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Abstract

Smartphones have evolved into multipurpose handheld devices and have exceeded their limits beyond communication. Apart from
communication, these devices have been utilized for mobile payment, cloud-based services, artificial intelligence, Internet of Things
(IoT) applications, and more. In this study, an Arduino-based system has been developed to receive commercial heavy-duty vehicle
data in accordance with the SAE J1939 standard through the On Board Diagnosis II (OBD-II) connection. In addition, a smartphone
application supported by graphical interface has been created to transmit processed data to the cloud. The designed system has been
tested and verified by using data from an internal combustion engine passenger bus. The reliable transfer of selected data has been
realized in both the smartphone and cloud environments. This study has offered a cost-effective solution for transmitting J1939
standardized vehicle data to a remote operator via a smartphone based on verified successful applications. Moreover, the created
system will be a good significant resource for comparison to future applications.

Keywords: Telematics, Intelligent Transportation Systems, Connectivity, Internet of Things, Mobile Systems, Wireless Monitoring

0Oz

Akilli telefonlar cok amacli elde tasinan cihazlara déniismiis ve iletisimin 6tesinde sinirlarini asmustir. iletisim diginda, bu cihazlar
mobil 6deme, bulut tabanli hizmetler, yapay zeka, Nesnelerin interneti (IoT) uygulamalari ve daha fazlasi i¢in kullanilmistir. Bu
calismada, SAE ]J1939 standardina uygun ticari agir vasita verilerini On Board Diagnosis II (OBD-II) baglantisi tizerinden almak i¢in
Arduino tabanli bir sistem gelistirilmistir. Ayrica, islenen verilerin buluta iletilmesi i¢in grafik araytiz destekli akill telefon uygulamasi
olusturulmustur. Tasarlanan sistem, icten yanmali motorlu bir yolcu otobiisiinden alinan veriler kullanilarak test edilmis ve
dogrulanmistir. Secilen verilerin giivenilir aktarimi hem akilli telefon hem de bulut ortamlarinda gergeklestirilmistir. Bu ¢alisma,
dogrulanmis basarili uygulamalara dayali olarak, J1939 standartlastirilmis arag verilerinin bir akilli telefon araciligiyla uzaktaki bir
operatdre iletilmesi i¢in uygun maliyetli bir ¢6ziim sunmustur. Ayrica, olusturulan sistem, gelecekteki uygulamalarla karsilastirma
icin 6nemli bir kaynak olacaktir.

Anahtar Kelimeler: Telematik, Akilli Ulasim Sistemleri, Baglanabilirlik, Nesnelerin Interneti, Mobil Sistemler, Kablosuz Izleme

1. Introduction vehicles and personnel, emergency rescue and road guidance,

The widespread adoption of smartphones in society has route planning, driving behavior analysis, etc. [1].

expanded their usage beyond voice communication to include a
diverse range of applications, such as social media, online
gaming, business tools, live traffic mapping with GPS, and more.
Consequently, smartphones are now often connected to remote
servers or clouds to facilitate the seamless functioning of these
applications. Moreover, as an [oT device they are integrated with
other smart devices with support of wireless technologies, NFC,
GSM, Bluetooth, Wi-Fi, and GPS. For these reasons, some
smartphones have even more RAM capacity than computers and
CPUs have been improved considerably. Many different studies
are targeting to take advantage of today's current mobile
technology by applying different methodologies and this study
has been inspired by this fact. The telematics industry mainly
covers information, communication, automotive electronics, and
digital content technology applications. The telematics industry
is used in many applications such as GPS satellite positioning, call
center, CAN bus vehicle data, general anti-theft security for

DOI: https://doi.org/10.21205/deufmd.2024267801

On the other hand, the automotive industry is witnessing a rapid
growth in the development of autonomous driving and advanced
driver assistance systems, which are interconnected with the
same Controller Area Network (CAN) bus through connectivity
devices. This has led the automotive society to prioritize
solutions that prevent cyber threats and their potential impact on
human life. In addition, governments have highlighted the
significance of cybersecurity by issuing regulations and
guidelines [2]. Although security is not a focus of this study, it
remains a crucial aspect that requires attention in the
development and implementation of automotive technologies.

Zaldivar, ], et al. developed an accident detection system on the
basis of airbag-triggered and deceleration detection [3].
Parametrically, selectable in real-time sensor data is transferred
to an android-based smartphone visual interface via the ELM327
Bluetooth device through the OBD-II channel.
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In this way, they aimed to automatically call the necessary
emergency numbers and send the location of the accident.
Similarly, Sawant, P. R. et al. presented a cost- effective solution
for taxi company owners to analyze the driving characteristics of
their drivers, where the vehicle data is transferred from the OBD-
II device to the server with the help of a smartphone and
recorded in the database [4]. The vehicle data is transferred from
the OBD-II device to the server with the help of a smartphone and
recorded in the database. They don’t intend only for the driver,
passenger, and vehicle safety but also to analyze driving
characteristics and develop efficient driving techniques. Prasad
B.V.P. et al. developed a diagnostic device that reads SAE J1939
vehicle data and transmits it to the LCD display and to the phone
via Bluetooth [5]. The Renesas RL78 MCU was used as a J1939
monitoring device and the Vector CANoe simulator was used as a
simulation device. Some vehicle data such as engine coolant
temperature, torque value, intake manifold pressure value, etc. is
visually displayed on the LCD screen. The study did not develop
smartphone applications and transfer data to the server or cloud
but it can be expanded. Rodriguez, A. R. et al. designed an
Arduino-based real-time OBD-II scanner device for diagnostic
purposes [6]. The filtered and masked CAN bus messages were
transferred via USB to a local computer and the values can be
displayed visually. Palomino et al. developed a datalogger that
scans many parameters from the OBD-II connector in an
affordable way [7]. Arduino Nano, MCP2515, microSD slot, LCD
Screen, and open source codes and libraries were implemented.
But the scope of the study did not include the transfer of vehicle
data to the smartphone or cloud.

In this study, an alternative telemetry methodology is proposed
and an affordable electronic device is prototyped, realized, and
tested. Thus, it can reduce the dependency on expensive GSM
modules and monthly subscripted sim cards used in the
conventional telemetry device. Unlike most academic research
topics that focus on localized diagnostic purposes, this study
offers a distinct approach by providing consecutive
communication protocols and comprehensive software to ensure
reliable data flow between units. Therefore, our intelligent
methodology not only serves as a diagnostic tool but also enables
the transmission of selectable vehicle data to cloud.

2. System Overview

2.1. Vehicle Side

Modern internal combustion engine HD vehicles are equipped
with several Electronic Control Units (ECU) that coordinate and
monitor internal components and devices, communicating via
one or more vehicle network buses, for example, powertrain CAN
bus. Control units can communicate with each other at high speed
and work more synchronized. An example of this can be seen in
the Figure 1, all ECUs which relays information to the vehicle's
instrument display via two wires. This information includes
vehicle speed, engine temperature, engine speed, current gear,
brake pad status, signal indicators, fault warnings, and trip
computer data etc., all of which are displayed to the vehicle user
in a matter of microseconds.

OBD-II connector provides access to the vehicle to the CAN bus
network as an extended standard SAE J1939. There are a large
number of devices designed using J1939 protocols to monitor the
vehicle data network through OBD-II by various companies [8].
This standard provides a standard protocol independent of
manufacturers. The vehicle controller, Engine, Transmission,
ADAS, Brake, etc. units have CAN transceivers connected at pins
6 and 14 of the OBD-II socket. The data primarily begins with the
OBD-II port and is transferred to the Google sheet document by

various communication protocols utilized in this transfer
process.

Instrument Ewcironic

Clhust RS R'OH_I'WF .El'ﬂl Motor ECU
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Figure 1. Heavy Duty vehicle powertrain CAN bus diagram.
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SAE J1939 is a standardized and high-level protocol that runs on
CAN (ISO 11898). J1939 is widely used in industrial diesel
engines designed for heavy vehicles, highway vehicles,
agricultural vehicles, highway equipment, construction
equipment, and other vehicles. SAE released several documents
consisting of standards for the automotive industry to provide
identic and robust communication between the ECUs in the
vehicle with uncomplicated diagnostic capabilities. As can be
observed from Figure 2, the J1939 OSI reference model provides
a perspective in which each guideline outlines the specific
requirements for different layers. It is through adherence to this
protocol that ECUs are able to effectively communicate with one
another.

Documents of SAE 11939 Standard Layers of OSI Reference Model

11939/71

Applicati
11939/73 pplication

Presentation

Session

11939/21 Transport

11939/01

11939/31 11939/81

Network

J1939/21 Data Link

11939/11
11939/12
11939/14
11939/15

Physical

Figure 2.]1939 OSI reference model.

The current heavy-duty vehicles support a CAN 2.0B bitrate of up
to 1 Mbit/sec in the physical and data link layer [9], whereas the
communication speed utilized in our study is 250 Kbit/sec.
Figure 3 illustrates the structure of the data frame that consists
of 11bits standard originally, but can also be extended to 29 bits,
which is called an extended format. The Start of Frame (SOF)
marks the initialization of a frame. The arbitration field
encapsulates an CAN identifier and a Remote Transmission
Request (RTR) bit that indicates if the message is a remote
application. The 4 bits are reserved for Data Length Code (DLC)
which presents the length of the data in the control field. To
ensure the integrity of the received message, a Cyclic Redundancy
Check (CRC) sequence is included in the CRC field. The
Acknowledge slot (ACK) field confirms that the transmitted
message has been received successfully by at least one of the
nodes [10]. This system provided a flexible structure for
designers in defining name structure. In this case, new
controllers can be implemented in both available formats and
utilized commercially in the current automotive market [11].
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Figure 3. CAN data frame structure.

The CANalyzer software tool, developed by Vector Informatik
GmbH, has established itself as a prominent choice for the
automotive industry's CAN dataflow analysis needs, particularly
in the context of serial line analysis. The software boasts a diverse
range of features, including graphical data visualization,

computer data recording capabilities, historical data simulation
via the replay block, and the ability to send CAN messages to the
line with function blocks, or programmable responsiveness via
CAPL to facilitate the data streaming between the field and
computer, the VN1630A interface device, equipped with both
CAN and LIN transceivers, is utilized [12].

Figure 4. Test environment with VN1630A CANalyzer device.

In our study, we obtained a CAN log text file during a 3-hour city-
bus drive in Izmir using the VN1630A device. As shown in Figure
4, the stored data file was subsequently employed to simulate
historical data and exercise hardware and software units, thus
demonstrating the utility and versatility of the CANalyzer tool in
a practical setting.

The real-time recording of messages on the bus line is performed
with a precision of one microsecond, and it even provides
statistics on the number of frames and busload information
interface. When the ]J1939 database file in .dbc format is
imported, the acronyms specified in the SAE J1939/71 Vehicle
Application Layer can be seen in the name column in Figure 5.
J1939 PGN (Parameter Group Number) is a numerical identifier
used in the J1939 protocol to group messages with the same
destination and purpose. It consists of 18 bits, with the first 8 bits
indicating the priority of the message and the remaining 10 bits
indicating the PGN value. J1939 SPN (Suspect Parameter
Number) is a unique identifier used to represent individual
parameters within aJ1939 PGN. For example, TSC1 is referring to
Torque Speed Control 1. PGN of this message is zero ‘0’ and
possess the highest priority on the line since CAN bus has
dominant low side and recessive high side communication
structure [13]. ECUs of the driveline transmit TSC1 message to
limit the engine torque and speed.
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Figure 5. Trace section interface on CANalyzer tool.
2.2. Hardware Configuration and Integration

Arduino has grown in popularity in recent years as it has its own
integrated development environment (IDE), integrates many
libraries, and is easy to use for professionals or hobbyists.
Arduino Uno was selected as a microcontroller, MCP2515 as a
CAN bus transceiver, and HCO5 as Bluetooth modules were
selected to scan vehicle data through the OBD-II port. A
smartphone application compatible with both Android and i0S
operating systems has been developed with the MIT APP
inventor Il environment, to receive vehicle data and transmit it to
Google sheets as a log text file. Figure 6 indicates a general system
overview from a high-level perspective.

The MCP2515 Module serves as a controller with a high-speed
CAN transceiver, facilitating communication between the
MCP2515 and Arduino via the Serial Peripheral Interface (SPI)
protocol [14]. Unlike the Inter-Integrated Circuit (I2C) protocol,
the SPI protocol's data lines are unidirectional, and peripheral
devices (slaves) do not require addresses. Instead, each
peripheral device has a select leg, called Slave Select (SS), whose
number is equal to the number of peripheral devices used. Each
device has a separate SS pin connected to the master device, and
the peripheral device whose SS line is at a low (0 volts) level
begins communication with the master device. The MCP2515 acts
as a data link layer in the communication system's OSI layers,
generating the message frame, performing
(arbitration/prioritization), and monitoring the bus state
(idle/occupied). It also performs bit timing and synchronization,
message validation, acknowledgment, and error detection, and
decides which message to forward or reject [15].

The motivation for choosing Bluetooth for local communication
in our study is that it has very low cost and high-dimensional data
transmission, and most importantly, it allows real-time data
transfer since we will perform high-speed communication [16].
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Figure 6. General system overview.
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The HC-05 Bluetooth module is a popular Bluetooth serial
adapter that provides a simple way to add Bluetooth functionality
to microcontrollers. It uses a UART (Universal Asynchronous
Receiver/Transmitter) interface to communicate with the
microcontroller and supports a wide range of baud rates [17]. To
configure the module, the user can enter AT commands through
a terminal emulator or a microcontroller such as Arduino. HCO5
Bluetooth module connects with Arduino via Tx/Rx protocol. Rx
stands for "Receive" and Tx stands for "Transmit". Initially, the
module should be configured by AT command mode to adjust the
correct baud rate. The HC-05 can communicate in two ways as
full-duplex. As depicted in Figure 7, SPI and UART connections
were established between the electronics components provide
communication data flow.

HC-05

Figure 7. Hardware connections.
2.3. Software Development and Implementation

In the development of the software for data transmission to the
cloud, two distinct platforms were utilized to ensure faultless
integration and data communication. The Arduino software was
implemented at the lowest level using the Arduino IDE
environment, while the smartphone application was built using
the MIT App Inventor II, a platform that has gained significant
attention in academic circles. The Arduino software was designed
with two primary methods, namely scanning, filtering, and
converting standard or extended raw messages to actual values
according to the Society of Automotive Engineers (SAE)
instructions. Figure 8 provides a clear representation of the
underlying communication infrastructure of the system at
detailed. The diagram serves as an essential tool for visualizing
the intricate interconnections and information flows between the
various system components, thereby facilitating a deeper
understanding of the system's functionality and performance. By
mapping out the communication pathways and channels, the
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diagram enables developers and engineers to identify potential
bottlenecks and areas for improvement, leading to enhanced
system efficiency and reliability. Overall, the communication flow
diagram is a valuable asset in the design, implementation, and
optimization of complex communication systems.

The Arduino software comprises two primary sections referred
to as setup and loop. The setup section comprises initialization
codes and functions that are executed once at the first start- up,
while the loop section consists of codes that run continuously in
real-time cycling. In other sections, various definitions, variables,
libraries, and macros can be defined to ensure optimal
performance. To interact with the transceiver and retrieve data
from the buffer memory the SPI library was imported, and while
the MCP2515 Integrated Circuit library set of functions was
implemented to enable an Arduino board to communicate with
the MCP2515 CAN transceiver chip via the Serial Peripheral
Interface (SPI) bus [18]. The development process of the software
was focused on achieving efficient data transmission to the cloud
and maintaining compatibility between the Arduino and
smartphone systems.

The Setup section of the program includes several important
functions that are responsible for initializing the system and
configuring various hardware components. These functions
include "Timer_initialize()", which sets up the system timer and
other timing related parameters; "Serial_port_configuration()",
which configures the serial communication ports used for
transmitting and receiving data; and "CAN_configuration()",
which initializes the CAN bus interface and sets up the necessary
communication parameters. These functions are critical for
ensuring proper operation of the system and must be called
before any other functions are executed. In the loop section, the
software initially begins by scanning the CAN bus line to check for
any message presence. The buffer reader methods are created to
receive information regarding the Data Length Code (DLC) and
the message content, which can be extended, standard, remote,
or error message [19]. These values are merged with the
J1939/71 application layer directives using a method that
transforms the raw values into actual values. Subsequently, the
required data is transmitted according to the information
selected by the user from the mobile application.

MIT App Inventor Il is an open-source web application originally
created by Google and later supported by the Massachusetts
Institute of Technology (MIT) [20].

ARDUINO

ALGORITHMS FOR THE CONVERTING
RECEIVED DATAAND SEND THEM TO
PHONE

Figure 8. Data flow diagram.

In accordance with Figure 9, MIT App Inventor Il provides a user-
friendly environment for developing smartphone applications
without requiring advanced programming skills. The platform
offers a wide range of pre-built blocks and widgets, including
buttons, text fields, and sensors, that can be easily dragged and
dropped onto the design canvas to create a visual interface [21,
22]. These blocks can be customized using a simple graphical
interface, allowing users to modify their behavior and
appearance. This approach saves time and effort, as developer
can create complex applications without the need for complex
coding [23].

J1939 CAN LOG-Thesis

Frpe et

Figure 9. MIT App Inventor Il application interface.

Proposed phone application presents the vehicle data to the user
in a clear and easy-to- understand format. The application
retrieves data from the Arduino through Bluetooth and displays
it in a visually appealing format. The user can choose to view the
raw data in one text field or select specific data based on J1939
PGN and SPN numbers. Together, PGNs and SPNs provide a
standardized way to transmit and interpret data across a wide
range of heavy-duty vehicles and equipment, enabling efficient
and accurate communication between different systems and
components. SPNs provide a standardized way to define and
report data related to various vehicle systems and functions, such

SMARTPHONE

RECEIVE DATA PACKAGE VISUALIZE
GRAPH CHART AND SEND THEM TO

CLOUD or SERVER GOOGLE SHEETAPY
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as engine speed, coolant temperature, or fuel level. As evidenced
by the screenshot presented in Figure 10, Each SPN is associated
with a data length and resolution, allowing for consistent
interpretation of the data across different vehicle systems and
manufacturers. Additionally, the application can be customized
to include a driver instrument panel display, which can provide
real-time feedback on critical vehicle parameters such as speed,
fuel level, and engine temperature etc. This type of visual display
can be very useful for drivers, allowing them to monitor the
vehicle's status more easily and make informed decisions about
their driving behavior. Notwithstanding regulatory conditions, it
is worth noting that the presence of undefined messages cannot
be completely ruled out. Owing to the rapid pace of technological
advancements, documentation efforts can occasionally fall
behind, and in electric vehicles, it is not uncommon to encounter
battery management systems that feature messages lacking clear
SPN definitions. In such cases, the message can be chosen by
entering values such as ID, data content, and cycle time. This
approach leads to an increase in functionality.
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Figure 10. SPN data selection page in smartphone application.

A significant part of the system is about reading, transmitting,
storing, and sharing user data from the moving vehicle on the
google sheet to the remote client. This particular application can
improve safety on the road as we can identify the vehicle and the
driver's ability in relation to the road. In other aspects, the driver
is informed that such a malfunction may occur. For example, the
coolant temperature may increase rapidly due to the car stopping
before engine failure and the driver may be signaled by the phone
[24]. As depicted in Figure 11, the captured data can be stored in
two different formats: a graphical representation or a message
format.

Google Apps Script is a language used in the cloud for creating
and enhancing cloud based applications. Developers can use it to
make scripts that interact with various Google services, including
Google Sheets, to automate tasks such as data entry, extraction,
and analysis. When used in mobile application development,
Apps Script can act as an intermediary between the mobile
application and the target Google Sheets document [25].

18:02 | 0.4KB/s © 2 12:08 | 2.5KB/s & o all

ChartPage J1939 CAN LOG-Serh...

J1939 SPN Selector

Bluetooth Device
Choose

Bluetooth Device Choose

SEND TO CLOUD

Comecind

Dahsboard Mode Chart View

Figure 11. Chart view and CAN-Log record page.

The web app created by the script can receive data from the
mobile app and then insert or update the data in the target
document using the Google Sheets API. This method ensures
secure and efficient data transfer as the data is processed and
stored in the cloud and can be accessed from anywhere with an
internet connection [26]. However, it is important to ensure that
the web app and mobile application are authenticated and
authorized to access the target Google Sheets document and have
appropriate mechanisms in place for data validation and error
handling to prevent data loss or corruption. The proposed
software has ability to store data on Google Sheets allows for easy
sharing and collaboration with multiple parties. It provides a
convenient way for users to access and analyze data from
anywhere at any time. The data can also be exported in various
formats such as Word, Excel, csv, txt, etc., for further analysis or
reporting. Apps Script is a language used in the cloud for creating
and enhancing cloud-based applications. Developers can use it to
make scripts that interact with various Google services, including
Google Sheets, to automate tasks such as data entry, extraction,
and analysis. When used in mobile application development,
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Apps Script can act as an intermediary between the mobile
application and the target Google Sheets document. The web app
created by the script can receive data from the mobile app and
then insert or update the data in the target document using the
Google Sheets API. This method ensures secure and efficient data
transfer as the data is processed and stored in the cloud and can
be accessed from anywhere with an internet connection.
However, it is important to ensure that the web app and mobile
application are authenticated and authorized to access the target
Google Sheets document and have appropriate mechanisms in
place for data validation and error handling to prevent data loss
or corruption. The proposed software has ability to store data on
Google Sheets allows for easy sharing and collaboration with
multiple parties. It provides a convenient way for users to access
and analyze data from anywhere at any time. The data can also be
exported in various formats such as CSV, Word, Txt or Excel for
further analysis or reporting.

Figure 12 indicates a basic Google Apps Script function that can
be used to add a user's name to a specific sheet in a Google Sheets
document. The function has two parts: doGet and doPost, which
are triggered when the script is accessed using the respective
HTTP method [27]. The script then opens the Google Sheets
document, selects a specific sheet within the document, and calls
the addUser function to add the user's name to the sheet. The
user's name is passed as a parameter called "ad" in the HTTP
request. Finally, the addUser function appends a new row to the
sheet with the user's name.

3.

The usage of ELM327 OBD-II Bluetooth device in telemetry
applications in the automotive society, along with the integration
of smartphones in respect of data collection and analysis, has
been extensively studied in various academic works [28-35]. It is
noteworthy that the ELM327 OBD tool is not inherently
compatible with the SAE J1939 protocol as its intended use is for
the OBD-II protocol.

Discussion

Due to its inflexible structure, instead of using this device, we
have integrated our microcontroller and transceiver in a self-
built structure where we created embedded software to obtain
data in a flexible manner.

function doG
Ss =

App.openByUrl(“h
sXm4

ar sheet = ss.getSheetByName (
addUser(e, sheet) ;

function doPost(e)

var sheet
addUser (e, shee

function addUser(e, sheet) {
var ad = e.parameter.ad

sheet.appendRow([ad]);

Figure 12. Google Apps script function.

In the present day, the cost and complexity of traditional methods
for transmitting J1939 standardized vehicle data to a remote
operator have become a significant challenge. To address this
issue, we have designed a system that eliminates the need for
expensive GSM modules and monthly payments, and instead
utilizes a commonly used smartphone, connected to the vehicle's
infotainment system via Bluetooth, to provide an alternative
method for transmitting the data to a remote operator. Since the
data transfer occurs through a smartphone, the current location

of the vehicle and the presence of the driver can be easily tracked
using simple extensions. Furthermore, in terms of safe driving, in
emergency situations or in the event of an accident, the relevant
authorities can be notified via the smartphone.

This communication network can also be expanded to include
additional applications such as intelligent traffic density
monitoring [36] or route calculation algorithms [37]. The
technical feasibility and limitations of the system have not
considered data security requirements related to cyber security.
In the future, this study may serve as an alternative to traditional
telemetry devices in fleet tracking systems. It can be utilized in
the e-mobility, smart cities, and for smart transportation and
route planning. This system exhibits potential for deployment in
both heavy-duty vehicles and automobiles, with original
equipment manufacturers being able to empower its capabilities
for the purpose of remotely diagnosing and addressing vehicle
malfunctions.

4. Conclusion

The proposed system offers a cost-effective and efficient solution
for transmitting J1939 standardized vehicle data to a remote
operator via a smartphone. The use of an Arduino-based software
and hardware system, combined with a smartphone application
and cloud-based services, provides real-time data visualization
and the potential for expanded functionality, such as intelligent
traffic density monitoring and route calculation algorithms.
While the system does not currently include cyber security
measures or support for real-time transmission of all data, future
improvements can be made to address these limitations.
Moreover, this system's potential extends beyond heavy-duty
vehicles to include automobiles, making it a versatile solution for
the transportation industry. Original equipment manufacturers
can benefit from using this method for detecting and remotely
resolving vehicle malfunctions. Overall, the system presented in
this study demonstrates the technology's potential to improve
safety, efficiency, and cost-effectiveness in the transportation
industry. Further research and development in this area will lead
to more innovative solutions.
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0z

Yap1 liretiminde yaygin olarak kullanilan ¢imentonun, yiiksek maliyeti ve ¢evreye olumsuz etkileri dikkate alindiginda alternatif
puzolanik malzemelerin kullanilabilirliginin arastirilmasi gerektigi ortaya ¢ikmaktadir. Alternatif bilesenlerin kullanimi, betonun
maliyetini diisiirmesine ek olarak mekanik, fiziksel ve mikro yapis1 gibi bircok 6zelligini gelistirmektedir. Betonun temel ve en pahali
bileseni olan ¢imentonun, beton tasariminda tiiketiminin azaltilmas1 hem ekonomik hem de ¢evresel kazanimlar saglamaktadir. Bu
calismada Pomza Export firmasina ait genlestirilmis perlit, bilyali degirmende ogiitiilerek kullanilmistir. Perlit tozu 45 um elekten
elenerek incelik hakkinda fikir sahibi olunmustur. Cimento yerine agirlikca %10, %20, %30 ve %40 oranlarinda perlit tozu ikame
edilerek puzolan olarak kullanilabilirligi gézlemlenmistir. Puzolanik aktivite, mukavemet deneyleriyle incelenmistir. Kontrol
numunesi ve dort farkli ikame orani icin harg karisimlar1 hazirlanmistir. Her bir numune icin 7, 28 ve 90 giinliik su kiirii sonunda
egilme dayanimi deneyi ve egilme dayanimi deneyi sonrasi basing dayanimi deneyi yapilmistir. Ek olarak, 90 giin kiir stireli
numunelere birim hacim agirlik deneyi yapilmistir. Cimento yerine, agirlikca %40 oranina kadar 6giitiilmiis perlit ikamesiyle CEM I
cimentosunun maliyetini diisiirmek ve ¢imento liretiminden kaynakli CO2 salinimini azaltmak miimkiin géziikmektedir.

Anahtar Kelimeler: Puzolan, Perlit, Puzolanik aktivite

Abstract

Considering the high cost and negative environmental effects of cement, which is widely used in buildings, it is necessary to investigate
the possibility of using alternative pozzolanic materials. In addition to reducing the cost of concrete, the use of alternative components
improves many properties of concrete such as mechanical, physical, and microstructure. Since concrete is the main and most
expensive component of concrete, reducing the consumption of cement in concrete design provides both economic and environmental
advantages. In this study, expanded perlite from Pomza Export company was used by grinding in a ball mill. Perlite powder was sieved
with a 45 pm sieve to get an idea of the fineness. Portland cement was replaced with 10%, 20%, 30%, and 40% by weight of ground
perlite powder, and perlite substituted mortars were prepared. The usability of perlite powder as pozzolan was observed. The
pozzolanic activity was investigated by strength tests. Mortar mixtures were prepared for the control sample and four different
replacement rates. Flexural strength test and compressive strength test after flexural strength test were applied for each sample at
the end of water curing for 7, 28, and 90 days. In addition, unit weight test was applied to the samples with 90 days of curing time. It
seems possible to reduce the cost of CEM I cement and reduce the COz emissions from cement production by replacing ground perlite
up to 40% by weight instead of cement.

Keywords: Pozzolan, Perlite, Pozzolanic activity

EXTENDED ABSTRACT

Introduction aluminous materials that gain binding properties by combining
with water and calcium hydroxide in a fine-grained structure.
Pozzolans are defined as silica and aluminous materials that gain
binding properties by combining with water and calcium
hydroxide in a fine-grained structure [6]. Natural pozzolans are
the product of volcanic activities. Artificial pozzolans are released
during industrial production. Depending on the type and
quantity, the use of mineral additives can provide advantages
such as reduced consumption of Portland cement, improved

Carbon dioxide released into the atmosphere in the production of
cement used in the concrete industry and the environmental
problems it brings have been the subject of study for alternative
materials. The cement manufacturing industry is estimated to
produce around 1.5 billion tons of greenhouse gases annually [1].
Reducing the use of Portland cement will help to develop
sustainable concrete that is less costly and has better mechanical
and durability properties [3]. Pozzolans are defined as silica and
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workability, lower permeability, higher durability, and strength
[9]. Furthermore, pozzolanic materials can improve the
sustainability of construction activities, and reduce maintenance
costs and heat of hydration [10]. Perlite is a dense and glassy
volcanic rock that becomes porous by expanding to
approximately 7 to 25 times its original volume when heated at
temperatures between 900 and 1100 °C [14]. The color of raw
perlite can vary from light gray to shiny black, and when it
expands, its color becomes completely white. Raw perlite shows
hydraulic activity by chemical reaction with calcium-based
binders, thanks to the siliceous and aluminum compounds it
contains [15]. Perlite provides good heat and sound insulation
thanks to its numerous micropores. Thus, perlite is used as
aggregate in the production of lightweight mortars, concretes
and insulation products [16]. In a study in which raw perlite was
ground in a ball mill, Kaya stated that 5% and 10% raw perlite
can be used as pozzolanic material in cement and it may be
possible to reduce the cost of CEM I cement [18]. In another
study, the specific surface area of perlite powder was increased
from 3100 cm?2/g to 3900 cm?/g, and the results showed that
increasing the fineness of natural perlite can be an effective
method to reactivate natural perlite powder and significantly
improve its transport properties [3].

Materials and Methods

The CEM I 42.5 R cement used was obtained from Soma Cement
Factory. Crushed limestone of 0-5 mm size with a specific gravity
of 2.62 g/cm3 and a water absorption rate of 1.92% was used as
fine aggregate. Expanded perlite from Pomza Export Company
was used as mineral additive. The specific gravity of the ground
perlite powder used in the study was 1.9 g/cm3. The perlite
powder used in the study was obtained by grinding 3 kg of
expanded perlite in a ball mill at 10000 cycles. In this study,
expanded perlite was ground in a ball mill and its usability as
pozzolan was investigated. Perlite powder was used as a
pozzolanic additive by replacing 10%, 20%, 30% and 40% by
weight to cement. The water/binder ratio of the mortars is 0.5. In
the mortar mixtures, 1 unit of cement (binder), 3 units of sand
and 0.5 units of water were used. The prepared mixtures were
placed in 40x40x160 mm metal molds. The pozzolanic activity of
perlite powder was investigated by strength tests. Flexural
strength and compressive strength tests were performed
according to TS EN 196-1. Flexural strength test and compressive
strength test after flexural strength test were applied for each
sample at the end of water curing for 7, 28, and 90 days.
Additionally, a unit weight test was applied to the samples cured
for 90 days. The mixtures were named PO, P10, P20, P30 and P40,
respectively, according to the increasing ground perlite powder
replacement rate. Five different mix recipes were prepared,
including a control mix. Three flexural strength specimens were
used for each replacement ratio. The values for flexural and
compressive strength tests were averaged. The ground perlite
powder (200 g) was wet sieved with a 45 pum sieve. At the end of
the sieving, 8 grams (4%) of the powder remained on the sieve.

Results and Discussion

As the replacement of ground perlite powder in the mixtures
increased, the spreading diameter of the mortars decreased. As
the replacement ratio increased from PO to P40, the spreading
diameter decreased from 186 mm to 156 mm. Therefore, as the
replacement rate of ground perlite powder increased, a decrease
in workability was observed.

Specimens containing ground perlite powder had lower flexural
strength values than the control specimen at early ages.
According to the 7-day graph in Figure 1, this difference became
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more pronounced as the replacement rate increased. From 7 days
to 28 days, the highest strength increase was 66% and 95% in the
P30 and P40 series, respectively. It can be said that the flexural
strength averaged the same value as the control specimen up to
10% and 20% replacement at 28 days. Among the 90-day
samples, the sample with 20% ground perlite powder
replacement had the highest value. The lowest strength was
given by the control and 40% replacement samples. All mortar
mixtures showed an increase in strength compared to 28 days.
There was a 15%, 33%, 38%, 12% and 14% strength increase in
PO, P10, P20, P30 and P40 samples in 90 days compared to 28
days, respectively. Compared to the control sample, the highest
strength increase was 14% in the P30 sample at 28 days and 20%
in the P20 sample at 90 days.

14
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=)
10 mPO
5
0 8
) m P10
=
2 m P20
£ 4
=
5 P30
=

0 P40

7 28 90

Curing Time (Days)

Figure 1. Effect of perlite replacement ratio on flexural strength

In Figure 2, all values in the 7th-day graph were below the control
specimen. In addition, the compressive strength decreased as the
replacement rate of ground perlite powder increased. When
Figure 2 is analyzed, the amount of strength gain of the series
between 7 days and 28 days is higher than that between 28 days
and 90 days. P40 was the series with the highest strength
increase from 7 days to 90 days. All mortar samples showed an
increase in compressive strength values at 90 days compared to
28 days. The strengths of PO, P10, P20, P30 and P40 specimens
increased by 14%, 5%, 15%, 17% and 26% respectively.

70
§ 60
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Figure 2. Effect of perlite replacement ratio on compressive
strength.

While all series give unit weight values close to each other, lower
unit weight values were obtained in the P40 series. The specific
gravity of ground perlite powder is lower than the specific gravity
of cement. Therefore, the unit weight decreased as the
replacement ratio increased.

Conclusion

At early ages, the control samples, which used only cement,
showed higher strengths than the samples containing ground
perlite powder. At later curing times, the samples containing
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ground perlite powder overtook control samples. Mortar
mixtures incorporating ground perlite powder had almost the
same compressive strength and flexural strength as the control
mixtures, especially at the age of 90 days. When the values for
flexural strength at 7 and 90 days were examined, it was
observed that the use of ground perlite powder increased the
strength at later ages. In the early age graphs of compressive
strength, all values were below the values of the control samples.
Atlater ages, P20 and P30 samples reached almost the same level
as the control samples. The P20 series showed the best
compressive strength results in both 28 and 90 days. The
compressive strengths of the P40 samples were lower at all
curing times. The samples showed good results in terms of
compressive strength up to 20% replacement at 7 days, 30%
replacement at 28 days, and 40% replacement at 90 days. In the
flexural strength results, similar results to the control sample

were obtained at all replacement rates at 28 and 90 days. While

ground perlite powder's effect on the strength gain of mortars
was generally lower at early ages, the strength increased at later
ages. There are some factors in the positive development of
substituted mortar strengths. It is seen that the ground perlite
powder has a pozzolanic reaction. It should be noted that the
most important factor is the high SiO2 content of perlite. It is
thought that the ground dry perlite powder may have an effect on
the strength development by locally reducing the water/binder
ratio by absorbing the mixing water in the fresh state, and by the
internal curing effect over time with the water it absorbs. In
addition to these effects, the binder volume in the mixture
increased slightly due to the lower specific gravity of the ground
perlite powder replacement by weight instead of cement. This
volume increase also positively affected strength development.

1. Giris

Her yil, normal Portland ¢imentosu tretimi diinya ¢apinda %9
artmaktadir ve bu artis orani, ¢imento iretim siirecinde
atmosfere salinan biiyiik miktardaki karbondioksit nedeniyle
cevre icin ¢ok biiyiik bir risk olusturmaktadir [1]. Cimento
tiretimi, diinyadaki CO2 emisyonunun %8'inden sorumludur [2].
Cimento iiretim endiistrisinin y1lda yaklasik 1.5 milyar ton sera
gazl irettigi tahmin edilmektedir [1]. Beton endiistrisinin énemli
cevresel etkilerini azaltmaya yardimci olacak olasi bir ¢6ziim,
beton karisim tasariminda kullanilan Portland ¢imentosunun bir
kisminin ek ¢imentolu malzemelerle degistirilmesidir [3].
Bunlarin yani sira ¢imento endiistrisindeki enerji kullanimi,
durabilite sorunlari, gevresel etki ve beton yapilarin é6miir boyu
maliyeti acgisinda puzolanik malzemelerin kullanimi 6nem
tasimaktadir [4]. Bu nedenle, dogal puzolanlar gibi mevcut olan
ve diistik fiyath ek cimentolu malzemelerin yerel kaynaklarini
bulmak, beton endiistrisinin gelecegi icin ¢ok 6nemlidir [5].
Portland ¢imentosu tiiketiminin azaltilmasi, daha az maliyetli,
daha iyi mekanik ve dayaniklilik o6zelliklerine sahip olan
slrdiiriilebilir betonun gelistirilmesine yardimci olacaktir [3].

Puzolanlar, dogal halde baglayicilifi olmayan veya ¢ok az
baglayicilik gosteren, ince taneli yapida ise su ve kalsiyum
hidroksitle birleserek baglayiciik 6zelligi kazanan silisli ve
aliminli malzemeler olarak tanimlanirlar [6]. Puzolanlar, dogal
ve yapay kategoriler olarak smiflandirilirlar. Dogal puzolanlar
volkanik faaliyetlerin {riintidir ve Kkil, seyl, laterit, boksit,
kaolinit, volkanik cam, pomza, riyolit, tiif, zeolit, diyatomit ve
volkanik kiil gibi dogal kayaclar1 veya volkanik tortulari igerir [5].
Yapay puzolanlar ise endiistriyel iiretim sirasinda ortaya ¢ikan
ucucu kiil, silis dumani ve ciiruf gibi yan tiriinlerdir [7]. Ancak bu
puzolanlarla ilgili sorun, bazi bélgelerde ya nadiren bulunmalari
ya da maliyetli olmalaridir [5]. Volkanik lavlarin hizli sogumasi
sonucu olusan cam yapiya (kristal) sahip perlit gibi baz1 dogal
puzolanlarin kaynaklar1 bol miktarda mevcuttur ve endiistriyel
projelerde  basariyla  kullanilmaktadir [5]. Puzolanlar,
giniimiizde diistik hidratasyon 1sisi, alkali silika reaksiyonu,
gecirimlilik ve siilfat dayanimi gibi avantajlari sayesinde harg ve
beton karisimlarinda kullanilmaktadir [4]. Sonug¢ olarak,
cimentoya eklenen mineral Kkatkilar; sera gazi saliniminin
azaltilmasi ile dogal kaynaklarin ve ¢evrenin korunmasi, ekonomi
ve enerji tasarrufu saglanmasi, hidratasyon 1sisinin azalmasi ve
dayanimin zamanla artmasi gibi faydalar saglayabilmektedir ve
ayrica erken dayanimlarda goriilebilen azalma, ¢cimentoyu daha
ince ogiiterek veya klinker o6zelliklerini  degistirerek
¢oziilebilmektedir [8].
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Literatiirde ¢imento ve beton endiistrisinde mineral katkilarin
kullaniminin ~ faydalarim1  tartisan ¢ok sayida  yayin
bulunmaktadir. Tiriine ve miktarina bagh olarak katkilarin
kullanimlar1 ile Portland ¢imentosu tiiketiminde azalma,
iyilestirilmis islenebilirlik, daha diisiik gecirgenlik, daha yiiksek
dayaniklilik ve mukavemet gibi avantajlar elde edilebilir [9].
Ayrica, puzolanik malzemeler betonun dayanikliligini artirabilir,
insaat faaliyetlerinin siirdiiriilebilirligini gelistirebilir, bakim
maliyetlerini azaltabilir ve son olarak, hidratasyon 1sisini1 azalttig1
icin puzolanik ¢imento kullanilarak termal ¢atlama 6nlenebilir
[10]. Erken dayanimin diisiik olmasi ve soguk havalarda priz
siiresinin  gecikmesi  dikkat edilmesi gereken Onemli
hususlardandir [6]. Cimento liretimi sirasinda toplam elektrik
enerjisi tiiketiminin %50'sinden fazlas1 hammadde ve klinkerin
ogitiilmesi  icin  kullanildigindan, Portland ¢imentosu
tiiketimindeki azalma, kalsinasyon ve 6gilitme sirasinda daha
diisiik enerji tiiketimi sayesinde COz salinnmini ve maliyeti
azaltmaya yardimci olacaktir [9]. Puzolanik etkisi olmayan
katkilarin bile ince 6giitiilmiis halde har¢ ve betonda su ihtiyacini
azalttiklary, hidratasyonu hizlandirdiklar1 ve gozenekleri
tikayarak dayaniklilig artirdiklar: bildirilmistir [8].

Puzolanlar, Portland ¢imentosunun kalsiyum-silikat
bilesiklerinin hidratasyonu sirasinda ortaya ¢ikan kalsiyum
hidroksitle reaksiyona girebilen alliminosilikat malzemelerdir.
Ince égiitiilmiis puzolan, Portland ¢imentosunun hidratasyonu
sonucunda meydana ¢ikan kalsiyum hidroksitle reaksiyona girer
ve bu reaksiyon sonucunda baglayici 6zelligi olan C-S-H jelinin
miktar1 artmis olur [11].

Malzemenin puzolanik aktivitesi, kalsiyum hidroksit ile
reaksiyona girme kabiliyetidir. Bu reaksiyon sonunda portlandit
(Ca(OH)2) miktar1 azalir, kalsiyum silikat hidrat (C-S-H) artar
[12]. Puzolanik malzemenin birlesebilecegi toplam kalsiyum
hidroksit miktari, puzolandaki reaktif fazin dogasina ve igerigine,
reaktif fazlarin SiO: igerigine, kalsiyum hidroksit ve puzolan
oranina ve kiirlenme stiresine baghdir [13]. Puzolanik
malzemenin kalsiyum hidroksit ile reaksiyon hizi, puzolanin
ozgiil ylizey alanina, su/kati oranina ve Portland ¢cimentosundaki
alkali icerigine ve sicakliga baghdir [13].

Perlit dogal olarak olusan yogun, camsi, 900 ile 1100 °C
arasindaki sicakliklarda isitildiginda, orijinal hacminin yaklasik 7
ile 25 katina kadar genisleyerek gozenekli yap1 kazanan volkanik
bir kayactir [14]. Genlesen bu taneler bir kopiik agregasina
donilisiir ve bu liriine genlesmis perlit denir. Ham perlitin rengi
saydam acik griden parlak siyaha kadar degisebilmektedir ve
genlestiginde rengi tamamen beyazlasir [15]. Ham perlit,
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biinyesinde bulundurdugu silisli ve aliiminyumlu bilesikler
sayesinde kalsiyum esash baglayicilar ile kimyasal reaksiyona
girerek hidrolik aktivite gosterir ve bu 6zelligi sayesinde insaat
sektoriinde bir¢cok alanda kullanilmaktadir [15]. Perlitteki ¢ok
sayida mikro gozenek hafiflik, 1s1 ve ses yalitimi gibi ozellikleri
saglar ve bu sayede genlestirilmis perlit yap1 endiistrisinde hafif
harclar, betonlar ve yalitim tirtinleri vb. tiretiminde agrega olarak
yaygin bir sekilde kullanilmaktadir [16].

Genlestirilmis perlit; sahip oldugu fiziksel esneklik, diisiik ses
gecirgenligi, diisiik yogunluk, kimyasal sabitlik ve atese karsi
dayanim gibi yapisal o6zellikleriyle bir¢ok kullanim alani
saglamistir [17]. Genlestirilmis perlit, baslica insaat sektori
olmak iizere izolasyon malzemelerinde, perlitli sivalarda, perlit
agregall hafif yalitm betonlarinda, perlit agregali hafif yapi
elemanlarinda, gevsek dolgu malzemelerinde, ylizey
dosemelerinde ve 6zel amaclh yapilarda kullanildig: gibi tarim ve
sanayi sektoriinde de kullanilmaktadir [17].

Kaya [18], ham perliti bilyali degirmende 6giiterek kullandigi bir
calismada %5 ve %10 ham perlitin ¢imentoda puzolanik
malzeme olarak kullanilabilecegini ve CEM I ¢imentosundan
kaynakli maliyeti diisiirmenin miimkiin olabilecegini belirtmistir.
Bir bagska c¢alismada dogal perlitin 6giitiilmesinin etkinligi
arastirilmig, bu baglamda perlit tozunun 6zgiil yilizey alani1 3100
cm?/gr'den 3900 cm?/gr'ye cikarilmistir ve sonuclar, dogal
perlitin inceligini artirmanin, dogal perlit tozunu yeniden
etkinlestirmek icin etkili bir yontem olabilecegini ve tasima
ozelliklerini 6nemli Ol¢iide gelistirebilecegini gdstermistir [3].
Karisimlarin 28 ve 91 gilinlik yaslar arasindaki tasima
ozelliklerinde oOnemli bir gelisme olmasi, perlit tozunun
puzolanik etkisinin daha uzun yaslarda spesifik ylizey alanin
artmasiyla daha 6nemli hale geldigini gostermistir [3]. Erdem vd.
[9] yaptig1 calismada perlit ikame edilmis ¢imentolar, Portland
cimentosu ile karsilastirildiginda ozellikle erken yaslarda
dayanim kayiplarina neden olabildigini ancak, katkil
cimentolarda perlitin devam eden puzolanik reaksiyonlari
nedeniyle  farklarin ilerleyen yaslarda  kiigiildigini
belirtmislerdir.

Bu c¢alisma kapsaminda genlestirilmis perlit, bilyali degirmende
ogitillerek puzolan olarak kullanilabilirligi incelenmistir.
Puzolanik madde olarak c¢imentoya agirlikca belli oranlarda
ikame yoluyla kullanilmistir. Perlit tozunun puzolanik aktifligi
mukavemet deneyleriyle yorumlanmistir. Perlitin puzolanik
aktivitesini etkileyen kriterletin gelistirilmesi ve puzolan olarak
kullaniminin  yayginlasmast amacglanmistir. Boylece, beton
endiistrisindeki ¢imento kullaniminin ve ¢imentonun neden
oldugu COz saliniminin azaltilmasinda ¢6ziim olabilecegi
diistiniilmektedir.

2. Materyal ve Metot

2.1. Malzemeler

211 Cimento

Bu ¢alismada Soma Cimento Fabrikasi’'nda tiretilen CEM I 42.5 R
tipi ¢imento kullanilmistir. Cimentonun kimyasal o6zellikleri
Tablo 1'de, fiziksel 6zellikleri ise Tablo 2’de sunulmustur.

2.1.2 Perlit

Bu arastirmada Pomza Export firmasina ait genlestirilmis perlit
kullanilmistir. Calismada kullanilan 6giitiilmiis perlit tozunun
ozgil agirhigt 1.9 g/cm3’tiir. Malzemenin kimyasal 6zellikleri
Tablo 1’de verilmistir. Malzeme 6zellikleri, malzemenin temin
edildigi firmadan alinmistir. Calismada kullanilan perlit tozu, 1.5
kg genlestirilmis perlitin bilyali degirmende 10000 devir
ogiitiilmesiyle elde edilmistir.

Tablo 1. Cimento ve perlitin kimyasal 6zellikleri.

Table 1. Chemical properties of cement and perlite.

Kimyasal Bilesim (%) Cimento Perlit
Si02 19.79 73.46
Alz03 4.78 12.00
Fe203 3.39 1.19
TiO2 0.092
Ca0 63.71 0.62
MgO0 1.78 0.06
Naz0 0.32 2.60
K20 0.78 5.14
P20s 0.01
SO3 2.84
cl 0.0089
Kizdirma kaybi 2.09

2.1.3 Agrega ve su

Calismada ince agrega olarak, 6zgiil agirhg: 2.62 g/cm3 ve su
emme orani %1.92 olan 0-5 mm boyutunda kirma Kirecgtasi
kullanilmistir. Elek analizi Tablo 3’teki gibidir. Laboratuvardaki
tiim calismalar boyunca {zmir sebeke suyu kullanilmistir.

Tablo 2. Cimentonun fiziksel 6zellikleri.

Table 2. Physical properties of cement.

Miktar
Ozgiil yiizey alan1 (cm2/g) 3954
Ozgiil agirhk (g/cm3) 3.10
Priz baslangici (dk) 185
28 giinliik dayanim (MPa) 49.8

Tablo 3. Agrega elek analizi.

Table 3. Sieve analysis of fine aggregate.

Elek Agikligi (mm) Elekten Gegen (%)
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4 94

2 65

1 46

0.5 34

0.25 25

Elek alti 0

2.2. Deneysel calisma

Hazirlanan har¢ numunelerinin  puzolanik  aktivitesini
gozlemlemek icin egilme dayanimi ve egilme sonrasi basing
dayanimi deneyi yapilmistir (Sekil 4). Puzolan olarak

kullanabilmek i¢cin 1.5 kg perlit, hiz1 60 devir/dk olan bilyal
degirmende 10000 devir 6gutilmiistiir. Perlit, 6giitiilmeden 6nce
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Sekil 1. a) Genlestirilmis perlit, b) dgiitiilmus perlit.
Figure 1. a) Expanded perlite, b) ground perlite.

100 °C etiivde 24 saat beklemistir. Ayrica perlit tozu da harg
numunelerinin dokiimiinden 6nce ayni sekilde etiivde kalmistir.
Karisimlarda ¢imento, %10, %20, %30 ve %40 oranlarinda
ogltilmiis perlit tozu ile yer degistirmistir. Kontrol numunesi ve
artan ogiitiilmis perlit tozu ikame oranina goére karisimlar
sirastyla PO, P10, P20, P30 ve P40 olarak adlandirilmistir. Kontrol
karisimi da dahil olmak {lizere bes farkli karisim recetesi elde
edilmistir (Tablo 4). Her bir ikame oram icin ii¢ adet egilme
dayanimi numunesi kullanilmistir. Egilme dayanimindan sonra
ikiser parcaya ayrilan tim numunelere basin¢g dayanimi deneyi
yapilmistir. Egilme ve basin¢g dayanimi deneyleri i¢cin degerlerin
ortalamasi almmustir. Ogiitiilmiis perlit tozu iceren harg
numunelerinin ortalama dayanimini, kontrol har¢ numunelerinin
ortalama dayanimina béliinerek yiizde cinsinden bagil dayanim
grafigi elde edilmistir. Ayrica dgiitiilen perlit 200 g tartilarak 45
um elek ile 1slak eleme yapilmistir. Eleme sonunda alinan tozun 8
grami yani %40 elek tistiinde kalmistir.

Harglarin hazirlanmasinda su/toplam baglayici oran 0.5 olarak
sabit tutulmustur. 1 birim ¢imento (baglayici), 3 birim kum ve 0.5
birim su kullanilmistir. Su/baglayict oranini 0.5 tutabilmek igin
kullanilan 0-5 mm ince agreganin su emmesi de goz oniinde
bulundurulmustur. Hazilanan karisimlar, 40x40x160 mm’lik
metal kaliplara yerlestirilmis ve tstleri kapali sekilde bir giin
laboratuvar ortaminda bekledikten sonra kaliplar sokiilerek kiir
havuzuna yerlestirilmistir. Numuneler, kiir havuzunda 7, 28 ve
90 giin boyunca kiir siirecini tamamlamistir. Gilini gelen
numunelere, kuru ylizey doygun haldeyken once egilme
dayanimi deneyi ardindan basing dayanimi deneyi yapilmistir.
Ayni1 boyutlarda hazirlanan 90 giin kiir siireli numunelerin, kuru
haldeki birim hacim agirliklar1 verilmistir (Tablo 5). Sekil 2’'de
40x40x160 mm boyutlarinda dgiitiilmiis perlit tozu ikameli har¢
karisim 6rneklerinin gorseli bulunmaktadir.

Sekil 2. Harg 6rnekleri.

Figure 2. Mortar samples.

Tablo 4. Harg bilesenleri ve miktarlari.

Table 4. Quantity of mortar components.
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Bilesen (g) PO P10 P20 P30 P40

Cimento 450 405 360 315 270

Perlit Tozu - 45 90 135 180

Agrega 1350 1350 1350 1350 1350

Su 251 251 251 251 251
3. Bulgular ve Tartisma

3.1. Yayilma cap1

Yayilma capi, yayilma tablasi ile toplam 15 diisiirme yapilarak
olctilmiistiir. Karisimlarda 6giitiilmiis perlit tozu ikamesi arttik¢ca
harglarda yayillma capinda azalma olmustur. Sekil 3’e gore,
P0’dan P40’a ikame orani arttik¢a yayilma ¢ap1 186 mm’den 156
mm'’ye diismiistiir. Dolayisiyla 6giitlilmiis perlit tozu ikame orani
arttikca islenebilirlikte bir miktar azalma gérilmiistiir.

190
185
180
175
170
165
160

55

Yayilma cap1 (mm)

150
145
140

Po Pio P20

P30 P4o

Sekil 3. Karisimlarin yayilma cap1 degerleri
Figure 3. Flow diameter of mortar mixtures
3.2. Egilme dayanimi deneyi

Her bir har¢ karisim serisinden {i¢ adet numuneye TS EN 196-1’e
gore egilme dayanimi testi yapilmistir. Beklendigi iizere
ogutiilmis perlit tozu ikameli numuneler erken yaslarda kontrol
numunesine gore daha diisiik egilme dayamimi degerleri
vermistir. Sekil 5’te 7 giinliik grafige gore ikame orani arttik¢a bu
fark belirginlesmistir. 7 giinliik kiir siiresinden 28 giine gegerken
en yiiksek dayanim artis1 P30 ve P40 serilerinde sirasiyla %66 ve
%95 olmustur. Egilme dayaniminin, 28 giinde %10 ve %20
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Sekil 4. a) Basin¢ dayanimi deneyi, b) {i¢ noktal egilme dayanimi deneyi.

Figure 4. a) Compressive strength test, b) three-point flexural strength test.
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Sekil 5. Perlit ikame oraninin egilme dayanimina etkisi.

Figure 5. Effect of perlite replacement ratio on flexural strength.
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Sekil 6. Kontrol numunesine kiyasla egilme dayanimi gelisimi.

Figure 6. Improvement of flexural strength compared to the control sample.
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ikameye kadar kontrol numunesiyle ayni deger ortalamasinda
oldugu soylenebilir. P30 serisi, 28 giinde kontrole kiyasla %14
daha fazla egilme dayanimi géstermistir ve P40 serisi 9.64 MPa
dayanimla kontrol ile P30 serisi arasinda bir deger vermistir.
Kontrol numunesi, 90. giinde 28 giine kiyasla %15 dayanim artis1
gostermistir. 90 giinlik numuneler i¢inde en yiiksek degeri %20
ogitilmis perlit tozu ikameli numune vermistir. En disiik
dayanimi ise birbirine yakin degerlerle kontrol ve %40 ikameli

numuneler vermistir. Tlim har¢ karisimlar1 28 giine kiyasla
dayanimlarda artis gostermistir. Sirasiyla PO, P10, P20, P30 ve
P40 numuneleri 28 giine kiyasla 90 giinde %15, %33, %38, %12
ve %14 dayanim artisi olmustur. Sekil 6’tdaki bagil grafige
bakildiginda kontrole kiyasla 28 giinde en yiiksek dayanim artisi
%30 ikameli numunede %14, 90 giinde ise %20 ikameli
numunede %20 olmustur.
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Sekil 7. Perlit ikame oraninin basing dayanimina etkisi.
Figure 7. Effect of perlite replacement ratio on compressive strength.
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Sekil 8. Kontrol numunesine kiyasla basing dayanimi gelisimi.
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Figure 8. Improvement of compressive strength compared to the control sample.

3.3. Basin¢ dayanimi deneyi

Egilme dayanimi deneyinden sonra iki pargaya ayrilan
numunelere TS EN 196-1’e gore basing dayanimi deneyi
yapilmistir. Sekil 7’de, 7. giin grafiginde gorildiigi lizere tiim
degerler kontrol numunesinin altinda kalmistir ve 6giitiilmis
perlit tozu ikame orani arttikca dayanim azalmistir. Kontrol
numunesi ise 28 giinde 6.9 MPa ve 90 giinde 7.3 MPa dayanim
kazanmistir. Sekil 7 incelendiginde serilerin 7 giin ile 28 giin arasi
dayanim kazanma miktar1 28 giin ile 90 giin arasindakine gore
daha fazladir. P40, 7 giinden 90 giine gegiste en yliksek dayanim
artis1 gosteren seri olmustur ve 23.9 MPa’dan 56.3 MPa’ya iki
kattan fazla dayanim artis1 gostermistir. Sekil 8’de, egilme
dayanimina kiyasla basing dayanimi degerlerinde 28 giinde P40
numunesi kontrol numunesine gore bagil olarak %14 altinda
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kalmistir. P10, P20 ve P30 numuneleri ise kontrol numunesine
yakin basing dayanimi degerleri vermislerdir. Yine ayni1 sekilde
tlim har¢ karisimi 6rnekleri 28 giine kiyasla 90 giinde basing
dayanimi degerlerinde artis gostermislerdir. Sirasiyla PO, P10,
P20, P30 ve P40 numunelerinin dayanimlari %14, %5, %15, %17
ve %?26 oranlarinda artmistir.

3.4. Birim hacim agirhk

Tablo 5'te gore tiim seriler birbirine yakin BHA degerleri
verirken, P40 serisi ile daha diisik degerler elde edilmistir.
Ogiitiilmiis perlit tozunun ézgiil agirhg cimentonunkine kiyasla
daha diisiik oldugu i¢cin ikame orani arttikca BHA degerleri
diismiistiir.
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Tablo 5. 90 giin kiir siireli numunelerin kuru birim hacim
agirhiklari.

Table 5. Dry unit weights of samples with 90 days of curing
period.

BHA (g/cm3)
PO 211
P10 212
P20 2.13
P30 2.10
P40 2.04
4. Sonuclar

Erken yaslarda sadece ¢cimento kullanilan kontrol numuneleri,
ogiitiilmiis perlit tozu iceren numunelere kiyasla daha yiiksek
dayanimlar verirken ilerleyen kiir siirelerinde 6giitilmiis perlit
tozu iceren numuneler kontrol numunelerini yakalayarak
gecmistir. Ogiitiilmiis perlit tozu iceren harg karisimlari, 6zellikle
90 giinde, kontrol karisimlari ile neredeyse ayni basing ve egilme
dayanimina sahiptir. Egilme dayanim i¢in 7 ve 90 giindeki
degerler incelendiginde o6giitiilmiis perlit tozu kullaniminin
ileriki yaslarda dayanimi artirdig: goriilmiistiir. Basing dayanimi
erken yas grafiklerinde, tiim degerler kontrol numunesinin
altinda kalmustir. ileriki yaslarda yani 90 giinde P20 ve P30
numuneleri, kontrol numunesiyle neredeyse ayni seviyeye
gelmislerdir. P20 serisi hem 28 hem 90 giinde en iyi basing
dayanimi sonuglarini vermistir. P40 numunelerinin basing
dayanimlart tiim kiir siirelerinde daha diisiik seyretmistir.
Numuneler, 7 giinde %20, 28 giinde %30 ve 90 glinde %40
ikameye kadar basing dayanimi agisindan iyi sonuglar
vermislerdir. Bu durum ikame orani arttik¢a ileri yaslardaki
dayanim gelisiminin 6nemini géstermektedir. Egilme dayanimi
sonuclarinda ise 28 ve 90 giinde tiim ikame oranlarinda kontrol
numunesine benzer sonuclar elde edilmistir. Ogiitiilmiis perlit
tozunun, har¢larin dayanim kazanimina olan etkisi genel olarak
erken yaslarda daha diislikken, sonraki yaslarda dayanimlar
artmigtir. {kameli har¢ dayanimlarinin, olumlu yénde
gelismesinde bazi etkenler bulunmaktadir. Ogiitiilmiis perlit
tozunun puzolanik reaksiyon yaptig1 goriilmektedir. Burada en
onemli faktoriin, perlitin sahip oldugu yiiksek SiO: icerigi oldugu
belirtilmelidir. Ogiitiilmiis kuru perlit tozunun, taze halde
karisim suyunu bir miktar emmesiyle su/baglayiciy1 oranini lokal
azaltarak ve bilinyesine ¢ektigi su ile zamanla igsel kiirleme
etkisiyle =~ de dayanim gelisimine etkisi  olabilecegi
diisiiniilmektedir. Bu etkilerin yani sira ¢imento yerine agirlikca
ikame edilen 6giitiilmiis perlit tozunun 6zgil agirhginin daha
diisiik olmasi sebebiyle karisimda baglayici hacmi bir miktar
artmistir. Bu hacim artis1 da dayanim gelisimini olumlu yonde
etkilemistir. Sonug olarak 6giitiilmiis perlit tozunun ¢imentoya
agirlikca ikamesiyle harglarin islenebilirliginde ve birim hacim
agirhiginda azalma, basing ve egilme dayaniminda ise kayda deger
bir gelisme goriilmiistiir. Ogiitiilmiis perlitin ileri yaslardaki
puzolanik aktivitesi goz oniinde bulunduruldugunda, 10000
devir ogitliilmis ve %96’s1 45 um elekten gegen perlitin,
cimentoya katki malzemesi olarak kullanilmasimnin dayanim
acisindan iyi sonuglar verdigi gézlemlenmistir. Erdem vd. [9],
yaptiklar1 calismada ayni incelikte perlit igceren harglarin
dayanimlan karsilastirildiginda %20 ikamenin %30 ikameye
gore daha yiiksek dayanimlar elde ettigini belirtmislerdir. 80
pum'de elenmis perlit tozunun kullanildig1 baska bir ¢alismada ise
betonun mekanik 6zelliklerini iyilestirmede ¢imentonun en iyi
ikame oranlarinin %10 ve %20 séylenmistir [19]. Dolayisiyla,
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ogiitiilmiis perlit tozu ikamesiyle CEM I ¢imentosundan kaynakl
maliyeti diisiirmek ve CO2 salinimini azaltmak miimkiin olacaktir.
Puzolan kullaniminin ¢esitlendirilmesi ve yayginlastirilmasi ile
¢imento kullaniminda tasarruf ile hem ¢evreci hem de ekonomik
yapilar insa edilebilecektir. Ogiitiilmiis perlit tozu ikamesinin,
olumlu yonlerine karsi durabilite sorunlarina yol a¢ip agmadigi
incelenmeye devam edilmelidir. Portland c¢imentosunun bir
kisminin dogal puzolanlar ile ikame edilmesi, beton endiistrisinin
karbon ayak izini ve insaat maliyetlerini azaltmak ve genel
anlamda beton dayamiklhligini artirmak i¢in etkili bir ¢éziim
olabilir [3].

Etik kurul onay1 ve cikar catismasi beyani

Hazirlanan makalede etik kurul izni alinmasina gerek yoktur.
Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar ¢atismasi
bulunmamaktadir.

Tesekkiir

Yazarlar, perlit temini icin Pomza Export Madencilik Sanayi ve
Ticaret A.S.'ye ve Umit URUN’e, ayrica cimento ve agrega temini
icin Dere Beton’dan Raif EVLEK’e tesekkiirlerini sunar. Bu
calisma, yazarlardan Beyza ERKEK’'in Alternatif Puzolanik
Malzemelerin Kullaniminin Arastirilmasi baslikl yiiksek lisans
tezinin bir parcasidir ve son olarak Dokuz Eyliil Universitesi Fen
Bilimleri Enstitiistine tesekkiir edilmektedir.

Kaynaklar
(1]

Alqarni, A.S. 2022. A Comprehensive Review on Properties of Sustainable
Concrete Using Volcanic Pumice Powder Ash as a Supplementary
Cementitious Material, Construction and Building Materials, Cilt. 323.
DOI: 10.1016/j.conbuildmat.2022.126533

Ulusu, H., Aruntas, H.Y., Gencel, 0. 2016. Investigation on Characteristics
of Blended Cements Containing Pumice, Construction and Building
Materials, Cilt. 118, s.11-19. DOI: 10.1016/j.conbuildmat.2016.05.030
Karein, S.M.M, Vosoughi, P. Isapour, S. Karakouzian, M. 2018.
Pretreatment of Natural Perlite Powder by Further Milling to Use as a
Supplementary Cementitious Material, Construction and Building
Materials, Cilt. 186, s. 782-789.DOI: 10.1016 /j.conbuildmat.2018.08.012
Bulut, U. 2007. Perlitin Puzolanik Aktivitesi. istanbul Teknik Universitesi,
Fen Bilimleri Enstitiisii, Doktora Tezi, 162s, istanbul.

Karein, S.M.M, Joshaghani, A., Ramezanianpour, A.A,, Isapour, S. 2018.
Effects of the Mechanical Milling Method on Transport Properties of Self-
Compacting Concrete Containing Perlite Powder as a Supplementary
Cementitious Material, Construction and Building Materials, Cilt. 172, s.
677-684.DO0I: 10.1016/j.conbuildmat.2018.03.205

Aslan, M.G. 2015. Mikronize Filtre Perlitin Betonda Mineral Katki
Malzemesi Olarak Kullammi. Avrasya Universitesi, Fen Bilimleri
Enstitiist, Yiiksek Lisans Tezi, 75s, Trabzon.

Erdogan, T.Y. 2003. Beton. ODTU Gelistirme Vakfi ve Yayincilik A,
Ankara, 757s.

Yeginobaly, A. 2011. Cimentoda Standartlar ve Mineral Katkilar. Tiirkiye
Cimento Miistahsilleri Birligi, Ankara, 48s.

Erdem, T.K,, Meral, C., Tokyay, M., Erdogan, T.Y. 2007. Use of Perlite as a
Pozzolanic Addition in Producing Blended Cements, Cement & Concrete
Composites, Cilt. 29, s. 13-21. DOI: 10.1016/j.cemconcomp.2006.07.018
Paez-Flor, N.M., Rubio-Hernandez, F.J., Velazquez-Navarro, J.F. 2019.
Microstructure-at-rest Evolution and Steady Viscous Flow Behavior of
Fresh Natural Pozzolanic Cement Pastes, Construction and Building
Materials, Cilt. 194, s. 360-371.DOI: 10.1016/j.conbuildmat.2018.11.009
Dolgun, 0. 2010. Kendiliginden Yerlesen Betonlarda Ogiitiilmiis Pomza
Kullanabilirliginin Arastinlmasi. Nigde Universitesi, Fen Bilimleri
Enstitiist, Yiiksek Lisans Tezi, 88s, Nigde.

Coban, 0., Sancak, E. 2013. Krom Atuigr Katkilh Harglarin Puzolanik
Aktivite ve Kilcalliklarina Farkl Kir Sularinin Etkisi. Beton 2013
Kongresi Bildirileri, 21-23 Subat, [stanbul, 313-323.

Singh, M. 2018. Coal Bottom Ash. ss 3-50. Siddique, R., Cachim, P. 2018.
Waste and Supplementary Cementitious Materials in Concrete,
Woodhead Publishing, GB, 640s.

Davraz, M., Koru, M., Akdag, A.E., Kilingarslan, §., Delikanly, Y.E., Cabuk, M.
2020. Investigating the Use of Raw Perlite to Produce Monolithic
Thermal Insulation Material, Construction and Building Materials, Cilt.
263.DOI: 10.1016/j.conbuildmat.2020.120674

Maden Tetkik ve Arama. Perlit. https://www.mta.gov.tr/v3.0/bilgi-
merkezi/perlit (Erisim Tarihi: 12.02.2023)

(2]

(3]

(4]
(5]

(6]

(7]
(8l

[10]

[11]

[12]

[13]

[14]

[15]



DEU FMD 26(78) (2024) 364-372

[16] Xu, F., Peng, C, Zhuy, ]., Chen, J. 2016. Design and Evaluation of Polyester
Fiber and SBR Latex, Construction and Building Materials, Cilt. 127, s.
751-761.DOI: 10.1016/j.conbuildmat.2016.10.060

[17] Ramazanoglu, B. 2020. Yaliim $aplarinda Bitlis Yoresi Pomza Tasinin
Perlit ile Birlikte Kullaniminin incelenmesi. Bitlis Eren Universitesi,
Lisanstistii Egitim Enstitiisti, Yiiksek Lisans Tezi, 66s, Bitlis.

[18] Kaya, E.S. 2019. Ham Perlit ve Genlestirilmis Perlitin Puzolanik Malzeme
Olarak Kullanilabilirligi. Balikesir Universitesi, Fen Bilimleri Enstitiisii,
Yiiksek Lisans Tezi, 80s, Balikesir.

[19] Fodil, D.,, Mohamed, M. 2018. Compressive Strength and Corrosion
Evaluation of Concretes Containing Pozzolana and Perlite Immersed in
Aggressive Environments, Construction and Building Materials, Cilt. 179,
s. 25-34.DOI: 10.1016/j.conbuildmat.2018.05.190

372



DEU FMD 26(78) (2024) 373-378
Dokuz Eyliil Universitesi Miithendislik Fakiiltesi Fen ve Miithendislik Dergisi
Dokuz Eylul University Faculty of Engineering Journal of Science and Engineering
Elektronik/Online ISSN: 2647-958X

ARASTIRMA MAKALESI / RESEARCH ARTICLE

Hassas Tarimda Nesnelerin interneti Destekli Akill1 Traktor ile Zirai ilaglama
ve Giibreleme

Agricultural Spraying and Fertilizer with Smart Tractor Supported by the
Internet of Things in Precision Agriculture

Hakan Dalkili¢ 1*©, Mehmet Hilal Ozcanhan 2

1 Yasar Universitesi Meslek Yiiksekokulu, izmir, TURKIYE
2 Dokuz Eyliil Universitesi Miihendislik Fakiiltesi, izmir, TURKIYE

Sorumlu Yazar / Corresponding Author *: hakan.dalkilic@yasar.edu.tr

0z

Giintimiizde tarimsal faaliyetler, teknolojik yenilikler ile gelisimlerini siirdiirmektedir. Bilgi ve iletisim teknolojilerinin tarimda
gelismis sistemler olusturarak kullanilmasiyla Hassas Tarim kavrami ortaya c¢ikmaktadir. Nesnelerin ve sensorlerin internet
araciligiyla birbirleriyle iletisim kurdugu Nesnelerin Interneti teknolojileri Hassas Tarim kullanimini desteklemektedir. Tarim
alaninda yapilan ¢alismalarin etkinliginin artirilarak daha verimli sonuglar alinmasi, ayni zamanda bilgi alisverisinin hizi ve siirekliligi
ile birlikte daha kaliteli iirtinler alinmasini saglamak miimkiin hale gelmektedir. Tarlalarda yapilan ilaglama ve giibreleme islemlerinin
otomasyon sistemi kullanilarak daha hizli ve etkin bir sekilde yapilabilmesi Nesnelerin Interneti cihazlari ile miimkiin olmaktadir.
Boylelikle ilaglama ve gilibreleme zamaninin, lokasyonunun ve miktarinin elektronik donanimlar ile kontrol altinda olmasi
saglanabilmektedir. Yapilan calisma ile, Nesnelerin Interneti cihazlarinin kullanildig1 ve {izerinde tablet olan akilli traktér prototipi
olusturulmustur. Prototip lizerindeki tablet araciligiyla kiiresel konumlama sistemi (GPS) tizerinden bilgilerin alinmasi ve traktérin
belirlenen alan lizerinde gezinmesini saglamak iizere mobil uygulama gelistirilmistir. Olusturulan akill traktor, topladigi GPS bilgileri
dogrultusunda harita iizerinde belirtilen alanda kendisi gezinerek veya mobil uygulama iizerinden yonlendirilerek ilaglama ve
glibreleme yapilmasini saglamaktadir.

Anahtar Kelimeler: Hassas Tarim, Nesnelerin Interneti, Akilli Traktor

Abstract

Today, agricultural activities continue their development with technological innovations. The concept of precision agriculture
emerges with the use of information and communication technologies by creating advanced systems in agriculture. IoT technologies,
in which objects and sensors communicate with each other via the Internet, support the use of precision agriculture. It becomes
possible to obtain more efficient results by increasing the effectiveness of the studies in the field of agriculture, and to obtain higher
quality products with the speed and continuity of information exchange. It is possible to carry out the spraying and fertilization
processes in the fields more quickly and effectively by using the automation system, with the Internet of Things devices. In this way,
it can be ensured that the time, location and amount of spraying and fertilization are under control with electronic equipment. With
the study, a smart tractor prototype with a tablet on which internet of things devices are used has been created. A mobile application
was developed to receive information from the global positioning system (GPS) via the tablet on the prototype and to enable the
tractor to navigate over the designated area. The created smart tractor provides spraying and fertilization by navigating the area
specified on the map in line with the GPS information it collects, or by directing it via the mobile application.

Keywords: Precision Agriculture, Internet of Things, Smart Tractor

EXTENDED ABSTRACT

systems have become more and more present in agricultural
activities.

Introduction

Agricultural activities are strengthened and developed with the

contributions of information technologies in today's rapidly
advancing technology. The concept of Smart Agriculture has
emerged with advanced systems created using computers,
electronic devices such as sensors and Cloud Computing.
Precision Agriculture has become more possible with the
inclusion of the use of today's Internet of Things, IoT sensors.
Technological infrastructures such as global positioning system
(GPS), geographic information systems and remote sensing

DOI: https://doi.org/10.21205/deufmd.2024267803

The technical organization in Precision Agriculture is realized by
connecting wireless communication with the Internet. With
wireless [oT devices, hard-to-reach agricultural lands can be
accessed and information such as soil temperature, humidity,
ambient temperature, plant colors, pest and harmful animal
activities and similar information can be collected through
sensors. The collected information can be stored on a central
server with the contribution of Cloud Computing technologies
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and then used in decision-making systems with the support of
Artificial Intelligence applications. Artificial Intelligence is
defined as a structure that can make decisions based on the
information it learns by imitating human intelligence. With the
inclusion of unmanned aerial vehicles (UAVs) in Precision
Agriculture, it has become possible to deliver agricultural land
data, including images, to Cloud Computing. Thus, by analyzing
the data collected in Cloud Computing, necessary operations such
as irrigation, fertilization and spraying can be performed
remotely in agricultural areas. In addition to all these, Artificial
Intelligence techniques are used to ensure that agricultural
activities are carried out with minimum error. In this way,
irrigation, fertilization and spraying operations are less
erroneous, faster and thus more economical.

If the amount of pesticide or fertilizer to be transported is high
and the spraying or fertilization time is long, it is preferred to
spray with tractors. However, tractor spraying/fertilization,
which depends on the farmer's driving ability or meticulousness,
cannot be carried out with sufficient efficiency. One of the most
important factors affecting inefficiency is the low accuracy of the
dosage or type of pesticide that is suitable for the field conditions.
However, it is thought that automated spraying-fertilization will
be more efficient since the application of pesticides or fertilizers
to the points determined by computer-controlled electronic
equipment will be more accurate. According to this view,
spraying-fertilization operations with computer-aided IoT
technologies will increase efficiency and reduce processing time
compared to manual operations.

There are many studies on Precision Agriculture in the literature.
In the study by Balaska et al., activities that can be done on how
to provide solutions to current threats to agriculture such as
climate change, diseases and similar threats with the use of
robotics and Artificial Intelligence are included [1]. In the study,
it is stated that drones equipped with cameras can provide real-
time data on crop health and potential threats by quickly
inspecting agricultural areas, and more precise and accurate
information about crop health can be provided with Machine
Learning. Shaikh et al. describe the functions of Internet of Things
devices, Machine Learning, sensors and Artificial Intelligence
technologies in agriculture [2]. In this study, Artificial Neural
Networks based optimization was performed to evaluate the
nitrogen status of wheat crop. It is shown that the optimization
approach can significantly distinguish wheat crop from
undesirable plants.

In our study, we propose a fast and efficient fully automatic
simultaneous spraying and fertilization method by the "Smart
Tractor" that we designed according to the pesticide and
fertilization maps determined by the Ministry of Agriculture and
Livestock through Cloud Computing supported IoT devices.

Materials and Methods

In our study, a prototype with hardware and software elements
was designed and a sample system capable of autonomously
spraying and fertilizing agricultural lands with minimal need for
human factors was produced.

An example Smart Tractor prototype for Precision Agriculture
applications was designed using a tablet or mobile phone, [oT
devices, sensors and communication modules as hardware. A
battery-powered mini tractor was used for the tractor prototype
that will perform agricultural spraying-fertilization. Distance
sensors positioned at the front of the tractor are used to stop the
vehicle in case of sudden obstacles. At the rear of the tractor,
there are spray motors and sprinklers that can spray and fertilize
at the same time. At the center of the system, there is an Arduino
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Uno board that controls the software, a tablet with a map of the
field and a GPS sensor. The steering wheel of the battery tractor,
which can be moved manually, has been modified and controlled
by a stepper motor. The foot-controlled gas and brake pedals are
controlled by a relay using the output voltages of an Arduino Uno
board used as a control card. The GPS sensor on the tablet is used
for the location information of the tractor. The GPS information
received from the tablet is transferred to the Arduino Uno board
via wireless Bluetooth communication. The motor control circuit
on the Arduino Uno board controls the stepper motor through a
belt connected to the steering wheel to turn the steering wheel of
the tractor.

In summary, the designed circuit includes stepper motor, motor
control circuit, Arduino Uno, HC-05 Bluetooth module, HC-SR04
Distance sensor, 2 relay modules, a battery and a 5 volt battery.
The battery supplies the energy of the motor control circuit and
the stepper motor, while the battery supplies the Arduino Uno
and the circuit elements connected to it and the motor that
pushes the tractor at a constant speed.

A map provided by the Ministry of Agriculture and Forestry
showing the need for pesticides and fertilizers for the field is
loaded onto the tablet. According to the data from the GPS on the
tablet, the tractor moves forward and turns on the spraying-
fertilization engines in the areas where they are needed. In other
words, the application on the tablet determines in which area the
tractor should travel and activates the spraying-fertilization
system on the tractor as it travels.

A mobile application has been developed for the proposed design.
The location of the designed smart tractor on the map is
determined by GPS supported open access mapping sites. It was
planned to use differential GPS (DGPS) method to display and
control the location of the tractor at centimeter level, but it could
not be added to the prototype due to the high cost hardware
requirement. Our mobile application determines the location on
the tablet with Android operating system positioned on the Smart
Tractor. In addition to the autonomous movement of the tractor
in the field, it can be controlled wirelessly via Bluetooth
connection via the mobile application. The tractor can be directed
forward, backward, right and left on the mobile application
screen. The tractor navigates in the selected area on the mobile
application and in this process, agricultural spraying takes place
with the spraying system on the tractor.

Results

In order to test the vehicle, which became a smart tractor with
the equipment added to it, a test environment was created by
receiving GPS signal with a tablet in an open area. An area where
the tractor's wheels can move was preferred for the test
environment. The location of the tractor was determined on the
map with the mobile application running on the tablet. A
command was given on the application by specifying the area
where the tractor would travel to spray. The mobile application
processed the information on the map and sent information to
the control unit via Bluetooth and enabled the tractor to move
forward, backward, left and right in the field. Meanwhile, the
movements of the tractor were observed. Considering the
advantages of the developed system, computer-controlled
spraying and fertilization of the fields will make it more efficient
to adjust the dosage of spraying and fertilization. At the same
time, it will be ensured that the correct points are sprayed and
fertilized efficiently with the process carried out at the locations
specified via GPS. In addition, by recording the spraying and
fertilization information on the cloud, it will be easier to keep an
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inventory of spraying and fertilization in agricultural areas and
to access the information instantly.

Discussion and Conclusion

In this study, a prototype has been developed for the automatical
spraying and fertilization in the farmlands, by using latest IT
technologies. The purpose of creating a prototype originates from
the goal of moving the tractor with the help of custom developed
software and [oT devices to carry out the spraying and
fertilization, efficiently. In order to carry out the activities, the
tablet on the smart tractor determines the location via a GPS and
the movement of the tractor is guided by the spray and fertilizer
information on the Ministry of Agriculture cloud servers. In

addition, after the smart tractor travels and performs the
spraying and fertilization operations, the information of the
treated area is sent to the cloud servers. Thus, it is ensured that
the spraying and fertilization status of the fields on the cloud
servers are updated, instantly. In addition, an application running
on the Android operating system has been developed, allowing
the location of the tractor to be determined. Thus, spraying and
fertilizing by moving within the determined area has been made
possible. It is also possible to remotely control the tractor by
using the direction keys via the mobile application on a mobile
phone.

1. Giris

Tarimsal faaliyetler, teknolojinin hizla ilerledigi gliniimiizde
bilisim  teknolojilerinin  katkilariyla  giiclenmekte  ve
gelismektedir. Bilgisayarlar, algilayicilar (sensoérler) gibi
elektronik cihazlar ve Bulut Bilisim kullanilarak olusturulan
gelismis sistemler ile de “Hassas Tarim (Smart Agriculture)”
kavramu ortaya ¢ikmigtir. Giiniimiizdeki Nesnelerin interneti
(Internet of Things, IoT) sensoérlerinin kullaniminin da dabhil
olmasiyla Hassas Tarim daha miimkiin hale gelmistir. Kiiresel
konumlama sistemi (GPS), cografi bilgi sistemleri ve uzaktan
algilama sistemleri gibi teknolojik altyapilar kendilerini tarim
faaliyetlerinde daha ¢ok gosterir olmustur. Boylece, Her An-Her
Yerden-Herseyin (Any Time- Any Place-Any Thing) calistig1
otomasyon sistemleri (ubiquitous systems) tarim alanina da
yansitilarak Hassas Tarimin gelismesi ivmelenmistir. Hassas
Tarim ile tarimsal aktiviteler ve islemlerin verimliliginin
arttirilabilecegi goriilmustiir [3-4].

Hassas Tarimda teknik organizasyon kablosuz iletisimin internet
ile irtibatlandirilmas: ile gergeklestirilmektedir. Kablosuz IoT
cihazlar ile ulasilmasi zor tarim arazilerine ulasim saglanarak
sensorler araciliglyla toprak i1sis;, nemi, ortam sicakligy, bitki
renkleri, hagare ve zararl hayvan faaliyetleri ve benzeri bilgiler
toplanabilmektedir.  Toplanan  bilgiler = Bulut  Bilisim
teknolojilerinin de katkilariyla merkezi bir sunucuda
depolanarak daha sonra Yapay Zeka uygulamalarinin da
destegiyle karar verme sistemlerinde kullanilabilmektedir.
Yapay Zeka, insan zekasim taklit ederek, o6grendigi bilgiler
dogrultusunda karar verebilen bir yap1 olarak tanimlanmaktadir.
insansiz hava araglarinin (IHA) da Hassas Tarima dahil
edilmesiyle tarim arazisi verilerinin goriintiileri dahil Bulut
Bilisime ulastirilmasi miimkiin hale gelmistir. Boylece, Bulut
Bilisimde toplanan veriler analiz edilerek tarim alanlarinda,
gerekli olan sulama, giibreleme ve ilaglama gibi islemler uzaktan
gerceklestirilebilmektedir. Tiim bunlara ilaveten, Yapay Zeka
teknikleri kullanilarak tarimsal faaliyetlerin en az hata ile
gerceklestirilmesi saglanmaktadir. Bu sekilde yapilan sulama,
giibreleme ve ilaglama islemleri daha az hatali, daha hizli ve
boéylece daha ekonomik olmaktadir.

Tarim driinleri birgok c¢evresel faktérden dolayr zarar
gormektedir [5]. Tarimsal verimliligi disiiren bu faktorler
cogunlukla tabiat ilintili olmaktadir. Ornegin, tarim iiriinlerinin
zarar gérmesinin baslica nedenlerinden birisi bocek, solucanlar,
diger hasare, yaban domuzlar1 ve kargalar gibi hayvanlarinin
neden oldugu saldirilardir [6]. Tarim irinlerini bu gibi
saldirilardan korumak ic¢in ciftciler ilaglama, sesle kovma gibi
yontemleri kullanmaktadirlar. ilaglama islemi birbirinden farkh
ilaclama sistemleri ile yapilmaktadir. Gelisen IoT teknolojileri ile
ilaglama isleminin {HA veya benzeri donamimlar ile uzaktan
kontrol edilebilir bir sekilde yapilmasi miimkiin hale gelmistir [7-
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9]. Tasinmasi gereken ila¢ veya glibre miktarinin fazla, ilaglama
veya gilibreleme stiresinin de uzun olmasi1 durumunda traktorler
ile ilaglama yapilmasi yoluna gidilmektedir. Ancak ¢ift¢inin arag
kullanma kabiliyeti veya titizligine baghh olan traktérli
ilaclama/giibreleme yeterli verimlilikte yapilamamaktadir.
Verimsizlige etki eden en onemli faktorlerden biri de tarla
kosullarina uygun olacak dozajda veya tipte ilacin dogru noktaya
atilma isabetinin diisiik olmasindan kaynaklanmaktadir. Oysa
tarim ilact veya giibrenin bilgisayar kontrollu elektronik
donanimlar vasitasiyla belirlenen noktalara uygulanmasi daha
isabetli olacagindan, otomasyonlu ilaglama-giibrelemenin daha
verimli olacagi distnilmustir. Bu goriise gore, bilgisayar
destekli IoT teknolojileri ile yapilan ilaclama-giibreleme
islemleri, manuel olarak yapilan islemlere oranla verimliligi
arttiracak ve islem siiresini azaltacaktir.

Literatiirde Hassas Tarim lizerine yurtdisi ve yurti¢i yapilan
bircok c¢alisma bulunmaktadir. Ozcan ve digerlerinin yaptigi
calismada, IoT cihazlar ile siit sagiminda miktarlarin ve
sicakliklarin kablosuz iletisimle sunucuya aktarildigi, sonrasinda
mobil cihazlardan gorintiilenebildigi bir sistem tasarlanmistir
[10]. Tasarlanan sistemde tarih araliklar1 segilerek sagim
miktarlar1 ve siit sicaklari hakkinda rapor alinabilmektedir.
Hassas Tarimda kablosuz algilayici Aglarin kullanimina yo6nelik
bir ¢alisma da Dilay ve digerleri tarafindan yapilmistir [11].
Baska bir calismada Kurt ve digerleri tarimsal bir alanin
sulanmasi ve giibrelenmesi i¢in mobil bir uygulama ile uzaktan
kontrol edilebilir bir IoT sistemi tasarlamislardir [12].
Tasarlanan sistemde mobil uygulama iizerinden sistemin
herhangi bir andaki durumu takip edilebilmekte ve e-posta
vasitasiyla bildirim yapilabilme 6zelligi bulunmaktadir. Comart
ve digerleri tarafindan IoT teknolojisinin tarimsal alandaki
uygulamalar1 hakkinda bir literatiir arastirmasi yapilmistir [13].
Arastirmada, arastirma éncesine kadar yapilan [oT teknolojisinin
kullanildig1 Hasssas Tarim c¢alismalari incelenmistir. Emekli ve
Topaker tarafindan yapilan ¢alismada ise Hassas Tarim
teknolojilerinin  tarimsal sulama alanindaki kullanimlar
incelenmistir [14]. Arastirmacilar genelde, daha etkin tarimsal
iretim  gergeklestirilmesi icin  gelisen teknolojilerden
yararlanilmaya c¢alisildigini  belirtmislerdir. Balaska ve
digerlerinin yaptig1 ¢alismada, tarima yonelik iklim degisikligi,
hastaliklar ve benzeri mevcut tehditlerin, robot teknolojileri ve
Yapay Zeka kullanimi ile nasil ¢6ziim sunulacagina iliskin
yapilabilecek faaliyetlere yer verilmistir [1]. Calismada
kameralarla donatilmis dronelarin tarim alanlarini hizli sekilde
inceleyerek iiriin saghg ve potansiyel tehditler hakkinda gergek
zamanli veriler saglayabilecegi; Makina Ogrenimi ile de {iriin
saghg hakkinda daha kesin ve dogru bilgiler saglanabilecegi
belirtilmistir. Shaikh ve digerlerinin yaptifi c¢alismada ise
Nesnelerin interneti cihazlari, Makina Ogrenimi, sensorler ve
Yapay Zeka teknolojilerinin  tarimdaki  fonksiyonlar
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anlatilmaktadir [2]. Calismada, bugday mabhsiiliindeki nitrojen
durumunun degerlendirilmesi i¢cin Yapay Sinir Aglar1 tabanl
optimizasyon gergeklestirilmistir. Optimizasyon yaklasimi ile
bugday mahsiiliiniin istenmeyen bitkilerden 6nemli 6l¢iide ayirt
edilebilecegi gosterilmistir. Qazi ve digerleri de IoT teknolojileri
ve Yapay Zeka tekniklerinin Akillh Tarima uygulamalarindaki
gelismeler hakkinda ayrintili arastirma yapmiglardir [15]. Bu
arastirmada, belirtilen iki teknolojinin uygulanmasindaki
zorluklar1 incelenmistir. Kadioglu ve digerleri kaliteli tohum
tretimi icin kuru fasiilye tiirlerinin Yapay Zeka tabanh
siniflandirilmasi ile ilgili calisma yapmislardir [16].

Bizim ¢alismamizda ise Bulut Bilisim destekli IoT cihazlari
vasitasiyla tarlalarin Tarim ve Hayvancilik Bakanliginin
belirledigi ila¢ ve giibreleme haritalarina gore tasarladigimiz
“Akilli Traktoér” tarafindan hizli ve verimli sekilde tam otomatik
ayni1 anda ilaglanmasi ve giibrelenmesi yontemi 6nerilmektedir.

2. Kullanilan Donanim ve Tasarlanan Yazilim

Yaptigimiz ¢alismada donanim ve yazilim 6geleri bulunan bir
prototip tasarlanarak, tarim arazilerinin insan faktoriine asgari
ihtiyacla otonom olarak ilaglama ve giibreleme kabiliyetine sahip
bir 6rnek sistem tiretilmistir.

2.1. Donanim yapisi

Donanim olarak tablet veya cep telefonu, IoT cihazlar,
algilayicilar ve iletisim modiilleri kullanilarak Hassas Tarim
uygulamalar1 i¢in ©6rnek bir Akillh Traktér prototipi
tasarlanmistir.  Zirai ilaglama-giibreleme yapacak traktér

prototipi icin Sekil 1’de gosterilen akiilii bir mini traktor
kullanilmigtir.

e

Sekil 1. Akill traktor.
Figure 1. Smart tractor.

Sekil 2’de, tasarlanan sistemin blok diyagrami gosterilmektedir.
Traktériin  6n kisminda bulunan uzakhk sensorleri ani
karsilasilabilecek engeller durumunda aract durdurmak igin
kullanilmaktadir. Traktoriin arka kisminda ayni anda ilaglama ve
glibreleme yapabilen piiskiirtme motor ve fiskiyeleri yer
almaktadir.
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Sekil 2. Tasarlanan sistemin blok diyagrama.
Figure 2. Block diagram of the designed system.

Sistemin merkezinde yazilimlari, tarlaya ait haritay1 ve GPS
sensoriinii barindiran tablet ile kontrolu denetleyen Arduino Uno
karti bulunmaktadir. Akilii traktdériin manuel olarak hareket
ettirilebilen direksiyonu tadilat yapilarak, bir step motoru ile
kumanda edilmektedir. Ayakla kumanda edilen gaz ve fren
pedallari ise kontrol kart1 olarak kullanilan bir adet Arduino Uno
kartinin ¢ikis voltajlar1  kullanilarak réle ile kumanda
edilmektedir. Traktoriin konum bilgisi i¢in tablet lizerindeki GPS
sensorl kullanilmistir. Tabletten alinan GPS bilgileri kablosuz
Bluetooth iletisimi ile Arduino Uno kartina aktarilmaktadir.
Arduino Uno {lzerindeki motor Kkontrol devresi diimene
baglanmis bir kayis sayesinde step motoru kontrol ederek
traktoriin  direksiyonunun doéndiiriilmesini saglamaktadir.
Kullanilan donanimsal devre elemanlari ve baglanti semasi Sekil
3 de gosterilmektedir. Ozetle, tasarlanan devrede step motor (1),
motor kontrol devresi (2), Arduino Uno (3), HC-05 Bluetooth
modiilii (4), HC-SR04 Mesafe sensoérii (5), 2 adet role modiilii (6),
bir akii ve bir adet 5 voltluk pil bulunmaktadir. Pil, motor kontrol
devresi ve step motorunun enerjisini beslerken, akii de Arduino
Uno ve ona bagli devre elemanlari ile traktorii iten motorun sabit
hizda ilerlemesini beslemektedir.

Tarim ve Orman Bakanlig1 tarafindan saglanan, tarlaya ait ilag ve
giibre ihtiyacin1 gosteren harita tablete yiiklenmektedir. Tablet
tizerindeki GPS’den gelen verilere gore traktor ilerlemekte ve
ilaglama-giibreleme motorlarin1 ihtiyag olan bdlgelerde
agmaktadir. Diger bir deyisle, tablet tizerindeki uygulama,
traktoriin hangi alanda gezmesi gerektigi belirlemekte ve traktor
gezerken tizerindeki ilaglama-giibreleme sistemini
calistirmaktadir.
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Sekil 3. Akilli traktor kontrol tinitesi devre tasarimi.
Figure 3. Smart tractor control unit circuit design.

2.2. Tasarlanan yazilim

Onerilen tasarim i¢in mobil uygulama gelistirilmistir. Tasarlanan
akilli traktériin harita tizerindeki konumu GPS destekli agik
erisimli haritalama siteleri ile belirlenmektedir. Traktoriin
santimetre seviyesinde lokasyonunun gosterilmesi ve kontrol
edilebilmesi i¢cin diferansiyel GPS (DGPS) yoénteminin
kullanilmasi planlanmis ancak yiiksek maliyetli donanim
gereksiniminden dolay1 protipe eklenememistir. Akilli Traktoriin
tizerine konumlandirilan Android isletim sistemine sahip tablette
mobil uygulamamiz konum belirlemesi yapmaktadir. Gelistirilen
mobil uygulama Sekil 4 te gosterilmistir. Traktoriin otonom
olarak tarlada gezinmesinin yanisira, mobil uygulama {izerinden
Bluetooth baglantisi ile kablosuz olarak kontrol edilebilmektedir.
Mobil uygulama ekranindan traktériin ileri, geri, sag ve sol gibi
yonlendirilmesi yapilabilmektedir. Mobil uygulama {izerinde
secili alanda traktoriin gezinmesi saglanmakta ve bu siirecte
traktor lizerinde bulunan ilaglama sistemi ile zirai ilaglama
gerceklesmektedir.

Smart Tractor Smart Tractor

Tarla 1

; i
SRR =
V

.- - N - - - |
Sekil 4. Akill traktoér mobil uygulamasi.

Locatian:
2837144595,

Figure 4. Smart tractor mobile application.

3. Bulgular

Uzerine eklenen donamimlar ile akill traktér haline gelen aracin
test edilmesi i¢in acik alanda tablet ile GPS sinyali alinarak test
ortami  olusturulmustur. Test ortami i¢in traktdriin
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tekerleklerinin hareket edebilecegi bir alan tercih edilmistir.
Tablet lizerinde c¢alistirillan mobil uygulama ile traktdriin
konumu harita lizerinde tespit edilmistir. Uygulama {izerinde,
traktoriin ilaglama yapmak lizere gezecegi alan belirtilerek
komut verilmistir. Mobil uygulama, harita tlizerindeki bilgileri
isleyerek Bluetooth ile kontrol {initesine bilgi gdndermis ve
traktoriin ileri, geri, sola ve saga hareket ederek tarla igerisinde
gezinmesini saglamistir. Bu sirada traktdriin hareketleri
gozlenmistir. Gelistirilen sistemin avantajlar1 disiinildiigiinde
ise, tarlalarin ilaglama ve giibrelenmesinin bilgisayar kontrolli
olarak yapilmasi, ilaglama ve giibreleme dozajinin ayarlanmasini
daha verimli hale getirecektir. Ayn1 zamanda GPS {izerinden
belirtilen konumlarda yapilan islem ile dogru noktalarin verimli
bir sekilde ilaclanmasi ve giibrelenmesi saglanacaktir. ilaveten,
yapilan ilaglama ve giibreleme bilgilerinin bulut {izerine
kaydedilmesi sayesinde, tarim alanlarinda yapilan ilaglama ve
glibreleme hakkinda envanter tutulmasi ve bilgilere anlik
ulasilmasi kolaylasacaktir. Tasarlanan sistemin dezavantajlari da
bulunmaktadir. ilk olarak, énerdigimiz sistemin kullanilmasi igin
kullanilan mevcut traktorlerde tadilat yapilmasi ve belirli
elektronik donanimlara kavusturulmasi gerekecektir. Ozellikle
traktoriin kontroliiniin saglanmasi icin direksiyon sisteminin
tizerinde yapilacak degisiklik fazla olmasa da ek bir maliyet
getirmektedir.

4. Tartisma ve Sonug

Bu calismada, tarlalardaki ilaglama ve gilibreleme islemlerinin
bilisim teknolojileri kullanilarak otomatik bir sekilde yapilmasi
amaciyla bir prototip gelistirilmistir. Gaz ve fren pedali ile calisan
akiili traktor ilizerine eklenen donanimlar ile akilli traktor
olusturulmustur. Akilli traktériin kullanim amaci, gelistirilen
yazilim ve kullanilan IoT cihazlarinin yardimi ile traktoriin
hareket ettirilerek ilaglama ve giibreleme isleminin
gerceklestirilmesini saglamaktir. Bu islemin gercgeklestirilmesi
icin, akilli traktor tzerinde bulunan tablet GPS araciligiyla
konumu tespit etmekte ve Tarim Bakanlig1 bulut sunucularindan
alinan ilaglanacak ve giibrelenecek yer bilgisi kullanilarak
traktoriin hareketi saglanmaktadir. Ayrica akilli traktor tarla
tizerinde  gezerek ilaglama ve  giibreleme islemini
gerceklestirdikten sonra, islem yapilan bélgenin bilgisini yine
bulut  sunucularina  géndermektedir. = Boylece  bulut
sunucularinda bilgileri kayith tarlalarin ilaglama ve giibreleme
durumlarinin giincelligi saglanmaktadir. Akilli traktér prototipi
hazirlanirken, IoT cihazlar1 kullanilarak kontrol iinitesi
gelistirilmis ve traktdériin mekanik ¢alisma sistemine entegre
edilmistir. Ayrica Android isletim sistemi iizerinde c¢alisan
uygulama gelistirilerek, traktdriin konumunun tespit edilmesi ve
belirlenen alan icerisinde hareket ederek ilaglama ve giibreleme
yapilmasi saglanmigtir. Mobil uygulama iizerinden yon tuslar
kullanilarak traktoriin uzaktan kontrol edilmesi de miimkiindiir.
lleriki caligmalarda, biiyiik tarlalarin ayni zamanda birden fazla
traktor ve benzeri otonom cihazlar ile ilaglama ve gilibreleme
yapilabilmesi amaciyla, cihazlarin birbirleri ile haberlesmesinin
saglanmasi, daha kisa siirede ve daha verimli bir sekilde ilaglama
ve glibreleme yapilmasi i¢in yazilimin  gelistirilmesi
diistiniilmektedir. Ayni zamanda, Yapay Zeka teknolojileri
kullanilarak ~ farklh ~ Makina  Ogrenimi  algoritmalarinin
karsilastirilmast ile tarlalarin ilaglama ve gilibreleme isleminin
optimum seviyede gerceklestirilmesini saglayacak en uygun
algoritmanin se¢imi i¢in gerekli c¢alismalarin yapilmasi
planlanmaktadir.

Etik kurul onay1 ve ¢ikar ¢catismasi beyani

Hazirlanan makalede etik kurul izni alinmasina gerek yoktur.
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Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar ¢atismasi
bulunmamaktadir.
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Abstract

In this work, we introduce application of a hybrid algorithm (DE/PSO) to estimate the model parameters from residual gravity
anomalies due to some simple geometrical bodies. This algorithm combines differential evolution (DE) and particle swarm
optimization (PSO). To investigate the performance of the hybrid algorithm, test studies were carried out using synthetic and field
data sets. The synthetic data sets include noise-free and noisy synthetic anomalies. Two published gravity anomalies from Cuba and
Canada were used as the field data. In the hybrid algorithm, DE and PSO yield [premature] solutions separately and share their best
solutions during an iterative process. An openly accessible metaheuristics package (NMOF) in R programming environment was used
to implement the hybrid algorithm. Through simulations using synthetic anomalies, DE/PSO algorithm was successful to provide
improved results. In comparison to the solutions from the single algorithms (DE and PSO), the DE/PSO algorithm shows more
effectiveness in terms of accuracy and convergence. The true model parameters of noise-free and noisy synthetic gravity anomalies
were recovered well by the hybrid algorithm. The results of inversion for the field examples are characterized by low residual values
between the observed gravity anomalies and the calculated ones.

Keywords: Differential evolution, particle swarm optimization, hybrid metaheuristic, gravity anomaly, geophysics

Oz

Bu ¢alismada, basit geometrik sekilli cisimlerden kaynaklanan rezidiiel gravite anomalilerin model parametrelerinin kestirimi i¢in bir
hibrit algoritmanin (DE/PSO) uygulamasi sunulmaktadir. Bu algoritma, Farksal Evrim (DE) ve Pargacik Siirti Optimizasyonunu (PSO)
birlestirmektedir. Hibrit algoritmanin performansini arastirmak i¢in kuramsal ve arazi veri setleri kullanilarak test ¢aligmalar:
gerceklestirilmistir. Kuramsal veri setleri, giiriiltiisiiz ve giiriiltiilii sentetik anomalileri icermektedir. Arazi verileri ise literatiirde yer
alan Kiiba ve Kanada gravite anomalileridir. Hibrit algoritmada, DE ve PSO algoritmalari ayri1 ayri [ilksel] ¢ozlimler tlireterek tekrarh
bir siire¢ boyunca en iyi ¢dziimlerini paylasmaktadir. Hibrit algoritmay: gerceklestirmek i¢in R programlama ortaminda agik erisimli
bir metasezgisel paket (NMOF) kullanilmistir. DE/PSO algoritmasi, kuramsal anomalilerin kullanildig1 simiilasyonlarda, iyilestirilmis
sonuglar saglamada basarili olmustur. Her bir algoritmadan (DE ve PSO) gelen ¢6ziimlerle karsilastirildiginda, DE/PSO algoritmasinin,
dogruluk ve yakinsama agisindan daha etkili oldugu goériilmistiir. Giiriiltiisiiz ve giiriiltiilii kuramsal gravite anomalilerinin dogru
model parametreleri, hibrit algoritma tarafindan daha iyi bir sekilde kestirilmistir. Arazi érnekleri i¢in ters ¢dziim sonuglari, gézlenen
ve hesaplanan gravite anomalileri arasinda diisiik hata degerlerine sahiptir.

Anahtar Kelimeler: Farksal evrim, parcacik siirti optimizasyonu, hibrit metasezgisel, gravite anomalisi, jeofizik

1. Introduction search methods (metaheuristics) inspired by nature have been
introduced to overcome the drawbacks of the derivative-based
methods. Although the considerable computational effort is the
most important disadvantage of metaheuristics, these algorithms
continue to be preferred for addressing optimization problems.
The reason for that is their success to avoid local minima. In
addition, these algorithms get to the global minimum without
depending on the initial model [1,2,3]. A variety of metaheuristics
has been implemented to solve geophysical inverse problems.
Some examples in the literature for inversion of gravity
anomalies include differential evolution-DE [e.g. 4-6], particle
swarm optimization-PSO [e.g. 7,8], very fast simulated annealing-
VFSA [e.g. 9], backtracking search optimization-BSO [10], and
success-history-based adaptive differential evolution-SHADE
[11].

Gravity field’s variations along the Earth’s surface are due to
variations of density in the subsurface. Then, gravity anomalies
are the result of anomalous density structures. Inversion of
gravity anomalies is widely used in geophysics to interpret
subsurface structures. In this study, we try to solve a small-scale
inversion problem, which interprets residual gravity anomalies
due to bodies having simple geometric shapes such as horizontal
cylinder, vertical cylinder, and sphere. Derivative-based
algorithms have been widely used in the inversion of gravity data.
However, some disadvantages are highlighted in the literature
for the derivative-based methods. These methods are prone to be
trapped in local minima. The results from derivative-based
methods strongly depend on the initial model. This means that a
good initial model is an essential to reach the global minimum,
which is not available in most of the case studies. Recent global
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A wide application of metaheuristics to different optimization
problems lead to further studies to develop new strategies for the
algorithms’ modifications. Hybridization is one of the attempts to
improve metaheuristics. Hybridization includes combination of
metaheuristics with local search algorithms, or with other
metaheuristics. Because the strong aspects of the combined
algorithms are magnified while their weak aspects are lessened,
hybrid algorithms show a better performance [12-14]. Some
recent examples of hybrid algorithms for inverting potential-field
anomalies comprised DE and PSO [15,16], PSO and evolution
strategies (ES) [17], GA and PSO [18], and genetic-price hybrid
algorithm (GPA) proposed by Di Maio et al. [19-21].

According to our survey on the literature, inversion of gravity
anomalies has been rarely addressed by DE and PSO
hybridization. This study tests a hybrid algorithm called DE/PSO
to invert gravity anomalies. Both PSO and DE are well-known and
popular algorithms widely used to solve optimization problems.
The disadvantage of slow convergence has been reported for PSO
[e.g. 22,23] and some studies have reported that DE performance
is highly sensitive to control parameters selection [e.g. 24,25].
The DE/PSO hybrid gives an opportunity to exploit both
algorithms for more accurate results by minimizing their possible
disadvantages.

In the DE/PSO hybrid we used, self-contained DE and PSO search
their own spaces while sharing their information in parallel. We
executed the DE/PSO hybrid algorithm using a metaheuristics
package called NMOF [26] applicable in the environment of R
programming language [27]. R is an open source released under
the terms of the GNU General Public License.

2. The DE/PSO Hybrid Algorithm

DE is a stochastic vector-based metaheuristic algorithm
consisting of two phases. The first phase is to initialize a random
population. The second phase is to evolve the population through
mutation, crossover and selection operations. The second phase
repeats and a solution is obtained where a termination criterion
(e.g. to reach a certain number of generations) is satisfied. The
reader can refer to [28], [29], and [30] for more explanation of
the algorithm scheme. DE algorithm has two user-defined control
parameters to be optimized: F as the parameter for mutation
constant and Cr as the parameter for crossover probability.

PSO firstintroduced by [31] is inspired by the swarming behavior
of birds or fishes as they look for sources of food. The procedure
of PSO algorithm can be defined in two main steps: starting with
a population of particles with random positions, then the
positions of the particles are updated iteratively. The iterative
process continues until a pre-defined condition, such as reaching
a certain number of generations, is met. PSO is controlled by three
parameters: w (inertia weight) as weighting factor (0 < w < 1); ¢z
and cz as cognitive and social scaling factors in the range of [0, 1].
The reader can refer to [31], and [32] for more details related to
PSO algorithm.

Following the hybrid algorithm suggested by (15), we used a
DE/PSO algorithm in this study. In a similar scheme, our used
algorithm starts with two different random populations. DE
obtains a [premature] solution after Né’ei number of generations.
PSO also obtains its [premature] solution after Né’ei number of
generations. At this point, the hybrid algorithm picks the best
individual, which is the one with less objective function value,
between these two solutions. In each iteration, the best individual
enters the next generations of DE and PSO. The optimum solution
is the final best individual where the hybrid iteration number
meets a user-defined maximum iteration number (Itmax). All the
control parameters of DE (F, and Cr) and PSO (w, c1, and cz) are
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involved in the hybrid algorithm. In addition, the main
parameters that tune the hybrid algorithm are population size

(Npop), the number of generations per each algorithm
(NPE,NES?), and Itmax. The hybrid scheme introduced by [15]

exchanges the information of the first generations obtained by DE
and PSO. On the other hand, the hybrid algorithm introduced in
present study was designed to share the information of Nth
generations (N = 2) obtained by DE and PSO.

The flowchart in Fig. 1 illustrates DE/PSO hybrid algorithm. i)
The algorithm begins with determination of optimum values for
DE, PSO, and DE/PSO including F, Cr, w, c1, ¢z, Npop, No&, NJ22, and
Itmax. i) DE and PSO initialize with different populations (poppe
and popprso) of size Npop. iii) PSO yields a [premature] solution of
NESPth generation. iv) DE yields a [premature] solution of NJ& th
th generation. v) Solutions obtained from DE and PSO are
compared based on OFpe (objective function of DE solution) and
OFpso (objective function of PSO solution). The one with smaller
objective function value is determined as the best individual.
Then, the best individual is carried to the next generation by
updating poppe or poperso. vi) The algorithm ends if the iteration
number gets to Itmax. If not, it repeats from step (iii). In our coding
implementation, PSO and DE run in a serial order. On the other
hand, they can be implemented simultaneously by parallel

programming tools.

Parameter setting

!

Generate two random populations
poppe and poppso

v y

Obtain DE solutionand Obtain PSO solutionand
objective function value, OF ¢ objective function value, OF 5o

OFpe < OFpgo
No Yes

Update poppe with Update poppso With
PSO solution DE solution

Yes

Iter < It;a

No

Figure 1. Flowchart of DE/PSO [after 15].
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3. Gravity Anomaly

A body in subsurface with a simple geometric shape (sphere, a
semi-infinite vertical cylinder or an infinitely long horizontal
cylinder) produces gravity anomaly along a profile. At each point
of the profile, the following formula gives gravity [mGal]
[33,4,34]:

Zy
[(x = x0)? + 251

g(x,A,29,9,m,x9) =A (1)

In this equation, x [m] is horizontal distance, A [mGal m2d-nlis the
amplitude coefficient, zo [m] and xo [m] are the depth of the
subsurface body, and its location respectively; and g and n denote
dimensionless shape factors. Inversion of gravity anomaly goals
to obtain estimations for the model parameters 4, zo, g, , and xo.
The shape factors (g, n) for a semi-infinite vertical cylinder,
infinitely long horizontal cylinder, and sphere respectively are
(0.5,0),(1,1),and (1.5, 1).

4. Synthetic Data

A gravity profile along 240 m was produced synthetically with
points spaced at 2-m intervals using Eq. 1. The subsurface body
was assumed as an infinitely long horizontal cylinder with model
parameters of A = 250 mGalm, zo=50m,q=1,1n=1,and xo= 120
m. The gravity anomaly is symmetric and shows a maximum
around 5 mGal (Fig. 2). Parameter tunings of DE, PSO, and
DE/PSO were carried out using this noise-free synthetic data.
Then, we tested DE/PSO hybrid algorithm on noise-free and
noisy gravity anomalies. In order to generate a noisy gravity data
(Fig. 4), we added pseudo-random numbers with normal
distribution having zero mean and standard deviation of +0.25
mGal [35] to the noise-free gravity data.

w

A: 250 mGal m

Gravity [mGal]

e T T T
0 60 120 180 240
Distance [m]
Xo
X
Zy
z

Figure 2. The noise-free synthetic gravity anomaly and the
corresponding model parameters for an infinitely long horizontal
cylinder.
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5. Tuning of DE/PSO Control Parameters

To determine the optimum control parameters involved in the
hybrid algorithm, the first step was to tune DE and PSO
separately. We implemented each algorithm with fixed
population number of 50, and generation number of 100 through
synthetic noise-free data set. Each algorithm was executed 10
times, and then the best solution was selected based on the
statistical information of the results. The statistical information
includes the minimum, maximum, mean, and standard deviation
(SD) of root mean square (rms) values, and the mean execution
time. It is worth to mention that the parameter tuning, and test
studies were implemented in computer with 2.4 GHZ processor
and 4 GB of memory. The square root of calculated error energy
(E) gives rms value (2):

- gf")? (2)

This formula gives error energy for N number of data. For each
observation point marked by i, gobs is the observed data (synthetic
or field), while ge@ is the calculated data.

We considered combinations of F and Cr from [0.4, 0.9] with a
step of 0.1 to achieve the optimum for DE control parameters
(Table 1). Five different sets of w, c1, and cz from some previous
works were considered to find the optimum for PSO control
parameters (Table 2, 3). The optimum control parameters of F,
Cr, w, c1, and cz achieved for DE and PSO were respectively 0.4,
0.9, 0.729, 2.041, and 0.948.

DE/PSO control parameters are Npop, Itmay, and (N5, NFSO).

Trial-and-error through the noise-free data set indicated that
(NDE, NES?) are the most effective parameters that influence the
accuracy and the rate of convergence. With fixed Npop of 50, and
Itmax of 100, we obtained the results for several values of 1, 2, 3,
and 4 for the parameters (Ng, NJ2?2). As we can see in Table 4,
the rms and SD values decreases with respect to the increasing
(NPE, NES?) parameters. The increasing elapsed time is a result
of the sequential excution of PSO and DE. It is avoidable with
parallel programming approach. The optimum value selected for
the parameters (N25, NF59) was 3 as it yielded a satisfactory
result in terms of rms, and SD values.
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Table 1. Tuning of DE control parameters.

Model Parameters rms [mGal] Mean
F Cr [mGafmzq'“] Zo [m] q n Xo [m] Min Max Mean SD ,l;:-llzl::ig]
0.4 248.69 48.30 0.95 0.90 119.93 0.01 0.07 0.04 0.02 0.82
0.5 296.25 52.24 1.05 1.07 120.01 0.01 0.07 0.04 0.01 0.44
04 0.6 255.79 48.66 0.97 0.93 120.06 0.009 0.04 0.02 0.01 0.63
0.7 278.73 50.07 0.99 0.97 119.98 0.005 0.03 0.02 0.008 0.62
0.8 271.24 50.04 1.00 0.98 120.00 0.001 0.006 0.003 0.001 0.49
0.9 331.92 49.98 1.00  0.93 120.00 1x10+  7x104  3x10+# 2x104 0.46
0.4 178.34 53.96 1.10 1.31 119.71 0.03 0.09 0.05 0.02 0.47
0.5 222.67 48.77 0.97 0.96 120.00 0.02 0.08 0.05 0.02 0.65
0.6 230.87 50.98 1.03 1.09 119.93 0.01 0.06 0.03 0.01 0.47
0.5 0.7 279.82 49.08 0.99 0.94 119.85 0.01 0.03 0.02 0.007 0.60
0.8 294.30 49.68 1.00 0.94 120.04 0.002 0.02 0.01 0.005 0.64
0.9 226.84 50.01 1.00 1.02 120.00 2x104 0.002 0.001 6x10* 0.49
0.4 333.35 49.23 0.97 0.86 119.53 0.03 0.09 0.06 0.02 0.61
0.5 113.84 44.80 0.91 1.01 119.52 0.05 0.10 0.07 0.02 0.63
06 0.6 137.77 50.40 1.00 1.16 120.05 0.01 0.06 0.04 0.02 0.51
0.7 309.05 47.55 0.94 0.81 119.81 0.02 0.06 0.04 0.02 0.59
0.8 257.79 50.56 1.00 1.01 119.90 0.006 0.04 0.02 0.01 0.52
0.9 361.97 49.85 1.00 0.90 120.00 0.004 0.03 0.01 0.008 0.62
0.4 135.11 50.55 1.01 1.18 120.09 0.01 0.11 0.07 0.02 0.47
0.5 142.39 46.53 0.92 0.96 120.07 0.03 0.09 0.06 0.01 0.65
0.7 0.6 152.42 48.48 0.96 1.04 120.30 0.02 0.14 0.07 0.03 0.64
' 0.7 349.47 49.60 0.97 0.85 119.90 0.02 0.07 0.05 0.01 0.51
0.8 333.22 50.43 1.01 0.96 120.02 0.009 0.09 0.04 0.02 0.51
0.9 307.65 51.35 1.03 1.02 119.98 0.01 0.04 0.02 0.01 0.63
0.4 258.28 47.21 0.94 0.85 120.22 0.04 0.14 0.08 0.03 0.49
0.5 237.26 54.24 1.05 1.13 120.57 0.06 0.13 0.09 0.02 0.51
0.8 0.6 269.52 57.65 1.16 1.34 118.89 0.06 0.13 0.10 0.02 0.47
’ 0.7 324.24 49.99 0.98 0.90 119.99 0.02 0.14 0.08 0.03 0.50
0.8 353.55 48.34 0.98 0.88 119.88 0.04 0.08 0.06 0.01 0.63
0.9 321.50 49.12 0.97 0.86 120.23 0.02 0.07 0.04 0.01 0.47
0.4 198.68 44.08 0.88 0.80 119.41 0.06 0.17 0.10 0.03 0.64
0.5 253.87 58.57 1.15 1.33 120.00 0.07 0.16 0.11 0.02 0.52
0.9 0.6 249.88 55.93 1.17 1.36 119.18 0.05 0.15 0.10 0.03 0.47
' 0.7 256.21 45.63 0.87 0.72 119.60 0.06 0.20 0.11 0.05 0.62
0.8 293.75 56.99 1.20 1.39 120.54 0.05 0.13 0.09 0.02 0.57
0.9 329.49 50.37 1.00 0.94 120.64 0.03 0.12 0.07 0.03 0.62

Table 2. PSO control parameter sets from some previous studies.

Coefficients  Reference Inertia Weight Cognitive Scaling Social Scaling

Factor Factor
Set1 [31] 1 2 2
[42]
Set 2 [43] 0.729 1.494 1.494
[44]
Set 3 [45] 0.6 1.7 1.7
Set 4 [46] 0.729 2.041 0.948
Set5 [47] 0.715 1.7 1.7
Table 3. Tuning of PSO control parameters.
Model Parameters rms [mGal] Mean
i El
Coefficients [m Gaf m?2a-] zo[m] q n Xo [m] Min Max Mean SD Ti?lll): ‘;g]
Set1 281.73 46.17 0.85 0.64 21.75 0.11 0.25 0.16 0.05 0.65
Set2 265.52 50.63 1.02 1.02  119.99 0.005 0.13 0.06 0.05 0.63
Set3 300.69 5212 1.05 1.06 120.00 0.01 0.05 0.02 0.01 0.51
Set 4 224.50 50.58 1.01 1.05 120.01 0.004 0.09 0.05 0.03 0.65
Set5 266.57 52.77 1.06 113 11997 0.02 0.13 0.05 0.04 0.52
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Table 4. Tuning of DE/PSO hybrid algorithm.

DE Model Parameters rms [mGal] Mean
Algorithm , 350 A . Elapsed
Ngen [mGal.m?2s-] Zo [m] q N Xo[m] Min Max Mean SD Time [s]
1 24443 50.10 1.00 1.01 119.99 8x105 0.002 0.0005 0.0006 0.76
Hybrid 2 244.67 49.99 1.00 1.00 120.00 5x108 1x10° 1x10°¢ 3x10°¢ 1.15
3 249.13 49.99 1.00 1.00 120.00 2x10° 8x107 1x107 2x107 1.48
4 237.62 49.99 1.00 1.01 120.00 2x10-10 3x10-10 2x10-10 2x10-13 1.86

6. DE/PSO Hybrid Algorithm Performance

6.1. Synthetic Data

DE/PSO hybrid algorithm was implemented on noise-free and
noisy synthetic data sets. For each set of the synthetic data, the
algorithm was executed 10 times, and then the best solution was
selected based on the rms value of the results. Table 5 includes
the estimations with the corresponding rms values, true model

Table 5. Test results through synthetic data inversion.

parameters, and the search space (determined by trial-and-
error). Fig. 3 and 4 show the fit between the observed and
calculated gravity anomalies, observed versus calculated data,
and the convergence of the error energy. The convergence plots
show the first 50 iterations for better resolution. For noise-free
data, the estimations are close to true model parameters. For
noisy data, the rms value agrees with the standard deviation of
the noise, which was added (+0.25 mGal).

True Parameter Bounds Estimated Parameters
Model Parameters — - - -
Values Minimum Maximum Noise-free Noisy
A [mGal-m2a ] 250 50 500 249.13 278.37
Zo [m] 50 1 150 49.99 51.87
q 1 0 2 1.00 1.04
1 0 2 1.00 1.07
Xo [m] 120 50 200 120.00 119.73
rms [mGal] - - - 1.71x10"° 0.24
6 a 6 b
Estimated Parameters —
A: 249,13 [mGal.m?*"] © Obs.
5 2,2 49.99 [m] g Cal. 5
>
— q: 1.00 =
8 4 n:1.00 74
= Xq: 120.00 [m] (5
=3 K
3 :
= 2 o 2
o el
[®]
1 1
o D
rms: 1.71x10™ mGal
0 0
0 60 120 180 240 0 2 4 6
Distance [m] Calculated Gravity
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o O
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Figure 3. Results from noise-free gravity data including, (a) fit between the observed and calculated data, (b) observed versus
calculated data, (c) convergence of the error energy, and (d) convergence of the error energy in logarithmic scale.
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Figure 4. Results from noise-free gravity data including, (a) fit between the observed and calculated data, (b) observed versus

calculated data, and (c) convergence of the error energy.

The performance of DE, PSO, and DE/PSO algorithms were
compared by using the same parameter values. The value of 100
was assigned for iteration number (Itmax) and generation number.
The three algorithms start with the same initial population size
of 50 (Table 6, Fig. 5). According to Table 6, the DE/PSO algorithm
yields results with small values of rms and SD in the case of noise-
free data. Further investigations to compare the performances of

the three algorithms were done through the convergence rate of
the three algorithms for noise-free and noisy data. This
comparison was based on the necessary iteration/generation
numbers for each algorithm to reach the rms value less or equal
to 0.01 mGal. The hybrid algorithm requires 19 iterations to
reach that threshold rms value, while DE and PSO respectively
require 71 and 100 generations.

Table 6. Comparison of DE/PSO, DE, and PSO results through synthetic data inversion.

Model Parameters rms [mGal] Mean
Synthetic Algorithm A ) Elapsed
Data [mGal.m2e-1] Zo [m] q n Xo [m] Min Max Mean SD Time [s]
Hybrid 249.13 49.99 1.00 1.00 120.00 2x10° 8x107 1x107 2x107 1.48
Noise-Free DE 241.52 4993 099 1.00 119.98 0.001 0.008 0.003 0.002 0.50
PSO 231.31 49.29 099 099 119.95 0.008  0.07 0.04 0.02 0.61
Hybrid 278.37 51.87 1.04 1.07 119.73 0.24 0.24 0.24 2x101* 1.49
Noisy DE 214.94 51.92 1.05 1.14 119.74 0.24 0.24 0.24 1x10-10 0.53
PSO 220.64 57.29 1.17 139 119.95 0.24 0.28 0.25 0.01 0.47
2 T 1.4 . . -
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Figure 5. DE/PSO, DE, and PSO convergence rate through noise-free data (left) and noisy data (right) inversion. The plots illustrate 50

iterations for a zoomed-in view of the comparison.

During the test studies, an additional research was done about
the success rate of DE and PSO to get the best individual in each
iteration of the DE/PSO. According to the investigation, the
average success rate of DE and PSO are respectively around %65
and %35 in the test with noise-free data. The values are around
%66 and %34 in the test with noisy data.
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Prior to inverting the gravity anomalies, error energy maps were
generated to examine the solvability of the model parameters
addressed in the current inverse problem (36,5,30). Fig. 6 shows

the error energy maps for some pairs of the model parameters.

Each map is produced by calculating the error energy values (Eq.
2) over the ranges of the associated parameter pair within the

search space. Due to the non-uniqueness of the inverse problems,
it is acknowledged that there are multiple models that can fit the
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data well. Then, the error energy map shows topography that the
true model parameters (global minimum) are placed in the
location of the lowest error energy value. According to the
literature, the shape of contour lines on the topography provides
interpretations about the uniqueness in estimating the model
parameter. i) Closed circular and elliptical contours parallel to
any axis (Fig. 6. a-c) represent parameters that are uncorrelated.
This suggests that the values of these parameters can be
independently obtained. ii) Elliptic contours which are angled
with one of the axes (Fig. 6. d-f) indicate a correlation between
parameters. Despite this correlation, the parameters can still be

solved individually. iii) Sloping unclosed elliptical contours
exhibit a broad region characterized by low errors suggesting the
presence of numerous equivalent solutions. This contour shape
implies the difficulty in uniquely estimating the related
parameters (Fig. 6. g-i). Fig. 6 also shows the locations of the
model parameters estimated using the hybrid algorithm for both
noise-free and noisy synthetic data. The close proximity of the
estimations to the true parameters (global minimum) indicates
that the hybrid algorithm has successfully estimated the model
parameters.
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Figure 6. The generated error energy maps for the current inverse problem. The global minimum (red diamond), the model
parameters estimated using the DE/PSO algorithm for noise-free (blue circle), and noisy data (blue star) are marked in each map.

6.2. Field Data

In the test with field data, we assigned 200 for Npop, 400 for Itmax,
and 3 for (NJE, NJ5?) parameters to obtain the results. These
values for the parameters have been chosen based on trial-and-
error. The selection of the best solution was carried out similarly

to the test with synthetic data, involving 10 independent executions.
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6.2.1. Camaguey anomaly (Cuba)

The first data set used as field example was the normalized
residual gravity anomaly measured over a chromite deposit in
Camaguey province (Cuba) [37]. In Fig. 7, the gravity anomaly is
shown along a 120 m profile with a maximum amplitude around
0.2 mGal. We considered the search space following [4,34], except
for the q parameter (4 € [1, 10000], zo € [1, 100], n € [0, 1], x0 €
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[0,120], and q € [0, 2]). Fig. 7 also shows the results estimated by
the hybrid algorithm. The convergence plot shows the first 50
iterations for better resolution. Based on the information
presented in Table 7, the DE/PSO hybrid algorithm has yielded

parameters consistent with those estimated through various
methods in prior studies.
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Figure 7. Results from the Cuba anomaly, (a) fit between the observed and calculated data, (b) observed versus calculated data, and

(c) convergence of the error energy.

Table 7. Test results through field data (Cuba anomaly) inversion.

[38] [4] [39] [34] [40] Present Study
Parameters Neural
Network DE DE CSA PSO DE/PSO
A [mGal-m?a] 9382.52 288.25 175.02 1430.30 40825 7333.02
Zo [m] 21.14 23.23 23.23 23.30 21.15 25.44
q 1.54 1.5 1.5 1.49 1.47 1.68
n - 0.71 0.86 0.18 - 0.13
Xo [m] - 58.73 58.73 58.72 0.63 58.69
rms [mGal] - 0.0043  0.0043 0.00431  0.01 0.0042

6.2.2. Quebec anomaly (Canada)

The second data set used as field example was the normalized
residual gravity anomaly measured over a sulfide ore body in
Quebec (Canada) [41]. In Fig. 8, the gravity anomaly is shown
along a 240 m profile with a maximum amplitude around 1.7
mGal. We considered the search space following [4,34], except for

the q parameter (4 € [1, 10000], zo € [1, 100], € [0, 1], x0 € [O,
240], and q € [0, 2]). Fig. 8 also shows the results estimated by
the hybrid algorithm. The convergence plot shows the first 50
iterations for better resolution. Based on the information
presented in Table 8, the DE/PSO hybrid algorithm has yielded
parameters consistent with those estimated through various
methods in prior studies.
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Figure 8. Results from the Canada anomaly including, (a) fit between the observed and calculated data, (b) observed versus calculated

data, and (c) convergence of the error energy.

Table 8. Test results through field data (Canada anomaly) inversion.

[38] [4] [34] [40] Present Study
Parameters Neural
Network DE CSA PSO DE/PSO
A [mGal-m?2a] 200.11 299.11 204.04 3851 340.90
zo [m] 29.15 35.39 40.32 21.53 35.39
q 0.69 0.74 0.92 0.49 0.74
n - 0.04 0.23 - 0.002
Xo [m] - 11393 113.66 1.11 113.93
rms [mGal] - 0.029 0.0334  0.03 0.029
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7. Conclusions

In this study, a combination of DE and PSO was applied to gravity
anomalies due to some simple geometrical bodies. DE and PSO
algorithms were combined as a DE/PSO hybrid algorithm to
share their best [premature] solutions in an iterative process.
Considering simulations with the synthetic data, the hybrid
algorithm  successfully obtained results that closely
approximated the true model parameters. Compared to DE and
PSO, the hybrid algorithm generated results that are more
accurate in terms of rms or SD values. The hybrid algorithm also
speeded up the convergence rate compared to the ones of DE and
PSO. Considering test studies with the field data sets, a good
agreement between calculated and observed gravity anomalies
from Cuba and Canada indicated that the hybrid algorithm was
also successful to obtain the model parameters. Another
conclusion worth to mention is the successful applicability of R
programming language together with various available R
packages to geophysical optimization problems.
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0z

Cwvatali baglanti elemanlar1 giiniimiizde bir¢ok mekanik uygulamada siklikla kullamlmaktadir. Ozellikle kritik uygulamalarda,
kilitleme yiikii degeri, montajlanan pargalarin yasam émrii i¢cin 6nem arz etmektedir. Civatali baglant1 elemanlari tekrar kullanilabilir
elemanlar olmasina ragmen siirtiinme katsayilarindaki degisim, her sikim esnasinda kilitleme yiikiiniin giderek diismesine sebebiyet
vermektedir. Bu durum, 6zellikle kilitleme yiikiiniin 6nem arz ettigi uygulamalarda, beklenmedik sonuglarin meydana gelebilecegini
ortaya koymaktadir. Calisma kapsaminda, baglanti elemanlarinin tekrar kullanimi durumundaki siirtiinme katsayisi degisimi
deneysel olarak belirlenmis ve bu veriler 15181nda ylizey kayma mesafesi bazli siirtiinme degisim modeli gelistirilmistir. Sayisal
simiilasyon ¢alismalarinda tekrar kullanim etkisinin géz ardi edilmesinden dolay, bu etkinin tahmin edilebilmesine olanak saglayan
modellerin gelistirilmesine ihtiya¢c duyulmaktadir. Elde edilen kayma mesafesi bazl siirtiinme modeli, civatanin 5. sikim sonucunda
gostermis oldugu davranisi, sayisal simiilasyon yazilimi ile tahmin edebilmistir. Model sonucunda elde edilen tork ¢iktilari, deneysel
veri sonucunda elde edilen veriler ile kiyaslanarak hata paylari ¢ikarilmistir. Kayma mesafesi bazl siirtlinme modelinin, siirtiinme
katsayisinin sabit kaldig1 varsayimina dayanarak gergeklestirilen simulasyonlardan elde edilen ¢ikt1 torkundaki hata payini, %19,5’
den %4,48’e diistirdigii gézlemlenmistir.

Anahtar Kelimeler: Civatali Baglanti Elemany, Siirtiinme Katsayisi, Sayisal Simtilasyon Modeli, Mekanik

Abstract

Threaded fasteners are commonly utilized in a wide range of applications. The significance of the clamping load value has an
important impact, particularly in critical applications, since it directly impacts the life span of the assembled components. Despite the
fact that bolted fasteners may be reused, the clamping load gradually decreases with each tightening cycle due to changes in friction
coefficients. This scenario gives rise to significant challenges, particularly in situations where the clamp load has utmost importance.
In this work, the experimental determination of the friction coefficient change was conducted in relation to the reuse of fasteners.
Additionally, a friction change model was established based on the surface slip distance, taking into consideration the experimental
results. The absence of the reuse effect, particularly in the context of numerical simulation research, highlights the necessity of
establishing a dedicated framework for the creation of numerical simulation models to address this issue. The achievement of
simulating the behavior of a bolt after the 5t tightening is made possible by incorporating the derived model, which is based on sliding
distance, into the numerical simulation model. The torque outputs derived from the simulation model were compared to the data
collected from experiments, and the corresponding error margins were computed. The slip-based friction model was found to
significantly decrease the margin of error in the output torque, reducing it from 19.5% to 4.48% in comparison to the constant friction
coefficient model.

Keywords: Bolted Joint, Friction Coefficient, Finite Element Analysis, Mechanic

EXTENDED ABSTRACT

Introduction directly impacts the life span of the assembled components.
Despite the fact that bolted fasteners may be reused, the clamping
load gradually decreases with each tightening cycle due to
changes in friction coefficients.

Threaded fasteners are commonly utilized in a wide range of
applications. The significance of the clamping load value has a
significant impact, particularly in critical applications, since it

DOLI: https://doi.org/10.21205 /deufmd.2024267805 Gelis Tarihi / Received: 04.11.2023
Kabul Tarihi / Accepted: 02.12.2023


https://orcid.org/0000-0001-5441-0118
https://orcid.org/0000-0001-8149-4871

DEU FMD 26(78) (2024) 389-397

Numerous investigations in the existing literature have been
conducted to predict and enhance the stability of the torque-
clamp load relationship [1-3]. The reusability of bolted fasteners
has long been acknowledged, however, recent investigations
have brought to light the detrimental consequences associated
with their reuse. The phenomenon of coefficient of friction
change within the contact surfaces of bolted fasteners arises due
to repetitive utilization, thereby exerting an influence on the
overall operational efficacy and dependability of the connection.
The comprehension and anticipation of changes in friction hold
significant value, particularly in contexts that demand highest
levels of accuracy and reliability. Previous research has revealed
significant variations in friction coefficients, which are dependent
on the type of coating utilized and various environmental factors.
In addition to the previously mentioned investigations, various
professional searches have been conducted to develop
theoretical models clarifying the friction coefficient [5,6]. In
addition to these, numerous studies on the theoretical modeling
of the friction coefficient have been conducted. These
investigations unveiled the fact that the bearing friction
coefficient and thread friction coefficient has different impacts
[13,14].

The present study highlights the existing limitations in the field
of fastener simulation, specifically pertaining to the treatment of
friction effects within the thread area. While numerous software
and models have been developed to address this subject, the
general focus within the industry remains on maintaining a
constant clamp load at a macro level. Consequently, the complex
aspects of friction effects have not been fully incorporated into
these models. The aforementioned circumstance gives rise to a
deficiency, particularly in instances where the friction coefficient
within the threaded sectionand bearingregions takes
significance. To date, extensive research has been conducted in
the field; however, a notable gap remains in the literature
regarding comprehensive investigations into the detailed
modeling of fastener behavior during repetitive utilization. This
study aims to investigate the impact of re-tightening on the
friction coefficient within the context of a numerical simulation
model. Specifically, the change in the friction coefficient will be
utilized as an input parameter in the model. Consequently, the
torque-clamp load relationship resulting from multiple
tightening can be accurately represented through numerical
modeling.

Materials and Methods

To investigate the changes of the friction coefficient resulting
from the repeated utilization of the fastener, an experimental
analysis was conducted. The International Organization for
Standardization (ISO) standard 16047 [4] is commonly used in
manufacturing industries for determining the friction coefficient
as part of experimental investigations.

In the context of the experimental procedures conducted, a
tightening speed of 50 revolutions per minute (RPM) was used,
and the resultant clamp load and torque values were measured
using load sensors and documented accordingly. In the course of
the experimental trials, the load value for target clamp load was
determined to be 18.24 KkN. This value was obtained by
considering 60% of the "proofload" value of an M8 coarse thread
10.9 bolt, as specified in the ISO 898/1 [19] standard. Following
the initial experimentation, a series of tests were conducted
wherein the rotation angles were systematically reduced to 60°,
starting from the settlement value of 1 Nm.

For the computational numerical simulation, ANSYS R23
transient analysis module was used. The tightened part's rigidity

390

affects torque clamp load behavior. Thus, axial elongation
depends on tightened component stiffness. Experimental and
numerical simulations have highlighted the importance of proper
contact modeling and spring constant on bolt elongation [17,20].

The torque-angle-clamp load graph from the experimental tests
was compared to simulation output to determine the stiffness
value of the joint. Experimental data verified this comparison,
proving the value's accuracy and confidence. The reference
model was developed by theoretically calculating assembly
stiffness and calibrating the simulation model with experimental
data.

Primary objective of this study was to develop a friction model
capable of accurately predicting the relationship between clamp
load and torque during repeated tightening. To achieve this goal,
a friction model based on sliding distance was constructed using
experimental data. In the context of the present model, it is
observed that the sliding distance values of the thread and
bearing regions exhibit distinct variations. Consequently, distinct
friction parameters have been formulated for each of these
regions and implemented into the simulation model.

Results and Discussion

According to the obtained results of repeated tightening, it can be
observed that the trend of variation in the coefficient of friction
exhibits similarities with the friction value between the
thread and the bearing surface. However, it is evident that the
friction coefficient in the thread region is lower than that in the
head region. In order to integrate the desired friction coefficient
model into the simulation properly, two separate inputs have
been defined for the thread and bearing surface using APDL
code, based on the sliding distance (SLDI) value. The APDL code
allows a linear calculation of the friction coefficient value of the
relevant region based on the sliding distance model. According to
the given code in Figure 12, the underhead friction coefficient for
the second tightening is entered as 0.134 for SLDI 0Omm, 0.152 for
SLDI 5.65mm, and 0.162 for SLDI 9mm, for preventing any form
of extrapolation. An increase in torque values has been observed
in relation to the number of tightening cycles. The obtained data
is presented graphically in Figure 13. The findings of the study
indicate a difference of 7.5 Nm between the first and fifth
tightening.

Conclusion

The present study clarifies the impact of variations in the friction
coefficient under repeated usage based on experimental
outcomes. The observed trends in friction coefficients,
particularly, in the case of bolts with zinc coating, align with the
results reported in a previous study [11]. The utilization of
empirical data and the development of a friction model founded
on experimental outputs have facilitated the development of a
highly precise model that exhibits minimal deviation from actual
outcomes. A variety of studies have been conducted to investigate
the changes of friction coefficient in response to repeated usage.
The accurate representation of the cumulative impact of friction
modification poses a significant challenge for simulation models
employing existing friction models. Proposed friction model
demonstrates a high degree of accuracy in predicting numerical
simulation outcomes following the repetition of five bolt usage
instances. Accurate measurement of the lclamp load change is
crucial in applications that require precise calculation of
clamp load. This study aimed to determine the conclusions with
a margin of error of 4.48% by utilizing the friction coefficient
change model and analyzing experimental data.
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1. Giris

Ciwvatali baglanti elemanlarinin kullanimi, saglam ve giivenilir
baglantilarin kurulmasini kolaylastirdigindan, ¢esitli mekanik
sistemlerde 6nemli bir islev iistlenmektedir. Giiniimiizde bircok
alanda kendine yer bulan civatali baglanti elemanlarinin
islevselligini yerine getirebilmesi i¢in, uygun montaj
parametreleri altinda montaji gerceklestirilmelidir. Aksi
takdirde, cevresel faktorler sebebi ile baglantidan istenilen
performans alinamamaktadir. Baglanti elemanlarinin montaj ve
performansini etkileyen bir¢cok parametre olmasina karsin en
bilinen ve en etkin 3 parametre vardir. Siirtiinme Kkatsayisi,
uygulanan tork degeri ve bunlarin sonucunda ortaya g¢ikan
baglantidaki kilitleme yiikiidiir. Bunlardan, temas yiizeylerindeki
slirtiinme katsayisina yonelik olarak yapilan ¢alismalarda, kafa
alt1ve dis ylizeyindeki siirtinme degisimlerinin, kilitleme yiikiine
olan etkileri incelenmis ve efektif temas alanlarinin 6nemine
vurgu yapilmistir. Bulgular, siirtlinme katsayisinin artmasi ile
torkun ayni kalmasi durumunda, kilitleme yiikiinde diisiis
olacagini géstermistir [1-3]. Baglanti elemanlarinin kullanilacagi
tasarimlarda referans alinan hedef kilitleme ytkii degeri,
civatanin akma degerinin %60-70" ine tekabiil etmektedir. Tork
degerleri belirlenirken, genellikle ISO 16047[4] sartnamesinde
verilen total siirtiinme katsayis1 modeli kullanilarak hedef tork
araligl  belirlenmektedir. Bu sebeple, cvatali baglanti
elemanlarinda tork-kilitleme yiikii iliskisi 6nem arz etmektedir.
Literatiirde bugiline kadar yapilan bir¢cok calisma, tork-kilitleme
yukii arasindaki iliskinin 6ngoriilmesi ve dengelenmesine
yonelik olarak gerceklestirilmistir [5,6]. Ozellikle, kilitleme yiikii
tork iliskisinin sayisal olarak modellenmesine yonelik olarak
calismalar gercgeklestirilmis ve geometrik parametrelerin etkisi
incelenmistir. Elde edilen bulgular, siirtiinme katsayisinin
kilitleme yiikii iizerindeki etkisinin, hatve ve delik ¢ap1 gibi
parametrelerden daha etkin oldugunu ortaya koymaktadir [7].

Civatall baglanti elemanlari, tekrar kullanilabilen baglanti
elemani statiisiinde olmasina ragmen, bu elemanlarin tekrar
kullanimlar1  durumunda, performanslarinda istenmeyen
etkilerin olabilecegi ortaya ¢ikarilmistir. Bu etkiye 6rnek olarak,
hayati kritiklige sahip helikopter ana rotorunda kullanilan
civatalarin tekrar kullanilmamasi i¢in sartnamelerinde herhangi
bir ibare bulunmamasindan dolayi, civatalarin servis personeli
tarafindan tekrar kullanildigi ve bunun sonucunda siirtiinme
katsayillarinda degisim olustugu gozlemlenmistir. Siirtiinme
katsayisindaki degisim ise, baglantinin hedef kilitleme yiikii
deger araliginda kalmamasina sebebiyet vererek civatalarin
kopmasina neden olmustur [8]. Benzer bir calismada, motosiklet
on aks baglantisini saglayan civatalarin tekrar kullanilmasi
durumundaki siirtiinme katsayisi degisimleri incelenmistir. Elde
edilen bulgular, titanyum civatalarin tekrar kullanilmasi ile
slirtiinme Kkatsayllarinda %39’a varan bir artis oldugunu

gostermistir.  Siirtinme  katsayisindaki artis sebebi ile,
hedeflenen kilitleme yiikii degerine ulasilamadig1 tespit
edilmistir. Bunun Ontine ge¢mek ic¢in, civatalarin tekrar

kullanilmasi durumunda farkl yaglayici tiplerinin kullanilmasi
onerilmistir [9]. Civatall baglanti eleman1 temas yiizeyleri
arasindaki sirtiinme katsayisindaki  degisiklik, tekrarh
kullanimin bir sonucu olarak meydana gelmektedir. Dolayisiyla,
baglantinin genel islevselligini ve giivenilirligini etkileyebilecek
bir duruma sokmaktadir, bunun etkilerini azaltmak amac ile
farkl 6zellikteki yaglayicilarin davraniglari incelenmistir [10]. Bu
sebeple, siirtiinme degisikliklerinin anlasilmasi ve éngoriilmesi,
kritik etkiye sahip aplikasyonlar i¢in 6nem arz etmektedir.
Yapilan c¢alismalarda, civatali baglanti elemanlarinin tekrar
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kullanimi durumunda, kaplama tipine ve ¢gevresel faktorlere bagh
olarak da siirtiinme katsayilarinda degisiklikler oldugu tespit
edilmistir. Buna 6rnek olarak, ¢inko kaplamali civatalarla yapilan
bir g¢alismada, civatanin tekrar Kkullanilmasi durumunda,
siirtlinme katsayisinin 0,3 degerine kadar ¢iktig1 tespit edilmistir
[11]. Benzer alanda yapilmis baska bir calismada ise, lamelli
kaplama tipine sahip civatalarin, raf émri, nemlilik ve sicaklik
gibi ¢evresel kosullardan dolay, siirtiinme katsayilarinda %47
oraninda bir degisiklik yasadigi saptanmistir [12]. Bunlarin
disinda, siirtiinme katsayisinin teorik olarak modellenmesine
yonelik de farkli calismalar gerceklestirilmistir. Bu ¢alismalarda,
kafa alt1 siirtiinme katsayisinin ve dis bolgesinin ayr1 ayr1 etken
oldugu ortaya konmustur [13].

Baglanti elemanlarinin montaj kosullar1 altinda davranislarinin
incelenmesine yonelik olarak sayisal simiilasyon araclar1 6neme
sahiptir. Bu kapsamda, ¢alismalar yapilmis ve baglanti
elemanlarinin davraniglart incelenmistir [14,15]. 3 boyutlu
simiilasyon modellerinde 6zellikle parametrik etkilerin 6nemine

sahip oldugu ortaya konmustur [16].

Baglant1 elemani simiilasyonu konusunda bir¢ok yazilim ve
model olmasina ragmen, sektérdeki mevcut modeller makro
olcekte kilitleme ytkiiniin sabit alinmasina odaklanmakta ve
ozellikle dis bolgesindeki siirtiinme etkilerini detayli olarak
incelememektedir. Bu durum, dis ve kafa alti boélgesindeki
siirtinme Kkatsayisinin 6nem arz ettigi durumlarda eksiklik
olarak karsimiza c¢ikmaktadir. Bu zamana kadar detayl
calismalar yapilmis olsa da baglanti elemanlarinin tekrarl
kullanimi altinda davranislarinin detayli olarak modellenmesine
yonelik bir calisma gergeklestirilmemistir. Calisma kapsaminda,
tekrar sikim sonucunda siirtiinme katsayisindaki degisimin,
sayisal simiilasyon modelinde girdi parametresi olarak
tanimlanmas! saglanacaktir. Bunun sonucunda, birden fazla
sikim durumunda olusan tork-kilitleme yiiki iliskisinin sayisal
olarak modellenebilmesi saglanacaktir.

2. Materyal ve Metot

2.1. Deneysel Yontem

Baglanti elemanlarinin tekrarli kullanimi durumunda, siirtiinme
katsayis1 degisiminin modellenmesine yo6nelik olarak dncelikle
strtiinme katsayisinin degisimi deneysel olarak incelenmistir.
Deneysel ¢alisma kapsaminda, siirtlinme katsayisinin tespit
edilmesi i¢in sektorde kullanilmakta olan ISO 16047[4] standardi
referans alinmigtir. Ozellikle standartta mevcut olan siirtiinme
katsayilarinin tespitinde Denklem 1’de verilen formiilasyon
kullanilmigtir. Burada, pw, dis bolgesindeki siirtiinme katsayisi,
w» kafa alt1 bolgesindeki siirtiinme katsayisi, T tork, F kilitleme
yukii, P hatve, d2 bolim dairesi ¢api, Do ve dn ise kafa alti
bolgesindeki i¢ ve dis temas ¢ap1 degerleridir.

1 P+ 1154 X7 X oy X dy
2

D, +d,

T=FXx 7

+ 4 X

1

7 — 1154 X gy xdﬂ
2

Deneysel calisma kapsaminda ise Tablo 1’de standart 6zellikleri
verilen baglanti elemani, ISO 16047’ye[4] gore test plakalari
kullanilarak dis, kafa alt1 ve toplam siirtlinme Kkatsayilarindaki
degisimler incelenmistir. Kaplama tipi ise Cinko Cr+3+TNT12 [17]
secilmistir.
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Tablo 1. Test materyalleri.

Table 1. Test materials.

Tablo 2. Malzeme ve mekanik o6zelikler.

Table 2. Mechanical properties of the material.

Ozellikleri Cwvata Somun Pile; ‘135::51
Standard 1SO 4017 1SO 4032 ISO 16047
Dayanim 109 10 50-60 HRC
Metrik M8 M8
Kaplama tipi Cinko Cr+3+TNT12  Cinko Cr+3+TNT12

Siirtiinme katsayisi

(heora) 0,09-0,14

0,09-0,14

Her bir civata, arka arkaya, degistirilmeden, sokiiliip sikilmis ve
bu islem 5 kere tekrar edilmistir. Bahsi gecen metodoloji ile 5
cwvata test edilmis, bunun sonucunda 5 farkli kombinasyon igin
25 test verisi elde edilmistir. Bunlar, her sikim sayisi i¢in 5 veri
anlamina gelmektedir. Tekrar sikim altinda civatalarin siirtiinme
katsayilarindaki degisimleri, ISO 16047 [4] sartnamesindeki
slirtlinme katsayisi tespit yontemine gore Sekil 1’de verilen test
cihazi kullanilarak gergeklestirilmistir. Testler kapsaminda 50
devir/dakika (RPM) sikim hiz1 kullanilmis, yiik sensérlerinden
okunan Kkilitleme yiikii ve tork degerleri kaydedilmistir. Testler
esnasinda hedef kilitleme yiikii degeri civatanin 1SO 898/1 [18]
standardindaki M8 kaba dis 10.9 “proof load” degerinin %60’ 1
referans alinarak 18.24 kN degerinde gerceklestirilmistir. 10.9
cwvatalarin dayanimi, standart kapsaminda kontrol altina
alinmistir. Buna gore, 10.9 ibaresi 900MPa akma ve 1000 MPa
cekme dayanimina tekabiil etmektedir. Akabinde, elde edilen
doénme agilar;, 1 Nm oturma degerinden itibaren 60° olacak
sekilde hedeflenmis ve testler gercgeklestirilmistir.

Sekil 1. Test cihaz1 gorseli.
Figure 1. Test device visual.

2.2. Sayisal Simiilasyon Modeli

Sayisal simiilasyon ¢alismasi kapsaminda ANSYS Transient analiz
modili kullanilmistir. Model kapsaminda civata, somun dis
profilleri ve kafa alt1 temas plakasi CATIA aracilig ile 3D olarak
modellenmis ve STEP dosyast olarak ANSYS modiiliine
aktarilmistir. Simiilasyon kapsami elastik bolgeye yogunlastigi
icin ciwvatanin izotropik elastisite o6zellikleri girdi olarak
tanimlanmistir. Hacim modiilii ve kayma modiilii girdilerine gore
sistem tarafindan otomatik tanimlanmistir. Bu 6zelliklere ait
detaylar Tablo 2’ de verilmistir.
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Ozellik Degerler
Elastisite modiili 200 GPa
Poisson orani 0,3
Cekme dayanimi 1000 MPa
Akma dayanimi 900 MPa

Sonlu eleman ag1 olusturulmasi esnasinda, ozellikle temas
bolgelerinde ek iyilestirmeler gerceklestirilmistir. Sonlu eleman
agl yapilirken dortgen piramit orgii yapisi sec¢ilmistir. Ana
modelde 3mm eleman boyutu atamasi yapilirken, temas
ylizeylerinde bu deger 2mm’ ye diisiiriilerek ekstra ylizey
iyilestirme gergeklestirilmistir. Civata kafa alt1 ve plaka temas
ylzeyi cevresi 60 esit bolmeye dilimlenmis ve daha sonrasinda
ylizey ag1 gerceklestirilmistir. Toplam ag elemani sayis1 57482,
diigiim sayisi ise 95582 olarak tespit edilmistir. Ag kalitesini
6lcen parametrelerden biri olan “skewness” (egiklik) degeri
model icin ortalama 0,46 olarak tespit edilmistir. Eleman kalitesi
ise 0,75 olarak ol¢iilmiistiir. Sonlu eleman ag1 olusturulmasi
sonucunda olusan modele ait gorsel Sekil 2’de verilmistir.

30,000 (mm)

7.500 22.500

Sekil 2. Orgii ana model.
Figure 2. Main mesh model.

Simiilasyon modelinin dogru Kkilitleme yiiki sonucunu
verebilmesi i¢cin, en dnemli parametrelerden biri de slrtiinme
katsayis1 degeridir. Siirtiinme katsayisi, baglanti elemanlarinda
dis ve kafa alti olarak ikiye ayrilmakta ve bu degerlerin dogru
girilmesi simiilasyon ¢iktisi icin 6nem arz etmektedir. Bu sebeple,
dis ve kafa alt1 temas bolgeleri “frictional” (siirtiinmeli) olarak
tanimlanmis ve siirtiinme katsayilari, ilk sikim sonucunda elde
edilen deneysel veriler referans alinarak girilmistir. Coziicii
formiilasyonunda ise “Augmented Lagrange” modeli se¢ilmistir.

Transient analiz ayarlarinda ise ana model, 2 zaman araligindan
olusacak sekilde girilmistir. Alt adim sayilari ise, zaman bazl
girilerek  simiillasyonun  dogruluk  paymin arttirilmasi
hedeflenmistir. Birinci adim 5 saniye ve 40 alt adimdan
olusturulurken, ikinci 5 saniyelik dilimde benzer sekilde 40
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adimdan olusturulmustur. adim

icermektedir.

Model, toplam 80 alt

Simiilasyon modelinde civatanin z ekseni etrafinda dénmesi,
acisal rotasyon olarak tablo verisi seklinde girilmistir. 10. saniye
sonunda, agisal ddnmenin 60° olmasi hedeflenmistir ve bu girdi
civatanin kafasindan agisal yer degistirme olarak verilmistir. Bu
sayede, kilitleme yiikd ¢iktisi, ¢ikti torkundan bagimsiz olarak
sabit kalabilecektir. Ust plakanin tanimlanmasinda ise, tek
serbestlik dereceli silrtiinmesiz destek modeli kullanilmistir.
Bunun i¢in, yanal ylizeyler sec¢ilmis ve plakanin sadece z ekseni
dogrultusunda serbestlik derecesi olmasi saglanmistir. Somun
bolgesinde ise, somun {ist yilizeyi sabit destek olarak
modellenerek somunun herhangi bir dogrultuda rotasyonu
engellenmistir. ilerleyen asamalarda moment degerinin cikti
degeri icin olciilmesinde ise civata kafasi referans alinmis ve
toplam tork degerinin ¢iktis1 elde edilmistir. Kilitleme yiikiiniin
Olciilmesinde ise referans nokta, somun alt yilizeyindeki sabit
destek noktasi olarak alinmis ve Newton cinsinden olusan
kilitleme yiikii verileri elde edilmistir. Modelin sinir sartlarini
gosteren gorsel ise Sekil 3’de verilmistir.

Sekil 3. Model sinir sartlar.
Figure 3. Boundary conditions of the model.

Tork kilitleme yiikii davranisini etkileyebilecek bir diger 6nemli
parametre ise sikim yapilan parganin rijitlik degeridir. Civata
ekseni dogrultusunda uzama, Kkilitleme yiki ¢iktisim

uzamayl dogrudan etkilemektedir. Yapilan deneysel ve sayisal
simiilasyonlarda, temas modellemesinin ve yay sabiti etkisinin
dogru girilmesi civata uzamasini dogrudan etkiledigi icin 6nem
arz ettigi vurgulanmistir [16,19]. Olusturulan sayisal simiilasyon
modelinin, rijitlik degerinin test sistemi ile eslestirilmesi
gerekmektedir. Bu degerin tespit edilmesine yonelik olarak, ilk
sikim testleri esnasinda elde edilen tork-agi-kilitleme yiikii
degerleri kullanilmistir. Deneysel verilerin, simiilasyon ¢iktisiyla
eslesmesi sayesinde modelin rijitlik katsayis1 dogrulanmistir.

hesaplanmis ve simiilasyon modelinin kalibre edilmesine
deneysel sonuglar kullanilarak ilerlenmistir. Bu deger,
simiilasyonda kilitleme boyu bolgesi boyunca eksenel yay olarak
tanimlanmistir. Yay girdisine ait degerler ve model gorseli Sekil
4’de verilmistir.
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Sekil 4. Model yay sabiti tanimlamasi.
Figure 4. Spring constant definition of the model.

2.3. Sonuglar

Calisma kapsamindaki ana hedefimiz, tekrarli sikim altinda
kilitleme yiikii tork iliskisini verebilecek bir siirtiinme modelinin
olusturulmasidir. Bu sebeple, deneysel veriler kullanilarak
kayma mesafesi bazli siirtiinme modeli olusturulmustur. Model
kapsaminda, dis ve kafa alti bdlgelerinin kayma mesafesi
degerleri birbirinden farklilik géstermektedir. Bu sebeple, her iki
bolge icin de ayri ayri siirtiinme parametreleri olusturulmustur.
Kafa alti siirtinme modeli gelistirilirken, 60lik sikim
esnasindaki kayma mesafesi, efektif kafa alt1 temas ¢ap1 alinarak
olusturulmustur. Civata eksenine yaklastik¢a veya uzaklastikca
cizgisel kayma mesafesi degiseceginden dolay1 bu yontem tercih
edilmistir. Literatiirde, efektif kafa alt1 temas ¢apinin 6nemine ve
etkisine yonelik farkl calismalar gergeklestirilmistir. Yapilan bir
calismada, kontak mekanik yontemi olarak kafa alti basing
dagilminin  farkll yiizey kosullarindaki ve delik c¢ap1
oranlarindaki etkisi incelenerek, kontak mekanigi bazli modelin
kullanilmas1 o6nerilmektedir [20]. Bunun disinda, rotasyonel
hizdan bagimsiz elde edilen v efektif kontak degeri ise, i¢ ve dis
temas yarigaplarinin tork c¢iktisina etkisi ile olusturulmustur.
Bahsi gegen ¢alismanin sonucunda elde edilen ¢ikti Denklem 2’de
verilmistir [3]. Ilgili denklemde, rbmax maksimum temas dis
yarigapini, rb-min minimum temas yarigapini, Por) r yarigapindaki
ylizey basinciny, r ise eksenel mesafeyi vermektedir. Benzer bir
calisma, yiizey basing dagilimi bazl olarak gercgeklestirilmistir ve
farkli durum sartlari i¢in denklemler elde edilmistir [17].

frb'"””‘ Py, (r)r2dr

T'b—min

[b=max py (¥Yrdr

Tb-min

Ty = (2)

Sektorde ise, kolaylig1 ve glivenilirligi sebebi ile geometrik efektif
cap1verenve ISO 16047’ de 6nerilen Denklem 3 kullanilmaktadir.
Burada, Do temas alaninin dis ¢api, Dn temas alaninin i¢ ¢api, Db
ise efektif temas ¢apidir. Dis kayma efektif capi ise, dogrudan
béliim dairesi ¢ap1 (dz) referans alinarak hesaplanmistir. Civata
kafa altinin, kayma yiizeyini ve ¢apini gosteren ¢izimi Sekil 5’ de,
dis bolgesi temas yiizeyi ise Sekil 6’ da verilmistir.

D, +dy

: (3

b
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“Efektif kayma yiizeyi

* D, Temas dig ¢ap!

D, Efektif temas ¢api

D), Temas i¢ capi

Sekil 5. Civata kafa altinin kayma yiizeyi ve capi.
Figure 5. Sliding surface and diameter of the bolt bearing area.

Dis temas bolgesinin efektif capinin etkisine yonelik olarak
yapilan calismalar, c¢ap degisiminin helis acis1 ve temas
ylzeyinden dolay1 siirli kalacagin1 ve bu sebeple, siirtiinme
katsayisina etkisinin, kafa alt1 efektif capi etkisine kiyasla daha
diisiik olacagl saptanmistir. Calisma esnasinda elde edilen
bulgulara gore, efektif dis yaricapi ile boliim dairesi c¢api
arasindaki farkin siirtiinme katsayisina etkisinin %1’den diisiik
oldugu gorilmistiir [2]. Bahsi gecen bulgular 1s18inda, dis
ylzeyinin efektif ¢api, D2 bolim daire capi1 alinarak kayma
mesafeleri tespit edilmistir.

Efektif kafa alt1 basing dagilimini ve iki farkli yontemi referans
alarak, efektif yaricapin bulunmasina ydnelik olarak yapilan
calisma sonucuna gore, tavsiye edilen geometrik merkezin hem
basing dagilimi hem de ¢ikt1 sonuglarina gére uygun olacagi tespit
edilmistir. Buna yonelik olarak, Sekil 7 (a)’ da ylizey basing
dagilimi verilmis ve Sekil 7 (b)’ de ise x ekseni dogrultusundaki
ylzey basing degisimi grafiklendirilmistir.

/

IIII/II/IIII/IIII%I;]I .

,IIIII/II”I”I,, D, Efektif temas gapi

* Dy, Temas kayma yiizeyi

Sekil 6. Civata dis bolgesi kayma ytlizeyi ve ¢api.

Figure 6. Bolt thread area sliding surface and diameter.
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Sekil 7. Kafa alti temas ylizey basinglarinin y ekseni
dogrultusunda degisimi (a) ve 2 farkli yonteme gore efektif
caplarin gosterimi (b).

Figure 7. Variation of under-head contact surface pressures
along the y-axis (a) and representation of effective diameters
according to 2 different methods (b).

Modelin siirtiinme katsayisi ile eslestirilebilmesi i¢cin 6ncelikle
tekrarll sikim altinda siirtlinme katsayis1 degisimi sonuglari
deneysel olarak elde edilmistir. Buna gore, pwm dis siirtiinme
katsayisini, pbp kafa alti siirtiinme katsayisini ve ot ise total
siirtlinme katsayisini ifade etmektedir. Tablo 3 ve Sekil 8 deki
sonuglardan da goriilecegi iizere, birinci sikim sonrasinda
sirtinme  katsayllarinda kademeli bir artis oldugu
gozlemlenmistir.

Tablo 3. Deneysel siirtiinme katsayisi sonuglarinin 5 test
ortalamasi ve standart sapma degerleri.

Table 3. Five test average and standard deviation values of
experimental friction coefficient results.

Stkim
Standart Standart Standart
tekrar Hen tota
sapma sapma sapma

sayisi

1. 0,098 0,011 0,134 0,009 0,113 0,011

2. 0,113 0,014 0,152 0,010 0,132 0,011

3. 0,124 0,019 0,168 0,013 0,143 0,015

4, 0,129 0,022 0,173 0,019 0,149 0,020

5. 0,137 0,026 0,181 0,023 0,155 0,024
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Sekil 8. Tekrarli sikim altinda siirtiinme katsayis1 degisim grafigi.

Figure 8. Friction coefficient change graph under repeated
tightening.

Elde edilen tekrarli sikim sonuglarina gore, siirtinme
katsayisindaki degisim trendi dis ve kafa alt1 siirtinme degeri ile
benzerlik gostermesine ragmen, dis bolgesi slirtiinme katsayisi
degerinin kafa altindan daha diisiik oldugu gorilmektedir. Bu
durum, kafa alti ve dis bolgelerinin siirtiinme degerlerinin
modelleme esnasinda biliyliik fark yaratacagini ortaya
koymaktadir.

Elde edilen sikim sayisina bagh siirtinme Kkatsayisinin,
simiilasyon =~ modeline  girilebilecek  bir = parametreye
doniistiiriilmesi asamasinda, kayma mesafeleri ile donme acilari
arasinda dogrudan bag olmasindan dolayr “SLDI (sliding
distance-kayma mesafesi)” bazli modelin siirtiinme Kkatsayisi
degisimini veren kiimiilatif kayma mesafesi verisi elde edilmistir.
Burada, her bir sikim esnasinda kafa alti ve dis bolgesindeki
kayma mesafelerinin hesaplanmasinda, Boliim 2.3’ de verilen
yontem kullanilmistir. Bunun sonucunda, kiimiilatif olarak kafa
alt1 ve dis ylizeyinin 5. sikima kadar olan kiimiilatif kayma
mesafesi degerleri Sekil 9’ da verilmistir.
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Sekil 9. Kiimiilatif kayma mesafesi ile siirtiinme katsayisi
degisimi.
Figure 9. Friction coefficient change with cumulative sliding
distance.

Elde edilen verilerden de goriilecegi lizere, kafa alti ve dis
ylzeyinin kayma mesafeleri birbirlerinden farklidir. Bu durum,
her bir bolge i¢in 6zel bir kayma mesafesi - siirtiinme katsayisi
modelinin ihtiyacini ortaya koymaktadir.

Her bir simiilasyon modelinin, ilgili tekrarli sikim sayisindaki
davranisini elde edebilmek adina, kayma mesafeleri her bir sikim
degeri icin sabit alinmis ve kafa alt1 ile dis bélgelerinin siirtiinme
katsayilarinin relatif kayma mesafesine gore degisimleri elde
edilmistir. Model, sikim esnasindaki siirtiinme katsayisi
degisimini lineer olarak hesaplamakta ve siirtiinme katsayisini
kayma mesafesi bazli olarak entegre etmektedir. Buna gore,
deneysel verilerden elde edilen kayma mesafesi bazl grafikler
Sekil 10’ da verilmistir.
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Sekil 10. Sikim esnasinda relatif kayma mesafesi bazli siirtiinme
katsayis1 degisimi, dis (a), kafa alt1 (b).

Figure 10. Friction coefficient change based on relative sliding
distance during tightening, tooth (a), under head (b).

3. Bulgular ve Tartisma

Sayisal simiilasyon modelinin ilk etapta yay rijitliginin
dogrulanmasi gergeklestirilmis ve ilk sikim esnasindaki tork ac1
grafiginden elde edilen veriler ile eslestirilmesi saglanarak
deneysel test sisteminin rijitlik degerinin simiilasyon modeline
uygulanmasi saglanmigtir. Bu kapsamda, oncelikle 120000
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N/mm degeri kullanilarak simiilasyon gerceklestirilmistir ve
model 1 olarak adlandirilmistir. Model 1 sonucunda elde edilen
tork a¢1 grafiginin deneysel veriler ile uyusmasini saglamak
amaciyla, yay sabiti 300000 N/mm degerine ¢ikarilmis ve model
2 olusturulmustur. Daha sonrasinda, iki modelin deneysel model
ile a¢1 farkinin interpolasyonu ile yeni bir deger tespit edilmistir.
Elde edilen 202000 N/mm degeri kullanilarak model 3
olusturulmustur. Ana rijitlik modelinin dogrulugu, dénme agisi,
cikti torku ve olusan Kkilitleme yiikii degerlerinin deneysel
verilerle eslestirilmesi ile dogrulanmistir. Similasyon ve
deneysel sonuglari iceren veriler Sekil 11’ de verilmistir.
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Sekil 11. Farkl yay sabitlerindeki tork a¢i degerleri.
Figure 11. Torque angle values at different spring constants.

Ana modelin kurgulanmasi sonrasinda, amacimiz olan siirtiinme
katsayis1 modelinin simiilasyona entegre edilebilmesi i¢in kayma
mesafesi (sliding distance, SLDI) degerini baz alan simiilasyon
modeli olusturulmustur. Bu kapsamda, APDL kodu aracilig1 ile dis
ve kafa alti temas bolgeleri icin iki ayri siirtiinme girdisi
tanimlanmistir. APDL kodu, ilgili bélgenin siirtiinme katsayisi
degerini, lineer formda, kayma mesafesi bazli girilmesine olanak
vermektedir. Buna gore, Sekil 12’ de verilen kod ile, kafa alt1
slrtinme katsayisit 2. sitkim icin SLDI Omm iken 0,134, SLDI
5,65mm iken 0,152 ve SLDI 9 mm iken ise 0,162 girilerek u¢
enterpolasyon yapilmasi engellenmistir.

MPDELE MU, cid

TB, FRIC, cid, , , IS
TBFIELD,SLDI, O

2-{&) Connections

B-{8 Contacts o

B P, Frictional - civata To somun
[ Commands (APDL)
B~ W, Frictional - ustplaka To dvata
[ Commands (APDL)
v & Longitudinal - Ground To ustplaka

Sekil 12. 2. sikim i¢cin kayma mesafesi

TBDATA, 1, 0.134
TBFIELD, SLDI, 5. €5
TBDATA, 1, 0.152
TBFIELD, SLDI, S
TBDATA, 1, 0.162

bazli siirtinme modeli

APDL kodu.

Figure 12. APDL code for sliding distance based friction model
for 2nd tightening.

Ayni girdi, her bir simiilasyon modeli i¢in ayr1 ayr1 olusturularak
siirtinme katsayis1 degerlerinin modele entegre edilmesi
saglanmis ve simiilasyonlar ¢alhstirilmistir.  Simiilasyon
sonucunda beklenildigi gibi, ayn1 eksenel kuvvet degerlerinde
sikim sayisina bagl olarak tork degerlerinde artis oldugu
gozlemlenmistir. Elde edilen veriler, Sekil 13’de grafik olarak
verilmistir. Bulgular sonucunda, 1. sikim ile 5. sikim arasinda 7.5
Nm fark oldugu tespit edilmistir.

Simiilasyon modelinin diger ¢iktilar1 incelendiginde, beklenildigi
gibi bir von Mises esdeger gerilme dagilimi olustugu tespit
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edilmistir. Buna gore, en yiiksek gerilmeler somun dis bolgesi ile
temas eden ilk 3 diste olusmaktadir. 2. sikima ait gerilme dagilimi
Sekil 14’ de verilmistir.
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Sekil 13. Tekrarl sikim sayis1 bazl eksenel kuvvet-tork degisimi
simiilasyon ¢iktisi.

Figure 13. Simulation output of axial force-torque change based
on the number of repeated tightening.

Sekil 14. Von Mises esdeger gerilme dagilimi.
Figure 14. Von Mises equivalent stress distribution.

Elde edilen ¢iktilar detayli incelendiginde, beklenildigi gibi, yilizey
temas bolgelerindeki kayma mesafelerinin farkli oldugu ortaya
cikmaktadir. Bu durum, SLDI bazh siirtiinme modelinin 6nemini
ortaya koymaktadir. Benzer durum, gerc¢ek test numunelerinin
temas ytizeyleri incelendiginde de ortaya ¢ikmaktadir.

Sekil 15. Civata kafa alt1 ve somun dis yiizeyi kayma mesafesi, 2.
Sikim.

Figure 15. Sliding distance under bolt head and nut thread
surface, 2nd tightening.
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Sekil 15’ de goriildigl lizere, kafa alti dis capina yakin olan
bolgelerdeki kaymanin daha yliksek oldugu gorilmektedir.

Sirtiinme katsayisinin sabit alinmasi ve makale kapsaminda
sunulan kayma bazli stirtiinme katsayis1 degisimi modelinin hata
paylari, deneysel sonuglar ile karsilagtirilarak Tablo 4’de
verilmistir. Elde edilen bulgulara gore, dis ve kafa alt1 bolgesinde
tekrarli sikim altinda siirtinme Kkatsayisinin  degismedigi
varsayimi kullanilarak modellendiginde tork degeri 25,1Nm
olmakta, SLDI modeli kullanildiginda ise 32,6 Nm olarak tespit
edilmektedir. Yeni model kullanilarak elde edilen veriler,
deneysel verilerden %4,48 oraninda sapmaktadir.

Tablo 4. Yiizdesel hata degerleri.

Table 4. Error percentage values.

Model tipi Tork Kilitleme Hata orani,
p (Nm) yiikii (kN) %
Deneysel 5. stkim 31,2 18,2 —---
Stirtlinme degisimi yok 25,1 18,3 %19,5
Kafa ve dis yiizeyi 33,7 18,2 %8,01
stirtiinme tanimi
SLDI Modeli 32,6 18,2 %4,48

4. Sonuclar

Gergeklestirilen c¢alisma sonucunda elde edilen bulgular,
slirtiinme Kkatsayisi degisiminin etkisini ortaya koymaktadir.
Ozellikle, ¢cinko kaplamali civatalar ile gerceklestirilen calismalar
sonucunda elde edilen siirtiinme katsayisi degisim trendleri
calismamiz sonucunda elde edilen bulgular ile eslesmektedir
[11]. Modelin olusturulmasinda deneysel verilerin kullanilmasi
ve slirtinme modelinin deneysel c¢iktilara gore olusturulmasi,
modelin diisiik bir hata payr ile gercege yakin bir sonug
vermesine olanak saglamigtir. Ozellikle, tekrarli sitkim altinda
yapilan calismalar dogrudan siirtiinme katsayisi degisimine
odaklanmasina ragmen kiimiilatif olarak siirtiinmenin degismesi,
simiilasyon modellerinin mevcut siirtinme modelleri ile bu
degisimi yakalamasini zorlastirmaktadir. Bu sebeple, elde edilen
siirtiinme modeli, civatalarin 5 defa kullanilmasi durumundaki
sayisal simiilasyon c¢iktisim1 diisiik bir hata pay1 ile tahmin
etmektedir. Model, kilitleme yiikii degisimini, %4,48’ lik sapma
ile bulabilmistir.

Etik kurul onay1 ve ¢ikar ¢catigsmasi beyani
Hazirlanan makalede etik kurul izni alinmasina gerek yoktur.

Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar ¢atismasi
bulunmamaktadir.

Tesekkiir

Yazarlar, deneysel testlerin gerceklestirilmesindeki ekipman
desteklerinden dolay1 Norm Civata Ar-Ge Merkezine
tesekkiirlerini sunarlar.

Yazar katkilarinin beyan

Mk yazar, literatiir taramasi, makale yazimi, deney tasarimi ve
analizlerin gergeklestirilmesi konularinda goérev almis, ikinci
yazar ise metodolojinin gelistirilmesi, dilizenlenmesi ve
denetlemesini gerceklestirmistir.

397

Kaynaklar

(1]

(2]

(3]

(4]
(5]

(6]

(7]

(8]

[9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

Grabon, W.A., Osetek, M., Mathia, T.G. 2018. Friction of Threaded
Fasteners, Tribology International, Cilt. 118, s. 408-420. DOI:
10.1016/j.triboint.2017.10.014

Nassar, S.A., Matin, P.H., Barber, G.C. 2005. Thread Friction Torque In
Bolted Joints, Journal of Pressure Vessel Technology, Transactions of the
ASME, Cilt. 127, 5.387-393. DOI: 10.1115/1.2042474

Nassar, S.A,, Barber, G.C,, Zuo, D. 2005. Bearing Friction Torque In Bolted
Joints, Tribology Transactions, Cilt. 48, s. 69-75. DOLI
10.1080/05698190590899967

DIN EN ISO 16047. 2013. Fasteners - Torque/clamp force testing. The
International Organization for Standardization

Nassar, S.A,, Yang, X. 2008. Torque-Angle Formulation of Threaded
Fastener Tightening, Journal of Mechanical Design, Cilt. 130, No.3. DOI:
10.1115/1.2821388

Nassar, S.A.,, Zaki, A.M. 2009. Effect of Coating Thickness on the Friction
Coefficients and Torque-Tension Relationship in Threaded Fasteners,
Journal of Triboloji, Cilt. 131, s. 1-11. DOI: 10.1115/1.3085941

Yu, Q,, Zhou, H., Wang, L. 2015. Finite Element Analysis of Relationship
Between Tightening Torque and Initial Load of Bolted Connections,
Advances in Mechanical Engineering, Cilt. 7, No.5. DOL
10.1177/1687814015588477

Eliaz, N., Gheorghiu, G., Sheinkopf, H., Levi, O. Shemesh, G., Ben-
Mordechai, A., Artzi, H. 2003. Failures of Bolts in Helicopter Main Rotor
Drive Plate Assembly Due to Improper Application of Lubricant,
Engineering Failure Analysis, Cilt. 10, s. 443-451. DOI: 10.1016/S1350-
6307(03)00018-9

Croccolo, D., De Agostinis, M., Vincenzi, N. 2012. Influence of Tightening
Procedures and Lubrication Conditions on Titanium Screw Joints for
Lightweight Applications, Tribology International, Cilt. 55, s. 68-76. DOI:
10.1016/j.triboint.2012.05.010

Croccolo, D., De Agostinis, Fini, S., Olmi, G. 2017. Tribological Properties
of Bolts Depending on Different Screw Coatings and Lubrications: An
Experimental Study, Tribology International, Cilt. 107, s, 199-205. DOI:
10.1016/j.triboint.2016.11.028

Eccles, W., Sherrington, I, Arnell, R.D. 2010. Frictional Changes During
Repeated Tightening of Zinc Plated Threaded Fasteners, Tribology
International, Cilt. 43, s. 700-707. DOI: 10.1016/j.triboint.2009.10.010
Kumar, M,, Persson, E., Sherrington, I, Glavatskih, S. 2022. Changes in
Friction of Zinc Flake Coated Threaded Fasteners Due to Humidity,
Temperature and Storage Duration, Tribology International, Cilt. 170,
no. 107498 DOI:10.1016/j.triboint.2022.107498

Housari, B. A, Nassar, S. A. 2007. Effect of Thread and Bearing Friction
Coefficients on the Vibration-Induced Loosening of Threaded Fasteners.
Journal of Vibration and Acoustics, Cilt. 129, s. 484-494.
DO0I1:10.1115/1.2748473

Nassar, S.A.,, El-Khiamy, H., Barber, G.C,, Zou, Q., Sun, T.S. 2005. An
Experimental Study of Bearing and Thread Friction in Fasteners, Journal
of Tribolojy, Cilt. 127, s. 263-272. D01:10.1115/1.1843167

Mackerle, J. 2003. Finite Element Analysis of Fastening and Joining: A
Bibliography (1990-2002), International Journal of Pressure Vessels and
Piping, Cilt. 80, s. 253-271. DOI: doi.org/10.1016/S0308-
0161(03)00030-9

Ganeshmurthy, S, Nassar, S.A. 2014. Finite Element Simulation of
Process Control for Bolt Tightening in Joints With Nonparallel Contact, J.
Manuf. Sci. Eng,, Cilt.136. D0OI1:10.1115/1.4025830

Zadoks, R.I, Kokatam, D.P.R. 2001. Investigation of the Axial Stiffness of
a Bolt Ssing a Three-Dimensional Finite Element Model, Journal of Sound
and Vibration, Cilt. 246, s. 349-373. D01:10.1006/jsvi.2001.3651
MacDermid Enthone Industrial Solutions, Friction Control,
https://industrial. macdermidenthone.com/products-and-
applications/anti-corrosion/friction-control (Erisim Tarihi: 02.12.2023)
1SO 898-1.2013. Mechanical properties of fasteners made of carbon steel
and alloy steel, The International Organization for Standardization
Jiang, X. ], Hong, J., Shao, G. Q., Zhu, L. B,, & Zhu, Y. S. 2014. An Analytical
Model for Rotation Stiffness and Deformation of an Antiloosening Nut
under Locking Force, International Journal of Rotating Machinery, Cilt.
68,1n0.410813.D0I: 10.1155/2014/410813

Zou, Q., Sun, T.S., Nassar, S.A, Barber, G.C.,, EI-Khiamy, H., Zhu, D. 2007.
Contact Mechanics Approach to Determine Effective Radius in Bolted
Joints, Journal of Tribology, Cilt. 127 s. 30-36. D01:10.1115/1.1829717
Gong, H,, Liy, ], Ding, X. 2016. Calculation of the Effective Bearing Contact
Radius for Precision Tightening of Bolted Joints, Advances in Mechanical
Engineering, Cilt. 8, s. 1-8. DOI: 10.1177/1687814016668445



DEU FMD 26(78) (2024) 398-414
Dokuz Eyliil Universitesi Miithendislik Fakiiltesi Fen ve Miithendislik Dergisi
Dokuz Eylul University Faculty of Engineering Journal of Science and Engineering
Elektronik/Online ISSN: 2647-958X

ARASTIRMA MAKALESI / RESEARCH ARTICLE

Cu Esasli Metal Matris Kompozit Kaplamalarin Pseudomonas Aeruginosa ve
Aspergillus Niger Ortamlarindaki Korozyon Davramslarinin incelenmesi

Investigation of Corrosion Behavior of Cu-based Metal Matrix Composite
Coatings in Pseudomonas Aeruginosa and Aspergillus Niger Environments

Bugra Karahan 1", Ugur Malayoglu 2(, Kadir Cihan Tekin 32/, Ash Sahiner #

1 Dokuz Eyliil Universitesi Fen Bilimleri Enstitiisii, izmir, TURKIYE

23 Dokuz Eyliil Universitesi Miihendislik Fakiiltesi, Metalurji ve Malzeme Miihendisligi, izmir, TURKIYE
+ Ege Universitesi Fen Fakiiltesi, izmir, TURKIYE

Sorumlu Yazar / Corresponding Author *: karahan.bugra@ogr.deu.edu.tr

0z

Bu ¢alismada CA (%100 Cu-Al203), CNZA15 (%85 Cu-Al203+%15 Ni-Zn-Al203), CNZA30 (%70 Cu-Al203+%30 Ni-Zn-Al203) ve CZA
(%100 Cu-Zn-Al203) olmak tizere 4 farkli kompozisyondaki kaplama tozu kullanilarak farkli kalinliklardaki Cu esasli metal matris
kompozit (MMK) kaplamalar diisiik basing soguk dinamik gaz piiskiirtme (SDGP) prosesi ile 7075 aliiminyum alasimi (AA) iizerinde
iretilmis, kompozisyon ve kalinligin kaplamalarin mikrobiyolojik korozyon davranislari tizerindeki etkisi arastirilmistir. X-151n1
difraksiyonu (XRD) paternleri ile kaplama tozlar1 ve bu tozlardan iiretilen kaplamalarin benzer faz igeriklerine sahip oldugu
bulunmustur. Ayrica kaplama prosesi esnasinda tozlarin yiiksek sicakliklara (T>~300°C) maruz kalmadigi ve termal etkinin herhangi
bir faz déniisiimiine neden olmadig1 sonucu ortaya ¢ikarilmis ve enerji dagitict X-151n1 spektrometresi (EDS) ile donatilmis taramali
elektron mikroskobu (SEM) kullanilarak dogrulanmistir. Diger taraftan optik mikroskop (OM) ve SEM analizleri ile kaplama
mikroyapilarinda baskin metal matrisin bakir oldugu ve Al203 partikiillerinin metal matrisine homojen bir sekilde dagildig: tespit
edilmistir. Mikrobiyolojik korozyon testleri bir Gram-negatif bakteri olan Pseudomonas aeruginosa ve bir kiif tiirii olan Aspergillus
niger referans strainleri kullanilarak gerceklestirilmistir. inkiibasyon siiresi sonunda en etkili antibakteriyel ve antifungal etkiyi CZA
kaplamalar1 gostermistir. Ayrica CZA kaplamalari i¢in Aspergillus niger ortaminda inhibisyon zonu tespit edilmis ve zon ¢ap1 7 mm
olarak o&l¢ililmiistiir. Sonuglar kaplamalarin mikrobiyolojik korozyon davranigslari tizerinde kompozisyonun etkili oldugunu ve hem
bakteri hem de kiif ortaminda CZA kaplamalarinin basarili sonuglar ortaya ¢ikaracagini géstermistir.

Anahtar Kelimeler: 7075 AA, SDGP, MMK Kaplama, Mikrobiyolojik Korozyon, Pseudomonas Aeruginosa, Aspergillus Niger

Abstract

In this study, Cu-based metal matrix composite (MMC) coatings of different thicknesses were produced on 7075 aluminum alloy (AA)
by low pressure cold gas dynamic spray (CGDS) process, using coating powders in four different compositions: CA (100% Cu-Al203),
CNZA15 (85% Cu-Al203+15% Ni-Zn-Al203), CNZA30 (70% Cu-Al203+30% Ni-Zn-Al203) and CZA (100% Cu-Zn-Al203). The study aimed
to investigate the effects of coating composition and thickness on the microbiological corrosion behavior of coatings. X-ray diffraction
(XRD) patterns show that the phase contents of the coating powder and the coating produced with the same powder are similar to
each other. It was also concluded that the powders were not exposed to high temperatures (T>~300°C) during the coating process
and the thermal effect did not cause any phase transformation, and this was confirmed using a scanning electron microscope (SEM)
equipped with an energy-dispersive X-ray spectrometer (EDS). Optical microscope (OM) and SEM analyzes determined that the
dominant metal matrix in the coating microstructures was copper and Al203 particles were homogeneously distributed in the metal
matrix. Microbiological corrosion tests were performed using Pseudomonas aeruginosa and Aspergillus niger reference strains. The
results obtained at the end of the incubation period demonstrate that CZA coatings show effective antibacterial activity against
bacteria and also provide an antifungal effect by preventing fungus formation. Additionally, an inhibition zone was detected in
Aspergillus niger medium for CZA coatings and the zone diameter was measured to be 7 mm. These findings indicate that the
composition is effective on the microbiological corrosion behavior of coatings and that CZA coatings, in particular, achieve successful
results against both bacteria and fungus.

Keywords: 7075 AA, CGDS, MMC Coating, Microbiological Corrosion, Pseudomonas Aeruginosa, Aspergillus Niger

EXTENDED ABSTRACT

Introduction various industries such as aerospace, automotive, defense,
among others. This makes them ideal for applications requiring a

Due to their unique mechanical properties and low density,
q prop v high strength-to-weight ratio [1]. The corrosion morphology of

aluminum and its alloys play a crucial role in the advancement of
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aluminum and its alloys primarily manifests as a localized
corrosion morphology, encompassing prevalent forms of
corrosion such as stress corrosion cracking, pitting corrosion,
crevice corrosion, galvanic corrosion, and microbiological
corrosion [4,5]. Therefore, effectively enhancing the corrosion
resistance of AAs poses a significant scientific challenge in
aviation research [6]. Both 7075 AA and 2024 AA are widely
employed in the structures and critical components of aircraft.
The presence of alloying elements in these metals renders them
susceptible to localized corrosion while simultaneously leaving
them vulnerable to microbiological corrosion [7]. Microbiological
corrosion is a mechanism associated with the corrosion of metal
surfaces affected by the physiological processes of
microorganisms [8]. It can accelerate various forms of corrosion
such as general corrosion, pitting corrosion, crevice corrosion,
galvanic corrosion, intergranular corrosion, alloy depletion and
stress corrosion cracking [9]. Presently, many civilian and
military aircraft fuel tanks are manufactured from AAs [10].
Microorganisms are introduced into fuel tanks through airborne
contaminants and ingress of water into the tank [11]. The
accumulation of water inside fuel tanks triggers the growth of
microorganisms, leading to microbiologically induced corrosion
in these tank structures [7]. Particularly in the aviation sector,
microbiological corrosion has emerged as a significant type of
corrosion that is receiving increased attention [12,13].

Traditional surface treatment methods for aluminum and its
alloys include electroplating [15-16,17], anodizing [18,19], and
PVD/CVD [20]. Various methods have been proposed to prevent
aluminum corrosion, such as electroplating with cerium or silane
films, cathodic protection using magnesium-rich coatings,
organic coatings, conversion coatings, and polymer coatings
[21,22]. The use of these methods is gradually being restricted
due to their environmental and human health hazards or high
equipment requirements. The rise of ceramic materials offers
significant ideas for material protection, such as thermal spraying
[25] and laser cladding [26,27]. However, such technology is
limited to situations where the adhesion of the film to the
substrate and the homogeneity of the film thickness are not
absolute. Moreover, there is a risk of altering the microstructure
of the substrate material due to the thermal and laser processes
[28].

The SDGP was developed in the mid-1980s at the Institute of
Applied and Theoretical Mechanics of the Russian Academy of
Sciences in Siberia by Professor Anatolii Papyrin and his
colleagues [29]. The minimization or complete elimination of
high-temperature oxidation, evaporation, melting,
crystallization, thermal residual stresses and other common
detrimental effects of traditional thermal spraying processes
make the SDGP process a promising and evolving technique for
numerous industrial applications [30].

In the prevention or delay of microbiological corrosion, naturally
occurring substances as well as specific biologically active metals
such as Ag, Cu, and Zn offer appropriate options for advanced
biomaterials with antibacterial properties. Particularly, the use of
copper and copper-based alloys as coatings emerges as a
prevalent solution. In this regard, various coating methods are
feasible [32]. In a study found in the literature, copper coating on
AA was conducted using three different thermal spraying
methods: plasma spraying, wire arc spraying, and cold spraying.
Among these methods, cold spraying emerged with the least
amount of surviving Staphylococcus aureus after a 2-hour contact
period compared to the other methods [33]. Another study
investigated the antimicrobial properties of different transition
metals such as silver, nickel, zinc, and copper-modified HA/PEEK
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coatings against Staphylococcus aureus. The results showed that
HA-Ni/PEEK, HA-Cu/PEEK, HA-Zn/PEEK, and HA-Ag/PEEK
coatings exhibited a lethal effect on the bacterial population in
the control solution in increasing order from minimum to
maximum. HA-Ag/PEEK demonstrated the highest antibacterial
tendency with the least surviving bacterial population [37].

While there is a sufficient level of research examining the general
corrosion behavior of coatings produced by the CGDS process in
the literature, studies focusing on their microbiological corrosion
activities are limited. This study investigates the microbiological
corrosion behaviors of Cu-based coatings and explores the
influence of coating composition and thickness on these
properties.

Materials and Methods

In the experimental investigations, 7075 AA-T651 was employed
as the substrate material, characterized by a chemical
composition denoted as (0.29% Fe, 0.08% Si, 0.22% Mn, 0.20%
Cr, 0.042% Ti, 1.68% Cu, 2.37% Mg, 5.79% Zn and balance Al) and
mechanical properties denoted as (yield strength: 521-544 MPa,
tensile strength: 579-604 MPa and elongation: % 9.5-12.4). The
7075 AA in sheet form, measuring 500x500x10 mm, was
supplied by Seyko¢ Aluminum Ltd. To ensure consistent surface
quality among all specimens and to enhance mechanical bonding
through surface activation before the coating process,
sandblasting was executed utilizing the Reitel Sanduret-2K
sandblasting device (Megadental Gmbh). The sandblasting
operation was conducted at a pressure of 3.5 bar, employing
alumina particles with a size of 250 pm.

In the fabrication of coatings, commercially available CA, Ni-Zn-
Al03 (NZA) and CZA coating powders, featuring particle
diameters within the range of approximately 5-70 pm, were
employed. These coating powders were procured from DYMET
(Obninsk Center for Powder Spraying, Russia) and exhibit a
purity exceeding 99%. Throughout the coating production
process, CA and CZA powders were utilized individually.
Additionally, powder compositions of CNZA15 and CNZA30 were
prepared by mechanically blending CA and NZA powders in
specific weight ratios.

Particle size distributions of the powders were assessed using a
laser particle size distribution device (HORIBA LA-950). The
ZEISS GeminiSEM 560 SEM equipped with an array of secondary
electron (SE) and backscattered electron (BE) detectors, along
with an EDS attachment, was employed to determine powder
morphologies. The SEM analyses were carried out using SE and
BE methods at magnification levels of 500x-1000x-2500x. To
mitigate electron charging resulting from the low electrical
conductivity of the powders, a thin gold-palladium conductive
film was applied to the specimens using the Quorum SC7620
sputter coater before SEM analysis. Furthermore, powder
morphologies were corroborated by conducting semi-
quantitative elemental analysis through point EDS and EDS
mapping. The crystal phase components and their relative
proportions in the powders were ascertained through XRD using
the Rigaku D/max-2200/PC series X-ray diffractometer equipped
with an SA-HF3 model X-Ray tube (Cu-Ka radiation). Peak fitting
was applied to identify the crystalline phases by comparing the
angular positions of the peaks with reference models in the
International Center for Diffraction Data (ICDD) Powder
Diffraction File (PDF2). Concurrently, the composition of the
coating powders was cross-referenced with the specifications
provided by the supplier company using X'pert High Score Plus
software.
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The coatings were generated using the commercially accessible
DYMET-423 (Obninsk Center for Powder Spraying, Russia) low-
pressure CGDS equipment. The following parameters were
determined to be applied similarly in all experimental sets:
compressed air pressure 8 bar, preheating temperature 300 °C,
powder feeding rate 0.3 g/s, traverse speed 10 cm/s, stand-off
distance 15 mm, The number of spraying steps was determined
as 10 passes and 20 passes, respectively. Spraying operations
were carried out using a stationary spray gun, and the specimen
moved in the x direction. The movement of the specimen in the x
direction is in the form of going and returning and 1 going or 1
returning movement of the specimen is considered as 1 pass
(spraying step). The Shimadzu HMV microVickers hardness
tester was employed to acquire the through-thickness hardness
profile of the coatings. Hardness scanning was conducted from
the coating towards the substrate, taking into consideration the
trace width in cross-section measurements. Out-of-plane
indentations were executed on the coating oriented parallel to
the substrate surface, employing a peak load of 0.025 kg (245.2
mN) (HVo.025) and an application time of 10 seconds.

To investigate the microstructure throughout the thickness of the
coatings, substrates coated through the CGDS process underwent
a sequential process involving sectioning, resin encapsulation
and final polishing. Sectioning was executed using a SiC precision
cutting disc from Cloeren Technology GmbH, affixed to a Struers
Labotom-5 manual cutting machine. Following sectioning, a cold
mounting process was conducted using epoxy resin (EpoFix from
Struers) at ambient temperature without the application of
vacuum. Fine grinding was executed using diamond-coated
composite thin grinding discs, known for maintaining flatness
and ensuring an effective material removal rate. The final stage of
fine grinding involved the use of 2000 grit SiC paper.
Subsequently, polishing was carried out utilizing 3 um diamond
paste in an alcohol-based lubricant. The concluding polishing
step employed a 50 nm colloidal silica suspension.
Microstructural investigations were conducted using the Nikon
Eclipse ME600 OM and the ZEISS GeminiSEM 560 SEM.

For microbiological corrosion tests, specimens measuring 1x1 cm
and comprising 7075 AA, bulk Cu, CA, CNZA15, CNZA30 and CZA
coatings were prepared. These specimens underwent
sterilization using UV light before being utilized in the tests.
Reference strains were selected for the corrosion tests:
Pseudomonas aeruginosa, a gram-negative bacterium and
Aspergillus niger, a fungus species. Subsequently, sterile
specimens were placed at the center of the plates and the plates
containing bacterial samples and fungus samples were incubated
for a period of 4 weeks. After incubation, the specimens were
cleaned of organism and medium residues. The presence and
severity of microbiological corrosion were evaluated visually.

Results and Discussion

These results indicate that the coating powders exhibit particle
size distribution ranges consistent with the requirements of the
CGDS process. Additionally, it was observed that the highest
particle size was measured in NZA powder, while the lowest was
in CZA powder. The conducted studies revealed that each coating
powder component possesses a distinct morphology and
material types were identified through EDS analyses. In this
context, it was determined that copper exhibits a dendritic
morphology, alumina displays an angular morphology, nickel
features a spongy morphology and zinc possesses a spherical
morphology. All XRD patterns exhibited matches consistent with
the analyzed composition and no unexpected phases were
detected. Dominant phases in all coating powders, except for NZA
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powder, were identified as Cu and Al203. In NZA powder, the
dominant phases were found to be Ni and Al20s.

Microstructure formations of metal and ceramic components in
the coating powder were identified based on regions of different
colors in the coating images. The results indicated that the
dominant metal matrix in the coating microstructures is copper
and Al20s3 particles are uniformly distributed in the metal matrix.
When evaluating the coating thicknesses, it was observed that the
highest coating thicknesses were obtained in CNZA coatings. This
observation is particularly associated with the positive
contribution of nickel in the NZA powder added to the CA
powder, which, during coating production, embeds into the Cu
matrix with relatively lower hardness, thereby contributing to an
increase in coating thickness. The highest hardness values were
obtained in CNZA coatings, attributed to the presence of the Ni
component in the coating; the lowest values were found in CZA
coatings. Hardness values for all coatings except CNZA30
coatings were below the hardness value of the 7075 AA used as
the substrate material. The examined XRD patterns indicated that
the phase contents of the powder material and the coating
produced with the same powder were similar, with no peaks
corresponding to any phase other than the components present
in the feed powders.

Upon examining the petri dish specimens after the incubation
period, it was observed that dark green CuO (cupric oxide)
formation occurred in the bulk Cu, CA, CNZA15, and CNZA30
specimens on the growth medium containing Pseudomonas
aeruginosa. Particularly, in the petri dish where bulk Cu was
present, the color of the growth medium shifted from yellow to
dark green. No significant changes were observed for the 7075
AA and CZA specimens. When evaluating the specimens on the
growth medium containing Aspergillus niger, intense fungus
growth was observed around all specimens except for bulk Cu.
The antifungal effect and inhibition zone were limited for bulk Cu,
while notably impressive results were obtained for the CZA
coating.

Following the initial visual examination, the specimens were
thoroughly cleaned of microbial residues and growth medium
remnants to investigate the effects and severity of the
microbiological corrosion phenomenon in detail. In the P.
aeruginosa environment, microbiological corrosion effects were
observed in all specimens except CZA. In the A. niger
environment, general corrosion effects were observed on the
surfaces of the 7075 AA and bulk Cu specimens. However, for Cu-
based coatings no signs of corrosion were detected, the coating-
substrate interface remained unaffected by corrosion and coating
integrity was preserved.

Conclusion

e The average particle size values for CA, NZA, CNZA15,
CNZA30 and CZA coating powders are determined as 25.30 pm,
27.28 pm, 25.68 um, 26.81 pm and 22.33 pm, respectively.

It has been discerned that each component in the coating
powders exhibits a distinct morphology. In this context, copper
has been identified to possess a dendritic morphology, aluminum
exhibits an angular morphology, nickel displays a spongy
morphology and zinc is determined to have a spherical
morphology.

e The XRD patterns of the coating powders exhibited matches
consistent with the analyzed composition and no unexpected
phases were detected. In all coating powders except for NZA, the
dominant phases were identified as Cu and Al203. In NZA powder,
the dominant phases were found to be Ni and Al203. Additionally,
as expected, Ni phase was detected in CNZA15 and CNZA30
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powders, while Zn phase reached significant intensity values in
CZA powder. Quantitative analyses were conducted on coating
powders to compare with the manufacturer's specifications. The
obtained results indicate that the ingredients and their
percentage ratios in the coating powders are consistent with the
manufacturer's specifications.

e Ithasbeen determined that the dominant metal matrix in the
coating microstructures is copper and the Al203 particles are
uniformly distributed within the metal matrix.

e The XRD patterns, microstructure analyses and EDS results
have indicated that the phase contents of the powder material
and the coatings produced with the same powder are similar. It
has been revealed that, due to the inherent nature of the CGDS
process, the powders do not undergo high temperatures during
the spraying process and there is no thermal effect causing any
phase transformation. Simultaneously, no diffraction peaks
indicative of oxidation or chemical reaction have been detected.
e The highest coating thickness (277.4 um) and the highest
hardness value (192 HVo.o25) were observed in CNZA30 20p
coatings, while the lowest coating thickness (37.44 um) and the
lowest hardness value (87 HVo.25) were detected in CZA 10p
coatings. Additionally, the number of spraying steps has exerted
a positive influence on coating thickness, while it did not lead to
a significant change in hardness values.

e The microbiological corrosion analysis results have indicated
that, compared to the A. niger growth medium, the specimens
were more affected in the P. aeruginosa growth medium.

In the P. aeruginosa growth medium, the formation of dark
green CuO (cupric oxide) was observed in specimens other than
7075 AA and CZA. Specifically, it was noted that the growth
medium color changed from yellow to dark green, especially
where bulk Cu was present.

When evaluating the specimens in the A. niger growth
medium, it was observed that, except for bulk Cu, all other
specimens exhibited dense fungus growth in their vicinity.
Additionally, in the CZA specimen, an antifungal effect and an
inhibition zone were identified, with a measured zone diameter
of 7 mm.

e In the P. aeruginosa environment, microbiological corrosion
effects were observed in all specimens except for CZA. In the A.
niger environment, general corrosion effects were observed on
the surfaces of 7075 AA and bulk Cu specimens. However, no
signs of corrosion were detected for any of the Cu-based coatings.
Among the coatings, only CZA showed no indication of
microbiological corrosion in both bacterial and fungus growth
environments, demonstrating the best antibacterial and
antifungal effects, which were associated with the significant
amount of Zn present in the coating composition.

1. Giris

Aliiminyum ve alasimlari, benzersiz mekanik 6zellikleri ve diisiik
yogunluklari nedeniyle uzay, havacilik, otomotiv, savunma sanayi
gibi cesitli endistrilerin ilerlemesinde ¢ok 6nemlidir ve bu da
onlar yliksek mukavemet-agirlik oranm gerektiren uygulamalar
icin ideal kilar [1]. Alliminyum alasimlari uzun zamandir ugak
yapilarinda kullanilan ana malzemeler olup; yliksek mukavemetli
2XXX alagimlari ve ultra yiiksek mukavemetli 7XXX alasimlari en
yaygin kullanilanlaridir [2]. 7XXX alasimlarinin yiiksek spesifik
mukavemetleri, yiiksek spesifik sertlikleri, yiiksek tokluklari,
miikemmel isleme ve kaynak performanslari dogrultusunda ugak
sasileri, direkler ve Kkirisler gibi tasiyici bilesenlerdeki yaygin
kullanimlari onlar1 havacilikta 6nemli bir yapisal malzeme haline
getirmistir [3]. Bununla birlikte, yliksek mukavemetli aliminyum
alasimlar1 korozyona karsi hassastir [2].

Aliiminyum ve alasimlarinin korozyon morfolojisi esasen lokalize
bir korozyon morfolojisidir ve yaygin korozyon bigimleri
arasinda gerilmeli korozyon ¢atlagi, cukurcuk korozyonu, aralik
korozyonu, galvanik korozyon ve mikrobiyolojik korozyon
bulunmaktadir [4,5]. Bu nedenle AA’larinin korozyon direncinin
etkili bir sekilde nasil iyilestirilecegi, havacilik arastirma alaninda
onemli bir bilimsel problemdir [6]. 7075 AA ve 2024 AA,
ucaklarin hem yapilarinda hem de hassas kisimlarinda yaygin
olarak kullanilmaktadir. Bu metallerdeki alasim elementlerinin
varligi, onlar1 lokalize korozyona karsi duyarli hale getirirken
ayn1 zamanda mikrobiyolojik korozyona karsi savunmasiz hale
getirir [7]. Mikrobiyolojik korozyon, mikroorganizmalarin
fizyolojik siireglerinden etkilenen metal yiizeylerin korozyonu ile
iligkilendirilen bir mekanizmadir [8]. Mikrobiyolojik korozyon;
genel korozyon, ¢ukurcuk korozyonu, aralik korozyonu, galvanik
korozyon, taneler arasi korozyon, alasim giderme ve gerilmeli
korozyon ¢atlag gibi bir¢ok korozyon bigimini hizlandirabilir [9].
Giiniimiizde, sivil ve askeri ucak yakit tanklarinin bir¢ogu
AA’lardan tretilmektedir [10]. Mikroorganizmalar yakit
tanklarina havadaki kirleticilerden ve tanka giren su yoluyla
sokulur [11]. Yakit depolarmin iginde biriken su
mikroorganizmalarin biiylimesini tetikler ve bu tank yapilarinda
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mikrobiyolojik korozyona yol agabilir [7]. Ozellikle havacilik
sektoriinde mikrobiyolojik korozyon, dikkat edilmeye baslanan
onemli bir korozyon c¢esidi haline gelmistir. Havacilik
endiistrisinde, anaerobik kiikiirt azaltici, demir oksitleyici,
mangan oksitleyici ve asit lireten bakteriler gibi ¢esitli bakteri ve
mantar gruplarini iceren jet yakitlar1 hat sisteminin
mikrobiyolojik kontaminasyonu, en az 40 yildir bir sorun olarak
bildirilmistir [12-13,14].

Aliiminyum ve alasimlarinin geleneksel ylizey isleme yontemleri
arasinda elektrokaplama [15-16,17], anotlama [18,19] ve PVD /
CVD [20] bulunmaktadir. Aliiminyum korozyonunu énlemek i¢in
seryum veya silan filmleri ile elektrokaplama, Mg agisindan
zengin bir kaplama kullanarak katodik koruma, organik kaplama,
donilisimlii kaplama ve polimer kaplama gibi ¢esitli yontemler
Onerilmistir [21,22]. Anotlama, korozyondan korunma igin en
pratik yontemlerden biri olarak kabul edilir. Anotlama,
alliminyum yiizeyin iizerinde nanogozenekli bir oksit tabakasi
olusturur [23,24]. Bahsi gecen ydntemlerin ¢evre ve insan
saghigina zararlar1 veya yiikksek ekipman gereksinimleri
nedeniyle yavas yavas kullanimlar1 sinirlanmaktadir. Seramik
malzemelerin yiikselisi, termal plskiirtme [25] ve lazerle
kaplama [26,27] gibi malzeme korumas: igin dnemli fikirler
sunmaktadir. Bu tiir bir teknoloji, yalnizca filmin substrat
yapismasinin ve film kalinliginin homojenliginin mutlak olmadig1
durumlarla sinirhdir. Bununla birlikte termal ve lazer islemlerin
beraberinde getirdigi 1s1l etkiler ile althk malzemenin i¢ yapisinin
degisme riski s6z konusudur [28].

SDGP prosesi, 1980°lerin ortalarinda Sibirya’daki Rus Bilimler
Akademisi'nin Uygulamali ve Teorik Mekanik Enstitlisii'nde
Profeséor Anatolii Papyrin ve meslektaslar1 tarafindan
gelistirilmistir [29]. SDGP veya basitce soguk piiskiirtme prosesi,
metalik veya dielektrik bir althiga, sikistirilmis bir gazin
slipersonik jeti tarafindan hizlandirilan kii¢iik (1-50 pm)
parcaciklarin yiiksek hizli (300-1200 m/s) jetine maruz
birakarak kaplamalarin uygulanmasi siirecidir. Bu noktada
ylksek sicaklik oksidasyonu, buharlasma, erime, kristallesme,
termal kalinti gerilmeleri ve geleneksel termal piiskiirtme
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islemlerinin diger yaygin zararl etkilerinin en aza indirilmesi
veya tamamen ortadan kaldirilmasi, SDGP prosesini bircok
endiistriyel uygulama i¢in gelisime a¢ik ve umut verici bir teknik
haline getirmektedir [30]. Buna ek olarak SDGP prosesi ve elde
edilen kaplamalar; yiiksek birikme verimi, yiiksek birikme hizi,
altliga termal enerji girisinin minimum olmas, toz malzemenin
erimemesi, yliksek yogunluk, diisiik gozenek, iyi yapisma
mukavemeti, basma artik gerilmeleri, ¢ok kalin kaplamalarin
iretilebilmesi, faz doniisimi olmamasi, oksitlenme olmamasi,
tane irilesmesi olmamasi, yiiksek iletkenlik, yliksek korozyon
direnci, yiiksek mukavemet ve sertlik gibi avantajlara sahiptir
[31].

Mikrobiyolojik korozyonun onlenmesi veya geciktirilmesi ile
ilgili olarak dogada bulunan iiriinlerin yani sira Ag, Cu ve Zn gibi
belirli biyoaktif metaller, antibakteriyel ajanlara yonelik gelismis
biyomateryaller icin uygun secenekler sunmaktadir. Ozellikle
bakir ve bakir esash alagimlarin kaplama olarak kullanilmasi
yaygin bir ¢6zlim olarak 6n plana ¢ikmaktadir. Bu noktada farkl
kaplama yontemlerinin kullanimi miimkiindiir [32]. Literatiirde
yer alan bir ¢calismada AA {izerine bakir kaplama islemi plazma
piuskiirtme, tel ark piiskiirtme ve soguk piiskiirtme olmak iizere
ti¢ farkli termal piiskiirtme yontemiyle gerceklestirmistir. Soguk
piskiirtme, diger yontemlere kiyasla 2 saatlik temas sonucunda
hayatta kalan en az Staphylococcus aureus miktariyla 6n plana
cikmistir [33]. Diger bir calismada altlik tizerine elektrokaplama
yoluyla bakir goézenekli malzemeler hazirlanmistir. Sonuglar,
bakir gozenekli malzemelerin Escherichia coli'ye karsi ¢ok giicli
antibakteriyel aktivite sergiledigini gostermistir [34]. Bir bagka
calismada bakir, bakir alasimlart (CuNi35, CuSn10) ve Cu-Ti0210
bakir kompozit kaplamalar plazma piiskirtme yoluyla altlik
tizerine biriktirilmistir. Tiim kaplamalarin 6zellikle Gram-negatif
bakteri tiirlerine karsi yeterli antibakteriyel aktivite gosterdigi
dogrulanmistir [35]. Benzer ¢alisma grubu tarafindan
mikrobiyolojik korozyonun oOnlenmesi veya geciktirilmesine
yonelik 3 farkhi calisma yiritilmiistir. ilk calismada farkh
oranlarda Al/ZnO tozu kullanilarak SDGP prosesi ile Al/ZnO
kaplamalar elde edilmis, toz besleme stogu ve kaplamadaki ZnO
nanotoz konsantrasyonunun artmasiyla antibakteriyel aktivitede
Onemli bir artisin meydana geldigi tespit edilmistir [36]. Diger
calismada glimiis, nikel, ¢inko ve bakir ile degistirilmis HA/PEEK
kaplamalar gibi farkli gecis metallerinin Staphylococcus aureus'a
kars1 antimikrobiyal o6zellikleri incelenmistir. Numunelerin
kontrol ¢ozeltisine karst oldiiriici  etkisi minimumdan
maksimuma olmak iizere sirasiyla HA-Ni/PEEK, HA-Cu/PEEK,
HA-Zn/PEEK, HA-Ag/PEEK seklinde sonuglanmis, HA-Ag PEEK
hayatta kalan en az bakteri popiilasyonu ile maksimum
antibakteriyel egilim sergilemistir [37]. Son ¢alismada 6061
substrati lizerine soguk piliskirtme ZnO/Titanyum kompozit

kaplamanin biyouyumlulugu ve antibakteriyel ozellikleri
incelemistir. Biyouyumluluk testi i¢in osteoblast hiicresi,
antibakteriyel c¢alismada ise Escherichia coli (DH5a)

kullanilmigtir. ZnO/Ti kaplamalarin E. coli'ye karsi onemli
antibakteriyel etkiler sagladigi ve ZnO konsantrasyonunun
artmasiyla hiicre canhiliginin azaldigl tespit edilmistir [38]
Literatiirde yer alan bir baska c¢alismada antimikrobiyal
uygulamalar icin geleneksel ve nanomalzeme bakir soguk sprey
ylzeylerindeki korozyonun etkisi arastirilmistir. Nanomalzeme
Cu, geleneksel Cu'ya gore daha kiiciik tane boyutuna ve
dolayisiyla daha biiyiik tane sinirlarina sahip oldugu igin
korozyon hizina katkida bulunan iyon saliniminin artmasina yol
acmistir. Geleneksel Cu ile karsilastirildiinda nanomalzeme

Cu'nun iyon saliniminin ve Kkorozyon hizinin artmasinin,
Influenza A Virlsliniin temasla odldiiriilmesinde artan
antimikrobiyal etkinligine dogrudan katkida bulundugu

anlasilmistir [39].
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Literatiirde SDGP prosesi ile iiretilen kaplamalarin genel
korozyon davranislarinin incelenmesine yonelik yeterli diizeyde
calisma mevcuttur. Bununla birlikte mikrobiyolojik korozyon
etkinliklerine yonelik ylriitilen c¢alismalar siirhdir. Bu
calismada Cu esash kaplamalarin mikrobiyolojik korozyon
davranislart incelenmis, ayrica kaplama kompozisyonunun ve
kaplama kalmhiginin s6z konusu o6zellikler iizerindeki etkisi
arastirilmistir.

2. Materyal ve Metot

2.1.

Altlik malzeme olarak % kimyasal bilesimi (0,29 Fe, 0,08 Si, 0,22
Mn, 0,20 Cr, 0,042 Ti, 1,68 Cu, 2,37 Mg, 5,79 Zn ve geriye kalan Al)
ve mekanik ozellikleri (akma mukavemeti: 521-544 MPa, ¢ekme
mukavemeti: 579-604 MPa ve uzama: % 9,5-12,4) seklinde olan
7075-T651 AA kullanilmistir. Levha formundaki 7075 AA,
500x500x10 mm o6lgiilerinde Seyko¢ Aliiminyum Ltd. tarafindan
tedarik edilmistir. Numunelerin kaplama tezgahina uygun bir
sekilde montajinin yapilabilmesi i¢cin tedarik edilen levha
formundaki 7075 AA, lazer kesim ile yaklasik dlgiilerde kesilmis
ve tel erezyon ile final dlgiilerine (41,5x41,5x2mm) getirilerek
hassas bir sekilde hazirlanmistir. Tim numunelerin benzer bir
ylzey kalitesine sahip olmasi, kaplama islemi 6ncesinde ytizeyin
etkinlestirilmesi ve mekanik baglanmanin arttirilmasi icin Reitel
Sanduret-2K (Megadental Gmbh) kumlama cihaz1 ile kumlama
islemi gerceklestirilmistir. Kumlama islemi 3,5 bar basing ve 250
um boyutundaki aliimina partikilleri ile yiritilmistir.
Kumlama islemi sonrasi numunelerin yiizey ptrizligi Ra: 1,90
pum ve Rz: 14,4 pm olarak tespit edilmistir.

2.2,

Numune hazirlama

Toz hazirlama

Bu calisma kapsaminda ticari olarak temin edilebilen, partikiil
¢apt ~5-70 pm arasinda degisiklik gosteren, DYMET Ltd.
(Obninsk Toz Piiskiirtme Merkezi, Rusya) tarafindan tedarik
edilen ve %99’dan daha yiiksek safliga sahip Cu-Al203 (CA), Ni-
Zn-Al203 (NZA) ve Cu-Zn-Al:03 (CZA) kaplama tozlar
kullanilmigtir. Kaplama iiretimleri esnasinda CA ve CZA tozlari
tek basina kullanilmis, buna ek olarak agirlik¢a belirli oranlardaki
CA ve NZA tozlart mekanik olarak karistirillarak %85 Cu-
Al203+%15 Ni-Zn-Al203 (CNZA15) ve %70 Cu-Al203+%30 Ni-Zn-
Al203 (CNZA30) toz kompozisyonlar1 hazirlanmistir.

2.3. Kaplama prosesi

Kaplamalarin iiretilmesinde ticari olarak temin edilebilen
DYMET-423 (Obninsk Toz Piiskiirtme Merkezi, Rusya) diisiik
basing SDGP ekipmani kullanilmistir. Piskiirtme islemi
esnasinda uygulanan proses parametreleri; sikistirilmis hava
basinci 8 bar, 6n 1sitma sicakligi1 300 °C, toz besleme hiz1 0,3 g/s,
nozil hareket hizi 10 cm/s, piiskiirtme mesafesi 15 mm,
puskiirtme adim sayis1 10 tur (10t) ve 20 tur (20t) olarak
belirlenmistir. Piskiirtme islemleri noziil sabit, numune yatay
yonde hareketli olacak sekilde gergeklestirilmistir. Numunenin
yatay yondeki hareketi gidis ve doniis seklinde olup, numunenin
tamamladigi 1 gidis veya 1 doniis hareketi 1 tur (piliskiirtme adim
sayis1) olarak kabul edilmistir. Toz kompozisyonu, piiskiirtme
adim sayis1 ve kaplama bilgilerini iceren deney setleri Tablo 1'de
verilmistir.
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Tablo 1. Cu esash kaplamalarin iiretimine yonelik hazirlanan
deney setleri.

Table 1. Experimental sets considered in the production of Cu-
based coatings.

Dem:)y Toz kompozisyonu Piiskiirtme adim Kaplama
Seti sayisi (tur)

1 Cu-Alz03 10 CA 10t

2 Cu-Al203 20 CA 20t

3 %85 Cu-Al203+%15 Ni-Zn 10 CNZA15
Al203 10t

4 %85 Cu-Al203+%15 Ni-Zn 20 CNZA15
Al203 20t

5 %70 Cu-Al203+%30 Ni-Zn 10 CNZA30
Al203 10t

6 %70 Cu-Al203+%30 Ni-Zn 20 CNZA30
Alz03 20t

7 Cu-Zn-Al203 10 CZA 10t

8 Cu-Zn-Al203 20 CZA 20t

2.4. Toz karakterizasyonu

Kaplama tozlarinin partikiil boyut dagilimlari, lazer partikiil
boyut dagilim cihazi (HORIBA LA-950) ile 6l¢iilmiistiir. Toz
morfolojilerinin tespiti icin ZEISS GeminiSEM 560 SEM
kullanilmis, 500x-1000x-2500x biiyiitmedeki calismalar ikincil
elektron ve geri sacilmis  elektron  yontemleriyle
gerceklestirilmistir. Ayrica kaplama tozlar i¢in EDS haritalama
ve noktasal EDS ile yar1 kantitatif elementel analiz ytiriitiilmis ve
toz morfolojilerinin hangi bilesene ait oldugu dogrulanmistir.
Tozlarn kristal faz bilesenleri ve bunlarin bagil miktarlari, XRD
analizleri sonucunda tespit edilmistir. Bu calismada tozlarin faz
bilesenleri, SA-HF3 model X-Ray tiipii (Cu-Ka radyasyonu) ile
donatilmis Rigaku D/max-2200/PC serisi X-151n1 difraktometresi
kullanilarak incelenmistir. XRD spektrumunun
kaydedilmesinden sonra, piklerin agisal konumlar: uluslararasi
difraksiyon data merkezi (ICDD) toz kirinimi dosyasindaki
(PDF2) referans modelleriyle karsilastirilarak mevcut Kkristal
fazlar1 tanimlamak icin pik uydurma yapilmistir. Ayni zamanda
kaplama tozlarinin kompozisyonu X'pert High Score Plus yazilimi
kullanilarak belirlenmistir.

2.5. Kaplama karakterizasyonu

Kaplamalarin kalinhik boyunca mikro yapisini incelemek igin
SDGP ile kaplanmis altliklar kesitlere ayrilmis, recineye alinmis
ve son olarak parlatilmistir. Kesit alma islemi, Struers Labotom-5
manuel kesme makinesine monte edilmis SiC hassas kesme diski
(Cloeren Technology GmbH) kullanilarak gercgeklestirilmistir.
Kesit alma sonrasinda, epoksi regine (Struers, EpoFix) ile soguk
kaliba alma islemi, vakum uygulanmadan ortam sicakliginda
gerceklestirilmistir. Daha sonra, diizgiinligli koruyan ve iyi bir
malzeme kaldirma orani saglayan kompozit ince taslama diskleri
lizerinde elmas kullanilarak hassas zimparalama
gerceklestirilmistir. Hassas zimparalama 2000 grit SiC kagitla
tamamlanmistir. Daha sonra alkol bazli bir yaglayici icinde 3 um
elmas pasta kullanilarak parlatma islemi gergeklestirilmistir.
Final parlatma islemi 50 nm kolloidal silika silispansiyonu ile
yapilmistir.

Mikroyapisal inceleme icin Nikon Eclipse ME600 OM ve ZEISS
GeminiSEM 560 SEM kullanilmistir. Uretilen kaplamalar agik
gozenek iceren piiriizli bir list ylizeye sahip oldugundan, OM ve
SEM ile kaplamalarin yalnizca parlatilmis kesitleri incelenmistir.
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OM ile incelemelerde 100x, 200x ve 500x biyiitmelerde
mikroyapi gorselleri elde edilmis, SEM incelemelerinde ise 500x
ve 1000x blyiitmede calismalar yiiritiilmistiir. Ayrica iiretilen
kaplamalar i¢in EDS haritalama ve noktasal EDS ile yar1 kantitatif
elementel analiz gergeklestirilmistir. Kaplamalarin kalinhk
boyunca sertlik profilini elde etmek i¢in Shimadzu HMV
mikroVickers sertlik test cihazi kullanilmistir. Althk yiizeyine
paralel yonlendirilmis kaplama iizerinde 0,025 kg (245,2 mN)
(HVo.025s) bir pik yiikiinde ve 10 saniye uygulama siiresiyle
indentasyon yapilmistir. Kaplamalarin kristal faz bilesenleri ve
bunlarin  bagil miktarlar;, XRD metodu kullamilarak
belirlenmistir. Bu ¢alismada, kaplamalarin faz bilesenleri, SA-
HF3 model X-Ray tiipii (Cu-Ka radyasyonu) ile donatilmis Rigaku
D/max-2200/PC serisi X-15m1 difraktometresi kullanilarak
incelenmistir. XRD spektrumunun kaydedilmesinden sonra,
piklerin acisal konumlari uluslararasi difraksiyon data merkezi
(ICDD) toz kirinimi dosyasindaki (PDF2) referans modelleriyle
karsilastirillarak mevcut kristal fazlar1 tamimlamak icin pik
uydurma yapilmistir.

2.6. Mikrobiyolojik korozyon testleri

Mikrobiyolojik korozyon testleri i¢cin 1x1 cm 6lgiilerinde 7075
AA, saf Cu plaka ve Cu esashi kaplamalardan olusan numuneler
hazirlanmistir. Mikrobiyolojik korozyon testlerine saf Cu plaka
da dahil edilerek kaplama & saf malzeme konfigiirasyonlarinin
korozyon iizerinde ne derecede fark yarattiginin karsilastirilmasi
amaglanmistir. Askeri veya sivil ugaklarin korozyon kaynakl
bozulmasina iliskin ¢ok sayida rapor, bu durumun yakit
depolama tanklar1 ve wucak kanadi tanklarinin igindeki
kontaminasyondan kaynaklanan mikrobiyolojik biiyimeyle
iliskili oldugunu ortaya c¢ikarmistir [7]. Literatiirde yer alan bir
calismada jet yakiti ortaminda gelisen yaygin mikroorganizmalar
tespit edilmis ve Tablo 2’de verilmistir [40]. Tablo 2’de yer alan
bakteri ve funguslar g6z oniinde bulundurularak korozyon
testlerinde bir gram negatif bakteri olan Pseudomonas aeruginosa
ATCC 15442 ve bir kif tiirii olan Aspergillus niger ATCC 6275
referans strainleri kullanilmistir. P. aeruginosa Trytic Soy Agar
(TSA, Merck, pH:7,3) besiyerinde 37 °C’de 24 saat gelistirilmis ve
fosfat tamponu (PBS, pH:7,2) kullanilarak siispansiyon
hazirlanmistir. Siispansiyonun yogunlugu densitometre ile 0,5
McFarland degerine ayarlanmistir. A. niger Malt Extract Agar
(MEA, Merck, pH:5,6) besiyerinde 25 °C’de 7 giin gelistirilmis ve
106 spor/mL olacak sekilde Thoma lami yardimiyla spor
siispansiyonu hazirlanmistir. Onceden dékiilerek katilastirilmis
Trytic Soy Agar plaklarina P. aeruginosa stispansiyonundan, Malt
Extract Agar plaklarina ise A.niger spor slispansiyonundan 100
uL aktarilarak L baget ile yayilmistir. Oda sicakhiginda 30 dk
bekletilerek silispansiyonlarin  besiyerine difiize olmasi
saglanmigtir. Ardindan steril numuneler petrilerin merkezine
yerlestirilerek bakteri igeren petriler 37 °C’de, kiif iceren petriler
ise 25 °C’de 4 hafta boyunca inkiibasyona birakilmistir.

Tablo 2. Jet yakiti
mikroorganizmalar [40].

ortaminda yaygin olarak goriilen

Table 2. Microorganisms commonly observed in the jet fuel
environment [40].

Bakteri Fungi Maya

Bacillus Hormoconis resinae Candida

Micrococcus Aspergillus
Pseudomonas Fusarium

Arthrobacter Penicillum
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3. Bulgular ve Tartisma

3.1. Kaplama tozlarinin karakterizasyonu

Partikiil boyut dagilim analizleri en az 3 tekrarli 6lgiimler
sonucunda gergeklestirilmis, CA, NZA, CNZA15, CNZA30 ve CZA
kaplama tozlari icin ortalama partikiil boyut degerleri sirasiyla
25,30 ym, 27,28 pm, 25,68 pum, 26,81 um ve 22,33 pum olarak
tespit edilmistir. Partikiil boyutunun en ytiksek NZA tozunda, en
diisiik ise CZA tozunda oldugu belirlenmis ve bu tozlara ait
partikiil boyut dagilim grafikleri Sekil 1’de verilmistir.

Kaplama tozlarina yonelik SEM analizleri ylriitiilmiis, kaplama
tozlarindaki her bir bilesenin farkli toz morfolojisine sahip
oldugu ortaya ¢ikarilmis, EDS haritalama ve noktasal EDS ile

16 T T T

malzeme tiirleri belirlenmistir. Buna goére bakirin dentritik bir
morfolojiye, aliiminanin koseli bir morfolojiye, nikelin siingersi
bir morfolojiye ve ¢inkonun kiiresel bir morfolojiye sahip oldugu
tespit edilmistir. Bu calismada kullanilan kaplama tozlari
arasinda tim bilesenleri iceren CNZA30 tozuna ait SEM
goriintiileri ve EDS haritalama ¢iktilar1 6rnek olarak Sekil 2’de
verilmistir.

Ayrica kaplama tozlari ile ilgili olarak yiiriitiilen noktasal EDS
calismasi sonucunda toz kompozisyonlari icerisinde yer alan her
bir bilesen ve sahip oldugu morfoloji dogrulanmis, bu ¢alismada
kullanilan kaplama tozlar1 arasinda tim bilesenleri iceren
CNZA30 tozuna ait analiz ¢iktisi drnek olarak Sekil 3’te
verilmistir.
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Sekil 1. NZA ve CZA tozlarimin partikil boyut dagilim grafikleri.

Figure 1. Particle size distribution graphs of NZA and CZA coating powder.
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Sekil 2. CNZA30 tozuna ait SEM goriintiileri ve EDS haritalama ciktilari.

Figure 2. SEM images and EDS mapping outputs of CNZA30 coating powder.
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Sekil 3. CNZA30 tozuna ait noktasal EDS ¢iktilari.
Figure 3. Results of point EDS analysis for CNZA30 powder.

Kaplama tozlarina ait XRD paternleri Sekil 4’te verilmistir. Tim
paternler analiz edilen bilesime uygun olarak eslesme gostermis
ve beklenenin haricinde bir faz tespit edilmemistir. NZA tozu
disindaki tiim kaplama tozlarinda baskin fazlarin Cu ve Al203
oldugu, NZA tozunda ise baskin fazlarm Ni ve Al203 oldugu
gorlilmiistiir. Ayn1 zamanda CNZA15 ve CNZA30 tozlarinda
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beklenildigi tizere Ni faz1 belirlenmis, CZA tozunda Zn fazi1 daha
yliksek siddet degerlerinde tespit edilmistir. Ayrica kaplama
tozlarinin  kantitatif analizleri gerceklestirilmis ve toz
kompozisyonu igerisinde yer alan bilesenlerin yiizdesel oranlar1
tespit edilerek Tablo 3’te verilmistir.
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Sekil 4. CA, NZA, CNZA15, CNZA30 ve CZA tozlarinin XRD paternleri.
Figure 4. XRD patterns of CA, NZA, CNZA15, CNZA30 and CZA coating powders.

Tablo 3. CA, NZA, CNZA15, CNZA30 ve CZA kaplama tozlarina ait
kantitatif analiz sonuclari.

Table 3. Quantitative analysis results for CA, NZA, CNZA15,
CNZA30 ve CZA coating powders.

Toz Bilesenleri (%)
Kaplama Tozlar1

Cu Ni Zn  Al03
CA 50 - - 50
NZA 50 10 40
CNZA15 42,5 6 1,7 49,8
CNZA30 37,7 14,7 2,3 45,3
CZA 35 25 40

3.2. Cuesashh MMK kaplamalarin karakterizasyonu

Cu esash kaplamalarin mikroyap: incelemeleri OM ve SEM
analizleri dogrultusunda gerceklestirilmistir.  Elde edilen
goriintillerde kaplama tozunda yer alan metal ve seramik

Epoksi recine

Althk
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bilesenlere ait mikro yap1 olusumlari farkli renkteki bélgelerden
yola  ¢ikilarak  tespit edilmistir.  Sonuglar  kaplama
mikroyapilarinda baskin metal matrisin bakir oldugunu ve Al,03
partikiillerinin metal matrisine homojen bir sekilde dagildigini
gostermistir. Kaplamalara ait OM goriintilerinde turuncu
bolgelerin Cu, siyah bolgelerin Al203, haki renkli bolgelerin Ni ve
acik yesil bolgelerin Zn oldugu belirlenmistir. Kaplamalara ait
SEM goriintiilerinde ise acik gri renkteki bolgelerin Cu, siyah
bolgelerin Al203, koyu gri bolgelerin Ni ve beyaz bélgelerin Zn
oldugu tespit edilmistir. Tiim mikroyap1 bilesenlerini iceren
CNZA30 20t kaplamasina ait 200x biiylitmedeki OM goriintiisii
(Sekil 5a) ve 1000x biiytitmedeki SEM goriintiisii (Sekil 5b) 6rnek
olarak Sekil 5’te verilmistir.

Ayrica karakterize edilen kaplamalar ile ilgili olarak noktasal EDS
calismasi yiiritiilmiis ve mikro yap1 incelmelerinde ortaya ¢ikan
farkli renkteki boélgelerin hangi bilesene ait oldugu
dogrulanmistir. Kaplamalar arasinda farkl renkteki tiim mikro
yap1 bilesenlerini iceren CNZA30 20t kaplamasina ait analiz
ciktis1 6rnek olarak Sekil 6’da verilmistir.
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Epoksi recine

Kaplama

Althk

(b)
Sekil 5. CNZA30 20t kaplamasina ait mikroskop goriintiileri: (a) OM ve (b) SEM.
Figure 5. Microscopic images of the CNZA30 20p coating: (a) OM ve (b) SEM.

VY= W
Pyt
PoPectrumv T
5% R
b

407



DEU FMD 26(78) (2024) 398-414

Sekil 6. CNZA30 20t kaplamasina ait noktasal EDS ¢iktilari.
Figure 6. Results of point EDS analysis for CNZA30 20p coating .

Kaplama kalnliklar ile ilgili olarak hem OM hem de SEM
incelemelerinde 7 farkli bolgeden 6l¢iim alinmis, bu él¢timlerin
sonuglari maksimum, minimum ve ortalama degerler olacak
sekilde Tablo 4’te verilmistir. Kaplama kalinlklar
degerlendirildiginde en yiiksek kaplama kalinhklarinin CNZA
kaplamalarinda elde edildigi goriilmiistiir. Bu durum 6zellikle CA
tozu icerisine ilave edilen NZA tozundaki nikelin kaplama iiretimi
esnasinda nispeten daha diistik sertlik degerine sahip Cu matrisi
icerisine gomiilerek kaplama kalinligina pozitif yonde katki
saglamasi ile iliskilendirilmistir. Ayrica piiskiirtme adim sayisi ile
kaplama kalinhiginin dogru orantili olarak degisim gosterdigi
bulunmus, literatiirde de benzer bulgulara ulasilmistir [41,42].

Tablo 4. Cu esash kaplamalara ait kalinlik él¢iim sonuglari.

Table 4. Thickness measurement results for Cu-based coatings.

Kalinhik Olgiimii (um)

Kaplama
Min. Maks. Ort.
CA 10t 32 49 38,51
CA 20t 46,5 54,7 50,99
CNZA15 10t 54 76 70,02
CNZA15 20t 86,1 116,9 100,1
CNZA30 10t 79,2 99,9 92,2
CNZA30 20t 2734 284 277,4
CZA 10t 30,2 49,6 37,44
CZA 20t 79,8 96,8 89,32

Sertlik olglimleri en az 5 farkli bolgeden alinan olgiimler
sonucunda  belirlenmistir. ~ Sertlik  ol¢limleri  esnasinda
karsilasilan en biiylik zorluk sertlik izinin isabet ettigi bolgedeki
yumusak metal matris ile sert seramik partikiil dagilimindaki
farklilasma olarak belirlenmistir. Dolayisiyla 6l¢iim degerlerinde
bolgesel olarak dramatik degisimlerin meydana gelebilmesi
miimkiin olmustur. Bu dlglimlere dair minimum, maksimum ve
ortalama degerler Tablo 5’te verilmistir. Buna gore en yiiksek
sertlik degerleri kaplama biinyesindeki Ni bileseninin varligl ile
iligkili olarak CNZA kaplamlarinda, en diisiik degerler ise CZA
kaplamalarinda tespit edilmistir. CNZA30 kaplamalar: disindaki
tim kaplamalarin sertlik degerleri, althk malzemesi olarak
secilen 7075 AA’'nin sertlik degerinin altinda kalmigtir. Cu esash
soguk piiskiirtme kaplamalarina yonelik literatiirde bulunan
teorik sertlik degeri incelendiginde sertlik degerlerinin 110-180
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HV arasinda degisim gosterdigi bulunmus, sonuglar Ni icerikli
kaplamalarin daha yiiksek sertlik degerlerine sahip oldugunu
dogrulamistir [43,44].

Tablo 5. 7075 AA ve Cu esash kaplamalara ait Vickers sertlik
degerleri.

Table 5. Vickers hardness values for the 7075 AA and Cu-based
coatings.

HVo,025

Numune
Min. Maks. Ort.
7075 AA 179 186 183
CA 10t 141 150 145
CA 20t 146 154 150
CNZA15 10t 145 157 151
CNZA15 20t 144 173 158
CNZA30 10t 165 210 187
CNZA30 20t 166 218 192
CZA 10t 82 92 87
CZA 20t 95 103 99

CA, CNZA15, CNZA30 ve CZA kaplamalarina ait XRD paternleri
Sekil 7°de verilmistir. XRD paternleri pliskiirtme adim sayis1 10t
veya 20t olacak sekilde gruplandirilarak ayri ayri sunulmustur.
Elde edilen XRD paternleri incelendiginde toz malzeme ve ayni
tozla liretilen kaplama faz iceriklerinin birbiriyle benzer olduguy,
besleme tozlarinda bulunan bilesenlerin disinda herhangi bir
faza ait pikin bulunmadigl goriilmistir. Dolayisiyla SDGP
prosesinin dogas1 geregi piiskiirtme islemi sirasinda tozlarin
ylksek sicakliklara maruz kalmadigi ve termal etkinin herhangi
faz doniisiimiine neden olmadigl sonucu ortaya g¢ikarilmistir.
Ayni zamanda oksidasyonu veya kimyasal reaksiyonu isaret eden
herhangi bir difraksiyon piki tespit edilmemistir. XRD paternleri
tiim kaplamalar i¢in baskin faz iceriginin Cu ve Al203 oldugunu ve
puskiirtme adim sayisinin kaplamlarin faz igerikleri lizerinde bir
etkisinin olmadigim1  gostermistir. CNZA15 ve CNZA30
kaplamalart icin Ni faz1 ayirt edici olmus ve tespit edilmistir. [lave
olarak piklerin siddet degerleri géz 6niinde bulunduruldugunda
besleme tozundaki miktarlar1 ile paralel olarak CNZA30
kaplamasinda Ni fazi, CZA kaplamasinda ise Zn faz1 daha yiiksek
siddet degerleri ile belirlenmistir. XRD sonuglar1 mikroyap1
analizlerini ve EDS sonuglarini dogrulamistir.
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Sekil 7. Cu esash kaplamalarin XRD paternleri: (a) 10 tur ve (b) 20 tur.
Figure 7. XRD patterns of Cu-based coatings: (a) 10 passes (b) 20 passes.
3.3. Cu esashh kaplamalarin mikrobiyolojik korozyon edilmistirr. Cu esash  kaplamalar kendi aralarinda

davranislari

Althik malzeme 7075 AA, saf Cu plaka, CA, CNZA15, CNZA30 ve
CZA numunelerinin Gram-negatif bakteri (P.aeruginosa) ve bir
kif tiirii (A.niger) iceren petrilerdeki inkiibasyon siiresi 4 hafta
sonunda tamamlanmistir. Numuneler petriden ¢ikarilmadan
once incelendiginde 7075 AA, saf Cu plaka ve Cu esash
kaplamalarin bu siireg igerisinde farkli davranis sergiledigi tespit
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degerlendirildiginde CZA hari¢ tiim kaplamalarin benzer
davranislar sergiledigi, bununla birlikte CZA kaplamasi igin
farkli olusumlarin s6z konusu oldugu gériilmiistiir. Bu baglamda
7075 AA, saf Cu plaka, CZA ve diger Cu esash kaplamalar (CA-
CNZA15-CNZA30) gruplandirilarak inkiibasyon siiresi sonunda
petrilerin numuneler ¢ikarilmadan 6nceki gorselleri Sekil 8'de
verilmistir.
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(b)

(d)
Sekil 8. inkiibasyon siiresi sonunda petri gérselleri: (a) 7075 AA, (b) Saf Cu plaka, (c) CZA ve (d) Cu esash kaplamalar (diger).
Figure 8. Petri dish images at the end of the incubation period: (a) 7075 AA, (b) Bulk Cu, (c) CZA and (d) Cu-based coatings (others).
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Inkiibasyon siiresi sonrasi petri 6rnekleri incelendiginde
P.aeruginosa igeren TSA besiyerindeki saf Cu plaka (Sekil 8-b) ve
CZA disindaki Cu esash kaplamalarda (Sekil 8-d) koyu yesil
renkte Bakir (II) Oksit (CuO) olusumunun meydana geldigi
goriilmiistiir. Ozellikle saf Cu plakanin yer aldig1 petride besiyeri
renginin sar1 renkten koyu yesil renge dontisiim gosterdigi tespit
edilmistir. CZA disindaki Cu esash kaplamalar igin besiyeri
renginde bir degisim olmazken, oksit olusumu numune
ylzeyinde baslayip besiyeri geneline yayilmamistir. 7075 AA
(Sekil 8-a) ve CZA (Sekil 8-c) numuneleri i¢in belirgin bir degisim
gozlenmemis, CZA numunesi Cu icermesine ragmen CuO
olusumuna yonelik bir belirtiye rastlanmamasi dikkat ¢ekmistir.
A.niger iceren MEA besiyerindeki numuneler
degerlendirildiginde saf Cu plaka haricindeki tiim numunelerin

cevresinde yogun sekilde kiif liremesinin meydana geldigi
goriilmistiir. Ayrica saf Cu plaka numunesinde sinirl diizeyde
olmak iizere, saf Cu plaka ve CZA numunelerinde antifungal etki
ve inhibisyon zonu tespit edilmistir. CZA numunesinde tespit
edilen ve diger numunelere kiyasla olduk¢a dikkat ¢eken
inhibisyon zonunun detayh gorseli Sekil 9°da verilmis olup, zon
¢ap1 7 mm olarak dl¢iilmistiir.

numuneler
arindirilarak

ilk  muayenenin ardindan
besiyeri artiklarindan

Gozle yapilan
mikroorganizma ve

mikrobiyolojik korozyon davranislari incelenmistir. Petrilerden
cikarllan numunelerin test sonrasi gorselleri Sekil
verilmistir

10’da

Sekil 9. A.niger ortaminda CZA numunesi i¢in tespit edilen inhibisyon zonu.

Figure 9. Inhibition zone identified in the A. niger medium for the CZA coating.
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«~-P.aeruginosa

(d)

Sekil 10. Besiyeri ortamindan ¢ikarilip temizlenmis numune gorselleri: (a) 7075 AA, (b) Saf Cu plaka, (c) CZA ve (d) Cu esash

kaplamalar (diger).

Figure 10. Images of specimens removed and cleaned from the growth medium: (a) 7075 AA, (b) Bulk Cu, (c) CZA and (d) Cu-based

coatings (others).

P.aeruginosa ve A.niger besiyeri ortamindan ¢ikarilan numuneler
degerlendirildiginde numunelerin P.aeruginosa inokiile edilmis
besiyeri ortaminda, A.niger inokiile edilmis besiyeri ortamina
kiyasla  mikrobiyolojik korozyondan daha c¢ok etkilendigi
gorilmiistiir. P.aeruginosa ortaminda CZA disindaki tim
numunelerde mikrobiyolojik korozyon etkileri tespit edilmistir.
Bu noktada 7075 AA'nin ylizeyinde ¢ukurlar gézlenmis, saf Cu
plakanin oksitlendigi belirlenmis ve genel korozyon etkilerine
rastlanmistir. CZA disindaki Cu esash kaplamalarda ise galvanik
etkilesim ile beraber altlik-kaplama ara yiizeyi korozyona hassas
hale gelerek altlik-kaplama biitlinliigli bozulmus ve
kaplamalarda ylizeyden kopmalar meydana gelmistir. CNZA30
numunesinde kaplama altliktan tamamen ayrilarak 7075 AA
althk ylizeyi ortaya ¢ikmistir. Kaplamalar igin P.aeruginosa
ortamindaki mikrobiyolojik korozyon direnci biyiikligi CZA >
CA > CNZA15 > CNZA30 seklinde tespit edilmistir. CA’ya kiyasla
biinyesinde Ni bulunan CNZA 15 ve CNZA30 i¢in P.aeruginosa
ortaminda mikrobiyolojik korozyon kaynakli tahribatin
boyutunun st seviyelere ulastigl tespit edilmistir. A.niger
ortaminda ise 7075 AA ve saf Cu plaka numunelerinin ylizeyinde
genel korozyon etkileri goriilmiistiir. Bununla birlikte Cu esash
kaplamalarin tiimii i¢in herhangi bir korozyon belirtisine
rastlanmamis ve altlhik-kaplama ara yiizeyi korozyondan
etkilenmeyerek kaplama biitiinliigli korunmustur. A.niger
ortaminda Cu esash kaplamalarin saf Cu plaka numunesine gore
daha basarii antifungal etki gostermesi kaplamalarin
biinyesindeki Al203 varhigi ile iligkilendirilmistir [45].

Kaplamalar arasinda sadece CZA’'nin hem bakteri hem de fungus
besi ortaminda herhangi bir mikrobiyolojik korozyon belirtisi
gostermeyerek en iyi antibakteriyel ve antifungal -etkiyi
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sergilemesi kaplama biinyesinde 6nemli miktarda bulunan Zn ile
iliskilendirilmistir. Literatiirde yer alan bir ¢alismada ¢inko
iyonlarinin (Zn2?+), cesitli bakteri ve fungus tiirlerine karsi
antimikrobiyal aktivite sergiledigi, ¢inko oksit (ZnO)
parcaciklarinin kismi ¢6ziinmesinin, sulu siispansiyonda Zn2+
iyonlarini serbest biraktigi ve bunun da ZnO'nun antimikrobiyal
aktivitesine katkida bulundugu sonucuna ulasilmistir [46]. Soguk
puiskiirtme Zn0/Titanyum kompozit kaplamanin
biyouyumlulugu ve antibakteriyel 6zelliklerinin incelenmesine
yonelik yiiriitiilen bir calismada ZnO/Ti kaplamalarin E. coli'ye
kars1 onemli antibakteriyel etkiler sagladig goriilmiistiir. Ayrica
biyouyumluluk  sonuglari, kaplama bilesimindeki ZnO
konsantrasyonunun artmasiyla hiicre canhlifinin azaldigini
gostermistir [38]. Bir bagka calismada, giimiis, nikel, ¢inko ve
bakir gibi farklh gecis metalleri ilaveli kaplamalarin
Staphylococcus aureus'a karst antimikrobiyal 6zellikleri
arastirlmigtir. Calismada, soguk piiskirtiilmis numunelerin
kontrol ¢ozeltisine karsi dldiiriicii etkisi degerlendirilmis ve bu
degerlendirme Ni < Cu < Zn < Ag seklinde sonuglanmistir [37].
Diger bir calismada antimikrobiyal uygulamalar i¢in geleneksel
ve nanomalzeme bakir soguk pilskiirtme yiizeylerindeki
korozyonun etkisi arastirilmistir. Nanomalzeme Cu'nun iyon
saliniminin ve korozyon hizinin artmasinin, geleneksel Cu ile
karsilastirildiginda antimikrobiyal etkinligine dogrudan katkida
bulundugu anlasilmistir [39]. Bu ¢alismada kullanilan kaplama
tozlarinin partikil boyut dagilimlar karsilastirildiginda en diistik
ortalama partikiil boyutu CZA i¢in tespit edilmistir. Dolayisiyla
kiiglik tane boyutunun getirdigi artan iyon saliniminin CZA'nin
sahip oldugu antimikrobiyal etkinlige katki sagladigi
anlasilmigtir.
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4. Sonugve Tartisma

e Kaplama tozlar1 arasinda yapilan analizler sonucunda, NZA
tozunun en yiiksek ortalama partikiil boyutuyla (27,28 um) 6ne
ciktigl, en diisiik ortalama partikiil boyutuna ise CZA tozunun
sahip oldugu belirlenmistir. SEM analizleri, bakirin dentritik,
aliminyumun koseli, nikelin siingersi ve c¢inkonun Kkiiresel
morfolojiye sahip oldugunu gostermistir. XRD paternleri
kaplama tozlar ile ilgili olarak bilesime uygun eslesme gostermis
ve beklenenin haricinde bir faz tespit edilmemistir.

¢ OM ve SEM analizleri ile kaplama mikro yapilarinda baskin
metal matrisin bakir oldugu ve Al203 partikiillerinin metal
matrisine homojen bir sekilde dagildig1 belirlenmistir. XRD
paternleri, mikro yapi analizleri ve EDS sonuglari ile uyumlu
olarak toz malzeme ve aym tozla iretilen kaplama faz
iceriklerinin birbiriyle benzer oldugunu goéstermistir. En yiiksek
kaplama kalinlhig1 (277,4 um) ve sertlik degeri (192 HVo,025)
CNZA30 20t kaplamalarinda, en diisiik kaplama kalinlig1 (37,44
um) ve sertlik degeri (87 HVo,025) CZA 10t kaplamalarinda tespit
edilmistir. Ayrica puskiirtme adim sayist kaplama kalinlig
iizerinde pozitif etki yaratmus, sertlik degerlerinde ise anlaml bir
degisime sebep olmamistir.

» Mikrobiyolojik korozyon test sonuglarina goére, Pseudomonas
aeruginosa besiyeri ortaminda Aspergillus niger besiyeri
ortamina kiyasla daha yiiksek mikrobiyolojik korozyon etkisi
tespit edilmistir. P. aeruginosa besiyerinde saf Cu ve CZA
disindaki Cu esash kaplamalarda koyu yesil renkte Bakir (II)
Oksit (CuO) olusumu gozlemlenmis, 6zellikle saf Cu plaka iceren
petride besiyeri renginin saridan koyu yesile dontisiim gosterdigi
belirlenmistir. A.niger besiyerindeki numunelerde saf Cu plaka
haricindeki tiim numunelerin ¢evresinde yogun sekilde Kkiif
gelisimi gorilmiis, CZA numunelerinde antifungal etkiye bagh
olarak 7 mm'lik inhibisyon zonu tespit edilmistir.

e Paeruginosa ortaminda CZA disindaki tiim numunelerde
mikrobiyolojik korozyon etkileri saptanmis, 7075 AA'min
yluzeyinde c¢ukurlar ve saf Cu plakanin oksitlendigi tespit
edilmistir. CZA disindaki Cu esash kaplamalarda galvanik
etkilesim ile birlikte althik-kaplama ara yiizeyi korozyona hassas
hale gelerek altlik-kaplama biitiinligiinde bozulmalar ve
kaplamalarda kopmalar gézlemlenmistir. Literatiirde yer alan Ni
< Cu < Zn seklindeki antibakteriyel aktivite biiytikligi,
kaplamalarin  P.aeruginosa ortaminda sergilemis oldugu
mikrobiyolojik korozyon direnci biyiikligi ile (CZA > CA >
CNZA15 > CNZA30) dogrulanmistir.

e A.niger ortaminda ise 7075 AA ve saf Cu plaka numunelerinin
ylzeyinde genel korozyon etkileri gozlenmis, ancak Cu esash
kaplamalarda herhangi bir korozyon belirtisine rastlanmamistir.
Kaplamalar arasinda sadece CZA'nin hem bakteri hem de fungus
besi ortaminda mikrobiyolojik korozyon belirtisi gostermeyerek
en iyi antibakteriyel ve antifungal etkiyi sergilemesi kaplama
icinde 6nemli miktarda bulunan Zn ile iliskilendirilmistir.
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Toprak dolgu baraj yikilmalarinin ¢ogu iistten asma ve borulanmadan kaynaklanmakta ve ciddi can ve mal kayiplariyla
sonuclanabilmektedir. Bu sebeple, baraj yikilmasiyla olusan taskinin ilerleyisinin incelenmesi ve riskli alanlarin tespiti, mansap
bolgesinde olusabilecek zararlarin 6nceden belirlenmesi ve dnlenmesi agisindan 6nem arz etmektedir. Bu ¢alismada, homojen toprak
dolgu barajlarin iistten agsma ve borulanma sebebiyle yikilmasi sonucu olusan tagkinin ilerlemesi ve baraj govdesinden tasinacak
sedimentin tagkin dalgasi ile mansaptaki hareketi deneysel olarak incelenmistir. Baraj govdesi, medyan tane ¢ap1 0,441 mm olan
sediment kullanilarak 30 cm yiiksekliginde, 2 m genisliginde insa edilmistir. Baraj gévdesi, standart bir teknikle sikistirilmis her biri
10 cm ytlikseklige sahip ii¢ kattan meydana gelmektedir. Deneyler 2 farkl noktadaki kamera ile kayit altina alinmistir. Deney sonunda
limnimetre ile 6l¢iilen sediment kalinliklar: verileri kullanilarak batimetri grafikleri elde edilmistir. Borulanma nedeniyle barajin
yikilmasi, baraj rezervuarindaki suyun baraj gévdesindeki sedimenti mansap bolgesine tasimasi ve kret genisliginin zamanla
azalmasindan sonra basladigl i¢in suyun iistten asmasi durumundakine goére daha uzun siirmiistiir. Tagkin dalgasi, iistten asma
deneyinde baraj gévdesinin orta kismini mansap bélgesine tasimistir. Borulanma deneyinde ise baraj mansap bélgesindeki erozyonun
zamanla genislemesi ile rezervuardaki suyun sag sahile 60 cm mesafedeki en zayif kesitten baraji yikmaya baslamasi, baraj gévdesinin
sag sahile daha yakin bélgesinin mansap bdlgesine taginmasiyla sonuglanmistir. Deney sonuglari taskin dalgasi ekseninde yayilan
sedimentin kalinliginin daha az oldugunu gostermistir. Borulanma deneyinde sizma-erozyon boyunca baraj gévdesinden tasinan
sediment, tagkin dalgasinin etkisini ve yayilimini azaltmistir. Bu azalma, borulanma deneyinde baraj mansabina yayilan sedimentin
kalinhigini arttirmis, istten asma deneyinde daha uzun ve daha genis sediment yayilimiyla sonuglanmistur.

Anahtar Kelimeler: Toprak Dolgu Baraj Yikilmasi, Borulanma, Ustten Asma, Dolgu Malzemesi Yayilimi

Abstract

Most earth-fill dam failures are caused by overtopping and piping and which can result in serious losses of life and property. Therefore,
investigating the progress of the flood caused by the dam’s break and detection of risky areas is of importance in terms of
predetermining and preventing the damages that may occur in the downstream region. In this study, the progression of the flood
caused by the homogeneous earth-fill dam break due to overtopping and piping and the movement of the sediment to the downstream
by the flood wave were experimentally investigated. The dam body was constructed 30 cm high and 2 m wide by using uniform
sediment with a median grain diameter of 0.441 mm. The dam bodies consist of three layers with a height of 10 cm, which were
compacted with a standard technique. Experiments were recorded with cameras at 2 different points. At the end of the experiment,
bathymetry graphs were obtained by using the sediment thickness data measured with a limnimeter. The dam failure due to piping
started after the water in water reservoir passed through the gaps in the dam body, the sediment in the dam body was transported to
the downstream region, and the crest width decreased over time, so it took longer than overtopping case. With the flood wave, the
middle part of the dam body in the overtopping experiment were moved to the downstream region. In the piping experiment, as the
erosion in the downstream area of the dam expanded over time, the water in the reservoir started to failure the dam body from the
weakest section 60 cm away from the right shore, resulting in the part of the dam body close to the right shore being moved to the
downstream area. Experimental results showed that the depth of the propagated sediment is less in the flood wave axis. In the piping
experiment, sediment moved from the dam body during infiltration and erosion reduced the effect and propagation of the flood wave.
This decrease increased the thickness of the propagated sediment at the downstream of the dam in the piping experiment and resulted
in a longer and wider sediment propagate in the overtopping experiment.

Keywords: Earth-fill Dam Failure, Piping, Overtopping, Filling Material Propagation
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EXTENDED ABSTRACT

Introduction

A dam is a structure that is constructed as a barrier across a valley
or natural depression to stop or restrict the flow of water or
underground streams and to create a water storage which is
called reservoir. Such reservoirs are required for three main
purposes as provision of a dependable water supply for domestic
and/or irrigation use, flood mitigation and generation of electric
power.

Most of the dams built to date are earth fill dams [1]. The failure
mechanism of earth fill dams may be related to one or more of the
factors such as unexpectedly large inflow, insufficient foundation,
different settlement, landslides, earthquakes, inadequate project
design and construction, poor construction materials use, and
faulty operations. Most failures in earth-fill dams are caused by
piping from internal erosion and overtopping.

As aresult of dam failure, a huge amount of water accumulated in
the dam reservoir exceeds the dam body and this uncontrolled
water moves to the downstream region with the dam body
sediment which causes devestation. For this reason, it is an
important issue to determine the flood movement in order to
obtain the possible risks that may occur in the settlement areas
which is located in the downstream region of the dam.

Models related to the hydrodynamics of the flood wave resulting
from the failure of dams are available in the literature, but there
are fewer studies on the movement of the sediment to the
downstream by the flood wave during dam failures [13-15].

In this study, the failure of earth-fill dams due to overtopping and
piping were examined experimentally and the progression of the
sediment moving towards the downstream of the dam with the
flood wave resulting from both types of failure was examined.

Materials and Methods

Homogeneous earth-fill dam break was carried out with two
different scenarios, namely, overtopping and piping.

The experiments were performed in a reinforced concrete
channel with 18 minlong, 2 m in wide and 0.88 m in deep, located
in the hydraulic laboratory of Izmir Katip Celebi University.

The homogeneous earth-fill dam bodies were constructed 30 cm
high and 2 m wide by using uniform sediment with a median
grain diameter of 0.441 mm. The dam bodies consist of three
layers with a height of 10 cm, which were compacted with a
standard technique. At the beginning of the experiment process,
the dam was covered with a nylon cover until the level of the
water coming from the channel stabilized. After the water
reached the desired level, the cover on the dam was removed
(Fig. 2).

Experiments were recorded with cameras at 2 different points. At
the end of the experiment, bathymetry graphs were obtained by
using the sediment thickness data measured with a limnimeter.

Results and Discussion

The dam failure due to piping started after the water in water

reservoir passed through the gaps in the dam body, the sediment
in the dam body was transported to the downstream region, and
the crest width decreased over time, so it took longer than
overtopping case (Table 1). Due to piping and overtopping, the
dam reached its final state 620 and 920 seconds after failure,
respectively.

In the overtopping experiment, as the breach widened in the
middle of the dam, the flood wave passed from there to the
downstream region and it was observed that the sediment spread
symmetrically to the downstream of the dam. In the piping
experiment, as the erosion in the downstream area of the dam
expanded over time, the water in the reservoir started to failure
the dam body from the weakest section 60 cm away from the
right shore, resulting in the part of the dam body close to the right
shore being moved to the downstream area (Fig. 12).

Experimental results showed that the depth of the propagated
sediment is less in the flood wave axis (Fig. 12).

In the piping experiment, sediment moved from the dam body
during infiltration and erosion reduced the effect and
propagation of the flood wave. This decrease increased the
thickness of the propagated sediment at the downstream of the
dam in the piping experiment and resulted in a longer and wider
sediment propagate in the overtopping experiment. The
propagated sediment was 1.85 m wide and 4.8 m long in the
overtopping experiment, while in the piping experiment the body
was transported across the dam width due to initial erosion and
the width of the dispersed sediment was 2 m, the length was 1.7
m on the bank, 6 m in total (Table 1).

The breach volumes of dam bodies were 189461 and 72447 cm3
after failure, in piping and overtopping experiments,respectively.
In the piping experiment, due to the erosion before dam failured,
although the breach volume was smaller than the overtopping,
the volume of sediment carried and spread from the dam body
was higher (Table 1).

Conclusion

Investigating the progress of the flood wave caused by the dam’s
break and detection of risky areas is of great importance in terms
of predetermining and preventing the damages that may occur in
the residential areas in the downstream region.

In the piping experiment, sediment moved from the dam body
during infiltration and erosion reduced the effect and
propagation of the flood wave. This decrease increased the
thickness of the propagated sediment at the downstream of the
dam in the piping experiment and resulted in a longer and wider
sediment propagate in the overtopping experiment.

While the middle part of the dam body was moved to the
downstream region in the overtopping experiment, in the piping
experiment, due to the internal dynamics that occurred during
the 27-hour seepage-erosion period, dam failure started from the
section 40 cm from the middle of the dam body and the area close
to the right bank was moved.

1. Giris
Insanlik tarihi boyunca suya olan ihtiyagla beraber suyun sel gibi
afetlere neden olmasi, suyun kontrol edilmesi gerekliliini ortaya

cikarmistir. Bu amagla bir¢ok yapi insa edilmistir ve barajlar da
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bu yapilardan biridir. Barajlar, gévdenin statik tasarimina ve
govde sekline gore agirhik barajlary, kemer barajlar, payanda
barajlar, tersip bendi barajlar ve kompozit barajlar olarak
siniflandirilabilir. Dolgu barajlar ise dolguda kullanilan malzeme
tlirtine gore toprak dolgu barajlar (homojen, zonlu), kaya dolgu
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barajlar ve Onyilizii gii¢clendirilmis dolgu barajlar olarak
siniflandirilabilir [1]. Bugiine kadar yapilan barajlarin ¢ogu
toprak dolgu barajlardir. Tiirkiye’de barajlarin %71’i toprak
dolgu, %20’si kaya dolgu tipindeki barajlardir [2]. Toprak dolgu
barajlar i¢in taskinlar sonucu, zayif temel, toprak kaymasi,
deprem, yetersiz tasarim ve yapi, kotii insaat malzemesi
kullanimi ve hatal is¢ilik baglica yikilma sebepleri arasinda
gosterilebilir. Yikilmanin tird, yikilma nedenine ve barajin
ozelliklerine gore degismektedir. Toprak dolgu barajlarin en
yaygin yikilma sekli istten asma ve borulanmadir. Baraj
yikilmalarinin %38’ini dolusavak kapasitesinin yetersizliginden
dolay1 tistten asma, %33’linli borulanma ve %?23’linii ise yukarida
bahsedilen diger sebepler olusturmaktadir [3]. 1975 yilinda
Cin'de Bangiao Baraji'min fazla yagislardan dolay1 yikilmasi
listten agma ile yikilan barajlara drnek olarak verilebilir. Barajin
yikilmasi, yaklasik on milyon niifusu etkilemis, yaklasik 30 sehir
ve ilce olmak lizere toplamda 12,000 km? alan sular altinda
kalmistir ve tahmini 6li sayis1 26,000 ile 240,000 arasinda
degismektedir [4]. Ayni zamanda 1976 yilinda ABD'de dolgu
baraji olan Teton Baraji, borulanma sebebi ile yikilan toprak
dolgu barajlara drnek olarak verilebilir. 93 m ytiksekligindeki
Teton Baraji'nin yikilmasi sonucunda on bir kisi ve 13,000 sigir
élmiistiir [5]. iki barajin da yikilmasi ¢ok sayida can kaybi ve
biiylik maddi kayiplar ile sonuglanmistir.

Borulanma, suyun baraj govdesindeki malzemeyi harekete
gecirmesi ile olusur ve dolgu icinde veya temel zemininde
gorilmeyen su kanallar1 haline gelir. Bu kanallar kisa siirede
biliyliyerek govdede yarilmaya, gogcmeye neden olur [6]. [7]
toprak dolgu barajlarin yikilma sebeplerini incelemis, 6zellikle
borulanma sebebi ile baraj yikilmasi {zerine istatistiksel
analizlerinin sonuglarini agiklamislardir. [8] dolgu barajlar ve
temellerinde i¢ erozyon ve borulanmanin ilerlemesi ve yikilmaya
sebep olan bir borulanma gelismesi i¢cin zamana bagh tahmini
icin bir yontem sunmustur. Bu ¢alismanin sonucunda barajlarda
borulanmadan kaynakli yikilma siiresinin kisa olmasi sebebiyle
borulanmalardan kaynakli sizintilarin tespit edilmesi igin
barajlarin stirekli olarak  izlenmesinin gerekliligini
vurgulamislardir. [9] toprak dolgu barajda borulanma {izerine
yapilan ¢alismalari derlemistir. [10] bir taskin dalgasi nedeniyle
baraj yikilmalarini incelemis ve c¢alismalarinda mansap
yoniindeki morfolojik gelisimi gozlemlemeye calismislardir.
Arastirma sonuglarina gore, baraj yikilmasinin baslangicinda
sediment erozyonu nedeniyle barajin mansabinda bir hidrolik
sicramanin  meydana geldigini ve ilerleyen siirelerde
kayboldugunu gozlemlemislerdir. [11] benzer bir sekilde tagkin
dalgas1 nedeniyle baraj yikilmasi sonucu olusan yatak formlarini
arastirmislardir. [12] Urkmez Barajimin ii¢ boyutlu carpik
modelini kullanarak barajin yikilmasi sonucu olusan taskin
dalgasin incelemislerdir. [13] baraj yikilmasi sonucu olusan
tagkin dalgasinin iki boyutlu yayilimini mansabinda Eskisehir
bulunan Porsuk Baraji ve mansabinda istanbul bulunan Alibey
Baraji i¢cin modellemislerdir. Her iki baraj yikilmasi senaryosu
icin HEC-RAS ve FLO-2D’de yapilan analizlerle baraj yikilmasi
sonucu olusacak maksimum akim derinlikleri ve hizlar
belirlenmis ve taskin dalgasi olusma siireleri detayli olarak
verilmistir. [14] baraj yikilmasi sonucu olusan tagkin dalgasinin
ii¢ boyutlu yayilimini deneysel ve sayisal olarak incelemislerdir.
Deneysel calismada baraj yikilmasi, baraji temsil eden diisey
kapagin ani olarak kaldirilmasi ile simiile edilmistir. Elde edilen
veriler, dalga oniinde hizin en biiyiik oldugu, geriye dogru
gidildikce hizin azaldi§t ve rezervuarda ise akimda
hareketlenmenin ¢ok az oldugunu gostermistir. Ayrica dalganin
akim dogrultusundaki hiz bilesenlerinin yanal yoéndeki hiz
bilesenlerinden daha biiyiik oldugunu gozlemlemislerdir. [15],
NWS FLDWAV adl bilgisayar modelini kullanarak Kozan Baraji
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lizerinde yaptig1 calismada, gedik genisligi maksimum ve gedik
olusum siiresi minimum iken gedikten ¢ikan debinin en biiylik
oldugunu elde etmistir. [16] baraj yikilmasi sonucu olusan taskin
dalgalarini, Urkmez Barajrnin carpitilmis fiziksel modeli
tizerinde ani yikilma, trapez gedik ve iiggen gedik senaryolarini
incelemistir. Ani yikilma senaryosunda, maksimum su
derinliklerinin olustugunu ve maksimum su derinligine ulasma
siiresinin en kisa oldugunu go6zlemlemistir. [17] yaptig
calismada, toprak dolgu barajlarda borulanma ve borulanma
nedenli gedik olusumunu arastirmistir. Deneysel ve sayisal
calismalarin sonucunda, barajlarin mansaptan baslayarak
membaya dogru borulanmaya maruz kaldig1 goriilmistiir. [18]
farkli uzunluktaki yatay bir borunun farkli yerlere yerlestirilmesi
ile borulanmanin tetiklendigi, baraj gévdesi yiiksekliginin 20 ile
35 cm ve memba-mansap egimlerinin 35° ile 45° arasinda
degistigi 12 deney gercgeklestirmislerdir. Yaptiklar1 deneyler
sonucunda mansap bolgesinde 1slak alan olusumu, mansap
bolgesinde erozyon baslamasi ve ilerlemesi (baraj gévdesindeki
sedimentin kademeli olarak tasinmasi) ile gedik olusumunu
iceren 4 yikim siireci goézlemlemislerdir. Borulanma nedeniyle
olusan erozyonun genislemesiyle rezervuardaki su seviyesinde
bir diisiis meydana gelmis ve gedik olusana kadar diismeye
devam etmistir. En zayif kesitten baraj list kisminin ¢ékmesiyle
yikilma hizlanmistir. [19] ve [20] yapmis olduklar1 deneylerde,
mansapta yerlesim yerini simiile eden kiiplerin bulunmasinin
listten agma ve borulanma sonucu meydana gelen baraj yikilmasi
tizerindeki etkisini arastirmislar ve mansapta yerlesim yeri
olmasi durumunda yayilan sediment kalinliginin arttigini
gormislerdir. [21] deneysel ve sayisal olarak yaptig
calismalarda baraj yikilmasi senaryosunda bitki oOrtiisiiniin
etkisini incelemistir. Elde edilen veriler bitki ortiisiiz olarak
yapilmis  deneylerle karsilastirllmis ve  bitki  ortiisi
mevcudiyetinin yerlesim yerlerini taskin dalgasinin olasi
zararlarindan korudugu belirlenmistir.

Tarih boyunca verilen 6rneklerde de goriildiigii gibi barajlarin
yikilmasi maddi zararlarin yam sira ciddi felaketlere de neden
olabilmekte, insan ve diger canlilarin yasaminda Onemli
tehlikeler yaratabilmektedir. Bu nedenle, baraj yikilmalarinin
nedenlerini ve sonuglarini incelemek olduk¢a 6nemlidir. Barajin
yikilmasi sonucu tagkin dalgasinin yayilma ve hidrodinamik
ozelliklerinin anlasilmas1 mithendislik ¢alismalar: arasinda 6zel
bir 6nem tagimaktadir. Taskin dalgasi ile beraber ilerleyen baraj
govdesindeki malzemeler, dipteki kati maddeler ve sediment
tasinarak mansap boélgesindeki vadide bosluklar ve birikimler
olusturur. Bu sebeple barajin yikilmasi sonucu yayilan
sedimentin barajin mansabindaki etkisini incelemek de taskin
dalgasinin hareketi kadar 6nemlidir.

Barajlarin  yikilmasi sonucu olusan taskin dalgasinin
hidrodinamigi ile ilgili modeller literatiirde yer almaktadir ancak
baraj yikilmalarinda sediment hareketi ve yayilmas ile ilgili
calismalar daha azdir.

Bu calismada, suyun iistten asmasi ve borulanma nedeniyle
toprak dolgu barajlarin yikilmasi deneysel olarak ele alinmis ve
her iki tip yikilma sonucu olusan sel dalgasi ile barajin mansabina
dogru hareket eden sedimentin yayilimi incelenmistir.

2. Deney Diizenegi ve Deneysel Yontem

Bu calismadaki deneyler, izmir Katip Celebi Universitesi Hidrolik
Laboratuvari’'nda bulunan 18 m uzunlugunda, 2 m genisliginde ve
0,88 m derinliginde betonarme bir kanalda gergeklestirilmistir
(Sekil 1). Ana kanala 45° agiyla baglh ve her biri 1 m genisliginde
ve 4,9 m uzunlugunda olan iki adet kol yan kol rezervuar hacmini
arttirmak amaciyla kullanilmistir.
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Sekil 1. Deney diizenegi a) plan, b) kesit gériiniimii (birimler cm’dir)

Figure 1. Experimental set-up a) plan, b) side view

Bodrum katta bulunan depoya bagh iki paralel hat iizerinde
bulunan iki pompa sirasiyla sag ve sol yan kolu beslemekte olup
rezervuar icindeki su bu pompalar yardimiyla depodan sisteme
aktarilmistir.

Dolgu baraj govdesi 2 m genisliginde, 1,06 m uzunlugunda ve 0,3
m yiiksekligindedir. Baraj gévdesi, kanalin tiglincii metresine inga
edilmistir. Homojen tipteki baraj gévdesinin yapiminda dolgu
malzemesi olarak medyan dane ¢ap1 dso=0,441 mm iiniform
sediment kullanilmistir. Baraj insasi li¢ asgamada gerceklesmistir.
flk agsamada 19 cm x 10 cm x 19 cm boyutlarindaki tuglalar, kanal
lizerine baraj govdesinin insa edilecegi yere c¢izilen referans
cizgilerine uyularak yerlestirilmistir (Sekil 2.a). Daha sonra 2 m
genisliginde, 1,06 m uzunlugunda ve yaklasik 12 cm
ylksekligindeki dolgu malzemesi tuglalar ile siirlanan alanin
icine diiz bir sekilde serilmis ve su terazisi ile kontrol edilmistir
(Sekil 2.b, Sekil 2.c). Yerlestirme islemi tamamlandiktan sonra,
20 cm x 20 cm'lik metal plaka alanin bir késesine yerlestirilmis
ve 1,5 kg agirligin 20 cm yiikseklikten bu plaka tlizerine 10 kez

distiriilmesiyle goévde malzemesinin sikismasi saglanmistir.
Metal plaka 20 cm kaydirilarak ayni islem tekrarlanmis ve islem
tim alan standart bir sekilde sikistirilincaya kadar devam
edilmistir (Sekil 2.d). Ardindan yeni bir sira tugla ile ikinci katin
sinirlar1 boyunca yerlestirilmistir. Son olarak ti¢lincti kat dolgu
malzemesinin ayni yéntem ile sikistirilmasi ile tamamlanmis ve
tuglalar ortamdan uzaklastirilmistir (Sekil 2.e). Her bir katman
10 cm, baraj yiiksekligi 30 cm olacak sekilde goévde
olusturulmustur.

Baraj yapim siireci hem borulanma hem iistten asma nedeniyle
yikilma senaryolar1 i¢in toplam iki kere ayn1 yontem izlenerek
gerceklestirilmistir. Baraj goévdeleri insa edilirken her bir
diizenek icin yaklasik 461 kg sediment kullanilmistir.

Ustten agsma nedeniyle baraj yikilmasinin incelenecegi deneyde
yikilmanin baraj gévdesinin ortasindan baslamasini saglamak
icin baraj govdesinin ortasina yaklasik 5 cm derinliginde gedik
acimistir (Sekil 2.f).

Sekil 2. Baraj govdesi yapim asamalari a) tuglalarin baraj gévdesinin 1. kat1 i¢in yerlestirilmesi ,b) sediment yerlestirme islemi,
c) baraj govdesinin 1. kati, d) sikistirilmis katman, e) borulanma deneyinde baraj govdesi, f) listten asma deneyinde baraj govdesi

Figure 2. Construction steps of the dam body a) placement of bricks for the 1st floor of the dam body, b) process of sediment laying,
c) 1stfloor of dam body, d) compressed floor, ) dam body in piping experiment, f) dam body in overtopping experiment
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Her iki deneyde de baraj membasindaki hazne su ile
doldurulurken baraj goévdesinin zarar gérmemesi icin baraj
memba yiiziine plastik ortii drtiilmiistiir ve su seviyesi 25 cm’e
ulasana kadar baraj bu 6rtiiyle korunmustur (Sekil 3).

—

I

Sekil 3. Baraj govdesinin korunmasi
Figure 3. Protection of the dam body

Ustten asma deneyinde memba 25 cm’e kadar dolduruldugunda,

su gedik seviyesine wulasmis olup bu deneyde, baraj
membasindaki su kret seviyesini asarak baraj mansabina
ulastiginda pompa kapatilmistir (Sekil 4).

Ustten agma deney baglangici (t=0 sn), suyun barajin mansap
ylziini asarak baraj kret genisligi boyunca memba yiiziine
ilerlemesi ile gedigi gectigi an olarak tanimlanmistir [22, 23].
Borulanma deneyinde membadaki su seviyesi 27 cm’e ulastigi an
deney baslangic (t = 0 s) olarak kabul edilmistir. Borulanmanin
etkisi deney basinda gozlenmeye baslanmis olup baraj
govdesindeki asinma (sizma-erozyon) yavas gelistiginden
borulanma deneyi listten asmaya gore daha uzun siirmiistar.

Her iki deneyde de kanal mansabina ve baraj govdesine

yerlestirilen  kameralar ile yikilmanin her asamasi
kaydedilmistir. Deneylerin sonunda, sedimentin yayilma
uzunluklar1 ve genislikleri belirlenmistir. Kanal boyunca

limnimetre yardimi ile x ve y eksenlerinde 10 cm araliklarla
yapilan 6l¢ciimlerle yikilma sonrasi sediment derinlik profili elde
edilmistir.

Sekil 4. Ustten asma deney baglangici a) baraj mansabi, b) baraj govdesi

Figure 4. Beginning of the overtopping experiment a) downstream of dam body, b) dam body

3. Deneysel Bulgular

Ustten asma ve borulanma sonucu yikilma senaryosunun
incelendigi deneylerden elde edilen veriler bu boélimde ele
alinmistir.

3.1. Baraj govdesinin iistten asma senaryosu ile
yikilmasi

Sekil 5’te soldaki sekiller baraj mansap, sagdaki sekiller baraj
govdesi kamerasindan alinan goriintiiler olmak iizere, deney

Baraj Mansap Kamerasi

basladiktan 43 ve 85 saniye sonraki durum sirasiyla a-b ve c-d ile
ifade edilmistir.

Suyun gedigi asarak baraj mansabina gecmesiyle membadaki
suyun hiz1 baraj gévdedeki malzemesini stiriiklemis (Sekil 5.a,
Sekil 5.b) ve sonrasinda kanal tabanindaki sedimenti mansap
bolgesine tasimaya baslamistir. Boylece sedimentin yayildigi alan
artmistir (Sekil 5.c, Sekil 5.d). Sekil iizerine dikkat ¢ekmek icin
eklenen kirmizi oklar sediment yayilimini gostermektedir.

2 'Baraj Govde Kameras!

Sekil 5. Ustten asma deneyi basladiktan a)-b) 43 sn, c)-d) 85 sn sonra baraj mansabi ve baraj gévdesi

Figure 5. Downstream of the dam and dam body a)-b) 43 s,c)-d) 85 s after the beginning of overtopping experiment

Sekil 6’da soldaki sekiller baraj mansap, sagdaki sekiller baraj
govdesi kamerasindan aliman goriintiiler olmak iizere, deney
basladiktan 108, 128 ve 159 saniye sonraki durum sirasiyla a-b,
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c-d ve e-file ifade edilmistir. Taskin dalgasinin baslangi¢ta daha
biiytik kinetik enerjiye sahip olmasi sebebiyle siiriiklenen ve
kanal tabanm boyunca tasinan sediment zamanla bir esik
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olusturmus, bu bolgede su derinligindeki ani artisla beraber
suyun kabarmasi gézlemlenmistir (Sekil 6.a, Sekil 6.b). Sekil 6.c
ve Sekil 6.d'de goriildigl lizere, deney basladiktan 128 saniye
sonra sag ve sol sahile dogru da genisleyerek maksimum seviyeye
ulasan su kabarmasi, 159. saniyede etkisini kaybetmistir

Baraj Mansap Kamerass

(Sekil 6.e, Sekil 6.f). Deney baslangicindan itibaren 920 saniye
sonunda sediment yayilimi nihai haline ulagsmistir.

Sekil iizerine dikkat cekmek icin eklenen mavi oklar su
kabarmasini géstermektedir.

-

L€)

Sekil 6. Ustten asma deneyi basladiktan a)-b) 108 sn, c)-d) 128 sn, e)-f) 159 sn sonra baraj mansabi ve baraj govdesi

Figure 6. Downstream of the dam and dam body a)-b) 108 s, c)-d) 128 s, e)-f) 159 s after the beginning of overtopping experiment

Baraj govdesinin nihai durumuna ulagmasindan sonra alinan
derinlik 6l¢timleri kullanilarak Sekil 7°de gosterilen, barajin 3
boyutlu topografik c¢izimleri elde edilmistir. Sekil 7 [13]lin
gozlemlerine gore degerlendirildiginde, x yoniindeki sediment
yaylliminin y yoniindekine gore daha uzun olmasi tagkin

dalgasinin x yoniindeki hizinin daha biiyiik olmasinin bir sonucu
oldugu soylenebilir. Taskin dalgasinin gectigi kanal ortasinda
biriken sediment kalinliginin, sag ve sol sahile gore daha az
olmas1 ise dalga eksenindeki hizin daha biiyiik olmasi ile
aciklanabilir.

Sekil 7. Ustten asma deneyi sonunda sediment yayiliminin ii¢ boyutlu haritasi

Figure 7. Three dimensional map of the sediment distribution at the end of the overtopping experiment
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3.2. Baraj govdesinin borulanma ile

yikilmasi

senaryosu

Borulanma deneyinde t=0 sn’de rezervuardaki su seviyesi 27 cm
iken borulanma etkisiyle baraj mansabinda gozlenen erozyon
kirmizi ok ile Sekil 8’de gosterilmistir.

Sekil 8. Borulanma deney baslangicinda baraj mansabi

Figure 8. Downstream of the dam at the beginning of the piping
experiment

Rezervuarda bulunan su, baraj goévdesi icinden ¢ok diisiik bir
hizla gecerek govde mansabindan, 6zellikle gévdenin tabana
yakin kismindan goévdeyi terk etmistir. Bu esnada govde
mansabinin eteklerindeki sedimenti de harekete gecirerek
mansap bolgesindeki erozyona sebep olmustur. Baraj gévdesinin
mansap eteklerinde olusan erozyon ¢ok yavas ilerlediginden tam
yikilma baslayana kadar 27 saat ge¢mistir.

Sekil 9’da soldaki fotograflar mansap, sagdakiler baraj gévdesi
kamerasindan olmak {izere sirasiyla borulanma deneyi
basladiktan 3, 23, 24, 27 saat sonra alinan goriintiiler a-b, c-d, e-f
ve g-h ile gosterilmektedir.

Borulanmanin etkisiyle baraj gévdesi mansap bélgesine dogru
yayllmis ve yikilma gerceklesinceye kadar baraj kret Kkesit
genisligi azalmaya devam etmistir. Deney basladiktan 27 saat 4
dakika sonra yaklasik y =140 cm’de baraj iist kisminin
¢okmesiyle yikilma hizlanmistir. (Sekil 9.h).

Yikilma basladiktan sonra, Sekil 10’da goriildiigi gibi, yikilmanin
basladig1 noktadan mansap bdlgesine dogru sedimentin yayilimi
devam etmistir. [10] tarafindan yapilan ¢alismayla benzer olarak,
yikicl tagkin dalgasinin etkisiyle baslangicta baraj mansabina
yayllmis olan sediment, (Sekil 10.a, Sekil 10.b ve Sekil 10.c’de
verilen mavi elips ile gosterilen alan) oyulmaya baslamistir.

Zamanla kademeli olarak oyulma bélgesinin uzunlugunun ve
derinliginin arttigi, yikilma basladiktan 155 saniye sonra
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(t=27 s 4 dak+155 sn) maksimuma ulastifi Sekil 10.c’'de
gorilmektedir.

L. i

n,’jBaraj Govde Kamerasi

Baraj Mansap Kamerasi

Sekil 9. Borulanma deneyinde baraj mansabi ve baraj gévdesi
a)-b) 3 saat, c)-d) 23 saat, e)-f) 24 saat, g)-h) 27 saat

Figure 9. Downstream of the dam and dam body in piping
experiment at a)-b) 3 h, ¢)-d) 23 h, e)-f) 24 h, g)-h) 27 h

Yikilmanin ilk 150 saniyesi icinde su kabarmalar1 gozlemlenmis
olup, baslangicta baraj mansabinda meydana gelen erozyona
bagh olarak iistten asma deneyinde gozlenen su kabarmasina
gore daha soniik 6zelliktedir (Sekil 10.a, Sekil 10.b, Sekil 10. c’de
verilen kirmizi elips). Tagkin dalgasinin siddetinin azalmasiyla
yikilma bagladiktan 614 saniye sonra sedimentin tekrar biriktigi
gozlemlenmis (Sekil 10.d’de verilen mavi elips) ve mansap
bolgesindeki su kabarmasi etkisini kaybetmistir
(Sekil 10.d’de verilen kirmizi elips).

Yikilma baslangicindan itibaren 690 saniye sonunda sediment
yayilimi nihai haline ulagmistir. Borulanma deneyi boyunca, [18]
ile benzer yikilma siiregleri gozlemlenmistir.

Deney sonundaki sediment kalinlig1 verileri kullanilarak elde
edilen 3 boyutlu topografik ¢izim Sekil 11’de verilmistir.
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Sekil 10. Borulanma deneyinde baraj yikildiktan a) 106 sn, b) 116 sn, c) 155 sn, d) 614 sn sonra sediment yayilimi

h

-

Figure 10. Sediment distribution in piping experiment a) 106 s,b) 116's, c)155 s, d) 614 s after dam break
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Sekil 11. Borulanma deneyi sonunda sediment yayiliminin ii¢ boyutlu haritasi

Figure 11. Three dimensional map of the sediment distribution at the end of the piping experiment

3.3. Yikilma senaryolarimin karsilastirilmasi

Sekil 12’de iistten asma ve borulanma senaryolar1 i¢in sirasiyla
a-b harfleriyle ifade edilen sekillerde deney sonunda barajin
kanal boyunca iistten goriiniimii ve c-d harfleriyle ifade edilen
sekillerde ise batimetri grafikleri verilmistir.

Baraj govdelerinin hazirlanma kosullari ayni olmasina ragmen,
borulanma deneyinde yikilmanin baslamasina kadar gegen 27
saatlik siire icinde gévdenin icinden gegen diislik hizdaki suyun
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izledigi yol ve zayif hale getirdigi bolgenin (i¢ dinamik) etkisiyle,
gedik ekseninin 40 cm sag sahile kaydig1 ve baraj govdesinin sag
sahile yakin bolgesinin tasindig1 goriilmektedir. Ayrica, 27 saatlik
siire icinde baraj govdesinin mansap kismi kayarak ilerlemistir.
Ustten asma deneyinde bu siire¢ yaganmadigindan yayilan
sediment hacmi ve kalinlig1 farklilik géstermistir.

Ustten agma ve borulanma deneyinden elde edilen genel
ozellikler Tablo 1’de verilmistir.
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Sekil 12. Ustten agma ve borulanma deney sonunda sediment yayilimi a) iistten asma fotograf, b) borulanma fotograf, c) listten asma
iki boyutlu harita, d) borulanma iki boyutlu harita

Figure 12. Sediment distribution at the end of the overtopping and piping experiments a) overtopping picture, b) piping picture,
c) overtopping two dimensional map, d) piping two dimensional map

Tablo 1. Baraj yikilma senaryolarinin karsilastirilmasi

Table 1. Comparison of the dam break scenarios

Ustten asma Borulanma
senaryosu senaryosu
Rezervuar Ozellikleri:
Su yiiksekligi (cm) 25 cm 27 cm
Su hacmi (m3) 6,41 m3 6,92 m3
Deney siiresi ve onemli anlar:
Baraj y1ikilmasina kadar gegen siire 0 saat 27 saat 10 dakika
Toplam yikilma siiresi (sn) 920 sn 690 sn
Mansaba yayilan sediment 6zelikleri:
Maksimum genislik 1,85 m 2m
Bank lizerinde: 1,7 m
Maksimum uzunluk 4,8m Gedik mansabinda: 4,3 m
Minimum yiikseklik 0 Gedik mansabinda: 0.78cm
Maksimum yiikseklik 3,265 cm Gel?:la;lr:l:niznesrailg(ljr?&zigfogném
Maksimum ytiksekligin koordinati (x, y) (410 cm, 130 cm) Gegin;:izztr:iza(ingl2)10)
Ortalama sediment kalinlig1 (cm) 1,14 cm 2cm

Baraj govdesi gedik 6zellikleri:

Genisligi (cm) 140 cm (3 m) /70 cm (4 m) 80 cm (3 m) /45 cm (4 m)
Gedik minimum kotu (cm) 9,45 mm 10,7 mm
Deney oncesi govde hacmi (cm?3) 516000 cm?3 516000 cm3
Deney sonunda gévde hacmi (cm?3)

443553 cm3 326539 cm3
(300 cm < x < 406 cm aras1)
Gedik hacmi (cm?3)

72447 cm3 189461 cm3

(300 cm < x < 406 cm arasi)

Nihai durumda, yayilan sediment iistten asma deneyinde 1,85 m

Tablo 1 incelendiginde, borulanma deneyinde baraj mansap genisliginde ve 4,8 m uzunlugundayken borulanma deneyinde

eteginde meydana gelen erozyon deney baslayincaya kadar < . Cliss
gecen siireyi uzatmistir. Baraj yikildiktan sonra nihai duruma baslangigta meydana gelen erozyona bagh olarak baraj genisligi

kadar gecen siire iistten asma deneyinde 920 sn iken borulanma boyunca govde tagimmugtir ve 2 m genigliginde, bank tzerinde 1,7
deneyinde 690 sn'dir m; gedik mansabinda 4,3 m uzunlugunda sediment yayilmistir.
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Borulanma deneyinde sizma-erozyonla baraj govdesinden
tasinan bolgenin taskin dalgasi hizin1 azaltmasi; iistten asma
deneyinde meydana gelen daha genis, daha uzun sediment
yayllimini ve yayilan sedimentin kalinliinin daha az olmasini
aciklamaktadir.

Ustten asma deneyinde gedigin baraj ortasindan genislemesiyle
tagkin dalgasi buradan ilerlemis ve sedimentin baraj mansabina
simetrik yayildig1 gézlemlenmis, baraj mansabinda kanalin sag ve
sol duvarlarina yakin boélgelerde daha fazla sediment biriktigi
gorillmistiir. Barajin sag ve sol tarafi ayakta kalmigtir.

Borulanma deneyinde baraj kanalin sag sahiline yakin bolgeden
yikildigindan, taskin dalgast baraj goévdesinden tasinan
sedimentin sol sahilde birikmesine neden olmus ve kanalin sol
sahilinde yayilan sediment kalinliginin, sag sahile gore daha fazla
oldugu gozlemlenmistir.

Borulanma deneyinde deney baslangicindan o6nce gegen
zamanda gelisen erozyona bagli olarak gedik hacmi {istten
asmaya gore daha kii¢iik olmasina ragmen baraj gévdesinden
tasinarak yayilan sediment hacmi daha fazla olmustur.

4. Tartisma ve Sonug

Bu calisma kapsaminda, homojen toprak dolgu barajlarin iistten
asma ve borulanma sebebiyle yikilmasi sonucunda taskin
dalgasinin etkisiyle ger¢eklesen sediment tasinimini ve
yayilimini belirleyebilmek icin iki deney yapilmistir.

Borulanma nedeniyle barajin yikilmasi, baraj rezervuarindaki
suyun baraj gévdesindeki sedimenti mansap etegine tasimasi ve
kret genisliginin zamanla azalmasindan sonra basladig1 icin
suyun istten agsmasi durumundakine gére daha uzun siirmistiir.

Taskin dalgasinin etkisiyle mansap bdlgesine iistten asma
deneyinde baraj govdesinin orta kismi tasinmisken, borulanma
deneyinde 27 saatlik sizma-erozyon siiresince suyun izledigi yol
ve zayif hale getirdigi bolgeler gibi i¢c dinamikler nedeniyle baraj
ortasindan 40 cm mesafedeki kesitten yikilma baslamis ve sag
sahile yakin bolge tasinmustir.

Her iki deneyde de taskin dalgasinin geldigi eksen boyunca
yayllan sedimentin kalinliginin daha az oldugu gorilmustiir.
Ayrica tagkin dalgasinin etkisiyle olusan su kabarmasinin siddeti
borulanma deneyinde daha diistiktiir.

Borulanma deneyinde erozyon, baraj mansap eteginde sediment
kalinliginin iistten asmaya gore daha fazla olmasina yol agmistir.
Borulanma deneyinde sizma-erozyonla baraj govdesinden
tasinan bolgenin tagkin dalgasini siddetini azaltmasi, tistten asma
deneyinde daha uzun ve daha genis sediment yayilimiyla
sonuglanmistir. Borulanma deneyinde nihai durumdaki ortalama
sediment kalinliginin iistten agsmaya goére daha fazla oldugu elde
edilmistir.

Daha sonra yapilacak ¢alismalarda baraj rezervuarindaki suyun
anlik hizlary, tagkin dalgasinin hizi, taskin dalgasinin yayildigi
bolgede noktasal anlik hiz ve tiirblilans parametreleri ile
sediment kalinhiginin anlik degisim degerlerinin belirlenmesi
daha kapsamli bilgi edilmesini saglayacaktir.

Etik kurul onay1 ve ¢ikar ¢catismasi beyani
Hazirlanan makalede etik kurul izni alinmasina gerek yoktur.

Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar ¢atismasi
bulunmamaktadir.
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Abstract

In this study, the effect of physico-mechanical and mineralogical properties of core samples taken from granite rocks obtained from
different locations on blastability was statistically analyzed. The relationship between the mineral content of the rocks and rock
mechanics parameters was evaluated. The best regression equations with strong relationships (R2>0.700) involving the parameters
used in the blastability formulas were then obtained. These equations were analyzed for five different blastability indices and the
results of the forecasting accuracy analyses (RMSE=0.000-0.085 and MAPE= 0.06-1.82) showed that the models were quite successful.
According to the results of the best forecasting accuracy analysis, the parameters to be considered in the specific charge calculation
were mineral content, uniaxial compressive strength, tensile strength, apparent porosity, density and ultrasonic P-wave velocity. As
a result of the studies, it was concluded that the mineralogical composition of the rocks had a significant effect on the blastability
parameters and lower specific charge values were achieved if the minerals are taken into account.

Keywords: Blastability, Rock Mechanics, Mineralogy, Statistics, MAPE, RMSE

Oz

Bu ¢alismada farkl lokasyonlardan temin edilen granit kayac¢larindan alinan karot numunelerinin fiziko-mekanik ve mineralojik
ozelliklerinin patlatilabilirlige etkisi istatistiksel olarak incelenmistir. Kayaglarin mineral igeriklerinin ve kaya mekanigi
parametrelerinin birbirleriyle olan iligkisi degerlendirilmistir. Sonrasinda patlatilabilirlik formiillerinde kullanilan parametreleri
iceren giicli iligkilere (R2>0,700) sahip en iyi regresyon esitlikleri elde edilmistir. Bu esitlikler bes farkli patlatilabilirlik indeksine
gore incelenmis ve yapilan tahmin dogrulugu analizlerinin sonuclar1 (RMSE= 0,000-0,085 ve MAPE= 0,06-1,82) modellerin olduk¢a
basarili oldugunu gostermistir. En iyi uyum analiz sonuglarina gore 6zgiil sarj hesabinda dikkate alinacak olan parametreler; Mineral
icerigi, tek eksenli basing dayanimi, gekme dayanimi, gériiniir porozite, yogunluk ve ultrasonik P-dalga hizidir. Calismalar sonucunda,
kayaclarin mineralojik bilesimlerinin patlatilabilirlik parametrelerine énemli etkisinin oldugu ve minerallerin dikkate alinmasi
durumunda daha diisiik 6zgiil sarj degerlerine ulasiimaktadir.

Anahtar Kelimeler: Patlatilabilirlik, Kaya Mekanigi, Mineraloji, Istatistik, MAPE, RMSE

the specific charge [1]. To date, numerous investigations into
blastability have been carried out and these investigations used

1. Introduction

As a source of raw materials, mining has always been an essential

engineering area for humanity. Blasting, which is used in the
excavation process and where each step involves significant
costs, has become a sensitive area in this sector. Recently,
blasting has played an important part in both the mining and
construction sectors, particularly with regard to tunneling and
transport projects. The results of the blasting have a direct impact
on all subsequent process.

In addition to the direct impact on the loading and transportation
operations in mining, it also has a significant impact on the ore
processing in terms of cost and efficiency through its size
reduction. For this reason, the issue of blastability is of great
importance in order to fully understand blasting, an important
and attention-consuming application. Blastability indicates the
sensitivity of the rock mass to explosions and is closely related to

DOI: https://doi.org/10.21205/deufmd.2024267808

experimental blasting under field conditions.

According to Fraenkel [2], there was an empirical relationship
between maximum burden, hole depth, charge diameter and
charge height [3]. According to Hino [4], blastability coefficient
was the ratio of compressive strength to tensile strength. Hansen
[5] gave a formula for estimating the amount of explosives for the
corresponding fragmentation required for the Marrow Point dam
and power plant project. Sassa and Ito [6], in a study primarily
concerned with tunneling applications, proposed the RBFI (rock
breakage field index) by conducting regression analyzes between
crack frequency values and values from laboratory experiments
on rock mechanics. Heinen and Dimock [7] defined blastability
based on field studies in a copper mine in Nevada (USA) and
showed a relationship between specific charge and seismic
propagation [3]. Langefors [8] proposed a factor (rock constant)
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that indicates the influence of rock. Praillet [9] defined the
burden value as a function of bench height, charge density,
detonation velocity, setting height, uniaxial compressive
strength, and type of loading equipment [10]. Borquez [11]
calculated the blastability factor (Kv) by correcting the drilling
equation for the burden using RQD (Rock Quality Designation)
with the alteration coefficient [1,10]. Ashby [12] empirically
determined the specific charge required for blasting in the
Bougainville copper mine (Papua New Guinea) based on the
effective internal friction angle, which represent the strength of
the rock mass and the crack frequency, which represent the crack
density. Leighton et al. [13] developed an equation using the RQI
(Rock Quality Index) value proposed by Mathis and a rotary drill
[10,14]. Rakishev [15] defined blastability as the resistance to
cracking by blasting. Lopez and Jimeno [16] proposed the drilling
index for rock character, taking into account the limitations of the
RQI [10]. The blasting index developed by Lilly [17] was derived
from rock mass properties such as crack density and orientation,
specific gravity and hardness. Ghose [18] suggested a
geomechanical rock mass classification system and correlated
specific charge with blastability under coal mine conditions
[1,10]. Gupta et al. [19] attempted to estimate specific charge
(kg/m3) values for different rock strengths based on field data
[1,3].JKMRC [20] conducted blastability analysis of the coal layer
and classified rock mass properties affecting blast performance
[21].

Han etal. [22] used artificial neural networks (ANN) to define the
blastability of a rock mass. They designed a back propagation
network with 6 input, 5 hidden and 1 output processing
elements. The concept of blastability was defined in the study by
Rustan et al. [23] as the ability of rock to be fragmented by
blasting. The most important physical and mechanical rock
properties for blastability; Gokhale [3] explained the blastability
index specified by the Norwegian University of Science and
Technology (NTNU) about sample blastability in his book.
Sawmliana and Pal Roy [24] suggested blastability for the French
coal production technique of gallery fan-shaped blasting where
roof management is difficult.

In the literature, the effect of mineralogy on the mechanical and
physical properties of rocks examined [25], however no study on
the mineralogical effect on blastability was found. Within the
scope of this study, the parameters that may have an effect on
blastability other than the parameters mentioned in the
literature were tried to be statistically revealed as a result of
petrographic analysis and rock mechanics experiments, and to
express the extent of their effects through Mean Absolute
Percentage Error (MAPE), Root Mean Square Error (RMSE) and
R2,

2. Materials and Methods

2.1. Material

Rock mechanics tests, mineralogical investigations and statistical
studies were carried out on granite samples taken from five
different regions in the Eastern Black Sea Region. The granite
samples used in the study were obtained from Dogankent
(Harsit) district of Giresun (1 piece), Of district of Trabzon (2
pieces) and ikizdere district of Rize (2 pieces). Mineralogical
investigations of the samples were carried out at General
Directorate of Mineral Research and Exploration (MTA,
TURKIYE), and rock mechanics tests were carried out at
Karadeniz Technical University, Department of Mining
Engineering [26].

2.2. Methods
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Core samples were prepared according to standards. Uniaxial
compressive strength test (UCS), determination of elastic
modulus (Young's modulus; E) and Poisson's ratio (v), triaxial
compressive strength test (TCS; c, ¢), indirect tensile test (ITS;
ot), density (p), unit volume weight (UVW), apparent porosity
test (n) were performed according to ISRM [27] and ultrasonic P-
wave velocity test (Vp) was performed according to ASTM-D2845
[28].

Based on the data obtained, a statistical analysis was carried out.
In our study, the package program SPSS 17.0 was used to
statistically evaluate the results. In rock engineering, researchers
use multiple regression analyses to create a predictive model
among relevant rock properties. Multiple regression analysis
showed better predictive performance than simple regression
analysis on rock mechanics properties.

After determining that the data were normally distributed,
correlation analysis was performed to determine the degree of
relationship between the variables. Upon identification of the
correlated parameters, the relationship between these
parameters was expressed mathematically using multiple
regression analysis. In the analysis carried out using the ENTER
method, the effects of the independent variables with correlation
between them were observed. Therefore, the STEPWISE method
was preferred in the multiple regression analysis. Whether the
mathematical model formed as a result of the analysis is
significant or not is determined by F and Sig. value in the output
of the ANOVA analysis. As Sig. < 0.05, the model is significant. The
aim of the stepwise method is to find a solution to the
multicollinearity problem. The problem of multicollinearity is
that the mathematical expression becomes meaningless due to
the correlation between the independent variables that we add
to increase the explanation rate of the dependent variable. Hence,
selecting stepwise will determine the strongest model by
eliminating the models that are correlated with each other. The
relationship between the rock properties was determined by the
Pearson correlation coefficient, and the degree of linear
relationship between them was calculated by regression analysis.

Regression analysis provides an equation that mathematically
expresses the degree of relationship between a dependent
variable and one or more independent variables [29]. In
regression analysis, the value of the coefficient of determination
(R?) indicates the rate at which a change in the dependent
variable is expressed by the independent variables added to the
independent model [30]. In addition, the “F-statistic”, which
shows the significance of the mathematical models obtained as a
result of regression analysis, and the “Sig. value” are important
for the interpretation of regression models. If Sig. Value (p)< 0.05,
it is concluded that this model is a significant model [31].

Beside the correlation coefficient, analysis of forecasting
accuracy analyses (RMSE and MAPE) were calculated to verify
the predicted performance of the models with the estimated and
measured data, and the prediction performance both models
were compared.

The percent prediction error (Eq. 1) was calculated to determine
how close the prediction values were to the measured values.
Although the values for MAPE (Eq. 2) and RMSE (Eq. 3) always
take positive values, the ideal value is close to zero (Table 2.1.)
[32].

Prediction Error (%) = % 100

(1

MAPE (%) = [+, 2] 100 0

y
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RMSE (%) = [~3,(y —y")? (3)

y is the measured value and y’ is the predicted values and N is the
number of data.

Table 2.1. Classification of MAPE values [32,33]

MAPE (%)
MAPE < %10

Evaluation

Very good prediction

% 10 < MAPE < % 20

% 20 < MAPE < % 50
MAPE > % 50

Good prediction
Acceptable prediction

False prediction

Data from rock mechanics experiments and petrographic studies
of granites were applied to blastability formulas to calculate
direct blastability values. The parameters that directly and
indirectly affect the blastability were then tested by replacing the
relevant parameters with mathematical models resulting from a
regression analysis. The results were evaluated using the RMSE
and MAPE values.

When determining the parameters used in the studies, a few
principles were first established. These principles are: 1. When

were not considered dependent variables and were not replaced
by any model.

According to the above principles, the relationships were studied,
and the success of the models was demonstrated by analysis of
forecasting accuracy between the directly obtained and the
calculated results. The aim of the calculations carried out in this
study was to demonstrate the need to investigate the parameters
that influence blastability not only alone, but in a variety of ways.
It was statistically proven that the neglected parameters also
have an influence.

3. Results and Dicussion
3.1. Physical and Mechanical Properties of Rocks

The mineralogical composition of Harsit (H), Hayrat Gray (HG),
Hayrat Yellow (HS), ikizdere Yellow (iS) and ikizdere Blue (iM)
samples were given in the table (Table 3.1). The results of the
rock mechanical tests, which indicate the physical and
mechanical properties of the rocks, were shown in Table 3.2. Of
the rock mechanical data, only the parameters that influence
blastability were analyzed in comparison to the literature.

Table 3.1 Mineralogical composition of Granitic rocks

Mineral Percentages (%)

more than one parameter was present, only one parameter at a Samples iM is HS HG H
time and other parameters affecting it indirectly were applied in Quartz 25 45 35 35 25
the regression analysis to understand their individual effects. 2. ‘;}ka_l’ ledSPar ig ig ‘1‘2 ‘1‘8 ;g
. . agloclase
Average Valqes representat.lve of th.e granites were used for the Mafic Minerals 4 4 5 5 8
analysis. 3. Since the formation of minerals was a natural process, Others 1 1 5 10 2
they were taken into account directly in model identification and
Table 3.2. Physical and mechanical properties of granites
Granite p ucs ITS Vp n c ] E v
Group (g/cm3) (MPa) (MPa) (km/sn) (%) (MPa) (o) (GPa)
iM 2.639 181.28 12.50 4.682 0.60 17.84 63 67.05 0.21
is 2.613 112.39 1146 3.658 0.85 13.55 60 47.21 0.25
HS 2.619 148.39 10.83 4131 0.98 19.81 57 45.97 0.25
HG 2.621 153.23 10.78 4.243 0.86 19.56 59 60.03 0.22
H 2.699 206.89 14.66 4.695 0.56 23.72 60 69.14 0.20

p: Density, UCS: Uniaxial Compressive Strength, ITS: Indirect Tensile Strength, Vp: Ultrasonic P-Wave Velocity, n: Apparent Porosity, c: Cohesion, ¢: Internal

Friction Angle, E: Modulus of Elasticity, v: Poisson's Ratio

3.2. Statistical Analysis
3.2.1. Simple and multiple regression tests

In studies on blastability, the most effective parameters from the
physical and mechanical properties of rocks were density (o),
modulus of elasticity (E), ultrasonic P-wave velocity (Vp),

uniaxial compressive strength (UCS), indirect tensile strength
(ITS), internal friction angle (¢) values. In the statistical analysis
tests, simple and multiple regression tests were performed and
only the models with R2 values above 0.700 (Table 3.3.) within
the significant values of the resulting data were used in the

Table 3.3. Statistical analysis of dependent variables affecting blastability

explosibility calculation.

Dependent Equation Regression Compliance Test Anova Test
Variable No
Y’ D1 p=2.634+0.015 * Maf —0.093 *n R? =0.889 F:87.982 Sig.: 0.000
E D2 E = 35.665 4+ 15.675 * Vp — 197.636 v R? =10.758 F:34.434 Sig.: 0.000
D3 E = —58.546 + 31.119 x Vp — 215.472 x v+ 0974 K R? =0.807 F:29.360 Sig.: 0.000
Vp D4 Vp = 2.385 + 0.012 * UCS R? =0.902 F:212.166 Sig.: 0.000
D5 Vp =5.977 — 0.051 * K R? = 0.853 F:133.200 Sig.: 0.000
D6 Vp = 2,421+ 0.014 * UCS — 0.087 * Maf R? = 0.953 F:222.198 Sig.: 0.000
ucs D7 UCS = —166.242 + 76.295 * Vp R? =0.902 F:212.166 Sig.: 0.000
D8 UCS =296.391 —4.120 x K R? = 0.851 F:130.897 Sig.: 0.000
D9 UCS = —152.806 + 65.151 * Vp + 6.592 * Maf R? =0.967 F:321.773 Sig.: 0.000
D10 UCS = —533.214 + 61.533 * Vp + 4.098 * Maf + 154.981 * p R? =0.973 F:250.992 Sig.: 0.000
ITS D11 ITS = —54.472 + 27.127 * p — 0.144 + AF R? = 0.784 F:39.863 Sig.: 0.000
'] D12 ¢=77.643 — 0.414 * AF — 0.643 * Maf R? = 0.867 F:71.720 Sig.: 0.000
D13 ¢=73.728 — 0.359 * AF — 0.730 * Maf + 0.042 x E R? =0.915 F:75.043 Sig.: 0.000
D14 ¢ =73.453 — 0.243 * AF — 0.799 * Maf + 0.035*EFE —3.937 *n R? = 0.942 F: 81.840 Sig.: 0.000
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3.2.2. Blastability Analysis
3.2.2.1.Blastability According to Hino

In the study by Hino [4], compressive and tensile strengths were
used as rock mechanical parameters. The aim here was to
demonstrate how close the coefficient value calculated with the
values of the existing parameters taking into account the
equation from Hino [4] was and the coefficient value calculated
with the parameters determined from the regression model. For
this reason, in this study, the direct effect of the strength

parameters on the blastability was evaluated by replacing the
strength parameters and then the indirect effect parameters
were evaluated using high R2 regression models expressing the
compressive strength (Table 3.4). The parameters, that directly
affect the Hino [4] equation, were UCS and ITS. According to the
forecasting accuracy analysis, the best results were obtained with
equations D10 and D9 (ITS constant) and D11 (UCS constant),
respectively. Consequently, Vp, mafic mineral content and
density were the primary parameters, beside quartz content and
alkali feldspar content also influence the blastability.

Table 3.4. Direct and indirect calculation of blastability with rock mechanics parameters according to Hino [4].

Direct Account

Blastability Formula

Indirect Account
ITS (constant)

UCS (constant)

ucs ITS
Equation D8 D7 D9 D10 D11
Sample name

iM 14.502 15.471 15.278 14.288 14.422 14.163
sl is 9.807 9.685 9.847 9.763 9.88 9.885
S 1S HS 13.702 14.053 13.752 13.785 13.607 13.727
~§; S9la HG 14.214 14.118 14.609 14.526 14.339 14.097
E § SlE H 14.113 13.192 13.094 14.039 14.104 14.347

~ QO
N8 RMSE 0.622 0.6 0177 0.085 0.195
MAPE 3.54 3.22 1.04 0.58 1.16

3.2.2.2.Blastability According to Ashby

The Ashby [12] equation differs from the Hino [4] equation in
that it calculates the specific charge directly. Considering the
blastability equation presented in his study, he used density,
internal friction angle, and crack frequency. In this equation,
Ashby [12] attempted to explain blastability by considering the
intrinsic parameters between discontinuities and grains. Density
and angle of internal friction were parameters that are directly
substituted and the other parts were assumed to be constant

(Table 3.5). The roughness angle was considered within the
internal friction angle, while the crack frequency was taken to be
10, which corresponds to the bedrock transition zone reported in
his study. By direct calculation, it was calculated that the
blastability of the granites in the study varies between 1.0 and 1.3
kg/m3. When evaluated with regression models, the calculated
specific charge was between 1.0 and 1.3 kg/m3, as in the direct
calculation, and was above the specific charge value given by
Dyno Nobel (0.7 to 0.8 kg/m3) [34].

Table 3.5. Direct and indirect calculation of blastability with rock mechanics parameters according to Ashby [12].

Direct Account

Blastability Formula

Indirect Account
Internal Friction Angle Density (kg/m3) (constant)

(constant) Internal Friction Angle
Density
Equation D12 D13 D14
Il & D1
é el () Sample name
G RS § I_M 1.347 1.346 1.326 1.338 1.344
8_ gfo S| IS 1177 1.178 1.205 1.188 1.179
97) E S 'ﬁ HS 1.049 1.048 1.084 1.075 1.068
S &S HG 1.134 1137 1085 1101  1.110
n (LS H 1.215 1.217 1.219 1.216 1.215
S m
I RMSE 0.000 0.032 0.020 0.014
MAPE 0.14 2.38 1.42 0.86

As can be seen from the values in Table 3.5, the RMSE and MAPE
values obtained when the regression models were substituted for
the density and internal friction angle values used in Ashby's [12]
study were close to perfect. Furthermore, p and ¢ directly
affected the angle, while Maf, n, AF and E indirectly affected the
blastability. Alkaline Feldspar content, Mafic Mineral content,
Modulus of Elasticity and Apparent Porosity values had a strong
effect on blastability when MAPE and RMSE values in multiple
regression were analyzed. This was seen in the analysis
calculated according to equations D1, D14 and D13.
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3.2.2.3.Blastability According to Rakishev

Rakishev's [15] examined the influence of the mechanical
properties of many rocks on blastability and attempted to
calculate a critical velocity required for cracking. He tried to
explain the blastability of the rock based on the calculated speed.

Rakishev [15] used compressive strength, tensile strength,
density and ultrasonic P-wave velocity in his formula. In the
study conducted by Rakishev [15], the average k was 0.964, the g
was 9.807 m/s2 and the average dn was 0.51 m, which were found
from the values given for granodiorite rocks. RMSE and MAPE
values were calculated between the predicted and actual values
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and RMSE and MAPE, the best value, were performed (Table
3.6a,b).

Table 3.6a. Direct and indirect calculation of blastability with rock mechanics parameters according to Rakishev [15].

Blastability Formula Direct Account Indirect Account (km/s)
(km/s) UCS, Vp, ITS (constant) p, Vp, ITS(constant)
Density UcCs
“ Equation D1 D8 D7 D9 D10
Il s
2|&| = Sample name
3 g S iM 4.635 4.636 4.733 4.713 4.613 4.627
E ;. is 4531 4.529 4.516 4.536 4.525 4.540
G + HS 4.529 4.530 4.564 4.534 4.537 4.519
g o HG 4503 4.496 4.494 4.541 4.533 4.515
Tj "3 H 4.946 4.943 4.839 4.828 4.937 4.945
5D
5 o7 RMSE 0.000 0.068 0.066 0.020 0.000
MAPE 0.06 1.12 1.02 0.32 0.18
Table 3.6b. Direct and indirect calculation of blastability with rock mechanics parameters according to Rakishev [15].
Direct Account (km/s) Indirect Account (km/s)
Blastability UCS, ITS, p (constant) p, Vp, UCS (constant)
Formula Vp ITS
BB Equation D5 D4 D6 D11
BEREAIRS
TO_, § i’ Sample name
el b iM 4.635 4.624 4.701 4.673 4.659
S °+ is 4531 4515 4.483 4.539 4.521
Sl e HS 4529 4494 4509 4570 4527
Ol= HG 4503 4531 4513 4567 4511
§ ) H 4.946 4.943 4.845 4.991 4.927
EZ
o RMSE 0.020 0.058 0.042 0.014
MAPE 0.40 1.04 0.84 0.26

When calculated directly, the resulting velocity values were
between 4.5-4.9 km/s. These results were consistent with the
values given by Rakishev [15] for igneous rocks in his study in the
range of 3.65-4.88 km/s. When analyzing Table 3.6b, it becomes
clear that the indirect calculation based on density produces
almost perfect results. In the same way, another good result was
obtained from the indirect calculation according to equation D10
(MAPE: 0.18, RMSE: 0.000) for ITS and UCS. According to
Rakishev [15], the granites used in the study were considered
difficult to blast (Table 3.7).

Table 3.7. Correlation between critical crack velocity and
blastability [15]

Critical crack velocity (m/s) Blastability
3,6 >V Easy to blast
3,6 <Vc<4,5 Partially easy to blast
4,5<Vea<5,4 Difficult to blast
54<Ve<6,3 Very difficult to blast
6,3 <V Extremely difficult to blast

When Table 3.6 was examined; It was statistically shown that in
addition to the directly influencing parameters (density, ITS, UCS
and Vp), the quartz content, the mafic mineral content, the alkali
feldspar and the apparent porosity also had an influence on the
blastability. Taking MAPE and RMSE into account, the results
were at a very good level of prediction. The best results were
obtained with equations D1, D10 and D11, respectively.

3.2.2.4.Blastability According to Lilly

Lilly [17] proposed a method that is easier to use. According to
this method, the condition of the joints (openness and alignment)
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was important. The calculated index value was then designated
from Figure 3.1 which the number in relation to the specific
charge and the required amount of ANFO was determined. In the
study by Lilly [17], the rock mechanical parameters that
contribute to the equation include; Given the values considered
in this study, only the density parameter was used. The blast
index developed by Lilly [17] was derived from rock mass
properties such as crack density and orientation, specific gravity
and hardness. The constant values were taken from his table
(RMD:50, JPS:10, JP0:30, H:7) (Table 3.8.). The results of the
density substituted regression model are shown in the following
table (Table 3.9).

Table 3.8. Blastability index parameters according to Lilly [17].

RMD Crumbly/Fragmentable rock mass 10

(Rock mass definition) Blocky rock mass 20
Completely massive rock mass 50

JPS Close range (<0.1m) 10

(Distance between planes) Moderate (0.1-1.0 m) 20
Wide range (>1.0 m) 30

JPO Horizontal 10

(Joint plane orientation) Branching out of the slope 20
Normal sheet orientation with slope 30

Inwardly branched from the slope 40

By analyzing the results in Table 3.9, it was found that the density
in indirect calculation had excellent MAPE and RMSE values. It
was also found that mafic mineral content and apparent porosity
could be used as parameters instead of density. Therefore, taking
into account the study of Lilly [17], it was statistically proven that
mafic mineral content and apparent porosity had an influence on
blastability.
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Table 3.9. Direct and indirect calculation of blastability with rock mechanics parameters according to Lilly [17].

Direct Account

Indirect Account

Blastability Formula p
Equation D1
Sample name
iM 56.488 56.475
o F is 56.163 56.188
2 &L HS 56.238 56.225
sl += HG 56.263 56.363
ga’ H 57.238 57.275
28
e RMSE 0.049
S MAPE 0.06
05 3.2.2.5.Blastability According to Gupta
In the study conducted by Gupta [19], the parameters specified in
B 04T A15 the blastability formula included UCS and modulus of elasticity,
s = . which are the rock mechanics parameters used in this study, and
£ g 03 - 110 E g the rest were considered constant, and the results were given in
52 e BS Table 3.10. The constant burden in Gupta's equation was
E 02 2z accepted as 1.2 m considering the field applications [19]. Table
< ot I E 0.5 3.10 showed that the best results were obtained with equations
T i D9 and D10 based on UCS. Gupta [19] directly calculates the
0 J L 0 specific charge (kg/m3) and this value varied between 0.49-0.82
0 50 100 kg/m3 for the rocks studied. As can be seen from the figure below;
Blastability Index in Grupta's [19] research, it was statistically revealed that Vp,

Figure 3.1. Blastability index-specific charge relationship [17].

Considering Figure 3.1, the calculated values for the rocks used in
this study varied by approximately 0.23 kg/ton (0.62 kg/m3) and
the specific charge values were below and close to the specific
charge value (0.7- 0.8 kg/m3) given by Dyno Nobel [34].
According to the result of the MAPE and RMSE analysis, the
process had very good predictive values based on the only
available variables (Eq. D1).

density and mafic mineral content, quartz content and Poisson's
ratio also affect the specific charge. In the calculations made with
the models, the specific charge value varies between 0.49-0.84
kg/m3 and was in accordance with the specific charge (0.7-0.8
kg/m3) value range specified by Dyno Nobel [34]. According to
the prediction accuracy analysis, the best results are obtained
with equations D9, D10 and D3, respectively.

Table 3.10. Direct and indirect calculation of blastability with rock mechanics parameters according to Gupta [19].

Direct Account

Indirect Account (kg/m3)

Blastability (kg/m3) UCS (constant) E (constant)
Formula E ucs
Equation D2 D3 D8 D7 D9 D10
Sample name
S iM 0.722 0.722 0.731 0.786 0.774 0.712 0.720
é :‘ is 0.490 0.524 0.512 0.491 0.501 0.496 0.503
'g s HS 0.722 0.670 0.677 0.738 0.718 0.720 0.709
Q v o HG 0.619 0.640 0.630 0.625 0.652 0.648 0.637
v %D EQ H 0.826 0.834 0.841 0.771 0.764 0.833 0.838
S ©
< g RMSE 0.028 0.024 0.037 0.040 0.014 0.014
S MAPE 3.70 3.12 3.78 4.56 1.68 1.82
4. Conclusions and RMSE) results of this equation containing Vp - Mafic Mineral

Within the scope of this study, rock mechanics experiments,
mineralogical investigation and statistical studies were carried
out on granite samples taken from five different regions in the
Eastern Black Sea Region ("H" Harsit region, "HG and HS" Of
region and "IM and IS" ikizdere region). The findings obtained as
a result of the studies were given below.

- As aresult of the study, a strong correlation was found between
blastability and mineral distribution.

- Considering the study of Hino [4], the best result was obtained
from equation D10. The analysis of forecasting accuracy (MAPE
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- p were 0.085 of RMSE and 0.58 of MAPE.

- Considering the Ashby [12] study, the best analysis of
forecasting accuracy result was obtained with regression
equation D14 containing Alkali Feldspar - Mafic Mineral - E - n
(RMSE: 0,014, MAPE: 0,86).

- Considering the formula of Rakishev [15], the best result was
obtained with equation D1 containing Mafic Mineral-n, where
UCS, ITS, Vp were constant (RMSE: 0,000 MAPE: 0,06).

- When the study of Lilly [17] was analyzed, the model was in a
very good prediction range. While other parameters were
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constant, the best analysis of forecasting accuracy were obtained
with equation D1 (Mafic Mineral-n) (RMSE: 0.014, MAPE: 0.26).

- Gupta [19] concluded that when E was constant, the model with
equation D9 with Mafic Mineral - n was the best analysis of
forecasting accuracy (RMSE 0.014, MAPE 1.82).

As a result of the evaluations made by statistical analysis, it was
revealed that mineralogy had an effect on the parameters used in
the calculation of blastability and the specific charge value
decreased even more when minerals were taken into account.
The values given were all in terms of specific charge except Hino
[4] and Rakishev [15]. When the calculated values were
examined, the parameters to be taken into account in the specific
charge calculation according to the best analysis of forecasting
accuracy results were mineral content, uniaxial compressive
strength, indirect tensile strength, apparent porosity, density and
ultrasonic P-wave velocity. In future studies, it is recommended
to create a new blastability index including the mineral structure
and the mentioned parameters with detailed field and laboratory
model blasting studies.
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Abstract

Press filter cake is a solid waste produced during sugar production process and includes carbonates and organic components. In this
study, coal powder in different percentages (from 10 wt.% to 50 wt.%) was mixed with 35 wt.% press filter cake and 65 wt.% chamotte
composition to produce porous anorthite ceramic products with different apparent porosity percentages. The anorthite phase was
observed as the dominant crystalline phase in all fired samples. The firing shrinkage values sharply increased after adding higher than
40 wt.% coal powder to composition. In addition, apparent porosity values were changed from 49% to 70%. Compressive strength
values reduced from 18 MPa to 1.73 MPa while percentages of ground coal were increasing. Microstructural analysis also showed that
the porosity values of the sintered samples showed important changes depending on the amount of coal additive. The thermal
conductivity values showed a reduction from 0.113 W/mK to 0.064 W/mK while increasing the percentage of ground coal. Micro-
computed tomography (Micro CT) analysis was performed for 40wt. % coal powder added composition and the total porosity value
was found as 60.2%.

Keywords: Porous ceramic, Anorthite, Press filter cake waste, Coal powder

0z

Pres filtre keki, seker iiretim siirecinde ortaya ¢ikan, karbonatlar ve organik bilesenler iceren kati bir atiktir. Bu calismada farkli
goriiniir gozeneklilik yiizdelerine sahip, gozenekli anortit seramikler {iretmek i¢in, agirlikca %35 pres filtre keki ve agirlikca %65
samot bilesimi ile farkl yilizdelerde kdmiir tozu (agirlik¢ca %10’dan %50’ye kadar) karistirilmistir. Pisirilen tiim 6rneklerde anortit
fazi1 baskin kristal faz olarak gozlenmistir. Bilesime agirlikca %40’tan fazla komiir tozu ilave edilmesiyle, pisirme biiziilme degerleri
hizli bir sekilde artmistir. Ayrica goriiniir gézeneklilik degerleri %49’dan %70’e ¢ikmistir. Kémiir tozu yiizdeleri artarken basma
dayanim degerleri 18MPa’dan 1,73MPa’a diismiistiir. Mikroyap1 analizleri de sinterlenmis numunelerin gézeneklilik degerlerinin
kémir katki miktarina bagh olarak énemli dl¢iide degistigini gostermistir. Bilesimdeki kdmiir tozu yiizdesi arttirilirken, termal
iletkenlik degerleri, 0,113 W/mK’den 0,064 W/mK’e diisme gostermistir. Agirlikca %40 kdmiir tozu katkili bilesim i¢cin Mikro
bilgisayarli tomografi (Micro CT) analizi yapilmis ve toplam g6zeneklilik degeri %60,2 olarak bulunmustur.

Anahtar Kelimeler: Gézenekli seramik, Anortit, Pres filtre keki atigi, Komiir tozu

recycling for the annihilation of several wastes. A significant
quantity of waste is used to produce insulation refractory. Rice
husk, fly ash, fired refractory grog, and rice husk ash are current
wastes. Several specimens are worked on compositions based on
partial and full replacement of clay [4]. Calcium carbonate and fly
ash cenosphere were put to use in fabricating high apparent
porosity ceramics. High apparent porosity was investigated with
the addition of calcite. Calcium carbonate constituted the
apparent porosity in two ways: the first was that COz emission
from CaCOs decomposition induced the formation of pores in
ceramics; the second was that CaO from calcite decomposition
formed into anorthite with fly ash cenosphere. The apparent
porosity of a ceramic composition with 30 wt.% CaCOs fired at

1. Introduction

Anorthite porous ceramics have an area of usage in the insulation
field in favor of low thermal conductivity, high purity, and high
strength [1]. In recent years, many studies have been published
in the literature on the processing of porous anorthite ceramics
using both mineral raw materials and waste materials [1-19]. In
a study carried out using mineral raw materials, porous
gehlenite-anorthite-based ceramics were produced by using
calcined kaolin and 28 wt.% calcite and firing at 1250°C for 1h. In
the structure, it was measured to have a high porosity of 54% [2].
Another study related to the production and characterization of
porous anorthite ceramic based on mineral materials found that

the resulting bodies showed apparent porosity values between
28 and 32% [3]. The utilization of various wastes in the
production of insulation refractory is a remarkable method of

DOLI: https://doi.org/10.21205 /deufmd.2024267809

1250°C achieved 59.25% [5]. Through direct foaming and slip
casting, a mixture of gypsum and fly ash constituted porous
anorthite ceramics with low thermal conductivity. While 10%
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gypsum content was added, anorthite came in the main phase
with the least amount of impurity. In addition, with sodium
hexametaphosphate as dispersant and using a two-step foaming
process, the highest open porosity of up to 94% and the lowest
thermal conductivity of 0.042 W/mK were achieved [6]. In
research, porous anorthite ceramics were produced from
metakaolin, talc, fly ash, and red mud. A sample containing 30
wt.% red mud and 40 wt.% fly ash fired at 1150°C had 38%
apparent porosity and 42 MPa compressive strength. Anorthite
was detected as the main phase, and the minor phases were
mullite, a-quartz, and diopside ferrian. Abundant open pores and
closed pores were examined in SEM images, which indicated high
porosity and low heat conductivity. In addition, mullite grains
with rod-like shapes were present in the porous ceramics. These
grains prevented the propagation of cracks in intergranular
fractures to raise the compressive strength [7]. In another study,
steel slag and high-alumina fly ash microbeads were mixed to
produce feldspar-porous ceramics over high-temperature solid-
phase sintering by adding pulverulent coal as a pore-forming
agent.The ratio of fly ash microbeads to steel slag was chosen at
6:4, and the pore-forming material content was 10%. Porous
ceramics with a porosity of 49.21% and a flexural strength of
12.88 MPa were obtained by firing at 1170°C for 2 hours. The
main phase of porous ceramics was anorthite [8]. For the
production of porous and lightweight anorthite-based insulating
ceramics, mixtures of clay, recycled paper processing waste, and
sawdust as pore-forming materials were also studied. Recycled
paper processing waste consists of organic and inorganic
contents. The reaction between calcium oxide from paper
processing waste and aluminum silicate from clays resulted in
anorthite in the minor secondary phase. Sawdust-added mixtures
with anorthite composition promoted the porosity of the
samples. It was found that the bulk densities ranged from 1.12 to
0.64 g/cm3, and the thermal conductivities varied from 0.25 to
0.13 W/mK depending on their porosity content [9]. Another
study is about the use of three different clays, such as aluminum
silicate, clay with alkalis, and fireclay, in the manufacturing of
anorthite-based lightweight insulating firebricks. All samples
were mixed with 30-40 wt.% paper processing residues, and
they were fired at 1200-1400°C. Sintered samples consisted of
anorthite as the major phase and mullite or gehlenite phases
examined as minor secondary phases in some mixtures [10].
Press filter cake (PFC) is a sugar industry waste that consists of
magnesium calcium carbonate, and organic substances. This
waste is generally used for fertilization of sugarcane fields and
other fields of agriculture [11, 12]. PFC wastes were used for the
production of anorthite-based ceramics as CaO sources in the
anorthite compositions [13, 16]. Research has shown that it is a
useful raw material for the production of anorthite/cordierite
and anorthite/alumina composites [17, 18]. In our previous
study, it was determined that a 35% press filter cake (PFC) and
65% chamotte (PCH-35) composition, which was fired at 1300°C
for 2 hours, showed 49.6% apparent porosity for porous
anorthite ceramic [19]. In this study, it was aimed to increase the
porosity ratio of the PCH-35 composition by adding coal powder
as the pore-forming material in different percentages (10%-50%
by weight) for insulation field usage.

2. Materials and Methods

2.1. Characterization of raw materials

PFC was obtained from Eskisehir Sugar Factory, where 50.000
tons of sugar beet filter cake waste are sorted per year. Chamotte
was chosen as the alumina silicate and it was supplied from
Kaolin Industrial Minerals Co. Coal was procured from an
industrial company located in Soma, Turkey. Coal was ground for
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5 minutes at 700 rpm by using a disc mill. Ground coal was used
as the pore-forming material in the PCH-35 composition [19]. In
the beginning, the crystalline phase, chemical composition,
thermal behavior, and particle size distribution of raw materials
were determined. A X-ray fluorescence spectrometer (EDXRF
Spectro 1Q II) was used for determining the chemical
composition. Phase analysis of the powders was done by an X-ray
diffractometer (Bruker D2 Phaser) with a Cu tube 0f 1.54184 A at
a voltage of 30 kV. Particle size distributions of raw materials
were measured by the Malvern Mastersizer 3000.
Thermogravimetric analysis (TGA) of the raw materials was
carried out under a nitrogen atmosphere at a heating rate of
10°C/min using the TA Instruments TGA-SDT Q600 equipment.

2.2. Preparation of samples with different percentage
coal powder addition

PCH-35 composition was prepared and mixed with ground coal
in different weight percentages (10% to 50%) for the production
of porous anorthite ceramic products. Firstly, the slurry of PCH-
35 composition was prepared and dried at 100°C for 24 hours.
Then it was crushed to obtain it in powder form. The powder
mixture was mixed separately with different percentages (10%
to 50%) of ground coal by weight. Powders of mixtures were
pressed at 25 MPa pressure, and samples were formed with a 20
mm diameter. Samples were dried at 100°C for 24 hours before
sintering.

2.3. Characterization of fired samples

The pressed samples were sintered at 1300°C for 2 hours. They
were characterized for present crystalline phases (XRD), physical
properties (apparent porosity, bulk density water absorption),
thermal conductivity, mechanical properties (compressive
strength) and microstructural properties. The physical
properties of sintered samples were determined by the liquid
displacement method (ASTM C20). Compressive strength was
measured by a Shimadzu 100 kN testing machine at a crosshead
speed of 0.5 mm/min. Thermal conductivity was studied with C-
Therm equipment. The microstructural properties of fired
samples were determined by SEM-Quanta 250 FEG. A micro-CT
test was applied to the sample that had the highest apparent
porosity value.

3. Results and Discussion

3.1. Characterization of raw materials

The chemical composition of chamotte includes about 57.9%
Si02, 38.8% Al203, 1.1% Fe203, 0.9% K20, 0.3% Naz0 compounds,
and 0.3% loss on ignition. The chemical analysis of PFC waste
contains mainly 44.25% CaO, 3.24% MgO, 3.28% Naz0, 0.33%
Al203, and 48% loss on ignition. In figure 1, the XRD pattern of
chamotte indicates the presence of mainly crystalline phases like
mullite, quartz, and cristobalite as well as an amorphous phase.
The PFC waste has a mainly magnesium-calcium carbonate
phase. Coal was used as a pore-forming material in the ceramic
body. Carbon, Fe0O, quartz, and sodium aluminum silicate phases
were determined in XRD analysis. Coal was fired for one hour at
1000 °C, and coal ash was obtained. After firing, quartz,
cristobalite, sodium aluminum silicate, and FeO phases were
identified in the sample (Figure1(d)).
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Figure 1. Phase analysis; PFC (a), chamotte (b), coal (c), coal fired
at 1000°C (d)

PFC shows a bi-modal particle size distribution curve, and Dy
(10), Dy (50), Dv (90) values of PFC are determined as: 3.83um,
13.6pm and 125pm, respectively. (Figure 2a). The chamotte
particle size was measured less than 139um and the average
particle size was 38 pm (Fig 2b). Dv (10), Dy (50), Dv (90) values
of the used coal powder are found as follows: 6.19um, 51.3um
and 245um, respectively.

Figure 3 shows the TGA results for the raw materials. According
to the TGA curve, the total weight loss of PFC is 52.78%. It also
indicates that 34.73% carbonate decomposition occurs between
600°C and 800°C. The removal of organic compounds in the
waste happens at 300-500°C, and the weight loss appears to be
18%. The TGA curve of coal demonstrates 58.83% weight loss
(Figure 3b).
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Figure 3. Thermogravimetric analysis; PFC (a) and coal (b)
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Figure 2. Particle size distribution of the raw materials; PFC (a),
chamotte (b) and coal (c)

3.2. Characterization of fired samples

Figure 4 shows the image of the fired samples. Figure 5 indicates
the XRD phase analysis of sintered samples. The basic crystalline
phase of each fired sample is anorthite, and there is no
considerable difference among all the compositions.

10%C A%C 0% C 40%C

me

Figure 4. Fired samples
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Figure 5. XRD phase analysis of fired samples

The physical properties and compression strength values of the
samples were determined using three samples for each
composition. The physical properties of the samples sintered at
1300°C are listed in Table 1.

When the percentage of coal increased, firing shrinkage, water
absorption, and apparent porosity percentage values increased.
On the other hand, bulk density decreased from 1.38 to 0.81
g/cm3. The highest linear firing shrinkage percentage was
calculated at 50% ground coal content. This situation is not
preferable to fabricate because high firing shrinkage may cause
firing cracks in the ceramic body. The fired sample of 40% C +
60% PCH-35 composition showed under 10% firing shrinkage.
Also, the apparent porosity percentage was 67%, and the bulk
density was calculated at 0.88 g/cm3. According to the results of
the physical tests, the 40% C + 60% PCH-35 composition was
analyzed by micro-CT. In Figure 6, dark blue areas show the
structure of the fired sample. Total porosity was calculated at
60.17%, and the closed porosity percentage was 0.03%.

Figure 6. Micro-CT image of fired sample with 40%C + 60%
PCH-35 composition
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Dilatometric analysis was done for PCH-35, 20% coal-added PCH-
35, and 40% coal-added PCH-35 samples fired at 1300°C. They
were analyzed for their thermal expansion percentages. The
shrinkage (-) and expansion (+) behaviors of fired samples are
shown in Figure 7. All samples began to shrink after about
1150°C. The total thermal expansion of the samples up to 1100°C
was about 0.05%. The final thermal expansion values of whole
samples at 1100°C were measured at 0.05%, and this value
showed the stability of fired samples up to 1100°C. The shrinkage
measurements of reheated samples with 0, 20%, and 40% coal
additive were determined to be 0.05%, 0.2%, and 0.3%,
respectively, at 500°C during the cooling process. All samples
were thermally and dimensionally stable at temperatures up to
1100°C. The samples that were produced in this study can be
safely used up to 1100°C.

0,2

2
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200 400 600 800 1000 1200 1400

100% PCH-35
20% C + 80% PCH-33
40% C + 60% PCH-35
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Figure 7. Percent linear changes of the samples during firing

In addition, the initial and final lengths of the samples used in
dilatometric analysis were measured. The change in length
values was calculated and showed shrinkage of 0.06%, 0.9%, and
1.3% for PCH-35, 20% coal added to PCH-35, and 40% coal added
to PCH-35, respectively. As a consequence of the reduction in
bulk density with an increase in coal percentage, the compressive
strength values of fired samples decreased from 18.78 to 1.73
N/mm?, as seen in Figure 8. Wu et al,, stated that Synthesized
anorthite grains and replenishing the intergranular spaces with
liquid phases are effective for high-strength results [20]. Also,
polyurethane sponge was used as a template to prepare porous
ceramic, and metallurgical steel slag and kaolin were used as raw
materials. The compressive strength was measured at 1.5 MPa,
and the porosity was 85.3% [21].

The thermal conductivity values for each composition were
measured. As seen in Figure 9, the thermal conductivity values of
samples fired at 1300°C range from 0.11 to 0.06 W/mK. By
increasing the percentage of coal powder, the thermal
conductivity values show a decreasing trend. The development of
an amorphous phase in the grain boundaries, a large number of
nano-regions in anorthite grains, and high porosity accomplish
low thermal conductivity in the ceramic body [20].
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Table 1. Physical properties of the fired samples.

the fired samples, and a porous structure remained while
increasing the content of coal powder.

Composition Firing shrinkage % Water absorption% Apparent porosity % Bulk density g/cm3
PCH-35 -3.26+£0.01 35.85+0.4 49.30+0.3 1.38+0.01
10% C +90% PCH-35 -1.07+0.03 46.17+0.5 55.57+0.2 1.20+0.01
20% C + 80% PCH-35 2.52+0.09 57.28+0.03 60.83+0.05 1.06+0.01
30% C + 70% PCH-35 5.35+0.2 68.20+0.5 64.86+0.2 0.95+0.01
40% C + 60% PCH-35 7.5+0.2 76.81+0.2 67.58+0.2 0.88+0.01
50% C + 50% PCH-35 10.71£0.1 86.50+0.5 70.19+0.04 0.81+0.01
204
“ [
g [
&
Z
515+
an
B
=]
n
210+
%
5]
2
g
=]
U 54 +
’
0

0 10 20 30 40 50
C%

Figure 8. Compressive strength values of the samples with coal
addition
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Figure 9. Thermal conductivity values of samples

The microstructural properties of fired samples were determined
by SEM-Quanta 250 FEG. Samples were broken, and
microstructures were investigated on the broken surfaces. Many
open and closed pores were examined using SEM images. This
situation ensured low thermal conductivity and high porosity
properties in the final product [7]. Figure 10 shows the anorthite
crystals formed in the fired ceramic body as well as the effects of
the structures formed by the coal dust used as a pore-forming
material in production. Anorthite crystals have been observed in

Figure 10. SEM images taken at 2500X magnification of fired
samples with different compositions: PCH-35 (a), 10% C + 90%
PCH-35 (b), 20% C + 80% PCH-35 (c), 30% C + 70% PCH-35 (d),
40% C + 60% PCH-35 (e), 50% C + 50% PCH-35 (f)

4. Conclusions

PCH-35 (35% press filter cake, 65% chamotte) composition was
mixed with ground coal in different percentages (from 10% to
50%) for the production of porous anorthite ceramic in different
apparent porosity percentages. The whole fired sample showed a
major anorthite phase. Firing shrinkage values were run up after
adding more than 40% coal to the PCH-35 composition. 50% of
the coal added to the PCH-35 showed 10.7% firing shrinkage. In
addition, cracks were observed on the surfaces of 50% of the coal
added to the PCH-35 samples. Apparent porosity percentages
also increased from 49.3% to 70.19% while increasing the
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amount of coal powder because of the combustion of coal
powder. In addition, bulk density was reduced from 1.38 to 0.81
g/cm3. As a result of decreasing bulk density, a reduction was
observed in compressive strength values from 18.78 to 1.73
N/mm2. Thermal conductivity values also supported the
apparent porosity results. Thermal conductivity results are
reduced with increasing coal powder percentages. According to
dilatometric analysis, the final thermal expansion values of whole
samples at 1100°C were measured 0.05%, and this value
indicated that fired samples were preserving their stability up to
1100°C. The shrinkage measurements of reheated samples with
0, 20%, and 40% coal additive were determined 0.05%, 0.2%,
and 0.3% at 500°C during the cooling process. MicroCT analysis
of the 40% coal-added PCH-35 composition showed 60.17% total
porosity. The microstructural properties of fired samples
determined the effect of coal percentages on the structure. A
porous structure was procured while increasing the content of
coal powder. Fine anorthite crystals were observed in the fired
samples.

According to all test results obtained, the PCH-35 sample with
40% coal addition exhibited the best result in terms of thermal
insulation. It is thermally and dimensionally stable at firing
temperatures up to 1100°C. The thermal conductivity value of the
samples with this composition was measured as 0.067 W/mK,
and the bulk density and apparent porosity values were 0.88
g/cm3 and 68%, respectively. When compared to previous
studies in the literature, it is understood that the thermal
conductivity values obtained in this study are lower. In a study,
the thermal conductivity value of samples produced by adding
30% wood sawdust as a pore former to the paper waste/clay
mixture was found to be 0.13 W/mK [9]. Additionally, the
thermal conductivity value of the samples produced by adding
30% expanded polystyrene granules to the chamotte/eggshell
waste mixture was found to be 0.11 W/mK [22]. In another study,
the thermal conductivity value of samples produced by mixing
30% sawdust into the rice husk ash/diatomaceous earth mixture
was measured as 0.09 W/mK [23]. As a result, it was concluded
that sugar process solid waste, which is an industrial waste, and
coal dust additives can be used as alternative calcium sources and
pore formers in the production of anorthite bricks for thermal
insulation purposes.
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Abstract

In text mining, sentiment analysis is gaining popularity day by day although it has been recently introduced. One of the important
feedback parameters of this research is the opinion about text-based content. The general goal in this aspect is to analyze product and
service reviews or comments so that they can be compared and contrasted with each other via the ratings they get. An ensemble
method which we have proposed earlier is used in this study to boost the classification accuracy of different conventional single
machine learning models. Five analytical models that are related but not identical are implemented and their class decisions are
integrated using a special weighted majority voting ensemble mechanism called WMVE to increase the classification score of the data
mining technique. Naive Bayes, OneR, Hoefding Tree, REPTree, and KNN methods are utilized as base classifiers in the ensemble and
their class decision are integrated into the WMVE method. At the same time, outputs were compared to the ones obtained by Standard
Majority Voting Ensemble (MV) including the same base classifiers. Based on the findings, the WMVE model demonstrated superior
performance compared to other classifiers, achieving an average accuracy of 77.35 and F-Score of 77.19 values. Consequently, the
ensemble model including WMVE is used to enhance sentiment analysis classification performance.

Keywords: Majority voting, text mining, classification, ensemble

Oz

Metin madenciliginde, yakin zamanda tanitilmasina ragmen duygu analizi giin gectikce popiilerlik kazanmaktadir. Bu arastirmanin
onemli geri bildirim parametrelerinden biri, metin tabanl bir i¢cerik hakkindaki goriislerdir. Bu konudaki genel amag, iiriin ve hizmet
incelemelerini veya yorumlarini, aldiklar1 puanlar araciligiyla birbirleriyle karsilastirabilmeleri ve karsilastirabilmeleri i¢in analiz
etmektir. Farkli geleneksel tek makine 6grenimi modellerinin siniflandirma dogrulugunu artirmak icin bu ¢alismada daha 6nce
onerdigimiz bir topluluk yéntemi kullanilmistir. Veri madenciligi tekniginin siniflandirma puanini artirmak i¢in birbiriyle iligkili ancak
ayn1 olmayan bes analitik model uygulanmis ve bunlarin sinif kararlari, Agirlikli Cogunluk Oylamasi (WMVE) adi verilen 6zel agirhikli
¢ogunluk oylama toplulugu mekanizmasi kullanilarak entegre edilmistir. Toplulukta temel siniflandiricilar olarak Naive Bayes, OneR,
Hoefding Tree, REPTree ve KNN yontemleri kullanilmis ve bunlarin sinif karart WMVE y6ntemi i¢in entegre edilmistir. Ayni zamanda
sonugclar ayni siniflandiricilarla olusturulan Standart Cogunluk Oylamasi (MV) bulgulariyla da kiyaslanmistir. Bulgulara gére, WMVE
modeli, diger smiflandiricilara kiyasla iistiin performans sergiledi ve ortalama dogruluk degeri olarak 77.35 ve F-Skoru olarak 77.19
degerlerine ulasti. Sonug olarak, duygu analizi siiflandirma dogrulugunu artirmak i¢in agirlikli oylama yontemini iceren topluluk
modeli kullanilir.

Anahtar Kelimeler: Cogunluk oylamasi, metin madenciligi, siniflandirma, topluluk

1. Introduction to optimize the decisions made by many classifiers to improve the

The content created by users through information input is one of classification quality. Voting is conducted among five classifiers:

the most preferred accessible data used in the evaluation of a
product or service. These contents are formed by users
expressing their experiences about products or services in digital
media. With the widespread use of web technologies,
manufacturers, business owners, and sellers refer to their users'
feedback data to gain a commercial advantage [1].

With the growth of online commerce and social networking sites,
a significant amount of product or service evaluation data has
been collected. In the referred community-based approach, the
proposed method integrates supervised machine learning
techniques with majority voting. The objective of this approach is

DOI: https://doi.org/10.21205/deufmd.2024267810

Naive Bayes, ZeroR, BayesNet, Multinomial Text, and Logistic
Regression. In these experiments, the majority voting
community-based approach outperforms all individual
classifiers and the standard majority voting [2].

Online opinions are generated for different purposes and have
different side effects [3]. For example, a positive opinion can lead
to financial growth, while a negative opinion can cause a decrease
in sales. Therefore, sellers welcome the use of user opinions to
improve their business. They analyze this feedback and adjust
their products and services accordingly. Sentiment analysis
constitutes a significant area of investigation in text mining,
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natural language processing, and information retrieval. It serves
the purpose of succinctly representing text documents, offering
advantages in various applications such as automatic indexing,
summarization, classification, clustering, and filtering. One
specific application is in the domain of text classification, where
the challenge of a high-dimensional feature space can be
addressed by extracting the most crucial or relevant words from
the document content and utilizing them as features.

Sentiment analysis is implemented in three levels. These levels
are archive, sentence, and viewpoint level. In our study, we take
care of sentences. Record-level organization determines whether
the document's viewpoint is favorable, unfavorable, or impartial.
The sentence level determines whether the sentence conveys a
regrettable, positive, or neutral evaluation. The field of text
classification presents a challenge due to the high-dimensional

feature space [4].

/ Text
¥
Tokenization
| !
Stop Words
: ]

Stemming

4

Classification

¥
/ Sentiment /

Figure 1. Sentiment analysis process.

Perspective level examines the entirety of the emotions
expressed within the provided document and the perspective it
refers to. Sentiment analysis process is demonstrated above in
Figure 1.

The challenge of high-dimensional feature space is a common
issue in text classification applications. Utilizing all words from
training documents as features makes the text classification
process computationally intensive. Therefore, selecting
keywords from a text collection, representing the most crucial
and relevant words in the document content, becomes a
favorable choice for constructing features in a classification
model. Machine learning algorithms like Naive Bayes, k-nearest
neighbor, support vector machines, and artificial neural
networks have proven successful in text document classification.
Ensemble methods, a collection of learning algorithms, combine
decisions from these algorithms to build a more robust
classification model with enhanced predictive performance.

2. Related Work

In the literature, there are studies focusing on analyzing the
customer reviews obtained from Amazon in terms of categorizing
the sentiments of them. Within the scope of this section, we
briefly explain several studies related to sentiment analysis of
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Amazon customer reviews. Text format eases the process of
recording information but poses difficulties when attempting to
utilize the data for secondary purposes [5].

In the study [6], the authors focused on the evaluation of
sentiment analysis of balanced and unbalanced Amazon online
review datasets. To do so, they used four well-known deep
learning algorithms which are Recurrent Neural Network (RNN),
Long Short-Term Memory (LSTM), Group Long Short-Term
Memory (GLSTM), Gated Recurrent Unit (GRU) and Updated
Recurrent Unit (URU). They utilized 3 different word embedding
feature extraction methods which are Glove, Word2vec and
FastText. The macro average prediction results were evaluated
based on accuracy, recall, precision and F1-score. They achieved
the highest accuracy result as 93.73 for the unbalanced dataset
using GLSTM network with FastText feature extraction method.
On the other hand, the LSTM networks provided the highest
accuracy performance as 88.39 for the balanced dataset.

The authors analyzed sentiments of Amazon customer reviews in
their study [7]. They used the Amazon Review dataset 2018
which consists of 938254 records from the accessories and cell
phone section of Amazon in total. They compared the
classification performances of two conventional machine
learning classifiers (Naive Bayes and Support Classification
Algorithm) with two deep learning classifiers (LSTM and
Convolutional Neural Network(CNN)) in terms of accuracy,
precision, recall and F1l-score. According to the results, LSTM
provided the highest performance among other classifiers with
93% accuracy and 97% F1-score values.

In another study [8], the sentiment polarization of the Amazon
product reviews had been analyzed by using two conventional
machine learning classifiers which are Naive Bayes (NB) and
Support Vector Machine (SVM) in terms of four metrics
(accuracy, recall, precision and F1-score). The authors used a raw
dataset which is composed of more than one million Amazon
product feedbacks. The dataset is automatically labeled
according to 5-star rating system. Considering the classification
results, SVM outperformed NB in terms of all metrics.

Khalid et al. [9] proposed a voting classifier named Gradient
Boosted Support Vector Machine (GBSVM) based on two base
models which are Gradient Boosting and Support Vector
Machine. They utilized a dataset containing 64,295 records which
are the mobile application reviews for Google apps. In the
experimental section of the study, the authors focused on
investigating prediction performances of various machine
learning classifiers (Support Vector Machine, Gradient Boosting
Machine, Logistic Regression and Random Forest), the proposed
voting classifier and four state-of-the-art ensemble methods. The
outcome of the results indicated that the proposed model
outperformed other classifiers.

Qorich and Ouazzani [10] focused on extracting positive and
negative sentiments of Amazon customer reviews within the
scope of their study. To do so, they proposed a CNN model and
compared its performance with baseline machine learning and
deep learning classifiers in terms of accuracy, precision, recall
and Fl-score. They also implemented experiments by using
diverse model designs. The overall results indicated that the
proposed CNN model achieved higher performance as 90%
accuracy value among other classifiers.

In the study [11], the authors performed an aspect level
sentiment analysis considering bipolar words on Amazon
product reviews. To do so, they first used Scrapy to collect the
raw dataset which is composed of 191,720 reviews of six
different products and then they performed four stages to
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preprocess the data. Next, the authors identified the bipolar
words with their adjustment values using aspect level sentiment
analysis. After the identification of bipolar words, the
classification phase is performed by using the support vector
machine classifier with its three different kernels which are
linear, polynomial and radial basis function (RBF). According to
the classification performances, RBF provided the best results
among others.

Alroobaea [12] studied sentiment analysis on Arabic Amazon
product reviews using deep learning architectures. The author
used three different datasets with different sizes. After the pre-
processing phase, a recurrent neural network (RNN) model was
applied to predict reviews in terms of positive and negative
sentiments. The results obtained by the proposed RNN model
were compared to three well-known deep learning architectures
which are Long short-term memory (LSTM), Gated Recurrent
Unit (GRU), and Convolutional Neural Network (CNN). According

to the overall prediction results, the proposed model achieved
the highest accuracy values in all three datasets.

3. Materials and Method

The main objective of the research is to propose a novel ensemble
method with a special weighted majority voting mechanism to
improve the predictive performances achieved in a sentiment
analysis problem. The overall view of the proposed method is
revealed in Figure 2.

As shown in Figure 2 [13], the first stage of the proposed
framework is selecting single classification algorithms. In our
study, we have chosen 5 different classifiers. This number can be
increased or decreased according to the problem. The algorithm
assigns distinct weights to each trained classifier based on how
well they perform on the validation set. The ultimate prediction
for each instance is determined by considering the votes of the
classifiers with the highest weights [13].

Training Classifiers Predictions Voting Decision
Classifier 4 G
Ciny
Classifier w > °
|5 2
ki W) >3 85
: PS5 (@] o
Classifier 2 w v g'g q E%
20 cd
] —»| 3O o
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/ Wn
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/ - | & e
»> Classifier
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Test Set

Validation Set

Figure 2. The structure of the proposed method

The next phase of the proposed method is to determine the
weights of each classifier. In this step, all objects in the validation
dataset are traversed and processed through n classifiers once.
Then, the weights of the classification methods having correct
predictions are increased by the ratio of the number of
incorrectly predicting classifiers to the whole number of
classifiers (n). The output of this step is the classifiers with
updated weights to vote decision of class label of each instance in
the test test.

Different text mining preprocessing steps such as normalization,
tf-idf transformation, bag-of-words, removing stop words etc. are
implemented on the training set. This weight gain value cannot
exceed 1 for a single instance operation. Those preprocessing
operations have been performed using python machine learning
libraries and Weka [16] filtering tools. Following the
implementation of these preprocessing procedures, the result is
subsequently directed to the subsequent phase, known as the
classification stage.

In the WMVE approach that is being suggested, there consist of
three distinct stages. The initial stage involves training classifiers
using a training set. Subsequently, the second stage involves
ascertaining the weights of these classifiers by utilizing a
validation set. During this phase, each classifier produces a
decision pertaining to the predicted class label of a single
instance, and these decisions are assessed to adjust the weights.
Lastly, in the third stage, the outputs from individual classifiers
are amalgamated, taking into account their respective weights.

Therefore, the complete dataset is divided into three distinct
parts: the training set, the validation set, and the test set. The
validation set's size matches that of the test set, amounting to
one-eleventh of the entire dataset. Let's denote "m" as the
number of instances within the validation set. Table 1 provides a
visual representation of the classifiers' accurate and inaccurate
predictions for each instance in the validation set, where
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Table 1. Predictions of classifiers in the validation set.

, if j" classifier makes a correct
prediction for i instance

if jt" classifier makes an incorrect
prediction for i instance

Instances Cc1 C2 Cn

1 P11 P12 P1n
2 P21 P22 P2n
m Pm1 Pm2 Prmn

In the classification stage, five different single classifiers, normal
majority voting ensemble, and the proposed weighted majority
voting ensemble methods consisting of these five classifiers are
implemented. These classifiers are OneR, Hoefding Tree,
REPTree, k-NN, and Naive Bayes methods. All models were
applied using C# code snippets and related Weka classification
libraries.

4. Experimental Results

In this study, we used a pre-collected dataset from Kaggle which
is composed of 10 columns and 568,454 rows in total. The dataset
contains customer reviews of fine foods from Amazon [14]. We
made several changes on the dataset to make it ready for the
tasks implemented in this paper. Firstly, we separated the review
and the score columns and created a sub-dataset. Next, we
redefined the rating values as negative and positive within the
score column where the value range is between 1 to 5 indicating
1 as the lowest rating value and 5 as the highest rating value. We
set 1 and 2 rating values as negative (0) and 5 as positive (1).
After the labeling process, the sentiment distribution of the
dataset became 363,122 positive and 82,037 negative reviews.
However, we shrunk the dataset to 4,938 positive and 4,703
negative reviews due to the calculation problems of the proposed
methods in this study. Table 2 shows several customer review
examples with their label.

After the re-construction of the dataset, we applied pre-
processing methods on the dataset to make it ready to be used in
experimental procedures. First, we converted all characters to
lowercase. Second, we removed punctuation characters, the extra
spaces, and all numeric characters. Then, we normalized each
term in the dataset by using SnowballStemmer. At last, we
removed all stopwords defined within the version 3.7 NLTK
library [15].

In this phase of the study, we compared the macro average
predictive performances of the proposed model WMVE with six
different machine learning classifiers (OneR, HT, REPTree, NB,
KNN and MV) in conjunction with four different stemming
approaches (namely, Snowball, IL, Lovins and None). We
achieved all experimental results by using TF-IDF text
representation scheme. Five different ngram models have been
evaluated ranging from 1 to 3. In addition, we considered the
combination of ngram models which are unigram-bigram(uni-
bi), bigram-trigram(bi-tri), and unigram-bigram-trigram (uni-bi-
tri). In the empirical analysis, we set the feature size as 1,000 and
utilized 10-fold cross validation where the dataset is divided into
three parts in each fold which are training(9/11), testing(1/11)
and validation(1/11).

We implemented a C# program to perform all the empirical
analysis. We have utilized Weka machine learning library
suitable for visual studio environment to figure out classification
tasks. We have used default input parameters for each classifier.
The application enable us to compare and contrast classification
performance values obtained by single classifiers and ensemble
models.

Tables 3,4,5,6 show the accuracy, precision, recall and F-score
values achieved for all cases in the empirical analysis. Among all
the compared configurations in terms of all four metrics, similar
combinations provided the highest and the lowest scores. The
proposed model WMVE using the None stemming approach in
conjunction with the uni-bi-tri n-gram combination have
achieved the highest predictive performances for all metrics. In
contrast, the lowest predictive performances have been achieved
by the classifier OneR using the Snowball stemming approach in
conjunction with the bigram and bi-trim n-gram combinations.

Table 2. Customer review samples.

Customer Review

Label

I love these chips and they are so much healthier than regular
chips and they taste great and they look unique

found this tea while living in seattle a few years ago absolutely
my favorite

people who spend this kind of money on belgian chocolate will
likely never be able to afford a vacation in belgium

unfortunately this is a very poor representation of jack links beef
jerky the bags are small and the jerky is in very small pieces and
crumbs it looks like scraps or left overs no piece is larger
than inch

this is great i have bought it for years and it is always good
nothing better with a morning cup of coffee

this coffee tastes like any other i highly doubt it is even jamacain
blue mountain since it doesnt have that distinct taste save your
money

my son is a chefin the making and this will be a great addition to
his ingredients list he will enjoy this
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Table 3. Accuracy values of seven classifiers for all cases.

OneR HT REPTree NB KNN MV WMVE
Snowball_unigram 60.41 60.07 68.67 55.49 54.18 63.96 64.83
Snowball_(uni-bi) 60.43 70.36 68.1 54.7 53.39 69.15 69.09
Snowball_(uni-bi-tri) 60.62 69.81 68.91 54.61 53.9 69.79 69.77
Snowball_bigram 50.28 64 67.54 54.08 49.87 64.21 68.03
Snowball_(bi-tri) 50.23 68.17 68.87 52.79 51.77 64.34 68.23
IL_unigram 59.67 66.64 76.59 73.2 62.18 76.16 80.26
IL_(uni-bi) 59.19 65.89 75.97 73.95 61.89 77.46 81.95
IL_(uni-bi-tri) 59.92 64.42 75.93 74.27 61.7 77.22 80.99
IL_bigram 59.85 64.96 75.25 74.38 61.04 76.81 81.31
IL_(bi-tri) 59.57 64.25 75.38 73.93 61.35 77.22 81.16
Lovins_unigram 61.76 64.79 78.62 70.05 64.55 72.27 79.27
Lovins_(uni-bi) 62.98 63.48 77.12 70.79 64.78 72.86 79.44
Lovins_(uni-bi-tri) 60.64 64.74 78.03 71.35 63.87 72.19 77.38
Lovins_bigram 60.39 62.78 78.08 72.63 62.88 72.95 78.99
Lovins_(bi-tri) 60.9 62.67 76.48 71.05 64.25 73.54 76.79
None_unigram 68.19 69.47 77.14 73.98 59.86 75.59 80.99
None _(uni-bi) 66.77 69.07 74.66 71.45 62.62 74.19 80.25
None _(uni-bi-tri) 66.57 70.45 75.92 75.16 62.26 76.94 83.68
None _bigram 64.57 71.51 77.89 75.45 60.13 73.21 82.57
None _(bi-tri) 64.22 67.9 73.2 73.9 58.04 75.82 82.04

Table 4. Precision values of seven classifiers for all cases.

OneR HT REPTree NB KNN MV WMVE
Snowball_unigram 60.88 58.79 70.1 55.66 55.97 64.59 63.77
Snowball_(uni-bi) 62.2 72.21 69.36 52.74 51.59 67.99 68.11
Snowball_(uni-bi-tri) 60.06 68.37 70.69 53.76 54.06 71.05 70.41
Snowball_bigram 48.89 62.23 66.07 55.04 51.53 63.18 67.71
Snowball_(bi-tri) 49.86 68.04 69 54.69 53.25 63.99 66.99
IL_unigram 58.5 66.29 75.65 74.38 62.2 77.19 78.63
IL_(uni-bi) 60.19 67.64 77.95 74.48 61.26 76.27 80.98
IL_(uni-bi-tri) 60 66.33 76.68 76.23 63.55 75.49 79.32
IL_bigram 61.28 66.74 74.74 76.35 61.01 76.2 80.24
IL_(bi-tri) 57.76 66.04 75.53 72.11 62.12 77.48 79.41
Lovins_unigram 62.26 65.57 77.46 69.71 65.17 72.59 80.19
Lovins_(uni-bi) 63.02 61.48 76.98 70.46 64.08 71.87 78.75
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Lovins_(uni-bi-tri) 62.06 65.27 76.24 72.42 63.56 73.37 79.06
Lovins_bigram 61.93 60.99 76.91 73.1 63.56 73.37 79.62
Lovins_(bi-tri) 59.32 63.93 76.82 70.47 62.33 72.01 75.58
None_unigram 69.38 68.14 76.83 75.26 61.05 75.01 80.8

None _(uni-bi) 66.98 69.52 73.29 71.79 60.92 73.73 81.68
None _(uni-bi-tri) 68.48 71.01 75.99 75.28 61.06 75.27 84.11
None _bigram 65.06 73.03 79.88 73.58 58.15 74.17 82.59
None _(bi-tri) 64.13 68.7 71.79 74.84 56.34 75.01 83.85

Table 5. Recall values of seven classifiers for all cases.

OneR HT REPTree NB KNN MV WMVE

Snowball_unigram 60.03 58.62 70.42 56.41 55.23 65.97 62.98
Snowball_(uni-bi) 62.57 71.2 68.01 52.46 51.8 67.07 67.53
Snowball_(uni-bi-tri) 60.79 68.88 69.72 54.62 54.98 72.42 70.96
Snowball_bigram 47.95 62.46 65.51 55.19 52.36 64.45 68.79
Snowball_(bi-tri) 50.87 69.19 68.14 55.52 53.77 63.62 66.98
IL_unigram 58.75 65.1 75 73.34 61.07 76.04 79.99
IL_(uni-bi) 61.33 67.04 77.34 75.91 62.73 77.74 79.92
IL_(uni-bi-tri) 60.24 65.62 77.53 76.97 62.08 75.99 79.9

IL_bigram 61.83 67.65 74.7 74.86 60.14 75.59 81.13
IL_(bi-tri) 56.87 65.99 74.33 70.94 62.22 77.03 80.76
Lovins_unigram 62.95 64.12 78.82 69.81 66.4 71.46 79.57
Lovins_(uni-bi) 62.87 62.37 76.26 69.1 63.33 70.98 77.94
Lovins_(uni-bi-tri) 60.66 64.18 76.35 73.25 64.62 72.58 78.7

Lovins_bigram 61.55 61.64 77.62 73.94 64.75 74.51 78.65
Lovins_(bi-tri) 60.07 64.66 77.3 70.48 60.95 71.59 76.16
None_unigram 68.56 69.3 77.29 75.2 62.09 73.67 81.51
None _(uni-bi) 67.79 70.99 72.28 71.96 61.7 72.68 83.15
None _(uni-bi-tri) 67.53 71.81 76.17 74.29 61.39 74.82 84.96
None _bigram 65.44 71.8 78.93 74.98 59.09 73.15 83.08
None _(bi-tri) 63.44 70.13 72.94 76.18 56.64 76.03 83.39

Table 6. F-score values of seven classifiers for all cases.

OneR HT REPTree NB KNN MV WMVE
Snowball_unigram 60.45 58.70 70.26 56.03 55.60 65.27 63.37
Snowball_(uni-bi) 62.38 71.70 68.68 52.60 51.69 67.53 67.82
Snowball_(uni-bi-tri) 60.42 68.62 70.20 54.19 54.52 71.73 70.68

445



DEU FMD 26(78) (2024) 440-448

Snowball_bigram 48.42 62.34 65.79
Snowball_(bi-tri) 50.36 68.61 68.57
IL_unigram 58.62 65.69 75.32
IL_(uni-bi) 60.75 67.34 77.64
IL_(uni-bi-tri) 60.12 65.97 77.10
IL_bigram 61.55 67.19 74.72
IL_(bi-tri) 57.31 66.01 74.93
Lovins_unigram 62.60 64.84 78.13
Lovins_(uni-bi) 62.94 61.92 76.62
Lovins_(uni-bi-tri) 61.35 64.72 76.29
Lovins_bigram 61.74 61.31 77.26
Lovins_(bi-tri) 59.69 64.29 77.06
None_unigram 68.97 68.72 77.06
None _(uni-bi) 67.38 70.25 72.78
None _(uni-bi-tri) 68.00 71.41 76.08
None _bigram 65.25 72.41 79.40
None _(bi-tri) 63.78 69.41 72.36

55.11 51.94 63.81 68.25
55.10 53.51 63.80 66.98
73.86 61.63 76.61 79.30
75.19 61.99 77.00 80.45
76.60 62.81 75.74 79.61
75.60 60.57 75.89 80.68
71.52 62.17 77.25 80.08
69.76 65.78 72.02 79.88
69.77 63.70 71.42 78.34
72.83 64.09 72.97 78.88
73.52 64.15 73.94 79.13
70.47 61.63 71.80 75.87
75.23 61.57 74.33 81.15
71.87 61.31 73.20 82.41
74.78 61.22 75.04 84.53
74.27 58.62 73.66 82.83
75.50 56.49 75.52 83.62

Figure 3 depicts the overall average predictive performances of
the seven classifiers based on four different stemming
approaches in terms of accuracy and F-score. The classifiers
using the None (raw data) stemming approach achieved the
highest average accuracy and F-score values of 71.88 and 72.01

Y accuracy

[T 6186

LSS S 6179
. AASALS SIS A S AS S 70.03
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respectively, compared to other approaches. On the other hand,
while LOVINS and IL stemmers performed similar results, the
lowest average accuracy and F-score values of 61.79 and 61.86
respectively, have been achieved by the classifiers when the
dataset stemmed by using the Snowball stemmer.
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Figure 3. Average values of all cases based on four stemming approaches in terms of accuracy and F-score metrics.

Figure 4 displays the overall average accuracy and F-score values
achieved by the classifiers when the three different ngram
models (namely, unigram, bigram, trigram) and their
combinations have been used to extract features. As it can be
observed from the empirical results, the highest performances
have been obtained by using all the three models together (uni-
bi-tri) with the average accuracy and F-score values of 69.32 and
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69.66, respectively. The second highest performances have been
achieved by the combination of unigram and bigram models (uni-
bi) with the results of 69 and 68.81. In contrast, the lowest
accuracy and F-score values of 67.79 and 67.63 respectively, have
been obtained by using the combination of bigram and trigram
models (bi,tri).
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Figure 4. Average values of all cases based on five different ngram models in terms of accuracy and F-score metrics.

Figure 5 depicts the comparison of average predictive
performances of the proposed classifier WMVE with six different
machine learning algorithms in terms of accuracy and F-score
values which are obtained from all cases within the empirical
analysis. According to the results where accuracy and F-score
values are slightly similar, the WMVE model outperformed other
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classifiers with an average accuracy value of 77.35. The second
highest prediction performance has been achieved by REPTree
with the accuracy value of 74.42. The third highest average
accuracy value, which is 72.79, obtained by MV classifier. In
contrast, KNN performed the lowest performance among all
other classifiers.
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Figure 5. Average values of the classifiers in terms of accuracy and F-score metrics.

5. Discussion and Conclusion

In this paper, we presented a comprehensive sentiment analysis
on Amazon customer reviews by proposing a novel weighted
majority voting ensemble method utilizing five base classifiers
which are Naive Bayes, OneR, Hoefding Tree, REPTree, and KNN.
We used a pre-collected Kaggle dataset which is composed of
9,641 reviews. In the empirical analysis phase, we compared the
predictive performances in terms of accuracy, precision, recall
and F-score metrics of WMVE and the six different machine
learning classifiers (OneR, HT, REPTree, NB, KNN and MV) in
conjunction with five ngram models (unigram, bigram, uni-bi, bi-
tri, and uni-bi-tri). In addition, we evaluated the results of four
various stemming approaches (namely, Snowball, IL, Lovins and
None).

Regarding the overall predictive performances, the proposed
model WMVE outperformed other classifiers by achieving the
highest average accuracy and F-score values of 77.35 and 77.19
respectively. Besides, the empirical results show that the
combination of three ngram models (uni-bi-tri) performed

higher accurate performances compared to other ngram
combinations. According to the results obtained by using
different stemming approaches, we observed that using the raw
dataset provided higher results compared the other stemming
approaches.

It is clear that the proposed ensemble method with a special
weighted majority voting mechanism performed higher scores
compared to normal majority voting method and five different
base classifiers. This paper's primary contributions can be
succinctly outlined as follows: (i) it initiates with a concise
overview of weighted majority voting methods, introduced to
enhance the predictive performance of conventional ensemble
learning approaches; (ii) it introduces a novel Weighted Majority
Voting Ensemble (WMVE) that takes into account amplifying the
impact of models correctly predicting outcomes based on the
failure rate of other models; (iii) it showcases various
experimental studies conducted on twenty-eight benchmark
datasets, demonstrating that the proposed WMVE method
generally yields superior classification outcomes compared to
both the simple majority voting ensemble (MV) approach and
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individual standard classification algorithms in terms of
accuracy, precision, recall, and F-score. The classification
algorithms employed in the experimental analysis include the
REP decision tree, Hoefding Tree (HT), k-nearest neighbor
(KNN), OneR, and naive Bayes (NB). These algorithms were
chosen for their widespread popularity in this research.

For future work, we plan to use deep learning architectures
(RNN, LSTM and CNN) as the base classifiers of the proposed
ensemble model and compare the proposed model with
transformer architectures such as Bidirectional Encoder
Representations from Transformers (BERT) language model.
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0z

Robot manipiilatorlerinin eklem sayilar1 artmasiyla veya geometrik yapilarindan kaynakl manipiilatériin ters kinematik analizinin
yapilmasi zorlasir. Bu durumda akilli algoritmalara bagvurulur. Bu ¢alismada alti serbestlik derecesine (SD) sahip Mitsubishi Melfa
RV-7FL-D robot manipiilatoriin ters kinematik analizi Gri Kurt Optimizasyon (GKO) algoritmasi ve Coklu Denemeli Diferansiyel Evrim
(CDDE) algoritmasi kullanilarak yapilmistir. ilk adim igin 3 adet senaryo tasarlanarak bu senaryolara ait hedeflenen konum degerleri
belirlenmistir. Ardindan MATLAB {izerinde, ¢alismada kullanilan robot manipiilatoériiniin kinematigi matematiksel olarak
modellenmistir. Manipiilatoriin ug-efektoriintin hedeflenen konuma gelmesini saglamak icin gerekli eksen agilar1 akilli algoritmalar
ile bulunmustur. Geleneksel ve Gelistirilmis GKO algoritmasiyla elde edilen sonuglar CDDE algoritmasiyla elde edilen sonuglarla
karsilastirilmistir. Optimizasyon sonucu alinan veriler degerlendirildiginde CDDE algoritmasinin ¢ok daha hizli eklem a¢1 degerlerini
verdigi sonucuna varilmistir. Optimizasyon algoritmalari ile yapilan ters kinematik analizi i¢in literatiir taramasi yapildiginda CDDE
algoritmasiin kullanildig1 bir ¢alismaya rastlanmamistir. Calisma, CDDE algoritmasini kullanarak optimizasyonla ters kinematik
analizinde literatiire katki saglamay1 amag¢lamaktadir.

Anahtar Kelimeler: Gri kurt optimizasyonu, ¢oklu denemeli diferansiyel evrim, ters kinematik analizi, robot manipiilator

Abstract

With the increase in the number of joints of robot manipulators or due to their geometric structures, inverse kinematic analysis of the
manipulator becomes difficult. In this case, intelligent algorithms are used. In this study, inverse kinematic analysis of the six-degrees-
of-freedom (DOF) Mitsubishi Melfa RV-7FL-D robot manipulator was performed using Grey Wolf Optimization (GWO) algorithm and
Multi-trial Vector-based Differential Evolution (MTDE) algorithm. The initial step involved designing three scenarios and determining
their respective targeted position values. Subsequently, the mathematical modelling of the robot manipulator used in the study was
conducted on MATLAB. Intelligent algorithms were employed to determine the axis angles necessary to ensure that the manipulator's
end-effector reaches the targeted position. The results obtained with the traditional and improved GWO algorithm were compared
with the results obtained with the MTDE algorithm. When the data obtained as a result of the optimization were evaluated, it has been
observed that the MTDE algorithm gave much faster joint angle values. When the literature was searched for the inverse kinematics
analysis made with optimization algorithms, no study was found in which the MTDE algorithm was used. The study aims to contribute
to the literature in inverse kinematics analysis with optimization using the MTDE algorithm.

Keywords: Grey wolf optimization, multi-trial vector-based differential evolution, inverse kinematic analysis, robot manipulator

EXTENDED ABSTRACT

Introduction Materials and Methods

In this study, the inverse kinematic analysis of Mitsubishi Melfa
RV-7FL-D robot manipulator is performed using meta-heuristic
algorithms such as Traditional Grey Wolf, Improved Grey Wolf
and Multi-trial Vector-based Differential Evolution algorithms.
Three different position values of the end effector were given to
the system and the joint angles were calculated using
metaheuristic optimization algorithms. The results were then
checked by replacing the obtained angle values in the forward
kinematic equation and the error value was calculated.

In this study, the inverse kinematic analysis of the Mitsubishi
Melfa RV-7FL-D robot manipulator was performed. The inverse
kinematics problem is difficult and complex to solve by numerical
methods. Therefore, traditional grey wolf optimization, improved
grey wolf optimization and multi-trial vector-based differential
evolution optimization algorithms are used for the inverse
kinematic analysis. The position of the end effector is given and
joint angles suitable for the position are obtained using
optimization algorithms.
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Results and Discussion

This study performs the inverse kinematic analysis of the robot
manipulator using traditional grey wolf optimization, improved
grey wolf optimization and multi-trial vector-based differential
evolution optimization algorithms. When the results are
compared, it is observed that the traditional GWO algorithm for
low iteration number and the MTDE algorithm for high iteration

number achieve the result with less error. In both cases, the
MTDE algorithm reached the result faster.

Conclusion

Inverse kinematics analysis is a challenging problem. In this
study, inverse kinematic analysis of a robot manipulator was
successfully performed with very small errors using
metaheuristic algorithms

1. Giris

Manipiilatorler, robotik alaninda énemli bir yere sahiptir ve
manipiilatérler {zerine yapilan arastirmalar giin gectikce
artmakta, bu alandaki teknoloji gelismektedir. Manipiilatorlerin
ters kinematik analizi, manipiilatér tasariminda ve kontroliinde
onemli bir yere sahiptir. Ters kinematik analizi, manipiilatériin
hareket analizinin ve yoériinge planlamasinin yapilmasinda
onemlidir. Manipiilatoriin ters kinematik analizi yapilarak
konumu ve durus pozu bilinen robotun sahip oldugu tiim eklem
acilar1 bulunur. Ters kinematik ¢6ziimi analitik ve sayisal olmak
tizere iki sekilde yapilabilir. Analitik ¢ézliim yontemi de kendi
icinde cebirsel yontem ve geometrik yontem olmak tizere ikiye
ayrilir [1]. Geometrik yapisi geregi veya montaj sirasinda
meydana gelen hatalardan dolay: bazi robotlarin ters kinematik
analizini yapmak analitik ¢6ziim yontemleri ile zorlu ve
karmagsiktir. Bu noktada akilli algoritmalar kullanilabilir. Son
yillarda robotlarin herhangi bir pozisyonda ters kinematik
analizini yapmak icin yaygin olarak akilli algoritmalardan
yararlanilmaktadir [2].

Alkayyali ve Tutunji yaptiklar1 ¢alisma ile 6 serbest dereceli
ekleme sahip KUKA robot manipiilatoriin kinematik analinizini
Parcacik Siiri Optimizasyon (PSO) algoritmasini kullanarak
gerceklestirmislerdir. PSO algoritmasinin atalet agirhgini ve
daralma katsayisini yeniden formiile etmislerdir. Sonug olarak
kiiciik bir hata yiizdesiyle robot manipiilatériin durus pozuna
gore 6 ekleminin acilarinmi hesaplamislardir [3].

Yiyang ve arkadaslari 6 serbest dereceli ekleme sahip Comau NJ-
220 robot manipilatoriin kinematik analizini Gelistirilmis
Pargacik Siirii Optimizasyon (PSO) tabanli algoritmayi kullanarak
gerceklestirmislerdir. Sabit deger olarak alinan atalet agirligim
benzerlik faktoriine bagh dogrusal olmayacak sekilde yeniden
formiile etmislerdir. Buna ek olarak gé¢ operatdriinii algoritmaya
dahil etmisler ve orijinal PSO’ya gére daha iyi sonug aldiklarini
gormiislerdir [2].

Dereli ve Koker ¢alismalarinda 7 serbest dereceli ekleme sahip
robot manipiilatori icin Ates Bocegi algoritmasini kullanarak
ters kinematik hesaplamasi sunmuglardir. Oncelikle D-H
parametreleri kullanilarak konum denklemleri elde edilmistir.
Ardindan manipiilatorii, hesaplanan konuma getirilebilmesi icin
gereken ac1 degerlerine Ates Bocegi Optimizasyon algoritmasi
kullanilarak ulasilmistir. Sonuc olarak Ates Bocegi algoritmasinin
diger optimizasyon algoritmalari ile karsilastirildiginda 10 katile
10000 katarasinda daha iyi ¢oziimler iirettigi ve daha kisa siirede
¢oziime ulastigy gorilmiistir [4].

Cift yonlii Pargacik Siiriisii Optimizasyonu (PSO) ile mobil
robotun ters kinematiginin hesaplanmasi lizerine yapilan bir
calismada [5] carpisma algilama ve engellerden kaginma kisitlari
izerinde durulmustur. Ters kinematik hesab1 yapilirken
manipiilatér ayirma teknigi kullamlmistir. 4 farkli topoloji
denenmis en iyi sonu¢ manipiilatériin ortadan ayrildig
topolojide elde edilmistir.

7 serbest dereceli ekleme sahip robotun ters kinematik ¢6ziimi
lizerine yapilan calismada [6] geleneksel PSO ve atalet agirhiginin
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degistirildigi iki farkl tiir PSO algoritmasi kullamilmistir. Calisma
sonucunda atalet agirhgi global en iyi sonug i¢in diizenlenen PSO
algoritmasmin diger iki algoritmaya goére daha az hata ile
hedeflenen pozisyona ulastig1 goriilmiigtiir.

Mari¢ ve arkadaslari calismalarinda Riemannian
optimizasyonunu kullanarak mesafe tabanh ters kinematik
problemi ¢dziimii sunmustur. Onerilen yéntem cesitli gérev
kisitlar1 altinda biliylik bir robot grubuna uygulanmis ve
geleneksel yontemlere gére daha yiiksek basar1 oranina ulastigi
goriilmustiir. Ayrica 6nerilen yontem ¢oklu ¢alisma alani kisiti
iceren problemlerle karsilastirildiginda daha iyi performans
gostermistir [7].

Dereli 7 serbest dereceli ekleme sahip robotun ters kinematik
¢6ziimiini  Gelistirilmis Gri Kurt Optimizasyon algoritmasi
kullanarak ¢ézmiistiir. Onerilen GKO algoritmasinda yakinsama
katsayis1 degistirilerek sonuglarin yerel optimum degerlere
takilmadan daha hizli bir sekilde en iyi sonuca yakinsamasi
amaclanmistir.  Geleneksel GKO ve diger optimizasyon
algoritmalar1 ile karsilastirildiginda oOnerilen optimizasyon
algoritmasinin ¢ok daha iyi sonug verdigi gozlenmistir [8].

Amiri ve Ramli Genetik Algoritma (GA) ve Parcacik Siiri
Optimizasyonunun (PSO) kombinasyonu olan Genetik Siirii
Optimizasyonunu (GSO) kullanarak 5 serbest dereceli ekleme
sahip bir robotun ters kinematik analizini yapmistir. Bu
calismada her bir eklem ayr1 ayr1 Orantili-integral-Tiirev (PID)
denetleyicilerle kontrol edilmis ve PID parametreleri GSO
algoritmasi kullanilarak hesaplanmistir. Calisma sonucunda GSO
algoritmasinin GA ve PSO algoritmalarina gore yaklasik olarak
%20 daha iyi sonug verdigi gozlenmistir [9].

Literatiire bakildiginda ters kinematik problemin ¢éziimii i¢cin
meta-sezgisel optimizasyon algoritmalarinin sik¢a kullanildigi
goriilmektedir. Fakat yine literatiir taramasi yapildiginda,
sezgisel algoritmalarin ters kinematik analizi sistemleri i¢in
karsilastirmali  analiz ¢alismalarina yer verildigi pek
goriilmemistir. Bu ¢alismada kullanilacak olan Geleneksel ve
Gelistirilmis GKO algoritmalar1 ile de yapilmis calismalar [8]
bulunmaktadir. Fakat literatiirde CDDE algoritmasinin ters
kinematik probleminin ¢6ziimiinde kullanilmadig1 gorilmiistir.
Bu calismada 6 serbest dereceli ekleme sahip Mitsubishi Melfa
RV-7FL-D robot manipiilatériin ters kinematik analizi icin
Geleneksel GKO, Gelistirilmis GKO ve CDDE algoritmalari
kullanilacaktir. Bolim 2’de ters kinematik analiz ve Mitsubishi
Melfa RV-7FL-D manipiilatériin D-H parametreleri verilmistir.
Bolim 3’'te GKO algoritmasi ve Gelistirilmis GKO algoritmasi,
Bolim 4’te ise CDDE algoritmalar1 agiklanmistir. Simiilasyon
calismas1 ve elde edilen sonuglar Bolim 5’te ele alinmis ve
karsilastirilmistir. Son olarak Bolim 6’da ¢alismanin sonuclari
ele alinmistir.
2. Materyal ve Metot

2.1. Ters kinematik analizi

Kinematik analizi yapabilmek i¢in oncelikle robot
manipiilatoriine ait Denavit-Hartenberg (D-H) parametrelerinin
belirlenmesi gerekmektedir. Robot manipiilatoriin ka¢ adet
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eklemi varsa her biri icin D-H parametreleri c¢ikarilir ve tablo
haline getirilir. Sekil 1.de robot manipiilatoriiniin gorseli
verilmistir. Eklemler (J) ve eklem agilan (8) sekil {izerinde
gosterilmistir. Sekil 1. lizerinde verilen kirmizi cizgiler, robot
eklemlerinin koordinatlarindan (x, y, z) biri olan z eksenini, bir
baska deyisle eklemlerin doniis eksenlerini temsil etmektedir.
Tablo 1.’de ise Mitsubishi Melfa RV-7FL-D serisinin robot

manipiilatoriiniin  kinematik analizi i¢in olusturulmus D-H
tablosu verilmistir [10].

]3“. |

Sekil 1. Mitsubishi Melfa RV-7FL-D robot manipiilatériin gorseli
ve eklem acilari.

Figure 1. Visualisation of Mitsubishi Melfa RV-7FL-D robot
manipulator and joint angles.

Eksenin z ekseni boyunca doniis acis1 0, ardisik iki eklemin z
ekseni boyunca x eksenleri arasindaki mesafe d, x ekseni boyunca
ardisik iki z ekseni arasindaki mesafe a, x ekseni boyunca doniis
acisi a ile ifade edilir. Burada S ile adlandirilan siitun, eklemlerin
en biiyiik ve en kii¢tik sinir agilarini ifade etmektedir.

Tablo 1. Mitsubishi Melfa RV-7FL-D robot maniptlatori
serisinin D-H parametreleri.

Table 1. D-H parameters of Mitsubishi Melfa RV-7FL-D robot
manipulator series.

N |6 d(mm) a(mm) a(®) S(°)
1|6, d,=400 0 4,290 +240

2 |6, d,=435 4,=-50 0 -110~130
3|6, ;=470 0 45290 0~162
4|0, d,=85 0 4,290 -200~200
5 95 0 0 a;=90 -120~120
6 96 0 0 0 -360~360

Bir ekleme ait doniisiim matrisini elde etmek icin Es. 1’de verilen

bitisik koordinat sistemleri arasindaki dénlisim matrisi
kullanilir.
cos6; —sinb; 0 a;
T= sinf;cosa; cos6;cosa; —sina; —d;sina; (1)
sinf;cosa; cos6;cosa; cosa; d;cosa;
0 0 0 1
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Her bir eklemin doniisiim matrisinin pespese carpilmasiyla ug-
efektoriin konumu belirlenebilir. Es. 2’de eklemlerin doniisiim
matrislerinin ¢arpimlari sonucu elde edilen homojen doniisiim
matrisi verilmistir.

6 Ny Oy Ay Py
o7 — 1_[ i-ip _ [Ty Oy 4y Dy 2
6 | L ng, 0, a; pPg ( )
=t 0 0 0 1

Es. 2’de verilen a, o, n, ug-efektoriin 3 birim vektoriinii ifade eder
ve sirasiyla x, y ve z eksenlerinin yon vektorleridir. U¢-efektdriin
pozisyon vektorii, p ile gosterilmistir. Robot manipiilatoriin
durus pozu Es.3’te gosterilmistir.

R3,3, uc-efektoriin  koordinat sistemini
matristir. P ise ug-efektdriin durus matrisidir.

2.2,

P

P(616:,65,01,65,06) = [ ]

0 (3)

gosteren 3x3’lik

Gri kurt optimizasyon algoritmasi

Gri Kurt Optimizasyon algoritmasi kurt siiriisiiniin dogadaki
hiyerarsik yapisindan esinlenerek olusturulmustur. Gri kurtlar
stirli seklinde avlanir. Av bulundugunda; Alfa, beta, delta ve
omega kurtlarinin avini kovalamasina ve en sonunda avini
kusatma davraniglarini tanimlar.

Siirtideki en giiclii kurt olma 6zelligini gosteren alfa kurt gég ve
avlanmada lider konumundadir. Alfa kurttan sonra gelen ikinci
giiclil kurt beta olarak adlandirilir. Hiyerarsi siralamasinda beta
kurdu delta kurt takip eder. Alfa, beta, delta kurtlarinin disinda
kalan siiriiniin diger kurtlar1 omega kurt olarak adlandirilir. Gri
kurt optimizasyon algoritmasinin matematiksel modeli asagida
verilmistir [11].

Kurt ile av arasindaki mesafe Es. 4 - Es. 6’daki gibi hesaplanir.

-

D, =|C, . Xa = X(®)| 4)
552 |53.)_()5—)_()(t)| (6)

Alfa, beta ve delta kurtlarinin rastgele bozulmalarini temsil eden
ve Es 7 ile hesaplanan vektorler sirasiyla Cl, Cz, C3 vektorleridir.
Da, DB' D,g sirasiyla alfa, beta ve delta kurtlarimin av ile

aralarindaki mesafeyi, Xa, XB' X5 kurtlarin pozisyon vektoriinii

temsil eder. X (t) gri kurdun t. iterasyondaki gegerli konumunu
ifade eder. X;(i = «, 8, §) avin konum vektorleridir.

Ei = 2?2 (7)

7, [0,1]’ de rastgele bir vektordiir.

Alfa, beta ve delta kurtlarinin pozisyonlari asagida verilen Es. 8 -
Es. 10°daki gibi hesaplanir.

13
13

>

1=Xa —A1.Dq (8
)?2 ZXB_[TZ'BB (9)
)?3 =)—()6‘_A)3.Bé‘ (10)

)?i(i=1,2,3) alfa, beta ve delta kurtlarinin konum vektorleridir.
/fi(i=1,2,3) alfa, beta ve delta kurtlarimin konum vektorlerinin
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katsayilaridir. Bi(i=0(,B,8) alfa, beta ve delta kurtlarinin av ile
arasindaki mesafeyi belirtir.
A=2ar—a (11)

7 [0,1] arasinda rastgele secilmis bir vektordiir. a yakinsama
faktoriidiir ve iterasyon sayisinin artmasiyla birlikte 2’den 0’a

dogrusal olarak diiser. a faktorii Geleneksel Gri Kurt
Optimizasyon algoritmasinda su sekilde tanimlanabilir:

=2-2 < ¢ ) 12
a= max (12)

t iterasyon sayisidir, max ise en biiyiik iterasyon sayisidir. |AT | >
1 oldugunda kurtlar kiiresel aramaya karsilik iyi bir av
bulabilmek icin arama alanlarim1 genisletirler. |/T|<1
oldugunda kurtlar yerel aramaya karsilik gelen alanlarini
daraltirlar.

Gri Kurt algoritmasinin sézde kodu Sekil 2.’de verilmistir.

Bagla

!
Baslangi¢ parametrelerini ayarla ve baglangig ‘

popiilasyonunu rastgele olugtur
{
Her gri kurdun uygunluk deferini hesapla

I

Kurtlann uygunluk degerini kargilagtir ve mevcut en
ivi ilk {i¢ kurdu belirle

]

Basglangi¢ parametrelerini ayarla ve baglangig
popiilasyonunu rastgele olugtur

]

a, A; ve C; “yi giincelle

!

[ Mevcut gri kurtlarin konumunu Eg. (8) ile giincelle }

- vy

Sekil 2. Gri Kurt Optimizasyon Algoritmasi sézde kodu [12]
Figure 2. Grey Wolf Optimisation Algorithm pseudo code [12]

Geleneksel Gri Kurt Optimizasyon algoritmasinda yakinsama
katsayis1 dogrusal olarak alinmaktadir. Gelistirilmis Gri Kurt
Optimizasyon algoritmasiyla yakinsama Kkatsayisi, dogrusal
olmayan yakinsama formiilii ile degistirilmistir. Algoritmada
belirlenen ajan sayisi yakinsama formiiliine dahil edilmistir.
Dogrusal olmayan yakinsama Kkatsayis1 formiili Es. 13’te
verilmistir [8].
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—t*s
emax

a=2><(

)

Burada s algoritmada secilen ajan sayisidir, t gegerli iterasyon
sayisidir, max ise algoritmada verilen en biyiik iterasyon
sayisidir.

2.3.

(13)

Coklu denemeli diferansiyel evrim algoritmasi

Coklu Denemeli Diferansiyel Evrim (CDDE) algoritmasinda amag
farklh optimizasyon problemleri i¢in farkli arama stratejileri
kullanacak bir algoritma gelistirmektir. CDDE algoritmasi iki
temel adimdan olusmaktadir. Bunlar sirasiyla baslatma adimi ve
coklu deneme vektorii yaklasimina dayanan hareket adimlaridir.
Baslatma adiminda xi’den xn'e kadar N tane birey Es.14
kullamlarak alt sinir (1) ve iist sinir (u) arama uzayina rastgele
dagitilir.

x;; =1+ (u; — ;) xrand(0.1) (14)
Burada x;;, i. bireyin j. boyuttaki konumunu, [; ve u; ise j.
boyuttaki alt ve st sinin ifade etmektedir. f(xi) uygunluk
fonksiyonu ile her bir bireyin uygunluk fonksiyonu hesaplanarak
en kii¢iik uygunluk degerine sahip birey gpest olarak atanir [13].

Coklu Deneme Vektorii yaklasimina dayall hareket adiminda
problemler icin farkh deneme vektérii ireticileri (DVU/TVP)
kullamlmaktadir. Béylelikle ¢esitli problemler i¢in anlaml bir
arama stratejisi gelistirmeyi amaglamaktadir. Bu amagla ti¢ farkh
DVU kullanilir. Bunlar sirasiyla; temsili tabanli deneme vektorii
tireticisi (T-DVU/R-TVP), yerel rastgele tabanli deneme vektérii
tireticisi (Y-DVU/L-TVP) ve kiiresel en iyi gegmise dayali deneme
vektorii treticisidir (K-DVU/G-TVP). Bunlardan T-DVU yerel
optimuma yakalanmay1 dnleyecek ve cesitliligi koruyacak, Y-DVU
hizli bir yakinsamanin yaninda kesif ve kullanim arasindaki
dengeyi saglayacak, K-DVU ise yerel optimumdan yararlanma ve
kacgis saglayacaktir. Hareket adimi doért alt adimdan
olusmaktadir. Bunlar sirasiyla kazanana dayah dagitim, ¢oklu
deneme vektorii iiretme, degerlendirme ve 6miir boyu arsivleme
adimlaridir. Kazanana dayali dagitim adimi Tanim 1 ve Tanim
2’ye dayanmaktadir [13].

Tanim 1: Her biri n iterasyon iceren k tane Winlter verilmis ve
her Winlter icin Win-TVP ile ifade edilen bir tane kazanan DVU
bulunur. ik iterasyon icin T-DVU Win-TVP olarak kabul edilir.
Daha sonra her iterasyon i¢in en yiiksek iyilestirme oranina sahip
DVU yeni Win-TVP olarak giincellenir. IRx-rvp ile ifade edilen
iyilestirilmis X-TVP orani Es. 15’de verilmistir. X-TVP; T, Y ya da
K-DVU'yii ifade etmektedir.
IRy _ryp = IFx_ryp + FEx_rvp (15)
Burada IFy_pyp ve FEy_pyp sirasiyla X-TVP tarafindan
gelistirilmis inceliklerin sayisim ve bir iterasyondaki fonksiyon
degerlendirmelerinin sayisini ifade eder. Win-TVP belirlendikten
sonra Tanmim 2’'deki dagitim politikast kullanilarak deneme
vektorleri T-DVU, Y-DVU ve K-DVU arasinda dagitilir.

Tanim 2: Verilen Nr-rve, NL-tve ve Ne-tvp sirasiyla Xr-tve, Xi-Tve ve
Xe-1vp alt popiilasyonlarin boyutlarini ifade etmektedir. Ardindan,
N birey bu alt popiilasyonlara rastgele dagitilarak biiyiiklikleri
Win-TVP’ye gore Es. 16 ve Es. 17’de belirtilen 6dil ve ceza
kurallart ile belirlenir.

Odiil kurah: Eger T-DVU ya da Y-DVU Win-TVP ise,
Nyin-rvp = 0.6 X N ve Nypeer_ryps = 0.2 X N

(16)

Ceza kurali: Eger K-DVU Win-TVP ise,
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Ng_rvp = 0.2 X N ve Nygser—rvps = 0.4 X N (17)
Nihai deneme vektérlerini olusturmak icin, hem T-DVU hem de
K-DVU iirettikleri deneme vektérlerini karsihik gelen bireyler
lizerinden ¢aprazlar. Bu ¢aprazlama her iterasyonda olusturulan
M déniisiim matrisi ve onun tersi M~ ile yapilir. Ayrica, T-DVU ve
Y-DVU popiilasyondaki bireylerin birligi olan unionPopulation
(Xu-pop) adl1 ek bir popiilasyon ile gesitlilik ve bilgi paylasimini
siirdirmek i¢cin 6miir boyu arsiv kullanir. Her xi i¢in F; =
randc;(is,0) olacak sekilde Cauchy dagiimi ile F 6lgek faktorii
hesaplanir. Burada pf Gelistirilmis 6lgek faktorlerinin ortalama
degerini ve o sabit degeri 0.2 olan varyansi ifade etmektedir. F;
degeri (0,1] arasinda olmalidir. 1'den biiylik ise 1 kabul edilir, 0’a
esit veya kiigiik ise tekrar hesaplanir. p; degeri baglangigcta 0.5
olarak alimir. Popiilasyonda herhangi bir gelismis birey varsa u
Es. 18de verilen agirlikli Lehmer ortalamasi ile hesaplanir.
Gelismis bir birey yoksa dl¢cek faktorleri degismeden kalir.

Zfiesf Wg, X f?

H =
4 Zfiesfwfi X fi

(18)

Burada Sy gegerli iterasyondaki f(ui) < f(xi) olan tiim Fs kiimesini
ve wy, agirhgl Es. 19'da verildigi gibi hesaplanmaktadr.

Af;

Afy = fx) — f(w), w5, = S s B,
s, BT

(19)

T-DVU, yerel optimum yakalanmayr 6énlemek ve cesitliligi
saglamak icin tasarlandigindan unionPopulation’dan rastgele bir
birey olan Xupop ile Xibest Ve Xiworst bireylerinin konumlarim
kullanarak xi bireyini alt populasyonundan tasir. Xi best Ve Xi worst
sirasiyla Xr-tve alt populasyonunun uygunluk degerlerinin artan
ve azalan sirali gésteriminin i. égeleridir. T-DVU’daki u; deneme
vektori Es. 20’de M ve M~ matrisleri kullanilarak iiretilir. vi ise
Es. 21’deki gibi elde edilir [13].
u=MXx; +MXv; (20)
vi=x;+ Fyx (xg,,, —x) +F < (x,,,,
X (xu_pop - xi)

-x)+a 1)

Burada a: arama siirecinin erken safhalarinda daha yiiksek, ileri
safhalarinda daha diisiik degerler alan dogrusal olarak azaltilmis
bir katsayidir ve Es. 22’deki gibi hesaplanir.
a; = 2 —iter X (2/MaxlIter) (22)
Y-DVU, sadece kendi alt popiilasyonundaki bireylerden degil,
ayrica unionPopulationdaki bireylerden de 6grenerek kesif ve
kullanim arasindaki dengeden ve hizli bir yakinsamadan
yararlanir. Xirrve'den rastgele secilen xr1 ve X2 bireylerinin
konumlari arasindaki fark ve xi'nin rastgele se¢ilmis bir xu pop’den
farki Es. 23’de gosterildigi gibi xi'nin konumunu degistirir.

Vi =X+ F X (X1 = Xp2) + 0z X (X, — %) (23)
Burada az Es. 24’teki gibi hesaplanan dogrusal olmayan bir
sekilde azalan katsayiy1 ifade eder.

a, = initial — (initial — final) X ((w

N (24)

MaxIter
Burada initial ve final az kontrol parametresinin baslangi¢c ve
sonug degerlerini, Mu ise bagimli degerin boyutunu ifade eder. T-
DVU’den farkli olarak burada nihai deneme vektdrii u; bir evrime
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degil bireysel 6grenmeye dayalidir.
kullanmaz ve ui=vi oldugu séylenebilir.

Bu sebeple bir gegcis

K-DVU kiiresel en iyi deger gecmisini kullanarak yerel optimuma
yakalanma sorununun iistesinden gelmeye cahsir. ilk iterasyon
icin kiiresel en iyi deger (gvest) ile baslatilir. Ardindan her
iterasyonda gpest degerleri kiiresel en iyi deger ge¢misine eklenir.
Ayrica K-DVU i¢in gpest gegmisinden Ne-rvp satirlari ve D siitunlar
olan Mgb-h matrisi olusturulur. Bu yap:1 sayesinde farkli en iyi
bireyler kullanilarak cesitlilik kayb1 6nlenebilir. Her iterasyonda
Mgb-n matrisi grest gegmisini N/m kez kopyalayarak olusturulur.
Burada m gpest ge¢mis iiyelerinin sayisini ifade etmektedir.
Ardindan Es. 25 ve Es. 26 kullanilarak sirasiyla uideneme vektorii
ve vi Uretilir [13].

=M><xi+MXv,- (25)

Vi = X op + Gy X (X1 = Xp2) (26)

Burada Xigy—h Mgp-h matrisinin i. satindir. x,, ve x,-, ise Xc-rve'den
rastgele sec¢ilmis iki bireydir.

Degerlendirme adimi, Ux-rve’den gelen her uinin kalitesi, Xx-
tve’den karsilik gelen xi bireyleriyle karsilastirilir. f(u;) = f(x;)
ise xi degismeden kalir, eger f (u;) < f(x;) ise xi/'nin konumu u; ile
giincellenir. Ayrica, her bir DVU tarafindan iyilestirilen birey
sayisit 1 arttirilarak denklem (18)’de kullanmak tizere Fi degeri
depolanir.

2o
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T :
\‘ Baslangie | L
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- ltersMaxlt:er _> /\
\} Evet
. Kazanan-TVP belirleme |

[ Kazanan temelli dagntim

Alt Populasyon

g ~N
ﬂ gbest'i Evet!  Biitiin X-TVP’ler tamam m?
|  gincelle
\ 7
> < Haylr
M =l <
J\/Evet
[ Coklu deneme vektdrit (lretlmi
Hayir = ”\ - Omur boyu arsiv ‘
S5 ﬂu|)<f[x|) % N
J\,Evet )
[ Popiilasyon giincelleme f
T )

I Omiir boyu argivieme

Sekil 3. Coklu Denemeli Diferansiyel Evrim Algoritmasi sozde
kodu [13].

Figure 3. Pseudo code of the Multiple Trial Differential Evolution
Algorithm [13].

Omiir boyu arsivleme adiminda x; émiir boyu arsive daha diisiik
bir ¢6ziim olarak eklenir. Arsiv baslangicta bostur ve N tane
bireyin konum ve &miir bilgilerinin tutabilir. Her iterasyon
sonunda arsivlenen bireylerin émrii 1 artar ve N tane en geng
birey arsivlenir. Son olarak her iterasyonda iterasyon sayisi (iter)
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1 arttirthr ve tamimlanmis olan iterasyon degerine (MaxlIter)

ulasana kadar evrimsel arama yinelenir [13]. CDDE
algoritmasinin s6zde kodu Sekil 3’te verilmistir.
3. Bulgular ve Tartisma

Calismada robot manipiilatdriin durus pozu i¢in konum degerleri
secilmistir. Secilen konum degerleri ile optimizasyon
algoritmasimin buldugu eklem a¢1 degerlerine gore ileri
kinematik hesaplamasi yapilmistir. Hesaplama sonucu elde
edilen durus pozu ile hedeflenen durus pozu arasindaki hata
verilen iterasyonlar tamamlanincaya kadar hesaplanarak amag
fonksiyonu en aza indirgemek istenmistir. Sekil 4’te sistemin blok
diyagrami verilmistir.

Bilinen
x v z] Optimizasyon 0
( : ) Algoritmast "
Optimizasyo
Algoritmasi
x v 7] Mitsubishi RV — 7FL

i¢in fleri Kinematik

Sekil 4. Sistem blok diyagrami
Figure 4. System block diagram

Ters kinematik analizi i¢cin kullamlan 3 algoritmada da amag
fonksiyonu olarak Es. 27'de verilen matematiksel ifade
kullanilmistir. iterasyon sonucu elde edilen F degeri, hedeflenen
konum ile optimizasyon algoritmalar1 sonucunda elde edilen ag1
degerlerinin yerine konmasiyla alinan konum bilgisi arasindaki
mutlak hatay ifade etmektedir.

F= \}(px - Ex)z + (py - Ey)z + (@, — Ez)2 (27)

Dx, Dy, Pz Optimizasyon sonucu verilen koordinat degerleridir.
Px Py, Pz ise hedef koordinat degerleri.

Kullanmlan optimizasyon algoritmalar1 ile birlikte amacg
fonksiyonunu  minimize etmek istenmektedir. = Robot
manipiilatoriiniin hedef durus pozu ve optimizasyon sonucu
alinan eklem ag1 degerleri ile elde edilen durus pozu arasindaki
oklid uzakliginin en az olmasi amaglanmaktadir.

Bu calismada ii¢ farkll senaryo icin farkh konum degerleri
secilmis, Geleneksel GKO, Gelistirilmis GKO ve CDDE
optimizasyon algoritmalar ile kosturulmustur. Algoritmalarda
kullanilacak iterasyon sayisinin belirlenebilmesi i¢in yapilan
doygunluk c¢alismasinda her iki algoritma belli iterasyon
degerleriyle kosturulmus ve GKO algoritmasinin 1000 iterasyon
sonucu, CDDE algoritmasinin ise 600000 iterasyon sonucunda
doygunluga ulastig1 goriilmiistiir. Her iki algoritmanin doygunluk
iterasyon sayis1 sonuglarinin rahat sekilde karsilastirilabilmesi
icin, 3 senaryo da 300 ajan sayist1 ile 6nce 1000 iterasyon daha
sonra 600000 iterasyon ile kodlar 10’ar kere calistirilmis ve
sonuglar kaydedilmistir. Bu senaryolar i¢in kullanilan konum
degerleri Tablo 2'de verilmistir. Her bir senaryo farkl bir robot
konfigiirasyonunu ifade etmektedir. Calisma i¢in Mitsubishi RV-
7FL-D robot manipilatoriin fiziksel ozellikleri ve mekanik
sinirlar1 ile ileri kinematigin matematiksel ifadesi kodda
tanimlanmistir. Manipiilatoriin 6. ekleminin d-h parametresinde
a, ave d degerleri 0 oldugu i¢cin manipiilatériin durus pozu 65'dan
bagimsizdir. Kod, intel CORE i5 islemcili ve 8 gb ram’lik
bilgisayarda Matlab R2022b stirtimiinde ¢alistirllmistir.

Tablo 2. Senaryolar icin kullanilan konum degerleri.

Table 2. Location values used for the scenarios.
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Senaryo X (mm) y (mm) z (mm)
Durum 1 35 -905 400
Durum 2 639.25 -645.94 400.79
Durum 3 -50 -905 315

Sekil 5, 6. Ve 7.’de Tablo 2."deki konum degerleri i¢in robot kol
durus pozlarina ait simiilasyon gorselleri verilmistir. Simiilasyon
gorselleri RT Toolbox 3 simiilasyon programi kullanilarak elde
edilmistir.

(

RN j

&
Robot Coordinates
in Selection

xX: 35.000
v
Z:

-905.000

400.000 |
-~

Sekil 5. Durum 1 i¢in robot kol durus pozu

Figure 5. Robot arm pose for case 1

A,

< Robot Coordinates J

\ in Selection
x: | 639.250
) 4

7

-645.940
400.790 |

Endte il

Sekil 6. Durum 2 i¢in robot kol durus pozu

Figure 6. Robot arm pose for case 2

I

Sekil 7. Durum 3 i¢in robot kol durus pozu

Robot Coordinates
in Selection

X: -50.000
y: | -905.000
z: | 315.000

Figure 7. Robot arm pose for case 3

Uygulanan {i¢ senaryo, kullanilan optimizasyon algoritmalari ile
10’ar kere kostuktan sonra elde edilen en iyi sonuglar 1000
iterasyon i¢in Tablo 3.,4. ve 5.'te, 600000 iterasyon i¢in Tablo 6.,
7. Ve 8.'de verilmistir.

Farkli konum degerleri icin olusturulmus senaryolar 1000
iterasyonla kosturuldugunda ti¢ algoritma i¢in alinan degerler
tablo haline getirilmis ve amac¢ fonksiyonu ile iterasyonu
tamamlama siireleri bakimindan karsilastirilmistir. Tablo 3.,4. ve
5.'te verilen degerlere bakildiginda diistik iterasyonda Geleneksel
GKO algoritmasinin diger algoritmalara goére daha kiigtik bir hata
verdigi goriilmistir. Algoritma hizlan karsilastirildiginda ise
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CDDE algoritmasinin diger algoritmalara goére ¢ok daha hizh
iterasyon sayisini tamamladigl sonucuna varilmistir. Yine 1000
iterasyon icin Sekil 8., 9. ve 10. incelendiginde Geleneksel GKO
algoritmasinin amag fonksiyon degerinin diger iki algoritmaya
gore daha disiik oldugu gozlemlenmistir.

Tablo 3. Durum 1 i¢in elde edilen benzetim sonuglari.

Table 3. Simulation results for case 1.

Geleneksel Gelistirilmis
GKO GKO ¢DDE
6, -0.000 -0.034 1270
6, 1573 -13.040 69.626
0, 90.647 95.413 50.209
0, 2127 -108.054 107.185
05 60.021 8.772 101.883
0 -351.786 -19.308 -198.600
Siire(sn) 7.335 13.010 0.062
F 0.0005234 0.020942 4.8606
18 T T T T
—#— GDDE i
16 F —6— Geleneksel GKO
Geligtiriimis GKO

Amag Fonksiyonu

(\7_ = - - M,/e\ _A-—/Q
Q - L "
1 2 3 4 5 6 7 8 9 10

Kosturma Sayisi
Sekil 8. Durum 1 i¢in amag fonksiyonunun karsilastirilmasi.
Figure 8. Comparison of the objective function for case 1.
Tablo 4. Durum 2 i¢in elde edilen benzetim sonuglari.

Table 4. Simulation results for case 2.

Geleneksel GKO Gelistirilmis GKO CDDE

6, 49.925 39.494 47.744
6, 74.607 -104.047 125.486
6, 160.190 159.899 115.788
6, 51.792 -9.511 187.684
6, -16.766 115.859 5.659
6, 8.247 -41.369 351.257
Siire(sn) 6.651 9.417 0.065
F 0.0096858 0.028033 3.7567

T T T

—#— GDDE

—&— Geleneksel GKO | |
Gelistirilmis GKO | #

Amag¢ Fonksiyonu

5 6 7 8 9 10
Kosturma Sayisi

<
P
b
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Sekil 9. Durum 2 i¢in amag fonksiyonunun karsilastirilmasi.
Figure 9. Comparison of the objective function for case 2.
Tablo 5. Durum 3 i¢in elde edilen benzetim sonuglari.

Table 5. Simulation results for case 3.

Geleneksel GKO Gelistirilmis GKO CDDE
0, -3.552e-14 -0.110 -5.132
0, -5.455e-15 0.080 48.779
0, 3.854e-13 1.098 5.293
0, -0.662 -27.317 -62.995
0, -4.380 93.551 -112.584
0, 35.804 124.724 -248.472
Siire(sn) 9.540 16.274 0.043
F 0 0.10833 5.3988
25 T T T
20
3
[=
S5
2
[=
o
[
%‘ 10
£
<
51 —#— CDDE 8
—&— Geleneksel GKO
Geligtirilmig GKO
0% = < : -3 o o & &
1 2 3 4 5 6 7 8 9 10

Kosturma Sayisi
Sekil 10. Durum 3 i¢in amag¢ fonksiyonunun karsilastirilmasi.
Figure 10. Comparison of the objective function for case 3.

iterasyon degeri 600000 yapilarak algoritmalarin her biri
uygulanan ii¢ senaryoya gore tekrar kosturulmus ve yeni
degerlere gore tablolar tekrar olusturulmustur.
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Tablo 6. Durum 1 icin elde edilen benzetim sonuglari.

Table 6. Simulation results for case 1.

Geleneksel GKO Gelistirilmis GKO CDDE
6, -4.188e-07 1.974e-05 -1.840e-13
0, 0.044 0.245 3.048e-05
0, 89.981 89.898 89.999
0, 16.216 -40.808 -111.123
0, 7.208 4.464 40.848
0 -215.0742 20.866 -33.632
Siire(sn) 5167.561 3997.204 13.566
F 4.071e-07 0.000501 0
8000 T T T

7000
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5000

Sire (sn})
'
o
(=]
o

—#— CDDE
—S— Geleneksel GKO
Gelistirilmis GKO

13

9
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| S %
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2000 | 17} [——aooe] | |
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1000 131 3
14 -’—-—'\./‘\/‘__'/
1 2 3 4 5 6 7 8 9 10
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Kosturma Sayisi

Sekil 12. Durum 2 i¢in benzetim siireleri karsilagtirilmasu.
Figure 12. Comparison of simulation times for case 2.

Durum 2 igin [639.25, -645.94, 400.79] konum degerleri
secilmistir. Geleneksel GKO, Gelistirilmis GKO ve CDDE
algoritmalar1 i¢in elde edilen en iyi sonuglar Tablo 7.de
verilmistir. Sonuglara bakildiginda Gelistirilmis GKO ile CDDE
algoritmalarinin amag fonksiyonlarinin sifirlandig gorilmiistiir.
Sekil 12.’de de goriilebilecegi gibi CDDE algoritmasinin daha hizh
bir sekilde sonuca ulastig1 gozlenmistir.

Tablo 8. Durum 3 i¢in elde edilen benzetim sonuglari.

Table 8. Simulation results obtained for case 3.

Kosturma Sayisi

Sekil 11. Durum 1 i¢in benzetim stireleri karsilastirilmas.
Figure 11. Comparison of simulation times for case 1.

Durum 1 icin [35, -905, 400] konum degerleri secilmistir.
Geleneksel GKO, Gelistirilmis GKO ve CDDE algoritmalari igin elde
edilen en iyi sonuglar Tablo 6.da verilmistir. Sonuglara
bakildiginda en hizhi sonuca ulasan algoritmanin CDDE oldugu
gortilmistir. Amag¢ fonksiyonlarina bakildiginda CDDE
algoritmasinin diger algoritmalara goére daha hizli bir sekilde 0
hataya ulastig1 gozlemlenmistir.

Sekil 11.’de Durum 1 i¢in tekrarlanan benzetim ¢alismalarinin
siireleri verilmistir. Sekle bakildiginda CDDE algoritmasinin
diger algoritmalara gore ¢ok daha hizli oldugu goérilmiistiir.

Tablo 7. Durum 2 icin elde edilen benzetim sonuglari.

Table 7. Simulation results for case 2.

Geleneksel GKO Gelistirilmis GKO CDDE
6, 39.474 39.474 49.928
6, 105.452 -104.359 -75.641
6, 19.735 160.264 19.735
6, -37.033 12.298 138.765
6, -0.485 29.04 8.730
6, 7.208 5.141 33.997
Stire(sn) 3632.120 3832.507 13.703
F 1.685e-05 0 0

Geleneksel GKO Gelistirilmis GKO CDDE
0, -1.136e-15 1.090e-15 -6.132e-14
0, 1.120e-14 -8.729e-15 -3.052e-14
0, 0 0 6.854e-13
0, -28.409 -170.772 -4.852
0, -71.222 120 26.650
0, 360 6.435 -165.478
Stire(sn) 4651.523 4555.162 18.050
F 0 0 0
6000
5000
4000 | 4
g —#— CDDE
@ 3000 | —&— Geleneksel GKO |
S Geligtirilmis GKO
@
2 T T T T T T T T 3
2000 | - | [——cone] | |
20F 1
1000 | 19| 11
%
1 2 3 4 6 7 8 9 10
0
1 2 3 4 5 6 7 8 ] 10

Kosturma Sayisi
Sekil 13. Durum 3 i¢in benzetim siireleri karsilastirilmas.

Figure 13. Comparison of simulation times for case 3.
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Durum 3 icin [-50, -905, 315] konum degerleri segilmistir.
Geleneksel GKO, Gelistirilmis GKO ve CDDE algoritmalari i¢in elde
edilen en iyi sonuglar Tablo 8.de verilmistir. Sonuglara
bakildiginda tiim algoritmalar icin amag¢ fonksiyonlarinin
sifirlandigt  goriilmiistiir. Fakat CDDE algoritmasinin diger
algoritmalara gore daha hizli bir sekilde iterasyonlarini
tamamladigl gozlenmistir. Sekil 13. incelendiginde yine CDDE
algoritmasinin daha hizl oldugu gérilmustiir.

4. Sonuglar

Bu ¢alismada Mitsubishi Melfa RV-7FL-D robot manipiilatoriin
ters kinematik analizi yapilmistir. Belirtilen konumlar igin
Geleneksel GKO, Gelistirilmis GKO ve CDDE algoritmalar
kullanilarak farkl iterasyon degerlerine gére eklem agilarn
hesaplanmistir. Alinan sonuglar neticesinde CDDE optimizasyon
algoritmasimnin  Geleneksel GKO ve Gelistirilmis GKO
algoritmasina gore iki iterasyon degerinde de ¢ok daha hizh
iterasyonlarini tamamladig1 goriilmistir. Diisiik iterasyon degeri
icin CDDE algoritmasi diger algoritmalara gore daha kotii sonug
vermistir fakat ¢ok daha hizli olmasi avantajlar1 arasindadir.
Benzer sekilde yiliksek iterasyon degerlerinde CDDE
algoritmasinin amag fonksiyonu degerlerinin tiim konumlar i¢in
0’a ulastig1 gbzlemlenmistir. iterasyon sayisi diisiik tutuldugunda
Geleneksel GKO algoritmasi ile CDDE ve Gelistirilmis GKO’ya gore
daha iyi amag fonksiyon degeri alinmistir. iterasyon sayisim
arttirlldiginda ise CDDE ve Gelistirilmis GKO algoritmalarinin
Geleneksel GKO’ya gore daha iyi sonug verdigi, hizli bir sekilde
amag foksiyonunun minimuma indirdigi gorilmiistiir.

Kisaca soylemek gerekirse, ters kinematik analizinde Newton-
Raphson gibi sayisal ve analitik yontemler siklikla kullanilirken
eklem sayisinin artmasi ve islemlerin daha karmasik hale
gelmesi, ¢oziime ulagma siirecini zorlastirmasi ve zaman almasi
sebebiyle akilli algoritmalara basvurulmustur. Optimizasyon
algoritmalar farkl sistemlerde farkl sonuglar verebilmektedir.
Bir optimizasyon algoritmasi bir sistemde ¢ok iyi sonug
verebilirken baska bir sistemde iyi sonu¢ vermeyebilir. Ters
kinematik analizi sisteminde kullanilan GKO ve CDDE algoritmasi
karsilastirilmasinda ¢CDDE’nin sonug¢ verme siiresinin daha kisa
olmasi ve mutlak hatay1 sifirlamasi ile GKO algoritmasina iistiin
geldigi gorilmiistiir.

Literatiir taramasit sonucunda elde edilen bilgilere gore
optimizasyon  algoritmalarinin  gercek  zamanli  robot
manipiilasyonlarinda  kullanildigit ~ gorilmiistir.  Gelecek
calismada bu c¢alismada elde edilen verilerin gercek zamanh
robot Kkonfigiirasyonu tizerinde denenmesi ve analizinin

yapilmasi hedeflenmektedir.
Etik kurul onay1 ve cikar catismasi beyani
Hazirlanan makalede etik kurul izni alinmasina gerek yoktur.

Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar catismasi
bulunmamaktadir.
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Insan yagaminin temiz hava ihtiyacim gidermek ve ortamlarin kirlilik oranim azaltmak i¢in hava temizleme cihazlar1 giderek artan
bir ilgi gérmeye baslamistir. Calisma kapsaminda 200 m3/h hacimsel debi kapasitesi olan bir hava temizleme cihazi incelenmistir.
Ortam sartlary, filtre basing-debi grafikleri ve motor doniis hizt Hesaplamali Akiskanlar Dinamigi (HAD) sayisal calismasina sinir sarti
tanimlanarak Deney-HAD karsilastirmasi yapilmistir. Deneysel olarak ayrica Ses Basing Seviyesi (SPL) dl¢limlenmistir. HAD sayisal
calismalar1 SolidWorks Flow Simulation (SWFS) ticari yazilimi kullanilarak gercgeklestirilmistir. Hava giris-cikis bolgesine ortam
basing degeri (P = 101235 Pa), sicakligr (T, = 20°C) ve motor doniis hiz1 (2000 RPM) tanimlanirken havalandirma cihazinin
cikisindaki hacimsel debisi deney dogrulama parametresi olarak kullanilmistir. SWFS yaziliminda bulunan k-& Reynolds Averaged
Navier-Stokes (RANS) tiirbiilans modeli se¢ilmis ve dogrulanan ag yapisinda cihaz igerisinde olusan tiirbiilansh boélgeler, tersinir
akislar ve sadece akigkana bagh akustik ses giicii siddeti iyilestirilerek ortaya yeni bir model konmugtur. lyilestirilmis model ile
mevcut model arasinda ses basing seviyesinde 2,7 dB(A) ve harcanan giicte %10,52 oraninda azalma tespit edilmistir. Calisma
kapsaminda mevcut ses yalittm malzemesine ek olarak 2 farkli ses yalitim malzemesi daha deneysel olarak incelenmis toplamda 3
farkh ses yalitm malzemesi ses basing seviyesi arasinda 6,4 dB(A) fark oldugu tespit edilmistir.

Anahtar Kelimeler: Covid19, HAD, Hava Temizleme Cihazi, Ses Basing Seviyesi, Tiirbiilans

Abstract

Air purifier devices have started to attract attention to clean the air for human life and reduce the environmental pollution rate. In
this study, an air purifier capable of generating a volumetric flow rate of 200 m®/h was developed. Both experimental and
Computational Fluid Dynamics (CFD) numerical analyses were performed, and ambient conditions, the volumetric flow speed of the
air outlet region, rotational speed-consumed power of the fan engine, and the resulting Sound Pressure Level (SPL) were measured
in the experimental work. The CFD numerical simulations were performed using the SolidWorks Flow Simulation (SWFS). Boundary
conditions are defined, such as ambient pressure (P = 101235 Pa), temperature (T, = 20 °C), and engine rotation speed (2000 RPM)
to the CFD. The volumetric flow rate at the air outlet region of the air purifier device was used as a validation parameter between the
CFD and Experimental Work. The k-E Reynolds Averaged Navier-Stokes (RANS) turbulence model was selected in the SWFS software,
and a new model was introduced by improving the turbulent regions, reversible flows, and acoustic sound power intensity only due
to the fluid in the verified mesh structure. As a result, the sound pressure level of 2.7 dB(A) decreased, and a reduction of 10.52% in
power consumed was detected between the improved model and the current model. Within the scope of the study, in addition to the
existing sound insulation material, two different sound insulation materials were examined experimentally, and it was determined
that there was a sound pressure level of 6.4 dB(A) between 3 different sound insulation materials.

Keywords: Covid19, CFD, Air Purifier Device, Sound Pressure Level, Turbulence

EXTENDED ABSTRACT

Introduction measures. Research indicates that design improvements are
necessary to reduce the noise levels and increase the energy
efficiency of these devices. Improvements made to an existing air
purifier resulted in a 2.7 dB(A) reduction in noise levels and a
10% gain in energy efficiency.

Air pollution is related to the concentration of particles in the air
and can cause health problems both outdoors and indoors. While
indoor air pollution can be managed with individual measures,
outdoor air pollution generally requires national-level control.
Indoor air purifiers are commonly used to reduce air pollution, = Materials and Methods
especially for children. Effective filtration systems, such as HEPA
filters, can enhance the efficiency of these purifiers. However, air
purifiers should be used in conjunction with other health

The capacity of air purifiers is expressed in terms of the room size
they can clean. The device studied in this work can clean a room
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of 80 m? with a ceiling height of 2.5 meters. Key components of
the device include the air inlet region, carbon filter, H14 filter,
filter compartment, fan motor, foam, rear cover, and air outlet
region.

The filter compartmentensures proper air flow direction, and the
H14 filter is capable of removing 99.95% of particles down to 0.1
um. The fan motor must overcome the pressure created by the
filters to produce clean air. The maximum resistance pressure for
a 200 m*/h flow rate should be 236 Pa while the carbon filter and
H14 filter create resistances of 80 Pa and 139 Pa, respectively.

Sound insulation products are used to reduce the fan motor's
noise. The geometry of the sound insulation product and the
position of the fan motor affect the device's noise level. The study
aims to improve both the fan motor and sound insulation
product.

In the experimantal work, the two key features of air purifiers are
flow capacity and sound pressure level. Flow rate determines the
room size and cleaning capacity, while sound level should be non-
intrusive. Flow rate tests are conducted using a balometer, and
sound pressure tests are performed with a microphone in a 32
dB(A) room, following ISO 3744 standards.

To test the air purifier's performance with minimal prototyping
costs, CFD simulations using SWFS software are conducted. The
model assumes the device is airtight and simplifies its geometry.
The SWFS software uses Navier-Stokes equations and turbulence
models (k-€ RANS) to analyze fluid flow and turbulence. Acoustic
power is estimated using Proudman formulas and sound
pressure levels are calculated.

Results and Discussion

The accuracy of the CFD results was evaluated based on three
different mesh structures: coarse, medium, and fine. The medium
mesh structure was found to be the most appropriate as it
provided a balance between accuracy and computational cost,
with only a 4% difference between the simulated and
experimental volumetric flow rates. CFD simulations using the
medium mesh revealed that the airflow was stronger on the right
side and weaker on the left, with turbulence and reverse flows
present. To address these issues, two improvements were
proposed. The first one is repositioning the fan motor to reduce

reverse flows and the second one is designing a new flow
directing component to eliminate these flows.

The simulations showed that the first step reduced reverse flows
and balanced the airflow distribution, while the second step
completely removed reverse flows.

Further analysis indicated that the improved design reduced
acoustic sound power and turbulence intensity, leading to more
efficient motor performance. The optimized design resulted in a
2.7 dB(A) reduction in sound pressure level and a 10.52%
decrease in power consumption compared to the existing design.

The study also compared different sound insulation materials,
finding that polyurethane (PU) and polyethylene (PE) foams
were less effective than the current insulation, with a 6.4 dB(A)
difference in sound pressure levels. Overall, the improved design
showed better performance and efficiency, with accurate
predictions of airflow and sound levels.

Conclusion

Air purifiers are devices that remove invisible particles such as
dirt, bacteria, viruses, and dust from the environment and release
clean air. This study examined the airflow within an air purifier
with a flow rate of 200 m®/h using CFD simulations. The study
aimed to reduce reverse and turbulent flows by modifying the
motor position, sound insulation material design, and properties
to decrease noise and eliminate reverse flows. Improvements in
the design resulted in increased airflow and reduced noise. The
optimized model achieved a 2.7 dB(A) reduction in sound
pressure level and a 10.5% decrease in power consumption.

A similar study by Lee et al. investigated a home air purifier with
a maximum flow rate of 10 m®/min. This study focused on flow
separations in the snail-shaped air outlet and found that these
separations affected both the air velocity and noise levels,
achieving a 4.2 dB(A) reduction in noise.

Another study tested insulation in a purifier with a maximum
flow rate of 1500 m*/h and found noise reductions between 3.5
and 9 dB(A). This work also explored different sound insulation
materials, revealing a 6.4 dB(A) difference in sound pressure
levels between materials.

1. Giris

Hava kirliligi, genellikle partikil sayisimin artisi  olarak
tanimlamir. insan saghg icin olumsuz etkileri yiiksek ve gozle
goriilemeyecek kadar kii¢iik boyutlarda olan hava kirliligi dis
mekan ve i¢ mekan kirliligi olmak iizere iki temel kategoriye
ayrilmaktadir. Dis mekdn Kkirliligi genel olarak bireysel
kontrollerin disinda olup enerji, ulasim ve tarim gibi sektorlerden
hayatimiza karisan ulusal c¢apta kontroller ve onlemler
gerektiren kirliliktir. I¢ mekan kirliligi ise bireysel olarak
kontrollerin ve 6nlemlerin alinabildigi sinirh alanlar olmalarina
ragmen oOzellikle c¢ocuklarin bu Kkirlilige daha ¢ok maruz
kaldiklarina dair kanitlar ortaya konmustur [1]. Artan hava
kirliligi ve Covid19 gibi pandemik hastaliklarin ortaya ¢ikmasi, i¢
mekan hava temizleme cihazlarinin kullanimi yayginlastirmistir.
insan yasamimn %90’dan fazlasinin i¢ mekanlarda gectigi
diisiintildiigiinde ortam temizligi kacinilmaz hale gelmektedir
[2]. Partikiil yogunlugu insan saghig lizerinde olumsuz etkilere
sahip olup, bu partikiillerin boyutlarina gére 6liimcil sonuglara
dahi yol acabilir. Bu partikiiller havada belirli bir siire asih
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kalabilirken bunlardan hava yoluyla bulasmasi kolay olabilenler
bakteri, mantar, maya, kiif ve virtslerdir [3].

Bir ¢alismada, insanlarin dakikada 6-10 L ve giinliik ortalama
1,5-10* L hava soludugu belirtiimektedir. Diger bir acidan
bakildiginda saghkli bir insan viicudunun tiiketmesi gereken 2 L
stvinin 7500 katidir [4]. Giinliik solunan 1,5-10*L hava ile
havada bulunan 300’den fazla ugucu partikiil insan viicuduna
niifuz etmekte ve bu partikiillerin bas-géz agrisi, koku alma
duyusunda azalma, uyusukluk ve kanser gibi saghk sorunlarina
yol actigr belirtilmektedir. Porto sehrinde bulunan bir
anaokulunda i¢ mekan ve dis mekanda dort farkl Partikiil Madde
(PM) sinifinda — PM1-PMz.5-PM10-PMrotal — 6l¢limler yapilip hava
kalitesi incelenmistir. ic mekanda yapilan él¢iimler, 3 farkh simf
ve 1 yemekhane icin hem hafta i¢i hem de hafta sonu boyunca
yapilmis ve elde edilen veriler detayl olarak analiz edilmistir.
Elde edilen veriler, odadaki hava kalitesinin Diinya Saghk Orgiitii
(DSO) tarafindan belirlenen seviyenin altinda oldugunu
gostermistir. Ayrica, A sinifinda yapilan ¢alismada hafta iginde
sinifta bulunan havanin Kkalitesinin daha kot ve partikiil
miktarinin daha fazla oldugu gozlemlenmistir [5]. Burada
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bahsedilen PM diger bir adiyla aerosol Oolgiimleri herkes
tarafindan bilinen ve kabul goren bir sistem olup partikiillerin
boyutuna gore siniflandiriir. Genelde kullanilan 4 farkh PM
Olgimii bulunmakta ve sirasiyla PMo,1-PM1-PMzs-PMio‘dur.
Ornegin PM10, partikiiliin 10 mikrometre capindan daha diisiik
oldugunu ifade eder. Cap orani diistiik¢e insan sagligina zarari
daha fazla olmakta ve nefes almak gittikce zor hale gelmektedir
[6]. Insan viicudu, nefes alma ve verme esnasinda zararl
partikiilleri tutma yetenegine sahiptir. Ancak 2,5 mikrometreden
daha kiigiik olan partikiillerin tutulma orani daha diisiiktiir, bu da
solunum yoluyla viicuda daha fazla niifuz etmelerine neden olur.
Bu nedenle calismalarda genel olarak PM2.5 incelenmektedir [7].
Bahsedilen olumsuz durumlara ¢6ziim bulabilmek i¢in hava

kalitesini artirmaya yonelik calismalar giderek
yayginlasmaktadir. Farkli c¢aplarda havada asili kalabilen
partikiilleri filtreleyen hava temizleme cihazlar
gelistirilmektedir. Dogru kullanim saglandigi zaman hava

temizleme cihazlar1 i¢ mekdnda bulunan viriis ve bakteriler gibi
zararll mikroorganizmalar1 yok etmeye yardimci olmaktadir.
Hava temizleme cihazlan sayesinde Covid19, bakteri, viriis gibi
hastalik yayan zararli mikroorganizmalarin temizlenmesi
saglanirken, hastaliktan korunmak i¢in tek basina yeterli bir
cihaz olmadig1 bilinmektedir. Bu cihazlar, hava temizligine ek bir
katki saglarken, ayni zamanda sosyal mesafe, maske ve temizlik
gibi genel onlemlere de uyulmasi gerektigini vurgular. Hava
temizleme cihazlarinda kirli havayi icinde tutan sistem, filtrasyon
sistemi olarak adlandirilmaktadir ve genel olarak igerisinde 3
farkh filtre bulundurmaktadir. Bunlar havanin gelis yoniine gore
on filtre (F8), karbon filtre ve HEPA filtre (H14)'dir. Yapilan bir
calismada hangi filtrasyon sisteminin daha avantajli oldugu
arastirllmis ve i¢c mekanlar icin pratik, UV 1s1m igermeyen ve
yliksek voltaj bulundurmayan ¢ok katmanlh cam elyaf yapida
%99,97 verimlilik vaat eden HEPA filtrelerin en avantajh
konumda oldugu vurgulanmistir [7]. Ortamdaki partikiilleri
kendi icine ¢ekip ortami temizleyen bu cihazlarin saglikli ve hasta
insanlarin saghgina etkisi farkli ¢calismalarca incelenmistir. 2
grup izerinde yapilan bir calismada bir gruba gercek hava
temizleme ve diger gruba sahte hava temizleme cihazi verilmistir.
ic mekanda 32 kisinin bulundugu ortamda yapilan deneylerde
gercek hava temizleme cihazinin ortamda bulunan PM2,5
partikiil gostergesini %11 diisiirdiigiinii gozlemlemislerdir. 32
birey tlizerinde goézlemlenen diger sonug ise hava temizlemenin
insan saghgin iyilestirme yoniinde herhangi bir etkisinin
olmadigidir [8]. Yash bireylerin bulundugu bir ortamda yapilan
hava  temizleme deneylerinde,  bireylerde  bulunan
kardiyovaskiiler ve pulmoner fonksiyonlarinin iyilestigi
gozlemlenmistir [9]. Hava temizleme cihazlar1 ¢ahisirken bir
yandan da insan kulagim rahatsiz etmeyecek diizeyde ses
¢ikarmalar s6z konudur. Kullanilan fan motoruna, filtre tiplerine,
yaliima ve kabine gore ses basing seviyeleri degiskenlik
gostermektedir. Kim ve ark. tarafindan yapilan bir ¢alismada fan
motoru kanatlarinin olusturdugu ses basing seviyesini azaltmak
icin kanatlar tizerinde optimizasyon calismasi yapilarak ses
seviyesinin 4,5 dB(A) diistiigi tespit edilmistir [10]. Lee ve ark.
tarafindan yapilan bir calismada mevcut hava temizleme
cihazinin fan motoru bélgesinde bulunan salyangoz yapinin
tasarimi hava cikis bolgesinde akis ayrilmalarina ve dolayisiyla
¢ikis bolgesinde olusan hava hizinin azalmasina sebebiyet verdigi
gorilmistir. HAD sayisal calismalariyla iyilestirilen salyangoz
yapinin tasarimi degistirilmesiyle akis ayrilmalarinin minimum
diizeye indirgenmesi, hava ¢ikis hizlarinin arttigi ve 4,2 dB(A) ses
seviyesinde azalma gerceklestigi tespit edilmistir [11].

Bu calisma kapsaminda mevcutta bulunan 200 m3/h hacimsel
debimetre kapasitesi bulunan, 3 fakh calisma kademesi olan bir
hava temizleme cihazinin c¢ikis bolgesinde tespit edilen tersinir
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akislarin giderilmesi ve cihaz igerisinde havanin olusturdugu
girdabin minimuma indirilmesi amag¢lanmistir. Hem deneysel
hem de HAD sayisal yontemiyle tespit edilen tersinir akis ve
girdaplar, motor lizerinde bir baski olusturmaktadir. Bu durum
cihazin daha fazla gii¢c gekmesine sebebiyet verirken Ses Basing
Seviyesini (SPL) arttirmaktadir. HAD sayisal yontemleri ile tespit
edilen tersinir akis ve tiirbiilanslarin motorun konumu ve ses
yalitim malzemesinin geometrisi degistirilerek giderilmesi
hedeflenmistir. lyilestirilmis geometri iizerinde 3 farkh ses
yalitim malzemesi montajlanarak ses seviyesi test edilmis ve en
iyi yalltim malzemesine karar verilmistir. Mevcut duruma gore
ses seviyesinde 2,7 dB(A) azalma ve gii¢ seviyesinde %10 kazang
elde edilmistir.

2. Materyal ve Metot

Hava temizleme cihazlarinin kapasitesi temizledigi oda
biiyiikligii ile ifade edilirken ¢alisma kapsaminda ele alinan 2,5
m tavan yiiksekligine gore 80 m2 bir oday1 temizleyen mevcut
temizleyici Sekil 1a'da gosterilmistir. Ana hat dlgtileri 230 x 440
x 636 mm olan cihazin genel bilesenleri hava giris bolgesinden
hava ¢ikis bolgesine dogru sirasiyla su sekildedir: Hava giris
bolgesi, karbon filtre, H14 filtre, filtre kabin hiicresi, fan motoru,
strafor, arka kapak ve hava ¢ikis bolgesi. Sekil 1c'de ise hava ¢ikis
bélgesinin 6 farkli alana ayrildig: gosterilmektedir.

Arka Kapak

Filtre Kabin
H14 Filtre Hiicresi

rbon Filtre

Havalandirma Cihazi

Sekil 1. a) Hava temizleme cihaz b) Onemli baz bilesenleri c)
Hava ¢ikis bolgeleri

Figure 1. a) Air purifier b) Some important components c) Air
outlet regions

Hava giris bolgesi teknik detay1 Sekil 2a’da verilen yapidan
olusurken hava ¢ikis bolgesi ise teknik detay1 Sekil 2b’de verilen
6 farkh ¢ikisa bolinmiis bir yapidan olusmaktadir. Giris
bolgesinden sonra karbon filtre ve H14 filtre gelirken filtrelerin
basin¢ debi grafikleri Sekil 3’'te verilmistir. Buna gore filtreler
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sirasiyla 200 m3/h debide motora 80 Pa ve 139 Pa direng basinci
olusturmaktadir.
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Sekil 2. a) Hava giris bélgesi b) Hava cikis bolgesi
Figure 2. a) Air inlet region b) Air outlet region
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Sekil 2. Karbon filtre ve H14 filtrenin direng¢ basinci-hacimsel
debimetre grafigi

Figure 3. The pressure drop-volumetric flow rate graph for
Carbon filter and H14 filter

Filtre kabin hiicresi, hava akisinin gectigi boélge olarak
adlandirilirken iceride bulunan havanin sizdirmazhgi i¢in 6nemli
bir bilesen konumundadir. Filtreleri icinde bulunduran filtre
kabini gelen tozu, kiri, bakteriyi ve viriisii tasiyan havanin bir
biitlin sekilde filtrelere yonelmesini saglar. Filtrelere gelen kirli
hava temizlendikten sonra hava ¢ikis bdlgesine dogru
yonelmektedir. Hava temizleme cihazlarinin temizleme
kapasitesi kullanilan filtreleme sistemine ve filtre 6zelliklerine
bagliyken bu ¢alismada kullanilan ISO 29463 ile uyumlu olan H14
filtre 0,1 pm’na kadar diisiik boyuttaki partikiilleri bile %99,95
oraninda temizleme kapasitesine sahiptir [12]. Kirli havanin
filtrelere cekilmesini saglayan ve filtrelerin olusturdugu basinci
yenerek temiz havayi cikis bolgesine tasiyan dnemli diger bilesen
ise fan motorudur. Havanin oda igerisindeki dagilimini saglayan
fan motoru ve kirli havay i¢inde tutan filtrelerin se¢imi birlikte
yapilmalidir. Fan motorunun, filtrelerin olusturdugu direng
basincini yenebilmesi ve gelen havay ¢ikisa yonlendirebilmesi
gerekmektedir. Calisma kapsaminda kullanilan filtrelerin fan
motoruna uyguladigl diren¢ basinci Sekil 4’te kullanilan fan
motoru bu dirence karsi koyabilecek kapasitededir. Deneysel
verilerle olusturulan ve Sekil 4’te verilen direng¢ basinci-hacimsel
debimetre grafigine gore, hava temizleme cihazinin 200 m3/h
debi iiretebilmesi icin filtrelerin olusturdugu direng basincinin en
yliksek 236 Pa olmasi gerekmektedir.
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Sekil 4. Fan motoru direng basinci-hacimsel debimetre grafigi

Figure 4. The pressure-volumetric flow rate graph for the fan
motor

Hava temizleme cihazinin 6énemli son bileseni ise fan motoru
bolgesinde bulunan genlesmis polistiren malzemesinden olusan
ses yalitim {iriiniidiir. Fan motoru bélgesinde bulunan saca
montajlanan ses yahtim iriinline c¢arpan hava sesi
sonlimlenmekte ve bu ses yalitim iiriinii cihazin ses seviyesini
belirlemede kritik bir 6neme sahiptir. Ses yalitim {riiniin
geometrik detay1 ve fan motorunun ses yalitim {riiniine gore
konumu Sekil 'te verilmistir. Calisma kapsaminda hem fan
motorunun konumu hem de ses yalitim {iriiniin geometrik yapisi

HAD sayisal c¢alismasinda iyilestirilerek aym1 hacimsel
debimetrede olusan tiirbiilans siddetinin, hava ¢ikis bélgesindeki
tersinir akisin ve ses Dbasing seviyesinin azaltilmasi
hedeflenmistir.
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Sekil 5. Mevcut ses yaliim malzemesinin teknik detay1 ve fan
motorunun cihaz igerisindeki konumu

Figure 5. The technical details of current sound insulation
material and position of the fan motor inside of the air purifier

2.1. Deney test diizenegi

Hava temizleme cihazlarinda aranan en énemli iki 6zellik debi
kapasitesi ve ses basing seviyesidir. Debi seviyesi kullanilabilecek
oda boyutunu ve temizleme kapasitesini ortaya ¢ikarirken, ses
seviyesinin ise insan kulagini rahatsiz etmeyecek diizeyde olmasi
beklenmektedir. istenen 6zelliklerin Kkarsilanabilmesi ve
incelenmesi adina hacimsel debimetre ve ses basing seviyesi
deneyleri yapilmistir.

Hacimsel debimetre deney diizenegi Sekil 6’da gosterilmekte ve
cihaz lizerine balometre konumlandirilarak gecen havanin debisi
Olciimlenebilmektedir. Balometrenin boyu, EN 16211-2015
standartlarina gore hava temizleme cikis hidrolik capinin en az 3
kat1 kadar olmalidir (¢alisma kapsaminda 100 mm). Kullanilan
balometrenin hava giris olgiileri 610 x 610 mm ve hava ¢ikis
oOlciileri 360 x 360 mm’dir. Ayrica 50-4000 m3/h debi degerleri
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arasinda ol¢lim yapabilmekte ve olciilen degerin %3’G kadar
hassasiyetle ¢alismaktadir. Balometrenin hava ¢ikisinda bulunan
16 adet pitot tiipii ile havanin toplam basinci denklem (1)’e gore
ve hiz1 denklem (2)’ye gore tespit edilirken izentropik akis
denklemleriyle (3)-(7) bilinen hava basinci ve hizi sayesinde
havanin Mach sayis;, ses hizi, sicakhigns ve debisi
hesaplanabilmektedir [13].

Balometre Hava Cikis

1111
1111

Hava Temizleme Cihazi
Sekil 6. Hacimsel debi 6l¢iim deney diizenegi

Figure 6. Volumetric flow rate measurement experimental setup

p=ps+pd=ps+p'TV2 (1)
v=1y2-pa/p 2
po/pe = (1 + L M2y v/ ®)
M=v/a (4)
a=./yRT (5)
p/pe = (T/TY"/ OV (6)
m = pvD (7)

Calisma kapsaminda yapilan diger deney diizenegi ses basing
seviye testidir. Ses testleri 32 dB(A) olan bir odada
gerceklestirilmis ve Sekil 7°de deney diizenegine yer verilmistir.
Deneyler ISO 3744 standardina gore cihazin 1 metre Oniine
mikrofon yerlestirilerek gerceklestirilmistir. Standarda gore en
az 4 adet mikrofonun cihaz etrafina konumlandirilmasi
gerekirken sartlar geregi dl¢iim hassasiyeti + 3 dB(A) olan 1 adet
mikrofonla deneyler gergeklestirilmistir. Kim ve ark. tarafindan
gelistirilen hava temizleme cihazinin ses basing seviyesini tespit
etmek icin yapilan deneyler sessiz ve yanki yapmayan bir odada
cihazin 6ntinden tek mikrofonla élgiilerek yapilmistir [10].
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Mikrofon
=

| metre

Sekil 3. Ses basing seviyesi 6l¢lim deney diizenegi
Figure 7. Sound pressure level measurement experimental setup
2.2. Hesaplamal1 akigkanlar dinamigi sayisal calismasi

Calismada kullanilan hava temizleme cihazinin iyilestirme
calismalarini daha az prototip maliyeti ile ilerletmek ve elde
edilebilecek en iyi geometriyi kisa stirede tespit edebilmek i¢in
bilgisayar ortaminda SWEFS ticari yazilimi kullanilarak HAD
sayisal ¢alismalarindan yararlanilmistir. HAD sayisal ¢alismasi
icin deneysel calismasi tamamlanan hava temizleyicinin CAD
modeli hazirlanir. Modelde cihazin sizdirmaz oldugu kabul
edilerek akisin gectigi alanlar1 degistirmeden ve sonucu
etkilemeyecek sekilde geometride basitlestirmeye gidilir.
Deneysel calisma ile yaklasik olarak ayni sonuglari alabilmek i¢cin
SWES ticari yaziliminda akiskan modeli olan hava temizleme
cihazina kartezyen ag yapisi uygulamr. SWFS, sivi ve kati
hacimleri ti¢ boyutlu dikdoértgen hiicrelere bolerek ag yapisini
olusturur ve buna sonlu hacim (FV) yontemi denmektedir.
Akiskanin bulundugu dikdoértgen hiicrelerde Navier-Stokes (NS)
denklemleri ¢6ziiliirken sonlu hacim yontemi her akis hiicresinde
kiitle, momentum ve enerji dengesi kurar ve sirasiyla (8), (9) ve
(10) denklemleri ¢oziiliir [14].

dp  0(pwy) _
ottt oy, 0 (8)
d(pu) 0 P _ 9 .

ot + a—X] (puiu]-) + a_Xl = a—Xi(Tij + Tij ) + Si (9)
dpH dpuyH 0 ap
W axi = a—Xl (u]'(Ti]' + Ti]'R) + ql) + E

Raui
- Ti]' a + pe + Siui + Qh (10)

]
2

buradaH =h +u7

Kartezyen ag yapisinda ana konu, kaba ag yapisinda bulunan sinir
katmanlarin ¢éziilmesidir. SWFS bu noktada 6zgiin bir yaklasim
sergilemektedir ve duvardaki yiizey siirtiinmesini ve 1s1 akisini
hesaplayabilmek i¢in Prandtl sinir tabaka yaklasimi kullanir. Bu
yaklasim, HAD sayisal ¢alismanin temelini olusturan duvar
fonksiyonu yaklasimlariyla benzerdir. Sinir tabakasi ¢6ziimiinii
kitlesel akis ile birlestirmek icin iki yontemden olusan iki Olcekli
Duvar Fonksiyonu (2SWF) kullanihir

1. Akis ve termal profillerin olusumu i¢in eleman sayisi
yeterli degilse ince sinir tabaka islemi uygular.
2. Sinir tabaka profillerinin ¢6ziimii i¢in katman boyunca

kullanilan ag yapisi gerekenden fazla ise kalin bir sinir
katmani yaklasimi uygulanir [14].

Bu c¢alismada uygulanan kartezyen ag yapisi Sekil 8'de
gosterilmis olup ag yapisimin iyilestirme diizeyi SWFS
programina gore 0-5 arasinda verilmistir. 4. dereceden
uygulanan ag yapisinda ileri kanal iyilestirme ozelligi aktif
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edilmistir. Sekil 8a’da hava temizleme cihazinin genel gorinimi
verilmis olup i¢ kabin bolgesinin ag yapisi net gériinmektedir.
Sekil 8’de sirasiyla, hava temizleme cihazi ag yapisi, hava ¢ikis
bolgesi, ag yapisinin dnden (kesitten) goriiniimii, fan motoru ag
yapisl ve orta Kesit ag yapisi detayli olarak gosterilmistir.

Hava Cikis Bolgesi

Ag Yapisi Onden Goriiniim

lyilestirme
Diizeyi []

Orta Kesit Ag Yapisi

Fan Motoru

Sekil 4. a) Mevcut hava temizleme cihaz genel ag yapisi b) Hava
cikis bolgesi ¢) Onden gériiniim d) Fan motoru e) Fan motoru
bolgesi orta kesit ag yapisi

Figure 8. a) General mesh structure of the current air purifier b)
Air outletregion c) Front view d) Fan motor e) Mid-section mesh
structure of the fan motor region

HAD sayisal calismanin deney sonuglan ile karsilastirilabilir
olmasi icin deneyde uygulanan sinir kosullarinin tespit edilmesi
ve HAD sayisal calismaya uyarlanabilmesi gerekmektedir. Hava
temizleme cihazi i¢ mekanlarda ¢alhstirildigi icin hem hava giris
bolgesi hem de hava ¢ikis bolgesi 101325 Pa ve 20 °C olarak
tanimlanmistir.  Fan motorunun gercek modeli ¢alismada
kullanilmis olup 2000 RPM olarak tamimlanmistir. Sistemde
bulunan filtrelere gézenekli ortam tanimlamasi yapilarak Sekil
3’te gosterilen basing-debi grafikleri tanimlanmistir. HAD sayisal
calismalarda zamandan bagimsiz akis yontemi uygulanmis ve yer
cekiminin etkisi sistemde aktiftir. SWFS ticari yaziliminda
bulunan k-g¢ RANS tiirbiilans modeli ¢alismada kullanilmistir. Bu
model Lam ve Bremhorst tarafindan oOnerilen laminar,
tiirbiilansh ve gecisli akiskanlarda tercih edilmektedir [14]. Aym
zamanda hava temizleme cihazlan i¢in yapilan c¢alismalarda
kullanilmis ve dogrulanmis bir modeldir [15]. Akista meydana
gelen tiirbiilans enerjisi, kinetik enerjisi ve enerji transferini
hesaplamak icin etkilidir. Tirbiilans kinetik enerjisi (k) akis
icindeki tiirbiilansin hareketlilik seviyesini temsil ederken
tiirbiilans dissipasyonu () kinetik enerjinin tiirbiilans tarafindan
nasil harcandigini, yani tiirbiilansin enerji kaybini ifade eder. Bu
iki degisken kullanilarak tiirbiilansin davranigi tahmin edilmeye
calisihr. Denklem (11) ve (12)’de k ve ¢ ifadeleri sirasiyla
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yazilmistir. Denklemlerde ge¢mekte olan difiizite terimleri,
tiirblilans kinetik enerjisi ve tiirbiilans viskozitesi sirasiyla
denklem (13), (14), ve (15)’te ifade edilmistir. Bu modelde R=0,
Cie = 1,44, C5, = 1,92, C, = 0,09, g, = 1,0 ve g, = 1,3 olarak
bilinmektedir.

Dk 9 ( 6k)+G (11)
P Dt - aXi Tc aXi k pe
De 0 ( 6£)+C Ee ¢ 2 R (12)
p Dt aXi e aXi 1le k k 2eP k
e=ptis po=p+tt (13)
08
du;  Ou; Oy (14)
Gy Ht(a—xl %) %
k? 15
Me=pCu— (1°)

SWES akustik gli¢c siddeti tahmini i¢in Proudman formdiillerini
kullanir ve tiirblilansin olusturdugu ses basincinin tahmin
edilmesine olanak saglar. Akustik gii¢ denklem (16) kullanilarak
hesaplanir.

udu®

Py = pg T (16)

Burada u, 1 ve a, sirasiyla tiirbiilans hiz, tiirbiilans uzunlugu ve

ses hizidir. « denklem (16)’'daki model sabitidir. kvee
ifadesinden yazildiginda denklem (17) olusmaktadir.
V2k
Py =, poeM?,  burada M; = — (a7

0
Akustik giiclin dB cinsinden ifade edilmesi i¢cin denklem (18)
kullanilir.
Pa _
Lp = 10log (—),Pref =10"*2W/m?3

(18)
Pref

3. Bulgular ve Tartisma

Mevcut hava temizleme cihazi tizerinde gerceklestirilen deneysel
ve HAD sayisal ¢alismalari karsilastirilmis, tiirbtilansh ve tersinir
akisin oldugu bolgeler tespit edilmistir. HAD sayisal ¢calismasinda
iyilestirme c¢ahsmalar1 yapilarak nihai irin elde edilerek
deneysel ¢alismalar tekrarlanmistir. Elde edilen iiriin ile mevcut
iriin arasindaki farklar ortaya konarak alt bashklarda
detaylandirilmistir.

3.1. Mevcut iiriinde yapilan deneysel ve HAD sayisal
calismalari

Hava temizleme cihazina uygulan deneysel testlere gére 200
m3/h debi liretmektedir. Cihazin olusturdugu ses basing seviyesi
54,5 dB(A)’dir. 50 Hz - 230 Volt'ta ¢alisirken 38 W giic tiiketimi
gerceklestirmektedir.

Tablo 1. Deneysel ¢calisma test sonuglari

Table 1. Experimental study test results

Hacimsel Debimetre [m3/h] 200
Ses Basing Seviyesi [dB(A)] 54,5
Gii¢ Tiiketimi [W] 38

Deney ortami, ag yapist ve sinir sartlarindan bahsedilen hava
temizleme cihazinin HAD sayisal calismasinin sonuglar1 Sekil
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9’da sirasiyla hiz konturu, akustik ses giicii ve tiirbiilans siddeti
verilmistir. Cihaz icerisinde olusan akisin 0-6 m/s araligindaki
hiz1 Sekil 9a’da paylasilmistir. Fan motoru saat yoniiniin tersinde
donerken cihazin sagindan kuvvetli bir hava g¢kisi
gozlemlenmektedir. Fakat cihazin sol tarafinda tersinir akislar
gozlemlenmis ve ¢ikis bolgesinden cihazin igine giren akis tespit
edilmistir. Bu sebeple Sekil 1c’de gosterilen hava ¢ikis bolgesi
4’ten sonrasinda hava hizi azalirken motorun daha diisiik ¢alisma
hizlarinda baz ¢ikis bolgelerinden igeri giren akis tespit
edilmektedir. Ses giicii siddetinin 0-35 dB(A) araliginda cihaz
icerisinde akigkana bagh konturu Sekil 9b’de verilmistir. Buna
gore hem tersinir akisin olustugu ¢ikis bolgesinde hem de cihazin
sol i¢ bolgesinde akiskana bagh ses olusumu tespit edilmistir.
Sekil 9c’de ise %0-50 araliginda tiirbiilans konturu paylasilmis ve
cihaz igerisinde olusan tersinir akigkanin oldugu sol tarafta, sag
tarafa gore daha fazla tiirbiilans oldugu tespit edilmistir.

L
LB
tap

I a2
t 26
30
2
T
12
06

Hiz [m/s]

Ses Gicil
Siddeti [dB(A))

Tirbilans
Siddeti [%)

Sekil 9. a) Hiz dagilimi b) Ses giicii siddeti c) Tiirbiilans siddeti

Figure 9. a) Velocity distribution b) Sound power level c)
Turbulence intensity

Elde edilen HAD sayisal ¢alisma sonuglarinin dogrulugunun ag
yapisina baghligl ayrica incelenmis olup kaba, orta ve ince olmak
tizere 3 farkli ag yapisi iizerinde ¢alisma gergeklestirilmistir. Sekil
10’un sol tarafinda goriinen ag yapilar1 fan motoru bdlgesinin
orta kesitinden alinmistir. Sag tarafta ise ilgili ag yapisinda olusan
0-6 m/s araligindaki hiz konturu paylasilmistir. Yukardan
asagiya dogru sirasiyla 0,7 M - 1,7 M - 3,7 M eleman sayisinda
yapilan ¢alismalardan 1,7 M ve 3,7 M hiz konturlar arasindaki
fark azdir. Diger bir taraftan Tablo 2’deki sonuclarda ince ag
yapisl orta ag yapisina gore %2,6 fazla debi saglarken kaba ag
yapisinda bu oran orta ag yapisina gore %7'dir. ince ag yapisi orta
ag yapisina gore hava ¢ikis hizin1 %0,65 daha az tahmin ederken
kaba ag yapisi orta ag yapisina gore %1,63 daha fazla tahmin
etmektedir. Hiz konturlarinda olusan dagilim dikkate alindiginda
orta ag yapist ¢alisma kapsaminda secilmistir. Secilen ag
yapisindan elde edilen hacimsel debi ile deneyde 6lgiilen
hacimsel debi arasinda ise %4,0 fark bulunmus ve calisma
kapsaminda uygun gorillmiistiir.

a- 0,7 M Kaba Ag Yapisi

b- 1,7 M Orta Ag Yapisi

TETTEaer

r

B

Hiz [m/s]

Sekil 10. Kaba, orta ve ince ag yapisi ve ilgili ag yapisinda olusan
hiz dagihimi

Figure 10. Coarse, medium, and fine mesh structure and the
velocity distribution generated in the corresponding mesh
structure
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Tablo 2. Kaba, orta ve ince ag yapisinda elde edilen hacimsel
debimetre ve hava ¢ikis hiz1 sonuclari

Table 2. Volumetric flow rate and air outlet velocity results
obtained from coarse, medium, and fine mesh structures

Ag Yapisi Kaba Orta Iyi
Eleman Sayisi 0,7M 1,7M 3,7M
V,,m*/h 205,5 192 197
v, m/s 3,12 3,07 3,05

Tablo 3. Mevcut tasarimda deney ve HAD sayisal ¢alismasinin
¢ikis hizlar karsilastirmasi

Table 3. Comparison of the outlet velocities between the
experimental and CFD simulation study in the current design

Hiz [m/s] Veq Vey Ves Ve Vs Veg
Deney 4,2 2,8 3,2 31 2,0 31
HAD 4,4 2,6 3,4 3,3 2,1 2,8
% Hata 4,8 7,1 6,3 6,5 5,0 9,7

Secilen orta ag yapisinda HAD sayisal calismanin hava temizleme
cihazinin gikis bolgesinde elde edilen hiz degerleri deneyde elde
edilen ¢ikis hizlar ile karsilastirilmis ve Tablo 3’te paylasiimistir.
Buna goére HAD sayisal calismasi deneysel verilere gore
maksimum %9,7 ve minimum %4,8 arasinda tahmin dagilimi
gostermektedir.

Sekil 10’da olusan biitiinsel hiz dagilimi1 ve Tablo 3’te bulunan
cikis hiz1 degerleri incelendiginde cihazin sag tarafinda hava
akisinin  kuvvetli oldugu fakat sol tarafinda zayifladig:
goriilmektedir. Tiirbiilansh ve tersinir hava akisinin giderilmesi
icin yazarlar tarafindan hizh ve pratik 2 adimlh bir yol
onerilmistir. Motor saat yoniiniin tersinde doénerken saga dogru
kuvvetli hava gondermektedir ve bu sebeple ilk adimda fan
motorunun konumu simetrik degistirilerek Sekil 11b’de
gosterildigi gibi sola kaydirllmistir. Sekil 12-14 arasinda elde
edilen sonuglara gore ikinci bir adim oOnerilerek ses yalitim
irtniin tasariminda iyilestirme yapilarak Sekil 11c’de belirtilen
salyangoz tipi akis yonlendirici tasarim ortaya konmustur.

Adim 1 ve Adim 2 ¢alismasinda yer alan tasarimlarin HAD sayisal
calismasi sonuglari Sekil 12-14’te sirasiyla hiz, akustik ses giicii
ve tiirbiillans siddeti olarak verilmistir. Sekil 12’de Mevcut
durumdan Adim 1’e gegerken cihazin solunda goriilen tersinir
akislar azalmis ve cihazin saginda ise hiz degerleri artmistir. Fan
konumunun degismesi ile hava temizleme cihazinin ig
bolgesindeki hiz dagilimi daha dengeli duruma gelmistir. Cihazin
sol tarafinda tersinir akis bolgesel olarak kendini gostermektedir.
Adim 2 ¢alismasinda akis yonlendirme tasarimi ile tersinir akis
etkisi hava temizleme cihazinin orta kesitinde tamamen yok
oldugu gosterilmektedir.

Sekil 13’te gosterilen akustik ses giicli sesin kaynagini tahmin
etmekte ve mevcut duruma gore her iki geometride de iyilesme
gostererek azalmistir. Diger 6nemli bir nokta ise Sekil 14’te hava
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temizleme cihaz1 iginde tersinir akisin oldugu bolgelerde
goriinen tiirbiilans siddeti mevcut duruma goére iyilestirme
calismalarinda azalma gostererek motor iistiinde olusan ekstra
yukii alarak motorun daha az yiik altinda ¢alismasini saglamistir.

Adim 1. Fan motor konum ¢alismasi

Akis

/\'Onlcndinci

Adim 2. Ses yalitim malzemesi
geometri ¢aligmasi

Sekil 11. a) Mevcut hava temizleme cihazi ses yalitim tiriinii ve
fan motoru konumu b) Adim 1. Fan motoru konum degisimi c)
Adim 2. Ses yalitim tiriinii akis yonlendirici tasarimi

Figure 11. a) Current air purifier sound insulation product and
fan motor location b) Step 1. Fan motor location change c) Step
2. Sound insulation product airflow diverter design
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Tersinir AKis

i

Sekil 12. a) Mevcutb) Adim 1 ¢) Adim 2 -

Hiz dagilimi Adim 1 ¢) Adim 2

Figure 12. a) Current b) Step 1 c) Step 2 -
Velocity distribution

Adim 2’de olusan iyilestirilmis tasarimin ve mevcut tasarimin
debi degerleri Deney-HAD karsilastirmasi Tablo 4’de verilmistir.
Mevcut ¢alismada bu oran %4 ve iyilestirilmis tasarimda
%4,6’dir. Her iki tasarim arasinda deneyde hesaplanan %26 ve
HAD sayisal ¢alismasinda hesaplanan %25,3 debi kazanci elde
edilmistir. Cihaz icinde olusan temiz havay1 ortama géndermeye
calisan fan motoru, mevcut durumdaki tasarimdan dolay1 hava
cikis bolgesinden hava temizleme cihazinin igine hava
almaktadir. Bu durum motora ek bir yiik olusturmakta, normal
islevselligini yitirmekte ve olmasi gereken performansini
disiirmektedir. Tersinir akislar bu calismada da goriilebilecegi
iizere motora ek bir diren¢ basinci olusturmakta ve motorun
calisma verimliligini diisirmektedir. Adim 2’de tasarlanan ic¢
tasarimi degistirilen hava temizleme cihazinin fan motoru
tersinir akislarin olmadig bir ortamda galistig1 icin debi artisi
olas1 bir durumdur.

Iyilestirilmis tasarim icin gerceklestirilen bir diger Deney-HAD
karsilastirmasi ¢ikis hizlari i¢in yapilmistir. Tablo 5’de gosterilen
verilere gore cikis hizi arasindaki hata oranlar1 %12,5 ile %5
arasinda degismektedir.

Sekil 13. Akustik ses giicii - a) Mevcut b)

Figure 13. Sound power level - a)
Currentb) Step 1 ¢) Step 2

Tersinir Akis

~~~~~~~~~~~~~~ Tiirbiilans
Siddeti %

Siddeti %

Sekil 14. Tiirbiilans siddeti - a) Mevcut
b) Adim 1 c¢) Adim 2

Figure 14. Turbulence intensity - a)
Currentb) Step 1 c) Step 2

Tablo 4. Mevcut ve iyilestirilmis tasarim i¢in deneysel ve HAD
say1sal calisma karsilastirmasi

Table 4. Experimental and CFD simulation study comparison for
the current and improved designs

Deney HAD % Hata
Mevcut 200 192 4
Adim 2 252 240,5 4,6
Iyilesme Oran1 % 29 25,3 -

Tablo 5. lyilestirilmis tasarimda deney ve HAD sayisal
calismasinin ¢ikis hizlari karsilastirmasi

Table 5. Comparison of the outlet velocities between the
experimental and CFD simulation study in the improved design

Hiz [m/s] Veq Vey Ves Vey Vs | Veo
Deney 4,8 4,2 3,8 41 | 48 | 40
HAD 4,3 3,8 4,1 46 | 54 | 42

% Hata 10,4 9,5 7,9 12,2 | 125 | 5
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Hava temizleme cihazinda artis gosteren tiirbiilans, basing
degisimi ve akis diizensizligi indirgendiginde fan motoru
olusturdugu havayi siirekli olarak disar1 atmakta ve igeriye
disardan hava almamaktadir. Bu faktorlerin bir araya gelmesiyle
fan, daha az enerji kullanarak daha fazla hava iiretebilmektedir.
Hem mevcut hem de iyilestirilmis tasarimin ¢ikis debileri 200
m3/h debiye sabitlendiginde elde edilen ses basing seviyesi ve
giic tiketim degeri karsilastirmasi Tablo 6’da paylasilmistir.
Buna gore ayni debide 2,7 dB(A) ses basing seviyesinde azalma
ve gli¢ tiiketiminde %10,52 kazang saglanmistir.

Tablo 6. Mevcut ve iyilestirilmis tasarimin ayni debi degerinde
ses basing seviyesi ve gii¢ tiiketimi karsilagtirmasi

Table 6. Comparison of sound pressure level and power
consumption for the current and improved designs at the same
flow rate

Mevcut lyilestirilmis
Ses Basing Seviyesi [dB(A)] 54,5 51,8
Gii¢ Tiketimi [W] 38 34

Calisma kapsaminda kullanilan mevcut ses yalitim iiriinii yerine
poliiretan (PU) ve polietilen (PE) siinger kullamlarak
degistirilmis ve ses degerleri incelenmistir. Tablo 7’de paylasilan
verilere gore mevcut ses yalitim malzemesi hava temizleme
cihazi icin ideal oldugu tespit edilip mevcut ve PU ses yaliim
malzemeleri arasinda 6,4 dB(A) ses basing seviyesi farki oldugu
gozlemlenmistir.

Tablo 7. Mevcut, PU ve PE ses yalitm malzemelerinin hava
temizleme cihazinda olusturdugu ses basing seviyeleri

Table 7. Sound pressure levels generated by the current, PU, and
PE sound insulation materials in the air purifier

Mevcut PU PE

Ses Basing Seviyesi [dB(A)] 51,8 58,2 54

Ag yapisindan bagimsizlik calismasi mevcut hava temizleme
cihazi icin uygulanmistir. Adim 1 ve Adim 2’de tasarlanan hava
temizleme cihazlarinin HAD sayisal ¢alismalarinin dogrulugu
sunmak adina agdan bagmsizhik calismasinin  aynisi
uyarlanmistir. Sekil 15te Adim 1 c¢alismasi icin farkhh ag
yapilarindan elde edilen hem hiz hem de tiirbiilans siddeti
konturu paylasilmistir. 3 ag yapisi da hiz konturunu ayni sekilde
tahmin edebilirken, tiirbiilans siddetinde 0,7 M eleman sayili ag
yapisinda cihazin sag tarafi yetersiz kalmis ve 1,7 M - 3,7 M ag
yapilarindan daha fazla tiirbiilansh alan gostermistir. Aym
sekilde Sekil 16’da Adim 2 icin gosterilen tasarim icin hiz
konturlar1 ayn1 dagihmi saglarken, cihazin saginda ve ¢ikisinda
tiirbiilans konturu 1,7 M ve 3,7 M eleman sayili ag yapilarinda
ayni dagilim yaklasik olarak elde edilmistir.
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a- 0,7 M Kaba Ag Yapisi

Hiz [m/s] Turbillans Siddeti %

Sekil 15. Adim 1 tasarimi ag yapisindan bagimsizlik calismasi
Figure 15. Step 1 design mesh independence study
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a- 0,7 M Kaba Ag Yapisi
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Sekil 16. Adim 2 tasarimi ag yapisindan bagimsizlik ¢alismasi
Figure 16. Step 2 design mesh independence study

4. Sonuglar

Hava temizleme cihazlar1 ortamda bulunan Kir, bakteri, viriis ve
toz gibi gozle gorillemeyecek partikiilleri icine ¢ekip ortama
temiz havay1 verebilen makinelerdir. Bu ¢alisma kapsaminda 200
m3/h debi iiretebilen bir hava temizleme cihazinin i¢inde olusan
akist HAD sayisal calismalariyla incelenmistir. Tespit edilen
tersinir ve tlrbiilansh akiskanlari1 indirgenmek icin motorun
konumu, ses yalitim malzemesinin tasarimi ve ses yalitim
malzeme Ozelligi degistirilerek sesin azaltilmasi ve tersinir
akislarin yok edilmesi hedeflenmistir. lyilestirilmis model
izerinde gerceklestirilen hem deneysel hem de sayisal
calismalara gore cikis bolgesinde azaltilan tersinir akisin etkisi
debinin artisinm saglamistir. Calisma kapsaminda belirlenen debi
miktarina indirgenen iyilestirilmis tasarim, 2,7 dB(A) ses basing
seviyesi ve %10,5 gii¢ tiiketimi kazanci saglamistir. Bu ¢alismaya
en yakin bulunan bir ¢alisma Lee ve ark. tarafindan
gerceklestirilmis ve maksimum hava debisi 10 m3/dk olan ev tipi
bir hava temizleme cihazinin motor bdlgesinde bulunan
salyangoz yapiya benzer hava ¢ikis bolgesinde tespit edilen akis
ayrilmalar1 incelenmistir. Bu akis ayrilmalari veya tersinir
akislarin ¢ikis hava hizinin diismesine ve ses olusumuna etkisi
oldugu saptanmistir. Hem salyangoz tasarimindan olusan sese
hem de fanin olusturdugu sese odaklanan bu calismada 4,2 dB(A)
ses azalmasi saglanmistir [11] .
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Literatiirde bulunan bagka bir ¢alismada ise maksimum 1500
m3/h debi liretebilen bir hava temizleme cihazinda test edilen
yalitimin 3,5 - 9 dB(A) arasinda ses basing seviyesini azalttig
tespit edilmistir [16]. Bu ¢alisma kapsaminda farkl ses yalitim
malzemeleri ses basing seviyesinin indirgenmesi arastirilmis ve
ses yalitim malzemeleri arasinda 6,4 dB(A) ses basing seviyesi
farki tespit edilmistir.

Etik kurul onay1 ve ¢ikar catismas1 beyam

Hazirlanan makalede etik kurul izni alinmasina gerek yoktur.
Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar ¢atismasi
bulunmamaktadir.
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Modeling Gravity Gradients from Surface Gravity Anomaly Data
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Abstract

Gravity gradients are useful to characterize near mass anomalies since they are much more sensitive to short wavelength anomalies
than gravitational accelerations. Estimating gravity gradients from surface gravity data is based on numerical implementations of
solutions to geodetic boundary value problem for determination of disturbing potential. One of methods to solve this problem is least-
squares collocation which is basically based on data and a defined covariance function. This study deals with estimating gravity
gradient tensor components from along track surface gravity anomaly data. The Least-Squares Collocation solution is based on a
stationary local covariance function defined for the disturbing potential which allows upward continuation of the observations to a
desired altitude. The modeling method is evaluated in using Earth Gravitational Model 2008(EGM2008) and real airborne gravity
gradiometry data collected over Southern Texas, Oklahoma region. The results show that modeled gravity gradients estimated in both
on the ground and at a certain altitude have basically good agreement with EGM08 gradients. Modeled gradients including horizontal
components in the east-west direction exhibit some discrepancies in comparison to the airborne gradiometry data, which may be
attributed to some measurement errors in the gradient data.

Keywords: Least-squares collocation, Covariance matrix, Gravity gradient tensor

0z

Gravite gradyentleri kisa dalga boylu anomalilere yercekimi ivmelerinden daha fazla duyarl olduklar: icin yiizeye yakin kiitle
anomalilerini belirlemede faydalidirlar. Gravite Gradyentlerinin yiizey gravite anomalilerinden kestirimi bozucu potansiyelin
belirlenmesinde jeodezik sinir deger problemi ¢dziimlerinin sayisal uygulamalarina dayanmaktadir. Bu problemi ¢dzmenin
yontemlerinden birisi temel olarak veriye ve tanimlanan bir kovaryans fonksiyonuna dayanan En Kii¢iik Kareler Kollokasyonudur.
Bu ¢alisma bir profil boyunca verilen yiizey gravite anomali verilerinden gravite gradyent tensoér elemanlarinin kestirimi ile ilgilidir.
En kii¢iik kareler kollokasyon ¢dziimii gézlemlerin istenen bir ylikseklige yukari uzanimina imkan veren bozucu potansiyel icin
tanimlanmis bir duragan yerel kovaryans fonksiyonuna dayanir. Modelleme yontemi Yer Gravite Modeli 2008 ve Giiney Teksas
Oklahoma bolgesi lizerinde toplanmis gercek havadan gravite gradyometri verileri kullanilarak degerlendirilmistir. Sonuc¢lar, hem
yeryizll lizerinde hem de belirli bir ylikseklikte kestirilen modellenmis gravite gradyentlerinin EGMO08 gradyentleri ile uyumlu
oldugunu goéstermektedir. Dogu-bat1 yoniindeki yatay bilesenleri iceren modellenmis gradyentler, havadan gradyometre verilerine
kiyasla baz1 uyumsuzluklar géstermektedir; bu durum gradyent verilerindeki bazi 6l¢iim hatalarina bagl olabilir.

Anahtar Kelimeler: Ek kiictik kareler kollokasyon, Kovaryans matris, Gravite gradyent tensor

1. Introduction moving based gravity gradiometer survey system in 1970s, the
usage of the gravity gradients in resource exploration has been
brought to the fore and found its place in a wide range of
application areas. Gravity gradients have been used to detect
fault related geothermal resources by [3-4,5]. [6] used a 3D
inversion of gravity gradients to explore mineral deposits. [7]
explores mineral deposits and geothermal systems from airborne
gravity gradiometry data and used tensor invariants to interpret
lineaments. [8] have modelled satellite- based gravity gradient
data to interpret lithospheric structure. Gravity gradient tensor
has been derived from gravity data by [9]. They derived gravity
gradient tensor from gravity data using Fourier transform in
frequency domain. [10] have derived gravity gradients from
satellite altimetry data for bathymetry inversion. [11,12] derived
three algorithms based on Stokes integral, Least-Squares
collocation and radial basis spline models from both regularly
distributed surface gravity anomaly and elevation data in space
domain to validate airborne gravity gradiometry survey data.

According to Newton’s Law of Gravitation, the gravitational
acceleration between two mass points attracting each other
attenuates with the inverse of squared distance from attracting
point to a source point. The spatial derivatives of the gravitational
acceleration, namely gravity gradients, attenuate with the cube of
inverse distance from the source point. Since derivatives of a
function reveal its local properties, the effect of attenuation with
altitude is compensated by differentiation [1]. Therefore,
gravitational gradients become more sensitive to shallow
structure mass anomalies than gravity [1]. As such, they have
become useful tool to interpret near subsurface geologic
structures. In addition, gradient measuring instruments provide
multiple components of full gradient tensor. The use of gravity
gradients dates back to the invention of Eotvos torsion balance
instrument by Lorand von Eotvos in 1896. The use of instrument
was primarily on for oil exploration [2]. With the advent of
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Their least-squares collocation method is based on a global
covariance function. In this study, full tensor gravity gradient
components have been calculated from surface gravity anomaly
data collected over Southern Oklahoma region. The purpose is to
show the modelling method along with covariance matrices and
evaluate it using real airborne gravity gradiometry survey data
and EGM08 model.

2. Materials and Methods

Most common measurement in geophysics and geodesy is
acceleration of gravity which is the first vertical derivatives of
gravity potential, W. The gravity potential is approximated by
normal gravity field, U which is generated by an ellipsoid of
revolution called normal ellipsoid rotating with the earth and
including its mass. The normal gravity field and its gradients are
known for a specific ellipsoid such as GRS80 or WGS84. The
residual part is called disturbing potential, T and defined by
subtracting the normal gravity potential from the total gravity
potential [13].
T=W-U M
In a local Cartesian coordinate system (x,y,z) = (x4, x3, x3), the
gravity gradient disturbances being second order partial
derivative of the disturbing potential, I' = [[j k], j, k =1,2,3 is

defined by [14]

[_9 0*T T ]
I xlaxl 0x,0x, 6x16x3 I

22T 92T 9T

r=s =] | ()

xjaxk |6X26x1 6xzax2 6x2(3X3 |
| 9 9°T T |
l6x3 0x; 0x30x, 6x36x3J

2.1. Least-squares collocation

Estimating gravity gradients from surface gravity anomalies is
depend on solutions to the geodetic boundary value problem.
Least-Squares Collocation is one method for the solution to the
boundary value problem to solve disturbing potential, T. Using
this solution to the disturbing potential, other gravimetric
quantities can be expressed as linear functional of the disturbing
potential, T. The minimum norm, minimum error variance least-
squares collocation solution for the disturbing potential is given
by [15]

+D,) 't

T = Crs,(Cs (3)

2,52
where observation vector (gravity anomalies) is given by £ =
s, + n, n observation noise vector, D, is observational noise,
Cs,s, is the covariance matrix of observed quantities, Cr, is
covariance matrix between the observed quantities and the
disturbing potential.

In plane approximation, gravity disturbance is equal to gravity
anomaly, which is negative vertical derivative of the disturbing
potential [14]

aT

aX3

4g =69 = 4)

By applying linear operators Ly = 02/dx;0x; and L, = —0/dx;
to the disturbing potential in equation 3, s, = L,T , the least-
squares solution to the gradient disturbances are given by
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U

& = Carea0) (Caagagy + D) Ag ()
Covariances related to the gravity gradient disturbances can be
derived by applying law of error propagation of covariance model
defined for the disturbing potential [16]. Assuming a stochastic
process of the disturbing potential, covariance model for the
disturbing potential is based on reciprocal distance model and
given by [1]

0.2

Crr(s;x3,x3") =

6
Jazsz +(1+als+ x3'))2 ©)

where s =/Ax? + AxZ%; Axy; = x1 — x;4x, = x, —x,'  are
coordinate differences; x3, x3'are heights of the points; and 0% a
are covariance model parameters. Since T is a potential, its
covariance function enables to be upward-continued by the sum
of altitude coordinates, x5 + x'5. The covariance function is based
on assumption of ergodicity and thus stationary which means
that the covariance function depends only on horizontal
coordinate differences. By applying law of propagation of
covariances to the equation (6), covariances between the gravity
anomaly and the gravity gradient disturbances are derived by [1]

30%a?

Clagag) = M5z (2p% — a*s?) (7)
302a3p
Ciryyag) = =37z (B — a’s® + 5a24xp) (8)
3 2 3ﬁ
Clrypag) = = g7 (=B — a?s? + 5a24x3 9)
30%a ,8 2 2.2 10
Cirysa9) = Y (—2Bp* 4+ 3a*s?) (10)
30%a*Ax,
Crisag) = 772 (—4B% + a’s?) (11)
15
Crimagy = — il iy ax, (12)
302a%A
Clrypag) = s (—4B% + a?s?) (13)

where f =1+ a(x; + x3") and M = B2 + a?s2.

Using the covariance function for the disturbing potential, [14]
estimates geoid undulation from the gravity anomaly data given
along track in frequency domain.

De
T * * * *
H o - v - - b2
AXZI b1 Pnj
— . — - - =0
Ax1

Figure 1. Geometry of the data points adapted from [14]

Here the problem is adapted to estimate the gravity gradient
disturbances in space domain. Suppose that there are regularly
distributed points along tracks being parallel each other and
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having coordinates, py, j = (ndxy,jAx,), where Ax; is the
distance between points along tracks, n is number of points along
tracks, n =0,....N — 1, Ax, is the distance between tracks and
the number of tracks is denoted by j = 0, .....,J — 1. The gradient
disturbances are estimated at the points located at p, = (£4x; +
by, b,). The computation points have same along distance with
observation points, but they have displacement from the j=0
track and from measurements along tracks. The displacement
vector is defined by b = (b; b,)". Observations are collected in
J X 1 vector including nth measurement along all tracks,

’ ’ T
Agy = [49(P'n0) 4g(P'n-1)] (14)
The cross- covariance matrix is defined by
CAg,Fj,k (p' p’) =
CAg,rj,,( (Pep'n) CAg,rj,,( ®e:0'ne1) (15)

CAg,r,-,k ®e+1:7'n) CAg,r,-,k ®e+1,P"7)

where Cyq 1, (De,p'y) includes 1 X J row vectors that represent

Tk
elements of covariances between estimation point located at p,
and the elements of 49, located at p',, . Auto-covariance matrix
is defined by

CAg,Ag (p’! P’) =

CAg,Ag (p ,m' p’n) CAg,Ag (p ,m' p,n+1)
CAg,Ag (p’m+1! P’n) CAg,Ag (P’m+1r p’n)

(16)

where Cyg,4g(P'm,p'n) includes J X J matrices that represent
covariances among elements of 4g, and 4g,, located at track
points, p', and p'p,.

The study area lies in the Wichita uplift region of the Southern
Oklahoma Aulacogen that is characterized by a failed rift arm
located in Oklahoma and Texas region in US [17]. The region is
bounded by major fault zones to the south, Waurika Munster -
North Fork-Altus-Burch faults that separate the uplift from Hollis
basin and to the north, Mountain view fault and Meers fault are
the major fault segments that separate the uplift from Anadarko
basin (figure 2) [18].
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Figure 2. Geologic map of the Wichita uplift region extracted
from map (plate I) by [18]

Many seismic studies have been performed in the area due to
bearing one of major oil fields in the US. The region is also special
in terms of having strong gravity signatures with moderate

3. Results and Dicussion terrain effects. Therefore, the first gravity gradiometer survey
system (GGSS) was flown over Texas/Oklahoma region in 1987
which allows the aircraft to fly low on the ground [19].
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The elevation of the topography in the region (Figure 3.d) ranges
from 148 m to 786 m. The mean elevation of the area is 395m.
Figure 3.a demonstrates complete Bouguer gravity anomaly data
of the region that are downloaded from USGS website and the real
airborne gradiometric survey profile superimposed on it. The
data set that generates the complete Bouguer anomaly grid was
compiled from the gravity databases obtained from the National

Geophysical Data Center and from the USGS and from several
university theses. The data were interpolated to a 2km x 2km
regular grid data. Figure 3.c demonstrates the Complete Bouguer
gravity anomaly data along track T31. The region has gravity
highs (50-80 mGal) trending south-east to north-west with an
elongated structure. [20] indicates that these gravity highs are
assumed to be caused by density variations in the upper crust.
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The region also has the second largest gravity anomaly after the
mid- continent rift in the US. Modeled gravity gradient
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disturbances are computed along profile T31 from free air
gravity anomalies (Figure 3.e).
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Figure 3.a) Complete Bouguer gravity anomaly map of Southern Oklahoma downloaded from USGS website
(https://pubs.usgs.gov/ds/2006/232 /data/) b) Gravity anomaly data distribution of the Wichita uplift region c) Complete Bouguer
gravity anomaly along track T31 d) Topographic map of the area generated from shuttle radar topography mission (SRTM) e) Free

air gravity anomaly data of the region.

Table 1. Reciprocal distance PSD parameters.

j o?[m*/s] a[1/m]

1 2x105 10

2 10+ 6x10-*

3 7.5x104 3x104

4 1.42x102 1.51x10-*
5 7.5x10°1 4.5x10
6 3.6x10! 1.45x10
7 7.78x102 4.9x106
8 3.5x10° 7.7x107
9 1.1x108 4.16x107
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Covariance model parameters, J, sz , @; are determined from by
fitting empirical determination of power spectral density (PSD)
of the gravitational field data [15]. One set of model parameters
derived in Texas/Oklahoma region is given in Table 1.

As shown in Figure 3.a), a single track(T31) gravity anomaly data
is given between latitudes 33.71° < ¢ < 36.21° and longitude at
A = —98.8635°. Modeled gradients are computed on the points
along this track. The length of the observation track(T31) is about
278 km including N =140 points. Along track distance between
points is about 2 km. To compute gradient disturbances on the
ground level, the altitude of points is set to zero, x; = x'3 = 0. It
is assumed that the observations are uncorrelated and have equal
variance. The accuracy of the gravity anomaly data is taken as
2mGal. Therefore, covariance matrix of the observation noise
becomes a diagonal matrix of size 140 X 140, with variances of
4mGal? .

4mgal®> 0 0
Do=| 0 -~ 0
0 0 4mgal®

140x140
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Since the estimation points are on the observation profile, the c( ) c( )
displacement vector b = 0. In case of a single track, J=1 and C 0,0 = pl;p ! . pl;p " (18)
Ax, = 0. The auto- and cross- covariance matrices given in TjkAg A £ ’ ) '

2 & uoxia0  Cap') - Cap'n)

equations (15) and (16) take the form of,
According to  equations (7)-(13), cross-covariances

Cup) - Cloup’
vP1 Pu,Pn i
Caoso (D) = : y : 17 Crinagy Cryongy Ciripag) and Cryag) become zero. Remaining
) . . . . . .
E c ' c ' covariances along track T31 are demonstrated in Figure 4.
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Figure 4. Auto-covariance for the gravity anomaly, 4g ,and cross-covariances between the gravity gradient disturbances, 33, [71 and
I3, and the gravity anomaly, 4g.

Using these covariances, the modeled gravity gradient and compared with the observation profile generated from

disturbances are computed using least-squares collocation by EGMO08 model. The resolution of the EGM08 model (1,,,4,= 2160)
is about 9 km at the equator [21]. East-west resolution of EGM08
-1 (19) model for this region is about 7.6 km. The results are illustrated
L = Cryyag) | Cagagy + Dn 4g in Figure 5.
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Figure 5. Plots of modeled gravity gradient disturbances computed on the earth’s surface using least-squares collocation (LSC) and

corresponding EGMO08 profile along track T31.

To estimate the gravity gradient disturbances from multiple
observation tracks, additional two tracks are considered given
either side of the track (T31) between latitudes 33.71° < ¢ <
36.21%and longitudes at 1 = —98.9294° and A = —98.7976°.
Along track distance is same for all tracks, 4x; = 2km and the
distance between tracks is 4x, = 6km. For three tracks, ] = 3.
Each element of cross-covariance matrix, which is 140 X 420 in
size, contains 1 X 3 row vectors. Cross-covariances are defined
by

Cij,Ag (p; p,)
140x420 , ,
Clpup'1) Clpup2) Clpup's)
1x3 1x3 1x3
_1C(p2 p'1) C2p'2) Clp2p'3) (20)
Cep'n) Cupn) Cnp'yn)
1x3 1x3 1x3

The elements of the covariance matrix represent the covariances
between the gravity gradient disturbances on the middle track
and gravity anomalies given on the three tracks. Elements of the
auto-covariance matrix are the covariances between gravity
anomalies on any two tracks separated by 0km, Ax,km and
2Ax,km and given by
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CAg,Ag (p,' p,)
420)(420[ , , , , ,
C'up1) COLp2) CPLps)
e e " (21)
— Cp'2p) C@2p2) C®2p'3)
|[C@wP) COnp2) CORPQ) |
3x3 3%X3 3x3
And corresponding observation vector includes gravity
anomalies on the three tracks and is defined by
Ag [Ag®'no) Ag®'n1) Ag(P'nz) -1 (22)

420x1

Figure 6 illustrates a comparison of modeled gravity gradient
disturbances estimated using LSC with corresponding EGM08
data profile. Modeled gravity gradient disturbances agree well
with the EGMO08 generated gravity gradient disturbances. There
is some discrepancy between gradients that include components
in the east-west direction and corresponding EGM08 data profile,
especially for I, gradient. The discrepancy could be due to alack
of data in x,-direction. Improving the estimation of the modeled
gradient, I, could be achieved by adding more data tracks to the
estimation process.
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Figure 6. Computed gravity gradient disturbances on the earth’s surface (zero altitude) using LSC and corresponding EGM08 gradients

along track T31.

Figure 7 illustrate differences between modeled gravity gradient
disturbances and EGM08 generated gradients along profile T31.
The corresponding statistics of the differences are listed in table
2. Standard deviation of the differences ranges from 3 E to 10 E.
Standard deviation of T3, is smaller than that of the other
diagonal gradients as magnitude of T,, gradient is smaller
compared to the other diagonal gradients. Overall, standard
deviation of differences in gradients that include components in
the east-west direction is also smaller than that of the other
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gradients. Finally, modeled gravity gradient disturbances are
computed at an aircraft altitude along track T31 and compared
with the real airborne gravity gradiometry data as well. The
profile T31 is an actual gravity gradiometry survey data and is
approximately 278 km long. The altitude of the profile above
terrain is approximately 1000m. The profile includes 2533 points
with a sampling interval of 110 m. [17] stated that terrain effect
on profile T31 is negligible; so, terrain correction hasn’t been
applied to the profile. Some of the gradients along this track are
illustrated in Figure 8.
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Figure 7. Differences between modeled gravity gradient disturbances and EGMO08 gradients along track T31.
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Table 2. Differences between modeled gradient disturbances and EGM08 gradients along profile T31 and corresponding statistics

Gradients [E] [T oI,

8013

8 8l Ol

Mean 0.320 -0.05

Std 5.936 3.143

max 15.360 8.738

min -18.753 -6.663

17.

0.105

6.034

095

-18.684

3.640 0.179 -3.961

4.870 3.996 9.528

19.284 13.331 23.377

-6.745 -8.291 -32.771
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Figure 8. Gravity Gradiometer Survey Data along T31 profile

GGSS data are smoothed with a window size of 10 km to reduce
very high frequency variations. Modeled gradient disturbances
are calculated at the aircraft altitude of x3 = x’'; = 1000m. Since
GGSS data has higher resolution, estimation points are spaced
0.11km apart. Therefore, the displacement vector components
are by = 0.11km and b, = 0.The results are illustrated in Figure
10. Modeled gradients generally agree with EGMO08 model
generated gradients. However, there are some discrepancies
observed between airborne gradiometric data and some modeled
gradients. The modeled gradients, I,, and I3, have more
agreement with EGM08 data than the airborne data. Since being
first test of the Gravity Gradiometer Survey System (GGSS)
performed in 1987, the data does not meet highest quality
standards. Figure 9 compares spectra of both GGSS data and
corresponding EGMO08 profile for the gradient I, along track
T31.Power spectral density of GGSS data does not agree much
with PSD of EGMO08 data. Figure 11 demonstrates differences
between modeled gravity gradient disturbances and EGMO08
generated gradients together with airborne gradiometer data
along track T31.
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Figure 10. Plots of modeled gravity gradient disturbances, EGM08 gradients and airborne gradiometry data along track T31

those calculated from EGMO08 data. In most cases, standard
deviation of differences between modeled gradients with
components in the east-west direction and both EGMO08 gradients
and airborne gradiometer data is smaller than that of the other
gradients.

Tables 3 and 4 show differences between modeled gradient
disturbances and EGMO08 gradients, as well as airborne
gradiometry data along track 31. Standard deviation of
differences based on airborne gradiometry data is greater than

Table 3. Differences between modeled gradient disturbances and EGM08 gradients along profile T31 and corresponding statistics

Gradients [E] 6y oI, 65 605, 605 6@,
Mean 0.437 -0.041 0.120 3.250 0.291 -3.671
Std 5.766 2.928 4.907 3.329 3.055 6.283
max 16.484 10.546 11.288 12.775 9.417 11.496
min -21.400 -5.484 -14.296 -4.150 -7.031 -26.037
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Table 4. Differences between modeled gradient disturbances and airborne gradiometry data along profile T31 and corresponding

statistics
Gradients [E] [T oI, 6l 60, 605 6@
Mean 0.188 0.016 0.373 -0.893 4.159 0.729
Std 9.107 8.983 7.249 6.411 8.898 8.250
max 21.160 16.890 24.556 13.615 21.087 21.084
min -22.328 -19.564 -16.323 -18.326 -25.443 -17.942
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Figure 11. Differences between modeled gravity gradient disturbances and both EGM08 gradients and airborne gradiometry data

along profile T31.

4.

This study presents modeling of the gravity gradient
disturbances from free air gravity anomaly data employing least-
squares collocation and evaluates the modeling method using
both real airborne gradiometer data and EGM08 gradients. Such
modeling is useful for validating airborne gradiometer survey
data. It has been shown that modeled gradients have good
agreement with EGM08 generated gravity gradient disturbances
both on the ground and at an aircraft altitude. There are some
discrepancies in modeled gradients including components in the
east-west direction, which may be due to a lack of data in that
direction. Since the airborne gradiometry data used in this study
is the first test survey of airborne gradiometer survey system, the
quality of the data may not be good enough to evaluate all
modeled gradients. It is important to emphasize that the airborne
gradiometer data has higher resolution than both EGM08 model
and ground gravity anomaly data. Standard deviation of
differences between modeled gradients and both EGMO08
gradients and airborne gradiometer data are between 2-10E for
all gradients. The differences in gradients containing components
in the east-west direction are smaller than those in the other
gradients, likely because these gradients have smaller magnitude
than the others. This can be attributed to elongated structure of
the fault system lying in this region, resulting in less variations in
gradients along the east-west direction.

Conclusions
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Abstract

In this study, ZnO nanostructures were prepared by electrochemical anodization of electrodeposited Zn on ITO/glass substrates for
cholesterol detection. The efficiency of the developed ZnO nanostructures in the detection of the Cholesterol oxidase (ChOx) enzyme
was determined by the cyclic voltammetry method. The XRD and SEM results confirmed the synthesis of ZnO nanostructures prepared
by the anodization method with various parameters. The effect of electrodeposition and anodization time on the morphology was
observed. Cyclic voltammetry of ZnO/Zn/ITO/glass and Pt/Zn0O/Zn/ITO/glass electrodes in electrolytes with various cholesterol
concentrations was performed. The detection limit of the obtained Pt/Zn0/Zn/ITO/glass structured electrode was calculated as
0.965x10-3M. The resulting material with a layered structure may have potential applications in electrochemical sensors and
biosensors in biomedical applications. In addition to biosensing performance, this study proposes a new approach for the
development of ZnO-based biosensors that does not require expensive infrastructure and raw material costs, making it possible to
develop high-sensitivity biosensor electrodes with lower detection limits with improvements to be made in future studies.

Keywords: ZnO nanostructures, electrochemical anodization, cholesterol, biosensor

0z

Bu c¢alismada, ZnO nanoyapilari, kolesterol tespiti icin ITO/cam altliklar iizerine elektrodepozitlenen Zn'nin elektrokimyasal
anodizasyonu ile hazirlanmistir. Gelistirilen ZnO nanoyapilarin Kolesterol oksidaz (ChOx) enziminin tespitindeki etkinligi dongiisel
voltametri yontemi ile belirlenmistir. XRD ve SEM sonuglari, c¢esitli parametrelerle anodizasyon yodntemiyle hazirlanan ZnO
nanoyapilarin sentezini dogrulamistir. Elektrodepozisyon ve anodizasyon siiresinin morfoloji tizerindeki etkisi gézlemlenmistir.
Zn0/Zn/ITO/cam ve Pt/Zn0/Zn/ITO/cam elektrotlarin g¢esitli kolesterol konsantrasyonlarina sahip elektrolitlerdeki déngiisel
voltametrisi gerceklestirilmistir. Elde edilen Pt/Zn0/Zn/ITO/cam yapili elektrotun tespit limiti 0,965x10-3M olarak hesaplanmstir.
Elde edilen katmanli yapiya sahip malzeme, biyomedikal uygulamalarda elektrokimyasal sensorlerde ve biyosensorlerde potansiyel
uygulamalara sahip olabilir. Bu ¢alisma, biyosensor performansina ek olarak, ZnO tabanl biyosensoérlerin gelistirilmesi i¢in pahal
altyap1 ve hammadde maliyeti gerektirmeyen yeni bir yaklasim énermekte ve gelecek ¢alismalarda yapilacak iyilestirmelerle daha
diistik tespit limitlerine sahip yiiksek hassasiyetli biyosensor elektrotlarinin gelistirilmesini miimkiin kilmaktadir.

Anahtar Kelimeler: ZnO nanoyapilar, elektrokimyasal anotlama, kolesterol, biyosensér

1. Introduction performance of the biosensor [3]. Various techniques have been
developed for the detection of cholesterol in blood plasma,
including fluorometry, high-performance liquid
chromatography, and electrochemical approaches.[4]. Among
these methods, electrochemical biosensors are particularly
noteworthy due to their high accuracy, low response time, and
convenience. The use of modified electrodes in electrochemical
assays for cholesterol analysis has significant attention from an
increasing number of researchers [5, 6].

The utilization of biosensors in clinical diagnostics has recently
garnered significant attention. Among the various clinical
parameters, the measurement of cholesterol especially at higher
levels holds particular importance due to its association with
conditions such as cardiovascular diseases, obstructive, diabetes,
nephrosis, jaundice, etc [1, 2]. The biosensor method, which often
involves immobilizing an enzyme to an electrode, has become a
critical way to estimate cholesterol. The selection of the
immobilization  technique significantly influences the
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For decades, researchers have been interested in material
selection, design, structure, processing, morphology control, and
optimization of electrochemical biosensors electrodes [7]. Metal
oxide nanostructures have been widely used in the development
of biosensor electrodes in recent years due to their
thermodynamic stability, semiconductor properties, and cost-
effectiveness [8-10]. Moreover, they can be produced by many
methods to obtain the aforementioned properties expected from
them [8]. ZnO has attracted a great deal of attention within the
wide range of metal oxide materials. Notably, certain
characteristics of ZnO, such as its high thermal and mechanical
stability at room temperature and a binding energy of 60 meV,
make it a versatile material for various applications [11].
Additionally, ZnO nanostructures exhibit remarkable attributes,
including a wide band gap, non-toxicity, biocompatibility,
chemical and photochemical stability, and excellent electron
mobility features. These qualities render ZnO nanostructures
suitable for the production of efficient biosensors [12, 13].
According to the review study of Beitollahi et al on ZnO
nanostructures-based biosensors, the most approved production
methods of ZnO nanostructures are reported as sol-gel method,
double-jet precipitation, thermal evaporation, self-combustion,
hydrothermal synthesis, solution synthesis, simple thermal
sublimation, polymerized complex method, high energy ball
milling, physical vapor deposition, chemical vapor deposition, etc
[13-17].

On the other hand, in a recently published review, many different
studies evaluated the cholesterol biosensor applications of
electrodes containing ZnO nanostructures (nanoparticles, thin
films, nanowires, nanobelts, nanotubes and nanorods) in terms
of electrode architecture and performance [18]. Considering the
studies in which cholesterol oxidase (ChOx) immobilization of
ZnO based electrodes were carried out, ITO layers have
frequently been used in electrode design as well [3, 19-21]. ITO
is known as an excellent material widely utilized in biosensor
research due to its distinct features, such as high electrical
conductivity, robust substrate adhesion, low capacitive current,
and consistent electrochemical and physical properties.
Furthermore, ITO electrodes are more cost-effective compared to
traditional electrodes like gold, silver, and platinum, making
them the preferred option [22].

In the study of Umar et al, ChOx was immobilized onto sol-gel
derived ZnO nanoparticles. Subsequently, the immobilized
nanoparticles were coated on a gold (Au) electrode to create
ChOx/Zn0/Au electrode architecture which exhibits a very high
and repeatable sensitivity of 23.7 pA mM-1 cm-2, detection limit
(based on S/N ratio) 0.37 + 0.02 nM, response time less than 5 s,
linear range from 1.0 to 500.0 nM and correlation coefficient of
R2 = 0.9975 [23]. In another study, Wu et al developed
ChOx/Zn0/Ag/GO-CS/ITO electrode in which hydrothermally
grown ZnO nanostructures, ChOx, silver (Ag) nanowires, and an
indium tin oxide (ITO) electrode with graphene oxide (GO) and
chitosan (CS) modification are used. The linear response to
cholesterol in the range of the fabricated biosensor was reported
as 0.25-400 mg dL-1 (6.5 uM to 10 mM) with a sensitivity of 9.2
HA pM-1cm-2 [19].

In the light of the summarized information, there are many
studies on electrochemical cholesterol biosensors with different
electrode configurations. In this study, two different electrodes,
ZnO-coated ITO/glass electrode (ZnO/Zn/ITO/glass) and
platinum (Pt) deposited on ZnO-coated ITO/glass electrode
(Pt/Zn0/Zn/1TO/glass), were used for cholesterol detection at
different concentrations. ZnO, the most important layer in the
biosensor structure, was grown by the electrochemical method,
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which is a simple method that does not require expensive setup
and infrastructure. For the first time in the literature, to the best
of our knowledge, the usability of the ZnO structures converted
by anodic oxidation of electrodeposited Zn thin films grown on
ITO substrates to cholesterol detection was investigated by
structural, morphological, and amperometric measurements.

2,

ITO coated glass (ITO/glass) substrates (R<10 /sq) were used
as an electrode (Teknoma Inc., Tiirkiye). In the electrodeposition
step, a commercial zinc chloride (ZnClz) aqueous solution (0.3 M)
was used as an electrolyte. The bulk Zn (99.9%) was used as an
anode for metallic Zn deposition. Both the electrodeposition
electrolyte and the bulk anode were purchased from the metal
deposition company (Temeka Metal Coatings Inc., Tiirkiye).
Potassium bicarbonate (KHCOs3, Merck, 99.7%) aqueous solution
(5 mM) was used as electrolyte in the electrochemical
anodization step. For the cleaning procedure acetone ((CHz)2CO,
299.5%, Isolab), isopropyl alcohol (IPA, C2HsO, 99.9%, Isolab),
and distilled water (DI) were used. Also, a self-design sample
holder allowing homogenous current flow to substrates with a
circular window diameter of 13 mm was designed for metallic Zn
deposition and its anodization to obtain ZnO (see Fig. 1).
Cholesterol, and Cholesterol Oxidase, Streptomyces sp.
purchased and used in biosensor electrode modification (Sigma
Aldrich, USA). All substances were employed as purchased and
used without any further purification.

Materials and Methods

2.1. Electrochemical deposition of Zn onto ITO/glass

The ITO/glass plates were cut as square formed substrates with
a dimension of 2.5x2.5 cm?. The substrates were cleaned in an
ultrasonic bath in acetone, IPA, and DI solvents, respectively, for
10 min to remove the remaining contaminants. Afterward, the
deposition of metallic Zn was performed in a 0.3 M commercial
ZnClz(aq) electrolyte under 0.1 V constant voltage for 20, 40, and
60 min at room temperature and under 100 rpm magnetic
stirring. The Zn deposited samples were denoted as C20, C40, and
C60, respectively where C stands for coating process.
Additionally, the distance between the anode and the cathode
electrodes was set as 10 cm in a two-electrode configuration
setup (Figure 1). The Zn/ITO/glass samples were characterized
to determine the optimum parameters of the Zn films to be used
in the anodization.

2.2. Electrochemical anodization of Zn/ITO/glass

The electrochemical anodization process was carried out under
40 V constant voltage and in 5 mM KHCO3(q) electrolyte for
different times (60, 70, 80, and 90 sec) at room temperature in a
two-electrode configuration as represented in Figure 1 with
Zn/ITO/glass substrates used as the anode and stainless steel as
the cathode [16]. After anodization, a heat treatment procedure
was applied to anodized samples at 300 °C for 1 hour in air,
resulting in the transformation of oxide structures into
crystalline structures. The anodized samples were denoted as
A60, A70, ABO, and A90 to cite anodization duration. After the
completion of production steps, Zn0/Zn/ITO/glass samples were
characterized.

2.3. Characterization

Structural and morphological properties of the deposited and
anodized samples were characterized in detail, respectively. The
phase structures of the samples were investigated by an X-ray
diffractometer (Thermo Scientific ARL X'TRA, XRD) with a Cu-K«
(1.54185 A) irradiation. Diffraction patterns were recorded at the
scan rate of 2°/min in the 20 range 20°-70° at room temperature.
The surface morphology and thickness of the samples were
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examined by scanning electron microscopy (Carl Zeiss 300VP,
SEM). The micrographs of the deposited samples were taken at
magnifications of 10 kX and 25 kX, while 50 kX was used for the
anodized samples with a secondary electron detector.

2.4. Formation of Electrodes and Cyclic Voltammetry
Measurements

As previously mentioned, the electrode architecture and surface
quality are one of the critical issues for the formation of bio
sensing platform [18]. Due to the fact that samples having the
best quality, in accordance with the structural and morphological
characterization results, were determined as electrodes to be
used in biosensor tests. In addition to the as determined
Zn0/Zn/ITO/glass sample, platinum layers were deposited as
well for the biosensing performance comparison using a simple
approach [24]. Therefore, two samples, ZnO/Zn/ITO/glass and
Pt/Zn0/Zn/1TO/glass were considered as cholesterol biosensor
electrodes.

Cholesterol oxidase (ChOx) aqueous solutions (1 mgdl-!) were
prepared at room temperature under vigorous magnetic stirring
and coated on the Zn0/Zn/ITO/glass and Pt/Zn0/Zn/ITO/glass
electrodes via drop casting method. Subsequent to the ChOx
coating, the electrodes were kept at 4 °C for 12 hours. Afterwards
the electrodes were washed with 50 mM phosphate buffer
solution (PBS) to remove unbound ChOx enzymes [3]. Biosensor
tests were conducted by using a three-electrode configuration in
which ChOx modified Zn0/Zn/ITO/glass and
Pt/Zn0/Zn/1TO/glass electrodes, platinum and Ag/AgCl were
respectively used as working electrode, counter electrode and
reference electrode to obtain cyclic voltammograms (CV). The 0,
5- and 10-mM electrolytes were prepared by dissolving
cholesterol in ethanol/PBS (4:1) solution. CV were obtained at
different concentrations (0, 5 and 10 mM) with a scan rate of 50
mV/s between -0.8 and +0.8 V potentials.

=

/O(}

—-

Stainless Steel
Cathode

ITO/glass
Cathode

Electrochemical Electrochemical
Deposition Anodization
Figure 1. Demonstration of electrochemical deposition
processes
3. Results and Dicussion

The XRD patterns of metallic Zn films obtained by the
electrochemical deposition method on ITO coated glasses used as
a substrate are given in Figure 2a. When the XRD graphs were
examined, characteristic peaks belonging to the cubic ITO phase
matching the ICDD 01-089-4598 card number were seen at =
21.8°,30.7°,33.3°and 51.2° [25].

483

In addition, characteristic peaks belonging to the Zn film
structure matching the ICDD 00-001-1238 card number were
located at = 36.6°, 39.2°,43.5° and 54.7° [26]. As expected, it was
observed that the peaks of the ITO phase were suppressed by the
Zn peaks due to the increasing film thickness as the deposition
time increased from 20 to 40 min. Since it was observed that the
electrochemical deposition which is applied for more than 40
minutes could not physically adhere to the substrate and peeled
off. Therefore, the metallic Zn film process could not be carried
out for longer than 40 minutes. As a result, the C40 sample
represents the thickest Zn film that can be used for anodizing
while maintaining uniformity and good adhesion to the substrate.

Consequence of the structural examination of the samples, the
morphology of the C20 and C40 samples were investigated via
SEM analysis. Upon examination of the SEM images, it was found
that the thickness of the Zn films was approximately 600 nm after
20 minutes of deposition, and approximately 810 nm after 40
minutes of deposition. In addition, it can be seen that the surface
is completely covered by the Zn film and the coating is
homogeneous according to top-view images (Fig. 2 b-cinset). The
examination of the morphology and thickness was hindered due
to the peel of the coating observed in the Zn films deposited for
more than 40 minutes. Based on the XRD and SEM results, the
sample C40 was found to be the most suitable for the
electrochemical anodization.

The XRD graphs of the samples subjected to electrochemical
anodization for different periods after the electrochemical
deposition process were given in Figure 3a. The characteristic
peaks belonging to the ZnO structure matching the ICDD 01-079-
0207 card number were seen at ~ 30.7°, and 36.7°. While the Zn
characteristic peaks decreased regularly during anodization due
to the dissolution of the Zn film and its transformation into ZnO
nanostructures, it was observed that the ZnO characteristic peaks
continued to form up to 90 sec. After the exceed period from the
90 sec, it was observed that the existing Zn - ZnO structures
completely dissolved, leaving only the ITO/glass structure
behind.

The SEM images of the anodized samples were shown in Figure 3
b-c. The images demonstrate that dissolution occurs uniformly
across the entire film surface of the samples exposed to
anodization throughout between 60 and 90 sec. Moreover, it
should be noted that the Zn films dissolves and disappears after
being exposed to anodization for more than 90 sec. When the
anodization time was 180 sec, the Zn/ZnO film structure was
destroyed, leaving only the ITO film layer on the substrate. After
300 sec, the ITO film layer also peeled off from the glass substrate
due to anodic potential.

As aresult of these examinations, it was determined that the most
suitable sample to be used in the electrochemical detection of
ChOx, was determined as the sample coded A70 owing to
obtained structural and morphological properties. Cyclic
voltammograms of ZnO/Zn/ITO/glass and Pt/Zn0/Zn/ITO/glass
electrodes in electrolytes with various cholesterol concentration
were represented in Figure 4a and Figure 4b. When the cyclic
voltammograms of ZnO/Zn/ITO/glass were considered the
relationship between the current obtained and the cholesterol
concentration ranging from 0 to10 mM were found to be linear
with an R? value of 0.9732. The limit of detection the
Zn0/Zn/ITO/glass electrode for cholesterol was calculated as
0.98 x10-3 M. Similar to Pt free sample a linear relation between
cholesterol concentration and the current was observed for
Pt/Zn0/Zn/1TO/glass electrode with an R2 value of 0.974 as
shown in Figure 4b. Slightly better detection limit was obtained
for the Pt/ZnO ITO electrode as 0.965x10-3 M.
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Figure 2. (a) XRD pattern of the deposited samples, SEM images of the Zn coated ITO glass for (b) 20 min, (c) 40 min, and the top
view images of the samples given in insets.
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Figure 3. (a) XRD pattern of the anodized samples, SEM images of the anodized ZnO nanostructures for (b) 60 min, (c) 70 min, (d) 80
min, and (e) 90 min.

0.5 0.4
04 .
0.3
0.2
02 ~
- Los 4
E‘—: ) = "
g g oo 7(/
=
304 8.0
0.2 r i
[—0mM Cholesterol| 0.2 f——0mM Cholesterol
e ——5mM Cholesterol [——5mM Cholesterol
0.4 [~ 10 mM Cholesterol| 0.3 [~ 10 mM Cholesterol
25 T T T 0.4 r -
1.0 0.5 0 0.5 1.0 05 0.0 0.5 1.0
Potential (vs Ag/AgCl) Potential (vs Ag/AgCl)
0.4 . 044
- - -
. o ~03
g o <
e . L y = 0.0204x + 0.1757 et oo 01087
H T R'=09732 £ y= .
Eozq, £ o2+ . R'=0074
3 o £
e 5]
Ll
Lk 0.1
007 0.0

T T T T
0.0 25 5.0 10.0 0.0

TTS 2:5 5:0 7:5 IOI.O
Cholestrol Concentration (mM) Cholestrol Concentration (mM)
a) b)

Figure 4. Cyclic voltammograms of Zn0O/Zn/ITO/glass electrode (a) and Pt/Zn0O/Zn/ITO/glass electrode (b).
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The cyclic voltammograms results indicates that as developed
structures can detect the presence of the cholesterol. Compared
to the investigated studies in a recently published review it can
be inferred that the obtained results of the present study are
promising since the obtained cholesterol detection limits are
partly close to the reported studies [18]. Although, in the review
of Kumar et al, there are studies denoting the ZnO based
biosensors in which the cholesterol detection limits lay between
103 M to 10-°M levels, the proposed practical way of electrode
development process of the study can be considered as a
motivation for the development of low-cost biosensor electrodes
in which stability and growth of ZnO nanostructure can be
elaborately controlled.

4. Conclusions

In this study electrochemical deposition and electrochemical
anodization processes were successfully performed in order to
obtain Zn and ZnO layers respectively on ITO/glass substrates
under various processing parameters. As obtained structures

were converted in to two different electrodes as
Zn0/Zn/ITO/glass and Pt/Zn0O/Zn/ITO/glass for the
electrochemical detection of cholesterol. The electrodes,

prepared for the cholesterol detection, exhibited linear relation
between the electrochemical current and cholesterol
concentrations of electrolytes. The prepared electrodes had a
limit of detection of approximately 10-3 M, which is relatively high
in comparison to the reported results have lower limit of
detection in the literature. The results suggest that future studies
can develop highly sensitive biosensor electrodes by studying the
effect of different types of parameters of low-cost and practical
processes on the structural and morphological changes on the
surfaces of the electrodes. Apart from the biosensing
performance the study proposed a novel approach which does
not require expensive infrastructure and raw material cost to
develop ZnO based biosensors.
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0z

Bu calismada, Ukrayna/Kharkiv sehri lizerinde gozlemlenen 29 Mart 2006 tarihindeki pargali giines tutulmasina, iyonkiire
kimyasinda énemli reaksiyonlardan biri olan ‘O* + 02 = O2* + O’ ¢arpismasl i¢in hesaplanan ortalama serbest yol verilerinin tepkisi
incelenmistir. Hesaplamalarda kullanilan datalar, NRLMSISE-OO atmosfer modelden ve Kharkov sa¢ilma radarindan elde edildi. Bu
calismanin konusu olan ortalama serbest yol verilerinin hesabinda kullanilan ¢arpisma tesir kesitleri, klasik metot kullanilarak
hesaplanmistir. Elde edilen sonuglar neticesinde, ortalama serbest yolun iyonkiiresel ytikseklik artisi ile arttigr gorildii. Tutulma
gliniinde ortalama serbest yol degisimlerinde goriilen karisikliklarin, iist yiiksekliklere dogru azaldig tespit edildi. Bu durumun
sebebinin, reaksiyonu olusturan nétr Oz yogunlugunun artan yiikseklikle beraber azalmasi ve alt iyonkiiresel bolgelerdeki dis
mekanizmalarin daha etkin olmasi gibi sebeplerden dolay1 kaynaklandigi sdylenebilir. Ortalama serbest yol modeli sonuglari
neticesinde minimum degerler tutulma zamani i¢ginde goriildi.

Anahtar Kelimeler: Giines tutulmasi, Diinya iyonkiiresi, yonkiiresel reaksiyon siirecleri

Abstract

In this work, the response of the mean free path calculated for the ‘O+ + 02 = O2* + O’ collision, which is an important reaction in the
ionosphere chemistry, to partial solar eclipse on March 29, 2006 observed over Ukraine/Kharkiv was analysed. The data were
obtained from the NRLMSISE-OO atmosphere model and the Kharkov scattering radar. Collision cross sections used in the calculation
of mean free path data, which is the subject of this study, were calculated using the classical method. It was observed that the mean
free path increased with ionospheric height. The disturbances seen in the mean free path changes on the day of the eclipse decreased
towards the upper heights. It can be said that the reason for this situation is due to the decrease in the neutral O: density that creates
the reaction with increasing altitude and the external mechanisms in the lower ionosphere regions being more effective. As a result
of the mean free path model results, the minimum values were seen within the eclipse time.

Keywords: The solar eclipse, Earth ionosphere, The ionospheric reaction processes

EXTENDED ABSTRACT

The O+ ion is one of the most dominant particles in the E and F
regions of the ionosphere. Examining O+ ion-based reactions,
which are converted into molecular ions through reactions such
as 'O+ + N2' and 'O+ + O2', will provide important information on
the shaping of particle densities, especially in the E and F regions.
In this study, the effect of the solar eclipse on March 29, 2006 on
the mean free path model results obtained with data from the
NRLMSISE-00 atmospheric model and the Kharkov Incohorent
Scatter Radar for the 'O+ + Oz — O2* + O' reactive collision was
examined.

Introduction

Ionosphere chemistry has a sensitive structure thatis affected by
internal processes through the interactions of particles with each
other and by external processes through events such as
earthquakes, meteor showers, the earth's magnetic field, solar
flares, and solar eclipses. These internal and external effects
cause short, medium and long-term disturbances in the
ionosphere. Solar eclipses are one of the important events that
create short and medium-scale disturbances on the world's
ionosphere [1]. Methods such as gravitational waves, total

electron content, doppler technique, critical frequency changes,
scattering radar techniques are used to examine the effects of
solar eclipses on the ionosphere [2-6]. Scattering radars are one
of the measurement-based techniques used to study the
ionosphere-eclipse interaction.

DOI: https://doi.org/10.21205/deufmd.2024267815

Materials and Methods
March 29 solar eclipse;

The solar eclipse observed on Wednesday, March 29, 2006
started with a band in Brazil, continued along the Atlantic ocean
and ended in Kazakhstan. Ukraine is one of the centers where this
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solar eclipse was recorded as a partial eclipse with an occultation
rate of approximately 77.4%. The beginning and ending times of
the partial eclipse for Kharkiv city, Ukraine are 13.02 and 15.21
local time, respectively [1, 10].

Mean free path model;

The path taken by a particle between two consecutive collisions
is called as the mean free path. The mean free path is as given
below;
1
No

Here, N is the particle density and o is the collision cross section
[12].

NRLMSISE-00 atmosphere model;

NRLMSISE-00 is an experimental and globally referenced
atmospheric model of the Earth from Earth to space. Outputs of
the model; In addition to He, O, 02, N, N2, Ar, H densities, it
includes total mass density, anomalous oxygen density,
exospheric and temperatures with altitude [13].

Conclusion

As a result of the results obtained, it is thought that the reason
why the maximum value of the mean free path is observed after
the end of the partial eclipse at altitudes of 209 and 242 km
compared to other altitudes is due to the fact that the rate of
decrease in 02 density is less than at other altitudes and the
density is quite high at these two altitudes.

It can be said that the reason why the two maximum peaks
observed at the lower altitudes are replaced by a single minimum
trough at the upper altitudes is due to the decrease in the effect
of the 02 concentration obtained by semi-experimental methods
as we move up to the upper altitudes and the fluctuations in the
density at the lower altitudes.

The complexity seen in changes at lower elevations decreases
towards upper elevations; It can be suggested that occurs
because the processes affecting the lower ionosphere are more
effective than in the upper ionosphere and the 02 concentration
is higher in the lower ionosphere.

1. Giris

Iyonkiire kimyasi, icinde bulundurdugu elektron, iyon ve nétr
bilesenlerin birbirleriyle olan etkilesimleri vasitasiyla i¢
sireclerden, depremler, meteor yagmurlari, yerin manyetik
alan, glines patlamalari, gilines tutulmalari vs. gibi olaylar
araciligiyla da dis siireglerden etkilenen hassas bir yapiya
sahiptir. Bu i¢ ve dis kaynakl etkiler, iyonkiirede kisa, orta ve
uzun stireli bozulmalara neden olurlar. Giines tutulmalari, diinya
iyonkiiresi tizerinde kisa ve orta dl¢ekli tedirginliklerin meydana
geldigi onemli olaylardan biridir. Bu olaylar, iyonkiirede tutulma
kaynakll olusan bozulmalarin arastirilmasi noktasinda énemli
firsatlar sunar [1]. Ozellikle tutulma baslangicindan, maksimum
ortilme ammna ve tutulmanin bitisi ile sonrasinda meydana
gelebilecek  siireglerin  iyonkiire iizerindeki etkilerinin
arastirilmasi ve degerlendirilmesi, iyonkiire kimyasinin daha
anlasilir olmasina biiyiik katkilar saglamaktadir.

Iyonkiire iizerinde giines tutulmasi etkilerinin incelenmesi
noktasinda gerek teorik gerekse de deneysel metotlar
kullanilmaktadir. Yercekimi dalgalari, toplam elektron icerigi,
doppler teknigi, kritik frekans degisimleri, sag¢ilma radar
teknikleri bu metotlardan bazlaridir [2-6]. Iyonkiire-giines
tutulmasi etkilesiminin arastirilmasinda her ne kadar teorik ya
da yari-teorik modellemeler/araclar yaygin bir sekilde
kullaniliyor olsa da, 6l¢ciime dayali metotlarin kullanilmasi, bu
etkilesim sonuglarinin  daha anlasiir olmasmna katk
saglayacaktir. Teorik/yar1 teorik metotlara erisim daha kolayken,
deneysel dl¢iim araglarina ulasim hem maddi hem de tam veri
setlerine ulasilamamasi gibi sebeplerden dolay1 daha zor ve
zaman alicidir. Deginilen bu gibi nedenlerden dolay1 dlgiim
teknikleri ile yapilan c¢alismalarin 6nemi bir kat daha
artmaktadir. Sacilma radarlari, iyonkiire-tutulma etkilesiminin
incelenmesinde basvurulan dl¢iime dayali tekniklerden biridir.
Baglantisiz sacilma radarlart (incoherent scatter radar)
iyonosferik stire¢lerin arastirilmasinda olaganiistii firsatlar
sunmasinin yaninda genis kapsama alani ve ¢oklu parametrelerin
es zamanh oOlglimleri gibi pek cok avantaja sahiptirler. Arecibo
(Ioannidis ve Farley 1972) ve Jicamarca (Farley 1991) radarlari
en eski sacilma radarlari olarak 1962 den beri rutin bir sekilde
calismalarin1  stirdiirmektedirler.  Giinimiiz =~ diinyasinda
Amerika’da, Asya’da, kuzey ve dogu Avrupa’da (Kharkiv ISR)
konumlanmis sa¢ilma radarlar1 bulunmaktadir [7]. Ukrayna’nin
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Kharkiv sehrinde kurulu sagilma radart 25 metrelik
yonlendirilebilir ve 100 metrelik sabit dikey bir canak ile
150MHz frekansta ¢alisma imkanina sahiptir. Bu radar, Diinya
iyonkiiresinde fiziksel ve kimyasal siire¢lerin arastirilmasina ve
incelenmesine biiyiik katki saglamaktadir. Son yillarda iyonkiire
izerinde ani, orta ve uzun Olgekli bozulmalarda o6nemli
etkenlerden biri olan giines tutulmasinin iyonkiiresel ¢arpisma
slirecleri lizerindeki etkilerinin incelenmesinde Kharkiv sacilma
radar1 data  setlerinden faydalamlarak  arastirmalar
stirdiiriilmektedir [1, 8-9].

Iyonkiiresel reaksiyon siiregleri serbest iyon, elektron ve nétr
pargaciklarin dagilimlari tizerinde 6nemli bir etkiye sahiptir. Bu
pargaciklarin dagilimi iyonkiiresel yiikseklik ve bolgelere gore
degisim gostermektedir. O+ iyonu iyonkiirenin E ve F
bélgelerinde en baskin pargaciklarindan biridir. . 'O+ + N2' ve ‘0O*
+ 02 gibi reaksiyonlar vasitasiyla molekiiler iyonlara
doniistiirilen O+ iyonu tabanli reaksiyonlarin incelenmesi
ozellikle E ve F bolgelerindeki pargacik yogunluklarinin
sekillenmesi lizerinde 6nemli bilgiler saglayacaktir. Iyonkiire
kimyasi hem kendi i¢indeki ¢arpisma siirecleri hem de giines
tutulmalar1 gibi 6nemli dis kaynakli olaylardan etkilenmektedir.
Iyonkiirede meydana gelen bir carpismaya ait niimerik
sonuglarin, tutulma olayz ile etkilesiminin incelendigi bu calisma
ile iyonkiire kimyasinin daha anlasilir olacagi diisiintilmektedir.

Bu calismada iyonkiiresel ¢carpisma siireglerinden biri olan ‘O+ +
Oz — O2* + O’ reaktif carpisma i¢cin NRLMSISE-00 atmosfer
modelden elde edilen nétr yogunluklar ve Kharkov Incohorent
Scatter Radar’dan alinan dl¢iim verileri ile elde edilen ortalama
serbestyolmodel sonuglari iizerindeki 29 Mart 2006 da meydana
gelen gilines tutulmasinin etkisi incelenmistir.

2. Materyal ve Metot

2.1. 29 Mart giines tutulmasi

29 Mart 2006 Carsamba gilinii gozlemlenen gilines tutulmasi,
Brezilya’dan bir bantla baslayarak Atlantik Okyanusu boyunca
devam ederek Kazakistan’da sona ermistir. Bu giines tutulmasi,
Avrupa’da parcal tutulma olarak gézlemlenmistir. 29 Mart 2006
giines tutulmasi, yaklasik % 77.4 lik ortiilme orani ile pargah
tutulma olarak kayitlara gectigi merkezlerden biride Ukrayna’dir.
29 Mart gilines tutulmasi, bu ¢alismanin ana temasin olusturan
Ukrayna’nin Kharkiv sehrinde yerel zaman dilimine gore (YZ)
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13.02 civarinda baslamis ve 15.21 civarinda sona ermistir.
Tutulma toplamda 2 saat 18 dakika siirerek, giines diskinin
maksimum ortiilme zaman yaklasik 14.15 (YZ) civarinda
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Sekil 1. 29 Mart 2006 giines tutulmasinin izledigi yol [11]
Figure 1. The path of the solar eclipse of March 29, 2006 [11]
2.2. Ortalama serbest yol modeli

Birbirini takip eden iki ardisik ¢arpisma arasinda bir pargacigin
aldig1 yol, ortalama serbest yol olarak adlandirilir. Bagka bir
deyisle tek bir parcacigin iki ardisik carpismasi arasindaki
ortalama mesafe, ortalama serbest yoldur. Boylece, ortalama
serbest yol asagida verildigi gibidir;
1

A= o 1N
Burada N; pargacik yogunlugunu, o; ¢arpisma tesir kesitini ifade
eder. Bu denklem, ortalama serbest yolun parcaciklarin
yogunluguna ve carpisma tesir Kesitlerine bagh oldugunu
gosterir [12].

Denklem 1’deki ortalama serbest yol verilerinin elde edilme
siirecinde, nétr yogunluklar (N) NRLMSISE-O0 atmosfer
modelden alimirken, bir reaksiyonda iki parcacik arasinda
meydana gelen etkilesim olasiligi ile orantili niceligin tanimi
olarak ifade edilen ¢arpisma tesir kesitleri (o) ise en temel
haliyle;

o = [ dx sinx foznde S(gx) = [ dx sinx foznde %Z =nd? (2)

Olarak hesaplanir. Burada d, carpisma yada etki parametresi
olarak tanimlamnir.
2.3. NRLMSISE-00 model

NRLMSISE-00, yerytiziinden uzaya kadar olan bolgede diinyanin
deneysel ve kiiresel referansh atmosfer modelidir. Diinya

meydana gelmistir [1, 10]. 29 Mart giines tutulmasinin genel
seyri sekil 1’de gosterilmistir.

nn

gv o

atmosferinin sicaklik ve yogunluk bilesenlerinin ¢iktilarin
kullanicilara saglayan bir modeldir. Bu modelin kullanim amaci,
atmosferik stiriiklenmeye bagli olarak uydusal yoriinge
bozulmalarinin tahmin edilmesine yardimci olmaktir. Model
ayni zamanda gok bilimciler tarafindan lazer kilavuz y1ldizlarinin
lazer olmayan teleskoplar tizerindeki etkisini degerlendirmek
icin teleskoplar ve lazer i1sinlar arasindaki hava Kkiitlesini
hesaplamak i¢inde kullanilmistir.

Modelin ¢iktilari; He, O, Oz, N, Nz, Ar, H yogunluklarina ilaveten,
toplam kiitle yogunlugu, anormal oksijen yogunlugu, ekzosferik
ve yiikseklige gore sicakliklari ihtiva etmektedir [13].

3. Bulgular

Bu ¢alismada, ‘O* + Oz = 02+ + O’ reaksiyonuna ait ortalama
serbest yol modeline ait sonuglar 49.6 °E; 36.3 ON cografi
koordinatlari i¢in elde edildi. Bu dinamikler 29 Mart 2006 giines
tutulmasi giint, 209, 242, 286, 342, 410, 488, 578, 679 ve 791
km’lik yiikseklik degerleri ve yerel zaman diliminde saat
00.00’dan 24.00’a kadar 15’er dakikalik zaman araliklar1 igin
hesaplandi. Bu hesaplamalarda iyonkiiresel yogunluklar
NRLMSISE-00 atmosfer modelden, sicaklik degerleri de Kharkov
IS radardan alindu.

Sekil 2'de, 29 Mart 2006 tarihinde NRLMSISE-00 modelden elde
edilen Oz n6étr yogunluguna ait degisimler verilmistir.
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Sekil 2. 29 Mart 2006 tarihinde Oz yogunlugunun yiikseklik ve zamanla degisimi

Figure 2. Change of Oz density with altitude and time on March 29, 2006

3.1. Ortalama serbest yol model sonuglari

Rudolf Clausius tarafindan gaz kinetik teoriye kazandirilan bu
model, kinetik teori gelisiminin hizlanmasini saglamistir. Bu
sebeple bir parcacifin ortalama serbest yolunun tahmini
carpigmalar esnasinda kat ettigi mesafenin bulunmasi ile birlikte

hesaplanmasini da saglayacaktir. Buradan hareketle, 29 Mart
giines tutulmasi giiniinde hesaplanan ortalama serbest yol
degerlerinin iyonosferik ytikseklik ve yerel zamanla degisimi
Sekil 3’ te gosterilmistir.

farkh carpisma dinamiklerinin daha basit bir sekilde
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Sekil 3. Ortalama serbest yolun zaman ve yiikseklikle degisimi

Figure 3. Variation of mean free path with time and height
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Sekil 3’te ortalama serbest yolun maksimum degeri 209 ve 242.
km’lik yiikseklikler icin tutulmadan sonra goriilirken, diger
yliksekliklerde tutulmadan dnce goriilmiistiir. 209 km den 342
km ye kadar olan dort yilikseklikte iki maksimum nokta
gozlemlenirken, 410. km den 791. km ye kadar olan diger bes
ylikseklikte bu maksimumlar yerlerini minimum bir ¢ukura
birakmustir. ik dért yiikseklik icin (209, 242, 286, 342 km)
ozellikle tutulma baslangicindan tutulmanin sona ermesine
kadar var olan degisimlerin, diger yiiksekliklerde goriilen
degisimlere kiyasla daha karmasik oldugu tespit edilmistir.

209 km den 791 km ye kadar olan tiim ytiksekliklerde gilines
diskinin maksimum ortiilme zamani olan 14.13 civarinda
ortalama serbest yol degisimlerinde bir azalmanin oldugu
goriilmektedir.

4. Sonug ve Tartisma

Elde edilen sonuglar neticesinde diger ytiksekliklere nazaran 209
ve 242 km lik yiiksekliklerde ortalama serbest yolun maksimum
degerinin parc¢ali tutulmanin bitisinden sonra gériilme sebebinin,
02 yogunlugundaki diisiis hizinin diger yiiksekliklere gére daha
az olmasi ve yogunlugun bu iki yiikseklikte olduk¢a fazla
olmasindan kaynaklandig: diistiniilmektedir.

Yine alt yiiksekliklerde gozlemlenen iki maksimum tepe
noktalarinin st yiiksekliklerde yerini tek bir minimum ¢ukura
birakma sebebinin, yar1 deneysel yontemlerle elde edilen O:
yogunlugunun st yiksekliklere dogru cikildik¢a etkisinin
azalmast ve alt yiiksekliklerde yogunlukta goriilen
dalgalanmalardan dolayi olustugu séylenebilir.

Alt yiiksekliklerdeki degisimlerde goriilen karmagsikligin st
yliksekliklere dogru azalmasi, alt iyonkiire tizerinde etkili olan
siireglerin iist iyonkiireye gore daha etkin olmasi ve 6zellikle de
bu ¢alismanin ana temasi olan ortalama serbest yol hesabinin
temel bilesenlerinden biri olan 02 yogunlugunun alt
iyonkiiredeki fazlaligindan kaynakli nedenlerden olustugu ileri
siiriilebilir.

Ust Iyonosferik yiiksekliklere dogru cikildikca ortalama serbest
yolun ciddi sekilde arttigi gozlemlenmektedir. Alt iyonkiirede
103 seviyesinde olan ortalama serbest yolun iist bolgelerde 1015
seviyelerine ¢iktif1 elde edilen sonuglardan tespit edilen bir
durumdur. Bu sonug¢ elektron ortalama serbest yolunun
hesaplandig1 bir diger calismada [14], elde edilen neticelerle
uyum gostermektedir. Yapilan ¢calismada ortalama serbest yolun
104 km seviyesinden baslayarak 1016 km’lik mertebelere ¢iktig
bulunmustur.

Parcali giines tutulmasi siiresince ‘O+ + 02’ carpismas! i¢in
hesaplanan ortalama serbest yol verilerinin yerel zaman ve
iyonkiiresel yiikseklik gibi bagimsiz parametrelere gore
degisimlerinin incelendigi bu ¢calisma icin asagidaki sonuclar elde
edildi;

Yiikseklik artisiile birlikte ortalama serbest yolda artmistir.

Artan yiikseklikle beraber ortalama serbest yol
degisimlerinde goriilen karmasikhigin azaldig: tespit edildi.

Alt bolgelerde, yer yer inisli ¢ikish davramslar goésteren
ortalama serbest yol verilerinin, yerini list bolgelerde daha
yumusak degisimlere biraktig: gorildii.

Ortalama serbest yol, tiim yiiksekliklerde maksimum
ortlilme zaman aralig1 icinde azalma gostermistir.

29 Mart giiniinde ortalama serbest yolun minimum degeri,
parc¢ali tutulma zamani icinde goriilmiistiir.
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Reaksiyon hiz sabiti, carpisma tesir kesiti, ortalama serbest yol,
toplam carpisma sayisi, ¢arpisma frekansi vb. gibi reaksiyon
dinamikleri ile Diinya iyonkiiresini etkileyen siire¢ler arasindaki
etkilesimlerinin incelendigi bilimsel ¢alismalarin azlhigindan
kaynakli sebepler literatiir karsilastirmasini kisith kilmaktadir.
Iyonkiire kimyasinin daha anlagilir olmasina yénelik yapilan bu
ve bunun gibi c¢alismalarin sayilarinin artmasi, iyonkiire -
reaksiyon dinamigi etkilesimlerine 151k tutmasinin yaninda bu
konudaki literatiiriin zenginlesmesine katki saglayacag:
diistintilmektedir.

Etik kurul onay1 ve ¢ikar catismasi1 beyam
Hazirlanan makalede etik kurul izni alinmasina gerek yoktur

Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar catismasi
bulunmamaktadir

Tesekkiir

Yazarlar Kharkov Incohorent Scatter Radar ¢alisanlarina ve nétr
yogunluklarin elde edilmesinde kullanilan NRLMSISE-00
atmosfer modeli icin modelleme merkezi yonetimine tesekkiir
eder.
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Bu calismada, TM polarize diizlem dalga ile aydinlatilan, dielektrik malzeme ile kaph sonsuz uzun, miikemmel iletken, dairesel bir
silindirin RKA (radar kesit alani)’ n1 en aza indirmek i¢in analitik yonteme dayali bir analiz 6nerilmektedir. Silindirik yapidan sagilan
alan, farkli bolgelerde Bessel ve Hankel fonksiyonlarinin sonsuz seri toplami cinsinden ifade edilerek analitik olarak belirlenmistir.
Burada temel yaklasim olarak kalinlik veya permitivite veya frekansin sabit oldugu varsayilarak, iki degisken parametreye bagiml
bir fonksiyonelin parametrik analizi yapilmis ve yapinin RKA'n1 en aza indirgeyen parametreler belirlenmistir. Elde edilen sonuglarin
tutarlihigl, uzak alan ifadeleri gozlemlenerek gosterilmis ve 6nerilen yontemin basarisi ¢esitli durumlar igin tartigilmistir.

Anahtar Kelimeler: Kapli silindir, Dielektrik tabaka, Miikemmel iletken, Radar kesit alant (RKA), TM polarizasyon

Abstract

In this study, an analysis based on the analytical method is proposed to reduce the RCS (radar cross section) of an infinite, perfectly
conducting circular cylinder coated with a dielectric material, which is illuminated by a TM polarized plane wave. The scattered field
of the cylindrical structure is determined analytically where the fields in different regions are expressed in terms of infinite series
summation of cylindrical vector wave functions. Here, as a basic approach, the thickness or permittivity or frequency is assumed to
be constant, and parametric analysis of a functional dependent on two variable parameters is performed, conseqgently, the relevant
parameters minimizing the RCS of the structure are determined. The consistency of the obtained results is demonstrated by

observing the far-field expressions, and the success of the proposed method is discussed for various situations.
Keywords: Coated cylinder, Dielectric layer, Perfect electric conductor (PEC), Radar cross section (RCS), TM polarization

EXTENDED ABSTRACT

Introduction

Reducing the radar cross-sectional area (RCS) remains actual in
applications aimed at minimizing the detectability of targets and
is the subject to intensive research studies using different
methods. The RCS of a target depends on the geometric and
physical structure of the target as well as on the characteristics of
the incident wave such as frequency, angle of incidence and
polarization. In examining the scattered field of the high
frequency electromagnetic waves from targets having complex
geometric and physical structures such as aircraft, ships, weapon
systems, etc., exact or approximate solutions are frequently
obtained using models constructed with basic shapes such as
cylinder, sphere, cone, ellipsoid, wedge or their combinations.
RCS calculation of basic shapes herewith still continues to hold an
important place in many researches.

In this study, an analysis based on the analytical method is
proposed to reduce the RCS of an infinite, perfectly conducting
circular cylinder coated with a dielectric material, which is
illuminated by a TM polarized plane wave at a single frequency.
Here, as a basic approach, one of the three parameters such as

DOI: https://doi.org/10.21205/deufmd.2024267816

frequency, or thickness or permittivity of the coating is assumed
to be constant and a functional depending on the other two
parameters is defined, consequently, the relevant parameters
minimizing the functional and hence the reduced RCS of the
structure in this manner are determined.

Materials and Methods

The scattered field from the dielectric coated cylindrical PEC
(perfect electric conductor) is determined analytically where the
fields in different regions of the structure are represented in
terms of infinite series summation of Bessel and Hankel
functions. By imposing the appropriate boundary conditions, one
gets a set of linear equations involved in incident, transmitted
and reflected field coefficients. By solving the system of the
resulting linear equations, the scattered field outside the coated
cylinder is easily determined. The asymptotic expression of the
scattered field is taken into account which appears in the bistatic
cylinder RCS equation with far scattered field approximation. In
order to reduce the total RCS of the coated cylinder, a functional
depending on two variables is defined as a definite integral of the
bistatic RCS far field approximation with respect to the
observation angle.
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Results and Discussion

The numerical results for the minimization procedure are based
on the computations of the functional considered for three
different scenarios. The image plot of the functional depending
on two parameters is depicted while one of the parameters
frequency, or thickness or permittivity of the dielectric layer is
assumed to be a constant. The points in the yellow colored
regions of the image plot represent pairs which correspond to
lowest RCS, while darker blue colored regions of the image plot
comply with pairs which yield highest RCS. The results that
minimize RCS are verified by comparing them graphically with
the plots obtained from the bistatic RCS far-zone approximation.
It has been observed that the both results are consistent and also
in a good agreement.

Conclusion

The first results obtained in this study, which brings simple
options to classical RCS reduction techniques, have
demonstrated that according to the applied method, RCS can
significantly be reducd by covering a conductive cylindrical
structure with appropriate thickness and dielectric materials ata
single frequency. In this context, it is anticipated that the
proposed approach may have a potential to be used in real
physical and practical applications. For example, numerical
modeling of aircraft or similar structures and determining the
physical and constitutive properties of the coating to be applied
on them in a manner similar to the approaches presented here
constitute an important practical problem.

1. Giris

Radar kesit alaninin (RKA) diisiiriilmesi, hedeflerin tespit
edilebilirliginin azaltilmasina yonelik uygulamalarda giincelligini
korumakta ve farkli yontemlerin kullanildigi yogun arastirma
calismalarina konu olmaktadir ([1], [2]). Bir hedefin RKA, hedefin
geometrik ve fiziksel yapisina oldugu kadar, gelen dalganin
frekans, gelis acis1 ve polarizasyon gibi 6zelliklerine de baghdir.
Yiiksek frekansl elektromagnetik dalgalarin karmasik geometrik
ve fiziksel yapiya sahip, ucak, gemi, silah sistemleri v.b. gibi
hedeflerden sacilan alanin incelenmesinde, silindir, kiire, koni,
elipsoid, kama gibi temel sekiller veya bunlarin
kombinasyonlariyla olusturulan modeller yardimiyla elde edilen
tam veya yaklasik ¢oziimlerinden de siklikla faydalanilmaktadir.
Temel sekillerin RKA'nin hesabi, halen bircok arastirmada
onemli bir yer tutmaya devam etmektedir.

RKA tahmini i¢in sayisal yontemler, yliksek frekanslarda isin
teorisi yontemleri, ve hibrit yontemler gibi bircok hesaplama
teknigi onerilmistir ([3], [4]). Yiiksek frekanslarda 1sin teorisi
yontemleri icinde en dikkate deger olanlar Fizik Optik (FO),
Geometrik Optik (GO), Kirinimin Geometrik Teorisi (KGT) ile bu
yaklasimlar1 gelistirmeye yonelik Kirmimin Fizik Teorisi (KFT)
ve Kiriimin Uniform Teorisi) adiyla bilinen yéntemlerdir ( [5],

[6])-

Miikkemmel iletken bir yapinin, bir veya daha fazla dielektrik
tabaka ile kaplanmis olmasinin, bu yapidan sagilan alanin belirli
Olclide kontrol edilmesine olanak sagladigi yapilan klasik
aragtirmalarda  gosterilmistir.  Ornegin, dielektrik kaph
miikemmel iletken silindirden sa¢ilma probleminin ele alindig1
calismalar, uzun yillar 6ncesinden beri yapilmaktadir [([7],
1955), ([8], 1956), ([9],1957), ([10], 1987)]. ilerleyen yillarda,
dielektrik kapli, ince miikemmel iletken yapidan sagilmay1 en aza
indirmeyi amaglayan incelemelere de rastlanmaktadir ([11],
[12]). Birka¢ on yildan beri, metamalzemeler gibi dogada
bulunmayan yapay malzemelerin kendine 6zgii elektromanyetik
ozellikleri kullanilarak, kapsamli aragtirmalar yogun bir sekilde
yuritilmektedir ([13], [14]). Metamalzeme ve dielektrik kaph
milkkemmel iletken = silindirik yapilardan  sagilmalarin
karsilagtirmasi ilizerine yapilan calismalar da bulunmaktadir

([15D).

Bu makalede, TM polarize diizlem dalga ile aydinlatilan dielektrik
kaplamali, dairesel kesitli miikemmel iletken, sonsuz uzun
silindirin RKA’ni, en aza indirmeyi amaglayan bir ¢alisma
sunulmustur. Burada, [16] da belirtilmis olan, frekansin sabit,
kalinlik ve permitivitenin degisken varsayildig1 senaryonun
kapsami genisletilerek; frekans, dielektrik tabakanin kalinlik ve
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permitivitesi gibi parametrelerden biri sabit iken, diger iki
parametreye bagh bir fonksiyonel tanimlanip, bu fonksiyoneli,
dolayisiyla RKA'n1 minimum yapacak bir yéntem énerilmistir.

Bolim 2 ‘de dielektrik kapl sonsuz uzun miikemmel iletken
silindirik yapimin geometrisi, TM polarize diizlem dalgayla
aydinlatilan yapinin farkll bolgelerideki alanlarin analitik
ifadelerinin formiilasyonu ve sinir kosullarinin uygulanmasi
sonucu belirlenmis olan, sag¢ilan alana iligkin katsayinin ¢éziimii
verilmistir.

Bolim 3’de bir dnceki bdliimde yapilan analiz ile elde edilen
sagilan alan katsayisini iceren uzak alan RKA yaklasimi ifadesini
minimum yapacak parametrelerin belirlenmesinde kullanilacak
fonksiyonellerin formiilasyonlari belirlenmistir.

Bolim 4’te yapinin RKA'n1 en aza indirgeyen sayisal bulgular
verilmis ve bunlarin uzak alan yaklasimi sonuglariyla
karsilastirilarak saglamasi yapilmistir.

Son olarak Bo6lim 5’te, Onerilen ydntem ve bulgular
yorumlanmistir. Bu cahgmada, zamanla degisim carpani et

olarak distinilmustiir.
2. Problemin Geometrisi ve Formiilasyonu

Sekil 1’deki yapiy: ele alalim:

Sekil 1. Dielektrik malzeme kapli, sonsuz uzun miikemmel
iletken silindirik cisim.

Figure 1. Dielectric material coated, infinitely long, perfectly
conductive cylindrical body.

Bu yapida, D, ortam parametreleri ¢, ve y, olan bos uzaydaki
sonsuz uzun, a yari¢apls, dairesel silindir seklinde miikemmel
iletken bir cisimdir. Miikemmel iletken cisim, C ile gdsterilen,
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kalinhigr ¢, biinye parametreleri ¢ ve u olan, dielektrik bir
malzeme ile kaplanmistir. Dielektrik malzeme ile kaplanmis olan
miitkemmel iletken cisim, TM polarize bir diizlem dalga ile
aydinlatilmistir. Cisim sonsuz uzun ve z-eksenine paralel
oldugundan, toplam elektrik alan vektorii z-eksenine paralel olur.
Gelen elektrik alanin silindirik koordinatlardaki ifadesi

El=ul(p,¢)e, , ¢ € (0,2m) (1

seklindedir. Bu ifadede gecen
ui(p,qﬁ) = e~ tkop cos($—¢o) (2)
olup, ko =w,/gpo bos uzayin dalga sayisini, ¢, ise gelen

dalganin gelis agisin1 gostermektedir.

Uzayin farkli (p > b ve a < p <b) bolgelerindeki alanlarin
sonsuz seri agilimlary, sirasiyla,

u'(p, )
= > [imerintng, (ko)

= | (3)
+ A HD (kop)| €,

p>b

ve
u'(p, )
= Z [Bn ]n(k()p) )

n=-oo

+C, H,(ll)(kop)] e™, a<p<bh

olarak verilir. Burada, J,, n'yinci mertebe Bessel fonksiyonunu,
H,(ll) ise birinci tiirden n’yinci mertebe Hankel fonksiyonunu
gostermektedir ([17]). Yukaridaki ifadelerde goziiken 4,,, By, ve
C, katsayilari

u(p,¢) =0, p=a (5)
ul(p, ) =u'(p, ), p=b (6)
10u’pp) _ 1 0u'(pe)  _

wo 9p o 0p p=b )

sinir kosullar1 dikkate alinarak belirlenecek olan bilinmeyen
katsayilardir. Bu tiir silindirik yapilara iliskin analitik ¢dztimlerin
ifadeleri ([18]) de verilmistir. Buna gore (3) ve (4) de verilen
ifadeler (5), (6) ve (7) nolu denklemlerde yerine konularak ve
e"® fonksiyonlarinin ortogonallik 6zellikleri de dikkate alinarak
3 bilinmeyenli 3 denklemden 4,, katsayisi

_iCMe o [ M J;(kob) — N J,(kb)]

= TN ED ko) — e M (k) ®)
yazilabilir. Bu ifadede goziikken M ve N
M =
Jn(kb) HP (ka) = Jn(ka) Hy (kb), )

ve

N =

, (10)
Jn(ieb) Hi (ka) — J (ka) Hy,' (kb)

seklindedir. Dielektrik kapli cismin disinda kalan bélgede sagilan
alan ifadesi ise (3) no lu denklemin sag tarafindaki serinin
icindeki ikinci parca

D A HD (kop) e

n=-—oo

kullanilarak asagidaki gibi

us(p,¢) = Z Ay HP (kop) ™9, p> b, (11)

n=-oo

yazilabilir. Sonraki bolimde, (11) denkleminin asimptotik ifadesi
dikkate alinarak dielektrik malzemeyle kapl silindirik yapinin
RKAmin sirasiyla (g, t), (f, t) ve (f, €) parametre ciftlerine gore
minimizasyonu ele alinacaktir. Bu kapsamda (11) ile verilen
ifadede Hankel fonksiyonunun biiyiik argiimanlar halindeki
asimptotik ifadesi yerine yazilirsa, uzak alan ifadesi kyp — o i¢in

wp, @) = [Z-elor /D 4, eind

seklinde elde edilir ([17]).

(12)

3. RKA’nin Minimizasyonu

iki boyutlu bir hedefin RKA ile temsil edilen o elektromanyetik
sacilimi, genellikle,
2

z (13)

[u’|

0,_p = lim 2mp g
poe |

seklinde tanimlanmaktadir ([17]). Sabit bir frekans icin, TM

polarize gelen dalga durumunda, uzak alan yaklasimi ile silindire
ait bistatik RKA

2
2/10

a(p) = — (14)

Z A, (e, t)ein(®=90)

n=—oo

ile verilmektedir ([15]). Burada A, yukarida da s6ziinii ettigimiz
lizere gozoniine alinan yapiya iliskin sa¢ilma katsayisi olup,
kaplamanin dielektrik parametresine ve kalinligina bagimhdir.
Dielektrik kapl silindirin toplam RKA'n1 minimize etmek
amaciyla, ¢  gozlem acisina gore o(¢) fonksiyonunun
integralinden ibaret asagida belirtilen gibi bir fonksiyonel
tanimlanabilir:

2

Fle,t) = j o(@)dp =419 Y |An(e DI

0 n=-oco

(15)

Bu fonksiyonel elde edilirken, (14) deki serinin agik halinin
eslenigi ile carpimi oldugu goéz 6niinde bulundurulmustur. ¢ ve t
‘nin belirli araliklarda degisimleri dikkate alinarak, F(e,t)
fonksiyonelinin dielektrik parametresi ve kalinhiga goére 2-
boyutlu grafigi kolayca elde edilebilir. Grafikten elde edilecek
olan  F(g,t) fonksiyonelini minimize eden (g,t) ciftleri,
problemin aranan ¢6ziimii olacaktir.

Benzer diisiincelerle, kaplamanin dielektrik parametresinin sabit
bir degeri i¢in, bistatik RKA
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[ee) 2
a(¢)=zﬂﬁ Z A, (f, D)en@=¢o)| | (16)
=
fonksiyonel ise
21 o)
PO = [ o@)dp =4 Y 1An(OP (17)
J =

olarak tanimlanabilir. F(f,t) fonksiyonelinin, f ve t ‘nin belirli
araliklarda degisimiyle elde edilecek grafiginden hareketle,
F(f,t) fonksiyonelini minimize eden (f,t) ciftleri kolayca elde
edilir.

Yine benzer sekilde , dielektrik kaplamanin kalinliginin sabit bir
degeri i¢in, bistatik RKA

2

0@ =221 3" a(peremon) (18)
n=—oo
fonksiyonel ise
21 (e}
P9 = [ o@)dp =42 Y an(fOP (19)
0 n=-—oo

seklinde distinilebilir. F(f, &) fonksiyonelinin, f ve € ‘nu belirli
araliklarda degistirmek suretiyle elde edilecek grafiginden,
F(f,&) fonksiyonelini minimize eden (f,¢) ciftleri kolayca
bulunur.

Bundan sonraki kisimda sayisal bulgulara yer verilecektir.

4. Sayisal Bulgular

Sayisal sonuglar, o©nceki bolimde tartisilan, dielektrik
malzemeyle kapli, bir miikemmel iletken dairesel silindir icin
analitik formiilasyonu yapilan fonksiyonellerin hesabina
dayanmaktadir. Asagidaki oOrneklerin tiimiinde TM polarize
diizlem dalganin gelis acis1 ¢y = 0°, miikemmel iletken dairesel
silindirinin yarigapt a=0,9 m ve tabakanin bagil permeabilitesi
Uy = 1'dir.

ik érnekte, frekans f=100 MHz olarak segcilmistir. Dielektrik
kaplamanin kalinlig1 0,01 ila 0,3 m, bagil permitivitesi ise 1 ila 40

arasinda degismektedir. (15) nolu denklem uyarinca F (g, t)'nin
grafigi Sekil 2'de gosterilmektedir.

f=100 MHz,a=09 m

03

0.7
0.25

02

kalinlik
=3
&

01

0.05

10 15 20 26

bagil permitivite

30 35

Sekil 2. f = 100 MHz i¢in F (¢, t) fonksiyonelinin grafigi.
Figure 2. Image plot of the functional F(¢, t) at f = 100 MHz.
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Grafiginin sar1 renkli boélgelerindeki noktalar, en diisitk RKA'na
karsilik gelen kalinlik ve bagil gecirgenlik ciftlerini temsil
ederken, grafigin koyu mavi renkli bolgeleri, en yiiksek RKA'n1
veren (g, t) ciftlerine karsi gelmektedir.

Sekil 2' den goriilebilecegi gibi, sar1 renkli bolgeden (8,0.26 m),
(31,0.13 m) ve koyu mavi renkli bélgeden (22,0.2 m) degerlerine
sahip ti¢ (g, t) ¢ifti secilmistir. Segilen bu degerlere gore, o(¢) nin
¢ ile degisimi, Sekil 3' de verilmistir:

35 T T T
30 === (g1)=(8,0.26m)
(e.1)=(31,0.13 m)
— (&) =(22,02m)

25

50

=

ZI;U
o (derece)
Sekil 3. f = 100 MHz, a = 0.9 m i¢cin RKA'nin ¢ gdzlem acisiyla
degisimi.

L
100 150

Figure 3. Variation of RCS with observation angle ¢ for
f =100MHz, a =09 m.

F (g, t)fonksiyonelini en aza indiren (g,t), yani (8,0.26 m),
(31,0.13 m) degerlerinin beklendigi gibi birbirine yakin oldugu
ve bunlarin disindaki (22,0.2 m) ¢iftinin irettigi degerlerin ¢ok
farkli oldugu belirgin bir sekilde goriilmektedir.

ikinci érnekte, dielektrik katmanin bagil permitivitesi &, = 10
secilmistir. Frekans degisim araligi 1 ile 2 MHz arasinds olup,
dielektrik kaplamanin kalinhig 0,01 ile 0,3 m arasinda
degismektedir. (17) uyarinca, F(f,t) fonksiyonelinin grafigi
Sekil 4'de gosterilmektedir.

€,=10,a=09m
03

X 1.02e+08

Y023
025

zZo X 115000000 06
.
YOR X 180000000
z0 Y0.18
02 . 20 0s
x
€
3015 04
01 03
0.05 02

frekans «10%

Sekil 4. ¢, = 10 igin F(f, t) fonksiyonelinin grafigi.
Figure 4. Image plot of the functional F(f,t) for &, = 10.

Sekil 4' den goriilebilecegi lizere, sar1 renkli bélgeden (102 MHz,
0.23 m), (115 MHz, 0.2 m) ve koyu mavi renkli bolgeden (180
MHz, 0.18) degerlerine sahip ii¢ (f, t) cifti secilmistir. Segilen bu
degerlere gore, a(¢)'nin ¢ ile degisimi, Sekil 5' de verilmistir:
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—(f.t)=(180 MHz, 0.18 m)
== = (f,)=(102 MHz, 0.23 m}
(f,t)=(115 MHz, 0.2 m)

250

100

200
¢ (derece)

300

Sekil 5. ¢, =10,
degisimi.

a =09 m icin RKA'nin ¢ gozlem acisiyla

Figure 5. Variation of RCS with observation angle ¢ for ¢, = 10,
a=09m.

F(f,t) fonksiyonelini en aza indiren (f,t), yani sar1 bolgeden
(102 MHz, 0.23 m), (115 MHz, 0.2 m) degerlerinin birbirine ¢ok
yakin oldugu ve bunlarin disindaki koyu mavi bélgeden (180
MHz, 0.18) ciftinin ¢ok bariz bir sekilde farkli oldugu agik¢a
goriilmektedir.

Son ornekte, dielektrik katmanin kalinlig1 t = 0.15 m seg¢ilmistir.
Frekans 70 ile 100 MHz, bagil permitivite ise 1 ile 40 arasinda
degismektedir. (19) uyarinca, F(f,&) fonksiyonelinin grafigi
Sekil 6'da gosterilmektedir.

t=015m,a=09m
40

X 62000000

35 QY3

X 67000000
30 WY 26.5
z0

X 183000000
Y 35.5
Z0

badil permitivite
- - n [*]
= o = o

o

0.6 0.8 12 1.4

frekans

16 1.8 2

x10®
Sekil 6. t = 0.15 m i¢in F(f, €) fonksiyonelinin grafigi.
Figure 6. Image plot of the functional F(f,¢) fort = 0.15m.

Sekil 6' da verildigi tizere, sar1 renkli bolgeden (62 MHz, 31), (67
MHz, 26.5) ve koyu mavi renkli bdlgeden (183 MHz, 35.5)
degerlerine sahip tg (f, €) ¢ifti secilmistir. Segilen bu degerlere
gore, o(¢)'nin ¢ ile degisimi, Sekil 7' de goriilmektedir:

25 T T T

- - -(f, £)=(62 MHz, 31)
—e-{f, £ )=(67 MHz, 26.5)
——(f. £,)=(183 NHz, 35.5)

S ‘ - |
200 250 360
¢ (derece)

L L
50 100 150 300

Sekil 7. t=0.15 m,
degisimi.

a=0.9 m i¢cin RKA'nin ¢ gozlem acisiyla

360
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Figure 7. Variation of RCS with observation angle ¢ for
t=0.15m, a=0.9 m.

F(f, ) fonksiyonelini en aza indiren (f, ), yani sar1 bolgeden (62
MHz, 31), (67 MHz, 26.5) degerlerinin birbirine ¢ok yakin oldugu
ve bunlarin disindaki koyu mavi bolgeden (183 MHz, 35.5)
ciftinin farkli oldugu grafikte agik¢a belirgindir.

5.

Bu ¢alismada, dielektrik malzeme kaplamali, TM polarize diizlem
dalga ile aydinlatilan sonsuz uzun miikemmel iletken silindirin
RKA'min azaltilmasi icin analitik yaklasima dayali bir analiz
onerilmistir. Bu amagla, ilkdnce sabit frekans halinde kaplama
malzemesinin bagil gecirgenlik ve kalinlik parametrelerine gore,
sonra sabit bagl gecirgenlik halinde frekans ve kalinlik
parametrelerine gore ve son olarak sabit kalinlik halinde frekans
ve bagll gecirgenlik parametrelerine gore fonksiyoneller
tanimlanmistir. Tanimlanan herbir fonksiyonelin
parametrelerinin degisim araliklarina gére hesaplanan 2-boyutlu
grafiginden, sacilan alani, dolayisiyla RKA’nin1 minimize eden
parametre ciftleri elde edilmistir. Elde edilen sonuglar bistatik
RKA uzak bolge yaklasim ifadesinin sonuglariyla grafik olarak
karsilastirilarak  dogrulanmistir.  Klasik RKA  diisiirme
tekniklerine basit secenekler getiren bu calismada elde edilen ilk
sonuglar, uygulanan yontemin iletken bir silindirik yapiy1 uygun
kalinlik ve dielektrik malzemelerle kaplayarak RKA nin ciddi
oranlarda digtrilebilecegini gdstermistir. Bu kapsamda
onerilen yaklasimin gercek fiziksel ve pratik uygulamalarda da
kullanilabilme potansiyelinin olabilecegi 6ngorilmektedir.
Ornegin, ucak ya da benzeri yapilarin sayisal olarak
modellenmesi ve lizerine yapilacak kaplamanin burada sunulan
yaklasimlara benzer sekilde belirlenmesi pratik agidan 6nemli
bir problem olusturur.

Sonugclar

Etik kurul onay1 ve ¢ikar ¢catismasi beyani
Hazirlanan makalede etik kurul izni alinmasina gerek yoktur.

Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar ¢atismasi
bulunmamaktadir.
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0z

Ekserji analizi, enerji kalitesinin ve tersinmezliklere baglh olarak bir sistemde olusan kayiplarin belirlenmesi noktasinda 6 nemlidir.
Ekserji is liretebilme kabiliyetidir. Baslangi¢ halinden 6lii hale ulasincaya kadar, sistemden elde edilebilecek maksimum teorik yararh
is olarak tanimlanabilir. Enerjiyi doniistiiren tiim sistemler icin ekserji analizi gerceklestirmek miimkiindiir. Zira ekserji miktarla
beraber niteligin de bir él¢iistidiir. Fotovoltaik sistemlerde giines paneli tarafindan liretilen (doniistiiriilen) elektrik, sistemin lirettigi
ekserji degerini vermektedir. Elektrik iiretimi sirasinda 1s1 da olusmaktadir. Olusan 1s1, tersinmezliklerden kaynakli olarak ekserji
kayiplarini olusturmaktadir. Bu ¢alismada pik giicii 1,21 MW olan ve Kayseri’de kurulan fotovoltaik giines santralinin gercek iiretim
degerleri kullanilarak gilines enerjisinin yogun oldugu, Haziran-Agustos dénemlerindeki (2017 yili), enerji ve ekserji verimleri
belirlenmeye ¢alisilmistir. Degerler aylik olarak 5’er giinliik test giinlerindeki 08:00-20:00 zaman diliminde elde edilmistir. Elde
edilen gercek degerler: tesisin iirettigi elektrik (giicii), giines 1s1n1im1 ve ortalama gevre sicakligidir. Sonrasinda bunlara bagh olarak
tesisin enerji ve ekserji analizi ger¢eklestirilmistir. Enerji verimi Haziran ve Temmuz aylarinda %25'’in iizerine oldugu halde aym
aylardaki ekserji verim degerleri en yiiksek % 27,7 ve % 28,7, Agustos ayinda ise en yiiksek % 25,7 olarak elde edilmistir. Dolayisiyla
fotovoltaik sistemlerdeki tersinmezliklerden dolay1 olusan kayiplarin, ekserji veriminin en ytiksek oldugu sabah saatlerinde bile %
70’ in lizerinde oldugu tespit edilmistir.

Anahtar Kelimeler: Giines enerjisi, fotovoltaik sistemler, enerji analizi, ekserji analizi

Abstract

Exergy analysis is important in determining the quality of energy and losses in a system based on irreversibility. Exergy is the ability
to produce work. It can be defined as the maximum theoretical useful work that can be obtained from the system between the initial
state and the dead state. It is possible to perform exergy analysis for all energy conversion systems because it is a measure of quality
as well as quantity. In photovoltaic systems, the electricity produced (converted) by the solar panel gives the exergy value produced
by the system. Heat is also generated during electricity production. The heat generated creates exergy losses due to irreversibility. In
this study, the energy and exergy efficiencies of the photovoltaic solar power plant located in Kayseri, Tiirkiye with a peak power of
1.21 MW, were tried to be determined by using the actual production values in the June-August periods (in 2017), when solar energy
is intense. Values were obtained monthly between 08:00 AM-20:00 PM on a five-day test. The actual production values obtained are:
the electrical power produced by the facility, solar radiation and average environment temperature. Afterwards, energy and exergy
analysis of the facility was performed based on the obtained values. Although the energy efficiency was above 25% in June and July,
the highest exergy efficiency values in the same months were 27.7% and 28.7% respectively, and the highest was 25.7% in August.
Therefore, it has been determined that losses due to irreversibility in photovoltaic systems are over 70% even in the morning hours
when exergy efficiency is highest.

Keywords: Solar energy, photovoltaic systems, energy analysis, exergy analysis

EXTENDED ABSTRACT

Introduction

Limited fossil resources and developing environmental
awareness are important factors for the widespread use of
renewable energy resources for sustainable development. Solar
energy, considering its potential and suitability based on location
and climate zone, emerges as one of the leading renewable
resources. Despite the increase in the number of installed solar
power plants in recent years, solar energy remains underutilized.
As of the end of October 2023, Turkey's electrical power capacity
stands at approximately 107,000 MW. Breaking down the
sources of installed power, 29.8% is hydraulic energy, 23.9% is

DOI: https://doi.org/10.21205/deufmd.2024267817

natural gas, 20.6% is coal, 11% is wind, approximately 10.5% (or
11 thousand MW) is solar, 1.6% is geothermal, and 2.6% is from
other sources. Furthermore, the number of electric power
generation plants increased to 12,868 (including unlicensed
power plants) by the end of October 2023. Among these, 754
units are hydroelectric, 68 units are coal, 363 units are wind, 63
units are geothermal, 344 units are natural gas, 10,784 units are
solar, and 492 units are from other power sources [1].

Tiirkiye has sufficient potential in terms of solar energy. During
the June-August period, the monthly average sunshine duration
is over ten hours. In the same period, the monthly average values
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of solar radiation are 5.8-6.57 kWh/m2day. Determining how
much of this solar radiation coming to the unit surface area can
be converted into useful work is important in terms of designing
photovoltaic solar energy systems and making cost analysis more
precisely. In this respect, exergy analyzes must be performed
along with energy analyzes in photovoltaic systems.

Materials and Methods

Energy Analysis

By using the first law of thermodynamics, the general form of the

energy balance equation for a system can be written as:
. . AE

Ein - Eex + (A_t)sys

Energy efficiency in photovoltaic panels refers to the ratio of the
electricity produced by the solar panel to the sunlight falling on
the solar panel. The efficiency of the panels can be defined by the
equation given below.

Pe
Ne = 75

(1)

(1a)

The power obtained from the panel and the performance of solar
panels are related to environmental factors such as ambient
temperature, panel temperature and dust. Ndiaye et al. [3], in
their study, showed the effect of dust on the panel on the
performance of the panel. Joshi et al. [18] stated that the energy
efficiency of the solar panel is as in Eq. (2).
_ VoclscFF

T AG

(2)

In Eq. (3), the product of the current and voltage values produced
by the solar panel under an electrical load gives the amount of
electricity produced. The power value obtained from the solar
panel at the maximum level is expressed by the equation given in

Eq. (4).

Me

Pe=VI
Prax= Voc Isc FF = Vinplmp

3
(4

Exergy Analysis

Exergy is work or the ability to produce work. Exergy is a
measure of quality as well as quantity. It is defined as the
maximum theoretical useful work that can be obtained from the
system between the initial state and the dead state [6,7]. This
value shows the useful work potential or opportunity to do work
and is called availability (exergy). While energy can always be
conserved in a process, exergy is consumed due to irreversibility
in real processes, except for reversible processes. Irreversibility
is the work potential lost during a process. Exergy consumption
during a process is proportional to the entropy generated due to
irreversibilities associated with the process.

The exergy equation of the solar panel is expressed as in Equation
(5)-

EXG = Exc + EXI + EXI( (5)

Experimental Study

The energy and exergy efficiencies of the solar power plant with
an installed capacity of 1.21 MW, established in Kayseri, Tiirkiye
were examined. A total of 4692 solar panels, each with a power
of 260 W, were used in the power plant. Additionally, 17 inverters
were used, each providing 60 W electrical output. In the study,
ambient temperature, solar radiation value and the amount of
electricity produced by the solar panels in the power plant were
measured. Ambient temperature and solar radiation value were
measured by a meteorological station. Since the solar panels in
the power plant are arranged with a 25° placement angle, the
irradiance matter is also positioned with a 25° placement angle.
The amount of electrical energy generated by the solar panels
and entering the inverters was obtained through the electronic
interface in the inverters (Fig. 1). The wind speed is taken as 1
m/sec, which is the nominal operating condition stipulated by the
manufacturers. The module temperature was found via Eq. (15).
The surface area used in the calculations was found by
multiplying the total number of solar panels by the area of the
solar panel. The coefficients used in the calculations are stated in
Table 1. Clear weather days were designated as test days. In
addition, in determining the test days, care was taken to ensure
that the solar panels were dust-free and clean. 15 days of
performance data in total, 5 days each month, were used in the 3-
month period between June and August in 2017.

Results and Discussion

Fig. 2 illustrates the variation in module temperature, energy,
and exergy efficiency. As the ambient temperature rises, the
module temperature increases accordingly. This elevation in
module temperature results in a decrease in both exergy and
energy efficiency. Comparable trends are observable in July and
August as depicted in Figures 3 and 4. The peak exergy
efficiencies were recorded at 27.7% and 28.7% in June and July,
respectively. Energy efficiency likewise surpassed 25% during
these months. The average highest ambient temperature in June
is 31.7 °C.

Conclusion

The results obtained from the study indicate that the exergy and
energy efficiency of photovoltaic solar panels are low. The most
significant exergy loss occurs due to irreversibility during the
electricity production of the solar panel. As the module
temperature  increases, irreversibility also increases.
Consequently, the morning hours exhibit the highest exergy
efficiency, as ambient and module temperatures are lower during
this time compared to other hours of the day. Further research is
needed to enhance solar panel efficiency and operational
conditions. Additionally, the solar radiation value is a crucial
factor that enhances exergy efficiency.

1. Giris

Fosil kaynaklarin sinirli olmasi ile birlikte son yillarda gelisen
cevre bilinci, stirdurilebilir bir kalkinma i¢in yenilenebilir enerji
kaynaklarinin ~ kullaniminin  yayginlasmasini  elzem hale
getirmistir. Ulkemizin konumu ve iklim kusagl goéz &niine
alindiginda, sahip oldugu giines enerjisi potansiyeli, yenilenebilir
kaynaklar1 acisindan 6nem ifade etmektedir. Son yillarda kurulu
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giines enerjisi santrallerinin sayilarinin artmasina ragmen giines
enerjisinden yeteri kadar faydalanilmadigi da bir gercektir.

2023 y1li Ekim ay1 sonu itibariyle tilkemizin elektrik kurulu giict,
yaklasik 107.000 MW’dir. Kurulu giiciin kaynaklara gore dagihm
ise %29,8'1 hidrolik enerji, %23,9'u dogal gaz, %20,6’s1 kdmdir,
%11'i riizgar, %10,5'i (yaklastk 11 bin MW) giines, %1,6’s1
jeotermal ve %2,6’s1 diger kaynaklar gseklindedir. Ayrica
tilkemizdeki elektrik iiretim santrallerinin sayisi, 2023 y1li Ekim
ayl sonu itibariyla 12.868’e (lisanssiz santraller dahil)
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ylikselmistir. Mevcut santrallerin 754 adedi hidroelektrik, 68
adedi komiir, 363 adedi riizgar, 63 adedi jeotermal, 344 adedi
dogal gaz, 10.784 adedi giines, 492 adedi ise diger kaynakli
santrallerdir. Yukarida da ifade edildigi gibi Tiirkiye gilines
enerjisi bakimindan yeterli potansiyele sahiptir. Haziran-Agustos
déneminde, aylik ortalama giineslenme siireleri on saatin
lizerindedir. Yine ayn1 dénemde gilines 1sinim1 aylik ortalama
degerleri 5,8—-6,7 kWh/m2giin’diir [1].

Birim ylizey alana gelen giines radyasyonun ne kadarinin faydal
ise doniistiiriilebileceginin tespiti, fotovoltaik gilines ener;jili
sistemlerin tasarlanmasi ve maliyet analizlerinin daha saghkh
yapilabilmesi a¢isindan Onemlidir. Bu ag¢idan fotovoltaik
sistemlerde enerji analizleriyle beraber ekserji analizlerinin de
yapilmasi faydal olacaktir.

Enerji analizinde, sistemdeki kurulu giines paneli lizerine diisen
1simim miktarti ile sistemin iirettigi enerji miktar karsilastirilir.
Enerji analizi, termodinamigin birindci yasasina gore
yapilmaktadir. Enerji analizinde; sisteme giren enerji, sistemden
cikan enerji ile sistemin enerji degisim miktaril, g6z 6niinde
bulundurulur.

Ekserji bir sistemin referans c¢evre ile denge durumuna
geldiginde, tretebilecegi maksimum teorik yararl is miktaridir
[2]. Tersinmez islemlerde belli miktardaki entropi artisiyla
birlikte is kayb1 olusmasina karsin, en fazla is sadece tersinir
siireclerde elde edilir. Ekserji tersinir siirecler disinda, enerji gibi
korunan bir biytklik degildir. Bu yilizden termodinamigin
birinci (enerjinin korunumu) yasasina gore degil ikinci yasasina
gore aciklanmaktadir.

2. Materyal ve Metot
2.1. Enerji Analizi

Termodinamigin birinci yasasina gore bir sistemin enerji
dengesi, asagidaki sekilde yazilabilir.

Ey=E+(3) (1

Fotovoltaik sistemlerde enerji verimi; Esitlik (1a)’da verildigi gibi

glines paneli tarafindan tretilen elektrigin (gii¢ olarak), izerine

diisen glines 1s51nimina orani olarak tanimlanabilir.
— L

Ne = 7¢

(1a)

Elde edilen giic ve panellerinin performansi; ¢evre (ortam)

sicakligl, panel sicaklig, toz gibi cevresel etmenlerle iliskilidir.

Ndiaye ve arkadaslari, panel iizerindeki tozun, panelin

performansina olan etkisini gostermistir [3]. Sahin ve digerleri

ise giines panelinin enerji verimini, Esitlik (2)’ deki gibi

belirtmistir [4].
_ YoclscFF

€T AG

(2

Esitlik (3)’te goriildiigi gibi tiretilen elektriksel giic, giines paneli
tarafindan tretilen akim ve gerilim degerinin carpimi olarak
verilir. Giines panelinden maksimum seviyede elde edilen giic ise
Esitlik (4)’te verilen baginti ile ifade edilmektedir.

P, =VI
Pmax = VOC ISC FF = VmpImp
2.2. Ekserji Analizi

Ekserji is tlretebilme Kkabiliyetidir. Ekserji, miktarla beraber
niteligin de 6lciisiidiir. Yukarida da ifade edildigi gibi baslangi¢
halinden 6li hale ulasincaya kadar sistemden elde edilebilecek
en fazla teorik yararl is olarak tanimlanmaktadir[5, 6]. Bu deger

3
(4)

500

yararli is potansiyelini veya is yapma kabiliyetini géstermekte ve
enerjinin kullanilabilirligi olarak da tanimlanmaktadir.

Eneriji bir sliregte korunurken, ekserji tersinir siireclerin disinda,
gercek siireclerde tersinmezlikler nedeni ile tiiketilmekte veya
yok edilmektedir. Tersinmezlik, bir siire¢ sirasinda kaybedilen is
potansiyelidir. Bir siire¢ boyunca ekser;ji tliketimi, siirecle iliskili
tersinmezlikler nedeni ile ortaya ¢ikan (liretilen) entropi ile
orantilidir.  Enerjinin  kalitesindeki (kullanilabilirligindeki)
azalma, ekserji kayb1 olarak ifade edilebilir.

Giines panelinin ekserji dengesi, Esitlik (5)'teki gibi verilebilir
[7,8].

EXG = Exc + EXI + EXI( (5)

Giines panelleri emilen giines 1s1mmini, elektrik ve 1siya
doniistiiriir. Gilines panelleri tarafindan tretilen (doniistiiriilen)
elektrik ise kullanilabilir enerjidir ve sistemin ekserjisi olarak
kabul edilebilir [9]. Ancak olusan 1s1 genellikle kullanilamamakta
ve ¢evreye transfer edilmektedir. Cevreye transfer edilen 1sinin
bir kismy, sistem i¢in ekserji kaybi olarak ifade edilebilir [10].

Giines paneli i¢in ekserji verimi, giines panelinden elde edilen
ekserjinin, giines 1s1niminin sahip oldugu ekserjiye orani seklinde
tanimlanabilir [11].
Exe
Exc

(6

Fotovoltaik glines enerjisi sistemlerinde, sisteme giren ekserji,
giines 1sinmminin sahip oldugu ekserji degeridir Bu deger
asagidaki esitlik ile verilir [11,12].

4
)] @
Fotovoltaik sistem icin sistemde elde edilen ekserji ise iiretilen
elektriksel degere (glice) esittir [9].

Nex =

1

EXG=A.G[1—§(%)+— L

(5

(8)

Yukarida da ifade edildigi gibi giines panellerindeki elektrik
tiretimi sirasindaki olusan 1si, 1sinim ve tasimim ile g¢evreye
yayllmaktadir. Isinin ekserjisi Esitlik (9a)’da belirtilmistir [13].
Esitlikten de goriilecegi lizere 1sinin ekserjisi, sistemden ¢evreye
transfer olan 1s1, ¢evre sicakligl ve modiil (parga) sicaklig ile
iligkilidir. Ekserji yikimi (kayb1) ise Esitlik (9b) ile ifade edilir.

Ex; =0@Q (1 - ;—a)

m

Exe = Exc

(%)

AStop

EXK =T, At

(9b)

Cevreye yayilan 1s1, Esitlik (10)’da gosterildigi gibi toplam 1s1
transfer katsayisi, toplam gilines paneli yiizey alan1 ve modiil
sicakligi ile cevre sicakliginin farki ile iligkilidir.

Q=UA(Tn-Ta) (10)

Toplam 1s1 transfer katsayisi, 1sinim ve tasimim 1s1 transfer
katsayilarinin toplami seklindedir [14].

U=h¢ + hr (11)

Is1 tasimim Kkatsayisini etkileyen 6nemli faktorlerden biri de
riizgar hizidir. Esitlik (12)’deki baginti ile 1s1 tasinim katsayisi
elde edilir [14].

he=2,8+3Vw (12)

Giines panellerinde olusan 1s1, tasinim ile birlikte 1s111m yoluyla
da cevreye transfer olmaktadir. Is1 1s5inim katsayisini belirleyen
faktorler, giines panellerinin yayma katsayisi, modiil ve gokyiizii
sicakligidir. Modiil ile ¢evre arasindaki 1simim transfer katsayisi,
Esitlik (13)’de verilmistir [14].
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hy = oe(Tyn + T,) + (T2 + T2) (13)

Modiil ve gokyiizii sicakliginin artmasi ile 1sinim transfer
katsayis1 (h,) artacaktir. Efektif gokyiizii sicakhiginin degeri,
cevre sicaklig ile iliskilidir ve Esitlik (14)’deki bagintiyla ifade
edilmektedir [10, 14, 15].

T,=T,—6 (14)

Modiil sicaklig), enerji ve ekserji verimleri iizerinde énemli rol
oynamaktadir. Modiil sicakligl, nominal ¢alisma sicaklhigi ve
1sinim degeri kullanarak Esitlik (15) ile belirlenebilir [16].
Nominal ¢alisma kosullarinda, giines 1sinim siddeti, rizgar hiz,
calisma sicaklig1 ve hava kiitlesi degerleri belirlenmistir. Nominal
calisma kosullarinda, 1s1nim siddeti 1.000 W/m?, riizgar hiz1 1
m/s, ¢alisma sicakhgr 20 °C, hava kiitle indeksi ise 1,5 kabul
edilmistir [14, 17,18].

T = Ta + (NOCT — 20) -

(15)

Giines paneli tarafindan iretilen elektrigin, sahip oldugu
(elektriksel) ekserji ise Esitlik (16)’'da verilen bagintiyla
belirlenmektedir [14, 18].

Eye = VoclscFF (16)

2.3. Deneysel Calisma

Calismada Kayseri'de gergeklestirilen 1,21 MW kurulu giiciindeki
glines enerjisi santralinin, enerji ve ekserji verimleri elde
edilmistir. Santralde her biri 260 W giiciinde toplam 4.692 adet
glines paneli ayrica her biri 60 W elektrik cikisi saglayan, 17 adet
evirici kullamlmistir (Sekil 1). Burada c¢evre sicakliklari, giines
1sinim  degerleri ve santraldeki giines panelleri tarafindan
tiretilen elektrik miktarlar1 dlglilmiistiir. Cevre sicakliklar1 ve
glinesin 1s1mim degerleri, meteoroloji istasyonu vasitasiyla
Olciilmiigtiir.  Pratik  uygulamalardan ve literatiirdeki
kaynaklardan da [16] anlasildify lizere giines 1sinimin o6lgiilen
degerleri ile hesaplanan degerleri arasinda, genel olarak
%5—%10 arasinda degisen bir farklilik oldugu bilinmektedir.

Giines panelleri Evirici

-
+
+
-
+
+
+

Sekil.1. Deney diizeneginin sematik gosterimi
Figure 1. Schematic figure of the experiment setup

Santralde gilines panelleri dizilimi 25° yerlesim acisi ile yapildig
icin 1s51mmolcer de 25° yerlesim agisi ile konumlandirilmistir.
Giines panelleri tarafindan tretilerek eviricilere giren elektrigin
miktari, eviricilerdeki elektronik ara yliz vasitasiyla
belirlenmistir. Riizgar hizi tireticiler tarafindan nominal ¢alisma
kosulu olarak 6ngoriilen deger olan, 1 m/s alinmistir [18].

Modiil sicakhg Esitlik (15) yardimiyla hesaplanmistir.
Hesaplamalarda kullanilan ytiizey alani ise toplam gilines paneli
sayisl ile glines panelinin alani carpilarak elde edilmistir.

Hesaplamalarda kullanilan katsayilar, Tablo 1’de verilmistir.
Havanin agik oldugu giinler test giinleri olarak belirlenmistir.
Ayrica test glinlerinin belirlenmesinde, giines panellerinin tozsuz
ve temiz olmasina dikkat edilmistir. 2017 y1li Haziran—Agustos (3
aylik) doneminde, her ay 5 giin olmak ilizere toplamda 15 giinliik
performans verileri kullanilmistir.

Tablo 1. Hesaplamalarda kullanilan katsayilar [10]

Table 1. Coefficients used in calculations [10]

Ozellikler Birim Deger
Stefan—Boltzmann katsayisi (o) W/mz2K#* 5,67x108
Glnes panelinin yayma - 0,9
katsayisi (€)

Giinesin sicakhg (Ts) K 5.780

3. Bulgular

Sekil 2‘de Haziran ayindaki ortalama modiil sicakligina bagh
olarak enerji ve ekserji verimin degisimi verilmistir. Cevre
(ortam) sicakhiginin artisi, dogal olarak modiil sicakligini
arttirmaktadir. Modiil sicaklifinin artmasi, hem enerji hem de
ekserji veriminin azalmasina neden olmaktadir. Temmuz ve
Agustos aylarinda da benzer degisim goriilmektedir (Sekil 3 ve
Sekil 4).

Haziran ve Temmuz aylarinda (ortalama) ekserji verimi en
yiiksek %27,7 ve % 28,7 olarak elde edilmistir. Enerji verimi ise
ayni aylarda %25’in iizerinde gerceklesmistir (Sekil 2 ve Sekil 3).
Haziran ayinda ortalama ortam sicakligy, en yiiksek 31,7 °C olarak
Olciilmiistiir. Buna karsilik modiil sicakliginin ortalama degeri,
Haziran ayinda en yliksek 62,4 °C olmustur (Sekil 2). Cevre
sicakliginin siirh artisina karsilik modiil sicakligi daha fazla
artmistir. Bu artisin nedeni, 1simimla birlikte glines panelindeki
hem elektrik hem de 1s1 liretiminin artmasidir. Temmuz ayinda
ortam sicakliginin ortalama degeri en yiiksek 35,5 °C, modiil

sicakligl ortalama degeri ise en yiikksek 66,1 °C olarak
belirlenmistir (Sekil 3).
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Sekil 2. Haziran ay1 ortalama modiil ve ¢evre sicakliklari, enerji
ve ekserji verimlerinin degisimi

Figure 2. Changes of average module and environment
temperatures, energy and exergy efficiencies in June
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Sekil 3. Temmuz ay1 ortalama modiil ve ¢evre sicakliklari, enerji
ve ekserji verimlerinin degisimi

Figure 3. Changes of average module and environment
temperatures, energy and exergy efficiencies in July

Agustos ay1 en yiiksek ortalama ortam ve modiil sicakliklar 35,9
°C ve 67 °C’ olarak ol¢iilmiistiir. Agustos ay1 ortalama enerji
verimi en yiiksek %24, ortalama ekserji verimi ise en yiiksek
%25,7 olarak belirlenmistir (Sekil 4).

80.0 30
70.0 s
60.0 -

¢ 500 S

= 40.0 158

= £

2300 s
200
100 -3

@q@g@@@@@@@@:?@@
NN NI >
——Cevre Sicakhg 2™ g Mods] Sicaklsgy
we=Ekserji Verimi i E it Verimi

8.000 1.200
7.000 1,000
6,000 ‘s
oh
5,000 800 &
E
Z 4,000 600 F
e
3,000 w00 §
2,000 200 3
1,000
0 0
@@@\@m@%@@@@@@@@
Zaman
==p=Elektrik Ekserjisi [kK'W] === Tz1] Ekserji Kaybt [KW]
—te=Tgmim Ekserjisi [kKW] et Ekserji Kayb1 [KW]
s Giines Isinim Degeri [ W /m2]

Sekil 5. Haziran ay1 ortalama giines 1si1mm (0-1.200 W),
elektriksel ekserji, 1stmm ekserjisi ve ekserji kayiplarinin
degisimi (0-8.000 kW)

Figure 5. Changes of average solar radiation (0-1,200 W),
electrical exergy, radiation exergy and exergy losses (0—8,000
kW) in June
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Sekil 4. Agustos ay1 ortalama modiil ve ¢evre sicakliklari, enerji
ve ekserji verimlerinin degisimi

Figure 4. Changes of average module and environment
temperatures, energy and exergy efficiencies in August

Giines 1simm degerinin artmasi, elektrik ve 1simm ekserji
degerlerinin artmasina neden olmustur. Haziran—Agustos
dénemindeki ortalama 1simim ekserji( giic) degeri, en yiiksek
7.000 kW'in tizerine ¢ikmistir. Bu doénemde ortalama gilines
1isinim  giic  degerleri ise 1.000-1.100 kW/m?2 arasinda
gerceklesmistir (Sekil 5-7).

Sistemdeki 1s11 ekserji kayiplar1 (Sekil 5-7) daha sirh
gerceklesmistir.

Ekserji veriminin en yiiksek oldugu sabah saatlerinde bile
tersinmezliklerden dolay1 olusan ekserji kayiplar,, %70‘n
iizerindedir (Sekil 8).

502

Sekil 6. Temmuz ay1 ortalama giines 1sinim1 (0-1.200 W),
elektriksel ekserji, 1simim ekserjisi ve ekserji kayiplarinin
degisimi (0—8.000 kW)

Figure 6. Changes of average solar radiation (0-1,200 W),
electrical exergy, radiation exergy and exergy losses (0—8,000
kW) in July
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Sekil 7. Agustos ay1 ortalama gilines 1sinimi (0-1.200 W),
elektriksel ekserji, 1simm ekserjisi ve ekserji kayiplarinin
degisimi (0-8.000 kW)

Figure 7. Changes of average solar radiation (0-1,200 W),
electrical exergy, radiation exergy and exergy losses (0—8,000
kW) in August
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Sekil 8. Tersinmezliklerden dolay1 olusan ekserji kayip oranlari
Figure 8. Exergy losses ratios due to irreversibilities
4. Sonug

Yapilan ¢alisma sonucunda, fotovoltaik giines panellerinin enerji
ve ekserji verimlerinin diisiik oldugu goriilmektedir. En biiyiik
ekserji kaybinin, giines panelinin elektrik tiretimi sirasindaki
tersinmezliklerden kaynakl oldugu belirlenmistir.

Modiil sicakliginin artmasi, tersinmezlikleri artirmaktadir. Bu
bakimdan sabah saatleri, ekserji veriminin en yiiksek oldugu
zamandir. Sabah saatlerinde gevre ve modiil sicakliklar1 diisiik
oldugundan, enerji ve ekserji verimleri, gliniin diger saatlerine
gore daha yiiksek oldugu belirlenmistir.

Bilindigi gibi giines 1s1mim degeri, ekserji verimini artiran 6nemli
bir unsurdur. Gilines panelinin verimi ise sistemde yapilacak bazi
iyilestirmelerle artirilabilir.

Semboller

A Giines panelinin ytizey alan1 [m2]

E Birim zamandaki enerji (giicti) (kW)
Eyc  Sistemden cikan ekserji (giicii) [kW]
Ey.  Elektriksel ekserji (giicii) [kW]

Eyc  Sisteme giren ekserji (giicii) [kW]
Ey;  Isil ekserji (giicii) [kW]

Exx  Yikima ugrayan ekserji (giicii) [KW]

FF Giines panelinin dolum ¢arpani

G Giines 1s1n1m degeri [W/m2]

hr Is1151mim katsayis1 [W/m2K]

ht Is1 tasinim katsayisi [W/m2K]

I Giines paneli tarafindan tiretilen akim [A]
Imp En yiiksek gii¢ liretiminde akim degeri [A]
Isc Giines panelinin kisa devre akimi [A]

NOCT Gilines panelinin (hiicrelerinin) nominal ¢alisma sicaklig
[°C, K]

P, Giines paneli tarafindan tiretilen elektriksel gli¢c [W]
Pax Gilines panelinden elde edilen en yliksek elektriksel gii¢
(W]

Q Cevreye transfer olan 1s1 [kW]

Qg Giren1s1 [kW]

AStop  Toplam entropi degisimi (liretimi) [k]/K]

At Siire (s)

Ta Cevre (Ortam) sicakligi [°C, K]

Ty Gokytiziinlin sicakhgr [°C, K]

Tm Modiil (Parga) sicakhigi [°C, K]

Ts Giinesin sicakhg [°C, K]

U Toplam 1s1 kaybi katsayisi

%4 Giines paneli tarafindan liretilen gerilim [V]

Vmp  Enyliksek gii¢ tiretimindeki gerilim degeri [V]

Voc  Glines panelinin agik devre gerilimi [V]

Vw Riizgar hizi [m/s]

€ Giines panelinin yayma katsayisi

Ne Enerji verimi (%)

nex  EKserji verimi (%)

o Stefan—Boltzmann katsayisi [W/m2K#4]

Etik kurul onay1 ve ¢ikar catismasi beyam

Hazirlanan makalede etik kurul izni ahinmasina gerek yoktur.
Hazirlanan makalede herhangi bir kisi/kurum ile ¢cikar catismasi
bulunmamaktadir.

Yazar katkilarinin beyani

Her iki yazar, kaynak arastirmasi, hesaplamalarinin yapilmasi,
makale yazimi ve diizenleme siireclerine katki saglamistir.
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Mechanical Performance on Flax Fibre Epoxy Composites Filled with
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Abstract

The objective of this study is to investigate the mechanical performance on develop flax/epoxy composite filled with montmorillonite
nanoclay for lightweight applications. For this purpose, firstly, nanoclay at different weight percentages montmorillonite nanoclay
such as 0.5, 1, 1.5 was dispersed homogeneously into epoxy resin with the help of ultrasanitization process. For better nanoclay
distribution in composite, the montmorillonite nanoclay concentration higher than 1.5% was not analyzed. Secondly, using this
mixture, flax fiber based composites were produced by vacuum bag molding process. Finally, the mechanical properties of flax/epoxy
composites filled with different percentages montmorillonite nanoclay were determined with tensile, flexural, and in-plane shear test.
From the experimental results obtained, the addition of montmorillonite nanoclay indicate positive effect on the performance of the
composites compared with the neat composite samples, if the montmorillonite nanoclay distribute homogeneously in the epoxy. The
composites added with 0.5 wt.% nanoclay showed the highest tensile modulus and tensile strength. Moreever, the elasticity modulus
of composite samples with 0.5% nanoclay addition is approximately 87% higher than the pure composite. Also, the composite samples
loaded with 1.5 wt.% of montmorillonite nanoclay performs better under flexural loading conditions.

Keywords: Biocomposite, montmorillonite nanoclay, natural fiber, mechanical performance, in-plane shear characteristics

0z

Bu c¢alismanin amaci, hafiflik 6zelligi gerektiren uygulamalar i¢cin, montmorillonit nanokil ilave edilmis keten fiber esash-epoksi
kompozit malzemelerin mekanik performansini arastirmaktir. Bu amaca yonelik olarak, ilk olarak, 0,5, 1, 1,5 gibi farkli agirhk
ylzdelerinde montmorillonit nanokil, epoksi regine igerisine ultrasanikasyon islemi yardimiyla homojen bir sekilde dagilmasi
gerceklestirilmistir. Epoksi regine igerisine ilave edilen nanokil miktari,daha iyi homojen karisim olmasi igin %1,5 sinir deger olarak
belirlenmigtir. ikinci olarak, bu karisim kullanilarak keten fiber esasli kompozitler vakum poset kaliplama yontemi ile iiretimi
gerceklesmistir. Son olarak farkl ylizdelerde montmorillonit nanokil ile doldurulmus keten/epoksi kompozitlerin mekanik 6zellikleri
cekme, egilme ve diizlem i¢i kayma testleri ile belirlenmistir. Elde edilen deney sonugclarinda, eger montmorillonit nanokilin epoksi
icinde homojen bir sekilde dagilmasi1 durumunda, keten fiberli/epoksi kompozit malzemenin mekanik peformansinin nanokil katkisiz
kompozite gore iyilesme saglandig gorilmiistiir. Agirlikca %0,5 nanokil ilave edilen kompozitler en yiiksek ¢cekme modiiliinii ve
¢cekme mukavemetini gostermislerdir. Dahasi, agirlika %0,5 nanokil katkili kompozit numunelerin elastisite modiilii, katkisiz
kompozite gore yaklasik %87 daha yliksek elde edilmistir. Ayrica, agirlikca %1,5 montmorillonit nanokil ile yiiklenen kompozit
numuneler, egilme yiikleme kosullar1 altinda daha iyi performans géstermislerdir.

Anahtar Kelimeler: Biokompozit, montmorillonit nanokil, dogal fiber, mekanik ézellik, diizlem-ici kayma karakteristikleri

1. Introduction low density when used in production and offers advantages such

In recent years, because of global warming and boosting as superior thermal properties.

environmental problems, it is important the use of Natural fibers are recyclability, and easily disposable in nature

environmentally friendly composites. The use of plant materials
such as kenaf, hemp, flax, bamboo, ramie etc. like biodegradable
materials has increased in industrial areas due to their lightness
and lower traces of carbon attack compared to other
reinforcement elements fibers like glass and carbon. Particularly
flax fiber is an environmentally friendly and sustainable material
stand out as alternatives and composite materials high strength,

DOI: https://doi.org/10.21205/deufmd.2024267818

and they also have high mechanical properties as well as light
weight and minimal price [1]. It is given the examples for the
natural fibers such as, flax, jute, kenaf [2]. However, the nature of
plant fibers and matrix materials have drawbacks such as weak
interfacial bonding moisture absorption. Natural fibers perform
as hydrophobic by chemical treatments [3].

Recently, various studies have performed the composite
properties by adding nanoparticles into the matrix [4-29].
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Homogeneous distribution of nanoparticles in matrix elements is
important to make better properties of composites such
mechanical and morphological. Flax in combination with
nanoparticles serves for multifunctional composites.

It has been reported that nanoclays with plant materials have
been provided benefits such as higher impact strength, fracture
toughness, ballistics, impact properties [5-11].

Flax fiber has been used as filler in composites due to lightness.
Flax fiber has average tensile strength ranging between 500 and
1500 MPa. Flax fiber is a lightweight fiber having a density of
approximately 1.5 g/cm3 and Young's modulus of 27.6 GPa. Due
to its lightweight nature, flax fiber is used for various applications

[3].

Plant materials in combination with nano particles have been
used for multifunctional plant materials/matrix composites [11-
15]. Due to its properties such as massive polymer nanoclay
contact polymer interface and high aspect ratio, montmorillonite
(MMT) is often added for dispersion in epoxy [1].

Numerous studies have shown that the addition of nanoclay and
plant fiber can enhance the performance of composites. It is listed
in Table 1 the latest studies on natural fiber and nano composites.

Table 1. Latest studies on natural fiber and nano composites

Year Ref. Type of Remarks
Fiber/matrix/
Fillers

2023 (61 hemp fiber/flax The  properties  of
fiber reinforced composites have
composites improved.

2023 (71 alkali-activated The compressive
concrete mixtures strength of composite is

increased.

2023 181 hybrid composites Composed of synthetic
composed of and natural fibers are
synthetic and used in longevity and
natural fibers durability practice.

2023 91 A extensive It was discussed the
literature review of tribo mechanical
natural fiber characteristics of
reinforced polymer natural fiber reinforced
composites. polymer composites.

2023 200 kusha grass fibre, It has been observed
copper fibre and that the bending
Emu fibre. strength of emu fiber

reinforced composites
decreases as the length
and fiber load increases.

2022 21 jute and banana Tensile and bending
fiber as strength were obtained
reinforcement in 0° fiber oriented

composite material with
jute fiber.

2022 [221 woven kenaf, The tensile, impact
woven  polyester strength, and elongation
and polylactic acid was  improved via

woven kenaf.

2022 [231  flax-basalt-glass The highest tensile
woven fabrics properties of composite
was obtained for

lightweight

applications.

2022 [24  silica aerogel fillers  The mechanical
properties of  flax
composites increased
addition of silica aerogel
fillers.

2022 (251 mechanical The tensile strength of
characteristics of an  the nanocomposites
epoxy-clay improved adding
nanocomposite. treated nanoclay.

2021 [261  banana fiber and The thermal stability
polylactic acid as a and mechanical
resin properties of  the

polylactic acid were
increased via banana
fibers.

2021 271 sisal and palmyra The mechanical
palm fibers, properties were
polymers, nano- improved via the hybrid

clays, and nano-clay

composites

506

In a previous study, we investigated the effect of nanoclay
(Cloisite 30B), nano silica aerogel on the mechanical, thermal,
impact and ballistic features of composites [5, 28].

The objective of this study was to improve natural flax epoxy
composite with minimized weight. Montmorillonite nanoclay
was chosen as nanofiller in this study for its good mechanical
performance [7,9]. The change in tensile, flexural, and in-plane
shear properties of flax/epoxy composites were analyzed at
various weight percentages of nanoclay fillers. The mechanical
performance of the composites with nanoclay was compared
with pure(neat) flax epoxy composite [29]. The aim is to
determine effect of nanoclay addition on mechanical
performance of flax fiber/epoxy composites.

2. Materials and Methods
2.1. Materials

A flax fabric (Burs Silk Textile Company in Turkey) and resin
system was purchased as the major reinforcement phase, while
montmorillonite nanoclay (supplied by the Eczacibasi Company
in Turkey) was used as the secondary reinforcement material.
Figure 1 shows natural flax fiber in this study. No surface
treatment has been applied to natural flax fabrics.

[ S S il

Figure 1. Natural flax fiber in this study

The Epoxy matrix resin (Momentive MGS L160 and its hardener
(Momentive MGS H160) was also purchased by Dost Chemical
Company in Turkey. The matrix material is formed with an
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epoxy-to-hardener weight ratio of 10:1 as per the manufacturer’s
specification. At 25°C, epoxy and hardener have a density of 1.13-
1.17 g/cm3 and 0.96-1.0 g/cm3, and a viscosity of 700-900 mPa.s,
10-50 mPa.s respectively.

Table 2. Fabricated flax fiber-epoxy composites

Specimen % Flax-fiber composite type
nanoclay

1 0 Neat flax-fiber epoxy composite

2 0.5 Flax-fiber epoxy added
nanoclay composite

3 1 Flax-fiber epoxy added
nanoclay composite

4 15 Flax-fiber epoxy added

nanoclay composite

In this study, as shown in Table 2, the composites were fabricated
on 4 samples (Epoxy-Neat), (99.5 wt percent Epoxy-0.5wt.
percent nanoclay), (99 wt percent Epoxy-1wt percent nanoclay),
(98.5 wt percent Epoxy-1.5wt. percent nanoclay).

2.2. Preparation of flax fiber-epoxy composites

It is important the procedures in manufacturing of composites
due to changing properties of composites.

The preperation of composites was performed in five different
stages. In the first stage, the natural flax fibers were washed to
remove dirt (Figure 2).

e

Figure 2. Cleaning the flax fabrics

During the second stage, cleaning the flax fabricsclay was added
within the epoxy via ultrasonication procedure for better
distribution in epoxy. If there is no proper nanoscale dispersion,
the mechanical properties of composites get worse due to
fracture propagation. For this reason, it is obviously clear that the
nanoclay is dispersed in the epoxy. The montmorillonite
nanoclay particles and epoxy resin are blended together quickly
by ultrasonic stirrer (Hielscher UP400St) with the frequency of
24 kHz for 40 min [29]. The ice bucket was used to dissipate heat
since the heat was occurred during ultrasonication. The basic
epoxy was formed by blending 80% resin with 20% hardener.
The first mixture consisted of 99.5 wt% epoxy and 0.5 wt% of
montmorillonite nanoclay.

During the third stage, the same procedure was used to make the
1% and 1.5 wt% montmorillonite nanoclay. For better nanoclay
distribution in composite, the montmorillonite nanoclay
concentration higher than 1.5% was notanalyzed. Figure 3 shows
mixing of epoxy and nanoclay via ultrasonication process.

Figure 3. Mixing of epoxy and nanoclay via ultrasonication
process

Following sonication process, the hand layup followed by
vacuum bag molding process were fulfilled to manufacture
composite. The flax epoxy composites with nanoclay were
prepared by using hand layup stacking followed by vacuum bag
molding process (Figure 4). Flax fabrics in 500 mm x 500 mm
dimensions were cut. The resin system was distributed on 10
layers of flax fiber by rolling it evenly to each layer using a roller.

Figure 4. The fabrication of composite laminates

It was used a mould consisting of a top plate, bottom plate and
two spacers. As shown in Figure4, it was used vacuum nylon and
vacuum sealing tap for the mold system. The infiltration process
lasted about 35 min for panels. At the end of this procedure,
curing process was continued. The flow channel was surrounded
by a silicon.

Finally, Tthe flax fiber-epoxy composite plates with various
nanoclay were cut shape test coupons by using a CNC router
accordance with ASTM guidelines for mechanical test. Figure 5
shows the cutting samples from composite plates with CNC
router. There was no damage to the sample edges after CNC
cutting. The thickness of specimen are 7 mm.
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Figure 5. The cutting samples from composite plates with CNC
router
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2.3. Mechanical Performance Tests

ASTM D3039-17 and ASTM D7264-21 were used for tensile and
flexural testing, respectively. The tensile and 3-point flexural
tests were conducted using SHIMADZU Autograph AG-IS tensile
test instrument having a load cell capacity of 100 kN. All tests
have been fulfilled at room temperature.

Figure 6. Tensile, bending and shear set up for testing flax/epoxy
composites

For the tensile and 3-point flexural test, four identical samples of
each composite were tested, and the average value was noted.
Load-displacement curves were recorded for every sample.

The tensile tests were conducted at a crosshead speed of 2
mm/min, while flexural tests were conducted at 1 mm/min.

The flexural strength (of ) was claculated bu following equation:
3FL

or = 2wt? 1)

where F, L,w and tindicate maximum load, span length, width and
thickness of the samples, respectively. The sample size was 136
mm x 13 mm x 7 mm and the span length was 13 mm.

The in-plane shear characteristics of the fabricated flax/epoxy
composites were determined using losipescu shear test.
According to ASTM D7078-20, the dimensions of test specimens
are 76 mm length and 56 mm width. A 90°double V-notches were
machined at specimen mid-length through its thickness. It was
cutinto strips with 250 mm long and 25 mm width for tensile test
specimens while it was 136 mm long and 13 mm width for
flexural test specimens [29].

Figure 6 shows tensile, flexural and shear test apparatus for
determining mechanical properties.

2.4. SEM analysis

The SEM analysis was fulfilled on the tested specimens to
determine the distribution of montmorillonite nanoclay in
composite using Thermo Scientific Apreo S scanning electron
microscope with an accelerated voltage of 10 kV. All the surfaces
of the samples were coated with a thin layer of gold. Figure 7
illustrates the SEM images at the 50000 mag target. As illustrated
in Figure 7, it was observed that the nanoclay additive was
distributed homogeneously in the composite.

0.5 %NC
i

v

1.5 %NC

Figure 7. SEM images of nanoclay flax/epoxy composites
3. Results and Discussion

In this section the mechanical properties of montmorillonite
nanoclay infused flax fiber epoxy composite have been discussed
the obtained experimental results from tensile, flexural and in-
plane shear tests.

In general, the mechanical properties of flax reinforced
composite have been greatly enhanced by adding the
montmorillonite nanoclay. It is obvious that the flax/epoxy
nanoclay with 0.5 wt% has a remarkable effect on the tensile,
flexural and in-plane shear strength of the composites.

3.1. Tensile properties of flax fibre epoxy composites

The tensile properties of different compositions of flax-epoxy
composites are shown in Figure 8 and Table 3.
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Table 3. Tensile properties of different compositions of flax-
epoxy composites

Neat 0.5% 1% 1.5%
Nanoclay Nanoclay Nanoclay

Tensile
Modulus 4.21+0.69 537+0.62 3.85+0.22 4.03+0.48
[GPa]
Tensile
Strength 26.81+3.78 50.22+3.31 40.71+3.87 32.14+5.29
[MPa]
Elongatio
nat 1.04+031 141:021 165028 0.97+0.13
break
[%]

It is observed that adding 0.5 wt% of nanoclay filler to composite
formulation enhances flax-fiber epoxy resin composite
properties including tensile and flexural. As fiber-matrix
adhesion and interface bonding between the nanoclay filler
increases fiber-matrix adhesion, the composites' stiffness
properties is get better compare to pure composites.

Tensile Modulus [GPa]

6 5.378
4.214 3.855 4.034
4 o e [ o — — -
2
0
Neat 0.5%NC 1%NC 1.5%NC

Tensile Strength[MPa]

0.22

I

o
40 32.15
o Lzssl
20
10
o
Neat 0.5%NC 1%NC  1.5%NC

Figure 8. Tensile modulus and strength of neat and nanoclay
treated flax fiber epoxy composites

As illustrated in Figure 8, the flax/epoxy nanoclay with 0.5 wt%
displayed highest tensile modulus and strength properties
compared to other samples. The 0.5 % nanoclay treatment
yielded the highest tensile modulus and strength of 5.378 GPa
and 50.22 MPa, respectively. As a result, the tensile strength of
the composites increased from 26.81 MPa to 50.22 MPa. It can be
seen that the concentration of montmorillonite nanoclay strongly
affected tensile strength characteristics. The tensile test also
showed that tensile modulus slightly increased from neat
composites with 0.5 wt% nanoclay but tensile modulus
decreased beyond 1 wt% which resulting in a more brittle
composite. Also, the tensile modulus of flax epoxy composites
with 1.5 wt% nanoclay decreased because of weak interfacial
bonding.

3.2. Flexural Properties of flax fiber-epoxy composites

The flexural properties of different compositions of flax-epoxy
composites are shown in Table 4. Compared to the three-point
bending test results, a different trend of results for flexural
modulus can be observed. The 3-point flexural test showed that
flexural modulus slightly increased from neat composites to 1.5
wt% nanoclay. The Flexural Strength of neat composites
increased from 69.49 MPa to 86.92 MPa when reinforced with 1.5
wt% nanoclay. The value decreased further to 72.32 MPa and
75.17 MPa when nanoclay with 0.5 wt% and 1 wt% respectively.
The increasing nanoclay loading makes the flexural strength
value higher, suggesting that higher concentrations of nanoclay
leads to increased strength. A decrease in bending strength
occurred due to the formation of voids in the matrix due to the
increasing nanoclay content.

Table 4. Flexural properties of different compositions of flax-
epoxy composites
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Neat 0.5% 1% 1.5%
Nanoclay Nanoclay Nanoclay
Flexural 3074.10 = 2945.73 3340.55 3590.17
Modulus 449.84 247.80 130.00 195.43
[MPa]
Flexural 69.49 £ 72.31+4.98 75.16 £ 12 86.92
Strength 12.13 6.37
[MPa]
Elongation 391+ 4.30+0.31 3.28+0.29 3.31+0.29
at break 0.37
[%]
3.3. In-plane shear strength properties of flax fiber-

epoxy composites

In-plane shear strength for neat and nanoclay treated composites
are illustrated in Figure 9.

When comparing the results, the in-plane shear stress of neat
composites increased from 17.63 MPa to 20.68 MPa when
reinforced with 0.5 wt% nanoclay. The value decreased 16.77
MPa when nanoclay with 1.5 wt%.

In-plane Shear Stress [MPa]

25

20

15

10

Neat 0.5 %NC 1 %NC 1.5%NC
Figure 9. In-plane shear characteristics of neat and nanoclay

treated flax fiber epoxy composites

Based on the obtained experimental results, Table 5 sums up
different specific properties of the flax fiber epoxy composite
with regard to their experimental densities.
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Table 5. The percent change results obtained from the
experiments

Montmorillonite nanoclay
addition (wt.%)

05% | 1% 1.5%
Tensile . g
Strength 87.32‘[ 518 19.92ﬂ
(MPa)
Tensile

27,624 ]6-32
N
4.06ﬂ

4.20

428 ﬂ
25.09ﬂ‘

16.78ﬂ
488 ! !

In this study, flax-reinforced epoxy composites were infused with
montmorillonite nanoclay, and the effect of nanoclay on the
tensile, flexural and in-plane shear characteristics was
elaborately studied. The following results were obtained:

v

Modulus (GPa)

Flexural
Strength
(MPa)

8.18

Flexural

8.67
Modulus (GPa) 4

= =) @l =

In-plane shear
test (MPa)

17.307) J2.56

&

4. Conclusions

The tensile strength of flax-reinforced epoxy composite
increased with addition of montmorillonite nanoclay.
The raise in the tensile strength increased with
increasing montmorillonite nanoclay in the composites.
A maximum increase of 87.32% in the tensile strength
was gained with addition of 0.5 wt% montmorillonite
nanoclay in comparison with neat composite.

Similar trend observed tensile modulus. At the slightly
higher montmorillonite nanoclay concentration of 1.5
wt%, the tensile modulus was reduced by almost 4%
compared with that of the neat composites without
montmorillonite nanoclay. It is thought that reduction
in tensile modulus properties of 1 and 1.5 % by weight
of montmorillonite nanoclay are caused by this
inappropriate dispersion.

Reinforced with montmorillonite nanoclay flax- epoxy
composites affected the flexural strength of the
composites as well. The growth in the fexural modulus
for the composites were about 4.06, 8.18, and 25.09%
with increasing montmorillonite nanoclay 0 wt% to 0.5,
1, and 1.5 wt%, respectively.

Despite the improvements achieved in the tensile and
flexural strength with all three concentrations of
montmorillonite nanoclay in composites, the
reinforcing effect on tensile modulus and in-plane shear
test started to deteriorate at 1 and 1.5 wt% nanoclay in
flax-epoxy reinforced composites. This decrease can be
improper distribution of nanoclay in the composites,
their agglomeration, and inefective adhesion [28].

It is observed that an about 4% increase in the flexural strength
was obtained with an addition of 0.5 wt% montmorillonite
nanoclay. However, an obvious relationship between the flexural
modulus and content of montmorillonite nanoclay were not
observed. Trends of reduction in the plane shear tests with
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addition of montmorillonite nanoclay were also noticed in
previous studies [7,9].

The montmorillonite nanoclay concentration of 0.5 wt% showed
optimum improvement in the tensile and flexural properties
because of improved fiber matrix adhesion. So the above
observations, this study displayed that the addition of
montmorillonite nanoclay improved the mechanical properties
flax natural fibers of the composite. Thus, flax epoxy composite
can also be used composites environment friendly products and
the healthy living.
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Abstract

The goal of this study is to design a novel automatic liquid dosing system for liquid sampling at the microliter level. For this purpose,
a mechatronics system is designed to position a syringe at the desired position in the workspace and then drive its piston to inject the
liquid to be sampled. Then, an application-specific algorithm is developed to be able to prepare samples in 3x3, 4x4, and 5x5 sample
container arrays with a desired volume. The performance tests are conducted for preparing samples with up to three different liquids.
The repetitive experiments are performed for 50 and 100 pL sampling volumes. The results indicated that it is possible to dose a
single liquid with the highest average deviation of 3.9%. Moreover, it is found that it is possible to prepare a sample with a mixture of
three liquids by the highest average deviation from the reference value of around 3.4% when the targeting sampling volume is 250
uL for each liquid.

Keywords: Automatic liquid dosing, liquid sample preparation, mechatronics system design, micro-dosing

0z

Bu ¢alismanin amaci, mikrolitre seviyesindeki hacimlerde sivi numunelerin hazirlanabilmesi i¢in 6zgiin bir otomatik bir sivi
dozajlama sistemi tasarimidir. Bu kapsamda, belirlenen ¢alisma alani igerisinde bir siringanin pozisyonlandirilmasi ve igerisindeki
swvinin bosaltilmasi i¢in bir mekatronik sistem tasarimi yapilmistir. Daha sonra, istenilen hacimlerdeki numunenin 3x3, 4x4 ve 5x5’lik
numune kabi dizilimlerinde hazirlanabilmesi i¢in uygulamaya 6zel bir algoritma gelistirilmistir. Sistemin performansi, numune
hazirlanmasi sirasinda ti¢ adete kadar farkli sivilar kullanilabilecek sekilde test edilmistir. 50 ve 100 pL numune hacimleri i¢in tekrarh
deneyler gerceklestirilmistir. Elde edilen sonuglar bir adet sivinin, en fazla %3.9'luk bir ortalama sapma ile dozajlanabilecegini
gostermistir. Ayrica, testler ti¢ farkli sivi kullanilarak numune elde etmenin miimkiin oldugunu géstermistir. Bu durumda, her bir
sividan 250 pL’lik bir hacim alinarak olusturulan numunenin, referans olarak verilen hacimden en fazla %3.4’liik bir ortalama
sapmaya sahip oldugu gézlemlenmistir.

Anahtar Kelimeler: Otomatik sivi dozajlama, sivi numune hazirlama, mekatronik sistem tasarimi, mikro dozajlama

concept for the process. They focused on the continuous liquid
flow with a controlled amount. Their results indicated that it is
possible to achieve a flow range within 0-50 pL/min. Streule et al.
[14] developed a liquid dosing system called “Pipe-jet” which is
actuated by a piezo stack-driven piston. They tested samples with
different viscosities within the microliter level. According to the
findings, they achieved successful dosing with a coefficient of
variation of less than 2%. Lake etal. [15] designed a syringe pump
for microfluidics applications. PID and bang-bang controllers
were implemented to control the amount of the transferred
liquid. The results showed that the reference pressure value can
be obtained within the deviations of 1% and +5% for PID and
bang-bang controllers, respectively. Carvalho et al. [16]
developed an autosampler called “OSMAR” which is driven by
two combined G-code machines. The system is suitable to handle
both liquids and gases with its low-cost design. Their
observations confirmed that the system can handle air at the
microliter level. The movement precision of the setup was lower
than 1%. Samokhin et al. [17] presented a syringe pump

1. Introduction

Technological advancements have led to an increment in the
number of engineering devices operating for small-scale
handling processes. One of them is the handling of liquids for
various purposes [1]. Concerning them, liquid dosing in small
amounts is an important concern for numerous applications such
as sample preparation [2], point-of-care diagnostics [3], 3D
printing [4], inkjet printing [5], etc. Among them, one of the most
important is sample preparation for laboratory tests. The main
problem in this application is possible volumetric errors due to
the conventional manual pipetting of each sample especially in
small volumes [6]. Moreover, they are mostly requiring the
combination of more than one chemical [7]. This leads the
volumetric errors to propagate further for the mixture. To avoid
and overcome these errors, many researchers focused on various
liquid dosing devices [8]. These devices are mainly driven by
piston-like structures [9], piezoelectric actuators [10], pneumatic
generators [11], acoustic devices [12], and peristaltic pumps [3].

One of the earliest attempts at liquid dosing in small volumes was
made by Lammerink et al. [13]. They combined a thermo-
pneumatic actuator and a flow sensor to provide a closed-loop

DOLI: https://doi.org/10.21205/deufmd.2024267819

mechanism to dose liquids in the analytical laboratory. The
syringe pump is capable of both infusing and refilling the empty
syringe. They dispensed the liquid in 1 and 5 mL volumes. Their
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findings revealed that the systematic error of the system was less
than 0.1%. Florian et al. [18] built an automated system for
micropipetting of liquids in a 3D workspace called “OTTO”. The
system was designed according to the requirement of speed and
positional resolution for gPCR. They obtained a successful dosing
with an average pipetting error of 2.5%. Barthels et al. [19]
proposed an automatic liquid handling system for life sciences
applications. They used a commercial micropipette which is
integrated with a displacement piston. They concluded that the
system successfully dispenses the liquids with relative pipetting
errors lower than 0.3%. Boppana et al. [6] developed an
automated pipetting system for the microliter-level handling of
liquids. The system consists of a single board computer, software
interface, dual syringe pump, and plunger positioning system.
They reported that the accuracy of the system was determined
between 98 to 102% and the relative standard deviation was less
than 3%.

In perusing the available literature, it is seen that there are many
efforts regarding the handling of liquids with different purposes.
However, the requirement for novel designs still exists for
sampling purposes within an automated technique [20]. This
need is more significant, especially in the case of preparing
samples in batches with considerable accuracy and precision
[21]. In this study, we developed and implemented a
mechatronics system that provides an automatic liquid dosing for
sample preparation. For this, we first designed a 4-DOF
mechanism which is actuated by stepper motors. Then, we
integrated a syringe substitution module for changing the syringe
for different types of liquids. The system can prepare samples
consisting of up to three different liquids without any
contamination. Also, the system is adaptable to a varying number
of samples within its workspace.

2. Materials and Methods

2.1. Definition of the Problem

Before the design of the mechanical system, it is important to
understand the injection of the liquid from the syringe under an
applied pressure. Figure 1 depicts the schematic of a single
syringe with the given geometrical parameters. Also, the figure
includes the required piston pressure (Pp) demonstration
combined with the head loss terms.

hy 1 Pp Lp
) (2]
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Figure 1. Schematic of a single syringe including geometrical
parameters (not scaled), pressure, and head loss terms.

By employing the general energy balance, the required piston
pressure (Pp) to dose the liquid can be written as follows [22]:

513

1
By =P +5p(Vi* = ) 0
—Pg (AZ —hp1—h,— hL,c)

where P, is the atmospheric pressure, p is the density of the
liquid, Vs is the velocity of the liquid at the outlet of the injector,
Vp is the velocity of the piston, 4z is the elevation difference
between the piston end and the injector tip, hy: is the head loss
through the syringe, hy2 is the head loss through the injector and
hicis the head loss due to the sudden contraction from syringe to
the injector. In Eq.1, the head loss terms are expressed as [23]:
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where L, is the distance between the piston and syringe inner
surfaces, Lo is the length of the injector, Dp is the piston diameter,
Do is the injector diameter, f;, and fo are the friction factors for
piston and injector sides and can be found for each side as [23]:

64
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where Re can be calculated by:
VD
Re = e (6)

U

The loss coefficient for sudden contraction in Eq.4 can be
determined as [23]:

(7

In Eq.7, a is the kinetic energy correction factor. Assuming the
liquid employed in the syringe is nearly incompressible, the
relation between the velocity of the piston and the liquid in the
injector can be expressed as follows [24]:

(8)

where Ap and Ao are the cross-sectional areas of the piston and
injector, respectively. By considering Eqs.2-8, Eq.1 can be
rewritten as:
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Eq.9 depends on the liquid properties and geometrical
parameters. Hence, if they are determined as the design criteria,
a relation between the velocity of the piston and the pressure
applied to the piston can be built. Herein, we employed a syringe
with Lp=75 mm, Lo=80 mm, Dy=8.8 mm, and Do=0.9 mm. In the
case of using water (p=998 kg/m3 and p=0.001 Pa's), the
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maximum absolute pressure required and flow rate depending
on the piston velocity are estimated.
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Figure 2. Variation of the maximum absolute pressure and flow
rate depending on the piston velocity.

Figure 2 indicates that the piston velocity values between 2-20
mm/s results in a maximum absolute pressure requirement
range of 102.5-105.2 kPa and flow rate range of 0.12-1.22 mL/s.
To generate these pressure levels regarding the controlled
motion of a piston and position the syringe through a sample
container array, we developed a 4-DOF mechanism.

2.2. Mechanical Design

Figure 3a depicts the computer-aided design of the automatic
liquid dosing system (ALDS). The system consists of a base that is
constructed by sigma profiles and four chrome round bars. Then,
two more chrome round bars are mounted to the base via four
3D-printed components including linear ball bearings for each.
Also, four step motors are utilized and attached to the 3D-printed
components, and thanks to the belt and pulley structure (Figure
3b), the system becomes able to provide a plane motion.
Following, a syringe position unit (SPU) is assembled to the two
chrome round bars with four more linear ball bearings.
Therefore, SPU is adapted to be positioned in the plane.

Figure 3. (a) CAD of the mechanism, (b) overall view of the
mechanism (c) piston driving unit, and (d) syringe substitution
unit.

The SPU includes two step motors, and they are coupled with ball
screws to convert rotational motion into linear motion. The first
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motor is employed to position the syringe, and the second one is
utilized to position the piston of the syringe (Figure 3c). The
motions during both syringe and piston positioning are guided by
chrome round bars. In the given configuration of the mechanism
(Figure 3), itis easy to drive the piston downwards to release the
liquid from the syringe, but it is not possible to drive the piston
upwards to take the liquid inside the syringe. To make this
possible, a ferromagnetic material is mounted to the top of the
piston, and an electromagnet is placed on the piston driver (PD).
Also, the syringe is kept inside a syringe holder component
including three ferromagnetic components. Hence, when it is
desired to fill the syringe with liquid, the electromagnet is
activated, and magnetic force is used during upward piston
motion. Finally, a syringe substitution unit (SSU) is implemented
in the system to avoid contamination during sampling via more
than one liquid. It is mounted on the corner of the base with three
syringes with their holders. To automatically change the syringe
with its holder, two permanent magnets are located inside the
SSU for each syringe holder, and an electromagnet is located in
the SPU. By activating the electromagnet during the sampling
process, the syringe with its holder is kept on SPU. When it is
required to be substituted for the next liquid, SPU is positioned
near SSU, and the electromagnet is deactivated. Therefore, the
permanent magnets on SSU attracted the syringe with its holder.
Then, SSU is rotated partially via a servo motor, to align the next
syringe with its holder. The electromagnet is activated once
more, and its magnetic force overcomes the magnetic force of the
permanent magnets. So that the positioning of the syringe and its
piston is automatically provided with the given mechanism.

2.3. Electronics Design

The electronics design to control the motion of the motors and
electromagnets is shown in Figure 4. The components that are
utilized in the design are an Arduino Mega microcontroller, a
Ramps 1.4 hardware controller, five Nema 17 step motors, a
Nema 14 step motor, four motor drivers, two 12V
electromagnets, two 24V electromagnets, eight limit switches, a
servo motor, and two fans.

Figure 4. The schematic of electronics components of the system
including microcontroller, control card, motor driver, step motor,
servo motor, limit switch, voltage regulator, fan, and
electromagnet.
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Figure 5. (a) Demonstration of the workspace including the positions of the liquids to be sampled and the samples within a 5x5 array.
(b) Schematic of the workspace for the x-y plane motion including positions of step motors, servo motor, limit switches, SPU, and SSU.
(c) Schematic of the SPU region including step motors, limit switches, and PD.

The operation of the system is controlled with the Ramps 1.4
hardware controller combined with the Arduino Mega
microcontroller. Four Nema 17 step motors are used for the
movement of the SPU in the workspace. Then, the position of the
syringe and its piston in SPU is provided by a Nema 17 and a
Nema 14 step motor, respectively. As shown in Figure 4, limit
switches are connected to the pins of the hardware controller to
detect the different reference points of the mechanism as the
initial position of the SPU, position of the SPU during the syringe
substitution, lower and upper limits of the syringe and piston
positions. A servo motor is also driven by the hardware controller
in the SSU and to power it 5V, a voltage regulator is implemented.
To attract each syringe holder from the SSU, two 12V and a 24V
electromagnet are used inside the SPU. Also, another 24V
electromagnet is used for keeping the contact between the top of
the syringe piston and the SPU unit. To drive the 12V
electromagnets power is directly supplied from the hardware
controller. For the 24V electromagnets, a voltage regulator is
employed. Moreover, two fans are used to remove the heat
dissipated from electronic components.

2.4. Dosing Algorithm

The proposed mechanism is capable of preparing samples from
three liquids without any contamination in its current structure.
The schematic of the workspace designed for sampling is
depicted in Figure 5a. As is seen from the figure there are two
main regions available. The first region includes the liquids to be
taken for sampling. The second region is comprised of the
samples to be prepared by three different liquids. The schematic
includes a demonstration of a 5x5 array of the sample containers.
However, the numbers of the sample containers in the array can
be adjusted.

To show the motion in the x-y plane, a schematic is also presented
in Figure 5b. The origin of the coordinate system in the figure
demonstrates the initial reference position for the SPU. X1-X2 and
Y1-Y2 represent the step motors in corresponding directions. The
position of the SSU is also shown in the corner of the workspace.
In the figure, BLS and FLS denote the back limit switch and front
limit switch, respectively. To detect the reference for the initial
position and the syringe substitution position two limit switch
couples are located on the SPU as BLS1-BLS2 and FLS1-FLS2,
respectively. Figure 5c depicts the SPU region including PD. As is
seen from the figure Z1 motor is used to position the SPU, and the
Z2 motor is used to position PD in the z direction. Herein, ULS and
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LLS denote the upper limit switch and lower limit switch,
respectively. Therefore, to detect the upper and lower limits of
the SPU and PD, ULS1-ULS2 and LLS1-LLS2 switches are

employed.
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Figure 6. Flowchart of the algorithm of the automatic liquid
dosing system.
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The flowchart for the algorithm of the automatic liquid dosing
system is shown in Figure 6. At the initializing of the process, the
dosing information including the number of samples, positions of
the samples, sample container height, and the liquid amount from
each liquid is defined by the user. Then, the SPU is moved in -x
and -y directions to reach the reference initial position.
Simultaneously, SPU is moved in the +z direction by the Z1 motor
to achieve the upper limit of it. When BLS1, BLS2, and ULS1 are
enabled, it means the system is at the initial reference point and
ready for the syringe-taking process. Then, the SPU is moved in
+x and +y directions until FLS1, and FLS2 are enabled which
means that the SPU is positioned in front of the SSU. At that
moment, the electromagnets on the SPU are activated and the
syringe holder is taken with the help of magnetic force generated
by them. Following, PD is moved -z direction by the Z2 motor until
LLS2 is enabled. When LLS2 is enabled, the electromagnet
attached to the PD is activated. Hence, the connection between
the syringe piston and the PD is provided. After that, SPU is
moved in the -x and -y directions to reach the reference initial
position again. After reaching this reference point, the Z1 motor
moves the SPU in the -z direction until LLSI is enabled.
Depending on the height of the sample containers, the Z1 motor
moves the SPU in +z direction at a certain step defined by the
user. Then, dosing starts regarding the defined information by
the user at the beginning of the operation. First, Liquid A is taken
into the syringe, and then it is extracted to each sample container
with the pre-defined amount by controlling the step size of the Z2
motor. After the sampling of Liquid A is completed, the same cycle
is repeated for Liquid B and Liquid C.

3. Results and Discussion

During the experiments, the piston velocity is fixed to 12.5 mm.
As is seen from Figure 2, this corresponds to 103.6 kPa maximum
absolute pressure requirement and 0.76 mL/s flow rate. It is
observed that the developed mechatronics system can provide
this pressure requirement in the tests. In this operation
condition, the Re numbers are calculated as 110 and 1073 for the
piston and injector regions, respectively. To evaluate the
performance of the system, first, the position of the injector tip
without sampling any liquid is investigated. During this test, a 3x3
array is utilized which corresponds to nine samples. Positions of
the sample containers are determined, and a marker is assembled
to the SPU instead of a syringe. Then the system is operated
regarding nine samples in a 3x3 array. Therefore, nine points are
marked in the workspace. By comparing these marked points
with the true positions of the sample containers, a positioning
error is determined for each of them.
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Figure 7. Positioning error (%) of the injector tip for 3x3 sample
array.
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The positioning errors for the injector tip in the workspace are
shown in Figure 7. The positioning errors are calculated by
considering the distance from the initial reference point. As is
seen from the figure, the maximum positioning error appears
around 1% and the average positioning error is found to be 0.6%.
In the workspace, we used containers with square cross sections
of 10 mm x 10 mm. The maximum positioning error corresponds
to a deviation of around 1.2 mm. This means that the obtained
positioning error does not affect the sampling process, because it
stays in the error margins regarding the sample container
dimensions.

Figure 8(a)-(c) depicts the experimental results for two different
volumes of 50 and 100 pL. In these experiments, the dosing is
made for only one liquid with three repetitions, and they are
denoted in the figures as Expl, Exp2, and Exp3. Also, this
procedure is applied for three different sampling arrays of 3x3,
4x4, and 5x5 samples. As is seen from Figures 8(a)-(c), it is
possible to dose the liquid precisely with the proposed dosing
system. However, it is clearly seen from the figures that the
volume of the first sample is considerably lower than the
reference value in all cases. This is due to the dead volume of the
syringes, which causes a bubble injection inside the syringes
during the liquid intake process. This bubble is extracted in the
first sampling, where the discharged liquid amount becomes
lower. Regarding this observation, we considered the first sample
as the outlier, and we did not include them in the accuracy and
precision evaluation.

As the performance criteria in the dosing tests, the average
deviation definition is employed as:

N
1
Average deviation = Nlei — x| (10)
i=1

where N is the data number, x is the true value, and x; is the value
of each data.

Figure 8(a) indicates the dosing within a 3x3 array. In this case,
the average deviation from the reference values is found as 1.9%
and 2.8% for 50 and 100 pL, respectively. Moreover, it is
observed that 67% of the data is in the 5% range for both 50 and
100 pL. Figure 8(b) depicts the dosing within a 4x4 array. The
result in the 4x4 array indicated an average deviation from the
reference values of 3.1% and 3.7% for 50 and 100 pL,
respectively. In terms of precision, it is found that 71% of the data
is in the £5% range for both 50 and 100 pL. Finally, the dosing
results for the 5x5 array are presented in Figure 8(c). It is
observed that there is an average deviation from the reference
values of 3.6% and 3.9% for 50 and 100 pL, respectively. Besides,
it is found that 76% and 78% of the data is in the £5% range of
the 50 and 100 pL, respectively.

According to the obtained results for three different sample
arrays, it is possible to dose individual liquids with an average
deviation from the reference lower than 4%. It is found that this
deviation increases with increasing sample number in the
workspace. Another finding is that the system is able to dose an
individual liquid within #5% error range up to 78% for the given
cases. This repeatability is obtained for the sampling volume of
100 pL which means that 78% of the samples can be dosed with
a maximum 5 pL deviation. When compared to manual dosing in
laboratories, this deviation could be evaluated as very acceptable.
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Figure 8. Dosing performance for two different volumes of 50
and 100 pL. Each experiment is conducted for one liquid with
three repetitions in the cases of (a) 3x3, (b) 4x4, and (c) 5x5
sampling array.

To investigate the performance of the system during the
preparation of a sample by mixing three liquids, the experiments
are conducted for five different sampling volumes for each liquid
between 50-250 pL. Herein, for instance, 50 pL from each liquid
corresponds to a sample of 150 pL. During the preparation of the
sample, first Liquid 1, then Liquid 2, and finally Liquid 3 is dosed
to the container for each target sampling volume. Figure 9 reveals
the results for five target sampling volumes where each color
corresponds to a different liquid. It is seen from the figure that
each liquid can be sampled accurately around the given reference
value. The average deviations from the reference value are found
as 1.9%, 2.8%, 3.4%, 3.4%, and 3.4% for 50, 100, 125, 200, and
250 pL target sampling volumes from each liquid, respectively.
This implies that it is possible to prepare samples by the mixtures
of three liquids is possible in different target sampling volumes
with the proposed system. If we consider the maximum targeted
sampling volume of 250 pL from each liquid, the average
deviation becomes 3.4%. This means that there will be
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approximately a 25 pL average deviation during the preparation
of a sample with 750 pL.
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Figure 9. Dosing performance of the sample preparation with
three different liquids. The sampling process is conducted by
considering different volumes (50-250 pL) for each liquid. Error
margins for each liquid and each target sampling volume are
marked.

4, Conclusions

In this study, an automatic liquid dosing system is designed and
tested for the preparation of samples in microliter-level volumes.
For this target, a novel mechatronics system is designed and
implemented with an application-specific algorithm. The
following are the conclusions that can be drawn:

e  The syringe can be positioned in the workspace with an

error of around 1%.

It is possible to conduct an accurate sampling process
for a fixed volume. This case is tested for the lowest
sampling volumes of 50 and 100 pL, and it is found that
the highest average deviation is obtained for 100 pL in
a 5x5 sample array as 3.9%.

In terms of reproducibility, repetitive experiments are
made for the lowest sampling volumes of 50 and 100 pL.
In this experiment, it is obtained that up to 78% of the
data is in the range of +5% deviation range for a 100 pL
sample in a 5x5 array.

In the case of preparation of the samples with three
different liquids, the highest average deviation is
obtained when 250 pL is dosed from each liquid as
3.4%. This value decreases for the lower sampling
volumes.

For future efforts, to increase the performance of the liquid intake
process, mechanical design and the algorithm could be improved.
Therefore, a possible bubble injection inside the syringes may be
prevented. Moreover, a closed-loop control strategy could be
implemented in the system to decrease the deviation from the
reference volume and increase the precision of the sampling
process.
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Abstract

The Traveling Salesman Problem (TSP) is a well-known combinatorial optimization problem that has various implications in a variety
of industries. Even the purest formulation of TSP has applications on from logistics routes to microchip manufacturing, unexpectedly,
it can be used on DNA sequencing with slight modification as a sub-problem. In this paper, two versions of TSP were studied, a classical
TSP and the TSP containing traffic congestion data. Two state-of-the-art solution methods were used, Ant Colony Optimization (ACO)
and Beam-ACO. These algorithms were hybridized with 2-Opt local search and their performances compared on the same benchmark
instances. The experimental results show the efficiency of Beam-ACO compared to ACO.

Keywords: Traveling Salesman Problem, Ant Colony Optimization, Beam-ACO, 2-Opt, Swarm Intelligence Optimization, Traffic Congestion

Oz

Gezgin Satic1 Problemi (GSP), ¢esitli endiistrilerde ¢esitli etkileri olan, iyi bilinen bir kombinatoryal optimizasyon problemidir. GSP'nin
en saf formiilasyonu bile lojistik yollardan mikrogip tiretimine kadar ¢esitli uygulamalara sahiptir. Beklenmedik bir sekilde, bir alt
problem olarak DNA dizilimi i¢in kii¢iik degisikliklerle kullanilabilir. Bu yazida GSP'nin iki versiyonu incelenmistir: klasik bir TSP ve
trafik sikisiklig1 verilerini iceren GSP. Son teknoloji trinii iki ¢6ziim yontemi kullanildi: Karinca Kolonisi Optimizasyonu (KKO) ve
Isin-KKO. Bu algoritmalar 2-Opt yerel arama ile hibritlestirildi ve performanslar1 ayni kiyaslama drnekleriyle karsilastirildi. Deney
sonuglar1 Isin-KKO'nun KKO'ya kiyasla verimliligini gostermektedir.

Anahtar Kelimeler: Gezgin Satict Problemi, Karinca Kolonisi Optimizasyonu, Beam-KKO, 2-Opt, Siirti Zekast Optimizasyonu, Trafik Sikisiklig

1. Introduction

The Traveling Salesman Problem (TSP) is a challenging
optimization problem in which a salesman must find the shortest
tour that visits a set of cities exactly once and returns to the
starting point [1].

The challenging part of the TSP is where the problem
exponentially increases the computation cost. As the number of
cities increases, the number of possible routes grows at a factorial
rate, making exhaustive search impractical for larger instances.
Furthermore, TSP is classified as NP-hard [2], implying that there
is no known polynomial-time algorithm to find the optimal
solution efficiently.

TSP has implications in a variety of industries. It helps businesses
optimize their delivery routes, saving them time and money on
fuel [3]. It assists in the design of effective machine routes in
manufacturing [4], increasing production efficiency. Tourists
employ TSP to plan itineraries that cover multiple attractions
while minimizing travel time [5]. In network design, TSP can be
used to determine the shortest cable layout in a network [6].

DOLI: https://doi.org/10.21205/deufmd.2024267820

In real life, traffic is known to be a problem for everyone. It causes
money and time loss as well as environmental damage and
negative effects on human health [7]. The proposed algorithms
try to solve this problem with a different version of TSP, created
a simple model and called it “TSP with Traffic Congestion”.

This paper combines the Beam Search algorithm with the Ant
Colony Algorithm (ACO) and compares it with a standard Ant
Colony Algorithm while adding an element to the problem as
“Traffic between cities”. While the ACO is one of the swarm
intelligent methods that is inspired by real ant colonies and
proposed by Marco Dorigo [8, 9]. The algorithm mimics real-life
ants that try to find food source and return them to nest. The
Beam Search Algorithm is a method used in many Natural
Language Processing (NLP) and Speech Recognition Models for
decision making. The algorithm is like a tree search algorithm
with a scoring system where the highest score is to one that is
decided on.

The Ant Colony Optimization (ACO) algorithm was proposed by
Dorigo in 1992 in his PhD thesis [8]. His first algorithm aims to
mimic an ant colony where an ant searches for a path between
their colony and food source and this is used to search for an
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optimal path in a graph. In his second paper [9], he applied this
method to the Travelling Salesman Problem (TSP). His search
proved that ACO had very promising results and encouraged to
apply this method to other optimization problems.

In 1997, Doringo improved his proposed algorithm and created a
new algorithm called Ant Colony System (ACS)[10]. In this
algorithm edge selection is biased towards favorability of the
edge with its pheromone level. At the end of each iteration, only
the best ant could update the global pheromone level.

In 2000, Stiitzle proposed the "Max-Min Ant System"(MMAS) [11]
to overcome ACO's poor performance when the instance is large
enough and demonstrated that ACO could be an effective solution
for hard combinatorial optimization problems. In his paper, he
proved that MMAS is currently the best-performing ACO
algorithm for Quadratic Assignment Problem (QAP) and TSP.

Chu [12] proposed another approach to the ACO algorithm and
added communication strategies to it in 2004. He called this
algorithm Parallel Ant Colony Optimization (PACO). In the
proposed algorithm, the population of ants is divided into
multiple groups, and seven communication methods are applied
to update the pheromone level between these groups. This
method outperforms the previously proposed ACO algorithms.

To increase the efficiency and collaboration of the ants in
searching the solution space, Hu and Li [13] proposed Continuous
Orthogonal Ant Colony (COAC) algorithm by using an orthogonal
design method where ants can explore the chosen domain more
efficiently and accurately.

In order to find more accurate results in TSP, Gupta et al. [14]
introduced a new algorithm called Recursive Ant Colony
Optimization (RACO). Their algorithm divides the search space
into multiple sub-spaces. After solving the TSP in these sub-
spaces, RACO selects the best solutions for each sub-space and
carries them to the next step. The algorithm runs until finds a
solution, and every process mentioned above repeats itself.

The term Beam Search was first suggested by Reddy [15] in 1977.
In 1987, Bisiani [16] implemented the Beam Search Algorithm as
a combination of the best-first and breadth-first searches. It only
searches for the best and prunes the tree which helps to reduce
memory usage.

Blum [17] was the first person to use the Beam Search algorithm
and ACO together to solve a Scheduling problem in 2005. He
called this method “Beam-ACO” and proved that Beam-ACO is
getting better results than standard ACO algorithms.

Proven that the Beam-ACO algorithm is better than the ACO
algorithm, Caldeira et al. [18] applied this method to a supply
chain management system. They have shown that Beam-ACO is
always faster and better than ACO in supply chain problems.
Although it’s slower than ACO, Beam-ACO still had better results
on logistic systems.

In 2008, Blum [19] applied Beam-ACO to the Simple Assembly
Line Balancing (SALB) problem and showed that Beam-ACO gives
the best solutions for the benchmark instances of the problem. He
mentioned that Beam-ACO optimally solved the majority of the
existing benchmark instances (SALB-1 problem). The solutions
obtained for the rest of the instances by Beam-ACO were nearly
optimal solutions.

In 2009, Lépez-Ibanez et al. [20] applied Beam-ACO on TSP with
Time Windows (TSPTW) by replacing the bounding information
in Beam-ACO by stochastic sampling. Based on their
experimental results, they claim that their proposed algorithm
was the state-of-the-art method for TSP.

In 2010, Lopez-Ibanez and Blum [21] improved their study [20]
by implementing one-opt local search to it. Their results
outperformed the results of the existing heuristic methods and
were able to find good approximations in a much shorter time.

In 2017, Simdes et al. [22] applied a hybridized Beam Search
algorithm with a Population-based Ant Colony Optimization
algorithm and called it Beam Search with Population-based Ant
Colony Optimization (P-ACO). They applied P-ACO to a Multi-
rendezvous Spacecraft Trajectory Optimization problem. The P-
ACO algorithm had superior worst-case performance which
might be the preferable choice for the practical applications.

In general, genetic algorithms (GA) are utilized in literature. In
this paper, Beam-ACO and ACO are implemented and compared
to each other. In addition, studied a different variation of TSP by
adding the traffic congestion information to the TSP.

In Section 2, Materials and Methods are given by the formulation
of the problems, explanations of the algorithms and their pseudo
codes and their respected parameters. In Section 3, Experimental
Results were laid out by explaining how the test cases are done,
and giving the results in the figures and tables. Section 4 contains
the Discussion, where the results and the performances of the
two algorithms are compared. Section 5 includes the Conclusion
and Future Work, in which the concluding remarks and future
work for improvement are mentioned.

A combinatorial optimization problem known as the "Traveling
Salesman Problem" (TSP) [1] [17] is defined as follows. There is
a salesman who must travel to a given set of cities by visiting each
city exactly once and returning to the initial city from which he or
she began his or her tour. The goal of the salesman is to minimize
the total distance (or cost) of this tour. Mathematically, TSP is a
graph problem that searches for a Hamiltonian cycle on the given
nodes (i.e. cities) that has the minimum total weight (i.e. total
distance). The mathematical model is given below.

TSP is defined as a graph G = (V, A) where V and A are the sets
of cities and arcs between the cities, respectively. Let d; ; define
the distance between the cities i and j. Then the TSP can be
mathematically formulated as follows:

(1)
minimize Z Z d; jx; j
i€V jev
Subject to
(2)
x,-,]- = 1, V] EV
eV i#j
(3)
Xij= 1, VievVv
JEVi#j
4)
xpj < ISI—-1, 2<|S| < V] and VS
i,jES %]
cV
v = {1, if the path fromito jis in the tour (5)
L7 o, otherwise
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Equation (1) is the objective function of the TSP which aims to
minimize the tour distance. Equations (2) - (5) are the
constraints of the TSP. Equations (2) and (3) ensure that each city
is visited by the salesman exactly once. Equation (4) eliminates
the sub-tours in the TSP tour and Equation (5) is the decision
variable for selecting the arcs in the tour.

In this paper, two types of TSP are studied. The first one is the
classical TSP with the mathematical definition given above. We
proposed a second type of TSP in addition to the classical TSP. We
included traffic congestion information on each arc and updated
the objective function with Equation (6). In the function, ¢;;
represents the traffic congestion unit which was randomly
generated for each arc in the problem from the set {1,2,3,4,5}.
Each value in the set represents the traffic density as “no traffic,
less traffic, normal, semi-heavy traffic, and heavy traffic”,
respectively.

minimize c; id; ix;i
i,j%ijXij

i€V jev

(6)

2. Material and Methods

Since TSP is an NP-Hard problem, we used two well-known meta-
heuristic methods to solve the TSP in this study. We both
implemented the classical Ant Colony Optimization (ACO)
algorithm and the Beam Search ACO, as known as the Beam-ACO
algorithm.

ACO is a swarm intelligence method that was proposed by Marco
Dorigo in 1992 in his PhD thesis [8]. ACO mimics the collective
intelligent foraging behavior of ants. In the natural world, ants
begin their exploration of food randomly. They leave pheromone
hormones on the trails they traverse. Once they locate a food
resource then they keep adding more pheromones on the path
between the nest and the food. The pheromone hormones assist
other ants to follow the same trail for the same food source. The
shorter the distance between the food source and the nest the
greater the amount of pheromone. This results in shortening the
travel distances of the ants and directs the routes of the ants more
intelligently. Nevertheless, the pheromones are volatile meaning
it gradually evaporates in time. It means that more ant travels are
needed on the same path to attract the other ants to follow that
path. Consequently, the food sources that are farther away from
the nest are less preferred by the ants. ACO simulates all this
behavior in its search for the optimum tour for the TSP.

Beam search is a popular search algorithm in Al, particularly in
natural language processing. It keeps track of a collection of
potential sequences, building on an initial sequence by taking
into account a variety of potential following moves. Each choice
is given a likelihood score, and the highest-scoring sequences are
kept while the others are pruned.

The beam-ACO algorithm takes these 2 algorithms and combines
them. While the ant colony is working as usual, each and every
ant runs the Beam Search algorithm to decide which city to go to
next. When an ant is selecting the next city to move between
unvisited cities, calculates their probability and distances. Then
according to beam width, the amount of the best cities is selected
among the unvisited cities. The ant will select the next city
randomly within the selected cities, but the more probability the
city has the more likely the ant will choose that city and vice
versa.

2.1. Pseudocode of the Beam-Aco Algorithm
The GA procedure in this study is described below:

Initialize the Ant Population
Repeat
Construct the Tour of Each Ant
Evaluate Fitness Values of Each Ant Tour
Apply 2-Opt on Each Tour
Update Best Solution
Update Pheromone
Until (termination condition is satisfied)
Return Best Solution
2.2. Initialize the Ant Population

Several ants are randomly located at the cities in the initializing
of the ant population. The initial pheromone amounts on each arc
is set to 1. Every ant has a random path assigned by giving cities
and shuffling them. By shuffling the path for each ant, the initial
generation will have a uniformly distributed solution pool.

2.3. Constructing the Tour of Each Ant

Each ant starts moving from their first city to the next unvisited
city and continues from the current city to next unvisited city
until it finishes constructing its tour. Each unvisited city has a
probability of selection. This probability is highly influenced by
the pheromone amount on the arc to that city and the length of
(and traffic congestion on) that arc. In this study, the probability
of city selection is calculated as in [23]. The formula is given in
Equation (7).

[7:,;(0)7] [1:,;()P] (7)
P (©) = 1 Bcattows, [T, (O [1:,;()F]
0,

j € allows

j & allows

where,

o p{fj (t) is the probability of selecting a city by ant k at
time t

e T, ;(t) is the amount of pheromone on the arc between
cityiandj attimet

e 7;;(t) is the desirability of the arc between city i and j
at time ¢ (typically 1/d; ;)

[ ]

@ is a parameter that controls the influence of 7;
B is a parameter that controls the influence of n; ;

In the classical ACO algorithm, at each city, an ant decides the next
unvisited city by considering the probabilities of all unvisited
cities. Although this approach explores all the possible candidate
cities, it is a time and memory-consuming process. Beam-ACO
speeds up and saves up from memory by limiting the choice of
the ants in a beam width. Beam width is a predefined number that
limits the unvisited city pool. Beam includes the number of cities
according to Beam Width. The probabilities (Eq. 7) of each city
are calculated beforehand, and the cities that have the best
probabilities are selected for the beam. Within the selected
unvisited cities, the city is selected randomly but the more
probability the city has, the more likely the ant chooses it as the
next city. The beam search procedure in this study is described
below:
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Beam Search
Calculate Probabilities of Each City
Get Cities with Best Probabilities [Beam Width]

Choose Next City
Probability Ratio

Randomly According to

2.4. Evaluate Fitness Values of Each Ant Tour

Once the ant tours are constructed, the fitness values of each tour
is also calculated. To calculate fitness values of each solution,
Equation (1) is used for the classical TSP scenario and Equation
(6) is used for TSP with traffic congestion scenario.

2.5. Apply 2-Opt on Each Tour

The current solutions obtained by the ants are improved by 2-
Opt. This algorithm was proposed by Croes [24]. 2-Opt local
search is a well-known and often used local search heuristic,
especially in permutation-based optimization problems such as
TSP. In 2-Opt method, two connection points (or edges in TSP) in
the permutation are successively broken and cross-connected
with the aim of reducing the fitness of the solution (i.e. total
distance or cost of the tour). If the new permutation’s fitness is
better than the current one then the original permutation is
replaced by the new permutation; otherwise, it remains
unchanged. 2-Opt repeats this process consecutively on each
edge in the tour and results in finding the best permutation

possible on the ant tour.

(b)

Figure 1. 2-Opt Local Search

In Fig. 1, the breaking and cross-connection of edges of a tour in
2-0pt local search algorithm is represented. Cities are shown in
circles with their indices. Directed arrows demonstrate the order
of the city sequence in the tour, and the lengths of these arrows
represent the distance between 2 cities. In the first diagram (a) of
Fig. 1, the path that an ant follows is changed by breaking the
connections between city 1 and 4, and the cities between 2 and 5.
Then, city 1 is connected to city 2, and city 4 is connected to city
5. This way the total distance of the ant’s tour is decreased, which

in turn, improves the fitness of the solution obtained by that ant.
This breaking and cross-connecting process is repeatedly applied
to all edges of the tour, until there is no improvement occur on
the total distance. In the end, 2-Opt returns the tour with the best
fitness that is found for the given tour.

2.6. Update Best Solution

After applying 2-Opt on each ant tour, the current best solution is
updated according to these newly obtained tours. The solution
with the best fitness value is assigned as the new best solution.

2.7. Update Pheromone

The final step in a generation of Beam-ACO is updating the
amount of pheromones on each arc. In other words, some amount
of pheromone evaporates before the next generation of ant
moves. This pheromone update is done with Equation 8.

T =0 =p)T; + ATy (8)
where,
® 7, is the amount of pheromone on the arc between the
cities i and j
p is the rate of pheromone evaporation
® Ar;; is the amount of pheromone deposited, typically
given by
1 . .
A )T if ant k travels on the arc between i and j
Tij — Lk
0, otherwise 9)

where Ly, is the distance of the k" ant’s tour.
2.8. Termination Criteria

In our study, our Beam-ACO algorithm terminates either when it
finds the known optimal solution in literature for the related
problem instance or when it runs predefined number of
generations. In the latter case the overall best solution of all
generations is the result of Beam-ACO.

2.9. Beam-Aco Parameters

The values of the parameters in pheromone calculations and
updates in the Beam-ACO used in this paper are adapted from the
study [15]. The ant population size, beam width and iteration size
values are determined by an experimental study done on one of
the TSP instances used in this study which is “ch150.tsp”. The
values of these parameters that yielded to best results are given
in Table 1 below. Same parameters and values are also used for
ACO.

Table 1. Beam-ACO Parameters

Parameter Value
m: number of ants in the Beam-ACO 200
population
a: pheromone factor 1
B: heuristic function factor 5
Q: pheromone constant 100
p: evaporation rate 0.5

bw: beam width. 30% of n (n is the

number of the cities)
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N: maximum number of iterations of 100

Beam-ACO

3.

The ACO and Beam-ACO algorithms used in this study are coded
in Java programming language on a laptop computer with i7
processor and 16 GB RAM. The graphics of the best results are
coded in Python programming language.

Experimental Results

Four well-known TSP instances were selected in the
experimental studies: berlin52.tsp, ch130.tsp, ch150.tsp,
a280.tsp. These instances can be found at http://comopt.ifi.uni-
heidelberg.de/software/TSPLIB95/tsp/. The numbers on the
files are represent the number of the cities that instance contains.

Table 2. The performances of ACO and Beam-ACO for classical TSP

Two scenarios of the TSP were taken into consideration: classical
TSP and TSP with traffic congestion. For each scenario, each
instance was run 30 times for each ACO and Beam-ACO
algorithms.

In the first scenario, the performances of ACO and Beam-ACO
algorithms were compared against each other and the optimum
distances known in TSP literature for the related instance. Table
2 contains the experimental results of the first scenario. In Table
2, n is the number of cities that the instances have and provided.
Literature Optimum values are obtained from TSBLIB95 at
http://comopt.ifi.uni-heidelberg.de/software/TSPLIB95 /tsp/.
ACO and Beam-ACO best values are calculated according to
equation (1) in Table 2 and equation (6) in Table 3.

Instance n Literature ACO ACO’s Convergence Beam-ACO Beam-ACO’s ACO Beam-
Optimum Best to the Optimum B Convergence to Average ACO
est -

the Optimum Average

berlin52 52 7542 7542 0.000% 7542 0.000% 7542 7542
ch130 130 6110 6144 0.556% 6144 0.556% 6167.8 6165.43

ch150 150 6528 6544 0.245% 6540 0.184% 6577.56 6579
a280 280 2580 2649 2.674% 2647 2.597% 2674.5 2672.8

ACO and Beam-ACO could find optimum values of berlin52.tsp
instance. They, however, could not perform the same success on
the other three instances. It is because, as the number of cities
increases, the search space expands exponentially. On the other
hand, while both ACO and Beam-ACO found the same best value
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for the ch130.tsp instance, Beam-ACO outperformed ACO with
regards to its convergence to the optimum values for the other
two instances, ch150.tsp and a280.tsp. Figure 2 shows the
graphical results of both ACO’s and Beam-ACO’s best solutions in
Euclidean space for the first scenario.
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Figure 2. The graphics of ACO and Beam-ACO result in Euclidean space for the first scenario

The second scenario includes the traffic congestion information
on the arcs between each city. This information consists of
numbers from 1 to 5 representing the intense of traffic on that
arc. Each color in Figure corresponds to the density of traffic
congestion such as “no traffic, less traffic, normal, semi-heavy
traffic, and heavy traffic” with colors “1-lime, 2-turquoise, 3-gold,
4-red, 5-brown” respectively. These values are randomly
assigned for each instance. To the best of our knowledge, this is

the first study that proposed a TSP model which includes traffic
congestion information on the arcs in the selected TSP instances
and that the ACO and Beam-ACO algorithms are applied on such
a setup. Since the optimum values for this TSP model do not exist
in literature, the performances of ACO and Beam-ACO algorithms
in this second scenario were compared against each other. Table
3 contains the experimental results of the second scenario.

Table 3. The performances of ACO and Beam-ACO for the TSP model that includes traffic congestion

Instance n ACO Best Beam-ACO Best ACO Average  Beam-ACO Average
berlin52 52 18942 18786 19156.2 191171
ch130 130 15191 14953 15524.6 15516.2

524
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ch150 150 17583 17545

17955.1 17883

a280

280 7472 7562

7677.1 7704.46

As the result shows in Table 3, Beam-ACO algorithm has a better
performance on the majority of the instances both in best and
average optimum values. ACO has better results on a280.tsp
because as it is seen in the figures, some of the location has
multiple option with exact same distance which is challenging for
the algorithms. Adding traffic levels to the process, solving the
TSP become harder since the objective function of this new TSP
model contains travel times along with distances on each path.
Both ACO and Beam-ACO algorithms try to find the fastest path
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to complete TSP while avoiding high-level traffic on the path. As
it is seen in Figure 3 below, ACO and Beam-ACO aim to minimize
the selection of high distance and traffic paths. The chosen high
traffic paths are mostly short distances that can be travelled
faster. Since Beam-ACO is utilizing the Beam Search Algorithm for
selecting the next city to move, it has better results than ACO in
general. Figure 3 shows the graphical results of both ACO’s and
Beam-ACO’s best solutions in Euclidean space for the second
scenario.
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Figure 3. The graphics of ACO and Beam-ACO results in Euclidean space for the second scenario

4. Discussions

For the classical TSP version studied in this paper, the literature
optimum values for the berlin52.tsp instance was found by ACO
and Beam-ACO as seen in Table 2. However, these two algorithms
could not perform the same success for other instances. It's
because the search space grows exponentially with the number
of cities. While both algorithms found the same best value for the
ch130.tsp instance, in terms of convergence to the optimal values
for the other two instances of ch150.tsp and a280.tsp, Beam-ACO
performed better than ACO.

For the TSP with traffic congestion version of the experimental
results as shown in Table 3, the Beam-ACO algorithm performs
better than ACO in terms of both average and best values for the
majority of instances. When traffic levels are added to the
equation, the TSP becomes more difficult to solve since the new
TSP model's objective function includes travel times and path
lengths. To find the fastest route, both algorithms avoid high-
level traffic paths. It's visible in Figure 3, both algorithms are
avoiding such path and the chosen high-level traffic paths are
mostly short distances. Beam-ACO has better results in general
because in the city selection process, Beam-Search performed
better search than classical ACO.

5. Conclusions and Future Work

In this study, a TSP was studied with two versions. The first
version is the classical TSP while the second one includes traffic
congestion data on the arcs of the classical one. As solution
methods, we used state-of-the-art ACO and Beam-ACO enhanced
by 2-0Opt local search heuristic. The experimental studies of this
paper indicate that Beam-ACO performed more successful results
than ACO in both TSP versions on the same problem instances.

The main contribution of this paper is to proposing a TSP version
with traffic congestion data and comparing the performance of
two state-of-the-art swarm intelligent optimization methods, i.e.
ACO and Beam-ACO. This version of TSP brings a new dimension
to the conventional TSP by changing the objective of the problem
from distance minimization to travel time minimization of the
salesman.

As a future work, the proposed TSP model can be modified by
replacing the randomly generated traffic congestion values with
real-life case scenarios. This real-life data can even be arranged
dynamically, that is, the traffic congestion data may vary in time
as the salesman travels his or her tour.
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