
including customs procedures, public and bonded warehousing,
packaging, labeling, and nationwide distribution.

M&D was among the first distribution companies in Albania to
implement e-commerce. Many of its processes, including product
catalogs, financial transactions, and purchasing services, are
conducted online through the company’s websites, such as
markdist.com and b2bkancelari.com. Customers can order products
online and pay using credit/debit cards, PayPal, bank transfers,
mobile payments, or cash on delivery. Recently, mobile payment
options have also been introduced.

With the growing use of the internet, the percentage of M&D's
products distributed through e-commerce is rapidly increasing.
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Products are posted on the company’s official websites, as well as
on its Instagram and Facebook pages. However, most e-commerce
transactions are still tied to the purchase and delivery of physical
products [5].

B2B Office is one of the most important departments of the M&D
company, offering a wide range of office supplies and featuring a
highly developed e-commerce system.

You can start your online shopping experience by visiting
https://b2bkancelari.com/account/login on your electronic device.

1.To make a purchase, you first need to create a Personal Account.
The account creation process is simple—just provide your email
address, and you’ll be able to set up your account easily.

SIGN UP

Fig. 1. B2B Office Website

2.Select the items you wish to purchase by clicking "Add to Cart."
3.In the Cart, you can increase the quantity by selecting different
items.

4.1f, after selecting, you wish to remove one or more items from the
purchase, you can delete them by selecting "View Your Cart" and
then clicking "Remove" next to the selected product.

5.You can return to the homepage and continue adding more items
to your cart. Click on the Cart icon on the right side of the page, and
a quick preview window will appear with information on the
quantity and price of the item.

6.Proceed to the shipping section, where you will enter the
recipient's address and choose the shipping method.

7.Choose a payment method: Cash or Bank Card (Visa or
MasterCard).

8.If you choose Cash, you will pay upon receiving the order.
9.If you choose the Bank Card, you will need to enter your card
details in the required fields.

10.0Once the payment is completed, you will receive a confirmation
email with an invoice, and your order will be processed for stock
verification.

At the moment, payments can only be made in the LEK currency.
Once our network expands to other regions, you will have the
option to pay in local currencies. When paying by bank card, funds
are typically withdrawn when your order is ready for shipping,
although your bank or card issuer may reserve the amount
immediately.

Deliveries are made from Monday to Saturday, with a 24-hour
delivery window for Tirana and Durrés, and up to 72 hours for other
cities.
1. For orders over 10,000 LEK, delivery is free.
2. For orders under 10,000 LEK, the delivery cost is 250 LEK
for Tirana and Durrés, and 350 LEK for other cities.

If you've made a payment and want to change the delivery address,
you can either contact customer service or inform the driver when
they call to notify you of the delivery.


https://www.markdist.com/
https://www.markdist.com/
https://www.markdist.com/
https://b2bkancelari.com/
https://b2bkancelari.com/
https://b2bkancelari.com/account/login
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5. Analysis of results
5.1 Descriptive analysis of results

The analysis of results is the core component of the research, and
therefore, will be given special attention. The data obtained from
the survey, which was administered using the Google Forms survey
management software, will reflect the demands and needs of e-
commerce users or online shoppers.

The survey was sent via email and WhatsApp to 100 loyal clients of
the company, who have made at least two online purchases through
the company's official website since 2020.

Table 1. General data from the survey

2. What are the practices of companies that see a higher percentage
of their product sales through online sales?

The second research question is confirmed by the responses to
question 9, which relates to the most sold products at Marketing &
Distribution.

According to the data presented in the table, approximately 50.5%
of respondents indicated that personal hygiene products are the
most commonly sold items through online commerce.

3. To what extent does our society employ electronic commerce to
advance corporate development?

The third research question is confirmed by the responses to
question 8, which asked how frequently respondents purchased
online within a month after the outbreak of COVID-19.

Category Response Percentage The data shows a significant increase in respondents who purchased
online at least once a month, once a week, or 2-3 times a week from
Gender Marketing & Distribution. This suggests that the company
transitioned to online sales effectively during and after the
Male 28.1% lockdown period. This shift, imposed by the pandemic, has been
utilized very positively by Marketing & Distribution to boost its
Female 71.9% economic development, increase revenue, and improve product
sales.
Age . ) . . .
4. How secure is the buying and selling of products via online
15-25 years 56.3% shopping? o
The fourth research question is confirmed by the responses to
26-35 years 37.5% question 11, regarding the safety of online purchases.
36-45 years 6.2% According to the data pregented ir_1 the table, gpproximatgly 59.4%,
who have purchased online, believe that this electronic form of
Residence trading is safe.
Tirana 53.1% Table 2. Specific data from the survey
. Question Response Percentage
Other cities 46.9%
6. Do you believe
Legal status that the COVID-19
situation spurred
LLC 51.9% the growth of
online commerce?
Individual 28%
Yes 93.8%
Clients without 12.6%
NIPT No 6.2%
Institutions 7.4% 7. How often did
you purchase
Preferred shop online within a
method month before the
outbreak of
Physical 62% COVID-19?
Online 38% Once a month 50.6%
Once a week 15.6%
The research questions outlined in the Introduction of this paper
are: 2-3 Times a week 15%
1. What were the contributing elements to enterprises using e-
commerce more frequently? Never 18.8%
The first research question is confirmed by the responses provided
to question 6, regarding the impact of COVID-19 on the growth of | §. How often did
online commerce. you purchase
online within a
According to the data presented in the table, approximately 93.8% month after the
of respondents believe that the COVID-19 situation was the driving outbreak of
factor behind the increase in online commerce. COVID-19?
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Once a month 46.4%
Once a week 18.6%
2-3 Times a week 16.2%
Never 18.8%

9. Which category

of products do you

purchase most

often online from

Marketing &

Distribution?
Personal hygiene 50.5%
products
Alcoholic 25.8%
beverages
Office supplies 15.5%
Lavazza coffee 8.2%

10. Factors that

influence the

decision to

purchase products?
Quality 42.5%
Price 27.5%
Delivery time 19.7%
Company 10.3%
reputation

11. Are online

purchases safe?
Yes 59.4%
No 25%
No opinion 15.6%

12. How satisfied

are you with the

products sold

online by

Marketing &

Distribution?
Very satisfied 38.4%
Moderately 35.3%
satisfied
Slightly satisfied 21%
Not satisfied at all 5.3%

5.2 Reliability analysis of data

Reliability analysis is one of the key elements in data collection to
determine whether the measurement tool used in the research is
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reliable. The Reliability Statistics table summarizes the results of
the reliability analysis. The reliability coefficient, Cronbach's
alpha, that we used to measure whether e-commerce is an
important factor influencing economic development is 0.818 or
81.8%.

Cronbach’s alpha is a widely-used statistic that measures the
internal consistency of a set of scale or test items. It is used to
estimate the reliability of a psychometric test and is particularly
important when analyzing survey data [15], [ 7], [ 6]. Cronbach's
alpha is a measure of internal consistency, that is, how closely
related a set of items are as a group. It is considered to be a measure
of the reliability of a test or scale. According to Cronbach's alpha
reliability scale, if 0.80 < alpha < 1.00, the measurement tool is
considered to have a high level of reliability. In our case, the
reliability coefficient is highly reliable, as 0.80 < 0.818 < 1.00.

6. Conclusions

In this paper following the pandemic, businesses that transitioned
to this form of commerce, or those that added it alongside their
physical operations, have experienced increased turnover and sales.
These businesses are now several steps ahead of those that did not
adapt to the trends and imposed circumstances. This is believed to
be due to technological advancements, the rapid growth of the
internet, the integration of marketing and sales strategies by
companies, and the shift in generations who have direct access to
electronic markets or the digital economy. Orders are now placed
through smartphones, laptops, or personal computers, saving time
and eliminating spatial limitations. The pandemic played a
significant role in the economic growth of Marketing &
Distribution, positively influencing product sales through online
platforms, particularly via the company's official website and the
B2B Office department's page. Ultimately, companies can build
ongoing relationships with customers, enabling them to
continuously provide their latest offers.

The concluding analysis of this research reveals that the majority of
respondents are relatively satisfied with the quality of online
products offered by local companies, as well as with the customer
service and care provided. What these companies need to do is to
continue working harder, first to maintain, and then to increase
customer satisfaction, while improving their offerings in line with
global developments and innovations in this sector.
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Abstract: Ultimately, digitizing cultural heritage is not just about preservation; it is about enriching the cultural narrative, making it
inclusive, and ensuring that knowledge and appreciation of our shared history are passed down to future generations. Digitization involves
advanced techniques such as 3D scanning, high-resolution photography, and digital modeling. These technologies help create accurate and
detailed representations of cultural assets, ensuring that the digital versions retain the original's integrity and details. Ensuring high
reliability for small-sized objects is a crucial challenge in digitizing cultural heritage sites, especially when dealing with objects that lack
movement, transporting, low ambient light conditions, reflective material, etc. By incorporating three-dimensional models into the research
and dissemination process, cultural heritage institutions can make their work more appealing and accessible to a wider audience, fostering
greater appreciation and understanding of our shared cultural heritage.

Keywords: ARCHEOLOGY, PHOTOGRAMMETRY, 3D PRINTING, CULTURAL HERITAGE

1. Introduction

Digitizing cultural heritage enriches the cultural narrative,
making it inclusive and ensuring that future generations will
appreciate our shared history. Through technological advancements
and a focus on precision and accessibility, we can preserve, study,
and celebrate cultural heritage innovatively and impactfully.
Technological innovations are fundamental to this endeavor, refined
over the years to create increasingly precise and accurate digital
models that preserve metric and technical data useful for subsequent
analysis and experimentation. From literature research there exist
different scanning technologies for converting real objects to high-
resolution 3D files such as photogrammetry, active scanning
system, structured light scanners, etc [1]. Choosing the right
technological solutions depends on many factors as desired level of
detail (LOD) acquisition, elaboration time, object size and surface
reflectiveness, versatility of the scanning system, cost, etc. By
leveraging digital technologies, heritage sites, and museums
develop new narrative forms for cultural content and concepts,
enhancing visitor engagement and education [2].

Each of these methodologies has its strengths and is chosen
based on the specific requirements of the object being digitized.
Photogrammetry known as passive system [3] , with its ability to
create detailed and textured 3D models, is particularly valuable for
capturing the shape and color information of cultural heritage
objects. Instead, the 3D active scanning systems based on structured
light, include a wide range of system setups starting from low-cost
to high-user system [4], [5], [6] are known for their accuracy,
precision, and high level of geometry detail during scans. All the
systems are capable of scanning from micro-med-long range object
size by different modifications of the system itself. There are a lot
of cases where these systems are used in the cultural heritage by
exploiting in deep detail the pros and cons of each system [7], [8],
[9], [10], [11]. Advancements in heritage surveying tools and
methodologies have significantly improved the capacity to
document cultural heritage. Numerous studies have recently
emerged, focusing on modern survey experiences, the tools and
techniques employed, and strategies to mitigate errors in these
processes. The application of these innovations has seen a
remarkable increase, streamlining and enhancing the accuracy of
heritage registration [12].

The goal of this contribution is to present the knowledge and
experience gathered through the 3D-IMP-ACT project. This major
research endeavor illustrates the practical use and key insights
obtained from its approaches and outcomes. The 3D-IMP-ACT [13]
research project exemplifies the integration of technological

advancements in cultural heritage preservation, making it more
inclusive and accessible while ensuring the accurate representation
and study of historical artifacts. This project started in 2018 and
employed the latest technology in the fields of 3D and virtual
reality, to promote the touristic attractiveness of the region, by
enhancing cooperation between universities and public bodies in
dealing with the preservation, management, and promotion of
cultural assets.

2. Methodology

The article offers a practical approach shaped by a thorough
analysis of the latest advancements and details possible workflows
grounded in the author’s experience in the field of 3D scanning
technologies in difficult areas such as inside environments
(museums) and field archeological sites.

This study used photogrammetry as one of the best methods for
indoor scan of the artefacts especially when they are impossible to
remove or to touch them. This technique also can scan from
medium to large size artifacts. In all the typologies of the artifacts
digitized inside the museum space, the first process of photo
acquisition was done without “flash” and in RAW format, and then
the next step was the digital manipulation of each photo (chromatic
aberration, distortion, etc.) for increasing photo quality. After this
digital manipulation, all the images are elaborated in Agisoft
Metashape software [14]. The hardware setup consists of using
DSRL cameras with different lenses (Table 1, Table 2), mounted in
a professional tripod and with a remote camera control.

Table 1. Camera characteristics and lens used setup (a)

Sensor Full frame BSI CMOS/

type/resolutions | 45.7 Megapixel

Sensor size APS-C (22.3 x 14.9 mm)
DSRL camera | (mm)
NIKOND8S0 5y elsize (um) | 4.35

Weight (g) 1005

RAW file CR2

Frame rate (fps) | 7

Nikon AF-S FX NIKKOR 28-300mm f/3.5-
Lens used

5.6G
Trigger camera | Manual remote switch/software
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Table 2. Camera characteristics and lens used setup (b)

Sensor CMOS APS-C
type/resolutions | /18.0 Megapixel

Sensor size
DSRL camera | (mm)
CANON 1200D

APS-C (22.3 x 14.9 mm)

Pixel size (um) | 4.3
Weight () 480
RAW file CR2

Frame rate (fps) | 5

Lens used Canon EF-S 18-55mm f/3.5-5.6 IS Il kit

Trigger camera | Manual remote switch/software

The photogrammetry workflow is an easy self-learning curve
and can achieve great results with low-budget hardware. Nowadays
a big database of literature and guidelines explaining the state of the
art of the photogrammetry technique [15], where every person in
the institution of cultural heritage (specialist, technician, etc) can
become a professional digitizer or a 3D creator in a short time.

3. Related works

Following some simple setup for the inside photogrammetric
process, related to camera-lens-object-ambient interaction the user
should take precautions steps for maximizing geometry and texture
details. In spaces like museum pavilions the objects are exposed in
different and difficult positions like (i) stuck in the walls (Fig. 1),
(ii) very close to the facade (Fig. 2), (iii) inside of glass blocks (Fig.
3), (iii) on the floor (Fig. 5), (iv) small and large object size (Fig. 4)
and all the cases represent problems in texture material and light
conditions.

8|

point 13_point 14

point 5_point 6 1

Fig. 2 The artifact is very close to the facade, causing problems with the Fig. 5 Artifact exposed on the floor
back 3D scan
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The first results were the digital file creation in the form of a 3D
file of the artifact and then performing different 3D analyses for
investigation such as dimensions, volume, and possible intervention
strategies for reconstructions. Regarding the second scenario,
archaeological sites also performed by using the photogrammetry
technique (Fig. 6). In this case, a clear strategy for the pictures
overlaps process needs to be understood and performed by
succeeding with the minimum number of pictures taken and
weather conditions should be taken into consideration.

Fig. 6 Outdoor photogrammetry scanning

4. Results

Advanced non-contact 3D scanning methods, such as
photogrammetry, laser scanning, and structured light, have greatly
benefited the cultural heritage sector. These technologies enable
precise and detailed 3D documentation of historical artifacts,
architecture, and archaeological sites. By capturing accurate digital
replicas, they help preserve and restore cultural heritage while
minimizing the risk of damage from physical handling.
Additionally, these 3D models make it easier to share artifacts with
researchers, educators, and the public, enhancing access and
learning opportunities. This digital preservation also ensures that
even if the physical artifacts are lost or damaged, their accurate
representations remain available for future study and appreciation.
While there are countless ways to benefit from advanced 3D
scanning technologies, this work focused on three key outputs:
accurate documentation, 3D scanning for creating digital replicas,
and enhancing access and education (Fig. 7). These technologies
ensure precise recording of artifacts, allowing for detailed study and
preservation. Digital replicas make it possible to share and explore
cultural heritage in new ways, broadening access for researchers,

educators, and the public, and fostering greater understanding and
appreciation of historical artifacts.

Fig. 7 Different outputs obtained from 3D scanning and 3D printing
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