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RESEARCH ARTICLE / ARASTIRMA MAKALESI

Enhancement of City Liveability Model by Examining Sustainability, Resiliency and

Smart City Dimensions

Sehirlerde Yasanabilirlik Modelinin Siirdiiriilebilirlik, Dayaniklilik ve Akilli Sehir Boyutlar: Incelenerek

Dyilestirilmesi
Mehmet Akif Yuksel 2=, Hiiseyin Selcuk Kili¢ 2'*' , Bahadir Tunaboylu *
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Abstract

Liveability models of cities play an important role in many issues such as raising awareness in cities, determining management
strategies, and determining and solving criteria that affect human life. However, current liveability models are inadequate in
measuring liveability. For this purpose, the currently used EIU The Global Liveability Index model was evaluated and enriched by
examining it from 3 aspects and turning it into a more comprehensive index in this article. Since sustainability, resilience and
smart city index studies are intertwined with liveability, studies in these areas and their effects on liveability have been utilized.
In addition to the equally weighted indicators under the 5 categories within the scope of this enriched model, missing indicators
were added. Importance weighting has been done in terms of the impact of these indicators on liveability. This weighting study
was carried out with the widely used Analytical Hierarchy Process (AHP) which is a systematic and consistent method. With the
enriched index model, data of 6 cities were collected and a comparison study was carried out and applied. Melbourne has become
the most liveable city among these cities. The revised liveability index is expected to provide a more comprehensive and reliable
measure of the liveability of cities, considering a wide range of factors that can affect the life quality of residents. The enhanced
index is expected to be useful for policymakers, urban planners, and researchers in assessing the liveability of cities and identifying
areas for improvement. Ultimately, the goal of a liveability index is to provide a more reliable measure of the quality of life in
cities, considering a wide range of factors that can affect residents' daily lives.

Keywords: Liveable City Index, Sustainability, Resiliency, Smart City, City Rankings, Liveability Index

(0)4

Sehirlerin yasanabilirlik modelleri, sehirlerde farkindaligin arttiriimasi, yonetim stratejilerinin belirlenmesi, insan hayatini
etkileyen kriterlerin belirlenip ¢6zim gelistirilmesi gibi bircok konuda dnemli rol oynamaktadir. Ancak mevcut yasanabilirlik
modelleri yasanabilirligin Ol¢ciimiinde yetersiz kalmaktadir. Makalemizde bu amagla halihazirda kullanilan “EIU The Global
Liveability Index” modeli 3 agidan incelenerek zenginlestirilmis ve daha kapsamli bir endeks haline getirilmistir. Strdirulebilirlik,
dayanikhhk ve akilli sehir endeksi galismalari yaganabilirlik ile i¢ ice oldugundan bu alanlardaki ¢calismalardan ve yasanabilirlige
etkilerinden faydalaniimistir. Zenginlestirilen bu model kapsaminda 5 kategori altinda yer alan esit agirlikli géstergelerin yani sira
yasanabilirligin 6lgilmesinde elzem olan ve sonradan ekledigimiz gostergeler de yer almaktadir. Bu gdstergelerin yasanabilirlige
etkisi agisindan dnem agirliklandirmasi yapilmigtir. Bu agirliklandirma galismasi yaygin olarak kullanilan sistematik ve tutarl bir
yontem olan Analitik Hiyerarsi Siireci (AHP) ile gergeklestirilmistir. Zenginlestirilmis endeks modeli kullanilarak 6 ilin verileri
toplanmis ve karsilastirma galismasi yapilmistir. Melbourne bu sehirler arasinda en yasanabilir sehir olarak goézlenmistir.
Glncellenen yasanabilirlik endeksinin, sehir sakinlerinin yasam kalitesini etkileyebilecek ¢ok gesitli faktorleri goz oniinde
bulundurarak sehirlerin yasanabilirligine iliskin daha kapsamli ve guivenilir bir 6lgiim saglamasi beklenmektedir. Yeni endeksin
politika yapicilar, sehir planlamacilari ve arastirmacilar igin sehirlerin yasanabilirligini degerlendirme ve iyilestirme alanlarini
belirleme konusunda faydali olmasi amaglanmistir. Sonug olarak giincellenen yasanabilirlik endeksinin amaci, sehir sakinlerinin
glinlik yasamlarini etkileyebilecek ¢ok gesitli faktorleri g6z 6niinde bulundurarak sehirlerdeki yagam kalitesinin 6lglimiinin daha
guvenilir bir sekilde yapilmasini saglamaktir.

Anahtar Kelimeler: Yaganabilir Sehir Endeksi, Strdurulebilirlik, Dayanikhlk, Akilli Sehir, Sehir Siralamasi, Yasanabilirlik Endeksi
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I. INTRODUCTION

In recent years, the concept of a liveable city has
received significant attention as cities struggle with
challenges such as climate change, resource scarcity
and the need for technological advancement and strive
to provide a high life quality to their residents.
Achieving liveability requires a comprehensive
understanding of the various factors that contribute to a
city's overall sustainability, resilience, and smartness.
For this reason, the integration of different indices such
as the sustainability index, smart city index and city
resilience index becomes very important in creating the
multidimensional structure of liveability. It is crucial to
examine the details of other models to understand the
liveability model structure. Three models, presented
comprehensively in the literature review section, were
used to enrich EIU The Global Liveability as content,
and indicators related to liveability were determined.

The sustainability index assesses a city's
environmental, social, and economic performance,
measuring its ability to use current needs without
harming the living standards of future generations. It
covers topics such as energy efficiency, waste
management, biodiversity, and social inclusion.
Sustainability indexes are created worldwide through
studies of different dimensions. There have been
studies in which countries measured their cities and
areas on a national basis. For example, the Sustainable
City Index for Malaysia study is a study that measures
the sustainability status of Malaysia's major cities [1].
In addition to general sustainability indexes, there are
also studies such as Environmental Sustainability
Index, Index of Sustainable Economic Welfare and
Living Planet Index [2]. These studies particularly
focus on the sustainability of designated areas. In this
study, the scope was kept wide, and sustainability was
examined from a broad perspective, as in the
Environmental and Social Sustainability Index study
which focuses not only environmental aspects but
health and social perspectives [3]. Arcadis, which is a
popular and comprehensive sustainability index, was
examined. Arcadis index consists of 3 basic headings,
and these are people, planet, and profit. With this study,
it is aimed to provide a sustainability measurement
focused on sustainability of people, nature, and
economy.

The smart city index, on the other hand, assesses a city's
use of technology and digital infrastructure to improve
services, improve governance and foster citizen
participation. It considers factors such as digital
connectivity, smart transportation systems, e-
governance, and innovation ecosystems. In addition to
focusing on quality of life, smart cities focus on public
safety and security [4]. At the center of this concept is
governance and ITC. Governance and ICT are
particularly important branches of a mechanism that
enables city authorities to communicate with citizens
and shape society. The smart city concept is also

supported by institutions, organizations and
organizations that work closely with city authorities
and aim to provide solutions to the problems of cities.
Itis an inevitable fact that companies focus on this area.
Some organizations create frameworks by doing their
own work [5].

Finally, the resilient city index focuses on a city's
ability to recover from shocks and stresses, including
natural disasters, epidemics, and socioeconomic
disruptions. It covers aspects such as disaster
preparedness,  emergency  response  systems,
community engagement and adaptive infrastructure.
Apart from the concept of sustainability, the concept of
resilience has come to the fore with the increase in
crises around the world. Particularly in Spain, where
these crises are more visible, resilience studies are
focused on this issue [6]. Since resilience also focuses
on strategic issues, it has become one of the priority
issues of states. There are also studies such as Strategic
Resilience Indicators in this field and it has been an
important source in determining the topics that will
pose problems in the future [7].

While these existing indices provide valuable
information on specific aspects of urban development,
a more holistic approach is required to
comprehensively assess liveability. By integrating the
sustainability, smart city and flexible city indices, an
improved liveability index can be developed that
considers the interdependencies and synergies between
these different dimensions. This new index provides a
comprehensive  framework for evaluating and
comparing cities based on their ability to create
sustainable, smart, and resilient environments that
improve the quality of life of their residents.

The aim of this article is to enhance EIU The Global
Liveability Index by synthesizing criteria and
indicators from the existing sustainability, smart city,
and resilient city indices as seen in Figure 1. A new
framework will be proposed by analyzing the
components of each index, identifying overlapping
criteria, and exploring the potential complementarity of
various factors. This framework will provide a
comprehensive assessment of a city's liveability,
considering  its  environmental  sustainability,
technological advances, and resilience to shocks and
stresses.
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Figure 1. Liveable City Index Based on
Sustainability, Resiliency and Smart City Index
Dimensions

Moreover, this article aims to highlight the importance
of including certain criteria from the resilience index,
such as earthquake resistance, and the smart city index,
such as response to pandemics, such as COVID-19, in
the liveability index. Considering density, which is one
of the liveability indicators, it has been observed that
low density is safer for COVID-19 [8]. Likewise, the
connection between liveable city and disaster
management also has an impact on the quality of life
[9]. By including these critical dimensions, the
developed liveability index will more accurately
present a city's ability to provide a high quality of life
to its people under various conditions.

Through the enhancement of this liveability index,
policymakers, urban planners and stakeholders will
have a comprehensive tool to guide their decision-
making, policy-making and urban development
strategies. This index will contribute to the
development of sustainable, smart, and resilient cities
that prioritize the well-being and liveability of their
citizens.

Liveability is also included in other concepts.
Liveability and quality of life are at the forefront of
smart city indexes. A significant number of indicators
included in smart city indices have a positive impact on
liveability [10]. For example, because of the study on
green infrastructure, which is accepted as one of the
smart city indicators in the USA, it has been observed
that the sustainable construction of features such as
building materials and water use have a positive effect
on liveability [11]. There are also studies emphasizing
that cities with low liveability rates can plan these
problems for the future based on smart city applications
[12].

The relationship between liveability and resilience is
also seen in long-term studies. Creating a resilient city
is of great importance for the formation of a livable city
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on a long scale [13]. Sustainability and viability focus
on similar areas in many respects. Social life is one of
these areas. Social life, which expands from the family
size to the size of cities and even countries, shows the
connection between liveability and sustainability. For
example, neighborhood relations have been evaluated
as a subject that affects the quality of life for both
concepts. This example can also be evaluated under the
subject of social communication in the city dimension
[14].

Overall, this article represents an important step
towards developing a comprehensive liveability index
that integrates the dimensions of sustainability, smart
city, and resilient city. By synthesizing these indices
and combining specific criteria for liveability, this
research aims to contribute to efforts to build more
liveable cities that are sustainable, smart, and resilient
in the face of future challenges. The added value of this
study is to both enrich an existing index study with a
broad perspective and ensure that the equally weighted
indicators in the existing index are weighted in order of
importance by taking expert opinion. In this way, the
liveability of cities will be measured with a more
accurate and consistent scoring.

In this article, firstly, a comprehensive literature review
was conducted under the title of literature on
sustainable, liveable, resilient, and smart city index.
Secondly, under the heading of methodology,
indicators that were observed to improve the
liveability-related index were determined and added to
index. The liveability categories of stability, healthcare,
culture and environment, education and infrastructure
were examined, and aimed to improve the existing
index by adding relevant indicators. The index
indicators have been weighted by experts. Additionally,
the Analytic Hierarchy Process (AHP) method was
used to weigh the indicators, providing a systematic and
consistent approach to assess the liveability of cities.
Finally, under the result and discussion heading, six
different cities were compared according to the current
index and the results were interpreted. Enhancing the
Global Liveability Index with current issues and a very
comprehensive perspective such as smart city,
sustainability and resiliency makes this study different
from other indices.

2. LITERATURE REVIEW

When the literature was examined within the scope of
the liveability study of cities, it was observed that there
were common structures at many points with the
concepts of sustainability, resiliency, and smart city.
Based on these similarities, we focused on the parts
included in these 3 index studies that may have an
impact on liveability. For a comprehensive study, four
city indexes including liveability, sustainability,
resiliency, and smart city were examined in the
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literature review, and sections related to liveability
were identified. The methods used in these index
studies were mentioned. Furthermore, the created index
study was used for weighting on 6 cities with similar,
different cultures and structures. Literature such as
standards used in the world and accepted organizational
outputs are also explained under this title.

In recent years, urbanization has been spreading
rapidly, with more people claiming cities as their living
spaces than ever before. As the world becomes more
and more urbanized, the concept of "liveable city" has
become important for country and city managers, city
planners, architects, and researchers alike. The creation
of features that increase the quality of life for city
residents has brought along large-scale studies created
in this context. The Green Agreement of the European
Union (EU) and the Inflation Reduction Act (IRA) of
the USA can be shown as works aimed at increasing the
quality of life as well as creating economic and
environmental value.

The concept of liveability encompasses a
multidimensional framework that targets the quality of
life and well-being of city residents. It aims to take
steps for social structure in addition to physical
infrastructure,  considering  social,  economic,
environmental, and cultural dimensions. Besides
obvious issues such as housing or sustainable
transportation systems; it is a holistic goal that aims to
promote equitable, inclusive, and sustainable urban
environments.

Enhancing a liveable city index is the main subject of
this article. The index to be compared while doing this
study is EIU The Global Liveability Index. The reason
for choosing this index is that it is a comprehensive and
regularly published study and was created by

Table 1. EIU The Global

experienced staff. The methodology was used by
experienced teams for qualitative content and from
existing external data for quantitative content. It was
carried out through benchmarking studies [15].

The Global Liveability index consists of 30 indicators
in 5 categories. These indicators are used to measure
the liveability of cities and city rankings are made
thanks to the surveys made. These five categories were
determined as Stability, Healthcare, Culture &
Environment, Education, and Infrastructure. Evaluated
cities are named as acceptable, tolerable,
uncomfortable, undesirable, or intolerable. Qualitative
indicators are arranged because of internal evaluation.
Quantitative indicators are arranged in line with data
from external data sources. According to the
calculations, a rating between 1-100 is created. 1 is
intolerable and 100 is ideal. The liveability rating is
given as points for all categories and indicators. The
liveability score is calculated through category weights
distributed equally into subcategories. In Table 1, The
Global Liveability City Index category and indicators
are listed [16]. The indicators shown below are
weighted equally in the currently used index. This
shows that the importance ranking between the
indicators is not achieved. The system was developed
by weighting the indicators by taking expert opinions
in the categories determined in the methodology
section.

The new indicators included in the enriched index are
designed to be placed under the relevant 5 categories
and shown under the methodology heading. In this
study, a weighting study was carried out for the
categories that included the added indicators. Other
categories were accepted as equally weighted, and no
updates were made.

Liveability City Index

Category 1: Stability (weight: 25% of total)

Prevalence of petty crime
Prevalence of violent crime
Threat of terror

Threat of military conflict
Threat of civil unrest/conflict

Category 2: Healthcare (weight: 20% of total)

Availability of private healthcare
Quality of private healthcare
Availability of public healthcare
Quality of public healthcare
Availability of over-the-counter drugs
General healthcare indicators
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Category 3: Culture and Environment (weight: 25% of total)

Humidity/temperature rating
Discomfort of climate to travelers
Level of corruption

Social or religious restrictions
Level of censorship

Sporting availability

Cultural availability

Food and drink

Consumer goods and services

Category 4: Education (weight: 10% of total)

Availability of private education
Quality of private education
Public education indicators

Category 5: Infrastructure (weight: 20% of total)

Quality of road network

Quality of public transport

Quality of international links
Availability of good quality housing
Quality of energy provision

Quality of water provision

Arcadis is a company that provides consultancy support
on issues such as project, management, and design with
the aim of improving the quality of life. Arcadis
Sustainable Cities Index is one of its studies that has
been published periodically since 2015. This index,
used in the context of sustainability, was created in a
citizen-centric structure. It was designed by experts in
the field of indicators and methodology, using previous
experience and data [17]. The method used in the
Arcadis Sustainability Index report is based on average
weighting. Indicators in the subcategory are mostly
calculated equally by taking weighted averages. The
expert team determined the weights and weighed them
[18].

Boyd Cohen Smart City Index was designed by Boyd
Cohen, primarily on the creation of a smart city
framework for medium-sized cities. Cohen, whose
smart city ranking studies started in 2012, created a
comprehensive study with the methodology he created
in 2014. It ranked the data collected from the specified
cities using indicators. He applied the z-score to
transform it into standard and meaningful data [19].
Using this study, the way has been paved for the
evaluation of different cities within the scope of smart
cities [20].

The Resilience Index is a framework created in 2014 as
a joint effort by Arup and the Rockefeller Foundation
[21]. There are 12 indicators in this framework created
for the evaluation of cities. City data obtained
according to this framework is analyzed. In this
context, quantitative data were converted into
numerical numbers and the World Council for City
Data reporting on the International Organization for
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Standardization (ISO): 37120 standard was used for
performance measurement. Based on available data,
hypothetical profiles from 1 to 10 were created. A
Standard distribution has formed between very poor
performance and great performance. After then, a study
was conducted with 12 external experts and 10 Arup
industry experts to validate the approach established
[22].

This study presents a comprehensive liveability index
enriched with the liveability aspects of sustainability,
resilience, and smart city dimensions. Therefore,
information about these dimensions is given in the
following subsections.

2.1. Sustainability and Sustainable City Indicators

Sustainability has become a topic of increasing
popularity as concerns about the future begin to
increase. Problems affecting the balance of the world
such as climate change, air pollution, rapid population
growth and the need to build a better future encourage
societies to take different measures. Establishing
sustainable living spaces is one of the priority targets in
this context. The rapid increase in the human
population and the fact that a large part of this
population lives in cities increases the importance of
sustainability even more. The urban population, which
was 55% in 2018, is estimated to be 65% in 2050 [23].
The increase in population and density in urban areas
also brings various social, economic, and
environmental effects. Some of the effects observed in
recent years can be given as examples such as income
inequality, poverty, lack of education, and inability to
access resources [24]. Organizations such as the United
Nations take some measures to minimize these effects
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and to build a sustainable world. The goals established
for Sustainable Development are one of them. It is
aimed to create a sustainable and resilient world with
169 goals created under 17 headings, thanks to
objectives such as hunger, peace, education quality and
gender equality [25].

It is necessary to define the concepts of sustainability
and sustainable development to better understand these
structures. Although sustainability is such a broad and
comprehensive concept that it cannot be expressed with
a single explanation, different
institutions/organizations have explained it with similar
definitions. According to the definition of the World
Bank, sustainability has been defined as the basis of this
generation and it is a requirement to potentially transfer
the quality of life to all future generations [26]. On the
other hand, a definition made by the International
Union for Conservation of Nature (IUCN)/ United
Nations Environment Programme (UNEP)/ World
Wide Fund (WWF) is as follows: “Sustainability is
improving the quality of human life while living within
the carrying capacity of supporting eco-systems” [27].
One of the common points of the definitions is to focus
on what needs to be done to create a livable place for
future generations. The relationship between the
concept of liveability and sustainability will be
examined in detail in the following titles.

Although sustainability and sustainable development
are stated as similar concepts in some sources, different
definitions are also made. Since sustainable
development is a comprehensive process, it can be
defined as the work done to ensure sustainability.
Another definition of sustainable development is:
“Sustainable development is the development that
meets the needs of the present without compromising
the ability of future generations to meet their own
needs” [28]. United Nations Educational, Scientific and
Cultural  Organization (UNESCO) has defined
sustainability as a long-term goal for all people, cities,
and countries [29].

Index studies can be used to determine different
characteristics of cities. In addition to liveability,
resiliency and smart city indexes, sustainable cities
index are the indexes to be focused on in this article.
The sustainability index consists of 3 subheadings. The
pillars of people (social), planet (environmental) and
profit (economic) form the basis of sustainability.
There is a comprehensive list of indicators under each
heading [30]. With the announcement of the United
Nations' Sustainable Development Goals call for
action, an infrastructure was created that supports the
national plans of governments for sustainable
development. The evaluation of cities by index studies
of institutions is also in line with these purposes. For
instance, an index study was conducted for Mexican
cities, considering the UN SDGs [31]. Likewise, in a
study called “China Urban Sustainability Index”, cities
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in the range of 200,000 — 2,000,000 people were
evaluated within the scope of the index [32]. As a
comprehensive city index study, Arcadis the
Sustainable Cities Index measured 100 different cities
with people (social), planet (environment) and profit
(economic), which form the basis of sustainability. The
important outcomes of this index study include the
long-term contribution of profit pillars to sustainability,
the need for performance improvement in mid-level
cities in all areas, and the importance of digitalization
in the services provided by cities [30]. In this study,
Arcadis's framework will be used as a sustainable city
index. While creating the index, indicators were
determined under 3 main headings. These indicators are
also weighted with the determined methodology.

In the Sustainable Cities Index, a three-stage averaging
process was used. Some indicators are composite,
meaning they average over their component sub-
indicators. The three sub-indices are calculated by
taking the weighted averages of the component
indicators, and the total score is calculated using the
simple average of the three sub-indices [17].

2.2. Resiliency and Resilient City Indicators

The concept of resilient city, like the other concepts
mentioned earlier, is a subject defined by different
organizations with their own work. Organizations such
as the United Nations, The Organization for Economic
Co-operation and Development (OECD) and The
Rockefeller Foundation have made definitions and
created infrastructure and index studies for cities to
have a resilient structure. It is important to establish an
integrated management and a durable structure between
countries. Many countries have created their own
resilient plans. Countries that create resilient plans on
many subjects such as economies, societies,
institutions, environment, natural disaster attach
importance to different titles according to their internal
structures [33].

Resilience was used as an ecology term in the 1970s but
has recently emerged as a broad definition. City
Resilience Index study definition is as follows: “City
resilience describes the capacity of cities to function, so
that the people living and working in cities —
particularly the poor and vulnerable — survive and
thrive no matter what stresses or shocks they
encounter” [34].

According to the definition of the United Nations,
resilience focuses on the ability of a system or structure
exposed to hazards to quickly and effectively resist,
absorb, adapt, and recover from the effects of that
hazard, while preserving its essential properties and
functions [35]. Because resilience is considered as a
process, plans and effects are created for long periods
of time. As stated in the definition, resilience against
natural disasters is an important criterion for cities. For
city-sized systems, the purpose of natural disaster
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resilience is the survival of these Urban Systems for a
long time of periods [36].

City Resilience Index of The Rockefeller Foundation -
Arup was chosen as the Resilient City index to enhance
the liveability index in this article. This index is a
comprehensive study that contributes to the comparison
and development of cities. Although the even
distribution of indicator weightings may seem
problematic in terms of focusing on high priority issues,
it is a valuable and educational study for city managers
[37]. Qualitative and quantitative perspectives were
used in the study. Under the 4 main pillars, 12 goals, 52
indicators and 156 sub-indicators were created. With
these indicators, quantitative data are collected. It is
also evaluated under the 7 qualities of a resilient system
where the quantitative structure is determined for each
indicator question. The 7 pillars used to evaluate cities
in terms of their qualities are given below.

Reflectivity
Resourcefulness
Robustness
Redundancy
Flexibility
Inclusivity
Integration

In Resilience Index, quantitative data were converted
into numerical numbers and the World Council for City
Data reporting on 1SO: 37120 standard was used for
performance measurement. Based on available data,
hypothetical profiles from 1 to 10 were created. A
Standard distribution has formed between very poor
performance and great performance. After then, a study
was conducted with 12 external experts and 10 Arup
industry experts to validate the approach established
[22].

2.3. Smart City and Smart City Indicators

Cities have been evaluated in many different contexts
in recent years. Popular concepts such as '‘Connected
City', 'Calm City', 'Green City', 'Sustainable City',
'‘Brand City', 'Innovative City' and 'Digital City' are
defined for cities. With these concepts, cities aim to
attract investments, increase tourism income, and
prevent unemployment by providing employment.
Although all these concepts create a movement in the
cities, none of these concepts fully express the city and
its inhabitants. This is where the concept of the smart
city comes to the fore. It includes inter-object
communication,  sustainability, innovation and
digitality in cities.

Before explaining what, a smart city is, it would be
helpful to explain what a smart city is not. Smart
parking systems, smart streetlights, the expansion of
the Wi-Fi network in the city and smart agriculture
applications are city projects, but they do not represent
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the smart city when applied alone. It is a limited and
incomplete approach to see the definition of smart city
as the creation of livable cities by combining
information technologies with city management
studies. Since the concept of Smart City is a new and
changing concept, it is possible to talk about many
definitions. Cities, institutions, organizations, and
companies that make the definitions bring different
definitions to the Smart City according to their own
perspectives. Smart City definitions of some
institutions and organizations are given below.

European Commission (EC) defines the concept as a
place where traditional structures are made more
efficient by using digital solutions to meet the demands
of citizens and the business world [38].

Republic of Turkey Ministry of Environment,
Urbanization and Climate Change’s definition is
“Smart City is defined as an approach that ensures that
interoperable systems developed with cooperation
between stakeholders meet expectations and problems
with future foresight based on data and expertise” [39].
Purposes of smart cities are listed in national Smart City
Strategy as:

e Construct the expectations and needs of cities
as a triggering mechanism in all structures of

the city,

e Advance the structure with three legs:
physical, social, and digital,
e Comprehensively anticipate, identify, and

resolve emerging difficulties,

Create conditions suitable for development by
ensuring communication of the structures in
the city.

The International Telecommunication Union (ITU)
uses the term smart sustainable city in its definitions.
The main idea of the concept is a city that uses
information and communication technologies (ICT)
and many different tools to increase the quality of life,
urban management and efficiency and competitiveness,
while also meeting the needs of current and future

generations without harming economic, social,
environmental, and cultural values [40].
OECD’s approach to the smart cities is that

emphasizing that digitalization-enabled approaches
should be created to create collaborative, multi-
stakeholder and inclusive urban structures that increase
the well-being of citizens [41]. For The British
Standards Institution (BSI) smart city is important that
the systems that design a sustainable, prosperous, and
inclusive future for their citizens should be effectively
integrated into the environments [42].

Smart city indices are evaluated in different scopes and
formed according to the dynamics of institutions and
countries. Indicators and titles created by the change of
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cities and city management styles may change. Looking
at the definitions of smart cities, it is seen that the
concept of ICT has a common denominator.
Digitization and data are also evaluated in this context.

Organizations such as the UN, Smart City Council, EU,
ISO, and companies such as Frost & Sullivan
experienced consultancy company in the field of smart
city have created various functional areas. Frost &
Sullivan created a measurement model for the Smart
City on eight parameters. Cities are measured with
these parameters listed as smart governance, smart
energy, smart building, smart mobility, smart
infrastructure, smart technology, smart healthcare, and
smart citizen [43].

The cities of 28 countries that are members of the EU
are examined within the scope of six functional areas
created for smart city indicators. According to the EU,
these are Smart Governance, Smart People, Smart
Living, Smart Mobility, Smart Economy, and Smart
Environment. In the document named "Mapping Smart
Cities in the EU" published by the European Union in
2014, the smart city foundations and the functional
areas where smart city maturity can be founded [44].

Giffinger developed one of the most prominent
parameters of smart cities and Boyd Cohen improved
the idea and created Smart Cities Wheel [45]. In this
article, Boyd Cohen's smart city study was used to
establish the connection with liveability. 6 smart city
characteristics are described which are smart economy,
smart people, smart governance, smart mobility, smart
environment, and smart living. To rank the cities,
Giffinger described 74 indicators under the 6
characteristics [46]. European cities generally ranked
high in the outcomes of this study. The sum of the pillar
values of each city gives the evaluation result of that
city. There are cities with some low pillar values but a
high total smart city ranking. For instance,
Luxembourg ranked first among mid-sized cities with
populations ranging from 100,000 to 500,000. While
the smart economy is Luxembourg's strongest feature,
creativity and flexibility are below average. Ruse is the
last city on the list, although some of the pillars. The
city ranks 53rd out of 70 cities in the smart economy
rankings. However, it ranks last because it received
lower scores compared to other cities in other pillars
[46]. Looking at these examples, cities need to consider
the indicators included in each pillar to improve their
rankings in the smart city index.

A detailed study has been done at the smart city pillar
level and the categories are well defined. Smart
Governance is defined as the management of all
services and interactions that enable the
communication of public, private, civil society, and
European Union institutions so that the city can work
effectively. Smart Economy includes online business
and e-commerce, high productivity rate, ICT-oriented
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production and services, and the creation of new
business models. It also builds smart clusters and eco-
systems. Smart Mobility encompasses ICT-based and
integrated logistics and transportation systems. The
Smart Environment pillar focuses on efficient energy
sources, smart energy networks, measurement, control
and monitoring, inspections and renewal of facilities,
green buildings, and efficient use of green city needs.
Smart People covers topics such as ICT-based work,
access to education and training, adapting to human
resources and capacity management, with the aim of
creating an inclusive society that fosters creativity and
supports innovation. Smart Living focuses on lifestyles,
behaviors and consumption habits created with ICT
supported solutions [42].

In Smart City Index, a set of indicators has been
assigned to measure the six components of Dr. Boyd
Cohen's Smart Cities Wheel. Each component consists
of 3 indicators, a total of 19 sub-indicators. There are
62 indicators under these indicators. It has been
simplified by selecting 400 indicators from different
sources and reducing it to 62. 16 of these indicators
target the new sustainable cities ISO standard (ISO
37120). The index created was evaluated for 120 cities,
but the data of 11 cities could be collected. Data from
each of the 11 cities was optimized using a
mathematical formula called the z-score. Each of the 6
components was weighted to assign a maximum of 15
points. It was ensured that the city, which is the leader
in each component, can be ranked in such a way that it
can get a maximum of 90 points [47].

In the index studies described in the literature review,
indicators that were seen to be linked to liveability and
were predicted to contribute to liveability were
determined. These indicators are 6 in total, 2 from the
smart city index, 2 from the city resiliency index and 2
from the sustainability index. The positioning of these
indicators in the liveability index, their explanations,
and the category they fall into are explained in the
methodology section.

After this section, the methodology where the method
to be used for the index is explained in detail.

1. METHODOLOGY

In this section, existing index studies are evaluated in
many contexts and the methods and processes
necessary to further develop The Global Liveability
Index study are mentioned. Some revisions were made
to enrich The Global Liveability Index model detailed
in the literature review. Thus, this current index to be
used for the measurement of cities has been made
understandable and easy to apply.

As mentioned in Table 1, it has been decided under
which heading the relevant indicators included in the
index consisting of 5 categories should be positioned.
However, it has been observed that some indicators do
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not fit into existing categories. In this context, the title
of the 3rd category, designated as "Culture and
Environment", is considered under “3.1 Culture” and
“3.2 Environment”. Hence, the "Culture and
Environment" category, which has a weight of 25% in
the total index, is divided equally and the "Culture"
category is designed as 12.5% and the "Environment"
category is designed as 12.5%.

There are 6 indicators recommended in the Global
Liveability Index to prevent deficiencies arising from
existing risks and negativities. Work-Life Balance,
Effective mechanism for communities to engage with
government, Green Space per Capita, Ease of Doing
Business, Density, Supportive Financing Mechanism
indicators are in the categories specified in the Table 2
below. Correct implementation of the weight of these
indicators and their compatibility with other indicators
are necessary for the accuracy of the index.

The process of weighting indicators within the
Liveability Index is a crucial step that requires careful
consideration. Several methodologies can be employed
to assign appropriate weights to the diverse indicators
from each dimension. When enhancing a new index for
a livable city, it's important to employ robust survey
methods to gather reliable and comprehensive data.
Assessment of liveability index requires professionals
and experts in relevant fields such as urban planning,
architecture, sustainability, transportation, and social
welfare. While creating existing indexes, the weighting
of the indicators is done by experts. In the index study,
which was enriched in the same way, a similar
weighting was made by using the opinions of the
people. The information shared by these experts can
contribute to the determination of weights for different
indicators in the index. To identify relevant experts,
specific areas related to the liveability index were
agreed. These are chosen from among urban planners,
architecture, sustainability experts, transportation
experts, experts in the fields of social welfare,
environmental studies, and public health. Experts were
determined according to their qualifications,
experience, and knowledge in the relevant fields.
Various expert groups are targeted to provide a
comprehensive perspective.

A questionnaire was prepared focusing on different
areas that are related to the dimensions of liveability.
This survey contains a list of indicators or factors that
contribute to liveability. A weight was assigned to each
indicator and experts were asked to rate the importance
of each indicator on a determined scale.

Arigorous and versatile methodological approach were
used to design the liveability index that reflects the
intertwined dimensions of sustainability, resilience,
and smart city indicators. In this approach, the
Analytical Hierarchy Process (AHP) decision making
method was used. AHP method is used for

measurement of cities from different perspective.
“Measuring liveability of cities is an important task as
it provides useful information to the people who would
like to choose the best place to live” [48].

The indicators that contribute to the liveability index by
progressing through common points and that are
included in other indexes are given in Table 2 and
explained afterward. The added indicators are
positioned under the most appropriate categories.

Table 3. Indicators Selected from Sustainability,
Smart City, and Resilience Indexes included in
Liveability Index

Indicator- Category

... [C3.1. C3.2.
C1L. Stability Culture Environment Index
Work-Life Sustainability
Balance Index
Ease of Doing Sustainability
Business Index
S.uppor_tlve Resilience
Financing Index
Mechanism
Effective
mechanism for -
. Resilience
communities to
. Index
engage with
government
Green Space per|Smart City
Capita Index
. Smart City
Density Index
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3.1. Identification of included indicators
Below, the specified indicators are explained and why
they are included in the index is explained.

3.1.1. Work-Life balance

The "Work-Life Balance" indicator in the Arcadis
Sustainability Index is closely related to the concept of
liveability and can significantly influence the overall
assessment of a city's liveability. Work-life balance
refers to the equilibrium between one's professional and
personal life, ensuring that work commitments do not
overly encroach on personal time, well-being, and
leisure activities. In this context, the best Work-Life
balance 2019 index was prepared, considering
workload, corporate support, and liveability
parameters. Global crises such as covid have reshaped
the work-life balance. Occupational branches whose
infrastructure and business scope are suitable for this
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have tried to overcome this crisis with methods such as
remote working. It has become important for employers
and employees to have an infrastructure in this regard.
On the other hand, remote working conditions that are
not properly planned result in increased working hours.
All these factors are important for work-life balance
[17].

3.1.2. Ease of doing business

Quality of life is an important factor in attracting and
retaining talent or professionals, especially given
working conditions. The "Ease of Doing Business"
indicator in the Arcadis Sustainability Index relates to
the business-friendly and regulatory environment of a
city or country. It evaluates factors such as ease of
starting and operating a business, obtaining permits,
access to credit, protecting investors and enforcing
contracts. There are important indirect links between
"Ease of Doing Business" and "Liveability". The high
number of procedures can cause unnecessary expenses
for a large part of people's work. Good management of
these processes can improve the quality of life [17].

3.1.3. Supportive financing mechanisms

The "Supportive Financing Mechanisms" indicator in
the Resilience City Index refers to the availability and
effectiveness of financial tools and mechanisms that
support sustainable development and improve the
quality of life in a city. Therefore, while there is no
direct information that states the relativity of the
"Supportive Financing Mechanisms™ indicator with
liveability, quality of life, and liveable city index, there
is evidence to suggest that supportive financing
mechanisms can affect economic growth, which is a
crucial factor in determining the liveability of a city
[29].

3.1.4. Effective mechanisms for communities to engage
with government

The "Effective Mechanisms for Communities to
Engage with Government™ indicator in the Resilience
City Index is closely related to the concept of liveability
and has a significant impact on the overall assessment
of a city's quality of life. Well-being is a dimension of
liveability that is constantly concerned with community
participation and social interaction. In this context,

participation and, accordingly, governance has an
important place in improving people's quality of life
[29].

3.1.5. Green space per capita

Access to green spaces, such as parks, gardens, and
natural areas, has been consistently linked to improved
physical and mental well-being. Green spaces offer
opportunities for exercise, relaxation, and stress
reduction, which contribute to residents' overall health
and quality of life. Urban green spaces offer people
more livable environmental conditions thanks to their
refreshing and ecological benefits [49]. Organizations
like the World Health Organization (WHO) and urban
planning associations consistently highlight the
positive impact of green spaces on residents' well-being
[50].

3.1.6. Density

The "Density" indicator in the Arcadis Sustainability
Index refers to the population density of a city, which
is the number of people living per unit of land area.
While there isn't a straightforward or universally
agreed-upon  relationship  between density and
liveability, there are complex and multifaceted
dynamics that influence how density can impact a city's
quality of life. One of the biggest problems in an
earthquake is that it is difficult to reach places with high
density and to take aid. At the same time, major
problems can occur if infrastructures such as electricity,
water and natural gas are disrupted in places where
there is a dense population [50].

The proposed index is shown in Table 3 below. This
table includes indicators that are compatible with
liveability in other index studies and are included in the
newly created index. The sections highlighted in bold
under the categories are the newly added indicators. No
changes were made as no indicators were added to other
categories. The final version of the updated index is
given in Table 9. Moreover, the importance weights of
the main categories which already exist in the current
index are not changed. The revision is only made for
the categories including the added indicators. All the
indicators within the related categories as seen in Table
3 are considered and AHP is applied to determine the
local importance weights of them.
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Table 4. The proposed Liveability Indicators with their descriptions

Category 1: Stability
(Weight: 25% of total)

Definition

Prevalence of petty crime

Simple amount of crime (theft, extortion, etc.)

Prevalence of violent crime

The amount of violent crime (murder, stabbing, etc.)

Threat of terror

Cities with terrorist threat experience security and peace problems that
reduce the quality of life.

Threat of military conflict

Military conflict is a major security issue

Threat of civil unrest/conflict

Civil conflict/unrest is an issue that negatively affects the quality of life.

Work-life Balance

Balance between the amount of time spent at work and time spent in
private life

Ease of doing business

The importance of the regulatory and financial environment that
facilitates the smooth running of business

Supportive financing mechanisms

Finance structure that allows businesses to adapt to changing
circumstances and leverage contingencies against shocks.

Category 3.1: Culture
(Weight: 12.5% of total)

Definition

Level of corruption

Abuse of entrusted management authority for private gain

Social or religious restrictions

Presence of masses who are subject to religious and social discrimination in
society

Level of censorship

Social and cultural censorship

Sporting availability

Availability of accessible sports infrastructure in the city

Cultural availability

Presence of historical and cultural infrastructure (museum, theater, cultural
play, dance, etc.) in the city

Food and drink

Access to healthy food, presence of access to cultural food types

Consumer goods and services

Level of access to consumer products and services

Effective mechanisms for communities to
engage with government

Collective structure for communication and coordination between
authorized institution and citizens.

Category 3.2: Environment
(Weight: 12.5% of total)

Definition

Humidity/temperature rating

Climatic conditions of the city (humidity, temperature) affect liveability
positively or negatively.

Discomfort of climate to travellers

The city's life challenges for travelers (tourists, short-term visitors) are
considered

Density

Density of people in cities (km2/100,000 people)

Green space per capita

The ratio of green areas in the city to the sum of active and passive green
areas (protected zones, military areas, forests, etc.)

3.2. AHP Methodology

is necessary to establish the general purpose and

The Analytic Hierarchy Process (AHP) is a decision-
making methodology that helps prioritize alternatives
based on a set of criteria. It is a structured approach that
helps prioritize and make decisions based on a set of
criteria and alternatives. The AHP method is widely
used in various fields, including engineering,
management, and social sciences. The AHP method is
based on the principle that complex decisions can be
broken down into smaller and more manageable parts.
The method involves dividing a decision problem into
a hierarchy of criteria and sub-criteria, and then
comparing the importance of each criterion and sub-
criteria relative to each other. The AHP method uses
pairwise comparisons to determine the relative
importance of each criterion and sub-criterion. Pairwise
comparisons are then used to calculate the weights of
each criterion and sub-criteria used to make the final
decision. The AHP method is a flexible and adaptable
methodology that can be used to solve a wide variety of
decision-making problems. To use the methodology, it
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determine the weights of importance in the criteria [50].

The formulation proceeds in the following order. A
matrix as shown in Table 3 is formed from the survey
results obtained. This matrix is called the A matrix and
is used as a pairwise comparison matrix. The main right
eigenvector of matrix A is determined as 'w' [51].

Positive and reversed matrix equation 1 and equation 2
is shown:

(1

(2)
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The pairwise comparison matrix with n objectives is an
n x n matrix A= {a;}. In case of an incompatible
matrix, the calculation must be repeated several times
to solve the problem. To convert w to meaningful
absolute values and normalized weight with the result,
following equation 3, equation 4, equation 5, and
equation 6 is used:

W = dnax W, Anax Z 1 3)
Z aGw; —n
Amax = T (4)
1
A= {aij} ajj = @ 5)
ij

= A: Pair wise comparison

= w: Normalized weight vector

*  Amax : Maximum Eigen value of matrix

* Aa;;: Numerical comparison between the values i
and j

= |n the next step, another formula CR = CI/RI is
used to validate the AHP results.

= CR: Consistency ratio

= CI: Consistency index

)\max —-n

=T ©)

The purpose of using this formula is to determine that
the results are measured consistently. Inconsistency
ratio should be less than 0.10 for a healthy result [53].

3.3. Data collection

In this study, AHP, one of the multi-criteria decision
making methods, was applied to measure global needs
and problems and their impact on liveability. Due to its
nature, AHP is an appropriate method in urban-scale
regional planning in terms of both qualitative and
guantitative indicator measurement. It is an important
method to measure the liveability of cities. In addition,
it can give advice to city managers to increase
liveability [48].

The weighting was created through a pairwise
comparison survey. All indicators are weighted by
pairwise comparison with other indicators within their
categories. The survey was conducted with experts who
are highly aware of liveability in different areas. The
experts who completed the survey are as follows,
sustainability expert, smart city consultant, sociology
professor, corporate consultant, economics professor,
architect, and landscape architect. This study aimed to
make a consistent weighting by taking the opinions of
experts with different perspectives.

The experiences of seven experts were used to
determine the importance weights of the indicators. The
properties of the experts are as follows:

e A professor whose area of expertise is
sustainable finance,

e Anengineer with smart city and sustainability
consultancy experience,

e An associate professor working on urban
sociology,

e An architect specialized in his field,

e An experienced landscape architect,

e An institute director working on livable
environments,

e An experienced consultant on city strategy

AHP Scale: 1- Equal Importance, 3- Moderate
importance, 5- Strong importance, 7- Very strong
importance, 9- Extreme importance (2,4,6,8 values in-
between). Category weighting has remained stable as
determined by The Global Liveability Index. Category
3 weighting is designed as a sub-category with equal
weights as environment and culture.

3.4. City Ranking

As a result of the weightings created, 6 cities selected
from different regions of the world are ranked among
themselves in this index study. The selected cities were
obtained from various index data, research results and
reports. Among the indicators under each category,
those with data from all cities participated in the
evaluation. Indicators with no or missing data are not
included in the weighting. When choosing cities, their
location, cultural, economic, and environmental
differences were taken into consideration. The purpose
of this is to measure the liveability of different
continents and cultures and to demonstrate that the
index can be used on a global scale. Cities participating
in the Index weighting are London, Montreal, Bogota,
Kuala Lumpur, Melbourne, and Istanbul.

To apply normalization, the methods shown in equation
7 were used and the values of the cities on the indicator
and category scale were transformed into logical
values. Equation 8, 9, 10, and 11 are the definitions of
normalization used. Minimum-maximum
normalization is a technique used to transform the
range of numerical values of a data set for a given range
[52]. This range will generally be between 0-1, but it
can also be created between different ranges. In this
study, values between 1 and 10 were set to make city
comparisons understandable.
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Xnew=(xi—min(x))/((max(x)—min(x))

)

Xnew = The revised value of the dataset (8)

X = 0ld value 9)
Max (X) = Maximum dataset number  (10)
Min (X) = Minimum dataset number (11

IV. RESULTS AND DISCUSSION
The aim of this article is to improve the liveability
index by adding six new indicators to the old version.

These indicators are Work-Life Balance, Ease of doing
Business, Supportive Financing Mechanisms, Effective
Mechanisms for Communities to Engage with
Government, Green Space per Capita, and Density.
Weighting was carried out by experts by including
these indicators that were added later. The overall
weighting of the index was determined by seven
experts who gave weight to each indicator.

In Global Liveability Index, indicators are weighted
equally. To improve results, experts’ weights were
applied to categories which have current indicators. In
category Stability, Culture and Environment, current
weighting was used. The weighting of indicators
outside these three categories was kept as in the existing
index, and no updates were made. Overall, for every
expert pairwise comparisons have been applied to all
indicators. Each expert weighs every indicator of
determined category and come up with a result. As an
example, the first expert stability category pairwise
comparison steps are shown in in Table 4. Instead of
the weighting made by all experts for each category, all
steps of the first expert's weighting for the Stability
category are shown. However, other expert and
category data are shared in Table 7.

Table 5. Pairwise Comparison Matrix for Stability Category (Expert 1)

Indicators Indc.1 Indc.2 Indc.3 Indc.4 Indc.5 Indc.6 Indc.7 Indc.8
Indc.1 1 0.17 0.13 0.11 0.14 0.33 0.25 1
Indc.2 6 1 0.25 0.20 0.33 3.00 2.00 3.00
Indc.3 8 4 1 0.50 2 5 4 6
Indc.4 9 5 2 1 3 7 6 7
Indc.5 7 3 0.50 0.33 1 4 3 3
Indc.6 3 0.33 0.20 0.14 0.25 1 0.50 2
Indc.7 4 0.50 0.25 0.17 0.33 2 1 2
Indc.8 1 0.33 0.17 0.14 0.33 0.50 0.50 1

In Table 5, the normalized matrix was obtained by adding all the rows and dividing them by themselves.
Table 6. Normalized Pairwise Matrix for Stability Category (Expert 1)

Indicators  Indc.1 Indc.2 Indc.3 Indc.4 Indc.5 Indc.6 Indc.7 Indc.8
Indc.1 0.08 0.08 0.07 0.08 0.07 0.13 0.14 0.13
Indc.2 0.17 0.16 0.22 0.12 0.13 0.16 0.19 0.19
Indc.3 0.25 0.16 0.22 0.25 0.26 0.19 0.19 0.19
Indc.4 0.25 0.32 0.22 0.25 0.26 0.16 0.19 0.25
Indc.5 0.17 0.16 0.11 0.12 0.13 0.13 0.14 0.13
Indc.6 0.02 0.03 0.04 0.05 0.03 0.03 0.02 0.02
Indc.7 0.03 0.04 0.05 0.06 0.04 0.10 0.05 0.03
Indc.8 0.04 0.05 0.07 0.06 0.07 0.10 0.09 0.06

The weights are calculated by averaging all the
elements of each row in the normalized matrix. All the

elements were summed up and divided to indicator
number which is 8 in Table 6.
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Table 7. Weight of Indicators for Stability Category (Expert 1)

Indicators  Indc.1 Indc.2 Indc.3 Indc.4 Indc.5 Indc.6 Indc.7 Indc.8

Expert 1 0.10 0.17 0.21 0.24 0.14 0.03 0.05 0.07

All the experts' weightings were completed using the weighting data collected in Table 7.

Table 8. Expert Weighting for Each Indicator

Expert - Category (S=Stability, C=Culture, E=Environment)

Expertl | Expert2 | Expert3 | Expert4 | Expert5 | Expert6é | Expert?7
S1 0.1 0.02 0.03 0.06 0.09 0.08 0.05
S2 0.17 0.1 0.1 0.09 0.14 0.13 0.09
S3 0.21 0.23 0.19 0.22 0.24 0.24 0.25
S4 0.24 0.34 0.25 0.22 0.24 0.19 0.25
S5 0.14 0.15 0.25 0.22 0.14 0.21 0.15
S6 0.03 0.05 0.04 0.05 0.06 0.05 0.05
S7 0.05 0.07 0.07 0.05 0.05 0.05 0.09
S8 0.07 0.03 0.07 0.09 0.05 0.05 0.06
Cl | 025 0.31 0.31 0.24 0.28 0.27 0.31
C2 (024 0.17 0.21 0.16 0.16 0.21 0.17
C3 |01 0.18 0.15 0.19 0.17 0.17 0.18
C4 | 0.08 0.07 0.06 0.06 0.08 0.09 0.07
C5 | 0.08 0.07 0.1 0.05 0.08 0.05 0.07
C6 | 0.04 0.05 0.09 0.05 0.08 0.05 0.05
C7 | 0.04 0.1 0.05 0.09 0.08 0.05 0.1
c8 | 0.17 0.04 0.03 0.13 0.08 0.1 0.04
E1 | 0.37 0.1 0.14 0.11 0.18 0.19 0.19
E2 | 0.09 0.16 0.14 0.11 0.14 0.1 0.12
E3 | 0.38 0.28 0.26 0.3 0.36 0.37 0.42
E4 | 0.15 0.47 0.45 0.48 0.32 0.35 0.27

With this method, the outputs of all experts were calculated, and the weighting of the stability category was
obtained in Table 8.

Table 9. Stability Category Overall Weighting

Indicators Indc.1 Indc.2 Indc.3 Indc.4 Indc.5 Indc.6 Indc.7 Indc.8

Total Weight 0.06 0.12 0.23 0.25 0.18 0.05 0.06 0.06

The revised importance weights of the indicators are  the multiplication of its local weight by the main
provided in Table 9. The related weights are local category’s importance weight. The percentages are
weights of the indicators within the main categories.  rounded.

The global weight of each indicator can be found via

Table 10. Revised liveability indicator benchmark

Category 1: Stability Definition
Prevalence of petty crime 6.1%
Prevalence of violent crime 11.7%
Threat of terror 22.6%
Threat of military conflict 24.7%
Threat of civil unrest/conflict 18.0%
Work-life Balance 4.7%
Ease of doing business 6.1%
Supportive financing mechanisms 6%
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Table 11. Revised liveability indicator benchmark (cont.)

Category 3.1: Culture Definition
Level of corruption 28.5%
Social or religious restrictions 19.0%
Level of censorship 16.3%
Sporting availability 7.4%
Cultural availability 7.2%
Food and drink 5.9%
Consumer goods and services 7.3%
Effective mechanisms for communities to engage with government 8.5

Category 3.2: Environment Definition
Humidity/temperature rating 18%
Discomfort of climate to travellers 12%
Density 34%
Green space per capita 36%

To use the AHP method properly, the inconsistency
ratio must also be evaluated to be able to have valid
result. As calculated above, pairwise comparison
matrix shown in Table 4 is used. Each of the columns
are multiplied with associated indicator weights
calculated in Table 6. The result of the inconsistency

index values is shown in Table 10. Then, row values are
summed up and divided to indicator weights. Average
of these result gives the Amax which is calculated as
8.3266 as shown in equation 4. As the next step,
equation 6 was used for ClI which is 0.0466.

Table 12. Stability Category Inconsistency Calculation (Expert 1)

Indicators Indc.1 Indc.2 Indc.3 Indc.4 Indc.5 Indc.6 Indc.7 Indc.8
Indc.1 0.10 0.09 0.07 0.08 0.07 0.12 0.15 0.14
Indc.2 0.20 0.17 0.21 0.12 0.14 0.15 0.20 0.21
Indc.3 0.30 0.17 0.21 0.24 0.28 0.18 0.20 0.21
Indc.4 0.30 0.34 0.21 0.24 0.28 0.15 0.20 0.28
Indc.5 0.20 0.17 0.11 0.12 0.14 0.12 0.15 0.14
Indc.6 0.03 0.03 0.04 0.05 0.04 0.03 0.02 0.02
Indc.7 0.03 0.04 0.05 0.06 0.05 0.09 0.05 0.04
Indc.8 0.05 0.06 0.07 0.06 0.07 0.09 0.10 0.07

By using CR = CI/RI equation, CR is calculated as
0.0330. In Table 11, experts’ CR scores were

calculated. Since all values are below 10% for

consistency, no revisions were required.

Table 13. CR Score of Experts

CR(%) Stability Culture Environment
Expert 1 3.3 2 6.5
Expert 2 36 28 11
Expert 3 3 43 04
Expert 4 0.6 2 5.6
Expert5 1 04 43
Expert 6 1 13 04
Expert 7 1 0.8 26

In the stability category, work-life balance, ease of
doing business, and supportive financing mechanisms
were found to be as important as the prevalence of petty
crime. Their weighting within the category is 5%, 6%
and 6%, respectively. This is very close to the weight
of prevalence of petty crime, which is 6%. Based on
this data, work and doing business coverage has a
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similar impact as minor crimes. Here, it shows that
employment  opportunities  and  work-related
opportunities other than private life have an impact on
liveability. In the environment category, density, and
green space per capita were identified as very important
for people's quality of life. Considering the
environment category, density and green space
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indicators are much more prominent than other
environmental factors. The density of cities greatly
affects the quality of life. It has been observed that the
measurement of liveability in residential areas with
high population density and low amount of green space
has also changed. In the culture category, effective
mechanisms for communities to engage with
government were found to be as important as cultural
and social availability. In the culture category, the
indicator Effective mechanisms for communities to
engage with government is above the importance
weights of indicators such as food and drink,
emphasizing that the harmony of city governments with
citizens affects the quality of life. The development of
a comprehensive liveability index that considers these
factors can help policymakers, urban planners, and
researchers identify problems for improvement and
make informed decisions about how to improve the
quality of life in cities. The Global Liveable Cities
Index and other similar indices provide a useful starting
point for developing a comprehensive liveability index
that considers a wide range of factors.

Data analysis in this area was limited since the data of
6 cities was not accessible for the following indicators.

"Threat of military conflict” and "Supportive
financing mechanisms" indicators under the 1.
Stability category.

“Quality of private healthcare” and
“Availability of over-the-counter drugs”
indicators under the 2. Healthcare category.
“Humidity/temperature rating” and
“Discomfort of climate to travelers” indicators
under the 3.1. Environment category
“Sporting availability”, “Cultural
availability”, “Food and drink” and,
“Effective mechanisms for communities to
engage with government” indicators under the
3.1. Culture category

“Quality of international links” and “Quality
of energy provision” indicators under the 5.
Infrastructure category.

Tables 12-17 which contain the data of each city are
shown below. Especially in developing countries,
accessibility of city-scale data is limited. Therefore, in
indicators where city data is not available, country data
is taken as the source.

Table 14. Stability Category City Indicator Data

Category 1: Stability (weight: 25% of total)

Indicator# London  Montreal (N. Bogota (S.  Kuala Melbourne Istanbul Weight
(Europe- America America- Lumpur  (Australia) (Europe-
UK) Canada) Colombia)  (Asia- Turkey)
Malesia)
In_1 6.40 10.00 1.00 3.52 1.09 1.54 6.1%
In_2 9.91 9.55 1.00 10.00 10.00 9.37 11.7%
In_3 5.50 7.03 1.00 10.00 8.47 2.53 22.6%
In_4 N/A N/A N/A N/A N/A N/A 24.7%
In_5 6.85 7.75 1.00 9.64 10.00 2.62 18.0%
In_6 9.10 8.92 6.13 1.00 10.00 3.97 4.7%
In_7 10.00 7.75 1.00 9.37 9.10 6.22 6.1%
In_8 1.00 1,00 1.00 1.00 1.00 1.00 6%
Table 15. Healthcare Category City Indicator Data
Category 2: Healthcare (weight: 20% of total)
London  Montreal (N. Bogota (S. Kuala Lumpur Melbourne Istanbul
Indicator # (Europe- America America- (Asia- (Australia) (Europe- Weight
UK) Canada) Colombia) Malesia) Turkey)
In_1 131 10.00 1.00 4.07 8.17 1.23 1/6
In_2 N/A N/A N/A N/A N/A N/A 1/6
In_3 10.00 10.00 1.00 10.00 10.00 8.74 1/6
In_4 8.04 9.22 1.47 1.00 10.08 4.76 1/6
In_5 N/A N/A N/A N/A N/A N/A 1/6
In_6 9.95 9.42 4.79 1.00 10.00 3.34 1/6
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Table 16. Environment Category City Indicator Data

Category 3.1: Culture and Environment (weight: 12.5% of total)

London  Montreal (N. Bogota (S. Eﬁr?wlaur Melbourne Istanbul
Indicator # (Europe- America America- P . (Europe- Weight
- (Asia- (Australia)
UK) Canada) Colombia) Malesi Turkey)
alesia)
In_1 N/A N/A N/A N/A N/A N/A 18%
In_2 N/A N/A N/A N/A N/A N/A 12%
In_3 2.82 4.34 4.63 1.00 10.00 2.82 34%
In_4 5.53 7.79 1.00 2.85 10.00 5.53 36%
Table 17. Culture Category City Indicator Data
Category 3.2: Culture and Environment (weight: 12.5% of total)
London  Montreal (N. Bogota (S. ESr?wISur Melbourne Istanbul
Indicator # (Europe- America America- - I (Europe- Weight
UK) Canada) Colombia) (A5|a-_ (Australia) Turkey)
Malesia)
In_1 9.54 9.77 1.69 3.54 10.00 1.00 28.5%
In_2 6.00 10.00 9.00 1.00 9.00 2.00 19.0%
In_3 10.00 10.00 10.00 2.50 8.50 1.00 16.3%
In_4 N/A N/A N/A N/A N/A N/A 7.4%
In_5 N/A N/A N/A N/A N/A N/A 7.2%
In_6 N/A N/A N/A N/A N/A N/A 5.9%
In_7 10.00 10.00 1.00 1.00 10.00 5.50 7.3%
In_8 N/A N/A N/A N/A N/A N/A 8.5%
Table 18. Education Category City Indicator Data
Category 4: Education (weight: 10% of total)
London Montreal (N. Bogota (S. Kuala Lumpur Melbourne Istanbul
Indicator # (Europe- America America- (Asia- (Australia) (Europe-  Weight
UK) Canada) Colombia) Malesia) Turkey)
In_1 10.00 1.23 2.85 1.00 6.54 10.00 1/3
In_2 6.19 1.35 1.69 10.09 1.00 6.19 1/3
In_3 9.64 8.92 1.00 2.44 10.00 9.64 1/3
Table 19. Infrastructure Category City Indicator Data
Category 5: Infrastructure (weight: 20% of total)
London Montreal (N. Bogota (S. Kuala Lumpur  Melbourne Istanbul
Indicator # (Europe- America America- (Asia-Malesia)  (Australia) (Europe-  Weight
UK) Canada) Colombia) Turkey)
In_1 8.11 8.58 1.00 10.00 8.11 8.11 177
In_2 10.00 5.82 1.00 8.31 7.26 10.00 177
In_3 N/A N/A N/A N/A N/A N/A 17
In_4 9.18 8.36 1.00 9.18 10.00 9.18 17
In_5 N/A N/A N/A N/A N/A N/A 17
In_6 10.00 7.37 1.88 1.00 7.15 10.00 17
In_7 10.00 5.33 1.00 6.00 9.00 10.00 17
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To apply normalization, the methods shown in equation
7 were used and the values of the cities on the indicator
and category scale were transformed into logical
values. Equation 8, 9, 10, and 11 are the definitions of
normalization used. Minimum-maximum
normalization is a technique used to transform the
range of numerical values of a data set for a given range
[54]. This range will generally be between 0-1, but it
can also be created between different ranges. In this
study, values between 1 and 10 were set to make city
comparisons understandable.

Xnew=(xi—min(x))/(max(x)—min(x))

(7)

Xnew = The revised value of the dataset (8)

X = 0ld Value (9)
Max (X) = Maximum dataset number (10)
Min (X) = Minimum dataset number (11)

When comparing cities, normalization was arranged to
rank them between values 1-10. In Figure 2, among the
cities compared, Melbourne had the highest liveability
index with a score of 8.93. It is followed by Montreal
with 7.96, London with 7.87, Kuala Lumpur with 5.45,
Istanbul with 4.19, and Bogota with 2.25. These
rankings give a general idea about the liveability of
these cities with the revised index.

Istanbul(Europe-Turkey)
Melbourne(Australia)

Kuala Lumpur(Asia-Malezia)
Bogota(S.America-Colombia)
Montreal(N. AmericaCanada)

London (Europe-UK)

0 2

Liveability Ranking

4 6 10

Figure 2. Revised Index Liveability Ranking of Cities

When the results of the existing index and the revised
index are compared, a difference emerges. Cities are

compared using the indicators and weight percentages
of the existing index in Table 18 below.

Table 20. Current Index City Overall Ranking

Category Distribution

Category London Montreal  Bogota Kuala Lumpur ~ Melbourne  Istanbul Weight
Stability 7.17 7.17 7.17 7.17 7.17 7.17 25%
Healthcare 7.33 9.66 2.06 4.02 9.56 452 20%
Culture and 250
Environment 8.88 9.94 5.42 2.01 9.38 2.38

Education 8.61 3.83 1.85 451 5.85 3.07 10%
Infrastructure 9.46 7.09 1.18 6.90 8.30 5.49 20%

In Figure 3, among the cities compared, Melbourne has
a score of 7.12 which is same with London. Montreal,
Kuala Lumpur, Istanbul, and Bogota received 6.77,
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4.68, 4.40, and 3.30 points respectively. These rankings
give a general idea about the liveability of these cities
of current Index.
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Istanbul (Europe-Turkey)
Melbourne (Australia)

Kuala Lumpur(Asia-Malaysia)
Bogota(S.America-Colombia)
Montreal (N. America-Canada)
London (Europe-UK)

0,00 1,00
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3,00 4,00 500 6,00 7,00 8,00

Figure 3. Current Index Liveability Ranking of Cities

V. CONCLUSION

The assessment of city liveability examined by
sustainability, resiliency, and smart city dimensions is
a complex and multidimensional task. This article
aimed to enhance the Global Liveability Index that
lacks factors such as work-life balance, ease of doing
business, supportive financing mechanisms, density,
green space per capita, and effective mechanisms for
communities to engage with government. The results of
this study show that these factors are crucial for the
liveability of cities. It was observed because of the
survey that the other indicators added to the current
index are at least as important as the existing indicators.

The selected 6 cities were ranked with the updated
liveability index model. The difference between this
index and the old version is being more comprehensive.
Especially in terms of environmental impact, density
and green area ratio contribute to the ranking of
environment category. Working integrated with the
government has been shown to affect cultural
liveability. Work life balance, ease of doing business
and access to finance are also designed under the
heading of Stability. When cities are evaluated on a
category scale, Melbourne ranks first in the stability
ranking with 9.49, while Bogota ranks last with an
index score of 1.61. Crime, terrorism, and civil unrest
indicators were seen as the main reasons for Bogota's
low rankings. While Montreal had the highest score in
the Healthcare category with 9.66, Bogota again ranked
last. While it achieved the highest score in the
Environment category, Kuala Lumpur ranked last with
the lowest score of 1.94. Newly added indicators in this
category, density, and green space per capita, affected
the ranking. When evaluated in the culture category,
Istanbul ranks last with a ranking of 1.87, while
Melbourne ranks first. In the culture category,
censorship, corruption, and restrictions were included
in the evaluation. Food availability, sports and cultural
activity data were not included in the evaluation
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because they were not accessible. In the education
category, London ranked first with a score of 8.61,
while Bogota ranked last with a score of 1.85. Finally,
in the infrastructure category, London was the city with
the best infrastructure service with 9.46, while Bogota
ranked last with 1.18.

When looking at the difference between the existing
index and the revised index, a few points attract
attention. In Figure 3, the current index result is shown.
Although both indexes are evaluated out of 10 points,
the scores vary greatly. For example, the difference
between Istanbul and Melbourne was higher in the
revised index calculation. In addition, when the revised
index was used, Montreal was calculated to be a more
liveable city than London, but the opposite was
calculated in the existing index. In the existing index,
London and Melbourne received the same score.
Considering this difference, updating the index study
affects both the rankings and the city performance
Scores.

In conclusion, the enhanced liveability index proposed
in this article can provide a more reliable measure of
the quality of life in cities, considering a wide range of
factors that can affect residents' daily lives. The
recommendations provided in this article can guide
policymakers, urban planners, and researchers in
developing strategies to improve the liveability of cities
and promote sustainable development. Thanks to this
index, the liveability of world cities can be ranked by
using data from other cities. However, with this data,
the index can be strengthened by using techniques other
than the AHP such as ANP, DEMATEL methods and
can be improved with fuzzy logic approach. The way
for more comprehensive studies will be paved with the
development of cities' data accessibility and open data
portals. Finally, comparative studies can be applied
with the existing approaches and the validation of the
proposed index can be provided based on the field
surveys.
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Calisanin Is Saghg ve Giivenligi icin Uygunluk Tespiti: Goriintii ve Ses
Isleme ile Yorgunluk Tespiti ve Kisiye Ozel Raporlama

Compliance Detection for Occupational Health and Safety of Employees: Fatigue Detection
and Personalized Reporting with Image and Sound Processing
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Oz

Glnumiuzde teknolojinin ilerlemesi, is saghgi ve glivenligi alaninda galisanlarin giivenligini artirmaya yonelik yeni sistemlerin
ortaya ¢ikmasina olanak tanimistir. Ancak, tim bu glvenlik dnlemleri alindiginda bile, isginin yorgunlugunun gilivenlikte kritik
bir rol oynadigi unutulmamalidir. Yorgun bir isci, ne kadar giivenlik protokoll olursa olsun, bu protokolleri uygulamakta
zorlanabilir. Bu nedenle, Ozellikle dikkat ve 6zen gerektiren endistriyel gorevlerde, ¢alisanlarin yorgun olup olmadigini
belirlemenin hayati neme sahip oldugu kabul edilmektedir. Calismada, isgilerin uzun ve kisa vadede islerini saglikli bir sekilde
surdirebilmeleri adina yorgunluk tespitine odaklanildi. Bu baglamda, gergek zamanli video gériintilerini kullanarak, goriintu
isleme teknikleriyle yiiz tespiti gerceklestirildi ve ylzdeki belirli referans noktalari haritalandi. G6z ve agiz acikhgi ile basin
egiklik seviyesi, yorgunluk belirtileri olarak belirlendi ve bu parametreler esik degerlere gore degerlendirildi. Ayrica, is¢inin
dikkatini ve bilgisini lgmek amaciyla yorgunluk tespit sirasinda is saghgi ve glivenligiyle ilgili sesli ve gorsel sorular da soruldu.
Boylelikle isginin belirli is aktiviteleri ve ekipmanlar icin ne kadar hazir oldugu belirlenmeye calisildi. Ek olarak, 6nerilen
sistemde kullanilan yiiz tanima ile bireysel yorgunluk raporlari hazirlandi. Deneysel ¢alismalar sonucunda, 6nerilen sistemin
Oznel veri setindeki performansi dogruluk %80, kesinlik %85, duyarlilik %73 ve F1 skoru %75 olarak hesaplanmistir. YawDD
veri seti Uzerinde ise dogruluk %95.99, kesinligi %96.83, duyarliligl %95.58 ve F1 skoru %95.59 olarak belirlenmistir.

Anahtar Kelimeler: Gériintii isleme, Is saghig ve giivenligi, Konusma isleme, Yorgunluk tespiti, Yiz tanima

Abstract

Advancements in technology today have enabled the emergence of new systems aimed at increasing worker safety in the
field of occupational health and safety. However, even with all these safety measures in place, it must not be forgotten that
a worker's fatigue plays a critical role in safety. A tired worker may struggle to comply with safety protocols, regardless of
how many are in place. Therefore, especially in industrial tasks that require attention and diligence, determining whether
workers are fatigued is considered of vital importance. The study focused on detecting fatigue to ensure workers can sustain
their work healthily in the long and short term. In this context, real-time video footage was utilized, and facial detection was
performed using image processing techniques, mapping specific reference points on the face. Eye and mouth openness, along
with the level of head tilt, were identified as signs of fatigue, and these parameters were evaluated against threshold values.
Additionally, during fatigue detection, audio and visual questions related to occupational health and safety were asked to
measure the worker's attention and knowledge. Thus, it was attempted to determine how prepared the worker was for
certain work activities and equipment. Furthermore, individual fatigue reports were prepared using facial recognition in the
proposed system. As a result of experimental studies, the performance of the proposed system on the subjective data set
was calculated as accuracy 80%, precision 85%, recall 73% and F1 score 75%. On the YawDD dataset, accuracy was determined
as 95.99%, precision as 96.83%, recall as 95.58% and F1 score as 95.59%s.

Keywords: Image processing, Occupational health and safety, Speech processing, Fatigue Detection, Face Recognition

I. GIRIS

Giiniimiizde teknolojinin gelismesiyle is saghgi ve giivenligi (ISG) alaninda iscilerin ¢aligma alanlarindaki
giivenligini arttirma amacli sistemler gelistirilmektedir. Endiistri alaninda kullanilan sistemlerde biiyiik degisimler
meydana gelmistir. Bu degisimler sayesinde yeni, giiglii ve karmagik sistemler gelistirilmistir. Ancak bu
sistemlerin  kurulumu, kullanim1 ve bakimi da bir o kadar zor ve tehlikeli bir hale gelmistir. Isveren, isciyi

Sorumlu Yazar: HIKMETCAN OZCAN, Tel: 0262 303 35 54, E-posta: hikmetcan.ozcan@kocaeli.edu.tr
Gonderilme: 16.11.2023, Diizenleme: 06.06.2024, Kabul: 09.07.2024


https://orcid.org/0009-0003-7554-8775
https://orcid.org/0009-0006-6118-655X
https://orcid.org/0000-0002-7146-203X

Int. J. Adv. Eng. Pure Sci. 2024, 36(3): <200-210>

Calisanin is Saghgi ve Giivenligi i¢in Uygunluk Tespiti

tehlikelerden korumak icin ISG kapsaminda birgok
onlem almaktadir. Bu 6nlemlerin birgogu endiistriyel
sistemlerin bulundugu fiziki ortamlar i¢indir. Ek olarak
kullanacaklart sistem ile ilgili kurulum, kullanim ve
bakimi igin egitim verilmektedir. Ancak alman bu
onlemler is¢inin yorgunlugunu tespit etmek i¢in yeterli
degildir. Is¢inin endiistriyel bir sistemi kullamirken cok
dikkatli olmas1 gerekmektedir. Ufak bir hata ig¢inin
yaralanmasina hatta 6lmesine bile sebep olabilmektedir

[11-[2].

Bu giivenlik tedbirlerinin yani swra  iscinin
yorgunlugunun da giivenlik tedbirleri kadar onemli
oldugu goz ard1 edilmemelidir. Isci icin her ne kadar
giivenlik o6nlemi alinsa da yorgunluk sebebiyle
giivenlik  protokollerini  uygulanmasi  oldukga
zorlagmaktadir. Sekil 1°de goriilen, ig¢ilerin mesai ve
mola saatleri goz 6niine alindiginda yorgunlukla paralel
yasanan Olim artiglarnt Ozellikle agir ve dikkat
gerektiren endiistriyel aktivitelerde calisan isgilerin,
hayati risk igeren bu aktivitelere baslamadan once
yorgunluk tespitinin yapilmasinin bir gereklilik haline
geldigini gostermistir [3].

KAZA

GEGIREN CALISANLARIN TOPLAMININ KAZA
AAT [

SECIRDIKLERI S/ AGILIMI (4A

Sekil 1. Calisanlarin kaza gegirdikleri saat dagilimi
3]

O 2012 = 2011

Gecmisten giiniimiize kadar ISG alaninda gériintii
isleme yontemleri kullanilarak yorgunluk tespiti igin
birgok ¢aligma yapilmigtir. Shahzeb Ansari ve
arkadaslarmin yaptig1 ¢aligmada, berrak zihin veya
zihinsel yorgunluktan etkilenirken siirtici durumlarinin
farkli stiris modellerini tanimlama siirecine ve
dogrudan Ol¢iim  yaklasimlarmin  gelistirilmesine
katkida bulunmuslardir. Yapmis olduklar1 deneyleri,
Unreal Engine 4 stiidyosu ile gelistirilmis bir dongii i¢i
siirticii simiilatoriinde on bes saglikli denek iizerinde
gergeklestirmiglerdir. Deneyler de XSENS hareket
yakalama sistemi kullanilip, siirliciiniin bas durusu
hareketleri izlenerek siiriicii zihinsel yorgunlugu ve
uyusukluk seviyesi Ol¢lilmiigtiir. Gozlemlenen diisiik
yiik ve pasif mental yorgunlugun en énemli Oriintiileri
ise esneme, basin asagi diismesi ve kafa sallamak
olarak bildirmislerdir. Caligmalarinin  sonucunda
onerdikleri yontemin, Karar Agaclar1 (Decision Trees,
DT), K-En Yakin Komsu algoritmas: (K-Nearest
Neighbors, KNN), Destek Vektor Makinesi (Support
Vector Machine, SVM), Topluluk Ogrenmesi
(Ensemble Classifiers, EC) metotlarindan daha iyi
sonuglar verdigini belirtmislerdir [4].

Zhe Cui ve arkadaslari, caligmalarinda gomiilii
sistemlerdeki bellek yetersizligi ve sinirli bilgi isleme
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giicline sahip olmasi1 problemlerini ele alarak gergek
zamanli yorgunluk tespiti islemini yapmak i¢in hafif bir
sinir agt modeli tasarlamislardir. Bu sinir aginda
stirliciinlin gdzlerinin ve agzinin agilma ve kapanma
durumlarini hizh bir gekilde tanimlama yapabildiklerini
belirtmiglerdir.  Siiriiciiniin ~ yorgunluk  durumunu
kararlastirmak igin ¢ok Ozellikli flizyon karar
algoritmasini kullanmiglardir. Caligmanin sonucunda
onerilen modelin gercek bir ara¢ ortaminda uyusukluk
ve esneme davraniglar i¢in yiiksek dogruluk oraninda
basarili oldugunu belirtmislerdir [5].

Faisal Dharma Adhinata ve arkadaglari, COVID-19
salgininda ekran basinda gegirilen siirelerin uzamasi ile
verimliligin azalmasi arasinda bir bag oldugunu ve
kisilerin yorgunluk tespitinin 6nemli oldugunu
belirtmislerdir. Onerdikleri yorgunluk tespiti sistemin
de yiiz tespiti icin gerekli olan ylz o6zelliklerini
barindiran “UTA-RLDD” veri kiimesini
kullanmiglardir. Ek olarak Haar Cascades metoduyla
veri kiimesini boliimlere ayirmiglardir. Yiizdeki 6zellik
¢ikarimi i¢in onceden egitilmis FaceNet algoritmasini
kullanmiglardir. Elde edilen ozellikler KNN ve ¢ok
sinifi  SVM  metotlar1  kullanilarak  odaklanmus,
odaklanmamig, yorgun olacak sekilde {ii¢ smifa
ayrilmiglardir. Caligmalarmin sonucunda Onerdikleri
sistemin yiiz algilama zayifliginin oldugunu ancak
FaceNet ve KNN algoritmasinin hibrit kullaniminda
yiiksek  dogruluk oraninda basarili  oldugunu
belirtmislerdir [6].

Xing Li ve arkadaglarinin yaptig1 ¢alismada, var olan
agir islem yiikii iceren yorgunluk tespiti ¢alismalarina
alternatif olarak islem yiikii az olacak sekilde ¢alisan
bir yontem 6nermislerdir. Insan yorgunlugunun tespiti
olarak esneme ve g6z kirpma hareketleri temel alinmis
ve yiiz lizerinde Ogeler (gdz, burun, agiz vb.) Dlib
kiitiphanesi  kullanilarak insan yiizii {izerindeki
referans noktalarini kullandiklarini belirtmislerdir. Goz
ve agiz en boy oranint bu referans noktalari ile
hesaplamis, belirledikleri bir esik degerin altinda olup
olmadigina bakarak g6z ya da agzin agik kapaliligini
tespit  ettiklerini  belirtmislerdir. ~ Calismalarinin
sonucunda onerdikleri yéntemin yiiksek tespit
dogrulugu ve iyi bir gercek zaman performansi
oldugunu belirtmislerdir [7].

Gulbadan Sikander ve Shahzad Anwar’in yaptigi
calismada, yorgunluga bagl olarak gerceklesen trafik
kazalarinin, siiriiciilerin uyanik oldugu kazalara gore
daha ¢ok 6liim oranina sahip oldugu ve c¢evreye daha
fazla zarar verdigi belirtilerek, siiriicii yorgunlugu
algilama alanindaki artan son gelismelerin durumunun
incelenmesi ve karsilagtirmasi saglamislardir. Siirticii
yorgunlugunun algilanmasini, girdi 6zelliklerine gore
bes kategoriye ayirmiglardir. Bunlar; 6znel raporlama,
biyolojik  ozellikler, fiziksel  o6zellikler, siiriis
sirasindaki ara¢ Ozellikleri ve hibrit ozelliklerdir.
Gergek zamanli isleme i¢in Oznel raporlama ve
biyolojik 6zelliklerin uygunlugunun smirl oldugunu,
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bu sebeple siirlicii yorgunlugu izlemede kullaniminin
kisith  oldugunu belirtmislerdir. Bunun yaninda
giivenilir sistemler tiretmek adina, daha iyi bir dogruluk
saglayacagi i¢in fiziksel 6zellikler, giliniin saati, siiriis
stiresi, siiriicii 6zellikleri gibi 6gelerin kaynastirilmasini
onermiglerdir [8].

Qiang Ji ve arkadaslari, ¢aligmalarinda yorgunlugun
sebep oldugu kazalarin ve can kayiplarinin 6nemine
deginerek, cesitli duyusal verilerden ve belirli ilgili
baglamsal bilgilerden gelen bilgileri entegre ederek
insan yorgunlugunu modellemek ve ger¢ek zamanli
¢ikarim yapmak i¢in Bayes aglarina dayanan olasiliksal
bir ¢erceve tanitilmistir. Yorgunlugun zamanla gelisen
bilissel bir durum oldugundan hareketle, ilgili statik
modelin, yorgunlugun dinamik yoniini
yakalayamayacagimi ifade etmislerdir. Bu duruma
¢0ziim olarak, insan yorgunlugunun zamansal yoniini
de hesaba katmak amaciyla statik yorgunluk modeli,
dinamik Bayes aglarina dayali olarak genisletmislerdir.
Boylelikle daha saglam ve dogru bir yorgunluk
modellemesine ve ¢ikarimmna sahip olunmustur.
Caligmalarinin odaginin, yiliksek dogruluk veren bir
yorgunluk modellemesi olmasindan ziyade yorgunlugu
ilkeli bir sekilde modelleyebilen teorik bir ¢erceve olsa
da, yorgunluk modeli yapisi iyilestirmek ve model
parametrelestirmesini iyilestirmek icin daha fazla

arastirma  ¢aligmasma  ihtiyag oldugunu ifade
etmiglerdir [9].
Yuan Fang ve arkadaslari, gecirilen pandemi

doneminde insanlarin ¢ok wuzun silire ¢aligmaya
itildigini ve bununla beraber i¢ aydinlatma ortaminin
insan saglig i¢in 6nemli oldugunu belirterek, fiziksel i¢
ortam ¢evresel faktorlerinin, iliskili renk sicakliginin ve
aydinlatmanin bilgisayarda yapilan is yorgunlugu
iizerindeki  etkisini arastrmuslardir. ki farkh
aydinlatma ayar1 ve iliskili renk sicakligi kullanilarak
yapilan 10 dakikalik bir deneyde, yorgunlugu objektif
olarak 6l¢mek icin test sirasinda elektroansefalogram,
elektrokardiyograf ve g6z hareketi gibi fizyolojik
sinyaller izlenmistir. Sekiz katilimcinin = 6znel
yorgunlugu, testi tamamladiktan sonra yapilan bir
anket ile degerlendirilmistir. Yapilan testteki hata
orani, ¢aligma performansi igin temel faktdr olarak
almmustir. Subjektif ve objektif sonuglarin analizi
yoluyla, bilgisayar basinda yapilan isin yorgunlugunun,
aydinlatma ortamindaki degisikliklerden dnemli 6lgiide
etkilendigi, aydinlatma ve iliskili renk sicakligr ile
yorgunlugun negatif olarak iligkili oldugu ortaya
konmustur [10].

Sally Vegso ve arkadaslari, imalat is¢ileri arasindaki
yaralanma riskinin, Onceki hafta ¢aligilan saatlerle
iligkili olup olmadigmi belirlemek icin yaralanma
olaymi iceren vardiyadan Once c¢alisilan saatleri,
yaralanma olmayan vardiyadan once calisilanlarla
karsilagtirma yapmiglardir. Sezon ve ig tecriibesi gibi
zamana bagl degiskenleri minimize etmek icin dort
haftalik bir aralik secilmistir. Ayni zamanda yaralanan
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¢alisanlarin analize dahil edilebilmesi i¢in, yaralanma
ve karsilastirma haftasinda aynmi iste olmasi ve
yaralanmadan 4 hafta 6nce tam olarak ayni giin
calismis olmasi, kontrol haftasindan itibaren 2 ay
icerisinde is degistirmemis olmasi gibi birtakim
kurallar belirlenmistir. Bu kurallarla birlikte, yapilan
caligmada yalmzca oOnceki hafta ¢alisilan saatlerin
etkisi  kisinin  yorgunlugu iizerindeki  etkisi
gozlemlenmeye c¢alisgtlmigtir. Caliganin  yaralanma
oncesi ¢aligma saatleri, kontrol haftasindaki saatleri
onemli Olciide astigr goriilmiistiir. Vardiyadan onceki
hafta altmis dort saatten fazla calisan is¢iler, kirk saat
veya daha az calisanlara kiyasla %88 daha fazla risk
tagiyor oldugu tespit edilmistir. Boylelikle, yaralanma
riskinin bir O6nceki hafta calisilan siire ile iliskili
olduguna dair kanit saglanarak, fazla mesainin kontrolii

is¢i yaralanmasi riskini azaltabilecegini ifade
etmislerdir [11].
Bu tez calismasinda, iscinin ISG kapsaminda

karsilagabilecekleri tehlikeleri en aza indirebilmek i¢in
endustriyel alanda bir aktivite yapmadan énce yorgun
olup olmadigini tespit edebilecek ve sonuca gore is¢i
ile ilgili 6znel rapor olusturabilecek bir sistem
gelistirilmistir. Sistem gelistirilirken kullanilan goz
kapalilik, agiz agiklik ve bas sag-sol egiklik sayisinin
hesaplanabilmesi icin gerekli olan yiz doénim
noktalarmin elde edilebilmesini saglayan Dlib
kiitiphanesinden yararlanilmistir.  Bunun yaninda
is¢iye, calisacagi alandaki yeterliligi 6l¢mek i¢in sesli
ve gorsel ISG sorulart yoneltilmistir. Calisanin yorgun
olup olmadiginin belirlenmesi igin, ilgili kurumda
bulunan ISG gérevlisi tarafindan maksimum goz
kapalilik, agiz aciklik, bas sag-sol egiklik sayilar1 ve
ISG sorularma verilmesi gereken minimum dogru
cevap sayist degerleri belirlenmelidir. Bu esik
degerlerine gore uygun sonuglara sahip ig¢inin yorgun
degil ise calisma alanma girisine izin verilecektir.
Raporlama siirecine tabi olan her is¢i, face-recognition
kiitiiphanesinin yliz tanima sistemi ile taninarak, daha
Oonce sistem tarafindan saptandigi belirtilen tim
ozellikler bazinda raporlanacaktir.

Il. MATERYAL VE METOD

ISG kapsaminda gelistirilen yorgunluk tespit
sisteminin gorsellestirilmesi Sekil 2’de
gosterilmektedir. Bu sistemde, is¢cinin yapacagi
aktivitenin hemen 6ncesinde, kendisinin yizini tam
karsidan net sekilde goren ve yeterli aydinlatmaya
sahip olan bir alandaki kameraya bakmasiyla
yorgunluk tespit islemi baslamaktadir. Is¢inin ¢alisma
alanina  girebilmesi ig¢in yorgunluk durumunun
uygunlugunu belirleyecek olan bu diizenekte, goz
acikligi, esneme ve kafanin saga sola egim almasi gibi
uyku belirtisi iceren durumlarla beraber is¢inin ¢alistigi
alana uygun olarak is saghg ve giivenligi
cercevesindeki bilgisi gorsel de icerebilen sesli sorular
yardimiyla 6l¢tilmektedir. Sorulacak olan sorular, ilgili
kurumda  bulunan ISG  gorevlisi tarafindan
belirlenmelidir. Onerilen siire olan bir dakikalik
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stirecte, yorgunluk belirtisi esik degerlerinin asilmasi
veya is¢inin is sagligi ve giivenligi sorularina verdigi
sesli yanitlarin is saghigi ve giivenligi uzmani
tarafindan belirtilen oranin iizerinde yanlis olmasi
durumunda, is¢inin yorgun oldugunu belirterek
yapmasi gereken aktiviteye izin vermemektedir. Bunun
yani sira is¢iye Ozel raporlama yapilabilmesi igin,
sisteme Onceden is¢iye ait dijital fotograf yiiklenerek
yiliz tanima yapilmaktadir. Yiiz tanima islemi “face-
recognition” kiitiiphanesi kullanilarak
gergeklestirilmistir. ~ Kiitliphanenin  yiiz ~ tanima
konusundaki dogruluk degerinin, "Labeled Faces in the
Wild" veri kiimesi iizerinde %99.38 oldugu
belirtilmistir [12]. Bu yiiz tanima islemi sayesinde de,
yorgunluk tespiti i¢cin her seferinde is¢i bilgilerinin
sisteme girilmesine gerek kalmadan otomatik olarak
raporlamaya baslayabilmektir.

Isciye ait 6znel raporlama icerisinde yedi adet 6zellik
bulunmaktadir. Bunlar; is¢i tanimlama bilgisi,
uyuklama ve esneme sayis1 ve bas egikligi esik degerini
gecme sayisi, ISG testi cevabi, rapor baslangic ve bitis
zamanidir. Uyuklama sayis1 bilgisi, géz kirpmalari
haricinde gozlerin uyuklama baglaminda kac¢ kere
kapandig bilgisidir. Esneme sayisi, raporlama siireci
boyunca ka¢ kere esnedigini ifade etmektedir. Bas
egikligi icin verilen esik degerini gecme sayisi ise
raporlama siireci boyunca kag kez bagini saga veya sola
belirtilen esik degerinden fazla egdigini belirtir. Isci
tanimlama bilgisi ve rapor baslangic zamani, yiiz
tanima sonrasi sorulan teyit sorusuna olumlu girdi
vermesi ile raporun basladigi andaki zamandir. Rapor
bitis zamani ise yorgunluk tespiti siirecinin bittigi
andaki zaman bilgisidir.

YORGUNLUK TESPIT SISTEMI
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Sekil 2. Yorgunluk tespit sisteminin gorsellestirilmesi.

Bu ¢aligma kapsaminda g6z agikligi, esneme, saga sola
kafa hareketleri ve ISG testi incelenerek iscinin aktive
oncesinde  yorgun olup olmadigmin tespiti
yapilmaktadir. Sekil 3’te yorgunluk tespit sisteminin
akis diyagrami gosterilmektedir. Akis diyagraminda
verilen K, L, M degerleri sirasiyla maksimum goz
kapalilik, ag1z agiklig1, bas sag-sol egme sayilarini, N
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degeri ise minimum dogru ISG testi dogru cevap
sayistm1  ifade  etmektedir. Bu  degiskenler
giincellenebilir degerlerdir. Isveren veya ISG yetkilisi
tarafindan bu esik degerler degistirilebilir.

Onerdigimiz sistemde is¢inin yorgun olup olmadigmin
tespiti ve Oznel raporun olusturulabilmesi icin
asagidaki adimlar sirasiyla yapilmaktadir;

1. Yiiz taninmasi i¢in yiizlere ait dijital fotograflar
sunucudan alinarak islenir.

Kamera karsisinda yiizii net ve dik ac¢idan is¢inin
yliz taninmas1 gerceklestirilir.

Yiizii taninan is¢iye yorgunluk tespitinin baglamasi
icin soru sorulur. Hayir denilirse Adim 2’ye
donulir. Evet denilirse ekrandaki is¢i ile yorgunluk
tespitine baglanir.

Is¢inin yorgunluk tespitinin yapilmast igin ayrilan
siire icin saya¢ baslar. Onerdigimiz sistem igin
sayag bir dakika olarak belirlenmistir.

Isginin uykuya dalma (belirli bir siire goziiniin
kapali olmasi), esneme ve basinin saga-sola egiklik
bilgileri tespit edilir. Bu sirada is¢inin bilgili olmas1
beklenen ig sagligt ve giivenligi konularinda, gorsel
de icerebilen sesli sorular yoneltilerek, sesli olarak
kendilerinden cevap alinmaktadir.

Goz, agiz ve basmn saga-sola egiklik i¢in esik
degerler kontrol edilerek is¢inin yorgun olup
olmadig bilgisi bildirilir. Bunun yani sira, sorulan
soruya is¢i tarafindan verilen cevap
degerlendirilerek, calisma alanina girip

2.

giremeyecegi ile alakali bir sonug belirlenir.
Is¢inin siire tamamlandiginda kaydedilen bilgiler
Oznel rapor igerisine yazilarak sunucudaki veri
tabanina kaydedilir.

Adim 2’ye doniiliir.

Sekil 3. Yorgunluk tespit sistemi akis diyagrami.

Onerdigimiz sistemde bazi 6zel durumlarda sistemin
davranist  degismektedir.  Bunlardan  birincisi,
kameradan alinan dijital goriintiide ayni1 anda tespit
edilen yiiz sayis1 iki veya daha fazla ise, tek bir yiiz
kalincaya kadar sistem bekleme durumunda
caligmaktadir. Sistem beklemede iken gegen siire,
yorgunluk tespit siiresi i¢in kullanilan siireyi etkilemez.
Ikincisi, yorgunluk tespiti siireci baslayan isci harig
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dijital goriintide bir baskasi ya da bagkalar
bulunuyorsa, sadece yorgunluk tespiti i¢in secilen ig¢i
ekranda kalincaya kadar sistem yine bekleme
durumuna girmektedir. Ugiinciisii ise, bir is¢i icin
raporlama siireci basladiktan sonra, raporlama siireci
henliz tamamlanmadan oOnce is¢inin yilizi dijital
goriintiide goriilemiyorsa, segilen is¢inin yiizli tekrar
taninana kadar sistem yine bekleme durumuna geger.
Raporlamas: devam eden is¢iye ait yiiz tekrar tespit
edildiginde raporlama kaldig1 noktadan devam eder.

2.1. Gériintii Isleme ile Yiiz Tespit Tanima
Calismada is¢inin yiiz tespiti i¢in, DIlib’in sahip oldugu,
Yonlendirilmis Gradyanlarin Histogramlari
(Histogram of Oriented Gradients, HOG) ve Dogrusal
Destek Vektor Makinesi (Linear Support Vector
Machine, LSVM) tabanli yiliz tespiti fonksiyonu
kullanilmistir. Yiiz tespiti igin literatiirde kullanilan
Haar Cascade tespit algoritmasi degil de HOG tabanli
yiiz tespitinin kullanilmasimin sebebi, yanlis pozitif
(false positive) oraninin kiigiik olmasiyla beraber daha
ylksek dogruluk elde edilebilmesi ve HOG tabanli
tespitin, benzerlerinden ustin performans
gostermesidir [13]-[14]. Yz tespitinin akabinde,
ylizdeki doniim noktalarinin tespiti i¢in kullanilan daha
onceden egitilmis yliz doniim noktast detektoriiniin
sahip oldugu model, regresyon agaglar1 toplulugu
(ensemble of regression trees) tabanlidir ve bu sayede
yliksek kaliteli tahminlerle miikemmel gercek zamanli
performans basarabilmektedir [15]. Bu modelin egitimi
“ibug 300-W” veri kiimesi tizerinde gerceklestirilmistir
[16]. Tlgili veri kiimesi yiizlere ve bu yiizlerin 68 adet
yiiz doniim noktalarma sahiptir. Belirtilen bu yap1
sayesinde, yiiziin doniim noktalarinin algilanma islemi
yapilarak insan yiizii 68 farkli referans nokta ile
numaralandirilmasi saglanmaktadir.

Iscilere ait verilerin dznel raporlanabilmesi igin, Dlib
kiitiiphanesinin sagladigi HOG o6zellik belirleyici ve
Evrisimsel Sinir Aglart (Convolutional Neural
Network, CNN) kullanilarak yiiz tanima islemi
gerceklestirilmistir [17].

Sekil 4’te yiliz izerindeki referans noktalar
gosterilmektedir. Bu noktalardan kullanmig oldugumuz
37-42 arasi sol goz, 43-48 arasi sag goz, 49-68 arasi ise
agiz, 1-17 arast ise ¢ene i¢in ayrilmaktadir.

Sekil 5’te uyku durumu i¢in kullanilan goéz agiklik
tespiti isleminde sag goz igin 37-42 arasi sol goz i¢in
ise 43-48 arasindaki referans noktalarinin kullanildig
gosterilmektedir. G6z agikligi (Eye Aspect Ratio,
EAR) degeri, Esitlik (1)’deki referans noktalarina gore
hesaplanmaktadir. Esitlikler de bulunan p ifadesi, (x,y)
diizleminde numaralandirilmis olan koordinatlar
belirtmek icin kullanilmaktadir. Shruti Mohanty ve
arkadaglarimin yaptig1 calismada, uykulu goéz kirpma
tespiti konusunda ger¢ek zamanli veri (izerinde %82.02
ve “MRL Eye Dataset” veri kiimesi tizerinde %93.25
dogruluk degerleri elde edilmis olmasina dayanarak
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EAR degeri 0.15 olarak belirlenen esik degerini asarsa
goziin acgik oldugu kabul edilmektedir [13]. Al-
gawwam ve Benaissa’ya gore insanmn goz kirpma
stiresi 100 milisaniye ile 400 milisaniye arasindadir. Bu
siireler arasinda EAR degeri 0.15’ten daha kiigiik ise
bunun gozii kapali degil sadece bir g6z kirpma oldugu
diisiiniilmektedir. Is¢inin goz kirpma siiresi 800-900
milisaniye siireyi agtiginda uykulu veya istemsiz olarak
gozlerini kirptig1 kabul edilmektedir [18].
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Sekil 4. Yz tizerindeki 68 referans nokta.
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Sekil 5. G6z referans noktalari.
[IP3e = Pazll + IPso — Pasll
EAR =
2P37 = Paoll (1)

Sekil 6’da Esitlik (1)’de belirtilen EAR degerinin yant
sira yorgunluk veya yorgunluga bagl istemsiz olarak
g6z kirpma ile bagdastirilan goéz kapalilik siiresini de
iceren, gz kapalilik sayismin tespitine ait akis
diyagrami verilmistir ve raporlanan isgiye ait nihai géz
kapama sayisint bulma siirecini ifade etmektedir.

Sekil 7°de agiz agiklik tespiti igin 49-68 arasindaki
referans noktalarmin kullanildigi  gdsterilmektedir.
Agiz agikligi (Mouth Aspect Ratio, MAR) degeri
Esitlik  (2)’deki  referans  noktalarna  gore
hesaplanmaktadir. Shruti Mohanty ve arkadagslarinin
yaptig1 calismada, esneme tespiti konusunda gercek
zamanlt veri iizerinde %85.44 ve “YawDD Dataset”
veri kiimesi tlizerinde %96.71 dogruluk degerleri elde
edilmis olmasina dayanarak MAR degeri 0.83 olarak
belirlenen esik degerini asarsa esneme durumunun
olustugu kabul edilmektedir [13].
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Sekil 6. Goz kapama sayist tespiti akis diyagrami.
y

X
Sekil 7. Agiz referans noktalari.
MAR = Ips1 — Dsoll + IIPs2 — Pssll + llpss — psoll
31110 — Pssl (2

Sekil 8’de, Esitlik (2)’de belirtilen MAR degerini
iceren agiz agiklik sayisinin tespitine ait akis diyagrami
verilmistir. Raporlanan iggiye ait nihai agiz agiklik
sayisini bulma siirecini ifade etmektedir.
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Sekil 8. Agiz aciklik sayist tespiti akis diyagrami.

Sekil 9’da basin saga sola egikliginin tespiti i¢in Sekil
4’te gosterilen 1. ve 17. referans noktalarinin
kullanildig1 gosterilmektedir. Bag egikligi (Head Tilt
Ratio, HTR) degeri Esitlik (3)’teki formiile gore
hesaplanmaktadir. Uykulu kisiye ait bag hareketlerinin
incelendigi ¢esitli akademik g¢aligmalar ve deneysel

sonuglar referans alinarak, HTR degeri 4’ten biiyiik ya
da esit ise is¢inin uykulu oldugundan 6tiirii baginin saga
veya sola dogru egildigi kabul edilmektedir [18]-[19]-
[20].

Sekil 9. Bas egimi i¢in referans noktalart.

[ly, = il
HTR = ———
%, — %yl (3)

Sekil 10°da Esitlik (3)’te belirtilen HTR degerini i¢eren
bas egiklik sayisinin tespitine ait akis diyagrami
verilmistir. Raporlanan is¢iye ait nihai bas egiklik
sayisin1 bulma siirecini ifade etmektedir.
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Sekil 10. Bas egiklik sayisi tespiti akis diyagramiu.

2.2. Metin seslendirme ve sesi metne doniistiirme
Sesten Metne Doniisiim (Speech to Text, STT),
konugsmanin bilgisayar tarafindan algilanarak metne
doniistiirilmesi islemini ifade etmektedir. Sesten metne
doniistim siireci, kisinin mikrofon tarafindan yakalanan
sesine ait analog sinyallerin dijital sinyallere
donistiriilmesi,  frekans  bantlarina  ayrilarak
spektrogramda analiz edilmesi ve akabinde ilgili sesin
bir harf, hece veya kelime ile eslemesi siire¢lerini
icermektedir. Ek olarak konusma sekli ve hizi, bolgesel
aksan, cinsiyet gibi bir¢ok farklilik modellenmesinde
giicliige sebebiyet verebilmektedir [21]. Konusma
tanima i¢in Sakli Markov Modeli ve Derin Sinir Aglar1
kullanilabilmektedir [22]-[23]. Bu sekilde sesin
otomatik ve hizli olarak yaziya doniistiiriilebilmesi,
metin iizerinden gesitli iglemler yapilabilmesine imkan
olusturmaktadir. Sesin ifade ettigi bilgileri daha kiigiik
boyutlarda saklayabilme, konugmadaki kelime tekrar
sayilarin1 bulabilme, isitme engelli bireylerle daha
kolay iletisime gecilebilmesi gibi ¢esitli faydalar
saglamaktadir.
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speech_recognition  kitlphanesi, cevrimi¢ci  ve
¢evrimdist ses tanima yapilabilmesini saglamaktadir.
Kaydedilmis ses dosyalar1 veya mikrofondan alian ses
girdisini metne doniistiirmek igin kullanilmaktadir. Bu
islevi, blinyesinde barindirdigi birgok konusma tanima
motoru/API destegi ile yerine getirmektedir. Caligmada
bunlardan biri olan Google Ses Tanima kullanilarak ses
girdisi alinmis ve metne doniistiiriilmiistiir. Kiitiiphane,
mikrofondan ses girdisi alabilmek i¢in “PyAudio”
kiitiiphanesine ihtiya¢ duymaktadir [24]. Bu sebepten
otiirii bu kiitiiphaneden de faydalanilmustir.

Metinden Sese Doniistim (Text to Speech, TTS) ise
metnin sese doniistiiriilmesi islemidir. Bu doniigiim,
genel anlamda alinan metin girdisinin dogal dil isleme
ve akabinde dijital sinyal isleme adimlarina tabi olmasi
sonucu gerceklesir [25]. Metnin ses olarak elde
edilebilmesi ile disleksiye veya gérme engeline sahip
olan bireylerin daha rahat iletisime gegebilmesine,
okuryazarligi olmayan kisilerin bilgiye daha kolay
erigebilmesine veya igerik iireticilerinin ¢ok daha genis
bir kitleye hitap edebilmesine olanak saglamaktadir.

pyttsx3 kiitliphanesi, metni konusmaya doniistiirme
islemini yapmaktadir. Bircok dil secgenegi ile
caligabilmektedir ve kendisine alternatif olarak
kullanilabilecek diger kiitiiphanelerin aksine ¢evrimdis1
calisabilmektedir. Igerisinde Microsoftun Metinden
Konusmaya motoru da dahil olmak {izere cesitli
metinden konugmaya motorlarini barindirmaktadir. Ses
yliksekligi, dil ve konusma hiz1 gibi birtakim 6zellikler
ayarlanabilmektedir. Ayni zamanda verilen metnin, ses
olarak kaydedilebilmesi de mimkundir [26].

Metinden sese ve sesten metne doniisiim islemlerinin
kullamldig1 ISG testinin dogru cevap sayisinin tespiti,
Sekil 11°deki akis diyagramiyla belirlenmektedir. ISG
testinde caligana sorulacak olan sorular, ilgili kurumda
bulunan ISG gorevlisi tarafindan belirlenmelidir.
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Sekil 11. Sesli ve gorsel ISG testi dogru cevap
sayisinin belirlenmesi akis diyagrami. Kompozit
malzemeler gelistirilirken

I11. BULGULAR

Uygulamanin  gelistirildigi, calistirildig
islemlerinin gerceklestirildigi

ve test
bilgisayar
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konfigiirasyonu olarak, Windows 10 Education isletim
sistemine ve Intel Core i7 7700HQ 2.80GHz islemci,
16 GB RAM, 128 GB SSD depolama, Nvidia GTX
1050 Ti 4GB ekran kartt donanimlarina sahiptir.
Gelistirmede kullanilan Python siirimii 3.7.11°dir.
Gorintl ve ses igin, sisteme entegre mikrofon ve 720P
30 fps kamera kullanilmigtir.

Onerilen  sistemin  dogrulugunun,  kesinliginin,
duyarliliginin ve F1 skorunun hesaplanabilmesi igin 30
is¢i (15 is¢i yorgun, 15 is¢i yorgun degil) iizerinden
deneysel ¢aligma gerceklestirilmistir. Deneysel ¢calisma
yapilirken kisinin yorgun bir kisi olup olmadig: bilgisi
Watson et al. (2015) [27] calismasi referans alinarak
belirlenmistir. Ilgili ¢alisma, 18-60 yas araligindaki
bireylerin en az 7 saatlik bir uykuya ihtiya¢ duydugunu
ifade etmektedir.

Gergeklestirilen deneysel sonuglardan Tablo 1’deki
karigiklik matrisi (confusion matrix) elde edilmistir.
Buna gore; “True Pozitive”(TP) ve “True
Negative”(TN) onerilen sistemin dogru olarak tahmin
ettigi, “False Pozitive”(FP) ve “False Negative”(FN)
ise Onerilen sistemin yanlis olarak tahmin ettigi
alanlardur.

Tablo 1. Sesli ve gorsel ISG testi dogru cevap
sayisinin belirlenmesi akis diyagrami.
Karigiklik Matrisi Gergek Deger

Yorgun  Yorgun Degil
Tahmini Yorgun TP:11 FP:2
Deger Yorgun Degil FN:4 TN:13

Dogruluk degeri, 6nerdigimiz sistemde, dogru tahmin
ettigimiz alanlarin toplam veri kiimesine oraniyla
hesaplanmaktadir. ~ Oztick  vd.  (2022)  [28]
calismasindan referans alinan hesaplama iglemi Esitlik
(4)’te ifade edilmis, onerdigimiz sistemin dogrulugu
%380 olarak hesaplanmustir.

TP +TN

Dogruluk = g T Fp v TN T FN

(4)

Kesinlik degeri, pozitif olarak tahmin ettigimiz
degerlerin ka¢ tanesinin gercekten pozitif oldugunu
ifade etmektedir. Dewi et al. (2022) [29] calismasindan
referans alinan hesaplama islemi Esitlik (5)’de ifade
edilmis, Onerdigimiz sistemin kesinligi %85 olarak
hesaplanmustir.

TP

Kesinlik = TP+ FP

(5)

Duyarlilik degeri, pozitif olarak tahmin etmemiz
gereken kigilerin ne kadarmi pozitif olarak tahmin
ettigimizi ifade etmektedir. Dewi et al. (2022) [29]
calismasindan referans alinan hesaplama iglemi Esitlik
(6)’da ifade edilmis, dnerdigimiz sistemin duyarlilik
%73 olarak hesaplanmustir.
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TP

Duyarlilik = TP T FN (6)

F1 skoru degeri ise kesinlik ve duyarlilik degerlerinin
harmonik ortalamasini ifade etmektedir. Dewi et al.
(2022) [29] caligmasindan referans alinan hesaplama
islemi Esitlik (7)’de ifade edilmis, Onerdigimiz
sistemin F1 skoru degeri %79 olarak hesaplanmustir.

Kesinlik * Duyarlilik
1= % Resinli (7)
Kesinlik + Duyarlilik

Deneysel sonuglarin elde edilmesi asamasinda, her bir
is¢i icin gerceklestirilen yorgunluk tespit sistemi
asamalar1 asagida detaylica anlatilmaktadir.

Ilk adimda, isciye ait ©6znel raporlamammn
baslayabilmesi i¢in, sistemde kisiye ait kargidan ve net
goriilebilen yiiz gorselinin  (Ornegin  “kadir.jpg”)
bulunmasi gerekmektedir. Sekil 12°deki A gorselinde
goriildiigii gibi, yiiz tanima sistemi ile tespit edilen
kisinin raporlanmasi igleminin baglatilabilmesi i¢in
teyit sorusu sorulmaktadir.

Sayet sorulan soruya, baska bir kisiyle devam edilmesi
istenerek, “H” girdisi verilirse; Sekil 12°deki B
gorselinde goriildiigii gibi kisi tespiti tekrardan
baslayip, soru soruldugunda tespit edilmis olan kisi
hari¢ yeni bir kisinin yliziiniin ekranda goriilmesi
beklenir. Baglangi¢ kisminin sesli komut ile degil de
klavyeden alinmasimin sebebi sistemin ses haricinde
klavye ile de c¢alisabileceginin gosterilmesi icin
yapilmistir.

Sayet sorulan soruya, tespit edilen kisi ile devam
edilmesi istenilerek, “E” girdisi verilirse; Sekil 12°deki
C gorseli gibi yiiziin doniim noktalarinin elde edilmesi
islemiyle beraber raporlama siireci baglamaktadir. Bu
siireg, rapor i¢in tanimlanan siire bittiginde
sonlanacaktir.

Raporlama siirecinin baglamasiyla birlikte isciye, is
saghg ve giivenligi kapsaminda kurumdaki ISG
gorevlisi tarafindan belirlenen gdrsel ve/veya sesli
olarak sorulan sorular Sekil 12°deki D gorselinde
gosterilmistir.  Soruya karsilik, is¢iden mikrofon
araciligryla alinan cevap bilgisinin kontrol edilmesi ve
sonu¢landirilmas:  Sekil  13’teki A gorselinde
gosterilmistir.

Raporlama siireci boyunca, is¢inin her an takibi
yapilarak; Sekil 13’teki B gorselindeki gibi g6z
yorgunlugu, Sekil 13’teki C gorselindeki gibi esneme
ve Sekil 13’teki D gorselindeki gibi basin egikligi tespit
edilerek raporlanmaktadir.

Bahsi edilen bu durum tespitleri yapilirken, sayet Sekil
14°teki A gorselindeki gibi ekranda herhangi bir yiiz
tespit edilememesi, Sekil 14’teki B gorselinde goriilen
ekranda birden fazla yiiziin tespit edilmesi veya Sekil

14°teki C gorselindeki ekranda tespit edilen yiize ait
kayit bulunamamasi gibi durumlar sistem tarafindan
tespit edilir ve raporlama siireci duraklatilir. Raporlama
islemine tabi olan kisi, tekrardan ekranda goriiliirse
raporlama siirecine devam edilir. Daha 6nce belirtildigi
gibi siire tamamlandiginda da is¢iye ait rapor
olusturularak kaydedilir.

Son olarak ilgili kisi i¢in sistem tarafindan tespit
Sekil

edilenler bir metin belgesinde 14°teki D

gorselindeki gibi kayit edilmektedir.

A B C } D
Sekil 12. A-Is¢i teyit asamasi, B-Teyidin
dogrulanmasi, C-Y iz tespiti, D- ISG soru sorulmasi

Sekil 13. A-ISG degerlendirmesi, B-G6z yorgunluk
alarmi, C-Esneme tespiti, D-Kafa yorgunluk alarmi

Sekil 14, A-Isci tespit edilmeme durumu, B-Birden
fazla yiz tespiti, C-Kayitsiz is¢i tespiti, D-Oznel
Raporlama

Tablo 2. Onerilen sistemin literatiirdeki calismalarla
yontem bazinda kiyaslanmasi.

Algoritma? Hibrit? isG
Kullani
mi

Calisma

[30] ZFace, Savitzky-
Golay filter,
Finite State
Machine

Yok Yok

[31] Viola and Jones,
Haar Cascades,
Temperature Var Yok
Sensor LM-35,
Pulse Oximeter

[32] Gripping
Pressure, Heart
Rate Variability,
Commercial
Cardiothoracic
Belt

Yok Yok

[33] MSP-Net,

PERCLOS, FOM Yok Yok

[34] EEG, K-NN,

SVM, LDA Yok Yok

Onerilen
Sistem

HOG, Lineer
SVM, CNN, Var Var
EAR, MAR, HTR

1Yorgunluk Tespit Algoritmast

2Hibrit (Yiiz Tanima, interaktif iletisim, Oznel Raporlama)
Yapilan deneyler ile Onerilen sistemin sahip oldugu
ozellikler, literatiirdeki benzer caligmalarla
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kiyaslanarak Tablo 2’de gosterilmistir. Kiyaslama
kriterleri olarak; yorgunluk tespiti igin kullanilan
algoritmalar, yiiz tanima, interaktif iletisim, is sagligi
ve giivenligi alaninda kullanilip kullanilmadigi ve
Oznel raporlama kullanilmistir. Benzer sistemlerin
birgogunda yliz tanima ve Oznel raporlama varken
interaktif iletisim ve ISG alaminda kullanimi
gdzlemlenmemistir. Bu da énerdigimiz sistemin ISG
kapsaminda ilk ve onciil bir 6rnek oldugunu kanitlar
niteliktedir.

Onerilen sistemimizin ve literatiirde yer alan farkli
yontemlerin dogruluk, kesinlik, duyarlilik ve F1 skoru
metrikleri bakimindan karsilagtiriimast Tablo 3’te
sunulmaktadir. Referans almnan caligmalar genellikle
yiiksek dogruluk, kesinlik ve F1 skoru gibi metriklerde
sistemimizden daha iyi sonuglar elde etmislerdir.
Ancak, sistemimizin referans ¢alismalara goére daha
diisiik performans sergilemesinin temel sebebi, gercek
diinya kosullarinda sinirli sayida is¢i lizerinde test
edilmis olmasidir. Bu durum, standart veri setleri
kullanilarak — gerceklestirilen referans ¢aligmalara
kiyasla, ol¢iimlerin daha zorlu ve degisken kosullar
altinda yapilmasma yol agmaktadir. Gergek diinya
testleri, genellikle tahmin edilemeyen ve karmasik
faktorler icerir ki bu da sistemimizin performansini
dogrudan etkileyebilir. Test grubunun genisletilmesi,
sistemimizin ¢esitli ger¢ek diinya durumlarina olan
adaptasyonunu daha iyi anlamamizi ve bu kosullara
gbre optimizasyon yapmamizi saglayabilir. Bu
iyilestirmeler, sistemimizin performansmi 6nemli
o6lgiide artirma potansiyeline sahiptir. Bunun yani sira,
yorgunluk tespiti i¢in literatiirde genel olarak kullanilan
YawDD veri seti Uzerinde Onerilen sistemimiz
uygulandiginda, aymi veri setini kullanan diger
caligmalara olduk¢a yakin sonuglar elde edildigi
gOrilmiistiir.

III. SONUCLAR VE TARTISMA

ISG kapsaminda isciler icin endiistriyel aktivitenin
getirmis oldugu hayati riskleri azaltmak veya tamamen
ortadan kaldirmay1 amaglayan, is¢inin dijital fotografi
iizerinden yiliz tanima, yorgunluk tespiti, ig¢inin is
saglig1 ve giivenligi ile alakali bilgisinin 6l¢tilmesi ve
0znel raporlama yapilabilmesi i¢in bir sistem tasarimi
gerceklestirilmigtir. Calisma,  yapilmis diger
calismalarda bulunan sadece goz ve agiz acgikligina
bagli olarak yorgunluk tespiti yapan sistemlerin
lizerine, basin saga-sola egikligi, yiiz tanimlamasi,
gorsel igerebilen sesli sorularla is¢inin bilgisinin
Olgiilmesi ve 6znel raporlama ozellikleri eklenmistir.
Sistem, ig¢inin kamera karsisina gectigi andan 6znel
raporun sunucuya gonderilmesi anina kadar ugtan uca
bir akis goz Oniine almarak gelistirilmistir. ISG
gorevlisinin ilgili is¢inin ¢alisma alanina miinhasir
hazirladigir sorular ile is saghgr ve giivenliginin
denetlenmesi ¢aligmay1 alaninda 6ncii kilmaktadir.
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Tablo 3. Onerilen sistemin sonuglarmin literatiirdeki
¢aligmalarla karsilagtirilmasi.
F1
- Dogruluk Kesinlik Duyarlili
Calisma Veri Seti (%) (%) K (%) Skor
(%)
[4] Ozgln 99.2 97.38 97.54 97.46
Veri
5] HFFD 98.30 98.2
UTA-
[6] RLDD 94.68
[13] YawDD 96.71
28] Ozgln 98.00 98.00
Veri
[30] U 96.65
Ozgiin
[31] Ver 80.55 85.71
[32] YawDD 95.99 94.80 95.58 95.19
EMD 98.00
[33] Zu 96.89 98.02
CEW 95.36
CEW ve
[34] YawDD 96.00
[35] YawDD 99.42 97.7 99.50 96.70
Or.lerllen Ozgu.n 0 85 73 n
Sistem Veri
Onerilen |\ bD 95.99 96.83 9558 | 95.59
Sistem

Gergeklestirilen deneysel sonuglara gore Onerilen
yorgunluk tespit sisteminin dogrulugu %80, kesinligi
%85, duyarliligt %79 ve Fl skoru %79 olarak
hesaplanmistir.  Sistem mevecut haliyle belirli
metriklerde referans c¢aligmalardan daha diisiik
performans gosterse de, gergek ortamda test edilmesi
ve pratik uygulamalara yonelik potansiyeli dikkate
alindiginda degerli bir katkidir. Bunun yani sira,
YawDD veri seti lizerinde Onerilen sistemin dogrulugu
%95.99, kesinligi %96.83, duyarlilifi 9%95.58 ve F1
skoru %95.59 olarak hesaplanmigtir. Buna goére; ayni
veri setini kullanan diger caligmalara oldukc¢a yakin
sonuglar elde edilmistir. Ayrica, sistemimizin ISG sesli
ve gorsel soru-cevap yetenegi ile sonuglarm daha da
iyilesecegi diisliniildiigiinde, mevcut yontemlere giiclii
bir alternatif olabilecegi kanitlanmistir. Bu yenilik¢i
ozellik, kullanici etkilesimini artirarak sistemimizin
etkinligini ve kullanict memnuniyetini 6nemli 6l¢iide
iyilestirebilecegi diisiiniilmektedir.

Onerdigimiz sisteme ek olarak, iscinin ses tonundan
veya sistemde raporlanan diger mevcut bilgiler
lizerinden ekstra birtakim ¢ikarimlar (ses tonundan
ve/veya g0z acikligindan depresyon tespiti vb.)
eklenebilir. Ayrica endiistriyel aktivite hakkinda ig¢inin
yeterli bilgi sahibi olup olmadigi daha genis bir
kapsamda tespit edilebilir. Tim bu bilgiler analiz
edildiginde is¢inin endiistriyel aktivite i¢in gerekli
sartlart saglayip saglamadigi daha dogru sekilde
kontrol edilebilir. Ek olarak isgilerin 6znel raporlar
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kullanilarak yapay zekd algoritmalar1 ile isverene
is¢inin yorgunluk durumuna gore calismasi gereken
glin ve saatleri bildirebilecegi bir Oneri sistemi
gelistirilebilir. Yorgunluk tespit sisteminde kullanilan
kameranin ¢Oziiniirliigiiniin ¢ok yiiksek miktarda
artirilmasiyla gozdeki yorgunluga bagl kizariklik
tespit edilebilir. Tespit edilen kizarikliga bagh
yorgunluk seviyesi veya g0zdeki hasar seviyesi
oOlciilerek, is¢inin kendi isinde ¢aligmasi i¢in uygunlugu
ve yorgunluk seviyesi daha detayli gozlemlenebilir.
Yiiz tespit ve tanima algoritmalarinin performans ve
verimliliginin artmasiyla birlikte, calismada tek bir kisi
icin isleyen raporlama siirecinin, ayn1 anda bir¢ok kisi
icin yapilabilecegi karmasik bir sistem mimarisine
gecilebilir. Yiiz tespitinde agiz, burun ve ¢ene donim
noktalarmin kullanimimin yani sira, kas igin verilen
donim bilgisinin kullanilmasiyla, is¢inin raporlama
siirecinde goziinii agik tutmak i¢in kaslarini kaldirmasi
tespit edilerek Onerilen sistemin ¢aligma dogrulugu da
artirtlabilir.

TESEKKUR

Bu makale, 791052 numarali yiiksek lisans tezinden
tiiretilmis  olup, is saghgt ve gilivenligi alaninda
yenilikgi  ve  Onemli  bulgular  sunmaktadir.
Caligmamizin test edilmesinde goniillii olarak yer alip,
gergek bir test ortami olusturan 30 is¢i arkadasimiza
sonsuz tesekkiirlerimizi sunariz. Onlarin katkilari,

bulgularimizin ~ dogrulugunu  ve  giivenilirligini
artirmada  biiyik  bir  6nem  tagimaktadir.
Ayrica, makalemizin  hazirlanmasinda  degerli

zamanlarini ayirarak bilimsel titizlikle degerlendirme
yapan  saygideger  hakemlerimize en  derin
tesekkiirlerimizi iletmek isteriz. Kiymetli yorumlari,
yapici elestirileri ve onerileri ile ¢aligmamizin kalitesini
ve bilimsel katkisini artirmamiza yardimci oldular.
Calismamizin alanimiza sagladigi katkilarda, onlarin
rehberlik ve desteklerinin pay:1 biyiiktiir. Tegekkiir
ederiz.
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Abstract

Unmanned Aerial Vehicles (UAV) are expected to be a critical component for logistics, agriculture, defense and enabling
connectivity for post-5G communications. The utilization of drones in diverse sectors raises concerns about their vulnerability
to potential attacks that disrupt or obstruct their operational mechanisms. In this work, we first demonstrate how navigation
attacks can compromise a drone’s system, using GPS jamming and spoofing attacks via HackRF One PortaPack Software
Defined Radio (SDR) device. Next, we propose a mechanism called “Return-to-Start”, which can protect a drone from loss by
responding promptly to such widely spread navigational attacks. We evaluate the effectiveness of our solution through
experiments on a Raspberry Pi-based drone we developed. Our experiments validate the robustness of Return-to-Start
functionality in a variety of attack scenarios with different durations and GPS geolocations.

Keywords: Drone, UAV, GPS spoofing, GPS jamming, Software Defined Radio (SDR)

I. INTRODUCTION

Drones, also known as unmanned aerial vehicles (UAVs), will fly in urban airspaces in the coming decade(s).
Their ability to capture footage or data from unique perspectives, as well as their increasing autonomy and
precision, make them valuable tools in civilian applications such as agriculture, construction, delivery,
surveillance, and search and rescue. UAVs are also employed in military operations; tactical drones, also known
as medium-altitude long endurance drones (MALE) are used for reconnaissance and combat. Additionally, the
ongoing research in post-5G vertical heterogeneous networks envision UAV base stations and relays to handle
communication requirements and provide edge intelligence [1].

A critical component for using UAVs in such long range and long duration applications is being equipped with a
sensor core comprising the Inertial Measurement Unit (IMU) and a Global Positioning System (GPS) system,
which are integrated to calculate the moving drone’s position, velocity, and altitude. The IMU and GPS are
generally integrated to create a sensor fusion system, allowing the drone to benefit from both short-term reliable
accuracy of the IMU and the absolute positioning information provided by GPS. This integrated approach enhances
overall navigation accuracy and reliability, especially in scenarios where GPS signals may be temporarily lost or
degraded.

As drones gain wide use in both civilian and military contexts, the threat of malicious activities directed towards
these systems becomes increasingly terrifying. The impact of such attacks on under-prepared UAVs could result
in theft, property damage, or injury/death of bystanders. Several attack vectors have even been proven successful
in the field [2]. Among the critical attacks on UAVSs is GPS spoofing. One of the most serious UAV security
attacks was the capture of the US RQ-170 military UAV in 2011 [3]; another incident happened where a drone
with radioactive material landing on the roof of the private residence of the Japanese prime minister [4]. For safety
and privacy protection, some government regulators have encouraged drone manufacturers to build geo-fencing
constraints into UAV navigation systems that would override the commands of the unsophisticated operator,
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preventing UAVs from flying into protected airspaces.
For example, drone producer DJI currently uses geo-
fencing to prevent its drones from operating in the
Washington D.C. area and nearby airports. Given how
vulnerable GPS and other Global Navigation Satellite
System (GNSS) are to jamming and spoofing attacks,
an increasing focus has surfaced on designing UAV
navigation and control systems that can operate in
GNSS- denying environments. Unlike military UAVs’
GPS signals, which are encrypted and cannot be
modified [5], civil UAVs use civil signals that are
unencrypted, unauthenticated, and predictable,
allowing a user to produce or modify signals at will. As
a result, tampering with them and using fake or false
signals could alter and influence the movement of the
civil UAV, steering it to an undesired target site [6].

This paper explores the extent of UAV vulnerability to
signal blockage and fake GPS signals as a result of
jamming and spoofing attacks. We have implemented a
Raspberry Pi based drone, Tale, with a mechanism that
allows it to fly and return to start position without
relying on GPS when it is jammed. We have conducted
field experiments on two test subjects, Tale and an a
commercially available off-the-shelf drone, validating
Tale’s mechanism of recovery from GPS spoofing
attacks, and we discussed the results. The main
contributions of this work are summarized as follows:

Developing GPS jamming and spoofing attacks to
target UAV GPS receivers, showcasing the
validity of the vulnerability,

Developing a unique Raspberry Pi drone,
Implementing the original Return-to-Start point
function that can prevent and protect a drone from
loss,

Conducting field experiments to examine the
effectiveness of the proposed approach in
detecting and recovering from GPS jamming and
spoofing attacks, and

Promoting awareness among the public, the
scientific community, and manufacturers that
professional UAV systems should integrate a
higher degree of security by proving the potential
of such attacks and proposing a viable solution.

The rest of the paper is organized as follows: Section Il
presents background on drone classification, types,
usage, communication method, the GPS mechanism,
and GPS attacks. Section 11l summarizes related prior
art. Section IV presents the hardware and software
utilized and the solution approach. Section V describes
the conducted experiments and discusses their results.
Finally, Section VI concludes the paper and discusses
possible future work.
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1. BACKGROUND

We provide brief background on the systems enabling
drone navigation, and we describe known navigational
attack strategies.

2.1. Drone Navigation

UAVs need accurate navigation to operate
autonomously or semi-autonomously and fly long
distances. The Inertial Measurement Unit (IMU) in
drones plays a crucial role in navigation, stability, and
control. It typically consists of sensors like
accelerometers and gyroscopes that measure the
drone’s acceleration and rotation rates. The IMU
provides essential data to the flight controller, helping
the drone maintain its orientation and stability in the air.
By continuously monitoring changes in velocity and
rotation, the IMU enables the drone to make real-time
adjustments to its motors and control surfaces, ensuring
precise and stable flight. Additionally, the IMU
contributes to the drone’s ability to navigate accurately,
as it helps calculate changes in position over time,
allowing for more reliable and autonomous flight
operations. In many drone systems, the IMU and GPS
are integrated to create a sensor fusion system, which
allows the drone to benefit from both short-term
reliable accuracy of the IMU and the absolute
positioning information provided by GPS. This
integrated approach enhances overall navigation
accuracy and reliability, especially in scenarios where
GPS signals may be temporarily lost or degraded.

The communication between a drone and its controller
could take a place in different ways including a direct
radio signal or via a Wi-Fi network. Most drones are
equipped with a GPS module that enables them to know
their location depending on a network of orbiting
satellites. GPS location signal, when paired with data
from an inertial measurement unit (IMU), gives
accurate information that could be used for control
purposes. A GPS-equipped UAV may offer both
position and altitude information and essential vertical
and horizontal coverage levels. In addition, it is always
important to be aware of the UAV location, to prevent
incidents in an area densely inhabited by other UAVs
or manned vehicles. In fact, GPS in UAVs is vital
whether the UAV is remote-controlled, autonomous, or
semi-autonomous.

GPS is a United States-owned constellation of 31
satellites that orbit the Earth and make it possible for
people with ground receivers to pinpoint their
geographic location. It has at least 24 operational
satellites that circle the globe once every 12 hours,
guaranteeing that users would receive information from
at least four satellites from any point on earth. With
UAVs, GPS is often critical to safely flying the UAV
asitis used as the primary sensor for the localization of
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the drone [7]. In normal operation, GPS receivers
deduce their position by calculating their distance from
several satellites at once. Each satellite carries an
atomic clock and broadcasts its location, the time, and
a signature pattern of 1,023 plus and minus signs
known as a pseudorandom noise code (or PRN code)

[8].

GPS drone is also capable of navigation by waypoints,
where a flight route may be planned by instructing the
drone to go to specified GPS locations along with a
predefined path using its autopilot mode. GPS also
allows a drone to execute a position hold, which
enables the drone to retain a stable location point and
an altitude hold, which also enables the drone to
maintain a set altitude while in flight mode, mapping,
and reporting, which allows the drone to keep a record
log for each flight.

Autonomous UAVs often depend on a GPS location
signal, which, when paired with data from an inertial
measurement unit (IMU), gives accurate information
that could be used for control purposes. A GPS-
equipped UAV may offer both position and altitude
information and essential vertical and horizontal
coverage levels. GPS navigation algorithms may
provide continuous accuracy as long as adequate
satellite signals are available during the UAV flight.

2.2. Drone GPS Attacks
2.2.1. GPS Jamming

GPS receivers in drones can be particularly vulnerable
to external sources of interference. GPS jamming is one
of the major attacks that severely impacts systems’
availability. It is performed by transmitting random
interfering signals with high strength such that the GPS
signals and noise are indistinguishable. As the signal
intensity of legitimate GPS signals is very low in
nature, generating jamming signals at a higher intensity
is relatively easy to achieve [9]. Jamming signals may
be generated by simply re-broadcasting the GPS carrier
signal, or by broadcasting it upon adding random noise.

Jammers operate against receivers, not transmitters.
They can be used to block all wireless communication
in a certain area. In open areas, signals from jammers
can spread over much longer distances compared to that
on land with obstructions. Upon losing the GPS signal,
drones can no longer maintain the correct position; they
may land or drift in the wind, potentially causing
physical damage to people or buildings, or causing
sensitive information to be seized by malicious actors.

2.2.2. GPS Spoofing

All cryptographic methods are vulnerable to attacks by
specialized systems that can intercept a signal and
retransmit it with greater power, thereby causing the
receiver to switch from the legitimate signal to the
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delayed replica [8]. GPS spoofing happens as radio
signals conveying fake GPS location information are
transmitted, to overpower the relatively weak GPS
signals in two main ways. One approach is meaconing,
where an attacker merely intercepts the legitimate GPS
signals and rebroadcasts them on the victim’s receiving
frequency at a higher power than the original signal
confusing the receiving navigation system. Another
approach is using a radio transmitter to send what could
be described as a counterfeit (fake) GPS signal, to
manipulate a target receiver’s position. The spoofing
signals provide the drone with a false impression of its
actual physical location, and as a result, the drone
diverges from its original route and becomes
susceptible to loss.

GPS spoofing poses a bigger threat than GPS jamming,
since a spoofer could lead the target to produce an
inaccurate PVT (Position, Velocity, Time) solution or
even achieve total control over a drone’s flight path by
re-broadcasting or transmitting fake GPS signals.

I11. RELATED WORK

In this section we present related prior work on causing
and detection of GPS jamming and spoofing attacks on
UAVs, and related work that studied UAV behavior
postattack.

3.1. Previous Work on Creating Spoofing

Due to the decrease in hardware expenses and the
availability of open-source software, unmanned aerial
vehicles (UAVS) have gained accessibility over the last
decade; this also contributed to their misuse. To assess
the impact of attacks, several research efforts aimed to
put spoofing attacks into good use, such as protecting
the different GEO zones from malicious drones by
means of neutralizing, taking down, or rerouting a
drone [10], [11]. As an example, [12] presents a GPS
spoofing based counter-UAV defense system that can
remotely control a non-cooperating UAV to fly to a
specified location for capture.

In recent years there has been a growing interest in the
use of multiple drones, which coordinately move as a
swarm, for covering a wide area in disaster
management, traffic control, etc. applications. The
study of spoofing a drone swarm using spatial spoofing
has been proposed [13]. The idea in this work is, instead
of tracking the movement of each drone and
transmitting an individual spoofing signal per drone,
estimating a fake position for each point where drones
move. A technique for grounding violating drones and
computing their launch location has been proposed in
[14]. More recently, a Drone Position Manipulation
(DPM) system that exploits the entire stack of sensing,
state estimation, and navigation control have been
proposed [15].



Int. J. Adv. Eng. Pure Sci. 2024, 36(3): <211-223>

UAV GPS attacks experimental analysis

3.2. Previous Work on Detecting Spoofing

Ideally, in order to detect detect whether a drone has
been hijacked, the acceleration and angular velocity
reported by motion sensors can be compared with the
position reported by GPS. However, since the position
estimation via motion sensors may be inaccurate due to
error accumulation over time, a method that estimates
linear acceleration has been proposed [16]. The
proposed method has been implemented on a
Quadrotor drone, showing that the false-positive cases
that happened with the straightforward comparison of
the inertial navigation system with the GPS have been
eliminated.

Another probabilistic algorithm to detect Global
Navigation Satellite System (GNSS) spoofing attacks
was proposed in [17]. The proposed integrity
monitoring procedure was implemented using a small-
sized antenna array and it utilizes Angle of Arrival
(A0A) integrity-monitoring method. Other techniques
utilizing the difference in the signal strengths of
authentic GPS and spoofing signals, detecting the
presence (or absence) of background noise, using radar
ground stations that track UAV’s perceived position
information find outliers have also been proposed [18].

More recently, machine learning techniques have been
used for detecting spoofing. [19] used several learning
algorithms on signal features such as jitter, shimmer
and modulation variants. [20] compared several tree-
based machine learning models and [21] compared
three ensemble models (Bagging, Stacking, and
Boosting) in terms of accuracy of detecting GPS
spoofing attacks.

3.3. Previous Work on Recovery from GPS Spoofing
Attacks

Given the extent of how vulnerable the GPS and other
GNSS are to signal jamming and spoofing attacks, and
the potential damage to the environment, an increased
focus on designing a UAV navigation and control
system that can function in GNSS-denied environments
has surfaced [22], [23].

In one previous work, the authors proposed to detect
GPS spoofing based on the monocular camera and IMU
sensor of a UAV, and then presented an image
localization approach to support UAV’s autonomous
return using error reduction via computer vision [24].
The performance of the proposed mechanism was
evaluated on a DJI Phantom 4 drone.

Another work for attack resilience was carried out in
[25], where the authors proposed an information-
sharing path planning algorithm for drone swarms,
where drones collaboratively, step-by-step identify
waypoints using geocaching and construct a path by
sharing the information. The algorithm is implemented
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over OMNeT++ and GNSSim, which allow building
network simulations including GPS jamming and
spoofing attacks.

Focusing on safety and security of UAVSs, a resilient
architecture for UAVs for dynamically managing the
network even when subjected to an attack during a
mission was proposed in [26]. The behavior of the
proposed scheme is analyzed in two case studies, one
involving a motor failure and the other involving a GPS
spoofing attack. More recently, a mechanism utilizing
smart contracts and Blockchain to render the drone
network more resilient against attacks was proposed
[27].

IV. SYSTEM DESIGN

In this section, we first describe the system setup used
in creating the GPS attacks. Next, we explain the
architecture and capabilities of our custom drone,
“Tale”.
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Figure 1. Overview of the drone GPS attack setup

4.1. Attack Design

As the drone relies on GPS for coordinate acquisition
and control, it is possible to take over the drone with
fake signals, guiding it towards a desired location. For
this, the drone must lose connection to GPS signals and
instead focus on a manipulated signal resembling the
original GPS signal.

RF software-defined radios (SDR) can be configured to
broadcast manipulated GPS signals. Our attack setup
uses HackRF One, an open source SDR platform that
covers the frequency spectrum of GPS transmissions.
In our experiments, HackRF with the PortaPack
companion has been used, to facilitate mobility. In
addition, Mayhem firmware has been used with
HackRF for investigating the signal flow and signal
continuity on regular and irregular GPS signals. GUI-
based attack implementation (using SigintOS) and
command line-based attack implementation using
GPSSDR-SIM [28] were performed; the former is used
for viewing the trajectory and the latter is used for
analyzing the signals. The setup for the GPS attacks is
shown in Figure 1.
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4.1.1. GPS Jamming Attack

This attack is aimed at blocking the GPS
communication on the drone by drowning the GPS
signals by the jamming signals, causing the operator to
completely lose control over the drone, and potentially
forcing the drone to land. An effective jamming attack
is achieved by reducing the Signal-to-Noise-plus-
Jamming Ratio (SNJR) of the target signal, to ensure
that the target signal cannot be captured at the receiver.
To achieve this, we increase the jamming signal
strength to exceed the strength of the satellite signal on
the drone. We assume that the signal strength of the
GPS signals received by the drone in flight and the
attacker on the ground (SDR device) are similar due to
the proximity of jammers and receivers [31].
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Figure 2. GPS jamming attack signal analysis. The
peaks show the effect of noise generated by the attack

To generate the GPS jamming attack, we used the
SigintOS to generate signals with 300 MHz bandwidth
at 1.2-1.5 GHz frequency; the generated signals were
transferred to HackRF over a USB connection. On the
HackRF, signal was transmitted with an initial
transmission power, and in a feedback loop the power
of the signals were gradually increased until the
receiver locked onto these new signals, causing the
drone to begin its landing process. Figure 2 depicts the
signal during the GPS jamming attack captured using
SDRSharp software, where the peaks show the effect of
noise generated by the attack. A flowchart of the attack
generation and the drone behavior during the GPS
jamming attack is illustrated in Figure 3.

Another critical condition in the success of a jamming
attack is timing, i.e., when and for how long is the
exposure to jamming signal observed. There are
different jamming types in the literature; two of them
have been considered in this work, namely constant
jamming and periodic pulse jamming attacks. With
constant jamming, the jammer broadcasts a powerful
signal continuously, to completely block the target
device's packet reception. With random jamming, a
jammer generates signals for random periods and turns
to sleep for the rest of the time. Periodic pulse jamming
is a variant of random jamming, with jamming and
sleeping cycles alternating periodically. While the
continuous approach is more effective, it consumes
more energy compared to jamming in intervals; we
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have observed the impact of both approaches on the

drones.
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Figure 3. Flow chart depicting the steps of the
jamming attack

4.1.2 GPS Spoofing Attack

For this attack, we provide the drone the GPS
coordinates of a no-fly zone, i.e., geofence zone, to
force the drone to land immediately. A no-fly zone is
an area of airspace where drones are allowed to fly only
with special permits. While the targeted drone is flying,
fake GPS signals are transmitted to indicate that the
drone has entered a no-fly zone.

In our experiments, the GPS-SDR-SIM software is
used by the HackRF device to create a GPS baseband
signal stream that could be converted to RF using the
SDR platform. The generated GPS broadcast
ephemeris indicates the GPS satellite constellation with
fake coordinates; this signal can be utilized to define a
stationary point or a trajectory.

Different drones may be built and programmed
differently; for example, an attack using an
authorization zone might land a drone but not another,
or some drones may have unlocked some geofence
zones. Hence, the experiments are repeated using the
coordinates of different geofence zones and permitted
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flying areas till the spoofing attack is successful. A
detailed flowchart of the attack generation and the
drone behavior during the GPS spoofing attack is
illustrated in Figure 4.

GPS spoofing attack start
i Sigint0oS /

————/ GPS-SDR-SIM

Generate

1

No Fake GPS signal data @USB cable—» HackRF

Output

Transmit signal data
(fake GPS location)

Does the drone
location change?

Yes

¢

Drone begins to land

Attack succeed

Figure 4. Flow chart depicting the spoofing attack

4.2. The Design of “Tale”

Tale is developed on a drone frame using different
electronic cards and components containing Raspberry
Pi 4, flight control board, Raspberry Pi 4G/LTE
Cellular Modem Kit, and radio telemetry toolkit. The
drone core builds on Raspberry Pi 4. From among the
open-source autopilot projects (e.g., ArduPilot,
Paparazzi UAV, Dronecode, LibrePilot, PX4), PX4
autopilot [29] was chosen since it offers a versatile
collection of tools for drone developers and provides
easy integration with the other com- ponents in Tale
system such as the Ground Control Station (GCS) (i.e.,
Mission Planner) and the communications protocol.
Micro Aerial Vehicle Link (MAVLink) [30] protocol is
used for establishing and retaining connection with the
Mission Planner. In terms of Flight Control circuit
board, Pixhawk PX4 Flight Controller Autopilot PIX
2.4.8 was used on Tale; it serves as a hub for other
peripherals such as the GPS module, Radio Telemetry,
Raspberry Pi 4G LTE Cellular Modem Kit, and

different sensors. A summary of the hardware
components of Tale are listed in Table 1 and Figure 5
demonstrates the main hardware components on the
physical drone. Tale’s software components are
summarized in Table 2.

Table 1. Tale Hardware Components Specifications

Hardware Specification

Raspberry Pi Ver. 4, 4GB

Flight Control Board Pixhawk PX4 2.4.8

GPS module u-blox NEO-M8N, FW SPG 3.01

CUAV P9 Radio Telemetry

Sixfab Raspberry Pi 3G/4G &
LTE Base HAT

Radio Telemetry

Raspberry Pi 4G-LTE
Cellular Modem Kit

Radio Telemetry

Y
N

_ 4GLTE Cellular
"~ Modem Kit

aspberry Pi
/

/

.
@L

N

¥ ,

R
/

GPS module _
\\'A

Flight Control Board

Figure 5. Tale system hardware overview

Table 2. Tale Software Components Specifications

Component Specification

Raspberry Pi OS Debian v11, Kernel v5.15
Mission Planner Ground Control Station v1.3.77
PX4-Autopilot Flight control solution v1.12.3

For communications, Tale comprises a GPS module as
well as a cellular connection. The Sixfab 3G/4G/LTE
Base HAT enables the Raspberry Pi to connect to the
cellular data network.The CUAV P9 data link
communication module is used for radio telemetry; it is
compatible with the Pixhawk flight control board and
supports long range. The module can operate at a
variety of frequencies for 3G and LTE. For GPS, the u-
blox NEO-M8N GPS module is used. In addition to
yielding high positioning accuracy in urban and rural
areas with varying signal strengths, the module also
supports GPS signal attack detection. Tale also
incorporates a set of sensors, such as LIiDAR,
gyroscope,  accelerometer, and  piezoresistive
accelerometers. Figure 6 depicts the system
architecture of Tale.
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Figure 6. Tale system architecture

4.2.1. Detecting GPS Attacks

On Tale, the detection of GPS spoofing attacks relies
on phase delay measurements. The detection thresholds
for spoofing are defined. If the phase delay difference
between the received GPS signals and the original
signal are below the defined threshold, spoofing
detection event is raised. The probability of spoofing
detection becomes greater when combined with
selecting accurate thresholds that are inclusive of
potential phase delays. Figure 7 shows the signal during
the GPS spoofing attack phase, which was performed
using SDRSharp software, where the peak indicates the
start of the attack.
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Figure 7. GPS spoofing attack signal analysis on Tale

The effectiveness and reliability of this method have
been quantified in terms of the ratio of false alarms and
the probability of counterfeit signal detection. False
alarm or inaccurate detection may happen in the case of
the GPS module receiving physical damage, in the
presence of a GPS transmitter and receiver satellite dish
nearby, or if the phase delay differences between
received legitimate satellite signals are below the
specified threshold. Through several experiments, Tale
exhibited 99% spoofing detection accuracy when the
carrier to noise ratio was at least 43 dBHz. The
flowchart of the developed detection method is in
Figure 8.
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Figure 8. Tale GPS attack detection method flowchart

4.2.2. Return-to-Start Function

As Tale starts flying, it continuously synchronizes the
GPS coordinates in real-time and records the distance
and direction information acquired via the GPS. Tale
records the direction changes at 45° and 90 angles
according to the device orientation and motion.
Towards this, Tale benefits from the integration of and
the communication between the PX4 autopilot and the
ground station Mission Planner. Tale sensors including
the GPS work all together to provide the needed data
and with the use of the flight control board (PIXHAWK
PX4), the latitude, longitude, altitude, the angles
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between the waypoints, and the distance between the
waypoints are calculated. Tale stores the computed data
and communicates it to the Mission Planner. Figure 9
shows a screenshot from Mission Planner, displaying
some of the computed data that Tale utilizes in its
Return-to-Start function.

Tale’s recovery solution depends only on the
previously saved data to make its way back to the start
point. As soon as a GPS jamming or GPS spoofing
attack is detected, Tale disables the GPS function and
navigates using the (inverse) directions and distances
recorded during the flight. For example, if it flew with
10 m/min south(-z) for 10 minutes, it would fly back
with 10 m/min for 10 minutes in the north direction (z)
right after disabling the GPS.Using this unique
autopilot code, Tale is able to safely reach its starting
point independently from any control signals.

The Return-to-Start function depends on the Alternate
Angles Theorem, which states that when two parallel
lines are cut by a transversal, then the resulting alternate
interior angles or alternate exterior angles are
congruent. Tale records its flight route using its
compass, since relying on the GPS coordinates would
be erroneous in case of jamming or spoofing attacks.

V. EXPERIMENTS

We have designed a setup for evaluating the behavior
of our custom developed drone, Tale, under GPS
jamming and GPS spoofing attacks. To assess the
observed behavior, we have performed the same set of
experiments on a COTS (commercial off-the-shelf)
drone as well, which allowed us to observe and discuss
the behavior of both drones under attack. Figure 11(a)
shows the drones’ planned route for the experiments, in
terms of a series of four waypoints described in GPS
coordinates.

GPS jamming was performed by signaling the L1
frequency at 1.575.420.000 Hz and L2 frequency at
1.227.600.000 Hz. In the GPS jamming attack
experiments, four different attack strategies are applied,
with the signals being generated according to the
intervals listed in Table 3. The first three types aim to
observe the behavior of the devices under test when
jamming attacks are launched at different times and for
different durations. Some drone types try to re-connect

e E
[ \VAYPOINT v
WAYPOINT

WAYPOINT
WAYPOINT a0 ) 3,

to controller upon regaining GPS connectivity; our
experiments were repeated with varying attack and
pause times, and we present the three scenarios that
present different behaviors. The fourth jamming type
transmits the jamming signal for the duration of the
attack.

In the spoofing experiments, the coordinates of
different geo-zones were specified to the target. We
have experimented with fake GPS coordinates
representing “permitted zones” (i.e., areas where flying
a drone is allowed according to local regulations),
“restricted zones” (i.e., areas where drone flights are
restricted or subject to specific conditions such as
altitude, time of day, or obtaining special permissions
from aviation authorities) and specifically “altitude
zones” (i.e., areas with restricted flight altitude), and
“authorization zones (i.e., areas where drone flights
must be explicitly authorized by aviation authorities).
In these experiments, the target drones were attacked
for 2 minutes, with 15 seconds of attack and 15 seconds
of pause duration. During the attack, the victim notices
a sudden change in the reported GPS location.

Table 3. GPS Jamming Attack Time Intervals

Jamming Type _ﬁ:sgk -T—?rl:]see gk;t:elr_vation
Duration
Pulsed jamming #1 3 sec. 2 sec. 3 min.
Pulsed jamming #2 5 sec. 5 sec. 3 min.
Pulsed jamming #3 10 sec. 10 sec. 3 min.
Continuous jamming 3 min. - 3 min.
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5.1. GPS Navigation Attacks on Commercial Drone
The first drone used in the experiments is a commercial
over the counter UAV. This device was chosen due to
being relatively inexpensive and supporting a
functionality that enabled it to fly back to the point
where it last received a moderately strong GPS signal.
The drone relies on the controller to direct its
movement. In addition, the drone also relies on data
from onboard sensors such as GPS and barometer
readings to maintain a steady flight; in these
experiments, it was configured to be controlled only via
GPS.
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Figure 9. Mission Planner data received from Tale drone
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5.1.1. GPS Jamming Experiments

In the first experiment (i.e., pulsed jamming #3), a
periodic GPS jamming attack was initiated, with
jamming signal transmission for 3 seconds and pausing
for 2 seconds, repeating for a total duration of 3
minutes. During the 3-second interval where the
jamming signal was transmitted, the connection
between the drone and the GPS controller was blocked,
and the drone remained to hover stable since it lost its
communication. During the 2-seconds intervals where
the attack was stopped, it was observed that the drone
continuously sought to reconnect with the controller,
intermittently succeeding and failing. Within this
attack-paused interval when the drone reconnected to
its controller, the user was able to move the drone, but
it instantly stopped again with the next attack interval.

A similar pattern was observed in the second
experiment (i.e., pulsed jamming #3), where it was
observed that the drone stopped its flight movement
and remained to hover stably for 5 seconds, then
regaining connection with the controller when the
attack was paused where the flight movement could
resume until it was re-attacked. It was observed that the
drone was able to successfully reconnect to the
controller approximately 2.5 seconds after the attack
was paused; thus, while the connectivity was
intermittent in experiment #1, it always succeeded in
experiment #2.

In the third experiment (pulsed jamming #3), the
behavior changed as the jamming attack duration was
longer (10 seconds). This time the drone landed in the
area it was in within the 10-second attack interval, then
re-connecting to its controller in the pause interval and
taking off to continue flying again, until the next attack
period.

Finally, in the fourth experiment, after the jamming
attack that started and continued without stopping, the
drone landed in the area it was in, and did not fly again
as it completely lost its communication signal.

5.1.2. GPS Spoofing Experiments

Upon losing GPS connection, this drone is able to
resume flight once it reconnects to GPS; hence, GPS
spoofing attack has been repeated in three different

¢ [ oo s Q@ a:a
9
5 b 9:
: Qs 2
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+  FIND MY DRONE

Heig

experiments to assess behavior with different attack
durations.

In the first experiment, the GPS spoofing attack was
launched by transmitting fake GPS coordinates for a
Permitted flying area for 15 seconds, and as a result,
the drone could not be controlled by its user for the
duration of the attack. After the 15-second interval, it
was ohserved that the drone control resumed normally.

In the second experiment, the GPS coordinates for an
Authorization Zone were transmitted. As a response, a
warning was prompted to the user to control the drone
to leave the area within 30 seconds. For the duration of
15 seconds of attack time, communication could not be
established between the user and the drone, but as soon
as the attack stopped, for the following 15 seconds the
communication was re-established, and the drone was
allowed to leave the area.

In the third experiment, a Restricted Zone fake GPS
coordinates were transmitted during the attack. As a
result, a 15 seconds of signal communication was lost
again, and when the attack ended the communication
was re-established with the drone, and control was
restored.

Several repetitions of these experiments demonstrated
that this drone always landed upon experiencing a
spoofing attack. A capture retrieved from its user
application (Figure 10(a)) shows the real location of the
drone, before any attack occurred, demonstrating the
change of drone location due to the GPS spoofing
attack in the second phase of the experiment, more
precisely, it shows how the fake GPS signals
manipulate a target receiver’s position during the attack
time (Figure 10(b)).

As we mentioned, the selected commercial drone was
in fact potentially capable of moving to the last known
good location. Our experiments showed that this
feature relies on GPS coordinates to complete. This
renders the drone vulnerable to being damaged or
captured, shall it lose its GPS connectivity upon a
malicious attack that transmits wrong coordinates for
10 seconds or more.

Hyattsville

Vasgington

Arlington

Crossroads

Figure 10. The actual and spoofed locations with the commercial drone
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Figure 11. The planned drone flight route using Mission Pla

.
nner, and the route that

oIIoed with Return-
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to-Start functionality

5.2. GPS Navigation Attacks on Tale

In the following, we explain how Tale performed under
both attack scenarios; and in particular, we validate the
performance of Return-to-Start functionality.

5.2.1. GPS Jamming Experiments

The same four set of jamming experiments (as listed in
Table 3) have been repeated on Tale.

For the first experiment, the plan was to repeat the same
scenario of initiating a GPS jamming attack every 3
seconds and stopping for 2 seconds, repeatedly for a
total of 3 minutes. However, the drone signal was
almost immediately cut when it received the attack.
Even after the attack stopped, Tale could not regain its
communication signal with its user. The drone returned
to the flying position from where it started, confirming
the successful execution of the Return-to-Start
function.

Similarly, in both the second experiment (jamming for
5 seconds and pausing for 5 seconds, for a total of 3
minutes) and the third experiment (jamming for 5
seconds and pausing for 5 seconds, for a total of 3
minutes), Tale could not regain connection to its user
and successfully returned to the flying start position
using the Return-to-Start function.

In the fourth experiment, after the continuous jamming
attack was launched, Tale once again lost its
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communication signal with its user and flew right back
to the starting position. Figure 11(b) shows how Tale
reacted to the GPS jamming attack using the Return-to-
Start function.

5.2.2. GPS Spoofing Experiments
In these experiments, fake GPS signals corresponding
to different GEO zones such as Restricted Zones,
Altitude Zones, and Authorization Zones were
transmitted in the launched attack.

First, the GPS spoofing attack was started by
transmitting fake GPS coordinates for a Permitted
flying area. Tale drone lost the GPS signal in its first
seconds and consequently, stopped all connections with
the user controller. Tale returned to its start location
according to the Return-to-Start function, following the
inverse path from the moment it received the attack.

In the next experiment, the fake GPS attack location
was established to be an Authorization Zone. The
communication signal was abruptly cut, and the drone
returned to the initial position as in the first experiment.

Finally, Restricted Zone GPS coordinates were
transmitted in the fake GPS attack. As was observed in
the previous experiments, the signal was disconnected
without warning and the drone returned to the point it
started flying from.



UAV GPS attacks experimental analysis

Int. J. Adv. Eng. Pure Sci. 2024, 36(3): <211-223>

5.3. Observations

We summarize our observations on the responses of the
two drones to GPS navigational attacks and highlight
the benefits of Tale’s Return-to-Start function.

The same implementations of GPS jamming and GPS
spoofing attacks were repeated on both devices.
Overall, the drones were affected from the attacks in
different ways. When the GPS jamming attack was
performed in periodic pulses in the first three
experiments on the COTS drone, the drone was
temporarily able to restore communication with its
controller and resume flight towards the last known
good location, until it was attacked again. With the
continuous attack, as the drone did not have GPS
connectivity, it landed where it was attacked. On the
other hand, Tale was affected similarly from both
continuous jamming and periodic pulse based jamming
attacks. Differing from the COTS drone, the
communication between the controller and the drone
would not be restored when the attack stopped. In both
cases, Tale blocked the connection as soon as it
detected an attack, and it continued its flight using the
Return-to-Start function. Hence, the number of the
received attacks did not make a difference for Tale.

When a GPS spoofing attack occurs and the fake GPS
signals reach a drone, the GPS location appears as if the
drone is in a Restricted Zone, an Altitude Zone, or an
Authorization Zone. The geolocation fields in the
COTS drone software prevent it from flying in those
GEO zones, mostly giving a short warning, or forcing
it to land at its current location. However, since those
GEO zones are not specified in the software of the Tale
drone, it perceives the GPS spoofing attack as an
abnormal signal change, leading the Tale drone to
return to the point of departure by turning off the GPS
module and only depending on its Return-to-Start
function to navigate. This feature offers the drone a way
to recover from jamming or spoofing attacks.

It was observed that the Tale drone reacted identically
to the attacks with different GEO zones. At the same
time, it was made clear that at the time of an attack, Tale
would lose its control signal with its user and would
cease to connect again, until completing its way back to
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the starting position only relying on the built-in Return-
to-Start function.

No matter what type of navigational attack Tale
received, when responding to one, it returned to the
point of departure without using signal communication,
solely depending on its Return-to-Start functionality.
Tale drone was able to detect and recover from the GPS
signal attacks, ultimately evading being captured.
Table 4 summarizes the differences between the two
experiments and how each drone reacted to the GPS
navigational attacks.

VI. CONCLUSION

Unmanned Aerial Vehicles (UAVSs) or drones find an
increasing number of use cases in communications,
surveillance, delivery, agriculture and airborne fog
computing systems. The continuous functionality and
mobility of drones are critical in each of these
scenarios; unfortunately, GPS navigational attacks on
such drones are rather easy to achieve.

In this work, we implemented GPS navigation attacks
on a commercially available drone and a custom drone
named Tale that was developed to counter the effect of
navigational attacks with its recovery mechanism. Tale
solution design ensures that the drone recovers from
GPS jamming and spoofing attacks, alleviating
vulnerability against property theft and privacy
violation. Two distinct types of signal attacks have been
designed, and related experiments have been
conducted, demonstrated, and analyzed on these two
drones. The attack framework was mainly created and
performed to assess the drones’ reaction and how they
behave in critical conditions such as signal blockage.
To bring things together, and upon analyzing the facts,
a comparison between the two drones against GPS
attacks was conducted and presented.

This paper aims to contribute to the growing body of
research addressing the critical issue of drone security
by experimentally analyzing the detection of and
recovery from spoofing attacks. As drones become
increasingly integral to our daily lives, safeguarding
their operation from adversarial interventions becomes
imperative, underscoring the urgency and relevance of
our investigation in the face of emerging security
threats.
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Table 4. Summary of Comparison Between the Two Drones That Were Tested

Comparison Points

COTS Drone

Tale Drone

GPS spoofing attack Forced to land Evaded landing
GPS jamming attack Forced to land Evaded landing
Landing Yes No
Attack detection Yes Yes
Recovery possibility Low High
. Activated in response to
Return-To-Start function - attacks P
- Depends on GPS connection;
GPS related vulnerability vuIFr)1erabIe to GPS attacks. -
GPS communication in flight mode Yes Yes
GPS communication when returning to start point
or last good coordinates Yes No
Possibility of returning to start Low High

There are two limitations of this study that provides an
opportunity for future work: First, currently Tale cuts
off its communication signal upon inferring an attack,
and no signal can reach the drone until it goes back to
the starting point, even if the threat has passed. Second,
if the battery is not enough for the returning distance,
the drone will have to force land or fall since it exhausts
its battery on the return path. Future improvements can
include estimating the distance that can be traveled with
the remaining battery and warning the user to land at a
waypoint on the return path before reaching the start
location if the battery is insufficient to fly the drone
back to the start location.
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Oz

Elektrikli araclar, ulasimin sirdurilebilirligi icin oldukga 6nemlidir ve igten yanmali motorlu araglar gibi fosil yakitlar
kullanmadiklarindan gevreye zararh gaz saliniminda bulunmamaktadirlar. Elektrikli araglarin bu 6zelliginden faydalanmak igin
kullanimlarini tesvik etmek amaciyla gesitli ¢alismalar yapilmaktadir. Bu galismada, elektrikli araglardaki batarya kutusu
Uretimi igin termal iletkenligi ve darbe direnci iyilestirilmis polimer esasli hibrit kompozit bir malzeme gelistiriimesi
amaclanmistir. Yaygin kullanimi ve lretim kolayhigi nedeniyle matris olarak Poliamid 6 (PA6) kullanilmis, termal iletkenligini
artirmak igin ise hegzagonal bor nitriir (hBN) ve grafen nanopulcuk (GnP) kullaniimistir. Bu malzemelere ek olarak, zeminden
kaynaklanabilecek potansiyel darbe hasari durumunda dayanikliigi artirmak igin bir stiren-etilen-butadien-stiren (SEBS)
elastomer takviyesi eklenmistir. Kompozitler ekstriizyon ve enjeksiyon kaliplamaile trretildikten sonra, numunelerin mekanik
testleri; ic nokta egme ve lzod darbe dayanimi testleriyle yapilmistir. Kiitlece %30 hBN kullanilmasi durumunda egilme
dayanimi ve modiiliinde sirasiyla %22 ve %101.1°'lik bir iyilesme saglanmistir. Kiitlece %2.5 GnP kullanilmasi durumunda
egilme dayanimi ve modiilii degerlerinde sirasiyla %14.1 ve %55.6'lik bir iyilesme saglanmistir. Kiitlece %5 SEBS kullanildiginda
darbe dayanimini degerinin %58.5 arttigi tespit edilmistir. Ayrica termal karakterizasyon igin diferansiyel taramali kalorimetre
analizleri ve termal iletkenlik olgtimleri yapilmistir. Kitlece %30 hBN eklendiginde termal iletkenligin %194.3 arttigini
gorllmuistir. Daha sonra, malzemelerde hasar mekanizmalarini incelemek igin kirilma ylzeyleri taramal elektron
mikroskobuyla (SEM) incelenmistir. Son olarak, Halpin Tsai (HT) yaklasimi kullanilarak kompozitlerin mikromekanik modelleri
kurulmustur. Bu modellerin dogrulugunu tespit etmek igin ise deneysel verilerle karsilagtirma yapiimistir.

Anahtar Kelimeler: Elektrikli araglar, Batarya kutusu, Hegzagonal bor nitriir, Grafen nanopulcuk, Hasar mekanizmalari

Abstract

In the realm of transportation sustainability, electric vehicles play a crucial role. The aim of this article was to create a hybrid
composite material using polymers that would have enhanced heat conductivity and impact resistance. This material would
be used to manufacture battery casings for electric cars. Polyamide 6 (PA6) was selected as the matrix material owing to its
convenient manufacturing process and extensive application. Additionally, hexagonal boron nitride (hBN) and graphene
nanoplatelets (GnP) were incorporated to enhance the thermal conductivity of the matrix. Furthermore, to enhance the
structural integrity against potential ground impact damage, a styrene-ethylene-butylene-styrene (SEBS) elastomer
reinforcement was used alongside the aforementioned elements. Following the extrusion and injection molding processes,
the composites underwent mechanical testing using three-point bending and lzod impact tests. When 30 wt.% hBN was
added, there was a 22% improvement in flexural strength and a 101.1% improvement in flexural modulus. Similarly, when
2.5 wt.% GnP was added, there was a 14.1% improvement in flexural strength and a 55.6% improvement in flexural modulus.
Then, thermal analyses were performed through Differential Scanning Calomerimetry (DSC) and thermal conductivity
measurements. Furthermore, it was observed that the addition of 30 wt.% hBN resulted in a significant increase of 194.3% in
thermal conductivity. Subsequently, the fracture surfaces were subjected to scanning electron microscopy (SEM) in order to
investigate the underlying causes of material damage subsequent to failure. The Halpin-Tsai (HT) micro-mechanical model
was used to estimate the modulus of the composites.

Keywords: Electric cars, Battery case, Hexagonal boron nitride, Graphene nanoplatelets, Failure mechanisms
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Batarya Kutusu

I. GIRIS

Iklim  degisikligi gliniimiiziin en onemli
problemlerinden biridir ve fosil yakitlarin kullanilmasi
sonucunda ortaya g¢ikan karbondioksit emisyonu bu
problemin ana nedenlerinden biridir. 1970’ten bu yana
CO_2 emisyonlar1 yaklasik %90 artig gosterirken,
ulagim sektorii bu emisyonunun %25’inden sorumlu
olarak karsimiza ¢ikmaktadir [1,2]. Karbondioksit
emisyonunu azaltmak icin otomotiv endustrisinde
koklii degisiklikler yapilmaktadir. Igten yanmali
motorlardan  elektrik  motorlarma  gecis, bu
degisikliklerin en Onemlilerinden biri olarak kabul
edilmektedir. Icten yanmali motorlu araglara kiyasla,
elektrikli araglar diisiik karbon salinimima neden olurlar
ve ayni zamanda yakit verimleri yiiksek olup daha az
karmasik yapiya sahiptirler. Ote yandan, elektrikli
araclar icten yanmali motorlu araglara kiyasla daha
pahalidirlar. Birgok iilke yonetimi, elektrikli araglarin
kullanimini tegvik etmek igin elektrikli araglara yonelik
vergileri diisirme ve elektrikli araglar igin ayrilmis

otopark  alanlar1  olusturma  gibi  avantajlar
saglamaktadir. Ayrica, Avrupa Birligi 2035’ten
itibaren benzinli ve dizel araclarn satiginin

yasaklanmasina karar vermistir [3]. Bu karar, elektrikli
araglara gecisi hizlandirmayr ve karbon emisyonu
kaynakli iklim degisikligi ile miicadeleyi hizlandirmayi
amaclamaktadir. Bu karar paralelinde elektrikli
araclarm kullanimmm artisi ve ara¢ maliyetlerinin
diistisii beklenmektedir. Tim bu durumlar géz oniine
alindiginda, elektrikli araglarin 6neminin giin gegtikge
daha da artacagi 6ngoriilmektedir.

Otomotiv sektdriundeki koklii degisiklikler ve sektorle
ilgili alinan kararlar ile birlikte otomotiv firmalarmin
da yatirimlart elektrikli araglara dogru yonelmektedir.
Tesla, Lucid Motor ve TOGG gibi dogrudan elektrikli
araglara yogunlasan firmalarin yaninda Ford, BMW ve
Volkswagen gibi firmalar da elektrikli araclara 6nemli
yatirimlar yapmaktadir. Yatirim odaginin bu yone
kaymasiyla beraber elektrikli araglar igin en kritik
konulardan biri olan batarya teknolojisiyle ilgili
calismalar da hizla ilerlemektedir. TOGG, Gemlik’te
actigl arag iretim tesislerinin yani sira bir batarya
gelistirme ve iiretim kampiisii de agarak bu alanda
o6nemli adimlar atmistir [4]. Batarya teknolojisindeki
sarj siiresi, siirlis menzili gibi kisitlar ve miisterinin
elektrikli araglarda diisiik maliyet beklentileri otomobil
ireticilerini farkli tiirde elektrikli araglar {iretmeye
itmektedir. Bu sebeple ara¢ iiretiminde sarj siiresi,
stiriis menzili, yakit fiyatlar1 ve ¢evresel kaygilar gibi
degiskenler de dikkate alinmaktadir. Bu degiskenler,
elektrik enerjisinin depolanma yontemiyle dogrudan
iligkilidir. Elektrikli araglar, igten yanmali motorlu
araglardaki yakit tankmin roliinii istlenen yiiksek
voltajl1 bataryalar kullanir. Bu bataryalar, elektrik
motoru igin elektrigin depolanmasindan direkt olarak
sorumludur. Elektrikli aracglarda, yiksek enerji
yogunlugunu saglayabilme ve uzun kullanim émiirleri
nedeniyle, lityum iyon piller (LiP) batarya
sistemlerinde siklikla kullanilmaktadir. Lityum iyon
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pillerin sarj edilebilir olmasi ile beraber temiz enerjinin
kullaniminda da kritik bir rolleri vardir [5]. Ozellikle
elektrikli araglarin kullanimm yayginlagsmast igin
pillerin yiiksek verimlilikte caligmalari
beklenmektedir. Bu baglamda pil verimliligi ile pil
calisma sicakligi arasinda o6nemli bir iliski vardir.
Pilller normal sartlarda 15 ile 40°C arasinda
caligmaktadir (£5°C) ve bu aralik disinda
kullanildiklarinda, pil 6mrii ve performanst 6nemli
Olgiide diiser [6]. Ayrica, Joule etkisi nedeniyle
icerisinden akim gegen malzemelerde 1snma gozlenir
ve dolayisiyla pillerin ¢alismasi esnasinda sicaklik
artist  gozlenmektedir. Pil ¢evresindeki sicaklik,
calisma esnasmda giivenli ¢alisma esik degerlerinden
(T>90°C) daha yiiksekse, aragta bir kaza riski meydana
gelmektedir [6]. Bu riskle basa ¢ikmak igin, araglar pil
sicakligini belirli bir aralikta tutmak igin bir pil yonetim
sistemi (BMS) ile donatilmigtir. Bu teknoloji, asiri
1sinmisg pilin sicakligini diisiirmek igin hava ile sogutma
benzeri bir yaklasimi kullanir. Ancak, hava ile sogutma
termal iletkenligin diisiik oldugu malzemelerde teknik
beklentileri karsilamayabilir. Bu durumda, sogutma
icin alternatif bir yontem ise kanallar araciligiyla
sogutucu akiskan dolagimi yapmaktir. Bu yaklagim
daha iyi bir sogutma performansi saglar ancak yiiksek
maliyeti de beraberinde getirir. Pil sisteminde sogutma
bir biitiin olarak diistiniildiigiinde; pillerin, batarya
kutusunun ve tiim elektronik bilesenlerin termal
iletkenlik katsayisi 1s1 transferi agisindan oldukca
6nemlidir.

Piller, aragta batarya kutusu adi verilen bir bolmede
bulunur. Batarya kutusu, batarya sisteminde hem
termal Ozellikler hem de mekanik &zellikler acisindan
oldukca o6nemlidir. Endustride batarya kutusu
malzemesi olarak aliiminyum siklikla kullanilmaktadir.
Aliiminyum hem yiiksek termal iletkenlige sahip
olmasi hem de ucuzlugu nedeniyle tasarim agisindan
isterleri 6nemli Ol¢lide karsilamaktadir [7]. Diger bir
ister ise batarya kutusunun hafifligidir. Elektrikli
araglar, icten yanmali motora sahip araglara gore
yaklagik 300 kg daha agir gelmektedir. Bu farkin
kaynagi, araglarda kullanilan batarya sistemidir [8]. Bu
durumda aliminyuma alternatif olarak polimer
kompozit malzemelerin kullanilmasi, termal ve
mekanik oOzellikleri saglamanin yani sira agirhk
azaltimi konusunda da faydali sonuglar doguracaktir.

Batarya termal yOnetim sistemi i¢in, sogutma hem
tasinim hem de iletimle gerceklestigi igin batarya
kutusunun termal iletkenligi 6nemli bir parametredir.

Literatirde farkli bilesenler kullanilarak termal
iletkenligi 1iyilestirmeye yonelik bircok ¢alisma
yapilmistir. Bu  c¢aligmalarda  genellikle termal

iletkenligi artiran takviyelere odaklanilmigtir. Seramik
esasli olarak; bor nitriir (BN) [9] ve silika [10], karbon
esasli olarak; grafit [11] ve grafen oksit [12] termal
iletken takviye malzemesi olarak yaygin olarak
kullanilmaktadir. Temel2019 senesinde yaptigr bir
calismada, parafine %7 oraninda Grafen nanopulcuk
(Graphene nanoplatelet/GnP) ekleyerek, sivi ve kati
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fazdaki termal iletkenlikteki degisimi incelemistir. Elde
ettigi sonuglara gore, sivi ve kati fazda termal
iletkenligin sirasiyla %130 ve %230 iyilestigini tespit
etmistir  [13]. Yiiksek termal iletkenlik sunan
dolgulardan biri de grafen benzeri atomik yapisi
nedeniyle genellikle beyaz grafen olarak da
adlandirilan hegzagonal bor nitriir (hBN)’diir. hBN
katmanli yapisi nedeniyle polimer matrisinde termal
iletim aglar1 olusturur ve 1s1 transferi sirasinda termal
direncin azalmasma neden olur [14]. hBN’nin oda
sicakliginda yaklasik 550 W/mK diizlem igi termal
iletkenlik degerine sahip oldugu tespit edilmistir [15].
Bu ozelliginden dolayr hBN, termal iletkenligin
iyilestirilmesi ile ilgili caligmalarda kullanilan énemli
bir  takviye  malzemesidir. hBN’nin  farkli
kompozitlerdeki termal performansini inceleyen gesitli
calismalar bulunmaktadir. Gong ve arkadaslar
tarafindan yiriitilen bir ¢aligmada, karboksil uclu
polibitadien (CTPB) ve hBN ile takviye edilen
epoksinin termal iletkenligi incelenmistir. Bu ¢alisma
kapsaminda, hBN’nin yiizey aktivasyonu i¢in silan
kullanilmis ve isleme tabi tutulmayan grup da kontrol
grubu olarak incelenmistir. hBN miktarlarinim %10 ile
%40 arasinda degistigi durumlar i¢in termal iletkenlik
Olglimleri yapilmistir. Yiizey aktivasyonu yapilmayan
kiitlece %40 hBN takviyesi i¢in termal iletkenligin
yaklagik %200 arttig1, silan aktivasyonu yapilan
kitlece %40 hBN takviyesi icin ise termal iletkenligin
yaklasik %300 arttig1 gézlemlenmistir [16].

Termal yonetim disinda, arag giivenligi de otomotiv
endustrisinde blyik ©&neme sahiptir. Otomobil
kazalarmdan  sonra,  batarya  sistemi  hasar
gorebilmektedir. Kazalara bagli hasar riskini azaltmak
icin, pillerin batarya kutusuna montaji kritiktir ve
montaj genellikle iki farkli teknikle yapilir. Tlk teknige
gore, piller aracin ortasina T seklinde monte edilir ve
dis etkenlerden korunur. Ancak, bu diizenleme, arag
icindeki alanin azalmasi nedeniyle yolcu konforunun
azalmasma neden olabilmektedir. ikinci teknikte ise
montaj katmanlar halinde yapilir. Bu yontemle, yolcu
icin kalan i¢ mekan, T tasarimina kiyasla daha genistir.
Ancak, bu yontemde, aracin zeminle olan mesafesi
azalmaktadir. Azalan mesafe ile zeminden gelebilecek
darbelerin hasara neden olmasi sdz konusudur. Bu
nedenle, batarya kutusunda kullanilan malzemenin
olasi hasar durumlarina karsi darbe dayanimi son
derece Onemlidir. Literatirde darbe dayanimini
iyilestirmek tizerine yapilan ¢alismalar bulunmaktadir.
Gong ve arkadaslari, hBN miktar1 arttikca, hBN
nedeniyle kompozitin elastisite modiiliinii arttirdigini,
ancak ¢cekme, egilme ve darbe dayaniminin takviyesiz
matris malzemesine gore kademeli olarak azalttigini
gozlemlemistir. Kiitlece %40 hBN kullanildiginda,
takviyesiz matrise goére c¢ekme dayaniminin %32,
egilme dayanimmin %47 ve darbe direncinin %61
azaldigr gorilmiistir [16]. Darbe dayanimimdaki
diigiisii telafi etmek icin ise enerjiyi soniimleme
konusunda etkili olan elastomerler yaygin olarak
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kullanilmaktadir. Stiren Etilen Biitilen Stiren (SEBS),
yiikksek darbe dayanimi nedeniyle en sik kullanilan
elastomerik malzemelerden biridir. Okan ve arkadaslari
tarafindan yapilan ¢alismada, matris olarak kullanilan
polipropilenin yaninda kiitlece %5 oraninda SEBS
kullanilmasi durumunda elde edilen termoplastik hibrit
kompozitin darbe sdniimleme performansinin iyilestigi
gozlemlenmistir [17]. Ote yandan, SEBS tek basma
kullanildiginda matrisle arayiizey baglanma kuvvetinin
kisitli olugu nedeniyle, SEBS’in diger malzemelerle ara
yiizey aktivasyonunu iyilestirmek i¢in maleik anhidrit
astlanmis polietilen (MAPE) kullanilmaktadir. Gao ve
arkadaslari, kiitlece %5 maleik anhidrit ile modifiye
edilmis SEBS’in termoplastik poliiiretan karigimina
eklenmesiyle darbe dayaniminm %100 arttigini
gozlemlemistir [18]. Bir diger takviye malzemesi

sayesinde polimerik malzemelerle beraber
kullanildiginda matriste bir omurga gérevi gorir ve bu
sayede mekanik 6zellikleri olumlu etkiler [19]. Okan ve
arkadaslar1 tarafindan yapilan bir ¢aligmada, homojen
bir sekilde matrisle karistirilmis GnP’nin egilme
dayanimi ve modiliini iyilestirdigi tespit edilmistir
[17].

Otomotiv  sektdrinde  kullanilan polimerler
incelendiginde, poliamidler, miihendislik polimerleri
arasinda onemli bir grubu olusturur. Poliamid ailesi
icerisinde Poliamid 6 (PA6), beyaz esya ve otomotiv
gibi sektorlerde iiretim kolayligi, avantajli mekanik
Ozellikleri ve yuksek kimyasal direnci sayesinde
siklikla kullanilmaktadir [20].

Yukarida da 6nemli 6rnekleri verildigi tizere, hBN ve
GnP’nin ayr1 ayr1 takviyesinin polimer kompozitlerin
1s1l ve mekanik karakteristiklerini nasil etkiledigini
inceleyen calismalar siklikla goriilmiistiir. Ayrica,
polimer  matrislerine  elastomerlerin  eklenmesi
sonucunda darbe direncinin degisimine yonelik
calismalar da goriilmiistiir. Ancak, yazarlar, hBN, GnP
ve SEBS takviyelerinin yiizey aktivasyon ajanlariyla
birlikte poliamid 6 matrisinde es zamanli kullanildig:
kompozitlerle ilgili ¢alismalara rastlamamistir. Ayrica
bu sekildeki hibrit kompozitlerde ¢oklu takviyelerin es
zamanli kullanmasiyla birlikte ortaya c¢ikabilecek
sinerjik etkileri sistematik olarak inceleyen bir
arastirma da bulunmamaktadir. Bu nedenle, bu ¢alisma,
kompozitlerin imalati ve sonrasinda deneysel
karakterizasyonlarinin ~ gercgeklestirilmesiyle  elde
edilecek sonuclarla birlikte bu alandaki boslugu
doldurmay1 amaglamaktadir.

Bu calismada, iiretilecek kompozit bilesimlerin
belirlenmesinin ardindan, PA6 matrisi, hBN, GnP,
SEBS ve MAPE ile birlikte ¢ift vidali ekstriider
kullanilarak karigtirilmis  ve kompozitler grantil
seklinde imal edilmistir. Daha sonra, bu graniillerden
plastik enjeksiyon yontemi kullanilarak test numuneleri
iiretilmistir. Numunelerin imalatindan sonra, ii¢ nokta
egme testi, [zod darbe dayanimu testi, DSC analizleri,
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termal iletkenlik 6lgtimleri ve mikroskobik gozlemler
de dahil olmak uzere deneysel karakterizasyonlar
gergeklestirilmistir. Sonrasinda kompozitlerin mekanik
Ozellikleri mikromekanik modeller kullanilarak
belirlenmis ve elde edilen sonuglar deneysel verilerle
kargilagtirilmistir.

Il. MATERYAL VE METOD

Bu c¢alismanin genel ve basitlestirilmis akis semast
Sekil 1’de verilmistir. Bu ¢aligmada kullanilan PA6,
Eurotec firmasindan NB40 NL FY50 koduyla temin
edilmistir. PA6 malzemesi 1.16 g/cm?® yogunluga sahip
olup, UL94 standardina goére yanicilik agisindan V2
olarak siniflandirilmaktadir.

Cift vidah ekstriider
yardimiyla

Enjeksiyon kaliplama ~ Mekanik, termal ve
yontemiyle test optik karakterizasyon
numunesi Giretimi

<
PAG  GnP
hBN  SEBS

homejenizasyon
MAPE

Sekil 1. Kompozit imalat ve karakterizasyon akis
semast
h-BN, Nanografi®’den NG04CO0301 iriin koduyla
temin edilmistir. Yogunlugu 2.3 g/cm?, saflik derecesi
%99.7°dir. GnP ise Nanografi® firmasindan
NGOIGNPO0109 koduyla tedarik edilmistir. GnP’nin
yogunlugu 2.2 g/cm?, saflik degeri %99.9dur. Yiiksek
grafen oranlarmin beraberinde getirdigi aglomerasyon
olusturma ihtimalini azaltmak i¢in COOH ile yiizey
aktivasyonu gerceklestirilmis GnP’ler kullanilmistir.
SEBS G401.A82.N koduyla Elastron TR firmasindan
temin edilmistir. SEBS, 0.89 g/cm? yogunluga sahiptir.
Bu arastirmada, SEBS ile PA6 arasindaki arayiizey
etkilesimini arttirmak icin ylizey aktivasyon ajani
olarak maleik anhidrit enjekte edilmis polietilen
(MAPE) kullanilmistr.  MAPE, ATABOND-1550
koduyla TMB Polimer firmasindan temin edilmistir.
Caligmanin deneysel kisminda, kompozit imalinde
kullanilan takviyelerin, kompozitlerin mekanik ve
termal ozelliklerine etkisinin incelenmesi
hedeflenmistir. Bu sebeple 5 farkli kompozisyon
belirlenmistir. ik olarak, takviyelerin yer almadig
%100 PA6 matris, referans grup olarak belirlenmistir.
Sonraki kompozisyonlarin hepsinde PA6 matris olarak
kullanilmis olup, kiitlece yiizde miktar1 denge olacak
sekilde ayarlanmigtir. PSM  kompozisyonunda ise
kiitlece %35 oraninda SEBS ve MAPE eklenerek
SEBS’in etkisinin gozlemlenmesi hedeflenmistir.
Diger biitiin kompozisyonlarda SEBS ve MAPE ayni1
oranda kullanilmistir. PHS30 kompozisyonunda ek
olarak kiitlece %30 oraninda hBN kullanilmistir. Bu
kompozisyonla hBN’nin etkilerinin tesbiti
hedeflenmistir. Bir diger kompozisyon olan PHS35 ile
hBN’nin kiitlece oran1 %30’dan %35’e ¢ikartilmistir.
Bu kompozisyon ile hBN miktarmin artisinin deneysel
sonuglara etkisinin tespiti hedeflenmistir. Son
kompozisyonda ise igeriginde kiitlece %30 hBN
kullanilan kompozisyona ek olarak kiitlece %2.5
oraninda GnP takviyesi yapilmistir. Bu kompozisyonla

da GnP’nin  kompozite etkisinin incelenmesi
hedeflenmistir. Kompozit kompozisyonlari
belirlendikten sonra imalat asamasma gegilmistir.
Hazirlanan kompozitlerin isimleri ve igerikleri Tablo
1’de verilmistir.

Tablo 1. Kompozisyon tablosu [21]

ompozisyon x S X S =
Adi S & & g uw
g 3 £ § £
a = 0] n =
PA6 100 - - - -
PSM - - 5 5
PHS30 @ 30 - 5 5
2
PHS35 A 35 - 5 5
PHGS30 30 25 5 5
Kompozitlerin ~ imalat  siireci  iki  asamada
gerceklestirilmistir. [lk asamada malzemelerin

homojen bir sekilde karistirilmas1 amaciyla Leistritz
ZSE 27 MAXX marka cift vidali ekstriider kullanilip
her kompozit igin bilesik olusturulmustur. Kullanilan
cift vidali ekstriiderin vida ¢ap1 28.3 mm, kovan gapi
28.5 mm ve vida uzunlugu 1358.4 mm’dir. Elde edilen
bilesikler  kullanilarak  ikinci asamada  Bole
BL90EKH/C220 marka cihaz kullanilarak plastik
enjeksiyon yontemiyle flretim gergeklestirilmistir.
Kullanilan plastik enjeksiyon cihazinin vida capi 28.4,
vida uzunluk/cap orani 20’dir. Cift vidal ekstriiderde
homojen bir sekilde karistirilan kompozisyonlar graniil
seklinde enjeksiyon cihazina beslenmistir. Yapilmasi
planlanan testlerin standartlarma goére numunuler
Uretilmistir.

Uretim asamalar1 tamamlandiktan sonra deneysel
karakterizasyonlar gergeklestirilmistir. Numunelere
yogunluk o6l¢limii, diferansiyel taramali kalorimetre
(DSC) analizi, termal iletkenlik 6l¢iimii, ii¢ nokta egme
testi ve Izod darbe dayanimi testi yapilmistir. Yapilan
tim testler oda sicakliginda gerceklestirilmistir.
Malzemelerin yogunluklar1 ISO 1181-1 standardina
uygun olarak dl¢iilmiistiir. Olciim i¢in MatsuHaku GP-
300E model cihaz kullanilmustir.

Malzemelerin 1s1l davranigini incelemek igin DSC
analizi yapilmistir. Referans bir numune kullanilarak
yapilan incelemede, DSC cihazinda iki numune varken
sicaklik arttirilarak  veya azaltilarak numuneler
arasindaki sicaklik farki kontrol edilir. Cihazdan 1s1l
enerjinin sicaklikla nasil degistigini gosteren bir 1s1
akisi-sicaklik egrisi elde edilmistir. Bu egriyi
kullanarak camsi gegis sicakligini bulabilmek i¢in, oda
sicakliginda itibaren egrinin egiminin ilk defa gozle
goriiliir sekilde degisim gosterdigi noktanin baslangi¢
ve bitis noktalarmi baglayacak sekilde bir “onset”
cizgisi cekildikten sonra bu ¢izginin orta noktasinin
egri iizerinde tekabill ettigi noktaya karsilik gelen
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sicaklik  degeri camst gegis sicaklign  olarak
belirlenmigtir. Termal iletkenlik Slglimleri igin disk
seklindeki numuneler kullanilmigtir. Numunelerin ¢apt
25.4 mm ve kalinligr 1 mm’dir. Isil iletkenlik testi TA-
Discovery Xenon Flash DXF 200 model test cihazi
kullanilarak yapilmisgtir. Her bilesim igin termal
iletkenlik testini gerceklestirmek {izere li¢ set numune
kullanilmustir.

PHGS30

Sekil 2. Ug nokta egime testi numuneleri

Ug nokta egme testi ISO 178 standardina uygun olarak
hazirlanan (boy 80 mm, en 10 mm ve kalinlik 4 mm)
Sekil 2°deki numunelerle 50 mm/dak hizla yapilmistir.
Test sonucunda malzemenin egilme dayanimi, kopma
birim sekil degisimi ve egilme modulii degerleri tespit
edilmistir. Ug nokta egme testi icin Hegewald &
Peschke model test cihazi kullanilmistir. Her
kompozisyon i¢in iicer set numune kullanilarak {i¢
nokta egme testi gerceklestirilmistir.

Izod darbe dayanimi testi ISO 180 standardina uygun
numuneler ile gerceklestirilmistir. 1zod darbe testi
numunenin ¢entikli veya c¢entiksiz olmasia gore
farklilik gosterir. Bu ¢alismada centiksiz Izod darbe
dayanimu testi yapilmistir. Test esnasinda darbe ¢ekici
kullanilmaktadir. Ceki¢ numuneye carpacak sekilde
serbest birakilir ve numunenin kirilmasi saglanir.
Cekigteki kaybedilen enerji miktarma bakilarak
malzemenin darbe esnasinda soniimleyebildigi enerji
tespit edilir. Izod darbe dayanimi testi i¢in Instron Ceast
9050 model test cihazi kullanilmigtir. Her kompozisyon
i¢in tiger set numune kullanilarak darbe dayanimi testi
gerceklestirilmistir. Mekanik karakterizasyon
tamamlandiktan sonra, kirilan numunelerin kirilma
yiizeyleri Tescan Vega 3 taramali elektron mikroskobu
(SEM) kullanilarak incelenmistir.

III. SONUCLAR VE TARTISMA

Bu boliimde, c¢alisma esnasinda gergeklestirilen
yogunluk testi, DSC ve termal iletkenlik dl¢timleri, {i¢
nokta egme testi, Izod darbe dayanimi testi ve

228

mikroskobik gozlemlerle ilgili sonuglar ve bu

sonugclarla ilgili yorumlar yer almaktadir.

Yogunluk testi, PA6, PSM, PHS30, PHS35 ve PHGS30
olmak iizere bes adet kompozisyonda yapilmistir. Elde
edilen sonucglar Tablo 2’de verilmistir. PA6 kodlu
kompozisyonun teorik yogunlugu 1.17 g/cm3 olarak
Ol¢iilmiistiir. Kiitlece %5 SEBS eklenen PSM kodlu
kompozisyonda, SEBS yogunlugun diismesine sebep
olmustur. Kiitlece %30 ve 35 hBN kullanilan PHS30 ve
PHS35 kodlu kompozisyonlarda yogunlukta artis tespit
edilmistir. Kiitlece %2.5 GnP kullanilan PHGS30
kodlu kompozisyonda ise oran az oldugu igin
yogunlukta degisim goriilmemistir. Yogunluklarda
gozlemlenen  degisiklikler eklenen takviyelerin
yogunluklar1 ve kiitle oranlariyla genel olarak
orantilidir. Kompozisyonlara ait yogunluk degerleri
teorik olarak hesaplandiginda PA6, PSM, PHS30,
PHS35 ve PHGS30 i¢in sirastyla 1.17, 1.15, 1.49, 1.55
ve 1.52 olarak hesaplanmistir. Elde edilen sonuglar,
teorik sonuclarla artis ve azalis bakimindan paralellik
goOstermektedir.
Tablo 2. Kompozitlerin camsi gegis sicakliklart

Kompozisyon Adi  Yogunluk (g/cmd)
PAB 1.17
PSM 1.12
PHS30 1.25
PHS35 1.27
PHGS30 1.27

DSC analizi tiim kompozisyonlarda gergeklestirilmistir
ve DSC egrileri makaleye ait ek bilgideki Sekil 1,2,3,4
ve 5’te verilmistir. Elde edilen sonuglardan bu
malzemelerin cams1 gecis sicakliklar1 (Tg) elde
edilmistir. Camsi gegis, polimerlerde, malzemenin
1sinma sonucunda rijit halden kaugugumsu hale gectigi
durumu ifade eder ve yari kristal malzemenin amorf
faz1 i¢inde meydana gelir. Artan polimer zincir
hareketliligi, malzeme Ozelliklerinde degisikliklere
neden olur. Ornegin, sicakhik degisimine bagl olarak
katsayist  ve 1s1 kapasitesi artabilmektedir. Is1
kapasitesindeki artis camst gegis sicakliginin tespit
edilmesini saglar. Bu ¢aligmada DSC olg¢timlerinden
elde edilen camsi gegis sicakligi degerleri Tablo 3’te
verilmistir.

Tablo 3. Kompozitlerin camsi gegis sicakliklari

Kompozisyon Adi  Camsi Gegis Sicakligi (°C)
PA6 75.45
PSM 73.37
PHS30 90.55
PHS35 92.03
PHGS30 93.27
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DSC sonuglarina gore, hBN ve GnP takviyesiyle
birlikte kompozitlerin camsi gegis sicakliklarinda artis
gozlemlenmistir. Bu durumun kok nedeni olarak,
matriste daha fazla sayida partikiil bulunmasiyla
birlikte PA6 zincirlerinin hareketi engellenerek, rijit
durumdan kaugugumsu duruma gegis gecikir ve
boylece Tgde bir yiikselme gozlemlenir. Tg'nin
yiikselme egilimi, GnP takviyesiyle de devam etmistir.
Bu durum GnP’lerin polimerle yaptig1 yiiksek arayiizey
alan1 ile ilintilidir.  Ciinkii, nanopulcuklarin
kullanilmastyla beraber artan ylizey alani kaugugumsu
hale gegiste polimer zincirlerinin hareketini kisitlar ve
bu kisitin asilabilmesi igin zincirlerin daha yiiksek
enerjiye sahip olmasi gerekir. Bu yiiksek enerji de
sicaklik artig1 (artan Tg) ile birlikte saglanir [21,22].
SEBS ise PA6’nin Ty’sini diisiirmiistiir. Bu durumda
SEBS’in diisiik T’si ve zincirlerinin yiiksek mobilitesi
ile iligkilidir.

Mekanik ozelliklerin belirlenmesi icin ii¢ nokta egme
testi tim kompozisyonlar iizerinde gergeklestirilmistir.
Test sonucunda elde edilen egilme dayanimi ve birim
sekil degistirme egrileri Sekil 3’te verilmistir.
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PSM
=== PHS30
===PHS33
—PHGS30

Egilme Dayanimu (MPa )

2 4 6 8 10 12

Birim Sekil Degistirme (%)

0

Sekil 3. Kompozisyonlara ait egilme dayanimi-birim
sekil degistirme egrisi

Bu egriler olusturulurken her kompozisyon igin
ortalama degere en yakin olan test sonucu
kullanilmistir.  Bu  testle malzemelerin  egilme
dayanimi, egilme modiilii ve egilmedeki birim sekil
degisimi degerleri de elde edilmistir ve elde edilen
degerler Tablo 4’te verilmistir.

Tablo 4. Ug nokta egme testi sonuglari

Kompozisvon Egilme Egilme  Egilmedeki
Adi pozisy Dayanimi Modili  Birim  Sekil
(MPa) (MPa) Degisimi (%)

PAG 88.00+0.3 2749.00 20.94:0.04
+35
1210.99

PSM 53.13+1.70 +50.00 24.98+0.12
2435.41

PHS30 64.83+0.73 +68.96 7.72+0.05
2418.35

PHS35 59.95+0.17 +56.60 7.37+0.16
3789.00

PHGS30 74.00+0.60 +60.00 5.53+1.01
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SEBS malzemesinin diisiik mukavemet ve rijitlik
degerlerinin bir sonucu olarak ya da diger bir deyisle
SEBS’in kaugugumsu tabiati neticesinde kompozitin
egilme dayaniminda 939.6’lik, egilme modiili
degerinde %55.9’luk bir diisiis ve egilmedeki birim
sekilde degistirme degerinde %19’luk bir artis
goriilmiistiir [17]. Bu diisiisii ikame etmek igin, kiitlece
%30 hBN kullanilmasi durumunda ise PSM
kompozisyonuna gore kompozitin egilme dayanimi
degerinde %22’lik bir artis, egilme modiiliinde de
%101.1°lik bir art1 goriilmiis ve 6te yandan egilmedeki
birim sekil degistirme degerinde ise %69’luk bir diisiis
goriilmiistiir.

Teorik olarak, polimerik malzemeler sert inorganik
partikiiller ile takviye edildiginde, bu sert malzemeler
matris i¢inde bir omurga gorevi goriir. iImalat esnasinda
kullanilan arayiizey takviye ajanlarinin da etkisiyle
matris ve GnP’ler arasinda olusmasi1 muhtemel fiziksel
capraz baglar araciligiyla polimerin molekiiler zincir
hareketi kisitlanir ve bdylece kompozit malzemelerin

pulcuk benzeri inorganik partikiiller (yani GnP’ler) ile
takviye s6z konusu oldugunda, GnP’ler yiiksek
mukavemetleri neticesinde deforme olmadan kalirken
matris goreceli deformasyona ugrayacaktir. Sonug
olarak, yike dik arayiiz cekme kuvvetini strdrirken,
yuke paralel arayliz kesme kuwvetini surdirecektir.
Nano takviyelerin yiiksek yizey alani sayesinde, i¢
yapida birim alan basina diisen kuvvet yani gerilme
diisecek ve bu sayede kompozit malzeme kopmadan
daha yuksek bir mukavemet gosterecektir [28, 29].

Egilme dayaniminm incelenmesinden sonra, giris
boliimiinde de belirtildigi tizere kompozitlerin batarya
modillic. muhafazasinda kullanilmasi1  durumunda,
muhafazanin araci alt kismindan, yol tarafindan,
alabilecegi darbelere karsi dayanimini gézlemlemek
icin Izod darbe dayanimi testi, tiim kompozisyonlara
uygulanmistir ve elde edilen degerler Sekil 4’te
verilmistir.
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Kompozisyonlar
Sekil 4. 1zod darbe dayanimi testinden elde edilen
sonuclar

PHS35 PHGS30

Kiitlece %5 SEBS kullanilmas1 kompozitin darbe
dayaniminda %58.5’lik  bir artis1  beraberinde
getirmistir. SEBS elastomerik bir malzeme oldugu i¢in
darbe soniimleme tabiatina sahiptir ve bu durumda
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kompozitin absorbe ettigi enerji miktarin1 olumlu
yonde etkilemistir [ 16]. Kiitlece %30 hBN kullanilmasi
durumunda kompozitin darbe dayaniminda %79.8°1ik,
kiitlece %35 hBN kullanildig1 durumda ise %80.9°Tuk
bir azalma gorilmistir. hBN seramik olarak
siniflandirilan bir takviye malzemesidir ve seramikler
i¢ yapilarindaki siireksizlikler nedeniyle gevrek 6zellik
gosterirler [25]. Artan hBN miktariyla da birlikte
kompozitlerin kopma uzamalar1 6nemli 6l¢iide diismiis,
diger bir deyisle kompozitler daha gevrek bir
karakteristik gostererek darbe soniimleme
ozelliklerinde diisiis yaganmustir. Son olarak, kiitlece
%2.5 GnP takviyesinin darbe dayanimi iizerine
etkilerine egilecek olursak, GnP takviyesi kompozitin
darbe dayaniminda ortalama %37.2’lik bir azalmaya

sebep olmustur. Yukarida deney sonuglarmin
yorumlanmasinda  ortaya  konulan  hipotezleri
desteklemek i¢in SEM ile kirilma yiizeyleri
incelemesinde bulunulmustur. PSM grubu

kompozitlerde kopma uzamasimin arttigi goriilmistiir
ve kirllma yiizeyleri de bunu destekler niteliktedir.
Sekil 5’te, PSM kompozit grubunun kirilma yiizeyi,
diizensiz uzamig bdlgelerin yer aldigi pirizli bir
dokuya sahiptir.

s ' ?

>
WD: 11.41 mm
Det: SE
| sm:RESOLUTION

" SEMHV:10.0kV
SEM MAG: 500
BI:5.00

Sekil 5. PSM numunesinin kirilma yiizeyi
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Piriizlii  yiizeyler siinek bir kirilma modunun
gostergesidir ve kopma uzamasmin arttiga isaret
eder. Bununla paralel olarak, kirllma mekaniginde
piiriizlii ylizeyler, artan bir yiizey alanina da isaret eder
ve daha fazla yiizey olusturmak daha fazla yizey
enerjisi gerektirir. Bu enerji, birincil ¢atlagin yayilmasi
icin gerekli olan ve sonunda kirllmaya neden olan birim
sekil degisimi enerjisi ile karsilanir. Sonug olarak,
numunenin kirilmasi ertelenir ve bu da kirtlma anindaki
gerilmenin artmasina neden olur. Ek olarak, Sekil
5’teki uzun segmentler, daha spesifik olarak uzun
kirilma paternleri veya fibriller, lokalize plastik
deformasyonunun bir sonucu olarak matris iginde
meydana gelen siinek hasarin gostergesidir [31]. Sekil
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6’da ise PHS35 numunesine ait bir kirilma ylizeyinin
SEM goriintiisii verilmistir. Bu sekilde kirmizi oklarla
ince plaka seklindeki hBN’ler kiigiik bir alanda
kiimelenmistir. Bu kiimelenmeler, gerilme
konsantrasyonuna neden olurlar ve bu bdlgelerde hBN
kimelerinin etrafinda mikro ¢atlaklar olusabilir. Yiik
altinda, mikro catlaklar yayilabilir ve bu durum
kompozitlerin mukavemetini diigiiren erken hasarla
sonuclanabilir.

Ev
WD: 12.19 mm
Det: SE
SM: RESOLUTION

SEMHV.10.0kV |
SEM MAG: 17.5 kx
BI: 5.00

VEGA3 TESCAN

Performance in nanospace

Sekil 6. PHS35 numunesinin kirilma yiizeyi

PHS30 grubu i¢in de gergeklestirilen benzer biiyiitme
oranlarina sahip SEM goériintiisii Sekil 7°de verilmistir.
Bu goriintiide hBN’ler yesil oklarla gosterilmistir, &te
yandan bu resimde PHS35 grubunda gdzlemlenen
kiiciik bir alana sikisan bircok hBN’nin varligma
rastlanilmamistir. Bu durum PHS30 grubunda yogun
bir aglomerasyon olmadigini gostermektedir.

SEM HV: 10.0 kV
SEM MAG: 20.0 kx
BI: 5.00

WD: 12.96 mm
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Sekil 7. PHS30 numunesinin kirilma yiizeyi
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Mekanik karakterizasyonlardan sonra, hBN ve
GnP’lerin termal iletkenlik (zerindeki etkisini
belirlemek i¢in termal iletkenlik dl¢iimleri yapilmistir
ve elde edilen sonuglar Sekil 8’de verilmistir. Sonuglar,
%30 hBN eklendiginde termal iletkenligin PSM
kompozisyonuna gore %194.3 arttigin1 gostermektedir.
Is1 akisiyla ayn1 hizada olan termal kanallarin olusumu,
termal iletkenligin iyilestirilmesinin temel unsurudur.
BN plakalarmin polimer matris igerisinde rastgele
dagildigr durumda, BN’ler yiiksek ¢ap-kalinlik oranina
sahip olduguklar1 i¢in termal yol olusturarak
birbirleriyle temasa gecerler. Dikey olarak hizalanan
BN plakalarinda ise termal temaslar olduk¢a azalir ve
bu durum termal iletkenligi olumsuz etkiler. hBN’nin
kiitle konsantrasyonu %30’dan %35’e ¢iktiginda
termal iletkenlik %15.3 azalmistir.

PHS30 PHS35 PHGS30

PSM
Kompozisyonlar

Sekil 7. Kompozisyonlara ait termal iletkenlik testi
sonuglari

s o o o "o
= o = %

w

o

Termal lletkenlik (W/mK)

0.1

Kalinlik boyunca kiimelenmis BN plakalarmin
varhigmin, 1s1 iletkenliginde bir azalmaya yol actig1
varsayllmaktadir. Nanopulcuklardan (1 pum capinda)
olusan ince bir filmin termal iletkenligi, daha biyuk
parcaciklardan (15 pm ¢apinda) olusturulan bir filmle
karsilastirildiginda  %60.8  daha  disiiktir  [32].
Bilesimdeki GnP’lerin varligi, termal iletkenlikte
yaklagik %9.82'lik bir azalmaya yol agmistir. Bu
caligmada kullanilan GnP’lerin kiigiik ¢aplari (1.5 pm)
gbz Oniine alindiginda, fonon dispersiyonunun neden
oldugu temas direnci ve termal iletkenlikte beklenen
artisin goriilmemesi olasidir.

Tiim bu deneysel incelemelerden sonra, kompozitlerin
mekanik Ozellikleri mikro mekanik modellerden
istifade edilerek hesaplanmistir. Bu baglamda,
nanopartikil takviyeli kompozit malzemelerin elastik
ozelliklerinin ~ tahmini i¢in  katki  maddesinin
geometrisine, oryantasyonuna ve matrisin elastik
ozelliklerine dayali c¢esitli modeller vardir. Bu
modellerden birisi de Halpin-Tsai (HT) modelidir. GnP
takviyesi i¢in modifiye edilmis HT modeli 1, 2, 3, 4, 5
ve 6 numarali denklemleriyle verilmistir [33-35].

3 5
EC = EEL +§ET (1)
- B, (20)
= En (T @
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E, = E, (T_Z—:TT:J}) (3)
m = @)
nr = g;iﬁ (5)
§=32 (6)

E., En Ve E; srasiyla kompozit, matris ve takviye

malzemenin elastisite moddlidur. V; ve £ ise sirastyla
hacim orani ve takviye malzemesinin sekil faktoridiir.

Yukarida  verilen denklemler ve  kompozit
kompozisyonlart  gbéz  Oniinde  bulundurularak,
kompozitlere ait elastisite modiili  degerleri

bulunmustur. Elastisite modiilii hesaplamasi yapilirken
PSM kompozisyonu i¢in karigimlar kuralindan
faydalanilmistir [36]. Geri kalan kompozisyonlar igin
pulcuk (platelet) seklindeki takviyeler icin gelistirilmis
HT modeli kullanilmistir. Gelistirilmis HT modeli i¢in
takviyelerin 2 boyutlu ve 3 boyutlu rastgele yonelimini
aciklayan iki farkl yaklagim bulunmaktadir. Daha iyi
bir yakinsama sagladigi i¢in 1 numarali denklemdeki, 2
boyutlu rastgele yonelimi aciklayan HT modeli
kullanilmistir [35]. Bu denklemde bulunan E; ve Er
sirastyla boyuna ve enine elastisite modiiliinii temsil
eder. Bu degerleri hesaplamak i¢in 2 ve 3 numaral
denklemlerden faydalanilmistir. Pulcuk seklindeki
takviyeler icin & fonksiyonu 6 numarali denklemdeki
gibi hesaplanmaktadir [33]. & degeri hesaplanirken
kullanilan Dy ve t; sirasiyla takviye malzemenin cap ve
kalinligidir [37]. PHS30 ve PHS35 kompozisyonuna ait
elastisite modiilii hesaplanirken, E,, icin karigimlar
kuralindan PSM i¢in elde edilen veriler kullanilmistir.
hBN’ye ait D, zy Ve t,gy degerleri Tablo 5’teki gibi
almmustir.

Tablo 3. Kompozitlerin camsi gegis sicakliklart

Kompozisyon Adi Df (hm) &y (hm)
(Cap) (Kalinlik)

hBN 790 98.75

GnP 1500 3

PHS30 ve PHS35 icin hBN miktarlari hacimsel oranlari
degistirilerek elastisite modiilii degerleri
hesaplanmigtir. PHGS30 kompozisyonunda E m
olarak HT modelinden PHS30 icin elde edilen veriler
kullanilmigtir. GnP’ye ait Dg,p Ve tg,p degerleri Tablo
5’teki gibi alimmugtir. Sekil 9°da HT modeline ait
niimerik sonuglar verilmis ve niimerik sonuglar ISO
527 standardina gore gerceklestirilen ¢ekme
deneylerinden elde edilen deneysel modiil degerleriyle
karsilagtirilmistir.  Cekme testleri, numunelerin 50
mm/dak hizla ¢ekilmesiyle gerceklestirilmistir. Cekme
testi i¢in Hegewald & Peschke model test cihazi
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kullanilmistir. Her kompozisyon igin {iger set numune
kullanilarak ¢ekme testleri gergeklestirilmistir.

T T
Gekme deneyi sonuglar 78.83%

EGOOO MEHalpin Tsai (HT) modeli

= L
<5000 ——
= 30.70%
24000 -

Mod
g

Elastisite
5
5

1000 -

PHS30 PHS35
Kompozisyonlar
Sekil 9. Deneysel sonuglar ile ve HT modeline ait

sonuglarm karsilagtiriimasi

PHGS30

Elde edilen sonuglarda HT modeli kullanilarak elde
edilen elastisite modiilii degerlerinin, deneysel olarak
elde edilen degerlerden daha yiiksek oldugu
goriilmiistir. Bu farkin, HT modelinin, takviyelerin
miikemmel sekilde yonlenmis ve esit sekilde dagildig:
varsayimmdan kaynaklandigi diisiintilmektedir [33].
PHS35 kodlu  kompozisyonda  ise  diger
kompozisyonlara gore onemli bir fark olusmustur.
Sekil 6’da verilen kiimelenmelere bagli olarak deneysel
sonuglardaki diisiis bu durumu agiklar niteliktedir.

Son olarak da HT modeli, matris takviye araylizey
kalitesini dikkate almamaktadir. Her ne kadar bu
calismada arayiizey iyilestirici ajanlar kullanilsada
olusmasi ihtimal dahilinde olan araylizey problemleri
de deneysel sonuglarla farkliliklara yol agabilmektedir.

IV. SONUC

Otomotiv endustrisinde elektrifikasyonla birlikte kokli
bir degisim meydana gelmektedir. Bu degisime destek
olacak sonuglarin yer aldigi bu calisma, elektrikli
araglarm batarya kutularmi termoplastik kompozit bir
malzeme kullanarak {retip, agirhigr azaltmayi
amaclamistir. Calismada, kompozitlerin matrisi olarak
PA6 kullanilmis, termal iletkenligi artirmak i¢cin hBN

kullanilmis, termal iletkenligini ve mekanik
ozelliklerini iyilestirmek i¢in GnP kullanilmis ve darbe
direncini  artirmak i¢in SEBS  kullanilmistir.

Malzemelerin homojen bir sekilde karistirilmasi icin
cift vidali ekstriider kullanilarak ekstriizyon islemi
gerceklestirilmistir. Uc nokta egme ve Izod darbe
dayanimi testlerinde kullanilmak {izere numune
uretimlerinde plastik enjeksiyon yontemi
kullanilmistir. Elde edilen kompozitlerin yogunlugu,
pivasada siklikla batarya kutusu olarak kullanilan
aliminyumun yogunluguna gore yaklasik %50 daha
digiiktir. Bu  sebeple gelistirilen kompozitler
hafifletme uygulamalarinda kullanilmak iizere énemli
bir potansiyel tagimaktadir. Calisma kapsaminda
gergeklestirilen {i¢ nokta egme testlerine gore, kiitlece
%30 hBN kullanildiginda egilme dayanimi ve egilme
modiilii sirastyla %22 ve %101.1 artmaktadir. hBN
miktar1 kiitlece %35’e c¢ikartildiginda kiitlece %30
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kullanildig1 duruma gére egilme dayanimi ve egilme
modiilii sirasiyla %7.5 ve %0.7 azalmistir. Yapilan Izod
darbe dayanimi testinde PHGS30 kompozisyonunda
darbe dayanimi degerinin diistiigii goriilmiistiir. %30
hBN eklendiginde termal iletkenligin %194.3 arttig1
goriilmiigtiir. Sonrasinda, Halpin-Tsai mikromekanik
modelinden elde edilen veriler, deneysel sonuclarla
karsilagtirilmig ve takviyelerin miikemmel sekilde
hizalanip, esit olarak dagildigi durumu modelleyen HT
yaklagiminda elastisite modiili degerinin deneysel
degerlere gore daha yiiksek c¢iktigi goriilmiistiir. Bu
sonuclar,  kompozitlerin  daha ileri imalat
yontemleriyle, 6rnegin ultrasonik karigtiricilt ekstriider,
imalatiyla daha da 1iyilestirilebilme potansiyeline
sahiptir. Gelistirilen kompozitlerden elde edilen
sonuglar gelecekte yapilacak caligmalar ig¢in oldukga
degerlidir ve otomotiv endiistrisinde batarya kutusu
imalatinda kullanilmak {izere umut vaadetmektedir.
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Abstract

The purpose of this research is to determine whether a DRL solution would be a suitable solution for the OBSP problem and
to compare it with traditional methods. For this purpose, models trained utilizing the PPO algorithm were tested in a complex
and realistic warehouse environment, and an attempt was made to measure whether a strategy was developed to decrease
the number of orders being late. A heuristic method was also applied and the results were compared on the same
environment and data. The results showed that DRL approach that combines heuristics with the PPO algorithm outperforms
the heuristics in minimizing the tardy order percentage in all tested scenarios.

Keywords: Reinforcement Learning, Order Batching and Sequencing, Proximal Policy Optimization, Warehouse Optimization

1. INTRODUCTION

Warehousing entails the act of storing physical goods or inventory within a warehouse or stock facility prior to
their sale or distribution. It enables companies to meet the increasingly demanding customer requirements for fast
and effective order processing, a necessity heightened in the digital age. Optimization of warehouse operations is
an issue that needs to be addressed in e-commerce, and has gained more importance with the increasing e-
commerce volume. Solutions in this area are necessary to enhance efficiency, reduce costs, improve order
accuracy, maximize space utilization, streamline workflow, and increase overall productivity, thereby meeting
customer demands effectively and maintaining competitive advantage.

Mainly two types of stock systems can be mentioned in today’s warehouses, which are Person-to-Goods (PtG) and
Goods-to-Person (GtP) systems. In PtG systems, order pickers follow designated paths, which can lead to
inefficiencies when dealing with small orders due to extensive walking among the shelves and the central depot.
GtP systems leverage automated solutions to bring items to pickers stationed at specific areas. GtP offers fast order
picking and significantly decreases the reliance on human labor, but they come with a considerably higher initial
investment compared to PtG systems.

Items must be collected from the warehouse stock systems before orders are prepared. The two types of picking
methods are single-select and multi-select. In single-select method, just one order is picked in a tour, whereas in
multi-select method multiple orders are selected. Single-select results in shorter lead times but carries the potential
drawback of inefficient traveled distances, while batching orders leads to longer lead times but boosts the picker's
productivity.

Optimizing stock systems, on the other hand, is crucial for improving the overall performance of a warehouse. It
enhances efficiency, accuracy, and productivity while reducing costs and errors. The optimization of a specific
warehousing system which combines PtG and GtP stock systems to improve efficiency is studied in the literature.
Because of the limited capacity of warehouse resources and tight delivery schedules, an order picking plan is
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required to reduce the quantity of late orders. For
instance, a Deep Reinforcement Learning (DRL) based
approach is proposed in [1] for the optimization of
order picking process to cope with the tardiness in
delivery in a specific warehouse environment.
Heuristics, which are often employed in optimization
problems where the search space is vast and exploring
every possible solution is not feasible have also been
applied by many researchers with a purpose of
minimizing tardy orders or decreasing total processing
time of the orders [2][3]. [4] proposes a strategy to
optimize warehouse layout, aiming to minimize
transport time and reduce injury risks by employing
association rule analysis with the apriori and FP-growth
algorithms.

This research aims to create a method that determines
an order picking strategy to use, with the goal of
minimizing order delays in an environment where
resources are limited. To be more specific, it should be
decided whether orders will be picked individually, or
in batches, and if they will be picked in batches, which
orders will be in the same batch. The problem is called
Order Batching and Sequencing Problem (OBSP) in
existing literature, and proposed solutions are mostly
conventional methods such as heuristics.

In [1], a deep reinforcement learning (DRL)
methodology that applies a Proximal Policy
Optimization (PPO) algorithm for minimizing the
number of tardy orders on their specified warehousing
concept is proposed. The solution is improved by
including a more dynamic warehouse environment, and
optimizing the RL solution in [5].

The purpose of the study is to investigate whether DRL
will be a good solution to OBSP of a warehouse system
that has been already utilized in e-commerce. The main
criteria is minimizing the number of tardy orders,
which has become an issue of increasing importance
because of time-limited delivery expectation and order
uncertainties in today’s e-commerce. This research is
also built upon the same environment given in [1] since
it fullfills the requirements for the topic and reflects the
general. The generalizability of the DRL solution is
investigated by testing the methods used in the previous
literature with different order arrival data. In addition,
how the performance of the solution could be improved
with different parameters was tested.

This paper is structured as follows: Relevant literature
in problem domain has been overviewed in Section 2.
How the problem is formulated to apply for both RL
solution and heuristic solutions are presented in related
subsections of Section 3. In Section 4, the experimental
findings are deliberated. Conclusion and some possible
future imrovements are given in Section 5.
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II. RELATED WORK

Traditional warehousing systems need to adapt to the
requirements such as small orders, wide variety, strict
delivery timelines, and fluctuating workload. Order
picking in a batching, zoning and sorting environment
is the most researched topic in this context, however it
still needs further research to address the
characteristics of e-commerce [6].

In logistics, there exists many machine learning
solutions for various problems. For instance, [7]
proposes a novel approach using multiple machine
learning models to address Pallet Loading Problem,
which involves maximizing the number of boxes
loaded onto a pallet and a major issue in shipments.

Interest on Reinforcement learning (RL) applications
especially in logistics increased a lot in the last few
years. Q-learning, both tabular form and Deep Q-
Network (DQN) is the most favored RL method
researched, followed by policy gradient and actor-critic
methods. Among all the RL agents used, multilayer
perceptrons and regression are the most popular ones.
Heuristics such as genetic algorithms, greedy
algorithms and dynamic programming are used as
benchmarking methods in many studies [8].

RL is advantageous over heuristics because it learns
parameters to determine actions based on the current
state whereas in heuristics predefined rules are utilized,
it may learn from historical data and integrate
forecasting and optimization whereas heuristics only
uses forecasting on prediction and it can rely on
simulation environments. The limitations of RL are the
challenge in handling complex multi-agent systems and
coming up with generalized solutions, the cost and
complexity of the solutions, and partially observable
states [8].

In following sections, some heuristics and RL solutions
in the literature are reviewed.

2.1. Heuristic Approaches for OBSP

Metaheuristic algorithms utilizing Iterated Local
Search, Attribute-Based Hill Climbing, and a basic tabu
search principle have been employed in [9] to reduce
the overall tardiness for a specific collection of
customer orders. The results of the proposed methods
are evaluated against the typical constructive heuristics
such as the Earliest Due Date rule on various categories
of problems. It has been demonstrated that the results
are highly improved and the proposed solutions can be
used for a more efficient order picking system. Later,
Variable Neighbourhood Descent and Variable
Neighbourhood Search have been implemented within
[10] on the same problem with the same objective, the
findings indicated that the suggested approaches may
improve the order picking effectiveness.
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A heuristic solution grounded on the Variable
Neighbourhood Search method to achieve a minimum
tardiness in the context of the OBSP has also been
proposed in [2], and it has been shown that the proposed
algorithm is better than the state of the art in aspect of
quality and speed.

The modified seed algorithm proposed in [3] aims to
reduce the overall picking, sorting and packing duration
in an OBSP with limited buffers. The initial seed
algorithm attempts to consolidate orders with nearby
stock locations into the same batch to minimize picking
time. However, it fails to achieve coordinated
production of the order picking process and sorting-
packing process with limited buffers. Therefore, the
modified algorithm takes into account the relationship
between the current batch and the previous batch in
terms of processing time.

Heuristics have also been utilized in many related
problems in operations research domain. For instance,
the order picking problem is handled in [11]. A method
involving multiple Genetic Algorithms (GAs) is
introduced for optimizing batch picking, taking into
account travel costs and order due times. The results
showed that batch picking achieves better results than
single order picking in general, and the proposed model
has a solution quality better than all benchmark models
in all datasets.

The joint order batching and picker routing problem in
warehouses that is seldom studied together and not
studied at all for warehouses consisting of multiple
blocks is investigated in [12]. They formularized the
issue revolving around an exponential quantity of
connectivity —constraints and presented several
inequalities based on the conventional layout of
warehouses. They showed the applicability of the
proposed method by presenting results for problems
with up to 5000 orders.

2.2.Reinforcement Learning Applications for OBSP
Reinforcement Learning (RL) is a subset of machine
learning focused on teaching agents to make sequences
of decisions in dynamic environments to maximize
cumulative rewards. Unlike supervised learning, where
models are trained on labelled data, or unsupervised
learning, which seeks to identify patterns in unlabeled
data, RL relies on trial-and-error interactions to
discover optimal strategies. Deep Reinforcement
Learning (DRL) integrates RL with deep learning
techniques to solve problems in complex environments.

There exist a few studies with RL on the spesific
problem of OBSP. In [1], it is questioned how can a
DRL solution contribute to minimizing the quantity of
late orders within a particular warehousing concept.
The problem is formulated as a Semi-Markov Decision
Process and solved with a Proximal Policy
Optimizaiton (PPO) algorithm. To benchmark the
algorithm, several heuristic solutions are also
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developed. A simulation model built in a 3D simulation
program to assess the effectiveness of the algorithms
and an order dataset belong to an e-commerce company
are used. Itis concluded that DRL is a preferred method
because it generalized across various warehouse setups
well, eliminating the need to train a new agent. The
importance of the study is that there was no literature
about solving order batching problems with DRL at its
time. A paper based on [1] has been published later
[13].

An RL algorithm for a different kind of batching
problem is studied in [14]. The problem was
minimizing the difference between the target weight
and the real weight of a product batch. The difference
which is called as giveaway can cause customers get an
extra amount or lose some of the product they ordered.
There are regulations called e-weighting regulations
applied by European Union Directive to prevent
customers getting a less amount. They converted the
environment to a model that changes in episodes to
implement RL. The complexity of the algorithm
increased in several iterations to close to a real
production setup, and the results was passing the e-
weighting regulations after the third iteration.

Cals, Zhang, Dijkman, and van Dorst (2021) later
published a paper based on Cals (2019). They applied
PPO in conjunction with a heuristic rule to adress
OBSP. The agent used heuristics for sequencing
decisions and DRL for batching decisions, and the
resulting performance was compared to several
heuristic approaches. Results showed that the agent
utilizing DRL for order batching surpasses the
heuristics accross most warehouse settings examined,
and the results are more robust and generalizable.

[5] and [15] worked on the same problem and addressed
the problem in a more realistic way by involving larger
instances of hourly orders. They also included a second
objective of reducing order picking costs in addition to
the first objective of reducing tardy order percentage.
All these improvements added more complexity to the
problem, so he improved the solution by using a
method utilizing Bayesian optimization for shaping
rewards. Additionally, they involved approximating
DRL policies using decision trees, which can then be
used to deduce logic and generate understandable
decision rules, thus enhancing the explainability of the
learned policies.

1. METHODOLOGY

3.1. Problem Description

The scope of this research is finding a solution to
schedule and fulfill orders for a warehouse system. This
research is built upon the same warehousing system
mentioned in [1] due to the difficulty of accessing real
data. Also, the concept applies for modern warehouses
and suitable to study the research topic. The
warehousing system is developed by an anonymous
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Figure 1. PtG and GtP order retrieval system incorporating a pack zone, StO and DtO zones [1]

logistics company to provide solutions to the problems
in e-commerce market such as tight delivery schedules,
orders with small number of items, large assortment,
fluctuations in workload, labour scarcity and growing
e-commerce market.

The proposed system combines PtG and GtP to take
advantage of both, and also applies a unique batching
method by using single-select and multi-select
simultaneously. When using this warehousing setup,
two choices must be rendered:

1.  When should single-select or multi-select be
chosen
2. If multi-select is chosen which orders ought to

be combined together in the same batch

The first issue is an order batching problem, whereas
the second one is a sequencing problem. Therefore, the
problem is an Order Batching and Sequencing Problem
(OBSP). The issue is complex because there are many
inputs that will affect the decisions. The decisions are
influenced by the attributes of the orders, various
processing stages, limitations in capacity, and
uncertainties associated with the orders.

There exist two kind of stock systems, PtG and GtP,
and three kind of operating areas in the proposed
warehouse system which is shown in Figure 1. ltems
are stored on shelves or palettes in PtG systems, and
picker stops at the locations where certain items are
stored and picks the quantity needed. The GtP system
operates as an Automated Stock/Retrieval System
(AS/RS), retrieving items from shelves and
transporting to a area at which a picker is stationed. The
picker then retrieves the requested items from the tote.
In the PtG approach, where single-select is
implemented, the picker gathers the items into a carton
box, preparing them for shipping without stopping at
areas. When multi-select, totes are used in the PtG
system. Two kinds of totes exist which are product totes
and batch totes. Product totes contains items of same
SKU and are stored in the GtP whereas batch totes are
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created in the PtG system while multi-select. Batch
totes are subsequently moved to either the GtP system
or a packing area.

Totes have the option to be conveyed to three distinct
areas: direct-to-order (DtO) zones, sort-to-order (StO)
zones, and packing zones. At a DtO zone, totes of
products arrive sequentially, and the required items for
each order are picked and deposited into a carton box.
Alternatively, batches can be formed by gathering
items one by one into a batch tote instead of a carton
box. These batch totes are stored in GtP system, later
dispatched to either a StO or packing zone. At a StO
zone, orders are sorted, buffered and packed. First, a
picker extracts products from a batch tote and positions
them in a put wall, where shelves are designated to a
unique order one at a time. After the put wall is
occupied and the needed products are gathered for
every individual order, they are sent to the buffering
area. Then, the operator asks for a put wall, places it
into the packing area, packages each order in a carton
box and sends it to shipping. Product totes can also be
used instead of batch totes, but it may cause long
queues since many of them will be required. When all
items does not exist in PtG system, A hybrid approach
involving both product totes and batch totes is also
feasible for completing the missing items from GtP
system. At a pack zone, only batch totes arrive and
sorting is not required since each item within the batch
corresponds to a single order. Here, the processed
orders consist of one type of product.

An order consisting of only one item and one SKU is
referred to as a single-item order (SIO). An order that
contains multiple items and multiple SKUs is called
multiple item order (MIQ). Order type is an important
factor on order picking process.

This research concentrates on aforementioned stock
units and areas. Other aspects of the warehouse system
are disregarded to prevent further complexity in the
problem. Additionally, certain assumptions are made,
such as consistently having adequate capacity to buffer
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orders and always being able to transport totes between
processes Vvia conveyors. Although the proposed
warehouse system is designed for much higher amount
of orders, research is limited by 360 to 500 orders per
hour. The algorithm takes inputs including a warehouse
configuration with pickers, shuttles, and areas, as well
as order arrival events. It sequentially allocates orders
to the elements of the warehouse, ensuring that the
limitation on capacity is respected and the number of
late orders is minimized.

3.2. Solution Methods

A DRL solution is applied on the aforementioned
OBSP. Also a heuristic solution is applied to use as a
benchmark. The details of the applied methods are
given in the following sections.

3.2.1. Deep reinforcement learning basics

RL is a type of machine learning where an agent learns
to make a sequence of decisions (actions) within an
environment to maximize a cumulative reward signal.
Upon taking an action, the environment responds with
a reward and possibly a new state. The aim of the agent
is to acquire an optimal policy which makes its long-
term reward as large as possible. The conceptualized
model of RL can be viewed in Figure 2.

DRL is a subfield of machine learning that merges
principles from RL with deep learning techniques, to
enable agents - the learner or decision maker that
interacts with the environment - to learn how to make

decisions.
™| Agent
state| [reward action
S R, A,
R
_S.. | Environment

Figure 2. A conceptual model for reinforcement
learning [17]

DRL has shown remarkable achievements in numerous
fields such as robotics, gaming, autonomous driving,
finance, and healthcare. It poses significant challenges,
including sample inefficiency, instability during
training, and the need for extensive computational
resources. However, recent advances in algorithms
(e.g., deep Q-networks, policy gradient methods),
hardware (e.g., GPUs, TPUs), and environments (e.g.,
simulation platforms like OpenAl Gym) have
accelerated progress in DRL research and applications.

Considering that the OBSP involves making
consecutive decisions in presence of uncertain demand
and postponed rewards (order batching might decrease
the capacity for other orders usage, possibly causing
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delays), Deep Reinforcement Learning (DRL) may be
an appropriate method for a solution.

3.2.2. Simulation model

Simulation environments are necessary develop, test,
and refine RL agents in a safe, efficient, and cost-
effective manner. The simulation environment for the
DRL agent for our spesific OBSP has been developed
using OpenAl Gym [16]. There exist seven entities
which are shuttle, picker, order/batch, product tote,
batch tote, carton box and queues in the simulation
model. Entities can carry data by means of its attributes.
Whenever an entity moves between the parts of the
warehouse, an event is triggered. There exist four main
events which are arriving, picking, order consolidation
and shipping.

The simulation model's environment interacts with the
DRL agent to facilitate learning. It is structured as a
semi-Markov decision process (SMDP), comprising
transition times, a finite state space, a set of actions, and
a reward function. The DRL agent tries to solve
instances within each episode, that is comprised of a
sequence of states, actions, and rewards, terminating
when all orders are fulfilled or when an excessive
number of late orders accumulated.

State space is represented with three main components:
the number of orders that are not processed yet,
available capacity and extra information such as the
count of late orders, the count of fulfilled orders, and
the present simulation time. Action space is formulated
so that there are two actions - single-select and multi-
select - for each order category plus the “do nothing”
action when there is no available capacity, there are 11
actions totally. Taking an action in case of no order or
choosing an order when there is no capacity is
considered to be an infeasible action. In such instances,
the state remains unchanged, and orders remain
unprocessed. If wait action is chosen when there are
orders and capacities, it is also an infeasible action and
not performed. The action and state formulas are taken
from [5].

The reward function similar to the reward function in
[1] is shown in Equation 1, a reward proportional to the
finished order percentage by the conclusion of the
episode, with penalties imposed for late orders and
infeasible actions. w is the sum of the count of late
orders and count of non-processed orders. N is the total
count of orders. Then, 1 — w/N is the ratio of the
processed orders before their cut-off time, and the
reward exponentially depends on this value. An
environment is simulated for the agent to know how the
state changes as a result of its actions. The engagement
between the agent and the simulation model is shown
in Figure 3. After action a is performed, the simulation
model simulates the action till state s changes to s’. At
the time that orders arrive or available capacity increase
or decrease, the state changes. When orders are ready
for shipping, tardiness information is received.
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-0.5 if infeasible action
rs,as)=_ -15 if late order (1)
(1-w/N)? if episode finishes
L0 otherwise —

Transition time t is minimal when capacities are
available, but it increases significantly when the wait
action is selected. The agent needs to learn the actions
for each Ocjijek, and the capacities needed for each of
the actions. This is encouraged by giving a penalty for
infeasible actions.

Figure 3. Interaction of the DRL agent with the
simulation model [1]

3.2.3. Proximal policy optimization

Proximal Policy Optimization (PPO) introduced by
[18] is a cutting-edge RL method designed to optimize
policies for decision-making tasks in environments
with complex and continuous action spaces. PPO is a
member of the policy gradient methods family that
directly learn the optimal policy through gradient
ascent on the objective function. PPO finds applications
in various industries including gaming, robotics,
finance, healthcare, and autonomous systems and it has
been proved that PPO achieves good stability, sample
efficiency and robustness in various environments
[19][20].

PPO algorithm is chosen to be applied to OBSP. One
of the reasons is that it is an extension of Trust Region
Policy Optimization (TRPO) and Actor Critic with
Experience Replay (ACER) algorithms which are both
extensions of DQN -the first developed DRL
algorithm- with the recent improvements. Another
reason is reducing computational expenses. Since PPO
only updates policies instead of individual states as in
DQN, training time is significantly reduced. The third
reason is the success of PPO algorithm in coming by a
more general strategy so that it can be applied to
another warehouse settings later on.

Self-dependence of training data on the policy creates
instabilities in the process of training in RL. Besides,
parameter tuning is sensitive in a considerable amount.
PPO solves these problems of RL.

PPO is an online learning algorithm as opposed to
DQN, which means it learns directly from encountered
experiences rather than storing and replaying. This
method employs a policy gradient approach,
necessitating the computation of an estimator for the
policy gradient and its utilization within a stochastic
gradient ascent algorithm. Gradient estimators has a
common form in Equation 2. In neural network
implementations, gradient estimator can be obtained by
differentiating objective function in Equation 3. The
policy 7y takes states as input and proposes actions as
log probabilities. A, is the advantage function which is
the comparative value of chosen action for current state.
It is the difference between cumulated and discounted
sum of rewards G; and the baseline estimate.

g= Et[79109”0 (ar v St)At] (2)
LP¢(0) = E; [109”6 (ar v St)At] (3)

G is formulated in Equation 4. y indicates the discount
factor which is a value in [0,1], so the importance of
future rewards are less than the close ones. A, is
calculated after all rewards in the episode is collected.
Baseline estimate is the value function in state s;, which
is produced by the neural network and has some
variance. A, indicates the comparative value of the
chosen action over the expectation of the state.

Ge =Ry + YRey1+..= Yo V¥ Res (4)

Due to the parameter updates of the neural network
extending beyond the range of collected data,
advantage function predicts the wrong estimate. This
problem is solved in TRPO formulated which is also
the basis for PPO. A limit on the policy update
magnitude is applied as in Equation 5.

mngEt [M At], subject to KL

Too1a(arVst)

ﬂ.'ggld(ne) <6 (5)

However, this additional overhead of KL constraint in
optimization process can cause problems in training.
This is solved by the clipping operation in the objective
function of PPO as formulated in Equation 6.

_T6(@eVse) o denoted by r,(6). Expectation over the
Tgold (AtVst)

minimum of two terms is calculated. First term is the
default objective, and the second term is obtained by
applying a clipping operation on the first term where
€is between 0 and 0.2.
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Algorithm 1 PPO for DeepRele

PPO Initialization
Simulation model initialization create interaction between agent and model
for episode = 1 to T-steps do
Load dataset set and initialize problem instance
sample action a; using current policy 7y
if Action == Feasible then
Let environment simulate action a; and receive reward r; and the next state s;4;
else
Receive penalty r; for infeasible action
St4+1 = St
end
end
Compute advantage estimates Ay....., Ag
Optimize L;. via minibatch gradient descent
Ty Oo1a
if end of episode then
‘ ‘H'('ilk
end

Figure 4. PPO Algorithm for the proposed warehouse system [1]

LELP (0) = Ey[min (r(0) Ay, clip(ry(6),1 — €,1 + e)A,)]
(6)

The PPO objective function is created by adding extra
terms to L¢P (0) as in Equation 7. L,""(8) updates
the baseline network. S[mg](s;) encourages
exploration. ¢1 and c2 weights are hyperparameters to
be adjusted.

LtCLIP+VF+S(9) — Et[LtCLIP(G) _ C1L1VF(9) +
c2S[mg](s1)] (7)
PPO training algorithm for the proposed warehouse
system is shown in Figure 4.

3.2.4. Heuristic algorithm

Least Slack Time (LST) rule which is a heuristic
method that assigns a priority to the orders with least
slack times is applied as a benchmark. Slack time is
defined as the difference between the amount of time
until the due date of the order and the total processing
time. When slack time turns negative, single-select is
applied. Our algorithm for LST batching and
sequencing rule is as follows:

1. Orders are ordered by ascending cut-off times

2. Orders are grouped into batches or single orders
according to greedy rule

3. Slack time of each order/batch is calculated

4. If there are batches that have a negative slack time,
those are dismantled into single orders

5. Order/batches are ordered by ascending slack time

6. First order/batch in the list is selected to be

processed

3.3. Experiments
Order arrival events dataset shared by [21] is utilized in
this research. It is a public dataset that includes
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purchase data from April 2020 to November 2020 from
a major online retailer of home appliances and
electronics. The dataset includes the information of
order arrival times and products in each order, which
are interested for OBSP. The other required
information for our algorithm, such as the stock
location of items and the composition of orders are
generated in the scope of this work. The dataset is
chosen because it is e-commerce purchase history data
which is suitable for the proposed warehouse system.
The dataset includes 1.4M orders and 2.6M items in
total. It is observed that order arrivals are concentrated
on morning hours, see Figure 5 for order arrival
distribution.

Some preprocessing steps are done to simplify the
problem, such as removing the outliers which are
orders consisting of 10 or more items and orders
containing more than one from the same SKU. Only
hours between 06:00 and 12:00 is taken into
consideration since these are the busiest hours.The cut-
off times are generated since they do not exist in the
original dataset, however cut-off times will be applied
to decide the tardiness of the order. Two cut-off time
settings with every hour or 15 minutes between 07:00
and 13:00 are examined. Items that are purchased
before 12:00 will be delivered same day, so orders
before 12:00 are processed same day and have cut-off
times before 13:00. A pareto analysis has been done,
and the most frequently ordered items are placed in PtG
stock whereas the others are placed in GtP.

Scenarios are created from the order arrivals dataset
processed according to these assumptions. Each
scenario is analysed for different order throughput and
resource settings and with settings in Table 1 between
06:00 and 12:00. Orders before 06:00 are not
considered. All orders that are not processed between
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release and next cut-off moment are considered to be
tardy.

300000

250000

200000

Count

150000

100000

50000

o
10
Hour

Figure 5. The distribution of order arrivals aggregated
over a span of 30 days

Order arrivals have been released to the simulation
environment at the start of the hour or once in every 15
minutes depending on the scenario. Then, it is decided
which orders will be picked and whether it will be a
batch or a single order. The decision is a result of the
learned policy of the agent in DRL experiments, and
depends on a rule in heuristic experiments. After the
items for the order/batch is picked, it follows the
designated path in our spesific warehouse environment.
The orders are accepted to become tardy when their
shipping time exceed the cut-off time specified for each
scenario.

Table 1. Different scenarios applied for order arrivals

dataset

Scenario A B
Length of run 1 hour 1 hour
SKU PtG - 70% PtG - 70%
distribution GtP - 30% GtP - 30%
Order releasing Every hour Every 15
times minutes
Cut-off times Every hour Every 15

minutes

Same experiment setup has been applied for both
heuristics and DRL algorithm to be able to compare
them. Two different order throughput setting has been
applied for each scenario, which are 360 and 500 orders
per hour. Resources are 9 pickers, 15 shuttles, 1 DtO
zone, 1 StO zone and 1 packing zone for all
experiments. The number of warehouse resources and
order throughput values have been determined by
running  heuristic  experiments  several  times
beforehand, and trying to achieve a low percentage of
tardy orders. Four experiment have been done with
LST, symbolized with [st360_3600, Ist360_900,
Ist500_3600 and Ist500_900. The first number in the
model name symbolizes the order throughput and the
second number symbolizes the order arrival interval in
terms of seconds.
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For the DRL algorithm experimentation, a training step
is also required. Train and test datasets are obtained by
splitting the original dataset randomly, and getting 70%
for training, and the remaining 30% for testing. PPO
algorithm is utilized for training, the model is trained
for 1000000 steps. The step size, the number of steps
per update is 1024. The discount factor is 0.9999.
MlpPolicy is used as policy model. The clipping
parameter is 0.2. Learning rate is 0.0003. The other
parameters are all default values. Four models are
trained: a360 3600, a360 900, a500 3600 and
a500 900. The first number in the model name
symbolizes the order throughput and the second
number symbolizes the order arrival interval in terms
of seconds.

The results are examined and compared in terms of
tardy order percentage. Also, robustness and action
strategy of the DRL solution are investigated.

All experiments are conducted on the same virtual
machine on Microsoft Azure. The virtual machine is
Standard D16as v5 size (16 vcpus, 64 GiB memory)
and has a Linux (ubuntu 20.04) operating system. For
training and testing the PPO model, stable-baselines3
package [22] and PyTorch [23] is used, and
Tensorboard is used for monitoring the behaviour of the
agent.

IV. RESULTS AND DISCUSSION

4.1. Tardy Order Percentages

To adjust the reward formula, different weights for
penalties are tested for 1 hour order arrival interval and
for 360 and 500 order throughputs. The effect of
different reward formulas in terms of tardy order
percentages can be viewed in Table 2. First we had
applied smaller penalties, and after some trial and error,
we decided on larger penalties. The weights for small
penalties are -0.005 for infeasible action and -0.0075
for tardy order which are the weights used in [1],
whereas for large penalties they are -0.5 and -1.5
respectively. Larger penalties resulted in more
difference for higher order throughputs.

The reward formula is a fundamental component in RL
that directly impacts how the agent learns and behaves.
Its design requires careful consideration to ensure that
it effectively guides the agent towards the intended
goals while avoiding pitfalls and promoting efficient
learning. The choice between large and small penalties
in RL depends on the specific requirements and
constraints of the task. By providing a strong deterrent
against suboptimal actions, large penalties can help the
agent converge to a better policy more quickly, as it
more decisively learns which actions to avoid.
However, they can cause instability. Small penalties, on
the other hand, allow the agent to explore the
environment more freely, understanding a broader
range of actions and their outcomes without being
overly discouraged by mistakes. However, they lead to
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a slower convergence. On our spesific problem, smaller
weights might not have been sufficient to strongly
discourage tardy orders.

Table 2. Tardy Order Percentage for Different
Reward Formulas with Standard Deviation Given in
Paranthesis

Trained Penalty Weights ~ Mean (%)
Model

a360_3600  (-0.005, -0.0075) 1.91(1.79)
a360_3600  (-0.5,-1.5) 1.6 (1.74)
a500_3600  (-0.005, -0.0075) 12.15 (10.15)
a500_3600  (-0.5,-1.5) 8.51 (2.24)

After deciding on the reward formula, 4 different
models are trained with the PPO algorithm for 360 and
500 order throughputs, and 1 hour and 15 minutes order
arrival intervals. The models are tested for 20 episodes.
LST rule has been applied on the same settings for same
number of episodes and the results are compared for
each setting. Table 3 shows the resulting average tardy
order percentages and standard deviations.

Table 3. Comparison of Tardy Order Percentages of
LST and PPO Algorithms

Experiment Mean (%) Standard
Deviation(%)
Ist360_3600 3.73 2.68
a360_3600 1.91 1.79
Ist360_900 0.0 0.0
a360_900 0.0 0.0
Ist500_3600 24.83 3.17
a500_3600 8.51 2.24
Ist500_900 23.2 12.01
a500_900 8.3 9.1

It is observed that the agent trained with DRL achieves
around a one third lower tardy order percentage for all
settings when compared with the benchmark of applied
heuristic. The higher order throughput values result in
higher tardy order percentages as expected. The mean
values are slightly lower when an arrival interval of 15
minutes applied, however the standard deviation is
higher in that case. We observed that the amount of
decrease in tardiness when DRL applied is significant
especially when the amount of orders to be processed
is higher.

The overall performance of the DRL agent in terms of
tardy order percentages is higher than the heuristics,
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which is compatible with the previous studies [1][5]. It
shows that RL can be an effective solution for
achieving a lower tardy order percentage in logistics
due to its ability to learn optimal strategies through
interactions with the environment. It may be a
promising method for the tight delivery schedules and
order uncertanties frequently encountered in today’s
logistics solutions.

4.2. Action Strategy

The actions taken by the agents on each episode for
different order throughput values and order arrival
interval of 1 hour are logged during training and
visualized in Tensorboard as shown in Figure 6. The
last chart shows do nothing action which is selected
when there are no capacity or available orders. Actionl,
action3, actionb, action7 and action10 represent single-
select actions whereas the others represent multi-select
actions. First 4 actions are for picking single item
orders, whereas the others are for multiple item orders.
Actionl, action2, action5 and action6 is for picking
items that are stored in PtG stock. Action3, action4,
action7 and action8 is for picking items that are stored
in GtP stock. Action9 and action10 is for picking items
from both PtG and GtP stocks.

The count of average performed actions per episode is
higher in case of a high order throughput almost for all
actions. It makes sense because more actions will be
required to pick more orders. The results are only
different for actionl and action5. Actionl and action5
was for picking items by order from PtG stock area.

Our agent may take a multi-select decision instead of
single-select for a high order throughput value for PtG
stocks only because total picking time for PtG
decreases more than GtP when orders are batched. To
explain it with an example; suppose that they will be 3
items in the batch. Then, total picking time will be
roughly 3x30+100=190 to pick them from PtG, and
roughly 3x15=45 for picking them from GtP. When not
batched, the time will be (30+100)x3=390 for PtG
stock and will not change for GtP. There is a constant
value symbolizing the time for picker to arrive to the
location of the item in PtG stock, which explains the
decision of the agent.

The distribution of numbers of actions diverses mostly
in action2, action6 and action8. Action2 increases for
the low order throughput value, whereas it decreases for
the high order throughput value. For action6 and
action8, the situation is the vice versa. All of them are
multi-select actions. The difference between the
categories these actions address is that action 2 is for
single item orders, whereas action 6 and 8 is for
multiple item orders. We can make an inference that
our agent improves a strategy to select multi-select
actions more for single item orders and less for multiple
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Figure 6. The mean number of actions executed per episode for different order throughputs during training for 1
hour arrival interval

item orders when total number of orders is high. It may
be because of that batching single item orders requires
less time to process orders at areas. For the case of
smaller arrival intervals, the same strategy
development is not observed.

Generally, the number of do-nothing actions is smaller
for a low order throughput value. It may be because of
resource deficiency met when high number of orders
started to be processed in our warehouse environment.

Developing an action strategy is essential for an RL
agent’s success. It provides the framework within
which the agent learns and makes decisions, ensuring
that the agent can efficiently and effectively navigate
its environment to achieve the desired goals. By
monitoring the actions taken by our RL agent during
training, it is observed that it develops an action
strategy to achieve a lower number of tardy orders in a
capacity constraint environment.

4.3. Robustness Analysis

The agents trained on 360 and 500 order throughputs
are also tested on 500 and 360 orders respectively for
different order arrival intervals, to observe how will
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they behave when there is a lower or higher order
throughput is experienced than they are trained on.

Resulting tardy order percentages can be viewed on
Table 4. It is observed that the agent trained on 500
hourly orders processes all orders in time when it met
360 hourly orders. The other agent which is trained on
360 hourly orders, does not perform as well as the one
trained on 500 orders as expected. However, it can still
achieve better than the heuristic approach.

Table 4. Tardy Order Percentage for Models Tested
on Different Order Throughput Values Than They

Trained
Trained Model Test Order Mean (%)
Throughput
a360_3600 500 18.97 (2.73)
a360_900 500 0.57 (1.55)
a500_3600 360 0.0 (0.0
a500_900 360 0.0 (0.0)
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The behaviour of the RL agent in case of order
uncertainty and variability is important since it is a case
that frequently occurs in today’s warehouses,
especially in e-commerce. It is shown that the the
proposed RL solution may cope with the order peeks,
and exhibit an acceptable performance.

V. CONCLUSION

In this research, the performance of a DRL solution on
an OBSP problem with an objective of minimizing the
tardy order percentage is investigated. The results are
compared to a heuristic solution which is applied on the
same warehouse environment and order arrival dataset.
The following conclusions are obtained:

1. DRL with an LST applied for sequencing gives
better results than LST batching and sequencing on
our spesific problem for all of the applied
scenarios.

The proposed solution is robust to changes in order
throughput.

It is observed that our agent develops an action
strategy that will decrease the time for an order to
be prepared.

The DRL model may be improved by including
different techniques for optimizing reward function,
further investigating different model parameters. There
exists studies with the methods based on PPO and
proved to have a better sample efficiency [24][25].
Following up recent improvements in RL algorithms
and including in our solution may improve the results.
For a better simulation of a real life problem, higher
order throughputs may be experimented and a more
detailed warehouse simulation may be used. Other
performance metrics such as maximization of the
utilization of resources may be measured to investigate
the versatility of the solution.
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Oz

Calisma siirecinde, kiresel beklenti ve taleplerin sirekli degiserek giincellendigi iklimlendirme sistemlerindeki sogutucu
akiskan kullanimi gevresel ve termal faktorlerce irdelenerek degerlendirme sonuglari ortaya konulmustur.Calismada kiyas
elde edebilmek amaciyla pazardaki en biylik paya sahip sogutucu akiskanlardan R134a ve R404A’nin yaninda; bu sogutucu
akiskanlar ile ayni aileden, ozonu agindirma potansiyeli (ODP) ve kiiresel isinma potansiyeli bakimindan (GWP) ¢evre etkileri
en az olarak goriinenlerden R32 sogutucu akiskani ile beraber giinimiizde kazandigi ivme ile gelecektede kullanimindan s6z
ettirmesi beklenen halojen icermeyen dogal sogutucu akiskanlar grubunda nitelendirilen ve olumlu gevresel etkileri ile 6ne
¢tkan R290 sogutucu akiskanlari ele alinmis, her bir sogutucu akiskan icin benzer sogutma kapasitesi saglayacak sekilde pano
klimasi 6zelinde analitik termal tasarimlar yapilmis ve tim parametreler genel bir kiyasa tabi tutulmustur.Farkli cevresel ve
termofiziksel etkiler barindiran akiskanlarin degerlendirilmesi ile aradaki farklarin agik¢a ortaya konulabilmesi hedeflenmistir.
Calismada detayl sistem tasarimlari matematiksel ve pratik kuramlar ile gergeklestirilmis, diger muadiller ile gevre, enerji,
surdurdalebilirlik, isletim, verimlilik, glivenlik, konularinda analizler yapilarak kapsamli bir gerceve olusturulmasiamaglanmistir.
Sistemlerin termal performans degerlendirmesinde Olglit olarak alinan ve matematiksel olarak sunulan; is1 esanjori
verimliligi, kompresor hacimsel verimi ve sikistirma oranlari, sistemlerin genel eneriji tiiketimleri, enerji ve ekserji verimlilik
analizlerinin her birinde R290 ve R32 sogutucu akiskanlarinin diger iki sogutucu akiskana karsi avantaji ortaya konulmustur.
R290 ve R32 sogutucu akiskanlarinin sahip oldugu bu termal performans avantajlarinin yanina, CO, esdegeri sarj miktari
analizi ile degerlendirilen gevresel etkiler bakimindan da avantajlari eklenerek tim analizlerde basta halojen icermeyen dogal
sogutucu akiskan grubu Uyesi R290 olmak lizere R290 ve R32 sogutucu akiskanlarinin 6nde oldugu tespit edilerek
sunulmustur.Bu galismanin ele aldigi Griin gamindan yola ¢ikip daha yiiksek oranlarda kullanim ile ¢evresel faktorler ve iklim
degisikligi konularina dikkat cekmesi hedeflenmektedir.

Anahtar Kelimeler: Enerji, HVAC, Pano Klimasi, Sogutucu Akiskan, Verimlilik

Abstract

The study aimed to evaluate the use of refrigerant in HVAC systems, where global expectations and demands are constantly
updated, with environmental and thermal factors.In order to obtain a comparison in the study, in addition to R134a and
R404A, which are the refrigerants with the largest share in the market; R32 refrigerant, which is from the same family as
these refrigerants and appears to have the least environmental impact in terms of ozone depletion potential (ODP) and global
warming potential (GWP), and R290 refrigerants, which are in the group of natural halogen-free refrigerants, are discussed.
Analytical designs of cabinet air conditioners were made to provide similar cooling capacity for each refrigerant and all
parameters were compared.lt is aimed to clearly reveal the differences by evaluating refrigerants with different
environmental and thermophysical effects.In the study; It is aimed to create a comprehensive framework by analyzing the
issues of environment, energy, sustainability, operation, efficiency and safety among refrigerants. In thermal performance
evaluation of systems; The advantages of R290 and R32 refrigerants over the other two refrigerants were revealed in each of
the heat exchanger efficiency, compressor volumetric efficiency and compression ratios, general energy consumption of the
systems, energy and exergy efficiency analyses. In addition to these thermal performance advantages of R290 and R32
refrigerants, their advantages in terms of environmental effects have been added with the CO, equivalent charge amount
analysis.Thus, in all analyses, R290 and R32 refrigerants, especially R290, a member of the halogen-free natural refrigerant
group, were found to be at the forefront and presented. Based on the product discussed in this study, it is aimed to draw
attention to environmental factors and climate change issues with higher usage rates.

Key Words: Energy, HVAC, Cabinet Air Conditioner, Refrigerant, Efficiency
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I.GIRIS
Sogutma, iklimlendirme sistemlerinin hizmet ettigi
bireysel sahalarda konfor 6n plana c¢ikarken;

endustriyel sahalarda glvenlik, sureklilik, stabilite ve
ekonomik faktorler 6n plana ¢ikmaktadir.

Endiistriyel tip pano klimas1 uygulamalarinda kontrol,
kumanda ve haberlesme panolarinda elektriksel
komponentlerin yaydigi 1s1 yiikii bertaraf edilerek pano
icindeki bilesenlerin 1s1 ve nem dengesi dis ortam
kosullarindan bagimsiz olarak saglanmakta olup
sistemlerin  bakim, ariza, komponent degigimi,
duruslardan kaynakl kayiplarinin 6niine gegilmis olur.

Kiiresel bakigta her gegen giin artan haberlesme,
uzaktan erisim, bireyler arasinda mesafeden bagimsiz
kurulan sosyal aglar, giindelik islerin her gegen giin
teknoloji diinyasina adapte olusu beraberinde daha
efektif haberlesme ve veri ¢éziimleri olusturmus, bu
kapsamda her gecen giin sistem panolarinin yaydigi 1s1
miktar1 artma egilimi géstermistir.

Bir sogutma c¢evriminin 1s1 transfer mekanizmasi
sogutucu akigkanlar vasitasiyla yuritiliir. Is1 alis
verigini faz degisimi esnasinda ortam sicakligini
referans alarak gerceklestirirler. Buhar sikistirma
¢evrimleri ile ¢alisan sogutma makinalarinda bu husus

gecerlidir. [1]

Endiistriyel kompakt tip pano klimalari, mekanik
sikistirmali buhar ¢evrimi prensibiyle ¢alisan klasik
sogutma makinalar1 ile ayni sistem elemanlar1 ve
calisma dongiisiine sahiptir. Bu sistemleri diger
sistemlerden ayiran en 6nemli &zellik i¢ ve dis {linite
ayrmmi olmaksizin tek govdede kullanim sansi
sunabilmeleridir. Endistriyel sahada genellikle 250
watt — 10000 Watt sogutma kapasitesi arasinda {irtinler
bulunmaktadir.

Calismanin sogutucu akigkan penceresi irdelendiginde;
HVAC endiistrisi  1900’lerin  baglarinda ortaya
¢iktigindan bu yana muazzam sekilde biiyiidii ve birgok
degisiklik gegirdi. Sadece donanim ve teknoloji
gelismekle kalmadi, ayni zamanda bu sistemlerde
kullanilan sogutucu maddeler de ¢ok gelisti. [2]

General Motors arastirma laboratuvarlarinda Charles
Kettering’in yoOnetiminde g¢alisgan Thomas Midgley,
1928°de kloroflorokarbonlar (CFC’ler) olarak bilinen
sogutucu akiskanlar1 icat etmekle tanimmaktadir.
CFC’ler ve onlarin yakin akrabalart olan
hidrokloroflorofarbonlar (HCFC’ler), o zamanlar
yaygin olarak kullanilan sogutucu akiskanlarin yanict
ve toksik olmayan en givenli alternatifleriydi [2].

CFC-11, CFC-12 ve HCFC-22 gibi CFC’ler ve
HCFC’ler, o zamana kadar kullanilan Kiikiirt Dioksit
(50,), Metil Klorir (CH;C0) ve Amonyak (NH5) gibi
yaygin sekilde kullanilan yanict ve toksik sogutucu
akiskanlarin yerini neredeyse tamamen aldi [2].

1974’te Frank Rowland ve Mario Molina, CFC’lerin ve
HCFC’lerin yiiksek kararliliklart ve uzun Omiirleri

sayesinde atmosferin st katmanlarma, 06zellikle
stratosfere erisebileceklerini, orada UV 1sinlarina
maruz kalacaklari i¢in ayrisacaklarini ve klor atomlari
aciga cikartacaklarini 6ne stirdiiler. Ayrica serbest klor
atomlarinin nihayetinde ozon molekiillerini (03)
pargaladigi ve bundan dolay1 da stratosferdeki ozon
miktarini azalttigi bir kimyasal reaksiyon meydana
gelecegini de 6ne siirdiiler [2]. Bu ¢aligmalar siireklilik
kazanarak sogutucu akigkan doniistimiiniin
hidroflorokarbonlar (HFC) ve hidrokarbonlar (HC)
seklinde ilerleyerek devam etmesinin yolunu agmustir.

Bu sogutucu akigkan doniisiimii kiiresel bazda da
siirekli olarak giincelligini saglamis otoritelerin ortak
tavirlarinin gostergesi olmustur. Bu baglamda en fazla
etki saglayan protokol ve diizenlemeler;

1- Rowland ve Molina’nin bulusuna takiben
Birlesmis Milletler Cevre Programi (UNEP),
1987 senesi slrerken “Ozon Tabakasini
Olumsuz Etkiler Birakabilecek Maddelere
fliskin Montreal Protokolii” imzalandi. Bu
anlagma, o giine dek Birlegsmis Milletler’in
sponsorlugunu yaptigi en basarili uluslararasi
anlasma olarak kabul edildi [2].

2- Kigali degisikligi, hidroflorokarbonlarin
(HFC) dretimini ve kullanim siireglerini
kontrol altina alip iklim degisikligine karsi
verilen micadelede biyik bir unsur olarak
one ¢ikmistir. HFC endustriyel proseslerinin
kontrolli, CFC'ler ve HCFC'ler ile beraber
ozon tabakasina olumsuz etkiler barindiran
bilesenlerin azaltimi1 vasitasiyla Montreal
Protokolu ile elde edilen olumlu iklim
unsurlarina katki sunmustur [3].

3- Avrupa Birligi tizerinden 2006 senesinde
yayina sunulan EC 842 /2006 ve 1 Ocak 2015
itibariyle isleme koyulan (EC) 517/2014
Florlu  Gazlar  Yonetmeligi  (F-Gaz),
hidroflorokarbon (HFC) tipinde sera gazlarini
kapsayan sogutma sistemlerinden sorumlu
isletmeci, operator ve saha servis yetkilileri
icin belli zorunluluklar barmdirmaktadir [4].

Calm yapmis oldugu calismada, tiim bu doniigiimleri
dikkate alarak sogutucu akigkanlarin nesillerini
belirtmistir [5].
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Sekil 1’de sogutucu akigkan nesilleri ve bu nesillere ait
ornek sogutucu akigkanlar verilmektedir.

dérdinca nesil(2010 -)
kuresel isinma

=25 0 odp, diigik GWP,

= kisa de yok olma

e dglincd nesil stresi, ytksek verimlilik
ikinci nesil
1931 - 1990)

emniyet ve
dayanikhiik
CFCler, HCFC ler, HFC ler,
NH3, H20.

(1990 - 2010)
ozonun k

HCFC ler, HFC ler, NH3,
€02, H20, CFCler..

Sekil 1. Gegmisten Bugiine Sogutucu Akigkanlar
[5]

Calismada konu alinacak sogutucu akigkanlardan
R134a, R404A ve R32 HFC ailesine dahil iken, R290
ise HC ailesine dahildir. Bu sayede piyasa kullanimi
yiksek olan farkli ailelerden sogutucu akigkanlar
arasinda bir kiyas kurulmasi hedeflenmektedir.

Sekil 1’ de calismada detaylandirilan akigkanlardan
R290’1in dahil oldugu HC ailesinin bazi iiyelerinin
kimyasal bilesimi nedeniyle birinci nesile, gevresel
ozellikleri nedeniyle de doérdiincii nesile yakin oldugu
gortlmektedir. Bu baglamda Abas N. ve ark., [25]
¢aligmalarinda bu konuyu inceleyerek sogutucu akigkan
ailelerini detaylandirmislardir.

Sekil 2’de detayli sogutucu akiskan doniigiimiiniin
zaman ¢izelgesi verilmektedir.

Gegmis $imdi Gelecek
&
:‘:/sh Air
2 CO;
2 S0,
° 'NHy
e o
= H,0 T
:_§ Halojen Hidrokarbonlar HCFCs GJ:’; l
& cely CFOSNN HFCs 23
1800 1850 1900 1950 2000 2050 2100 =

Sekil 2. Detayli Sogutucu Akiskan Doniigtimii [25]

Sekil 2°de goriildiigii tizere Hidrokarbon (HC) sogutucu
akiskanlar HVAC uygulamalarmm ortaya ¢iktigi ilk
yillarda da kullanim alani bulmugken 2000°1i yillardan
baslayarak 2100 1i yillara kadar gelecek kullanimi
bakimindan da potansiyel olarak degerlendirilmektedir.

[Ik yillarda kullanim alam bulan tiirleri genellikle
halojenlerken, son dénemde ve gelecekte kullamminin
artmas1 beklenen tiirleri ise halojen igermeyen cevre
dostu sogutucu akiskanlardir. Bu nedenle ele alinan
R290 akigkaninin arttirilan ve arttirilacak kullanimi
gozetilerek caligma da ele alinmistir.

Emani, M. S. ve ark. [26] yaptiklar1 ¢alismada halojen
icermeyen sogutucu akigkanlart gelecegin sogutucu
akigkanlar1 olarak tanimlamuglardir. Halojen icermeyen,
dogal R290 sogutucu akigkani bu baglamda
degerlendirilebilir.
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Literatiir anlaminda her ne kadar sogutucu akiskanlarin
bircok farkll sogutma sistemi tizerinde
degerlendirilmesi Uzerinde durulsa da, hem pano
klimalarinin birim sogutma kapasitesinin diigiik olmasi
hem de sektdrel olarak kullanimmin son dénemdeki
teknolojik gelismelere bagli olarak artisi nedeniyle
kendi sahasmi yeni olusturmasi ile ilgili bir literatur
¢aligmasi bulunmamaktadir. Bu ¢alismanin bu noktada
literatiire 6zgiin deger kazandirmasi hedeflenmektedir.

Calismanin sogutucu akiskan boliimiiniin 6zgiin degeri
degerlendirildiginde ise, diger calismalardan farkli
olarak hem cevresel hem termal faktorler birbiri ile
kiyaslamali olarak verilerek ¢aligma sonunda elde
edilen tiim faktorler bakimindan fikir birligine varilmasi
hedeflenmistir. Bu duruma ek olarak muadil
caligmalarda kiyaslamalar iki farkli sogutucu akiskan
grubu (zerinden gitmektedir. Bu calismada, populer
sogutucu akigkan ailelerinin baginda gelen ve azaltim
takviminde degerlendirilen HFC ailesinden hem en ¢ok
kullanilanlari hem de ¢evresel etkileri en az olanlardan
bir tyesi ele alinmus, her ti¢ sogutucu akiskanda halojen
icermeyen dogal sogutucu akigkanlar kategorisindeki
R290 ile kiyaslanarak birebir kiyas yerine ¢oklu kiyas
elde edilmigtir. Bunun disinda temel olarak literatiirde
direkt bu dort sogutucu akigkanin birbiri ile kiyaslamasi
konusunda bir ¢aligma bulunmamaktadir.

1.1. Literatiir Arastirmasi

Tezin ¢ikis noktasinda bulunan sogutucu akiskanlar ve
sogutma sistemlerinin termal dizayn1 kapsaminda
birgok caligma yapilmis ve kiiresel bakisin tepkisi daima
giincel tutulmustur. Bu baglamda incelenen ¢aligmalar
su sekilde analiz edilebilir.

Alarko Carrier [2], ilk ¢ikis noktalarindan bu yana
sogutucu akigkanlarin gilincel pazar donistimiini
incelenmistir. Bu baglamda oncelikle 1900’li yillarda
ortaya ¢ikan HVAC endiistrisinin ilk etaplarinda
kullanilan yanict ve toksik sogutucu akigkanlar
aciklanmig ardindan bunlarin yerini
kloroflorokarbonlar’in (CFC) alis siirecinin aktarilmigtir

(2]

Onat A. ve ark. [13], caligmalarinda dénem sartlarinda
sik kullanilan sogutucu akiskanlarin gevresel etkilerini
aragtirmis ve bu sogutucu akiskanlara alternatif
sogutucu akigkanlar iizerinde incelemeler
gerceklestirmislerdir.

CalmJ. ve ark. [5], sogutucu akigkan degisim siireclerini
bir sablona oturtarak sogutucu akiskanlart dort nesil
altinda incelemis, 2010’lu yillarin basindan itibaren
sogutucu akiskanlarda ¢evre parametrelerinin basi
cektigine deginmistir.

Abas N. ve ark., [25], yaptiklar1 galismada sogutucu
akiskan ailelerinin detayli ayrimi {izerinde durmuslardir.
Calismada detaylandirilan akigkanlardan R290’1n dahil
oldugu HC ailesinin bazi iiyelerinin kimyasal bilesimi
nedeniyle birinci nesile, cevresel dzellikleri nedeniyle
de dordiincii nesile yakin oldugu goriilmektedir. Bu
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konudaki karisikliklar1 gidermek adma olusturduklar
sogutucu  akiskan  tarih  g¢izelgesinde HVAC
uygulamalarinin en basinda kullanilan
Hidrokarbonlarm (HC) halojen igerikli oldugu, R290
gibi halojen igermeyen, dogal, yeni nesil sogutucu
akigkanlarin  ise  bugiinden baglayarak gelecek
kullanimma ayna tutarak konunun netlik kazanmasi
tizerinde durmuglardir. [25]

Erten S. ve ark. [29], sabit sogutma kapasitesine sahip
HFC R404A yaninda R290(propan) sogutucu akiskani
kullanilan iki adet buhar sikistirmali mekanik sogutma
gevrimi sistemini enerji verimliligi bakimindan
kiyaslamiglardir. Testlerde 25 °C sicaklik degeri sabit
tutulurken bagil nem de %60 seviyelerinde dengede
birakilarak kiyaslama gergeklestirilmistir [29].

COP degeri 2,5 olarak belirlenen R290 sogutucu
akigkani ile ¢alisan sistemin, COP’si 2,2 olarak tespit
edilen R404A sogutucu akigkanli sisteme gore avantaji
sunulmustur. Calisma sonucunda dogaya olumsuz etkisi
en diisiik diizeylerde olan R290 sogutucu akiskaninin
R404A’ya gore yaklasik %13-14 daha verimli oldugunu
ortaya koyulmustur. [29]

Zheng H. ve ark. [31], Caligmalarinda R134a kullanilan
bir soguk muhafaza sisteminde R290 kullanimini farkli
parametreler bakimindan degerlendirerek R134a’nin
1400 gramlik optimum sarj araligimi R290’m 600
gramda yakaladigini ortaya koyup R290’1n daha az sarj
miktar1 ile minimum ¢evresel salinim avantajini ortaya
koymustur. Ayrica sogutma performanst bakimindan
sistemleri degerlendirdiginde R290 sisteminin ortalama
sogutma  etkisinin, optimum sarj miktartyla
R134a'ninkinden yaklasik %52 daha yiiksek oldugunu
belirterek R290 ozelinde pozitif gevresel etkilerin,
termal etkiler ile dogru orantisini ortaya koyulmustur
[31].

Okudan M. O. [32], Sektorel kullanimi R134a ve
R404A ile benzer bicimde yiksek ve aymi kimyasal
aileye dahil olan R410A sogutucu akiskanini igeren
sogutma sistemlerine, ¢evresel etkiler bakimindan daha
olumlu sonuglara sahip muadil sogutucu akiskanlar
onerebilmek iizerinde ¢aligmalar yapmustir.

Bu baglamda GWP degeri diisiik ve kullanim alternatifi
olarak sunulabilecek muhtemel sogutucu akigkanlardan
R454B,R452B ve R32’nin termal performans verilerini
irdelemistir. Calisma O6zelinde sogutma kapasiteleri
degerlendirildiginde R-32 sogutucu akiskanin yer aldig1
sistemin diger muadillerine gére sogutma kapasitesinde
%6,67 artis saglandigini tespit etmistir. Ayn1 zamanda
caligma kapsaminda R32 sogutucu akigkanin gaz sarji
ve GWP etkisi bakimmndan da avantajlar
sunulmaktadir. [32]

Zeng M. ve ark. [33], Caligmalarinda (R134a/R290,
55/45), karigiminin R404 A sogutucu akiskaninin yerine
kullanilmasint  6nermek admna bir dizi analiz
gerceklestirmislerdir. Analizler sonucunda ayni kosullar
altinda karistmin  COP’si  R404A'ninkinden daha
yuksektir; buna paralel olarak sogutma kapasitesi
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R404A'ninkinden daha iyidir. Karisgtmi hacimsel
sogutma kapasitesi ve sikistirma orani agisindan
R404A'ya benzer bir tepki gosterdigini tespit etmislerdir
[33].

Termal performansi ¢evresel performans bakimindan da
degerlendirdiklerinde karigimin GWP'sinin
R404A'ninkinden %81,83 daha diisiik oldugunu ortaya
koymuslardir [33].

Sanchez D. ve ark. [34], deneysel ¢alismalarinda R134a
yerine kullanilabilecek 0 GWP oranina sahip ¢evreci bir
sogutucu akiskan tespit etmeyi hedeflemislerdir. Bu
hedefe yonelik baz aldiklari sogutucu akiskanlar1 O ve -
10°C evaporasyon sicakliklarinda degerlendirmislerdir.
Caligmalar sonucunda R290’in (propan), sogutma
kapasitesi ve COP acisindan en iyi sonuglari elde ederek
sirastyla %40,5-%67,4 ve %22,4—%2,8 arasinda bir
artis sagladigini ortaya koymuslardir [34].

Sisman S. ve ark. [22], c¢alismalarinda R404A’nin
yaygin kullanimina dikkat ¢gekmis ve bu noktadan yola
cikarak bu yaygmn kullanima disik GWP oranl
sogutucu akigkanlar ile bir muadil bulmay1
hedeflemistir. Yapilan ¢aligmalar sonucunda R32
sogutucu akigkaninin kritik sicaklik bakimindan 404A°
ya ve EER degeri bakimindan incelenen tiim sogutucu
akigkanlara kurdugu tstiinliik tespit edilmistir. Calisma
siirecinde yapilan tespitler 1s1ginda R404A sogutucu
akigkanli sistemlerde incelenen sogutucu akigkan
seceneklerine gegis ile GWP degerinin diistiriilmesinin
avantajlar1 sunulmustur. [22]

Erding M. ve ark. [10], 1s1 esanjorleri termal dizaym
konusunu incelemis, bu baglamda genel transfer
katsayisini elde etmek amaciyla kabul gormiis giincel
korelasyon ve bagintilar vasitasiyla i¢ ylizey ve dis
ylizey tasmim katsayisi hesaplarini gergeklestirerek
genel transfer katsayismi elde etmis ve sistem
kapasitesine ulagmanin yontemi lizerinde ¢alismislardir.

Ayni calisma Ozelinde genel sogutma kapasitesini
belirlemekte gerekli olan bir diger ana unsur olan
ortalama logaritmik sicaklik farki da incelenip analiz
edilmistir [10].

Ozsen M. ve ark. [12], kanatli borulu yogusturucu
esanjoriiniin, kabul goren farkli bagntilar iizerinden
matematiksel modellerini ortaya koymus, ardindan
tasarlanan sistemi testlere tabi tutarak gergek sartlar ile
matematiksel modeller arasindaki kaymayi ortaya
koyarak EUROVENT standardina gore kabul edilebilir
kayma miktarmi tanimlamistir.

Calisma oOzelinde kullanilan korelasyonlar ile reel
sonuglar arasindaki farkin 6nemli Olgiilerde degisim
gosterebilecegi agik¢a belirtilmistir [12].

Emani, M. S. ve ark. [26] yaptiklar1 ¢alismada halojen
icermeyen sogutucu akigkanlart gelecegin sogutucu
akigkanlari olarak tanimlamiglardir. Halojen icermeyen,
dogal R290 sogutucu akigkani da bu baglamda
degerlendirilebilir [26].
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Tablo 1’de bu alanda incelenen c¢aligmalarin genel
perspektifi sunulmaktadir.

Tablo 1. Literatiir Arastirmas1 Ozet

Calisma Caligilan Sogutucu Calisma icerigi
i Akiskanlar s cers
evresel Etkiler / Oluml
Onat A. ve ark. | Genel Sogutucu Akiskan Gev : - /Olu . !
[13] Nesilleri Cevresel Etkilere Dair
estiert Alternatif
CalmJ. ve ark. Genel Sogutucu Akiskan Sosutucu Akiskan Nesilleri
5] Nesilleri ogutucu Akigkan Nesilleri
Abas N. ve ark.,| Genel Sogutucu Akigkan Sogutucu Akigskan Nesilleri
[25], Nesilleri Detaylandirma
- Dogal Sogutucu Akisk
Demirci E. ve Genel Sogutucu Akigkan osal 508U ucy I? an
o Kullanimindaki Gelisme
ark. [28] Nesilleri . .
Suregleri
Erten S. ve ark. Sogutucu Akigkan Performans
R404A / R290
[29], Kiyaslamasi
Colbourne D. ve| Genel Sogutucu Akigkan Sogutucu Akiskan Kimyasal
ark. [30] Nesilleri Yapi Degerlendirmesi
Zheng H. ve ark. Sogutucu Akigkan Performans
R290 / R134a
[31] Kiyaslamasi
Okudan M. O. R290, R600, R717, R744 Sogutucu Akiskan Performans
[32] Kiyaslamasi
Zeng M. ve ark. R290/R134a /R1270/ | Sogutucu Akiskan Performans
[33] R404A Kiyaslamasi
Sanchez D.ve | R290/R134a /R1234yf/ | Sogutucu Akiskan Performans
ark. [34] R1234ze / R600a / R152 Kiyaslamasi
i S. k. Sogutucu Akiskan Performans
Sisman$. veark| o oan s R32 / 1234yf Butucu Alg
[22] Kiyaslamasi
Erding M. k.
rame V. ve ar o, Is1 Esanjorii Termal Dizayni
[10]
.. Matematiksel ve Reel Sartlar
Ozen M. ve ark. R404A Arasi Kayma Miktan
[12]
Sinirlandirmasi
Cingiz Z. ve ark. R22 /R417A /R438A / Ekserii Analizi
[18] R422A / R422D seri Analizl
Hu X. ve ark. RAGAA Sogutucu Akigkan Sarj Miktari
[20] Degerlendirmesi
Eman, M. S. ve | Genel Sogutucu Akiskan Yeni Nesil Sogutucu Akiskan
ark. [26] Nesilleri Siniflandirmasi

1.2. Pano Klimasi Yapisi ve Calisma Prensibi

Endiistriyel kompakt tip pano klimalari, mekanik
sikistirmali buhar c¢evrimi prensibiyle ¢alisan klasik
sogutma makinalar1 ile ayni sistem elemanlar1 ve
calisma dongiisiine sahiptir. Bu sistemleri diger
sistemlerden ayiran en 6nemli 6zellik i¢ ve dis linite
ayrimi  olmaksizin tek gdvdede kullanim sansi
sunabilmeleridir.

Pano klimasi i¢ yapismda kompresor, evaporatdr,
kondanser ve kisilma valfi gibi ana elemanlarin yaninda
sistem ihtiyact dogrultusunda filtreler, yag ve likit
tutucular gibi ek donanimlar bulunabilir.

Kompresor tarafindan sikistirilarak sicaklign arttirtlan
kizgin buhar fazindaki sogutucu akigkan kondenserdeki
1s1 transfer etkisi ile doyma sicakligina getirilerek
yogusturulur.

Genlesme cihazindan gecerek basinct diisiiriilen
sogutucu akiskan buhartlikit fazinda ¢aligma sartlarina
gore belirlenen kuruluk derecesinde evaporatére girer.
Evaporatorde tekrardan doyma noktasini yakalayarak
buharlasan sogutucu akiskan agir1 1sitilarak kompresore
iletilir ve déngu devam eder.

Sekil 3’te pano klimasinda bulunabilecek komponentler
ve cihaz ici dizayn verilmektedir.
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Sekil 3. Ornek Pano Klima Yapisi [35]

II. MATERYAL VE METOD

Bu bélimde, ilk bélim icerisinde nedenleri irdelenerek
secilen R134a / R404A / R290 / R32 sogutucu
akigkanlar1 i¢in ayn1 veya yakin sogutma kapasitelerine
sahip kompakt tip pano klimas1 termodinamik dizayni
gerceklestirilmis, sonuglar analizlere tabi tutularak
performans verilerinin kiyaslanmasi ig¢in zemin
hazirlamistir.

2.1. Is1 Esanjorii Dizaym
Calisma Ozelinde tiim akigkanlar i¢in 1s1 esanjori
termal modelleri, endistriyel pano klimasi kullanim
alanlar dikkate alinarak esanjor i¢i akis igin ARI HT
[21] ve esanjor dis1 akig igin DIN 3168 standardi
uyarimnca kurulacaktir [6].

Caligmada analizleri gergeklestirilen dort sogutucu
akigkan i¢in de (R134a / R290 / R32 / R404A) ozdes
evaporator ve kondenser 1s1 esanjorleri tasarlanmigtir.

Bu sayede degerlendirmeler esnasinda 1s1 esanjorii
konstriiktif dizayni performans etkileri sabit tutularak,
termal performans direkt olarak sogutucu akiskan tiirii
ile iligkilendirilip sistemin daha geffaf olarak
degerlendirilmesi amaglanmistir.

Referans olarak evaporatér esanjoriinin  R134a
sogutucu akiskani i¢in termal tasarim adimlar1 asagida
detayli olarak agiklanmis bunun yaninda termal model
FRTCoils® yazihimi ile de degerlendirilerek bulunan
1sil  kapasite farkinin  kabul edilebilir  smirlar
cergevesinde oldugundan diger esanjor modelleri de
yazilim ile dogrulanmustir [7].

Termal modeldeki tiim sogutucu akiskanlarin
termofiziksel 6zellikleri, sogutma g¢evrim noktalarinin
basing entalpi diyagramlar lizerinde isaretlenmesi ile
tespit edilen faz ve sicaklik degerleri 1s18inda
CoolPack® yazilimindan almmustir [8].

Aynt sekilde esanjor lizerinden gecirilen havanin
termofiziksel 6zellikleri de CoolPack® yazilimindan
alinmustir [8].
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Esitlik (1)’de kanathi bir boru tizerindeki 1s1 transfer
miktar1 en temel haliyle;

Q =U.A.A0,,, (1)

/Q: Toplam Sogutma Kapasitesi (W); U: Genel Isi
Transfer Katsayis1 (W/m?'K); A: Is1 Transfer Yiizey
Alan1 (m?); Af;,,: Logaritmik Sicaklik Farki (K) /

biciminde ifade edilir [9].

Burada U.A degeri kirlenme olmadig1 varsayilarak
Esitlik (2)’deki gibi hesaplanir [9], [10].

do
In"°/g; 1
21kL  NohoA,

| h;: I¢ Yiizey Tasimm Katsayis1 (W/m2K); A;: Ist
Transfer i¢ Yiizey Alan1 (m?); d, = D: Dis Cap (m);
d;: I¢ Cap (m); k: Is1 fletim Katsayis1 (W/m.K); L:
Uzunluk (m); h,: Dig Yizey Tasmim Katsayisi
(W/m2-K); n,: Dis Yiizey Etkinligi; A,: Is1 Transfer
Dis Yiizey Alani (m?) /

1 1
UA hiA;

()

Dis yiizey etkinligi Esitlik (3)’teki gibi hesaplanir [9].

)
Mo =1-=L(1-1y) (3)
/A : Tiim Kanat Yiizey Alam (m?); n¢: Kanat Verimi /

Iki fazl akisin oldugu evaporatérde Kenning ve Cooper
denklemleri ile akigkan tarafi 1s1 taginim katsayisi elde
edilir [10].

Bunun i¢in odncelikli olarak Esitlik (4)’ten Nusselt
sayis1 hesaplanir.

Nu; = (1+1,8.X7%%7).0,023. Re®. Pr,>* (4)

/| Nu;: Ig Yiizey Nusselt Sayisi; Re;: Doymus Sivi
Reynolds Sayis1; Pry: Doymus Sivi Prandl Sayist /

Esitlik (4)’teki X Lockhart Martinelli parametresidir ve
kuruluk derecesine gore Esitlik (5)’teki gibi ifade edilir
[10].

x Pl Ky
/X: Lockhart Martinelli
Derecesi; p,: Doymus Buhar Yogunlugu (kg /m3); Jol%

(5)

Parametresi; x: Kuruluk

Doymus Sivi Yogunlugu (kg/m3); Y;: Doymus Sivi
Dinamik Vizkozite (kg/m. s); u,: Doymus Buhar

Dinamik Vizkozite (“9/p, 5)/

Nusselt sayisinin tespitinin ardindan ilgili sartlardaki

Reynolds sayis1 Esitlik (6)’daki gibi hesaplanir [10].

_ Gm(-x)d;
H

Rel (6)

| G: Kiitle Akisi (kg/s_m2 ) /

Oncelikle Esitlik (7)’den  hedeflenen sogutma
kapasitesi i¢in, ¢calisma noktalarinda belirlenen entalpi
farkindan sogutucu akiskan debisi tayin edilir ve termal
dizayn ilerletilir

Q = m(hoye—hin) (7)

/ m: Kutlesel Debi (kg/h); hey:: Cikis Entalpisi (kj/kg);
h;,: Giris Entalpisi (kj/kg) /
Esitlik (6)’daki Reynolds sayisinin tespiti i¢in gereken
kiitle akis1 Esitlik (8)’deki gibi hesaplanir [10].
Gy = —5
m.d;

l/ 4
Hesaplanan Nu; sayisi ile i¢ yiizey taginim katsayisi
Esitlik (9)’daki gibi tespit edilir [10].

Nu; k
hi = 4
i

(8)

(9)

I¢ yiizey tasinim katsayis1 hesaplandiktan sonra, boru
dis1 tasinim katsayisi ve kanat parametresi de ayri ayri
hesaplanarak esanjoriin dis yiizey 1s1 transfer katsayisi
elde edilir. Dig yilizey tasimim katsayisinin
belirlenmesinde hava akisi, boru igindeki sogutucu
akigkan akisma kars1 90 derecede ilerledigi i¢in boru
demetleri iizerinden c¢apraz akis korelasyonlari
uygulanir.

Sekil 4’te sasirtmali boru demetinde dis 1s1 taginim
katsayis1 hesabinda ihtiya¢ duyulacak parametreler
kesit goriinim Uzerinde verilmektedir.

V.7 < ,; T S5
4;/,) RS
H \4/ by,
- 4 (A
) WV
Sy ! Ct } D
. Y
LD (1) -
X \\A/v\_ % A\
A, /;,,\, 2 -
N Ap A
e
Ay =SrL :
Ap=(Sp—D)L  (b) Sagitmal
Ap=(Sp—D)L

Sekil 4. Sagirtmali Boru Demetinde Dizilig
Parametreleri [11]

Borular arasi belirlenen alanlarin ardindan maksimum
hava hizi hesaplanarak Esitlik (10)’daki gibi
hesaplanarak 1s1 esanjorii ylizeyindeki hava akiminin
ulagabilecegi limit deger tayin edilir [11].
St

=—V

Sp—D (10)

Vmax

! Vipax: Maksimum Hiz (m/s) /

Psikrometrik diyagram (zerinden istenen kapasitede,
isaretlenen ¢aligma noktalarina gore esanjore giren
35°C sicakliktaki ~ hava  24,2°C’ye  kadar

252



Pano Klimalarinda Farkl Sogutucu Akiskan Kullaniminin Analizi Int. J. Adv. Eng. Pure Sci. 2024, 36(3): <247-261>
sogutulmaktadir. Bu nedenle havanin termodinamik __ tanhx?
Ozellikleri bu degerlerin ortalamasi olan 29,6°C Ny = x1 (14)

sicaklig1 i¢in alinacaktir.

Hava tarafi icin Reynold sayisi Esitlik (11)’deki
hesaplanir [10].

— P-Vmax-D — Vimax-D
%

Rep (11)

| Rey: Hava Tarafi Reynolds Sayisi; p: Yogunluk
(kg/m3); u: Dinamik Vizkozite (kg/m_s); v:
Kinematik Vizkozite (mz/s) /

Dis tasimim hesabinda tek faz kabulll ile tek faz
termodinamik bagintilar1 kullanilabilir. Boru demetleri
tizerinden ¢apraz akista N, > 16 ve 0,7 < Pr < 500
icin Nusselt sayis1 bagntilar1 Esitlik (12)’deki gibidir;
[11]

Nup = 035.(57/5 ) Re®. Pros. (Pryp, )™

INu,: Hava Tarafi Nusselt Sayisi; Pr: Prandl Sayisi;
Pry: Akiskanin Cikis Sicakliginda Hesaplanacak Prandl
Sayisi/

(12)

Esitlik (13)’te, hesaplanan Nusselt sayis1 vasitastyla dig
ylizey taginim katsayisina geg¢is saglanir [10].
ho.D

k

Hesaplanan dis yiizey tasimim katsayisina kanat
geometrisi etkisinin de, fin verimi parametresinin
hesaplanarak katilmasi ile optimum dis yiizey taginim
katsayisina erigim saglanmis olur. Sekil 5’te dig taginim
katsayis1 hesabinda kanatgik tarafi igcin gerekli olan
parametreler kesit goriniim tzerinde verilmektedir. [9]

Sekil 5.Kanatlarin Sagirtmali Boru Demetinde Dizilisi

9]
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Esitlik (14)’te verilen denklemdeki X* bir sabittir ve
Esitlik (15)’teki gibi hesaplanir [9].

1_,%
X =@

2am

lf_é' (15)

Esitlik (15)’te verilen ¢ bir sabittir ve Esitlik (16)’daki
gibi hesaplamr [9].

| a,,: Boru ve Kanatgik Arasi Ort. Is1 Transfer Katsay1
Oran1 (W/m*:K); A¢: Fin Yiizeyinin Is1 fletim Katsayisi
(W/m K); §: Kanat Kalinligi (m) /

¢ = (p'—1)(1+0,35.In¢p") (16)
Esitlik (16)’da verilen ¢* bir sabittir ve Esitlik (17)’deki
gibi hesaplanir [9].

L by Ik _
o =128 (bf 0,2) (17)

Esitlik (17)’deki [ ve by parametreleri Sekil 5’te
belirtilen  boru kanat arasindaki geometrik
mesafelerdir [9].

Esitlik (18)’den boru ve kanatgik arasi ortalama 1si
transfer katsay1 orani hesaplanmasiyla beraber genel 1s1
transfer katsayisi tespitine gecilir [9].
— Nug.Agir

do
| Agir: Havann Isi iletim Katsayis1 (W/m K) /

Am (18)

Genel fin veriminin de hesaplanmasi ile bulunan tiim
degerler Esitlik (2)’de yerine koyularak genel 1s1
transfer katsayisi elde edilir.

U=45454 W/ ..

Logaritmik ortalama sicaklik farki paralel akis veya ters
akig dlzenlemesi icin Esitlik (19)’da verildigi gibi
yazilabilir [10].
= AT
n(3rs)
| AT,: Esanjore Akiskan ve Hava Giris Cikis Sicaklik
Farki 1 (K); AT,: Esanjore Akiskan ve Hava Giris Cikis
Sicaklik Farki 2 (K) /

7B,y (19)

Logaritmik ortalama sicaklik farki, tasarlanan 1s1
esanjoriiniin ¢alisma noktasindaki sogutucu akiskan
giris — cikis ve hava giris sicakliklarina gére FRTCoils®
¢iktisindan alinir [7].

R134a (7,2 18,3 °C)

Hava (35 — 24,2 °C)
AO.y = 20,66 K
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Hesaplanan tim degerler Esitlik (1)’deki genel
denklemde yerine yazilarak evaporator 1s1 esanjoriiniin
sogutma kapasitesi elde edilir.

Q = 45,454 W/mzK. 1,3m2.20,66 K
Q=1220W

Ozsen M. ve ark. [12], Avrupa’ da iklimlendirme
sistemlerinin 1s1l performans analizi ve degerlendirmesi
noktasinda biiyiik kesimlerce kabul gérmiis Eurovent
kurulusunun sertifikasyon saglanmasi icin teorik ve
pratik olarak eldesi gerceklestirilen degerlerin % 5
sapmasina, eger test tekil bir sekilde yapiliyor ise st
limit olarak %8 sapmasma izin vermekte oldugunu
bildirmiglerdir. Bu dogrultuda farkli bagmtilar
kullanarak yaptiklar1 1s11 kapasite hesaplart ve test
sonuglari ile aradaki fark: sirasi ile %16,41 - %18,47 -
% 5,14 - %19,66 - %15,90 seklinde hesaplamiglardir.
[12]

Calismada hesaplanan farklarin ortalamasinin yaklagik
%15 oldugu goriinmektedir. Bu baglamda c¢aligmada
analitik ¢6ziimii yapilan R134a evaporator esanjoriiniin
hesaplanan 1,22 kW’lik kapasitesi FRTCoils® ile
hesaplandiginda 1,36 kW olarak tespit edilmis bu da
aradaki farkin yaklasik %10 oldugu bdylece hem
deneysel veri ile ortilistiigli hem de sinirlamay1 %2’lik
bir miktarda astig1 i¢in uygulanabilir olduguna karar
verilmigtir.

Bu noktadan yola ¢ikarak belirlenen tasarim adimlari
calismaya konu olan her dort sogutucu akiskanin
evaporatdr ve kondenser 1s1 esanjorine FRTCoils®
lizerinden uygulanmis, sonuglar Tablo 2 ve Tablo 3'te
Ozetlenerek sunulmustur [7].

Tablo 2. Evaporator Is1 Esanjorleri Tasarim Ozeti

Tablosu
OZELLIK R32 R0 R34 RAO4A
EVAPORATOR |[EVAPORATOR | EVAPORATOR | EVAPORATOR
KALIP 25x22 25x23 25x24 25x25
BORU (inc) 5/16 5/16 5/16 5/16
OLCULER 317*66*102 | 317*66*102 | 317*66*102 | 317*66*102
TOPLAM KAPASITE (kW) 1,56 1,53 1,36 1,45
1S TRANSFER ALANI 1,3 1,3 1,3 1,3
LOG. SICAKLIK FARKI (K) 21,09 20,85 20,66 20,86
DEVRE / SIRA / BORU 1*3*4 1*3*4 1*3*4 1*3*4
HAVA TARAFI
HAVA (°C) / BN (%) GiRi§ 35/40 35/40 35/40 35/40
HAVA (°C) /BN CIKIS (%) | 23,4/636 | 235/638 | 24,2/64,2 23,8/64
HACiIMSEL DEBi (m?/h) 267 267 267 267
BASING KAYBI (Pa) 35,7 35,6 33,9 35,1
AKISKAN TARAFI
EVAPORASYON / SH 7,2/11,1 7,2/11,1 7,2/11,1 7,2/11,1
KONDENZASYON / SC 54,4/83 54,4/83 54,4/83 54,4/83
KUTLESEL DEBI 23 20 33 47
GiRi$ / CIKIS ENTALPI (ki/kg) | 289/ 530 325/ 603 266/ 413 269/ 379
BASINC KAYBI (kPa / K) 6,7/0,2 12,4/0,7 25,7/1,9 24,4/1,1

Tablo 3. Kondanser Is1 Esanjérleri Tasarim Ozeti

Tablosu
SzELLK R32 R290 R134 RA04A
KONDANSER | KONDANSER | KONDANSER | KONDANSER
KALIP 25x22 25x23 25x24 25x25
BORU (inc) 5/16 5/16 5/16 5/16
OLCULER 317*88*152 | 317*88*152 | 317*88*152 | 317*88*152
TOPLAM KAPASITE (kW) 2 1,9 1,94 1,95
1SI TRANSFER ALANI 2,8 2,8 2,8 2,8
LOG. SICAKLIK FARKI (K) 12,54 12,51 12,42 12,7
DEVRE / SIRA / BORU 1*4%6 1*4*6 1*4*6 1*4%6
HAVA TARAFI
HAVA (°C) / BN (%) GiRi$ 35/55 35/55 35/55 35/55
HAVA (°C) / BN CIKIS (%) 47,8/28 475/284 | 47,4/286 47,4/ 285
HACIMSEL DEBi (m3/h) 487 487 487 487
BASINC KAYBI (Pa) 49,4 49,4 49,4 49,3
AKISKAN TARAFI
EVAPORASYON / SH 7,2/11,1 7,2/11,1 7,2/11,1 7,2/11,1
KONDENZASYON / SC 54,4/83 54,4/83 54,4/83 54,4/83
KUTLESEL DEBI 25 21 35 50
GiRiS / CIKIS ENTALPi (ki/kg) | 529/ 288 653/324 439/ 265 399/ 267
BASING KAYBI (kPa / K) 6,6/0,1 7,9/0,2 14,4/0,4 14,9/03

2.2. Kompresor Secimi

AHRI 540-2020 standardina gore, subkritik buhar
sikistirmali sogutma g¢evrim g¢alisma araliklari gorsel
olarak  caliyjma  diyagramlarina  yansitilmustir.
Kompresor se¢imlerinde, ¢alisma noktalarinin ilgili

diyagram smurlart igerisinde kalmasina  dikkat
edilmelidir. [14]

Sekil 6’da  AHRI 540-2020 standardina gore
tanimlanan kompresor ¢alisma diyagrami ve sinirlari
verilmektedir.

00
€00
300
400
300
00
100
0.0
100
200

.30.0
45 40 35 430 225 20 415 0 -5 0§10 15

Emme Hatti Ciy Noktasi (°C)

Sekil 6. AHRI 540-2020’ye Gore Subkritik Cevrimde
Kompresor Calisma Diyagramlari [14]

Balge 1 Bdlge 2 Balge 2

L ]
-10,45 ® 5,50

® 10,45

® 15,35

Basma Hattl Ciy Noktasi (*C)

Kompresorin Hacimsel Verimi;

Geometrik yer degistirme ve emis hacminin bir
fonksiyonudur. Esitlik (20)’deki oran ile elde edilir.
Ayrica kompresoriin sahip oldugu geometrik yer
degistirmesi, kompresoriin sikigtirma hacmiyle devir
sayisinin ¢arpimina elde edilmektedir [15].

Emis Hacmi

.= =0 20
Mvotumetric Geometrik Yerdegistirme % ( )
Kompresoriin Izentropik Verimi;

Kompresor verimliliginin degerlendirilmesi

noktasinda, hacimsel verimin yaninda izentropik verim
de incelenen bir diger parametredir [15]. izentropik
verim her ne kadar ideal buhar sikistirmali sogutma
¢evriminde sikigtirmanin sabit entropide oldugu kabulii
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ile hesaplanabilse de, gercek cevrimde; sistem
elemanlarinda siirtiinme, 1s1 transferi gibi nedenler ile
olusan tersinmezlikler vasitasiyla sikistirmanin
izentropik olmasi miimkiin olmayacagindan ¢aligmada
stirecinde kompresor verimliligi hacimsel verim
perspektifinden incelenmektedir.

Kompresoriin Sikistirma Orani;

Sikigtirma orant ise sistemin tasarimi, igerdigi sogutucu
akiskanin ¢alisma noktalarindaki evaporasyon ve
kondenzasyon basinglarina gore sekillenir. Son
donemde gelisen motor teknolojileri vasitasiyla yiiksek
sikigtirma  oranlarinda dahi diigiik enerji tiiketimi
saglanabilmektedir. Bilesenlerin se¢im noktalarinda bu
parametrelerin  her biri hesaplanarak ortak bir
perspektiften kiyasi saglanacaktir.

Sogutma sistemlerinde kompresorler, sadece buhar
fazindaki sogutucu akigkani sikistirabilecek bigimde
retilmistir. Sikigtirma islemi stirecinde kompresorlere
doniis hatt1 siirekli kontrol edilir.

Sivinin ilerlemesinin 6niine gegilmek icin bir dizi
onlemler alinir. Pistonlu sogutma kompresorleri klima
ve sogutma uygulamalarinda yiizdesel olarak en yaygin
kullanim  sahast  edinmis mekanik  sikigtirma
elemanlaridir [27].

Calismada tasarlanan sogutma sistemlerinin {i¢ adeti
icin pistonlu hermetik tip kompresor kullanilirken
(R134a / R290 / R404A), R32 sogutucu akiskani i¢in
diisiik kapasitelerde hermetik tip pistonlu kompresdrin
bulunmamasi nedeniyle bu sogutucu akigkan i¢in rotary
tip kompresor secilerek tasarim gerceklestirilecektir.

2.3. Bakir Boru Tesisat Dizaym

Emis boru hattt hat dizayninda en fazla Uzerinde
durulmas1 gereken tesisat olarak degerlendirilebilir.
Boru ¢apt optimum degerinden biiyiik tutulur ise
tesisatta barmndirilan yagm hatlar boyunca akisinin
saglanamamasina, mali agidan bakildiginda ise
gereksiz yere artan yatirim kalemlerine neden oldugu
gibi, diger taraftan bakir boru ¢ap1 gereginden kiigiik
tayin edilir ise yiiksek basing kaybina ve yiiksek akis
hizlara, dolayisiyla asirt sesli ¢aligan bir tesisat
kurgusuna neden olacaktir. [1]

S1v1 hatti ¢aplarinin belirlenmesinde en 6nemli nokta
akiskanin hat boyunca ilerlerken asir1 basing
kayiplarma ugrayarak kaynamasini yani
buharlagsmasini énlemektir [16].

Siv1 fazdaki akigkanda kaynama olmasi genlesme
valfinin verimli caligmasini, evaporatore giden sivi
akiskanin kontrollii sekilde yapilmasini aksatmaktadir.
Bunlart engellemek i¢in boru ¢ap1 se¢imi yapilirken,
toplam basing diisiimiiniin 2 psi degerini gegmemesine
dikkat etmek gerekir. Borularda sivi darbesi, ses,
titresim olusmamasi i¢in akigkan maksimum hiz1 1,5
m/s olacak sekilde boyutlandirma yapilmalidir. [16]
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Basma hatlar1 hesaplanirken, emis hatlarindaki
ozelliklere dikkat edilmelidir. Basing kayiplart ¢ok
kritik olmasa da, akigkan basing kayiplar1 kompresor
¢ikis basincinin artmasina sebep olabilir. Bu basing
artis1 kompresor enerji tiiketimini arttirir, volumetrik
verimi diislirerek sogutma kapasitesinin diisiisline
neden olur. Yatay hatlarda en az 2,5 m/s, diisey hatlarda
en az 5 m/s akiskan hizi saglanmas1 gerekirken, 20 m/s
akiskan hiz1 gegilmemelidir. [16]

Tlim sogutucu akigkanlar i¢in boru ¢aplarinin
belirlenmesinde Tablo 4’te R134a emme hatti igin
verilen Ornekteki gibi birbirine yakin en optimum iki
cap arasinda degerlendirme yapilarak daha uygun olan
kalin font ile isaretlenmistir.

Sistemdeki hat belirlendikten sonra basing entalpi
egrisi lizerinden faz ve yogunluk tespiti yapilip, elde
edilen hacimsel debinin belirlenen boru kesitindeki akis
hizinin sinirlandirmalar dahilinde kalmasina dikkat
edilerek hat boyutlandirmasi gergeklestirilir.

Tablo 4. R134a Emme Hat Boyutlandirmasi

R134a
EMME EMME
Hat Basinci 3,78 bar Hat Basiner 3,763 bar
Entalpi 4132 kl/kg Entalpi 4132 kifkg
Kompesdr Emme Kompesdr Emme
:5( Capt 8.1 mm m:ar Capr 81 mm
V=vA vEvA
m=V.p m=V.p
v 1,929 mi/h v 1,91 mi/h
A 2,82743E-05 m? A 5,02655E-05 m?
v 68224,41834  m/h v 37998,24266 | m/h
v 18,95122748 m/s v 10,55506741 | m/s
p (kg/m?) 17,2 p (kg/m?) 17,39
m 33,21738 kg/h m 33,2149 ka/h
Boru D5 Capi 8 mm 5/16"| Boru Dig Capr 10 mm 3/8"
Boru ig Capi 6 mm Boru iig Caps 8 mm
© 0,006 m @ 0,008 m
d 0,003 m d 0,004 m
A 2,82743E-05 m? A 5,026556-05  m?
A 2,82743E-05 m? A 5,02655E-05 m?

Tium sogutucu akiskanlara gore belirlenen sistemlerin
boru ¢aplarindan sonra 6zel basing kayiplart da dikkate
alinip genel basing kayip hesaplar1 yapilarak tesisat
tasarimi hiz ve basing kaybi iliskisi ile dogrulanir.
Tablo 5’te tiim sistemler i¢in hesaplanan basing
kayiplart bar ve doyma sicakligi kaybi iizerinden
verilmektedir

Tablo 5. Genel Basing Kayiplari

R134a
Emme

R290
Emme

Basma Likit Likit

Basing
Kaybi

(bar)
Doyma
Sicakligi
Kayb (K)

0,125 0,009 0,023 0,005 0,01

0,3 01 0,1

R32

Emme

Basma  Emme Likit Likit

Basing
Kaybi

(bar)
Doyma
Sicakligi
Kayb (K)

0,131 0,008 0,025 0,012 0,016

0,2 01

2.4 Sistemlerin Ekserji C6zumlemesi

Sistemlerde kompresér ~ se¢iminin  ardindan
yapilabilecek enerji analizini destekleyerek daha berrak
hale getirmek amaciyla sistemlerin ekserji analizleri de
gerceklestirilip degerlendirme gergevesine katilmistir.
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Yeni bir enerji kaynag: tespit edildiginde, merak edilen
ve tim slreci sekillendirecek iglemlerden ilki enerji
miktarmin tayin edilmesidir. Yalnizca bu bilgiyi
edinmis olmak, bu enerji kaynagini isleyecek gug¢
santrali yapmaya karar vermek i¢in tek dayanak noktasi
olmamalidir. Bunun yaninda ek dayanak noktasi
olugturarak asil tespit edilmesi gereken, enerji
unsurunun is yapabilme potansiyelidir.

Bunun da en buyiik gostergesi tespit edilen enerjinin ne
kadarmin kullanilabilir ise doniistiiriilebilecegidir [17].

Bu bakimdan, termodinamikte bu sireci anlatabilecek
bir literatiiriin tayin edilmesi degerlidir. Bu unsur
ekserji yani kullanilabilirlik olarak tanimlanmustir [17].

Belirli bir hal icerisinde olan sistemin enerji is
potansiyeli, sistemden elde edilebilecek en yiksek
orandaki yararli igtir. Sistem ile en fazla isi
gerceklestirebilmek i¢in, hal degisimi neticesinde
sistemin 6lu hale gelmesi gerekmektedir. Var olan
sistemin 6l0 halde ge¢mesi gevreyle termodinamik
acidan dengede olmasi anlamima gelir. Sistemin 6li
haldeki dzellikleri sifir indeksi ile gosterilir. [17]

Enerji muhafazas1 termodinamigin ilk kanununda
irdelenmistir. Ancak sadece bu kanun vasitasiyla reel
sistem performansinin tayin edilmesi hedefleniyor ise
yeterli olmayacaktir. Sistemin muhakkak ekserji
unsuru agisindan da degerlendirilmesi gerekmektedir.

Birim kitle i¢in ekserji, Esitlik (21)’deki gibi
hesaplanmaktadir [18];
Y =h—hy—To(s — so) (21)

/4 : Birim Kitle Ekserjisi; s : Entropi (kj/kg_ K); So -
Ortam Entropisi (kj/kg_ )/

Esitlik (21)’e her bir sogutucu akigkana gore o6zel
olarak belirlenerek ekserji ¢dziimlemesine karakter
katacak sogutucu akigkan kiitlesel debisi de eklenir ise
sistemin ekserji davranigi, Esitlik (22)’deki hali
almaktadir [18].

Ex =m[(h = ho) = To(s = so)]

Bu esitlikte ¢cevre hali kosullar1 olarak belirli sicaklik,
tim sistemlerin tasarimlarinin referans olarak alindigi
DIN 3168 normu gevre sicakligi olan T,=35°C olarak,
P, ise 1 atm seklinde belirlenmistir [19].

(22)

Termodinamigin ikinci kanunu analizi vasitasiyla,
irdelenen sistemlerin kondenser esanjorii, evaporatér
esanjorti, kompresor ve genlesme valfindeki ekserji
yikim oranlan Esitlik (23), Esitlik (24), Esitlik (25) ve
Esitlik (26)’daki gibi hesaplanabilir [18].

(23)

— To
Exylklm kond. — Exz - Ex3 - Qkond (1 - )
kond.

| Qrona : Kondenser Is1 Cikist (kW); Ty: Ortam
Sicakligi (°C); Tyona : Kondenzasyon Sicakligi (°C) /

Exyisam evaporator = EX4 = E%: + Qevap (1= 72 (24)
| Qepap: Evaporatdr Ist  Girisi  (kW);  Tepgp:
Evaporasyon Sicaklig1 (°C) /

ExXyuam komp = Ex1 — Exz + Wiomp etere (25)
ExXyiamav = Exs —Ex, (26)

| Exypym: Ekserji Yikimi /
Toplam yikim Esitlik (27)’de tanimlanr. ; [18]

ExToplam = Exylklm kondanser + Exylklm evaporator +

ExyLkLm komp + ExyLkLm GV (27)

Sistemin genel ekserji verimi Esitlik (28)’de sunuldugu
gibidir [18].

__ Ex4—Exq

NEx = (28)

Wkomp

I Ngx: Ekserji Verimi; Wy om,: Kompresdr Enerji Girisi
(kw) /

III. BULGULAR VE TARTISMA

3.1.€0, Esdegeri Sarj Miktar1 ve Cevre Etkisinin
Analizi

Tablo 6’da sogutucu akigkanlarin birim sarj miktarina
referans olarak verilen CO, cinsinden sarj miktari
vasitasiyla detayli bir degerlendirme yapmak
mumkind(ir;

Tablo 6. incelenen Sogutucu Akigkanlarin Referans
CO, Esdegeri [4]

S| Guip | leams o | 7o co,
R-134a 1430 1 1,43
R-404A 3922 1 3,922
R-290 3 1 0,003
R-32 675 1 0,675

Hu, X. ve ark., [20] bir sistemdeki sogutucu akiskan
miktarint optimize etmek adina yapmis olduklar
deneysel ¢aligmalar siirecinde, sogutucu akigkanin ilgili
fazdaki birim hacminin kilogrami iizerinden sogutucu
akigkanin termofiziksel 6zellikleri ile bir yakinsama
yapilmasi metodu gelistirmislerdir. Bu metottan yola
¢ikarak baglangi¢ sarj miktart ve dolayisiyla CO,
eslenigi daha net hesaplanabilir. Bu calismaya goére
[20] sogutucu akigkan kiitlesine, hat hacmi ve sogutucu
akigkanin 6zgiil hacmi arasinda bir korelasyon
kurularak 6ngorii getirilebilir.

m= ” (29)
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Caligmada sistemlerin tamami ARI HT standardina
gore [21] tasarlandigindan sogutucu akigkanlarin
basing entalpi diyagramlari iizerinden evaporasyon
sicakligindaki doyma basincina karsilik gelen degerde
0zgul hacimleri CoolPack® [8] yazilimindan
alindiginda;

R134a = 0,05422 m3/kg
R404A = 0,02606 m3/kg
R290 = 0,07848 m/kg
R32 = 0,03606 mé/kg

Bu noktada yukaridaki esitlik degerlendirildiginde
birim hacimde en az sogutucu akiskan kiitlesine ihtiyag
gerektiren akiskan siralamasimin R290 > R134a > R32
> R404A oldugu goriilmektedir.

Tablo 2’de 1s1 esanjorli tasarim boliimiinde istenen
sogutma kapasitesini elde edebilmek amaciyla gereken
kiitlesel debi siralamasinda verilen, benzer sogutma
kapasiteleri icin R404A’nin sogutucu akigkan debisi 47
kg/h iken, R290’1n sogutucu akigkan debisinin 20 kg/h
olmasi da bu yargryr desteklemektedir. Gorildiigii
lizere aym kapasite i¢in daha az R290 sirkilasyonu
yeterlidir.

Bu noktadan CO, esdegeri sarj miktarina gegmek igin,
1 birim R290 gazinin 6zgiil hacmi i¢in 1,47 birim
R134a; 3,03 birim R404A; 2,2 birim de R32 sogutucu
akiskani gerektiginden kiyaslama yapabilmek adina 1
kg R290 baz alinarak sogutucu akigskanlarin GWP
oranlar ile CO, esdegeri sarj miktarina bir yaklagim
yapmak mimkindr.

R134a = 1430(GWP) .1,47 kg = 2102 ton CO,
R290 = 3(GWP) .1kg 3ton CO,
R404A = 3922(GWP) .3,03 k = 11883 ton CO,
R32 = 675(GWP) .2,2 kg = 1485 ton CO,

Sekil 7°de her dort sogutucu akiskan iginde 6ngoriilen
sarj miktarlarindan yola ¢ikilarak hesaplanan CO,
esdegeri sarj miktart verilmektedir.

CO2 Esdegeri Sarj Miktari

14000 11883
12000
10000
8000
6000

4000 2102

1485
2000

ton CO2

OR134a R290 R32 R404A

Sekil 7. Sistemlerin CO, Esdegeri Sarj Miktarlari
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3.2. Sogutucu Giivenlik

Gereksinimleri Analizi
Sekil 8’de calismada analiz edilen dort sogutucu
akigkanin giivenlik siniflar1 verilmektedir [22, 23].

Akiskanlarin

Guvenlik Siniflan

Sekil 8. Kullanilan Sogutucu Akiskanlarin Giivenlik
Siniflart

Al smifindaki R134a ve R404A i¢gin alev yayilimi yok-
diisiik zehir oram1 Ozellikleri gegerli iken;A2L
sinifindaki R32 i¢in diisiik zehir — diisiik tutusabilirlik
orani; A3 smifindaki R290 igin ise diisik zehir —
yiiksek tutusabilirlik oran1 s6z konusudur. Bu noktada
gelecek nesil dogal sogutucu akigkan R290 ve R32 ile
calisirken iy saghigi ve giivenligi prosediirlerinin
6nemini vurgulamak gereklidir [22, 23].

3.3. Is1 Esanjorii Verimlilik Analizi

Sekil 9’da tasarlanan 1s1 esanjorlerinin birim alanindan
elde edilen sogutma kapasitesi birbirleri ile
kiyaslanarak verilmektedir.

Isi Transfer Alani Verimliligi

Sekil 9. Is1 Esanjorleri Transfer Alan1 Verimlilikleri

Her dort sogutucu akigkan i¢in de sabit 1s1 esanjorii ve
dolayisiyla sabit 1s1 transfer yiizeyi dizaym bu
degerlendirmenin yapilmasina olanak saglamistir.
R290 ve R32 sogutucu akiskanlarmin sarj miktarlari
diger muadillerine gore diisiik olsa da transfer alam
verimliliginde tist noktada yer almaktadir. Bu da ileriki
asamalarda bu noktada bir maliyet optimizasyonun
yapilabilecegini gostermektedir.
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3.4. Kompresor Sikistirma Oram Analizi

Sekil 10°da her dort sogutucu akigkani igeren
sistemlerin evaporasyon ve kondenzasyon
noktalarindaki basinglarin1 oranlayarak elde edilen
sikistirma oranlar1 verilmektedir.

Sekil 10. Sistemlerin Kompresor Sikistirma Oranlari

Sekil 10’de goriildiigii izere R290 sogutucu akigkani
kullanilan sistemdeki diisiik sikistirma orani hem
kompresor émriini uzatacak hem de ileriki bolimlerde
degerlendirilecek sistemin enerji tilketimi
parametresine olumlu bir etki sunacaktir.

3.5. Kompresér Hacimsel Verim Analizi

Sekil 11°de her dort sogutucu akiskani igeren sistemler
icin hesaplanan, kompresdr Omrii ve performansi ¢atisi
altinda degerlendirilen kompresor hacimsel verimleri
verilmektedir.

Kompresoér Hacimsel Verimleri

90.00% 84%
76.10%

40.00%
30.00%
20.00%
10.00%

0.00%

Hacimsel Verim

DOR134a ©@R290 [IR32 [IR404A

Sekil 11. Sistemlerin Kompresor Hacimsel Verimleri

Bu degerlendirmeden goriildiigii izere R32 ve R290
sogutucu akiskani birim kompresdr hacmine gore en
fazla sogutma kapasitesini saglamaktadir. Bu durum
hem maliyet analizi hem de sistemlerin
strdirulebilirlik — bakim, isletim giderleri agisindan
avantaj sunan bir ozellik olarak karsimiza ¢ikmaktadir.

3.6. Kompresor Sogutma Kapasite Analizi

Her dort sogutucu akiskan i¢in de segilen kompresorler
ile birlikte verilen tiretici performans egrileri Uzerinden
calisma  sartlart  analiz  edilip; Sekil 12’de
kompresorlerin ilgili ¢alisma sartlarindaki genel
sogutma kapasiteleri verilmektedir.

Sogutma Kapasitesi (kW)

2,05

Soutma Kapasitesi kW)

—8—FR1313 == R290 RAD4A == FR3

Sekil 12. Secilen Kompresorlerin Genel Sogutma
Kapasiteleri

3.7. Kompresor Enerji Tuketim Analizi

Sekil 13’te ilgili ¢aligma sartlarinda kompresorlerin
genel enerji tiketimleri verilmektedir.

Enerji Tuketimi (kW)

CEvp/40“CKend  S*CEvp/S5°CKond  10°CEwp /40°CKond 10°CEvp /55°CK

Sistem Calisma Kosullan (*C Evp / *C Kond)

Sekil 13. Segilen Kompresorlerin Genel Enerji
Tuketimleri

3.8. Kompresor Enerji Verimlilik Oram Analizi
(EER)

Sekil 14’te ilgili ¢aligma sartlarinda kompresorlerin
enerji verimlilik oranlar1 (EER) verilmektedir.

EER

5°CEvp/40°CKond  5°CEwp/55°CKond  10°CEvp /40

/55 *CKond CKond  10°C Evp /55 °C Kond
Sistem Caligma Kosullan (°C Evp / °C Kond)

—R290

R404a —R32

Sekil 14. Kompresorlerin EER Oranlari

258



Pano Klimalarinda Farkh Sogutucu Akiskan Kullaniminin Analizi

Int. J. Adv. Eng. Pure Sci. 2024, 36(3): <247-261>

3.9. Sogutucu Akiskan Kiitlesel Debi Analizi

Sekil 15’te kompresorlerin ilgili calisma sartlarinda
saglayacagi sogutucu akiskan kiitlesel debileri
verilmektedir.

Kitlesel Debi (kg/h)

sel Debi (kg/h)

Kiitle

Sekil 15. Secilen Kompresorlerin Kitlesel Debileri

3.10. Bakir Boru Tesisati Maliyet Analizi

Sekil 16°da onceki boliimlerde hatlardaki hiz smirlar
ve siirtiinme kayiplart dikkate almarak caplari
belirlenen bakir boru tesisatlari arasindaki maliyet
kiyaslamasi verilmektedir.

Belirlenen boru i¢ ve dis caplan dikkate alinarak
tesisatin igerdigi bakir hacmi hesaplanmis ardindan
bakirin kati1 haldeki ozkiitlesi ile [24] ile carpilarak
tesisattaki bakir kiitlesine bir yaklagim yapilarak
maliyet analizi olugturmak hedeflenmistir.

-

Sekil 16. Tesisat Maliyet Analizleri

=]

3.11. Kullanilabilir Enerji (Ekserji) Analizi

Sekil 17°de elde edilen enerjinin kullanilabilirlik
boyutunu degerlendirmek amaci ile irdelenen sistem igi
ekserji analizleri verilmektedir.

=]

Sekil 17. Sistemlerin Ekserji Verimleri
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IV. SONUC

Sistemlerin ¢evresel etkileri degerlendirildiginde,
sogutucu akigkanlar arasindaki GWP (Kiiresel Isinma
Potansiyeli) bakimindan iistiinlik R404A > R134a >
R32 > R290 seklindeyken, atmosfer 6mrii konusunda
da R404A > R134a > R290 > R32 siralamasi incelenen
sogutucu akiskanlarin ¢evre sinirlarini ve bu noktadaki
dogru orantiy1 net bir sekilde ortaya koymakta, global
unsurlarin  sogutucu akigkan azaltim  takvimini
olustururken aldiklar1 dayanagi g6z oniine sermektedir.

Calismada c¢evre etkileri analizini somut verilere
dayandirmak i¢in F gaz yonetmeligi vasitasiyla
iklimlendirme diinyasmna kazandirilan ton CO,
cinsinden sarj miktar1 her bir sogutucu akiskan igin
hesaplanmig, bu hesaplama siirecinde gelecek nesil
halojen igermeyen dogal sogutucu akigkan R290 ve
HFC ailesinin ¢evre dostu iiyelerinden R32 sogutucu
akiskanlarin birim kiitlesinin igerdigi yiiksek enerji
miktart ile diger sogutucu akiskanlara gore gerektirdigi
diisiik kiitlesel debi vasitasiyla diigiik sogutucu akigkan
sarj miktarina dikkat ¢ekilmis ve sonug olarak R404A
> R134a > R32 > R290 siralamasi elde edilmistir. Bu
noktada ¢aligmada incelenen sogutucu akiskanlardan
cevreye en zararli olanlarin R404A ve R134a olduklari
goriiniirken en az ¢evre etkisine sahip sogutucu
akigkanin ise R290 oldugu ortaya konulmustur.

Cevre etkileri analizinin ardindan sistemlerin termal
performans analizleri; birim sogutma kapasitesi bagina
enerji tlketimi ve eldesi, enerji verimlilik analizleri,
ekserji analizleri, ilk yatirim unsurlarina olan etkiler, is
girisi olan sistem bilesenlerinin  (kompresor)
performansi gibi maddeler altinda incelendiginde;

Tasarlanan ortak evaporatdr ve kondenser 1s1
esanjorleri ile bu major sistem bilesenlerinin sabit
tutulmast amaglanmis, tiim performans analizleri
sogutucu akiskanlar iizerinden ilerletilmistir.

Is1 esanjorlerinin sabit tutulmasi ile birim 1s1 transfer
alanindan alinan sogutma kapasitesi bakimindan iligki
R32 > R290 > R404A > R134a bicimindedir.

Bu da gelecek nesil dogal sogutucu akigkan R290 ve
cevre dostu HFC 32 kullanmminin daha biiyiik
Olgeklerde diistintildiigiinde  kullanilacak  esanjor
boyutunu kigulterek sistem ekonomisine olumlu etki
yapacagi goriilmektedir.

Sistemlerin birbirine yakin sogutma kapasitelerinde
enerji tiiketim oranlari arasinda R404A > R134a >
R290 > R32 siralamasi tespit edilirken buna bagh
olarak enerji verimlilik oranlari arasinda ise R32 >
R290 > R404A > R134a siralamasi ortaya ¢ikmaktadir.
Bu da enerji taketimi, slrdurulebilirlik, enerji
verimliligi gibi termal performans degerlendirme
Olgiitlerinde de; ¢evre performanslarinda oldugu gibi
gelecek nesil halojen igermeyen dogal sogutucu
akigkan R290 ve cevre dostu HFC R32’nin avantajini
ortaya koymaktadir.
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Sistemlerin enerji verimlilikleri noktasindaki analiz
kompresor performansi tizerinden detaylandirildiginda
kompresorlerin - hacimsel verimlilikleri arasindaki
iligkinin R32 > R290 > R404A > R134a iken, sikistirma
oranlart arasindaki iligkinin R134a > R32 > R404A
>R290 seklinde olmasi ile kompresor Omriiniin ve daha
Onceden incelendigi {lizere enerji tuketiminin cevre
dostu akigkanlarda diger sogutucu akigkanlara gore
daha avantajli oldugu ve bu sayede enerji verimliligi ve
ilk yatinm maliyeti boyutlarinin da genel enerji
degerlendirmesine bir referans sagladigi ortaya
konulabilir.

Ekserji analizi sonucunda elde edilen ekserji verimleri
arasindaki R290 > R32 > R134a > R404A siralamasiyla
calismada irdelenen tiim performans ve c¢evre
analizlerinde gelecek nesil halojen icermeyen dogal
sogutucu akigkan R290 ve HFC R32’nin diger popiiler
HFC sogutucu akigkanlara {istiinliik kurdugu, bu iki
akigkan arasinda ise tiim analizler kapsamindan
performans ve ¢evre optimizasyonu yapildiginda R290
sogutucu akigkaninin 6ne ¢iktig1 ortaya konulmustur.

Bu baglamda ¢alisma sonucunda iilkemizdeki sogutucu
akigkan doniisiim entegrasyonlarinin ivmesinin bu
degerlendirmelere dikkat edilerek hiz kazanmasinin
gerekliligi tiim parametreler bakimindan ortaya
konulmustur.
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Abstract

The effects of climate change may manifest themselves in different ways, but when it comes to coastal tourism, extreme
temperatures, which are the unavoidable consequences of climate change, come to the fore. The study examined the changes
that extreme temperatures can make on major coastal tourism destinations by using such indices as hot summer days,
tropical nights, combined hot days and tropical nights, and days with dangerous apparent temperature (> 40.6 °C). Under the
RCP4.5 and RCP8.5 scenarios, increases in these indices are expected for Antalya, Aydin, Balikesir, izmir, and Mugla on the
Turquoise Coast in the near (2021-2050) and distant (2071-2100) future. The projections based on both scenarios indicate
that there might be a rise in the number of hot summer days, tropical nights, and days exceeding the critical human thermal
comfort conditions on the Turquoise Coast. Expected increases may reach the highest values under the pessimistic scenario
at the end of the century. The increase in these indices caused by rising temperatures may adversely affect the tourism sector
due to changes in tourism demands, destinations, and seasonal shifts.

Keywords: Climate change, Summer tourism, Temperature extremes, Turquoise Coast

. INTRODUCTION

Today, we have started to feel the direct or indirect effects of climate change in every sector, and this situation
primarily threatens the life and health of living and also impacts the built environment, for example, tourism
infrastructure [1,2]. It is possible to determine the level of this threat by evaluating changes not only in average
temperatures or precipitation but also in extreme events. Changes in the frequency, severity, impact area, and
duration of extreme climate events resulting from climate change form the basis of physical and economic losses
in many sectors [3]. Could the risks arising from changes in extreme climatic events pose a future comfort level
threat for people trying to rest during their summer holidays? The answer to this question is quite significant in
terms of sectoral adaptation of tourism to climate change. Understanding changes in climate parameters such as
pressure, temperature, humidity, wind, and precipitation [4] constitutes the main aspect of climate change studies
[5]. Climate change has adverse effects on natural, social, and economic sectors, including water resources,
agriculture, ecosystems, forestry, health, insurance, and industry. The effects of climate change on the tourism
sector have been investigated in recent years. The changes brought about by these effects can adversely affect
tourism, a vital economic sector. To be more explicit, extreme climate events associated with temperature and
precipitation may affect human health and comfort, and therefore the tourism sector since tourists prefer to travel
to destinations where they will benefit from a feeling of well-being and comfort [6-13].
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Poor thermal comfort conditions can affect the quality
of human life. Coastal tourism is the largest market
segment of global tourism and is highly dependent on
the thermal climate of a tourism destination. Therefore,
the effects of climate change on the thermal comfort
level of beach tourists are worth examining because
comfort level is a key factor for tourists to choose a
destination. Although climate change occurs at the
global level, every economic industry can feel its
impacts in different ways in various regions [14]. The
effects of climate change on coasts are inevitable and
are already damaging some areas whose economies
depend heavily on coastal tourism [15]. The increase in
temperature may become a significant threat to
Mediterranean tourism and the economies of
Mediterranean countries fueled by tourism revenues
[16-19]. Over the past few decades, summer seasons
with extremely hot temperatures have been increasing
in various parts of the world [20-23]. This ongoing
trend will affect the comfort level of people and, more
importantly, lead to an increase in heat-related deaths
[24-29].

Some indices have been developed to obtain general
information about the climatic attractiveness of popular
summer tourism destinations in terms of human
comfort. The Tourism Climate Index (TCI), the first to
examine human comfort levels in tourism-related
activities, was designed in 1985 [30]. However, some
researchers stated that TCI was based on subjective
opinion and modified it. Beach Climate Index (BCI),
developed in 2000, was one of them [31]. BCI was
developed by modifying TCI by conducting surveys
with more than 1600 beach users. However, it was
developed only for beach use and cannot be used for
other daytime activities. Also, conducting surveys only
on northern European beaches makes them unsuitable
for tourists vacationing in other regions because
preferences change as well as tourist profiles. Climate
Index for Tourism (CIT) was also designed by
surveying tourists [32]. However, since all the
participants examined in the study were university
students, the narrow age distribution of the research
sample group caused the index to lack cross-cultural
information [32]. The Modified Climate Index for
Tourism (MCIT) [33] uses hourly data rather than
averages and assesses the suitability of a day’s weather
for tourist activities. Another index called Holiday
Climate Index (HCI) was developed [34]. HCI does not
rely on subjective opinions, as it uses the available
literature on tourists’ climate preferences from a series
of surveys compiled over the previous decade to
determine rating scales and weights for sub-indices.
The development of these indices based on tourist
preferences is one of their limitations because the
preferences vary according to socio-demographic
characteristics such as age, gender, the type of tourism
environment and activity, and the climatic
characteristics of the country from which the tourists
come. For this reason, it is debated whether the use of
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questionnaires is reliable [35-37]. Since this study
aimed to examine the changes brought by extreme
temperatures in comfort level, other parameters such as
precipitation and wind were ignored, and three
biometeorological indices, hot summer days, tropical
nights, and apparent temperature, were used. Hot
summer days become much more stressful if nighttime
temperatures do not provide cooling relief, and tropical
nights make it harder for the body to cool down and
recover from hot summer days. The combination of hot
days and tropical nights is particularly dangerous for
human comfort and health. On the other hand, high risk
from heat stress is not related to temperature alone but
is a function of the combined consequences of
temperature and humidity [38,39]. Since high humidity
tends to reduce the efficiency of the human body’s
cooling system by preventing sweat from evaporating,
humidity levels can make extreme heat much more
dangerous and unbearable [39]. The study examined
apparent temperature, including the effect of humidity,
along with hot summer days and tropical nights, to
comprehensively interpret the behavior of heat stress in
response to climate change. Such a combination may
lead to serious health problems and be fatal, apart from
adversely affecting the level of comfort. For this
reason, knowing that such conditions will occur in a
particular location can be helpful in planning for
adapting to a changing climate and protecting
vulnerable groups from heat. Moreover, despite a
growing consensus on the future severity of extreme
heat stress, geographic patterns and the magnitude of
projected changes are poorly understood at the regional
and local levels. Therefore, our study aims to shed light
on the literature in terms of being a study at the regional
level.

Extremely hot summer days are often accompanied by
hot or tropical nights [40]. Tropical nights significantly
impact sleep comfort and prevent people from
recovering from heat during the day [41]. Densely
populated areas along the eastern Mediterranean coast
will be significantly affected by tropical nights [42].
The rise in hot summer days and tropical nights will
lead to water and energy consumption and vector-borne
infectious diseases that can cause significant economic
losses in the tourism sector [41]. Recently, the apparent
temperature, which reflects the combined effect of air
temperature and relative humidity, thus providing a
better physical sense of the current climatic conditions,
has also attracted the attention of researchers [43].
Apparent temperature, based on a model of thermal
balance of the human body [44], has been used in
several studies of temperature-related discomfort,
morbidity, and mortality [45-50]. Examining the
changes in these indices can help us detect changing
thresholds of human comfort level caused by extreme
temperatures and take necessary precautions by
measuring the response of human sensation to
environmental conditions. These indices reflect
changes in different aspects of climate, effectively
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support scientific studies in detecting extreme climatic
changes and facilitate comparison between extreme
weather events in different regions [29,51,52].

The temperatures are already high in the provinces on
the Turquoise Coast. This situation prompted us to
investigate further the relationship between the number
of hot summer days, tropical nights, and the number of
days with dangerous apparent temperature, and the
values which are above a certain threshold because
proper measurement of human exposure to extreme
temperatures is a necessary basis for studying the
impacts of extreme temperatures on human comfort. It
can also help determine the steps to be taken regarding
the tourism sector. In this context, using climate change
projections, the study aims to examine the changes
brought by future extreme temperatures in the
Turquoise Coast, which attracts millions of visitors as
a coastal tourism destination in Tlrkiye and to draw
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attention to the effects of extreme temperatures on
summer coastal tourism in terms of human comfort.

I1. MATERIALS AND METHOD

2.1. Domain

Since the areas where tourist movements are most
intense are the sea and lake shores, coastal tourism is
economically very important for Tirkiye, which is a
land surrounded by water on three sides and having
various climatic characteristics. South and southwest of
Tulrkiye are coastal tourism paradises with their
uniquely  beautiful beaches, sand, and sun

opportunities, which have a long holiday period, and
the climate that makes them suitable for coastal tourism
[53]. Thanks to the warm weather and suitable climatic
conditions in the summer months, they become popular
sea-sand-sun oriented regions. The provinces studied in
the study are located in the south-southwest and west of
Turkiye (Figure 1).

0 100 200 km

Figure 1. Map of the study region

The tourism industry increases the population of a
destination and causes seasonal population movements
throughout the year. In most Mediterranean countries,
population and population densities increase several
times during the summer months [54]. Therefore, the
population of the provinces that are the subject of the
research increases several times during the tourism
season. The approximate populations of the provinces
examined as of 2021 are given in Table 1. The summer
populations of these five metropolitans, each with a
resident population exceeding 1 million, are
experiencing further growth due to the influx of
tourists. Tourism arrival, revenue and average spending
information across Tirkiye between 2004 and 2023 is
also provided in Figure 2. Excluding the period of
pandemics, it is evident that there is a positive trend in
Tiirkiye’s tourism revenue.

2.2. Materials

The tourism sector in Tirkiye is mainly focused on sun-
sea-sand tourism, with large facilities established in
coastal areas. The sector is heavily dependent on “the
Turquoise Coast,” also known as “the Turkish Riviera,”
located along the Aegean and Mediterranean coasts in
the southwestern part of Tirkiye. The coastline is
Tiirkiye’s most popular tourist destination, and it is
aptly named the Turquoise Coast with its turquoise-
toned waters. It is famous for destinations such as
[zmir, Balikesir, Aydin, Mugla, and Antalya, and
attracts more than 20 million tourists every year [55].
In addition, the region includes various hiking trails in
the coastal and inland areas, along with the famous
Lycian Way. It also offers a range of optional activities
such as scuba diving, paragliding, and mountain biking.
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Table 1. Populations and number of tourist arrivals of 5 provinces (thousand) [55]

Province Antalya Aydin Bahikesir izmir Mugla
Population 2,620 1,134 1,251 4,426 1,021
Tourist arrivals (2010- 139,366 12,128 5,277 26,876 19,462

2019)
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Figure 2. Tourism arrivals, revenue and average spending in Turkiye (2004-2023)

2.3. Methods

The study examined whether the advantage provided
by the Mediterranean climate on the Aegean and
Mediterranean coasts would turn into a disadvantage in
the future. Three different indices were utilized: hot
summer days, tropical nights, and apparent temperature
(heat index). In calculating these indices, high
resolution (10-km horizontal resolution) maximum
temperature, minimum temperature, and relative
humidity data were obtained using the regional climate
model RegCM4.4, driven by the MPI-ESM-MR global
climate model of the Max Planck Meteorological
Institute in Germany.

The aforementioned indices calculated using these
climate variables were compared to the past period of
1971-2000 under two different scenarios, RCP4.5 and
RCP8.5, for the two future periods (2021-2050 and
2071-2100). The regional climate model RegCM4.4
was used to obtain the data. RegCM4.4 is a regional
climate model widely used in climate-related studies
[12,19,56-64]. It is a user-friendly model [65].
RegCM4.4 [65,66] dynamically downscaled the low-
resolution outputs of the MPI-ESM-MR [67], under the
RCP4.5 (optimistic) and RCP8.5 (pessimistic)
scenarios [68] and provided high-resolution climate
data (10 km horizontal resolution). Here, the acronym
RCP stands for “Representative Concentration
Pathway”. In order to comprehend the potential future
changes in climate, it is imperative to project the
appropriate course of global climate action. Therefore,
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RCPs are designed to provide realistic future
possibilities of human-induced forcing, covering a
spectrum ranging from a scenario characterized by
proactive reduction (RCP2.6), to two moderate
scenarios (RCP4.5 and RCP6.0), and a progressively
increasing emissions scenario (RCP8.5). Basically,
RCP scenarios are classified based on their cumulative
radiative forcing by the end of the century. RCP4.5 isa
pathway that aims to stabilize the amount of radiative
forcing at 4.5 W/m? after the year 2100 without
exceeding this level. On the other hand, RCP8.5
corresponds to an increase in radiative forcing of 8.5
W/m? by the year 2100. When the two scenarios are
compared in terms of atmospheric carbon dioxide
concentration levels, the RCP4.5 scenario predicts that
the CO; level will be approximately 487 ppm in the
middle of the century and about 538 ppm by the end of
the century. In contrast, the RCP8.5 scenario projects a
significant increase to approximately 541 ppm by 2050
and a dramatic rise to about 936 ppm by 2100. The
climate change community commonly classifies the
RCP4.5 scenario as an optimistic scenario and the
RCP8.5 scenario as a pessimistic scenario. Therefore,
the study focused on two fundamental cases, one
optimistic and one pessimistic. In brief, the study
examined how increases in temperature extremes alter
comfort levels for Tirkiye’s Aegean and
Mediterranean coastal destinations under two different
scenarios for the next three decades and the end of the
last century.
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2.3.1. Indices

2.3.1.1. Hot summer days

Hot summer days (HSD) is defined as the average
number of days with a maximum temperature equal to
or above 35 °C [28,69]. However, 37 °C threshold was
used for Turquoise Coast in this study. As can be seen
from some studies on hot summer days in the
Mediterranean, this is the most appropriate threshold,
as the studied area is already warm, and temperatures
equal to or a little higher than 35 °C are quite common
and are perceived as normal [9,12,20]. Hence, the
selection of this threshold value is not arbitrary.

2.3.1.2. Tropical nights

Tropical nights (TN) index is defined as the average
number of days with a minimum temperature above 20
°C [42,70]. However, as mentioned earlier, since the
Turquoise Coast is already warm and these night-time
temperatures (20 °C) are common during the summer
months, 25 °C threshold was employed for TN based
on the studies in the literature [71-73].

2.3.1.3. Combined hot days and tropical nights

The study also examines the frequency of days that
experience both hot summer days and tropical nights
simultaneously. The combined hot days and tropical
nights (CHT) index is defined as the average number of
days where the maximum temperature reaches 37 °C or
more and the minimum temperature remains at 25 °C
or higher throughout the day [8].

2.3.1.4. Apparent temperature

Apparent temperature (AT) is described as the
temperature which considers the effect of both
temperature and relative humidity, and it is usually
referred to as heat index. Thermal comfort is a way to
explore the impacts of climate change on comfort and
health by quantifying the human sensation of
environmental conditions. AT is also a measure of
thermal comfort based on how the average person
“feels” based on environmental conditions such as
temperature and humidity [74]. AT was originally
developed to measure thermal comfort [44] and has
since been widely used in studies of the relationship
between human comfort and health and extreme
temperatures [8,47,48,75-78].

In the study, AT was used alongside other indices to
represent the effect of exposure to typical temperatures
commonly experienced in warmer months. Future
changes in relative humidity may increase or stabilize
the effects of extreme temperatures on human comfort
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or health [8]. To account for this effect, AT was
calculated from the 3-hour resolution data and
considered the daily maximum values of the apparent
temperature. This calculation presents a combined
measure of temperature and humidity stress [44]. A
threshold value of 40.6 °C was used for AT in the study
[8] because AT reaching levels of 40.6 °C signifies that
heat-related “danger” may arise [8,79]. Therefore, in
this study, apparent temperature above 40.6 °C was
defined as dangerous. AT was used in this study
because it was developed as a comfort index that
accurately represents the human response to a wide
temperature range [44]. The following formula to
calculate AT was used [44]:

AT =¢; + ;T + ¢3T? + RH(¢y + ¢sT + ¢6T?)
+ RH?(c; + ¢gT + coT?)

(1)

where T is temperature, RH is relative humidity c
stands for coefficients. The coefficients are defined as
follows [8]:

€1=-8.7847, c;=1.6114, c3 = -0.012308, c4 = 2.3385,
s =-0.14612, ¢s = 2.2117*1073, ¢7 = -0.016425, s =
7,2546*10%, ¢y = -3,582*10°°

Il. RESULTS

The study analyzed the changes in the number of hot
summer days and tropical nights and days above the
dangerous apparent temperature to address the signs of
climate change on the Turquoise Coast. The sum of hot
summer days and tropical nights were also evaluated
together as a single index value.

3.1. Changes in the number of hot summer days

In the RCP4.5 scenario (Figure 3), an increase in the
number of HSD in the near future and the distant future
compared to the 1971-2000 reference period was
detected. On the Turquoise Coast, there will be an
increase in the number of HSD by 10-20 days in the
near future, 2021-2050, and an increase up to 30 days
in the distant future, namely 2070-2099 period. In the
RCP8.5 scenario, the figure resembles the RCP4.5
scenario for the near future (2021-2050), and an
increase of 10-20 days in the number of HSD in the near
future is expected. However, in the distant future
(2070-2099), an increase of 50-60 days is expected in
the number of HSD on the Turquoise Coast compared
to the 1971-2000 reference period (Figure 3).
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Figure 3. Changes in the number of HSD, a) RCP4.5 for 2021-2050; b) RCP8.5 for 2021-2050; c) RCP4.5 for
2070-2099; d) RCP8.5 for 2070-2099

When analyzed on a provincial basis, an increase in
HSD is foreseen in all provinces for each scenario and
period (Table 2). The lowest increase is expected in
Antalya and the highest in Aydin. On the Turquoise
Coast, an annual average increase of 4-15 days is
expected in the near future for the RCP4.5 scenario, and
an annual average increase of 8-26 days is anticipated
in the distant future in the same scenario.

For the RCP8.5 scenario, an average annual increase of
5-18 days is expected in the near future. For the RCP8.5
scenario, the most increase is expected in the distant
future. The least increase is foreseen in Antalya (27
days) and the highest in Aydin (up to 56 days). In
general, the highest annual average increase is
projected in Aydmn, followed by Izmir, Mugla,
Balikesir, and Antalya, respectively.

Table 2. Annual changes in the number of HSD on a provincial basis

) RCP4.5 RCP8.5
Provinces
2021-2050 2070-2099 2021-2050 2070-2099

Antalya 4.29 8.52 5.60 26.94

Aydin 15.11 25.20 17.56 56.01

Balikesir 6.62 11.14 9.47 35.36

izmir 12.05 19.95 14.52 47.94

Mugla 8.40 15.48 10.25 39.18

3.2. Changes in the number of tropical nights

As seen, the number of TN in both maps increases more
in the seaside in the RCP4.5 and RCP8.5 scenarios
(Figure 4) in the near (2021-2050) and distant (2070-
2099) future periods. This is to be expected, as seas

have a high heat capacity and daily minimum
temperatures at night are higher than on land. Due to
the increase in the number of TN, the highest increase
is expected in coastal areas.
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When analyzed on a provincial basis, it is seen that an
increase in TN is predicted for all provinces for each
scenario and period (Table 3). The lowest increase is
foreseen in Balikesir and the highest increase in Mugla.
An annual average increase of up to 3 days is foreseen
for the RCP4.5 scenario in the near future, and an
annual average increase of 3-7 days is foreseen in the
distant future in the same scenario.

For the RCP8.5 scenario, an annual average increase of
up to 5 days is expected in the near future. For the
RCP8.5 scenario, an increase of 6-25 days is predicted
in the distant future. The lowest increase is foreseen in
Balikesir (6 days), and the highest increase is foreseen
in Mugla (up to 25 days). In general, the highest annual
average increase is expected in Mugla, followed by
Izmir, Aydin, Antalya, and Balikesir, respectively.

Table 3. Annual changes in the number of TN on a provincial basis

RCP4.5 RCP8.5
Provinces
2021-2050 2070-2099 2021-2050 2070-2099

Antalya 1.21 3.78 2.83 15.38
Aydin 1.37 3.51 2.00 19.94
Balikesir 0.24 0.75 0.45 6.11
izmir 2.31 5.29 3.34 23.22
Mugla 3.08 6.88 4.90 25.30

3.3. Changes in the number of hot summer days and
tropical nights

The spatial change in the number of CHT for both
RCP4.5 and RCP8.5 scenarios compared to the
reference period can be seen in Figure 5. It can be
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realized how extreme temperature indices create a
change in coastal areas. For both scenarios, an increase
in the number of CHT is expected in the coastal and
inland areas in the near and distant future.
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On a provincial basis, an increase in the number of CHT
is foreseen for all provinces for each scenario and
period (Table 4). The lowest increase is expected in
Balikesir and the highest increase in Mugla. An annual
average increase of 0.04-1.44 days is predicted for the
RCPA4.5 scenario in the near future and 0.28-3.45 days
in the distant future for the same scenario.

Under RCP8.5, an annual average increase of 0.12-1.90
days is expected in the near future and 3.94-17.11 days
in the distant future. According to the RCP8.5 scenario,
Balikesir is expected to experience the lowest increase
(3.94 days), while Aydin is projected to have the
highest increase (17.11 days) in the distant future.
Overall, Mugla is projected to have the highest annual
average increase across all periods and scenarios.

Table 4. Annual changes in the number of CHT on a provincial basis

RCP4.5 RCP8.5
Provinces
2021-2050 2070-2099 2021-2050 2070-2099

Antalya 0.51 1.93 1.31 9.47
Aydin 0.77 2.41 1.09 17.11
Balikesir 0.04 0.28 0.12 3.94
izmir 0.91 2.69 1.28 16.29
Mugla 1.44 3.45 1.90 16.17

3.4. Changes in the number of days with dangerous
apparent temperature

A slight increase is observed in the number of days with
dangerous apparent temperature in the coastal areas in
the RCP4.5 scenario compared to the reference period
of 1971-2000. However, this increase

is more
pronounced in the RCP8.5 scenario since the number of
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days with dangerous apparent temperature increases in
touristic coastal areas. It shows that the number of days
above 40.6 °C, which represents the dangerous starting
point of heat-related disturbances, has been increasing.
Principally, the increase in the number of days for AT
in the Aegean Region for the RCP8.5 scenario in the
distant future is striking (Figure 6).
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An increase in the number of days for AT is foreseen
for all provinces in each scenario and period (Table 5).
The lowest increase is expected in Antalya and the
highest increase in Izmir and Aydin. For the RCP4.5 in
the near future, the annual average expected increase is
at most 1 day. However, an annual average increase of
up to 3 days is foreseen in the distant future.

Although the annual average expected to increase for
the RCP8.5 scenario in the near future is still less, an
increase of 4-20 days is expected for the RCP8.5
scenario in the distant future. The lowest increase is
expected in Antalya (4 days), the highest increase in
Izmir (19 days), and Aydm (20 days). In general, the
highest annual average increase is expected to be in
Aydin and izmir, followed by Mugla, Balikesir, and
Antalya.

Table 5. Annual changes in the number of days for AT on a provincial basis

RCP4.5 RCP8.5
Provinces
2021-2050 2070-2099 2021-2050 2070-2099

Antalya 0.12 0.49 0.24 4.75
Aydin 0.96 2.81 1.66 20.71
Balikesir 0.07 0.65 0.43 7.27
izmir 1.14 331 1.97 19.92
Mugla 0.52 1.46 0.71 11.33

1V. DISCUSSION AND CONCLUSIONS
Tourism activities, which are vitally important for the
countries on the Mediterranean coast and their
economies, are vulnerable to climate change as they are
sensitive to rising temperatures [80-82]. The potential
comfort and health effects arising from predicted high
temperatures in a changing climate should be taken into
consideration.

According to the findings of the study, an increase in
the number of hot summer days and tropical nights and
the number of days with dangerous apparent
temperature is expected in the future in the 5 provinces
studied on the Turquoise Coast. Some studies about the
regions close to Turkiye have found similar outcomes.
For example, in a study on heatwaves in Europe, it is
stated that an increase in hot days will be in the future
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(2071-2100) [83]. There will be an increase in hot
summer days for the 2070-2099 period in the future due
to the increase in the frequency and intensity of
droughts and extremely hot weather conditions [72].
Furthermore, an increase of 30 days in the number of
hot summer days is expected as well as 2-4 weeks
increase in the number of tropical nights for the period
of 2031-2060 relative to 1961-1990 [84]. Using the 25
°C threshold for tropical nights, as in the case with this
article, another study project an increase in the number
of tropical nights in the Eastern Mediterranean and the
Middle East for the end of the 21st century [73].
Evaluating the impact of extreme heat events in Europe,
an increase in the number of tropical nights under 1.5
°C, 2 °C, and 3 °C global warming scenarios is
expected [42]. Hot summer days and tropical nights
may even lead to an increase in death rates. For
example, in the period towards the end of the severe
heatwave that hit France in the summer of 2003, deaths
were mainly due to the extremely high value of tropical
nights [85]. A series of high-resolution regional climate
simulations was analyzed, and it was found that that
summer heatwaves in Europe will become more
frequent and severe this century, consistent with the
trend observed in the past decades [8]. Therefore, the
findings specific to Turkiye are consistent with the
findings for Europe, the Mediterranean, and the Middle
East regions.

An increase in the number of days with dangerous
apparent temperature, another index examined in this
study, is also expected in the 5 provinces on the
Turquoise Coast in the future. Considering that
apparent temperature aims to describe the body’s
ability to cool itself through perspiration and
evaporation, the increase in apparent temperature
upsets this ability. Studying the apparent temperature
during the hot summer months in the Portuguese cities
of Lisbon and Oporto, it was found that increases in
apparent temperatures increase the rates of heart
diseases and even death [86]. Furthermore, examining
the increase in the number of days with dangerous
apparent temperature for the Iberian Peninsula and
Mediterranean coasts, an increase in the number of days
with dangerous apparent temperature for the future
periods of 2021-2050 and 2071-2100 was projected [8].
This study also states that an increase in the number of
days with dangerous apparent temperature will have
adverse health effects.

Our study did not analyze the effects of the increase in
the number of hot summer days and tropical nights and
in the number of days with dangerous apparent
temperature, but it reveals the possible effects of
increases in these indices on human comfort and health.
Stating that climate change not only increases the
ambient temperature but also causes population
movements, climate change has implications for travel
and disease risk [13]. Tourists may be at risk of disease
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due to factors in their country of origin and destination.
The tourist climate comfort has already deteriorated in
coastal countries and on the coasts of Turkiye, and this
situation has worsened with warmer hinterlands and
nights [12].

Considering the importance of coastal tourism,
adaptive measures should be taken due to the
vulnerability of the relationship between climate
change and coastal tourism. Destinations can preserve
their natural coastal environments and become more
resilient and attractive to tourists, provided they have
flexibility and foresight. A study, which relates
developments in the history of the tourism industry to
climate change, states that the mistakes of the past
should not be repeated, and lessons should be learned
from them in adapting the industry to the effects of
climate change [87]. The main adaptation strategies are
increasing scientific and social awareness, establishing
early warning systems, and developing emergency
response and adaptation processes.

The natural resources and climate of a destination are
crucial economic drivers of tourism. Therefore, any
change in the environment or climate creates both
opportunities and challenges for the tourism industry.
Due to the tourism sector’s vulnerability to climate
change impacts, it is necessary to investigate and
implement adaptation methods and policies for the
sector’s exposure to the effects of climate change. It is
believed that adaptation is the best course of action to
lessen the industry’s sensitivity to climate change
[82,88-90]. Although the tourism sector needs to adapt
to climate change, it is not fully recognized in the
literature [91]. When the potential consequences of
climate change are recognized, concentrating on
adaptation measures can be simpler and more effective.
The research on tourism has begun this phase recently.

For those who are especially at risk from the effects of
climate change, better surveillance and control
measures are required. Education initiatives regarding
the dangers of exposure to high temperatures are
needed [89]. It is crucial to collaborate with other
organizations and sectors to advance urban green
infrastructure that is appropriate for Mediterranean
Basin countries [92]. It is important to work not only
with the tourism industry but also with other industries
associated with it, especially the health sector,
regarding the health, environment and ecological
threats that rising temperatures can pose. For instance,
one area that needs to be expanded initially is the
capacity of the health system, which will need to serve
a capacity above the typical population during the
summer tourist season. Planned adaptation may be the
best course of action in light of the hazards posed by
climate change. The planned adaptation process, on the
other hand, should include risk management planning,
funding the adaptation process, prioritizing research
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and development activities, training, and effective
communication, as well as accepting responsibility for
each stakeholder, from local residents to governmental
organizations.

The natural and cultural environments, as well as other
resources that are important to the tourism industry,
must be safeguarded. Policies created through inclusive
processes are required to achieve it. Most research on
tourism industry adaptation and policies highlight
attempts to diversify products or shift places as the
adaptation responses that have been most successful.
Taking into account Tiirkiye’s tourism strategy, the
Development Plans launched in 1963 included various
regulations that addressed the industry. These are
associated with spending much more on advertising
and promotion, diversifying tourist-related activities,
raising tourism income, enticing investments and
creating infrastructure facilities, and education tourism
staff. None of the reports before 2019, however, make
any specific mention of climate change; instead, they
concentrate on raising the accommodation capacity and
travel-related services. In the eleventh and final
development plan covering the 2019-2023 targets,
climate change, food security and water management
issues and the importance of adaptation were
mentioned, but specific targets related to these issues
were not included [93]. Environmental goals including
attempting to stop the exploitation and pollution of
natural resources and preserving the ecological balance
should be incorporated into the tourism policy [94].
Therefore, the growth of tourism can be accomplished
in a way that ensures the preservation of natural and
cultural resources for both present and future uses.
Unplanned tourism development can result in issues
like the degradation and alteration of the physical
environment, the destruction of historical and cultural
resources, crowding and noise in the tourist area,
pollution of the environment, and traffic issues. These
issues arise during the busy tourist season in 5
provinces that were the subject of this study.

Countries such as Tirkiye, which heavily rely on
tourism revenue, may face the potential for substantial
financial losses due to climate change if they fail to
implement adequate measures to mitigate risks and
adapt to the changing climate. Adaptation is an
appropriate response to reduce the tourism industry’s
vulnerability to climate change. Adapting to climate
change is an imperative need, but this need is not fully
understood in the tourism sector. Focusing on
adaptation strategies can be easier and more efficient
when the potential impacts of climate change are
known. Examining the effects of climate change on a
system is important for studies that evaluate and
understand wvulnerabilities and related adaptation
measures. It is recommended that future research focus
on adaptation solutions based on impact studies such as
this research.
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In conclusion, flexible and participatory approaches
should be used to incorporate climate change into
sustainable tourism policies. Effective control systems
are also needed to ensure the implementation of these
integrated policies. Additionally, education on climate
change and its impacts is essential for all stakeholders,
including governments, the private sector, and the
public. Moreover, economic incentives can be provided
for the implementation of climate change adaptation
measures, including both tax breaks and taxation for
tourism industry.
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Abstract

Powder bed-based additive manufacturing processes such as laser powder bed fusion, binder jetting, and electron beam
melting are commonly utilized in various critical areas such as medical, aviation, and energy. Common to all these operations,
the powders are first spread onto the build platform in a layer-by-layer fashion and selectively fused or bound with a suitable
method. The quality of the process depends on several parameters, including how the powders are spread onto the build
platform. The powder spreading operation, which involves spreading powders on a powder bed with a roller or spreader, is
an important step in these operations and can affect various process outputs. In this study, powder spreading is numerically
investigated using the discrete element method to determine the effects of layer thickness, rotation, and translation
velocities, selected as parameters with a powder spreader roller. To account for the relationship between powder spreading
parameters and the powder volume packing fraction, as well as the interactions between particles themselves and between
the particles and the build plate, the Hertz-Mindlin contact model, including normal tangential forces, as well as the Johnson-
Kendall-Roberts (JKR) contact model, including the effects of surface energy, were added to the numerical model. A Design
of Experiment combined with analysis of variance (ANOVA) was utilized to gain a broader understanding of the relationship
between process parameters, green density, and dynamic angle of repose.

Keywords: Additive Manufacturing, Powder Spreading, Discrete Element Method, ANOVA

Oz

Lazerle toz yataginda flizyon, baglayici pUskiirtme ve elektron isini ile ergitme gibi toz yatagi tabanli yontemler, tibbi, havacilik
ve enerji gibi gesitli kritik alanlarda yaygin olarak kullaniimaktadir. Bu islemlerin hepsinde ortak olarak, tozlar 6nce katman
Uretim platformuna yayilir ve uygun bir yontemle segici olarak ergitilir veya baglanir. Siirecin kalitesi, tozlarin Gretim
platformuna nasil yayildigi da dahil olmak lzere birgok siire¢ parametresine baglidir. Bir merdaneyle veya yayici ile tozlarin
toz yatagina serilmesi islemi olan toz yayma operasyonu, bu islemlerde 6nemli bir adimdir ve yogunluk, ylizey purizlGlGgi
gibi gesitli stireg giktilari tizerinde etkili olabilir. Bu galismada, toz yayma, katman kalinhgi, donis ve gegis hizlarinin parametre
olarak segcildigi bir toz yayici silindiri ile, ayrik elemanlar yéntemi kullanilarak sayisal olarak incelenmistir. Toz yayma
parametreleri ile toz hacim paketleme orani arasindaki iliski, partikillerin kendileri arasinda ve partikil ile Gretim plakasi
arasindaki etkilesimleri dikkate almak i¢in normal ve tegetsel kuvvetleri iceren Hertz-Mindlin temas modelinin yaninda ylizey
enerjisinin etkilerini iceren Johnson-Kendall-Roberts (JKR) temas modeli sayisal modele eklenmistir. Deney Tasarimi ve
varyans analizi (ANOVA) ile birlestirilmis olarak, stire¢ parametreleri ile yogunluk ve dinamik yigin agisi arasindaki iliskiyi daha
genis bir anlayis kazanmak igin kullaniimigtir.

Anahtar Kelimeler: Eklemeli imalat, Toz Serpme, Ayrik Elemanlar Yéntemi, ANOVA

1. INTRODUCTION

Additive manufacturing has been proven to be an effective and versatile approach to produce intricate geometries
from a variety of materials [1]. Its geometric capabilities are beyond comparison with traditional techniques.
Among additive manufacturing processes, powder bed-based processes such as laser/electron beam powder bed
fusion and binder jetting have found numerous critical applications in many industries [2]. In these processes,
powder fed to the system with either a piston-based or hopper-based system is spread onto the build platform using
a spreader. The powder is then selectively melted or bound together by a suitable means depending on the
manufacturing type used. In general, the spreading operation is employed using either a roller, knife, or brush.
Depending on the spreading conditions, final part quality may be affected. Thus, it is imperative to understand the
effects of powder spreading conditions on powder bed quality [3].
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Although the final geometry is obtained after melting
the powder in fusion-based powder bed processes or
after sintering in binder jetting operations, it has been
shown that the powder bed quality can affect the final
part [4]. The powder bed quality also has a detrimental
effect on energy absorption in powder bed fusion [5].
In binder jetting, it can significantly affect the powder-
binder interaction, sintering, and infiltration behavior
[6]. The quality of the powder layer in the powder
spreading process is influenced by the geometry,
motion, and material properties of the spreading tool.
Additionally, the powder feedstock and its
characteristics play a significant role, impacting both
the powder layer quality and, consequently, the final
product's properties and overall quality.

Several studies have examined various aspects of
powder spreading in additive manufacturing using both
experimental and numerical methodologies. For
instance, Onler et al. explored the impact of powder
spreading parameters, alongside other process
variables, in binder jet additive manufacturing. They
found that factors such as layer thickness, roller
rotation direction, and roller transverse velocity
significantly affect both green part densities and quality
[7]. Gilebart et al. highlighted the importance of both
assembling procedures and contact laws in determining
the properties of cohesive powders. Through detailed
simulations, they provided insights that can be used to
better control and predict the behavior of these
materials in practical applications [8]. Maximenko et
al. investigated the influence of powder spreading
parameters on part distortion during binder jetting
using the discrete element method. Their findings
suggested that the distortion of previously deposited
layers depends on factors such as the amount of powder
removed during spreading, the thicknesses of the
deposited layers, and the dimensions of the
manufactured components. Through modeling and
simulation, they provided insights and guidelines for
optimizing the powder spreading process, contributing
to better control over the final dimensions and quality
of binder-jetted parts [9]. Zhang et al. integrated the
discrete element method with neural networks to
develop a powder spreading process map. Their study
highlighted the dominant role of the rotational speed of
the roller in determining the surface roughness of the
spread layer [10]. Additionally, Miyanaji et al.
demonstrated the importance of powder characteristics
in the binder jetting process, showing that particle size,
shape, distribution, and flowability significantly affect
the quality and properties of the fabricated parts. By
optimizing these powder characteristics, manufacturers
can achieve better control over the binder jetting
process and produce high-quality parts. They also
presented a comprehensive study on optimizing the
binder jetting process for printing green parts,
highlighting the importance of binder saturation, layer
thickness, and powder characteristics. By fine-tuning
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these parameters, manufacturers can achieve high-
quality green parts, paving the way for improved final
products after sintering [11,12].

The discrete element method (DEM), pioneered by
Cundall and Strack, has been widely utilized for
particle analysis and simulations across various
systems. Given the difficulties and expenses associated
with experimentally investigating powder spreading,
DEM offers a cost-effective and powerful platform for
understanding powder spreading in  additive
manufacturing. For instance, Parteli and Paschel
developed a numerical workbench to analyze the
effects of surface roughness due to these parameters.
They demonstrated the utility of particle-based
simulations in studying and optimizing the powder
application process in additive manufacturing. By
analyzing the effects of particle properties and
spreading mechanisms, their study provides valuable
insights for achieving better control over powder layer
quality, ultimately enhancing the performance and
reliability of additive manufacturing processes [13].
Meanwhile, Mindt et al. monitored the load during the
spreading process of titanium alloy powder. They
highlighted the often-overlooked importance of powder
bed layer characteristics as a primary input in additive
manufacturing. By demonstrating how these
characteristics influence final part quality, their study
calls for improved control and optimization of the
powder bed layer to achieve better outcomes in AM
processes [14]. Haeri et al. investigated the effects of
speed parameters on coating and plate displacement,
revealing that cylindrical spreaders are superior to
blade types in terms of powder packing density. Their
study demonstrates the potential of using DEM
simulations to optimize blade-type spreaders for
powder bed preparation in additive manufacturing. By
identifying the optimal blade design and operational
parameters, they provide valuable insights for
improving the uniformity and quality of powder layers,
ultimately enhancing AM process performance [15].
Chen et al. and Meier et al. employed DEM-based
numerical models to investigate particle dynamics and
the powder recoating process, respectively, validating
their findings with experiments [16]. Nan et al. studied
friction-induced jamming in powders experimentally
and incorporated these findings into simulations [17].
Fouda et al. analyzed the effects of particle material and
spreader type on packing density, emphasizing process
parameters and system mechanisms. Their study
examines the behavior of powder particles during the
spreading process and identifies factors influencing the
uniformity and density of the powder layer. Key
findings highlight the importance of particle size,
shape, and cohesion in achieving a consistent powder
bed, which is crucial for the quality of the final
manufactured parts. Their results provide insights for
optimizing the spreading process to improve additive

manufacturing outcomes [18]. Han et al. developed a
systematic approach to determine the optimal layer
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thickness considering packing density, correlating it
with microstructure and tensile strength. Their study
investigates how parameters such as particle size
distribution and spreading speed affect the thickness
and uniformity of the powder layer. The findings
indicate that optimal control of these parameters can
lead to more consistent layer thickness, which is
essential for high-quality additive manufacturing parts
[19]. Phua et al. calibrated particle properties using
DEM-based  models, matching  experimental
measurements. Their results demonstrate how surface
roughness and features impact the uniformity of new
powder layers [20]. Gurnon et al. proposed a multi-
layer DEM model, contrasting with single-layer
studies, and validated it experimentally. Their findings
emphasize that precise control of spreading dynamics
is essential for achieving high-quality powder layers,
which in turn influence the final part properties [21].
Chen et al. introduced a counterclockwise rotating
roller in DEM-based analysis, offering new insights
into physical mechanisms [22], while Valerio et al.
elucidated spreading operations using a numerical
DEM model [23].

As summarized above, powder spreading plays a
crucial role in  powder bed-based additive
manufacturing processes. Although various aspects of
powder spreading have been comprehensively
investigated in the literature, discrete element-based
approaches can be further useful for improving powder
spreading without incurring experimental costs. Hence,
this study focuses on the statistical analysis of
spreading parameters on powder bed quality. To
achieve this, a full factorial design of experiment-based
DEM simulations has been carried out. Analysis of
Variance (ANOVA)-based statistical investigations
were performed to identify the relationship between
spreading parameters and both powder density and the
dynamic angle of repose.

The optimization of powder spreading in powder bed-
based additive manufacturing processes is crucial for
ensuring high-quality output in critical applications
such as medical implants, aerospace components, and
energy systems. Despite the significant role of powder
spreading, there is limited understanding of how
specific parameters like layer thickness, roller rotation
and translation velocities impact the final product's
quality. This study addresses this gap by employing the
discrete element method (DEM) to numerically
investigate these effects, incorporating advanced
contact models to capture the intricate interactions
between particles and the build platform using a design
of experiment, ANOVA and response surface method
(RSM) based statistical approaches. This study
approach provides deeper insights into the mechanics
of powder spreading, enabling better control and
optimization of additive manufacturing processes,
ultimately leading to enhanced product performance
and reliability.
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1. METHOD

2.1. Discrete Element Method

The Discrete Element Method (DEM) is a powerful
numerical technique employed to simulate systems
composed of numerous discrete particles [18]. A
typical DEM simulation begins with the initialization
phase, where particles are spatially oriented and
assigned initial velocities. This is followed by the
explicit time-stepping phase, where forces acting on
each particle are computed based on initial conditions,
physical laws, and contact models. Nearest neighbor
sorting is periodically conducted during this phase to
reduce computational complexity by limiting the
number of potential contact pairs. Forces considered in
macroscopic simulations include friction, contact
plasticity or recoil, gravity, and various attractive
potentials such as cohesion, adhesion, liquid bridging,
and electrostatic attraction.

2.2. Governing Equation

A ‘super-spherical approach’ was used for the particle
type because powders exhibit very dense particle flow
and require effective layering during the spreading
process [22,24]. In this layering process, the motion of
powder particles is governed by Newton's second law
of motion, which describes the individual translational
and rotational motion of particles. As depicted in
Figure 1, the equations governing the motion of each
particle in the system at time 't', arising from
interactions with other particles 'j' present in the system
or with other components, can be expressed as follows:

du;
m—t = G+ Z(F;; +FY)
7

(1)

dw;
iz = Z(Tf.ii + ) )
J

Where uj, li, mj and w; are, respectively, translational
velocity, moment of inertia, the mass, and rotational
velocity of particle i; Fj and Fj; are, respectively, the
normal and tangential interaction forces between
particle i and j. Gj is the gravitational force of particle
i. The normal and tangential forces inherent in the
system can be derived directly from the contact and
damping force formulas, i.e., Fj} = F; + F};; and
Fjj = F¢;j + Fq;;. Then, the model proposed by Tsuji
et al [25], this model is also based on the Hert-Mindlin
contact force model, simplified for ease of use, which
makes an acceptable accuracy demonstrate of the
particle dynamic behavior during the particle contacts
[26], is applied to calculate the damping forces (Fg';;
and Fg;;) and tangential contact forces F_;; as a result
of the deformation of the particles. Ty;; is the torque
which is formed by the contact forces driving the other
particle which cause particle i to rotate, and T, ;; is the
rolling friction torque that opposes to the rotation of
particle i.
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Van der Waals forces begin to dominate when the
diameters of the particles in the system are smaller than
100 microns. Consequently, calculating cohesion
forces between particles becomes necessary. The JKR
contact model addresses this requirement. The JKR
contact model is essentially an extension of the Hertz-
Mindlin contact model, designed to calculate contact
forces acting on elastic and adhesive particles.
Equations 3 and 4 are used to determine the contact
radius and pull-off force, respectively.

2 1/2

a Tya
«=5~2(%) @)
4E*ad
Fy = g = A(ryE"a®)'/? (4)

Where a, y and E are circular are of radius, surface
energy and young modulus, respectively.

Particle i

Particle ;

Boundary

Figure 1. lllustration of force and torque for two
interacting super-spherical particles

2.3. Material

To simulate particle dynamic behaviors and their
fundamentals using DEM, the material properties and
conditions must be accurately described and input into
the program as parameters and boundaries. Although
some of these parameters are challenging to measure
[27], they are often sourced directly from the literature
[18,28].

In this study, Ti6Al4V (Titanium Alloy), which is
widely used in additive manufacturing, is employed to
provide a common basis for comparison. The physical
and mechanical properties of the particulate material
required for the simulations are listed in Table 1. These
properties are characterized by their specific
applications and have been defined in previous studies.
Commercial steel is chosen as the material for the build
plate [29].
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Table 1. Properties and input parameters of Ti6AI4V
(Titanium Alloy) material [18]

Properties Clearance

Particle Material Density (kg/m?®) 4300
Walls Material Density (kg/m®) 8500
Particle Shear Modulus (MPa) 1
Particle Poisson Ratio 0.3
Wall Shear Modulus (MPa) 1
Wall Poisson Ratio 0.3
Particle-Particle Coefficient of Restitution 0.5
Particle-Wall Coefficient of Restitution 0.5
Particle-Particle Coefficient of Sliding Friction 0.5
Particle-Wall Coefficient of Sliding Friction 0.5
Particle-Particle Coefficient of Rolling Friction 0.01
Particle-Wall Coefficient of Rolling Friction 0.1

2.4. Particle Size Distribution and Layer Thickness
Particle size distribution is a critical parameter for the
spreading operation and has both positive and negative
effects on packing fraction. Various particle
distribution methods are used in the literature, such as
random, half-normal, log-normal, and linear-normal
distributions. For a more precise simulation, gas-
atomized Ti-6Al-4V powders were considered. Particle
size distributions were measured using a particle size
analyzer (Mastersizer-2000, Malvern), and particle
morphology was assessed using scanning electron
microscopy (XL30 SFEG, Philips). As shown in Figure
2, the particle diameter distribution is approximately 50
microns, with particles close to this diameter occupying
most of the total volume. Among the investigated
particle distributions, the log-normal size distribution
was found to be more representative of the actual
conditions than the others. Therefore, the particle
diameter distribution was chosen based on the log-
normal size distribution [30].

Volume (%)

10 El 50 70 90 110 130 150
Particle Size (um)
Figure 2. A sample particle size distribution of Ti-
6Al-4V powders considered in the simulation

In this study, the particle diameter was set to 50
microns, and the log-normal size distribution was
defined with a standard deviation of 0.05 and a mean of
zero for all materials. As shown in the scanning
electron microscopy images in Figure 3, the particles
are predominantly spherical, with a small number of
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satellite-shaped particles. Therefore, super-spherical-
shaped particles were modeled, consistent with
approaches used in the literature [8].

) Wl .
Figure 3. Scanning Electron Microscopy images of
Ti-6Al-4V particles considered in the study

(@)

Powder
Heap

Building (b)

Plate

Powder
Bed

Roller

Figure 4. DEM simulation set-up showing roller,
feedstock and building plate (a) before, and (b) after
the spreading operation for one layer

2.5. Simulation Setup

A powder spreading system, featuring a spreader and a
build plate, is commonly used in production methods
such as Selective Laser Melting (SLM), Binder Jetting
(BJ), and Selective Electron Beam Melting (SEBM).
This system, modeled as shown in Figure 4, consists of
three main components: the roller, the powder heap,
and the build plate, which defines the layer geometry
by providing the desired depth. As illustrated in Figure
4(a), powders are produced at a rate of ten thousand
units per second using a virtual plate positioned
appropriately within the system. These powders are
deposited in front of the roller under the influence of
gravity, forming a heap. After the heap is formed by the
virtual plate, the roller rotates at a specific angular
velocity and moves forward at a set translational speed
to fill the gap created by the layer thickness on the build
plate, thereby forming the powder bed, as shown in
Figure 4(b). Another critical physical parameter is the
vertical gap between the roller and the build plate,
which directly impacts the system. This gap affects the
packing density of the deposited powder and its surface
roughness, which corresponds to the vertical resolution
of the 3D printed component. In the simulations
performed for this study, the gap was maintained at a
constant 50 microns, a standard value used in typical
electron beam melting (EBM) machines [31,32]. This
standardization ensures consistency and allows
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meaningful comparisons between simulation results
and real-world manufacturing processes.

The discrete element method (DEM) is a numerical
technique well-suited for predicting the motion of
individual powder particles and their dynamics during
the powder spreading process. Due to these
capabilities, DEM has been used extensively in
simulations. In this paper, varying simulations were
conducted using the DEM software EDEM® provided
by Altair. To achieve more accurate results, the Hertz-
Mindlin and Johnson-Kendall-Roberts (JKR) contact
models were employed to determine interactions
between particles and between particles and walls.

2.6. Simulation Parameters

In this study, we employed a full factorial design of
experiments approach, incorporating layer thickness,
rotational speed, and translational speed as key factors.
The layer thickness values chosen were 100, 120, 130,
and 140 um. The roller rotational velocities were set at
150, 200, and 250 rpm, while the roller translational
velocities were set at 10, 20, and 30 mm/sec. These
parameter choices were informed by previous studies
[18,23,33]. With 4 levels of layer thickness and 3 levels
each of rotational and translational velocities, a total of
36 simulations were conducted to thoroughly explore
the parameter space and analyze their effects on the
system.

Figure 5. Virtual measurement of dynamic angle of
repose

2.6.1. Dynamic angle of repose and packing fraction
measurements

The dynamic angle of repose for different rotational
and translational velocities at each layer thickness was
measured by capturing screenshots at various time
intervals, ensuring that the rollers were in identical
positions. To pinpoint the precise moment for
determining the dynamic angle of repose, all time steps
of the simulation were carefully reviewed. The specific
moment when the powders first filled the space
designated for the layer thickness, as shown in Figure
5, was identified as the time to reach the steady state,
as suggested by [34]. This approach enabled a precise
assessment and analysis of the dynamic angle of repose
under the varying experimental conditions.
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|gure 6. Virtual box employed for measurement of
volume packing fraction

In this study, the volume packing fraction defined as the
percentage of the total volume of powders within a
given unit volume was measured for different rotational
and translational velocities at each layer thickness. This
measurement was conducted using a virtual box within
the EDEM simulation environment, as shown in Figure
6. The density sensor box was designed to fully
encompass the layer thickness to ensure accurate
density measurements. The positioning of the layer
thickness for density determination was carefully
aligned to cover the entire layer thickness, in
accordance with established practices [16,35]. This
approach enabled a precise and thorough assessment of

the volume packing fraction under various
experimental conditions.
2 Layer Thickness [microns] Rotational Velocity [rpm] Transitional Velocity [mm/s]
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Figure 7. Virtual box employed for measurement of volume packing fraction
2.6.2. Analysis of Variance identical individual simulation parameter. Fon

To assess the impact of the examined parameters, we
utilized a commonly employed statistical method
known as Analysis of Variance (ANOVA). ANOVA is
frequently used to ascertain if there are any statistically
significant distinctions among the means of various
groups. Statistical comparisons were conducted using a
two-tailed Student's t-test, with a significance threshold
of p < 0.05. Additionally, to better interpret the
ANOVA outcomes beyond mere statistical
significance, we calculated the relative contributions of
spreading parameters and their interactions [36]. The
ANOVA results pertaining to parameters with
substantial contributions were subsequently tabulated
and graphically represented.

I11. RESULTS

3.1 Dynamic Angle of Repose

Figure 7 illustrates the main effects of how spreading
parameters influence the dynamic angle of repose,
which consistently ranges from 23° to 32° under
various conditions. In this figure, the y axis shows the
mean of the simulations results generated using the

instance, the first point corresponding to 100 um layer
thickness considers all the rotational and transitional
velocity combinations with 100 umm layer thickness.
The angle of repose was found to increase linearly with
layer thickness. In contrast, rotational and translational
velocities did not show a consistent trend in the angle
of repose. To validate these observations, an Analysis
of Variance (ANOVA) presented in Table 2 assessed
the effects of three key parameters: layer thickness,
rotational velocity, and translational velocity. In this
table, DF represents degree of freedom, Adj SS
represents adjusted sum of squares and adj MS
represents adjusted mean of squares. The F-value is the
ratio of the variance between the group means to the
variance within the groups. The p-value, or probability
value, is a measure used in statistical hypothesis testing
to determine the significance of the observed results
[37]. A significance level of 0.05 is used to determine
the significance of the investigated factor. Layer
thickness was identified as the most significant factor,
accounting for 55.91% of the total variation, with a
highly significant F-value of 110.55 (p < 0.001).
Rotational velocity, however, had minimal impact,
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contributing only 0.01% of the variation with a non-
significant F-value of 0.03 (p = 0.868). Translational
velocity similarly contributed 0.11% of the variation,
supported by an insignificant F-value of 16.580 (p =
0.645). Additionally, the squared term of translational
velocity showed a significant effect with an F-value of
46.46 (p = 0.000), accounting for 23.45% of the
variation. The unexplained variation, indicated by the
error term contributing 13.15%, highlights the
complexity of the analysis. Overall, these findings
emphasize the substantial influence of layer thickness
on the dynamic angle of repose, consistent with
existing literature [23], and underscore the minimal
effect of rotational velocity in this context.

According to the results in the table, a response

surface method equation was found to be as follows:

AoR = 30,1+ 0,051LT + 0,0118RV — 1,526TV
—0,000292LT * LT
—0,000102RV * RV

+0,02642TV = TV + 0,000201LT

* RV + 0,00353LT TV
+ 0,000103RV = TV

Table 2. Analysis of variance for dynamic angle of repose (AoR).

(5)

Source DF Contribution Adj SS Adj MS F-Value P-Value
Model 9 86,85% 206,005 22,889 19,08 0,000
Linear 3 56,03% 132,907 44,302 36,93 0,000
Layer Thickness (LY) 1 55,91% 132,612 132,612 110,55 0,000
Rotational Velocity (RV) 1 0,01% 0,034 0,034 0,03 0,868
Translational Velocity 1 0.11% 0,261 0,261 022 0,645
(TR)
Square 3 23.97% 56.856 18.952 15.80 0.000
LT*LT 1 0.21% 0.492 0.492 041 0.527
RV*RV 1 0.22% 0.517 0.517 0.43 0.517
TV*TV 1 23.54% 55.847 55.847 46.56 0.000
2-Way Interaction 3 6.85% 16.242 5.414 451 0.011
LT*RV 1 0.51% 1.211 1.211 1.01 0.324
LT*TV 1 6.32% 14.989 14.989 12.50 0.002
RV*TV 1 0.02% 0.042 0.042 0.04 0.853
Error 26 13.15% 31.188 1.200
Total 35 100.00%
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Figure 8. Parameters effect on volume packing fraction [%]

3.2. Bulk Density/Packing Fraction

Figure 8 provides insight into the main effects of
volume packing fraction revealing that, under the
investigated simulation parameters, increasing layer
thickness and translational velocity lead to a significant
decrease in volume packing fraction, while rotational
velocity tends to increase it, consistent with findings by
Haeri et al. [15] Zhang et al [30]. In their study, the
translational velocities ranged from 40 mm/s to 160
mm/s and the volume packing fractions corresponding
to these velocities ranged from 0.53 to 0.45,
respectively. In the same study, when the effect of layer
thickness on the volume packing fraction is considered,
the volume packing fraction increases between 0.15
and 0.5, corresponding to a layer thickness of 50
microns and a layer thickness of 175 microns.
However, the effect of rotational speed on volume
packing fraction was found to be very small compared
to other parameters. Fouda et al. also revealed similar
findings. In their study, volume packing fractions
corresponding to translational velocity speeds between
10 mm/s and 100 mm/s ranged between 47.5% and
25%. It is clearly seen that the increasing of
translational velocity of roller reduces the packing
volume fraction [18]. A similar situation was also
found in this, the upper and lower values of volume
packing fraction are determined to be 2800 kg/m? and
2600 kg/m3, respectively. Table 3 presents the ANOVA
results for volume packing fraction, offering further
clarity on the influencing factors. Layer thickness
emerges as a significant contributor, explaining 18.29%
of the total variation with a highly significant F-Value
of 124,28 (p < 0.001). Although rotational velocity
demonstrates statistical significance, its impact is
relatively modest, accounting for 3.69% of the
variation (F-Value = 25.09, p = 0.007). In contrast,
translational velocity emerges as the most influential
factor, explaining a substantial 65.90% of the total
variation, supported by a remarkably high F-Value of
447,86 (p < 0.001). Despite its lesser significance,
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rotational velocity still plays a discernible role. Overall,
this analysis underscores the significant influence of
layer thickness and translational velocity on volume
packing fraction, highlighting the complexity of the
system.

According to the results in the table, a response surface
method equation was found to be as follows:

VPF =70,03+ 0,0766RV — 0,5128TV + 0,000257LT
* LT — 0,000082RV * RV
+0,00522TV = TV — 0,000181LT
* RV + 0,001881LT =TV
— 0,000589RV * TV

(6)

The literature commonly suggests that the dynamic
angle of repose tends to increase with higher
translational velocities. This trend typically indicates
more challenging particle flow, leading to increased
volume fraction and decreased production quality
[38,39]. However, contrary to these expectations, this
study did not yield clear statistical results regarding the
dynamic angle of repose concerning the primary
parameters. Notably, only the influence of layer
thickness on the dynamic angle of repose was evident.
As depicted in Figure 8, the effect of spreading
parameters on volume packing fraction shows a very
clear distribution, whereas no clear results were
obtained for the effect on the dynamic angle of repose.
Consequently, a direct correlation between increased
layer thickness and the rise in the dynamic angle of
repose is established. Nevertheless, despite this insight,
a definitive relationship with volume packing fraction
remains elusive.

In contrast to the statistical analysis regarding the
dynamic angle of repose, notable findings emerge from
the volume packing fraction analysis, demonstrating
distinct results based on the parameters. The analysis
reveals significant changes according to the three
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primary parameters considered, suggesting meaningful ~ findings from numerous studies in the literature (e.g.,
relationships. As summarized in Figure 7, translational ~ [4,21,40,41]), further emphasizing the substantial
velocity notably influences volume packing fraction  impact of translational velocity on volume packing
more than other factors. This observation aligns with  fraction.

Table 3. Analysis of variance for volume packing fraction (VPF)

Source DF Contribution Adj SS Adj MS F-Value P-Value
Model 9 96.17% 110.268 122.520 72.63 0.000
Linear 3 87.88% 100,756 335.852 199.08 0.000
Layer Thickness (LY) 1 18.29% 20.967 209.669 124.28 0.000
Rotational Velocity (RV) 1 3.69% 4.233 42.333 25.09 0.000
Translati(c_)lps; Velocity 1 65.90% 75555 755,554 447.86 0.000
Square 3 2.53% 2.895 0.9651 5.72 0.004
LT*LT 1 0.33% 0.379 0.3792 2.25 0.146
RV*RV 1 0.29% 0.338 0.3379 2.00 0.169
TV*TV 1 1.90% 2.178 21.783 12.91 0.001
2-Way Interaction 3 5.77% 6.617 22.058 13.08 0.000
LT*RV 1 0.86% 0.983 0.9832 5.83 0.023
LT*TV 1 3.70% 4.246 42.457 2517 0.000
RV*TV 1 1.21% 1.389 13.885 8.23 0.008
Error 26 3.83% 4.386 0.1687
Total 35 100.00%
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IV. CONCLUSIONS

This study numerically investigates the powder
spreading behavior of Ti-6Al-4V alloy using the
discrete element method, considering full factorial
combinations of four levels of layer thickness, three
levels of rotational velocity, and three levels of
translational velocity. The simulation results were
further evaluated using ANOVA. In conclusion, our
investigation into the dynamic angle of repose and
volume packing fraction reveals the intricate interplay
between spreading parameters and  material
characteristics. Regarding the dynamic angle of repose,
our findings align with existing literature, highlighting
the pronounced influence of layer thickness and
translational velocity. Notably, while rotational
velocity showed statistical insignificance, layer
thickness and translational velocity significantly
affected the dynamic angle of repose, with translational
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velocity emerging as the most influential factor.
However, contrary to expectations, no clear statistical
results were obtained for the dynamic angle of repose
concerning the main parameters, underscoring the
complexity of the system. In contrast, our analysis of
volume packing fraction reveals distinct results based
on the parameters, with translational velocity exerting
the most significant influence. Increasing layer
thickness and translational velocity led to a notable
decrease in volume packing fraction, while rotational
velocity tended to increase it, consistent with previous
research. These observations highlight the multifaceted
nature of volume packing fraction determination, with
translational velocity emerging as a key determinant.
Overall, our study emphasizes the importance of
considering multiple factors in understanding both the
dynamic angle of repose and volume packing fraction.
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It provides valuable insights into the complex dynamics
of granular materials used in additive manufacturing.
Further research into areas such as powder morphology
variation and binder/powder interactions during
spreading could enhance our understanding of particle
behavior and inform the optimization of production
processes. This study examined the spreading of the
first layer in general. In fact, powder bed additive
manufacturing methods involve the formation of
multilayers and after each layer is spread, the binder is
sprayed in binder jetting, while in applications such as
electron beam melting and laser beam melting, each
spread layer is molten. As a result of spraying the
binder or melting the powder, the volume packing
fraction of the layer changes and even the layer
thickness decreases. Even such changes can be
parameterized and added to the model. Improving the
model used and studying this multilayer formation can
lead to much more accurate results. In addition, due to
the use of metal powders in this type of application,
there is a magnetic attraction or repulsion between the
powders. This may even occur between the powders
and the binder. Such effects can also be added to the
numerical model to produce better simulations that
converge to reality.
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CuS/CulnS,/TiO- ile Fotokatalitik Hidrojen Uretimi: Fotokatalizor Sentez
Yonteminin Etkisi

Photocatalytic Hydrogen Production by CuS/CulnS2/TiO2: Effect of Photocatalyst Synthesis
Method
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Oz

Fotokatalitik hidrojen tretimi, uygun fotokatalizorler kullanilarak giines enerjisini kimyasal enerjiye donlstirme konusunda
onemli bir potansiyele sahip, temiz ve yenilenebilir bir enerji Gretim sireci olarak bilinmektedir. Bu galismada, solar isik altinda
H, Uretimini arttirmak igin CuS/CulnS,/TiO, nanokompozitinin sentezlenmesini hedeflenmistir. CuS/CulnS,/TiO, kati-kati
sentez ve yerinde sentez olmak Uizere iki farkli sentez metodu ile hazirlanmistir; H, iretiminin en yiiksek oldugu fotokatalizor
kompozisyonu ve fotokatalizor sentez metodu belirlenmistir.

Anahtar Kelimeler: Fotokatalizor, TiO,, CuS, CulnS,, solar, hidrojen

Abstract

Photocatalytic hydrogen production is known as a clean and renewable energy production process with significant potential
to convert solar energy into chemical energy by using suitable photocatalysts. In this study, it was aimed to synthesize
CuS/CulnS,/TiO, nanocomposite to increase H, production under solar light. CuS/CulnS,/TiO, was prepared by two different
synthesis methods, solid-solid synthesis and in situ synthesis; the photocatalyst composition and photocatalyst synthesis
method with the highest H, production were determined.

Keywords: Photocatalyst, TiO,, CuS, CulnS,, solar, hydrogen

I. GIRI

Suyun ayrslsmam yoluyla fotokatalitik hidrojen (H») liretimi, uygun fotokatalizorler kullanilarak giines enerjisini
kimyasal enerjiye doniistiirme konusunda dnemli bir potansiyele sahip, temiz ve yenilenebilir bir enerji {iretim
stireci olarak bilinmektedir. TiO.'in diisiik maliyeti, toksik olmamasi, kimyasal stabilitesi ve yiiksek verimliligi
nedeniyle fotokatalitik hidrojen {iiretiminde en cok dikkate alinan malzemelerden biridir. Fakat TiOz’in
fotokatalitik hidrojen iiretimi aktivitesinin diisiik olmasina sebep olan Onemli dezavantajlar1 vardir. Bu
dezavantajlar, zayif solar 1sik absorpsiyonu ve foton ile {iretilen elektron-bosluk ciftlerinin hizl
rekombinasyonudur. Genis bant aralig1 enerjisine sahip olan TiO; (yaklasik 3,2 eV) giines 15181 spektrumunun
sadece yaklasik %5'ini olusturan UV 1s1masiyla aktif hale gelebilir. TiO2’in performansini artirmak i¢in kimyasal
katkilama ve fiziksel iyon yerlestirme yontemleriyle katyonlar, anyonlar, degerli metaller, metal oksitler ve metal
stilfurler gibi bilesenlerin az miktarlarda eklenmesiyle goriiniir 1518a duyarli hale getirilmesini ve daha diisiik
elektron-bosluk rekombinasyonu saglayan bir¢ok ¢alisma mevcuttur [1-5]. TiO2’e katkilanan bu yapilardan metal
sulfurler, dar bant bosluklari, genis spesifik yiizey alanlar1 ve uygun bant pozisyonlari gibi hidrojen iiretiminde
ihtiya¢ duyulan fotoelektronik 6zellikleri nedeniyle ¢ok dikkat cekmektedir [6, 7]. TiO2’in diisiik bant aralikli yari
iletken metal siilfiirler ile kullanimi, yalnizca 1s1k absorpsiyon arttirmayip ayni zamanda foton ile {iretilen yiik
tastyicilarinin rekombinasyonunu baskilayarak hidrojen {iretim miktar1 agisindan 6nemli sonuglara ulasilmasim
saglamigtir. CdS, MoS,, CuS, PbS, Sn,S, ZnS, Bi»Ss, In,Ss ve FeS gibi birgok farkli ikili metal siilfiirlerin TiO; ile
kullanildiginda fotokatalitik hidrojen iiretim performansini arttirdigr ortaya konmustur [8]. ZnlIn,Ss, AgInS,,
CulnS; gibi ucli metal sulfirler de genellikle yiksek aktiviteye, uygun kimyasal stabiliteye, esnek element
bilesimlerine ve ayarlanabilir bir bant yapisina ve goriiniir 151k fotokatalizine karsilik gelen bant araligina sahiptir
[9]. 2019 Yilinda rapor edilen bir ¢alismada TiO2/ZnIn,S, nanoyapili heteroeklem kompozit yapisi ile tek bagina
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Metal siilfiir/TiO: ile Hidrojen Uretimi

TiO2’in trettiginden 26 kat fazla ve tek basma
Znln,Sy’tin drettiginden 2,3 kat fazla hidrojen tiretimi
saglanmigtir [10]. Yine 2019°da %1CulnS,/TiO; ile tek
basma TiO; ile Uretilenden 1,68 kat fazla olarak 785,4
pmol g! h? hidrojen iiretimi kaydedilmistir [7].
Literatiirdeki bu ¢aligmalarin yanisira ikili metal
sulfirlerin ve Uclu metal stlfurlerin TiO2’e birlikte
yiiklenmesi ile olusturulan kompozitlerin hidrojen
iretiminde Ustiinlik sagladigi caligmalar da dikkat
cekmektedir. CulnS; kuantum noktalari/TiO2/MoS;
fotokatalizorii ile 1034 pumol g h** hidrojen Gretimi
kaydedilmistir [11].

Biitiin bu bilgiler 1s18inda, bu ¢alisma kapsaminda
CuS/CulnS,/TiO, fotokatalizorleri kati-kat1 sentez
metodu ve yerinde sentez metodu olmak tizere iki farkl
yontemle sentezlenmistir. Fotokatalizorlerin sentez
yonteminin ve igerdikleri metal siilfiir oranlarmin
hidrojen tiretimine etkisi incelenmistir.

Il. MATERYAL VE YONTEM

2.1. TiO, Nanopartikdllerinin Sentezlenmesi

Belli oranlarda titanyum tetra-izopropoksit ve susuz
propanol karistirilarak A ¢ozeltisi hazirlanir. Yine
susuz propanol ve belli oranlarda deiyonize su ve asetik
asit karistirilarak B ¢ozeltisi olusturulur. Her iki ¢ozelti
de hazir edildikten sonra B ¢dzeltisi, karigtirma altinda
damla damla A ¢ozeltisine ilave edilerek seffaf bir
cozelti elde edilir. Cozelti birkac saat sonra oda
sicakliginda siit kivamina geldikten sonra birkag saat
daha beklenir ve jel kivami elde edilir. Daha sonra,
¢oziiciileri uzaklastirmak i¢in 5 saat boyunca 120°C'de
bir kurutma adimi gergeklestirilir ve ardindan agat
havanda 6giitiliir. Nihai TiO; partiktllerine ¢okeltinin
500°C'de 2 saat boyunca kalsine edilmesiyle ulagtlir.

2.2. Kati-kat1 Sentez Metodu ile CuS/CulnS,/TiO;
Hazirlanmasi

Oncelikle CuS, tek basina hidrotermal yoéntemle
¢oktiiriilerek  sentezlenir. Bakir nitrat  trihidrat
(Cu(NOs3)2-3H,0) ve tiyolrenin (CHsN2S) 1:1 oraninda
alinarak deiyonize suda ¢ozilir. Cozelti teflon
kaplamali paslanmaz celik otoklava aktarilir. Otoklav
etivde 180°C sicaklikta, 5 saat boyunca bekletilir.
Otoklav dogal olarak oda sicakligina geldikten sonra
icinde CusS partikiillerinin ¢oktiigii gézlemlenir, ¢okelti
filtre edilerek ayrilir ve defalarca deiyonize su ile
yikanir. 80°C’de kurutulur.

Ayrica CulnS;, tek basina hidrotermal yontemle
¢Oktiiriilerek  sentezlenir. Bakir nitrat trihidrat
(Cu(NOs),:3H,0), indiyum (1lI) Kklorit tetrahidrat
(InCl3-4H,0) ve tiyourenin (CHN,S) sirastyla 1:1:2
oraninda alinarak deiyonize suda c¢ozilir. Cozelti
teflon kaplamali paslanmaz ¢elik otoklava aktarilir.
Otoklav etiivde 180°C sicaklikta, 5 saat boyunca
bekletilir. Otoklav dogal olarak oda sicakligina
geldikten sonra iginde partikillerinin  ¢oktiigi
gozlemlenir, ¢okelti filtre edilerek ayrilir ve defalarca
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deiyonize su ile yikanir. 80°C’de kurutulur.
CuS/CulnS2/TiO; fotokatalizorleri kat1 halde karigim
olarak ile bir araya getirilmistir [25]. CuS ve CulnS;
oranlan kiitlece CuS (%3) ve CulnS, (%5, %10 ve
%20) ve geri kalan kisim TiO; olacak sekilde tartilarak
birlestirilip agat havanda 2 saat siire ile dgiitlilmiistiir.
Toz karigimin iistiine birkag damla etanol ilave edilerek
toz numunenin daha iyi karigmasi saglanmistir ve elde
edilen numune tekrar kurutulmustur. Numunelerin
isimlendirilmesi sistemi takip eden sekilde yapilmistir:
kati-kati sentez metodu ile hazirlanan
%3CuS/%20CulnS,/TiO, numunesi 3CS20CIST(K)
olarak kodlanmustir.

2.3. Yerinde Sentez Metodu ile CuS/CulnS,/TiO:
Hazirlanmasi

Yerinde sentez  metodu CuS/CulnS2/TiO,
hazirlanmasinda, onceden hazirlanmig TiO,
nanopartikiilleri, uygun oranlarda bakir nitrat trihidrat
(Cu(NO3)2-3H20), indiyum (I1l) Klorit tetrahidrat
(InCl3-4H,0) ve tiyolre (CH4N,S) baslangi¢ maddeleri
katilarak su iginde siispanse edilir. Stispansiyon teflon
kaplamali paslanmaz ¢elik otoklava aktarilir. Otoklav
etlivde 180°C sicaklikta, 5 saat boyunca bekletilir.
Otoklav dogal olarak oda sicakligina geldikten sonra
icindeki cokelti filtre edilerek ayrilir ve defalarca
deiyonize su ile yikanir. 80°C’de kurutulur.

ile

Fotokatalizorler CuS ve CulnS; oranlari kiitlece CuS
(%3) ve CulnS; (%5, %10 ve %20) ve geri kalan kisim
TiO2 olacak sekilde hazirlanmistir. Numunelerin
isimlendirilmesi sistemi takip eden sekilde yapilmistir:
yerinde sentez metodu ile hazirlanan
%3CuS/%20CulnS,/TiO, numunesi 3CS20CIST(Y)
olarak kodlanmustir.

2.4. Fotokatalitik Hidrojen Uretimi Testleri

0,25M NayS - 0,35M NaySOs Cozeltisi kuvars tabanli
reaktore ylklenerek fotokatalitik hidrojen Gretim
reaksiyonlart gerceklestirilmistir. Her deneyde 50 mg
fotokatalizor ve 150 ml reaktan ¢ozeltisi kullanilmustir.
Isik kaynagi olarak HAL-320 Compact Xenon Isik
Kaynagi Giines Similatori  kullanilmis ve 151k
yogunlugu 1000 W m? olarak ayarlanmistir. Elde
edilen gaz miktarini 6lgmek igin bir su manometresi
kullanilmistir. Toplanan gaz, GC (Agilent 6890) ile
analiz edilmistir; Hy kalitatif olarak tanimlanmustir.

I11. SONUCLAR VE TARTISMA

3.1. Karakterizasyon

Sentezlenen fotokatalizorlerin fazlari X-151mm1 kirmimi
difraktometrisi analizi ile tespit edilmistir; Sekil 1°de
X-151n1 kirmim desenleri goriilmektedir. Sentezlenen
TiO; 6rneginin X-1951m1 kirmim diyagraminda 25,40°,
38,00°, 48,23° ve 55,30° agilarinda goriilen
karakteristik pikler sirastyla anataz fazinin (101), (112),
(200) ve (211) diizlemlerine karsilik gelmektedir [7].
Ayrica 27,65°, 54,17°, 63,00°, 69,16° ve 70,64°
acilarinda goriilen pikler ise sirastyla rutil fazinin (110),
(211), (002), (301) ve (112) diizlemlerine karsilik
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gelmektedir [12]. Anataz ve rutil fazlarinin bagil
agirliklarini tespit etmek icin Spurr Myers denklemleri
kullanilmistir [12, 13]. Bu ¢aligmada sentezlenen TiO;
icin %85,5 anataz ve %14,4 rutil faz1 bulundugu tespit
edilmistir. Sentezlenen CuS 6rneginin X-1s1n1 kirinim
diyagraminda 27,34°, 29,46°, 31,82°, 32,10° ve 48,11°
acilarinda goriilen karakteristik pikler sirasiyla kovelit
fazinin (101), (102), (103), (006) ve (110) duzlemlerine
kargilik gelmektedir [14, 15]. Sentezlenen CulnS,
orneginin X-1s1n1 kirinim diyagraminda 27,86°, 31,70°,
47,90° ve 56,42° agilarinda goriilen karakteristik pikler
sirastyla (112), (200), (220) ve (312) diizlemlerine
karsilik gelmektedir [16]. Kati-kat1 sentez metodu ile
sentezlenen %3CuS/%5CulnS,/TiO, orneginin  ve
yerinde sentez metodu ile sentezlenen %3CusS-
%10CulnS,-TiO;  6rneginin ~ X-1g1n1 kirimim
diyagraminda goriilen ana pikler TiO, fazina ait
olmakla birlikte 29,40° ve 31,80° agilarinda goriilen
kicuk pikler CuS varligimi gostermektedir; 56,60°
agisinda  goriilen pik ise  CulnS; varligim
gostermektedir.

M e
S, ORI VN
3CS10CIST(Y)

W

CuS
\ TiO,
L,N\_ A
T T T T T
30 40 50 60 70

2teta (derece)

Sekil 1. Fotokatalizor numunelerinin X-1g1m1 kirinim
desenleri

Sekil 2’de kati-kat1 sentez metodu ile sentezlenen
%3CuS/%5CulnSy/TiO, drneginin ve yerinde sentez
metodu ile sentezlenen %3CuS/%10CulnS,/TiO;
omeginin SEM-EDS analiz sonuglari verilmistir.
Fotokatalizordeki elementel Cu, In, S, Ti, O analiz
soucglart XRD sonuglarini destekler niteliktedir. SEM
goriintiileri incelendiginde kati-kat1 sentez metodu ile
hazirlanan 6rnekte topaklanmanin daha fazla oldugu
gbzlemlenmistir, yerinde sentez metodu ile hazirlanan
ornekte daha homojen bir dagilimdan bahsedilebilir.

Sekil 3’te yerinde sentez metodu ile sentezlenen
CuS/CulnSy/TiO, drneklerinin fotolliminesans analizi
sonuglart verilmistir. En yiiksek PL siddeti tek bagina
TiO, 6rnegine aittir; CuS/CulnS; katkist yapildiginda
PL siddetinin diistiigli gozlemlenmistir. Boylelikle
CuS/CulnS; katkis1 ile elektron — bosluk giftlerinin
rekombinasyon  hizinin  diismesi  saglanmistir.
Fotokatalizérdeki CulnS; oraninin artmasiyla PL

siddeti de artmigtir; dolayistyla CulnS; orani en az olan
%5CulInS; igeren 3CSS5CIST(Y) o6rnegi en diisiik
elektron — bosluk rekombinasyon hizina sahip olan
ornek olarak belirlenmistir.

Sekil 2. (a) 3CS5CIST(K) 6rneginin ve (b)
3CS10CIST(Y) 6rneginin SEM-EDS analiz sonuglari

——Tio,

——— 3CS5CIST(Y)
—— 3CS10CIST(Y)
——— 3CS20CIST(Y)

300 4(‘)0 560 6(‘)0 7(‘)0 8(‘)0 900
Dalgaboyu (nm)
Sekil 3. Yerinde sentez metodu ile hazirlanan
CuS/CulnS,/TiO; fotokatalizér érneklerinin
fotoliiminesans spektrumlari
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3.2. Fotokatalitik Aktivite Sonug¢lar:

Sekil 4°de iki farkli sentez metodu ile hazirlanan
fotokatalizorlerin 8 saat reaksiyon sonundaki hidrojen
liretimi sonuglan verilmistir. Kati-kat1 sentez metodu
ile hazirlanan 6rneklerde en iyi sonucu veren 6rnek 916
umol g! kat. hidrojen iiretimi  saglayan
%3CuS/%5CulnSy/TiO; (K) 6rnegidir. Fotoliminesans
analiz sonuglarin1 destekler nitelikte fotokatalizordeki
kiitlece %5 in (zerinde CulnS; oram arttik¢a
fotokatalitik aktivite dismiistiir. Kati-kat1 sentez
yonteminde kullanilacak maksimum CulnS; orani %5
olabilir. Yerinde sentez metodu ile hazirlanan
drneklerde en iyi sonucu veren érnek 1165 pmol g™t kat.
hidrojen uUretimi saglayan %3CuS/%10CulnS/TiO;
(Y) 6rnegi olmustur. Yerinde sentez metodu ile daha
homojen bir yapr saglandigindan bu fotokatalizor
setinde maksimum fotokatalitik hidrojen Gretimi
bakimindan optimum CulnS; oram1 %10 olarak
bulunmustur.

1200

=

o

o

o
1

800

600

400

H, (mikromol g* katalizor)

200 +

3CS5CIST(K)|
3CS10CIST(K)
3CS20CIST(K)

3CS5CIST(Y)
3CS10CIST(Y)
3CS20CIST(Y)

Sekil 4. Farkli iki sentez yontemiyle hazirlanmig
CuS/CulnS2/TiO; fotokatalizoér drnekleri ile 8 saat
reaksiyon sonrasinda elde edilen hidrojen miktarlari

IV. SONUC

Fotokatalitik hidrojen iiretimi, solar 15181in kullanildig1
fotokatalitik bir strecle suyun pargalanmasi yoluyla
hidrojen gazinin tiretilmesidir. Bu ¢aligmada TiO; bazli
fotokatalizorler kullanilmigtir; ancak TiO, yan
iletkeninin diigiik solar 1s1k emilimi ve elektron-bosluk
giftlerinin hizli rekombinasyonu nedeniyle, bu
fotokatalizore aktiviteyi arttirmak amaciyla CuS ve
CulnS; metal siilfiirleri iki farkli sentez metodu ile
eklenmigtir. Yapilan denemeler sonucunda en yiksek
hidrojen {iiretim miktar1 yerinde sentez metodu ile
hazirlanan %3CuS/%10CulnS,/TiO; fotokatalizori ile
1165 umol H, g kat. olarak bulunmustur.
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Abstract

In this work, the full characterization of 4-dimensional conformally flat spaces of neutral signature is given by using methods
based on holonomy structure. Possible holonomy types are obtained for the spaces in question and several remarks are
made. Various examples are presented related to this investigation.
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1. INTRODUCTION

Conformally flat spaces are one of the important research topics not only in differential geometry but also in
physics. Such spaces are commonly used in general relativity, for example, describing Friedmann—Lemaitre—
Robertson—-Walker metric. The classification of conformally flat spaces has been a subject of interest for many
years and so it is not possible to mention about all these works (among them see, e.g., [1-9]). Our goal in the
present study is to provide a systematic examination of holonomy types in 4 —dimensional conformally flat spaces
admitting a metric of signature (+, +, —, —) referred to as neutral signature. Such studies for Lorentz and positive
definite signatures have been carried out by Hall and Lonie in [3] and by Hall in [4], respectively. Adding to these
works, the present paper is intended to explore the problem further for neutral signature which is the most
complicated metric signature as there are orthogonal null vectors that are independent and there are pairs of
timelike 2 —spaces that are orthogonal. The holonomy algebras for 4 —dimensional spaces of neutral signature are
known and the labelings given in [10] will be used in the present work.

The rest of the paper is organized as in the following: Some basic notions of the study and the description of
holonomy groups of 4 —dimensional spaces of signature (+,+,—,—) are recalled in Section Il for further
consideration. The main result of the paper is presented in Section Ill. To illustrate the results of the study, several
examples are given in Section 1V. Finally, further remarks and conclusion are discussed in Section V.

Il. PRELIMINARIES

Let M be a 4 —dimensional manifold such that it is smooth, connected, simply connected and equipped with a
metric g being smooth and having neutral signature (+,+,—,—). The Levi-Civita connection of g will be
symbolised by V. Let the notations W, Riem, Ricc and r respectively represent the Weyl conformal curvature
tensor, Riemann curvature tensor, Ricci tensor and scalar curvature of M. We shall assume that Riem is not
identically zero on M by saying that the structure (M, g) is not flat. The Weyl curvature tensor of type (0,4) is
given by

1
Wijicn = Rijicn + 3 (gjkRin — gjnRix + ginRjk — gueRjn) + % (Gixgjn — Gingj)» (1)
where Wijxn, Rijkn = gimR™ jkn and Ry = Rfl-]-k are the components of W, Riem and Ricc, respectively. If W

vanishes in dimM = 4, then (M, g) is named as conformally flat meaning that there is a neighbourhood V of
each p € M on which g, restricted to V is conformal to a flat metric.
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If M is Ricci-flat, in other words, if Ricc = 0 on M,
one can observe from Equation (1) that W = Riem. For
this reason, we shall study conformally flat spaces
provided that M is not Ricci-flat. Let 7,M be the
tangent space of M at p and v - w be the inner product
of tangent vectors v,w € 7, M. A non-zero tangent
vector w € 7, M is named as spacelike, timelike, null
(or lightlike) if w - w > 0, w - w < 0, w - w = 0 hold,
respectively. For neutral metric, we can set up a
(pseudo)-orthonormal  basis of T,M shown as
{x,y,s,t} which satisfies x - x =y -y =1 (x,y being
spacelike) and s-s =t -t = —1 (s, t being timelike).
Besides, an associated null basis {l,n,L,N} can
be constructed in the way that [ = %(x +t),

n= \/ii(x— t), L= %(y+s), N =\/%(y—s) where
the relations [-n =1 and L - N = 1 are satisfied and
the other products between these null vectors are all
zero. Moreover, a 2 —dimensional subspace U, hamed
as a 2 —space, of 7,M can be classified by the
following items: (i) spacelike: every non-zero element
of U is timelike or every non-zero element of U is
spacelike (ii) timelike: U involves precisely two, null
1 —dimensional subspaces that are referred to as
directions (iii) null: U involves precisely one null
direction (iv) totally null: every non-zero element of U
must be null and so any two non-zero elements must be
orthogonal. Now, let A, M be the space of all bivectors
at the point p. A non-zero bivector F with components
FY (= —FJ%) has even rank which can be either 2 or 4.
The case when the rank of F equals 2, it is referred to
as a simple bivector and in the other case, it is named
as a non-simple bivector. In the former case it can be
expressed as FY = 2vl'w/! for v,w € 7, M in which
square brackets surrounding indices are used to indicate
the ordinary anti-symmetrisation of the indices. In that
case, the blade of F, which will be written as v A w, is
the 2 —space generated by v, w € 7, M. If the blade of
F is spacelike (in order of, timelike, null or totally null)
2 —space at p as defined above, then (the simple
bivector) F is named as spacelike (in order of, timelike,
null or totally null). Note that F is simple including
0 # v € 7,M in its blade provided that Fj;;v, = 0.

It is also remarked that one can define the curvature
map denoted by f:iA,M - A,M given by
F - Ry, F*", [11]. On the other hand, it is
advantageous to express the decomposition of Riem as

follows (see, e. g., [11]):
(2)

.
Rijkn = Wijkn + Eijin + 2 Gijin

where
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Eijen = Ripednj + Ringnge: Gijien = Yigre9nyj

r

Rij=R;; — 291 = EMimj. (3)

It is clear from Equation (3) that the tensor with
components are I?U istracefreeand E =0 ® R = 0

Rij =7 gij meaning that (M,g) is an Einstein
manifold.

Let @ be the holonomy group of (M, g) which is a Lie
group formed by the collection of all linear
isomorphisms on 7, M arising from the parallel transfer
of each tangent vector of 7, M around a smooth, closed
curve c at p (for details on holonomy group, see [12]).

When the metric is of neutral signature, the Lie algebra
of & is subalgebra of 0(2,2), which will be denoted by
¢. By using the matrix characterization of this algebra,
one achieves a bivector representation of ¢ for this
signature. The labelings that were tabulated in [10] are
utilized in Table 1 containing exactly 23 types. All
these holonomy types are shown in columns 1 and 3
together with the generators in bivector representation
respectively indicated in columns 2 and 4. The
dimension of each holonomy type can easily be seen
from its label. Note that these holonomy algebras are
the ones arising for a metric connection and they are not
all of the subalgebras of 0(2,2).

It is noted that one can define 3 —dimensional
+ *
subspaces of A, M denoted by S = {F € A,M:F = F}

and S = {F € A,M:F = —F} where = is the Hodge
duality operator. The dual of F € A,M, shown

*

as F, is described by Fij=§6ijkthh with

€ijkn = +/detg &, being the classical pseudo-
tensor, & being the standard alternating symbol.

One has F = F for neutral signature. In Table 1,
+
B=(IAn—LAN,IAN), B={IAn+LAN,LAL)

where the symbol () denotes a spanning set.
Furthermore, n,{ € R and n # +{ are valid for types
2(h) and 3(d) whilst for type 2(j), both of them are

+
non-zero. A basisof Sis{{AN,IAn—LAN,nAL}.

An essential concept in the theory of holonomy is the
Ambrose-Singer theorem [13] which states that if one
fixes p € M and for arbitrary p’ € M calculates the
range space of the curvature map, Rg(f), and parallel
transports the range space to p throughout a curve
a:p’ — p and carry on doing this for every p’ and «a,
the collection of bivectors acquired at p generates ¢.
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Table 1. Holonomy types relevant for neutral signature are indicated

Type Generators Type Generators
1(a) IAn 2() IAN, ndAn—=LAN)+{(AL)
1(b) XAy 2(k) Iny,IAn (orlAs,lAR)
1(c) Iny (or LAs) 3(a) IAN,IANn,LAN
1(d) IAN 3(b) IANN,IAn—LAN,IAL
2(a) l; 3(c) XAV, xAt, YAt (OrxAs,xAt,sAtL)
2(b) IAn,LAN 3(d) IAN,INL,n(LAN)+ {(LAN)
_ +
2(c) INn—=LAN,INL+nAN 4(a) SIAN+LAN
_ +
2(d) IAmM—=LAN,IAL 4(b) SIAL+nAN
+ -
2(e) XAy, SAt 4(c) B, B
+ -_
2() INN+nALIAL 5 S B
2(9) IAN,IAL 6 0(2,2)
2(h) IAN, nIAn) +{(LAN)

Then, Rg(f) is a subspace of ¢ and the Riemann
curvature tensor may always be expressed as a
symmetrized sum of products of bivectors of ¢ (see,

[11]).

Finally, it will be useful to give a remark on parallel and
recurrent vector fields. A vector field v is said to be
recurrent on an open and connected subset U # @ of
M if Vv = g Q v for some 1 —form q. If g vanishes
on U, in other words, the case when Vv = 0 on U, v is
named as parallel on U. If v is parallel, it is either non-
null everywhere or null everywhere.

In the sense of holonomy theory, if 0 # v € 7, M is an
eigenvector of all bivectors of ¢, then on some
neighbourhood of p € M, there exists a smooth vector
field which is recurrent and whose value at p is v (for
details, see, e.g., [11]). Further, if every eigenvalue of
v is zero for all F € ¢, then it is eligible as a parallel
vector field. Therefore, as M is simply connected, all
recurrent and parallel vector fields (if any) can be
detected by considering Table 1 for every holonomy
type (see [14]).

For instance, for holonomy type 3(c) with its one of the
generators presented in Table 1, it can be checked that
Vs = 0 (or Vy = 0), in other words, s (or y) causes a
parallel vector field whilst for type 4(c), [ turns out a
recurrent vector field on U.

I1l. THE MAIN RESULT

Let us now look for the potential holonomy types for
conformally flat spaces with a metric of neutral
signature. Assume that (M, g) is conformally flat (but
it is neither flat nor Ricci-flat). For this case, one gets
from Equation (1) that

Rijin = % (gjnRik — ginRjk + GixRjn — gjxRin)
T

— 2 (Gicgjn = gingji)- (4)

First of all, assume that M contains a non-zero parallel

vector field v. In this case, the Ricci identity implies

that Rjx,v™ =0 and thus, R;v" = 0. Contracting

Equation (4) by v/v" and using the Ricci identity, we

obtain

1

> Rugvn V" + 2 (Vv — Guevnv™) = 0. (5)

Case 1: If v is null, then we get from Equation (5) that

r = 0 and vice versa. Contracting Equation (4) by v",

one can get the following equation;

Ryvj = Ry v;. (6)

The condition (6) is equivalent to Ricc = A(v ® v) for

some nowhere zero function 1: M — R, where the

Segre type of Ricc is {(211)} with zero eigenvalue (for
the Segre classification, see, €. g., [11, 14]). As r = 0,
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we also obtain from Equation (2) that Riem =E.
Moreover, as the tensor E has the duality properties
*Eijkh. = _Ei*jkhl we haVe *Rijkh = — l]kh It then
follows that if a bivector F is in the range of the
curvature map, so is its dual F*. Plugging Ricc into
Equation (4), a direct computation shows that Riem can
be written in terms of a pair of totally null bivectors
whose blades contain v. More explicitly, for that case
the causal character of the bivectors in Riem is
preserved by parallel transporting them from each
p' € M to a fixed point p € M and considering the
Ambrose-Singer theorem (see Section 11). Moreover,
since v is parallel, it remains as null under parallel
translation and stays in the blades of these bivectors. By
the aid of Table 1, it can be seen that ® must be of type
2(g) admitting [ as a parallel vector field as this type is
generated by the bivectors [ AN and [ A L for both of
which [ is an eigenvector corresponding to the zero
eigenvalue.

Case 2: Assume that v is non-null. Then v, v* = 0 and
it can be deduced from Equation (5) that Ricc takes the
following form:

Rij = g(gij —ﬁvivj)
where the Segre type of Ricc is {1(111)} and r # 0.
Let F be an arbitrary bivector at p satisfying the
condition Fl-jvf = 0. In this case, putting Equation (7)
into (4) and multiplying the resulting equation by FK,
we get that Ry, F¥" = . It then follows that F is

an eigenbivector of the Riemann curvature tensor
corresponding to eigenvalue r/3. Moreover, such
bivectors must be simple and they form a
3 —dimensional subspace of A, M such that the dual
subspace to it is generated by three bivectors each of
which annihilates Riem and that they are independent,
simple, and v is in their blades. This yields that the rank
of Riem is 3 at p. Moreover, as the holonomy admits a
parallel vector field v which is non-null, the dimension
of the holonomy algebra is at most 3. Combining these
findings, itis achieved that dim¢ = 3. Hence, it can be
observed from Table 1 that & must be of type 3(c) as
for this type the basis members, as being simple
bivectors, are F; = x Ay, F, =xAt, F=yAt (or
Gi=xAs, G, =xAt, G3 =s At) and they have a
common annihilator s (or y) which is timelike (or
spacelike) and parallel. Note that if Ricc takes the form
(7), then such a manifold is known as quasi-Einstein
manifold in the literature.

(7)

Next, let M contains a null vector field v which is
recurrent, more explicitly, for some 1 —form g, one has
Vv =q @ v. From the Ricci identity, we get the
following:
kajvi — V]-Vkvi = vthijk

=v;(Vkq; — Viqp). (8)
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By using the identity Ry[;j,) = 0 and Equation (8), one
gets that the bivector Fy =V,q; — V;q, is simple
whose blade contains v. In this case, a contraction of
Equation (4) with viv* shows that = 0 for (M, g)
and so Riem = E and the curvature range is dual
invariant. From Table 1, potential holonomy types
admitting (real or complex) recurrent vector fields are
1(a), 1(b), 2(a), 2(b), 2(c), 2(d), 2(e), 2(f), 2(h),
2(), 2(k), 3(a), 3(b), 3(d) (n #0) and 4(c).
However, (M, g) cannot be conformally flat for 1(a)
and 1(b) as for these types r=#0 and the
condition (4) forces Riem to be zero Moreover,

—l/\n—L/\NeS H=ILAN ES generate the
holonomy type 2(a) yielding the recurrence of [ and N.
But it was proven in [14] that (M, g) is automatically
Ricci-flat, i.e., Ricc = 0. Thus, the condition (4) gives
flatness and so 2(a) is not possible for a conformally
flat space according to our assumption. For holonomy
types 2(b) and 2(e), the cross term in Riem vanishes
by considering the identity R;jx,; = 0 and so, Riem is

of the form R;j, = YF;jFxn + 0FijFy, for some

smooth functions v, ¢ and a dual pair (F, F). For these
types, the condition (4) is satisfied if i = —o. For the

type 2(c) where ¢ is generated by IAL+nAN €S,
+

Inn—LANE€ES, conformal flatness is possible
if the coefficient of cross term in Riem is
not zero and other coefficients are zero. In this case,
Rij = 19(lLL] + LLl] — Tl.l']Vj — Ninj) for a nowhere zero
function 9 and r = 0 so that Ricc has a special Segre
type denoted by {(zz) (zZ)} (complex eigenvalues with
degeneracies) occurring only for neutral signature. On
the other hand, considering that [ and L are recurrent for
the type 2(d) and applying Equations (4) and (8), it is
obtained that (M, g) could be conformally flat if the
coefficient of cross term, say p, in Riem is not zero and
other coefficients are zero where Ricc is of the form
Rij = —2p(l;L; + L;l;) (Segre type {(22)} with
eigenvalue zero). Analogously, for holonomy type
2(f), conformal flatness is possible so that Ricc is of
type {(22)} having zero eigenvalue. Considering the
generators from Table 1, it can be seen that holonomy
type 2(h) admits recurrent vector field(s) but it does
not give rise to a conformally flat space as the
conditions 1 # +¢ and Equation (4) force Riem to be
zero. Similar comments can be made for types 2(j) and
2(k). For types 3(a), 3(b) and 4(c) admitting
recurrent vector fields (which are [, N for 3(a), [ for
3(b) and 4(c)), the condition (4) is satisfied when
r =0 as for these cases, by taking into account the
generators presented in Table 1 it yields that if
F € A,M is in the range of the curvature map, so is its
dual F*. For 3(d) (n # 0), the condition (4) imposes
Rg(f) to be generated by the bivectors I AN and [ A L
which gives rise to the contradiction by using the
Ambrose-Singer theorem. Furthermore, there can be
conformally flat spaces which admit no parallel or



Conformally Flat 4D Spaces of Neutral Signature

Int. J. Adv. Eng. Pure Sci. 2024, 36(3): <295-300>

recurrent vector fields. The above argument shows that

if the space is conformally flat with » = 0, the range of

Riem is dual invariant. Therefore, considering the

Ambrose-Singer theorem one also gets potential types

4(a), 4(b), 5 satisfying Equation (4) as the generators
- +

of these types are members of either S or S. In
conclusion, the following result is proven:

Theorem 1. Let M be a connected and simply
connected 4 —dimensional space admitting a metric g
of neutral signature. Suppose that (M, g) is not Ricci-
flat. If (M, g) is a conformally flat space, then the
holonomy group & of M is one of the types 2(b), 2(c),
2(d), 2(e), 2(f), 2(9), 3(a), 3(b), 3(c), 4(a), 4(b),
4(c),5o0r 6.

It will be useful to interpret what is proved in
Theorem 1 and compare the results achieved for the
neutral signature with the case when g has Lorentz
signature  (+,+,+,—). Certain remarks and
interpretations can be given as follows:

Remark 1. For the Lorentz case, a bivector and its dual
bivector must be independent, but this is not true for
neutral signature (for example, one can consider the

+ -
members of S and S). This implies that for Lorentz
signature, if the space is conformally flat with r = 0,
dim¢ must be even. Nevertheless, it is false for neutral
signature as proved in Theorem 1. For instance,
3 —dimensional types 3(a) and 3(b) yield recurrent
vector fields and ¢ is dual invariant but it is not even-
dimensional for these types.

Remark 2. It can be observed from Theorem 1 that
even if no parallel or recurrent vector fields arise in the
holonomy, (M, g) could be conformally flat, e.g., the
case when @ is one of the types 4(a), 4(b) or 5.

Remark 3. For a conformally flat space of dimension
n =4, it is known that the Cotton tensor whose
components are given by

Cixn = VaRj — Vi Rjp,
1
+ 50 (Ver Gjn = VT i) (9)

vanishes. The steps and calculations carried out in the
proof of Theorem 1 indicated that r is zero unless @ is
one of the holonomy types 3(c) or 6. It then follows
from Equation (9) that in cases where the potential
holonomy types 2(b), 2(c), 2(d), 2(e), 2(f), 2(9),
3(a), 3(b), 4(a), 4(b), 4(c) and 5 satisfy the
conformally flat condition (4), Ricc must be a Codazzi
tensor, i.e., the condition V,R;, = VR;;, holds.

Finally, suppose that (M, g) is a proper Einstein space,
in other words, Ricc =& g where 0#¢& = 2 and
E = 0 in Equation (3). Then, Segre type of Ricc is
{(1111)}, r is constant and VRicc = 0. In this case, it

was proven in [14] that & could be one of the types
2(b), 2(c), 2(e), 2(f), 3(a), 3(b), 4(a), 4(b), 4(c),
5 or 6. Moreover, if the space is also conformally flat,
then it is clear from Equation (4) that VRiem = 0 and
it has constant sectional curvature. Bringing together
the aforementioned result and Theorem 1, the following
corollary can be stated:

Corollary 1. Let M be a connected and simply
connected 4 —dimensional proper Einstein space
equipped with a neutral metric g. If (M, g) is also a
conformally flat space, then it has constant sectional
curvature and possible holonomy types could be 2(b),
2(c), 2(e), 2(f), 3(a), 3(b), 4(a), 4(b),4(c),5or 6.

IV. EXAMPLES

This section is devoted to give some examples of
conformally flat 4 —dimensional spaces of neutral
signature.

Example 1. Consider the following metricon M = R*
with coordinates (u, v, x, y):

ds? = a(uw)(x? + ey?)du? + 2dudv + dx? + edy?(10)

where a is a nowhere zero function. If e = 1, the metric
(10) has Lorentz signature which is known as the plane
wave metric in the general relativity theory (see [11]
pages 248-249) whilst it has neutral signature if
€ = —1 (see also [15]). It can be calculated that such a
space is conformally flat and that the rank of Riem is

2. In addition, the vector field % is parallel and the

Ricci tensor is given as Ricc = —2a(u)dudu.
Therefore, it has Segre type of {(211)} (with
eigenvalue zero). In that case, the holonomy group of
(M, g) is 2(g) (for e = —1).

Example 2. Consider now the product manifold
M = R* = R? x R? with the following metric

ds? = g, dxtdx? + g'gpdx® dx? (11)

where y,v = 1,2 and a, b = 3,4 and also, g,,, and g’y
denote the components of the metrics g and g’ in the
coordinates x* and x%', respectively (in other words,
the g, are independent of x* x* and the g’y are
independent of x!, «x2). Suppose that the
2 —dimensional manifolds (R?, g) and (R?,g") have
constant curvatures and that the metrics g and g’ both
have Lorentz signatures (4, —). On the other hand, if
we denote the metric given in Equation (11) by g, then
g = g x g’ and it has neutral signature. Now, one can
set up a null basis {,n, L, N} in some neighbourhood of
p € M sothatl, n are tangent to the manifold admitting
the metric g, and L, N are tangent to the manifold
admitting the metric g’. In this case, Riem can be
expressed as follows:

Rijkn = v (Liny — nyl)) (Leny — nyly)

+A(LiN; — NiL;j)(Lg N, — Ny Ly,) (12)
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where y = —4 # 0 and the simple bivectors H = [ A n,
K = L A N are dual pairs. It follows from Equation (12)
that Ricc has Segre type {(11)(11)}and r = 0 and that
W = 0. In this case, the bivectors H and K generate the
range of the curvature map. Therefore, the holonomy of
(R*% §) is 2(b) from Table 1. Besides, the simple
bivectors H and K are parallel and their blades are also
orthogonal.

Example 3. Next, consider the following metric
expressed in a coordinate system (t, T, 0, @):

—dt? + (1 — At?)"1d7? + 12(d6? — sin?0d¢?) (13)

where A is a non-zero positive constant. Firstly, it is
useful to note that the metric (13) is the neutral
signature equivalent of the Einstein static universe
metric in the theory of general relativity, that is, the
case when (M, g) is a space-time (see [11], page 249).
For the metric (13), it is true that W =0, more
precisely, the space is conformally flat having a non-

; 5} . .- .
zero, parallel vector field P which is timelike and also,

r = 6A. It then follows that @ is of holonomy type
3(c).

V. CONCLUSION

In this study, 4 —dimensional conformally flat spaces
with a metric of neutral signature were described by the
holonomy structure. Besides the remarks given in
Section 111, it is useful to briefly mention about the
cases Lorentz and positive definite signatures as well.
Regarding conformally flat space-times, it is found in
[3] that if (M, g) is conformally flat (but not flat), then
it can be one of the holonomy types R;, Rg, Rio, Ri3,
R,, or R, where the labelings (up to isomorphism) are
tabulated in [16]. Several examples were also presented
in [3]. It is useful to note that the standard Friedmann-
Robertson-Walker space-time is of holonomy type R; s,
the Einstein static universe metric yields the holonomy
type R,3 which are both conformally flat (for details,
see, [3]).

Finally, for positive definite signature, if (M, g) is
conformally flat (but not flat and not Ricci-flat), then
the holonomy group & of M is one of the types S, Ss,
+

S, or Sg where the labelings (up to isomorphism) are
tabulated in [17].

ACKNOWLEDGEMENTS

This work is supported by TUBITAK (The Scientific
and Technological Research Council of Tirkiye)
Career Development Program (3501) under project
number 122F478.

REFERENCES
[1] Catino, G. (2016). On conformally flat manifolds
with  constant  positive  scalar  curvature.

Proceedings of the American Mathematical
Society, 144, 2627-2634.

[2] Galaev, A. S. (2013). Conformally flat Lorentzian
manifolds with special holonomy groups. Shornik:
Mathematics, 204(9), 1264.

[3] Hall, G. S., & Lonie, D. P. (2000). Holonomy
groups and spacetimes. Classical and Quantum
Gravity, 17(6), 1369-1382.

[4] Hall, G. (2012). Projective relatedness and
conformal flatness. Central European Journal of
Mathematics, 10(5), 1763-1770.

[5] Goldman, W. M. (1983). Conformally flat
manifolds with nilpotent holonomy and the
uniformization  problem  for  3-manifolds.
Transactions of the American Mathematical
Society, 278(2), 573-583.

[6] Hawking, S. W., & Ellis, G. F. R. (1973). The
Large Scale Structure of Space-time, Cambridge.

[7] Kuiper, N. H. (1949). On conformally-flat spaces
in the large. Annals of Mathematics, 50(4),
916-924.

[8] Kurita, M. (1955). On the holonomy group of the
conformally flat Riemannian manifold. Nagoya
Mathematical Journal, 9, 161-171.

[9] Schoen, R., & Yau, S. T. (1988). Conformally flat
manifolds, Kleinian groups and scalar curvature.
Inventiones mathematicae, 92(1), 47-71.

[10]Wang, Z., & Hall, G. (2013). Projective structure
in 4 —dimensional manifolds with metric signature
(+,+,—,—). Journal of Geometry and Physics,
66, 37-49.

[11]Hall, G. S. (2004). Symmetries and Curvature
Structure in General Relativity. World Scientific.

[12] Kobayashi, S., & Nomizu, K. (1963). Foundations
of Differential Geometry. Interscience, (vol 1),
New York.

[13] Ambrose, W., & Singer, I. M. (1953). A theorem
on holonomy. Transactions of the American
Mathematical Society, 75(3), 428-443.

[14] Hall, G., & Kirik, B. (2015). Recurrence structures
in 4-dimensional manifolds with metric of
signature (+,+,—,—). Journal of Geometry and
Physics, 98, 262-274.

[15] Hall, G. (2018). Curvature and holonomy in 4-
dimensional manifolds admitting a metric. Balkan
Journal of Geometry and Its Applications, 23(1),
44-57.

[16]Schell, J. F. (1961). Classification of four-
dimensional Riemannian spaces. Journal of
Mathematical Physics, 2, 202—206.

[17]Hall, G., & Wang, Z. (2012). Projective structure
in 4-dimensional manifolds with positive definite
metrics. Journal of Geometry and Physics, 62,
449-463.

300



	Berke YILMAZ 1      ,  Ayhan ONAT 1
	Öz
	e2041233629f406eda0fc97b76cdc407853392d39bede9145c7422e2782e90d6.pdf
	e2041233629f406eda0fc97b76cdc407853392d39bede9145c7422e2782e90d6.pdf
	Table 1. Properties and input parameters of Ti6Al4V (Titanium Alloy) material [18]
	Figure 3. Scanning Electron Microscopy images of Ti-6Al-4V particles considered in the study
	Figure 4. DEM simulation set-up showing roller, feedstock and building plate (a) before, and (b) after the spreading operation for one layer
	Table 2. Analysis of variance for dynamic angle of repose (AoR).
	Table 3. Analysis of variance for volume packing fraction (VPF)

