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Uncovering the Hydrocracking Efficiency of Iron-Based Catalysts: A Novel
Approach to Asphaltene Transformation in Iranian Heavy Oil
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Abstract — In the quest for optimal asphaltene conversion, this study investigated a range of cost-effective and

easily accessible catalyst precursors, targeting both high yields of lighter products and minimal coke formation.

The hydrocracking experiments were conducted within a 10 ml bomb-type reactor equipped with a reciprocating

stirrer operating at a reciprocation rate of 200 times per minute. The experiments were performed at a temperature

Article History of 425°C for a duration of 90 minutes, with an initial hydrogen pressure of 100 bar. The outcomes of each
Received: 25 Oct 2023 experiment were assessed in terms of liquid products, coke production and C5- gas products. To analyze the
Iranian heavy asphaltene, Nuclear Magnetic Resonance (*H NMR), Gel Permeation Chromatography (GPC) and
elemental analysis were employed. Gas products were characterized using Gas Chromatography (GC). The
investigation aimed to identify the catalyst precursor mixture that would maximize asphaltene conversion while
Research Article minimizing coke production. A series of catalyst precursors, encompassing FeSO,-H,0, its binary mixtures with
metal oxides (Fe,0s, Al,03, CaO, SiO,), and combinations of Fe,0s, Al,O3, and SiO, with elemental sulfur, were

evaluated. The experimental results demonstrated that the toluene-soluble fraction (TSF), which includes the

Accepted: 13 Nov 2023
Published: 25 Jun 2024

middle distillate portion, could be increased to a maximum of 56% while concurrently reducing the coke yield to
19%, down from the initial 36.9% when no precursor was used.

Keywords — Asphaltene, hydrocracking, iron-based catalyst, optimization
1. Introduction

The global energy landscape has long been shaped by the vast reservoirs of heavy oil blends, prominently
featuring the Iranian Heavy Oil. Processed extensively in regions such as China, India, Japan, and the
Mediterranean countries, this blend is characterized by its significant asphaltene content, a challenging
component to refine due to its complex molecular structure and propensity to lead to coke formation [1].

In recent times, the shift towards heavier crude sources has been noted, with these sources containing a high
concentration of contaminants like sulfur, nitrogen, metals, and asphaltenes, which significantly affect the
quality of the residual oil post distillation [2]. Asphaltenes, in particular, pose a significant challenge in heavy
oil refining due to their interference with hydroprocessing which is pivotal in achieving higher liquid oil yields

[3].
One of the major challenges in refining heavy oils, particularly those high in asphaltenes, is their inherently

low yield of valuable distillates. Asphaltenes are known for their high Conradson carbon residue value and the
presence of heteroatoms that poison catalysts, making their effective conversion into low-boiling products
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imperative yet challenging [4]. Historically, several methodologies have been tested to improve the cracking
of asphaltenes, with catalytic hydrocracking standing out due to its efficiency. The increasing emphasis on
refining heavy crude oil demands the development of novel upgrading techniques to produce high-value
products. Both hydroconversion and thermal cracking have been recognized as pivotal processes for the
distillation of heavy oil fractions and residues, specifically focusing on comprehending the molecular
transformations of asphaltenic compounds subsequent to upgrading [5].

Recent studies have shown the promising results of various catalysts, such as NiMo/c-Al203, in enhancing
the reactivity of asphaltenes [6]. Further adding to this body of work, [7] have demonstrated the efficacy of
transition metal-based catalysts in the catalytic upgrading of heavy oil, suggesting that such catalysts could be
particularly beneficial for the Iranian Heavy Oil context. The pivotal role of catalysts in heavy oil
hydroprocessing is highlighted by the temperature-driven cracking reactions and the acidity of the catalyst
support, both of which act as the primary drivers for the refining process [3]. However, the high cost of catalysts
can be a limitation, as seen in methods like the catalytic oxidation reaction of asphaltene, where the cracking
reaction rate was found to increase at temperatures above 180°C, albeit with a concurrent rise in coke
generation rate [8].

Advancements in catalyst technology have led to the emergence of soluble dispersed catalysts. These catalysts
display superior catalytic activity compared to finely powdered counterparts, primarily because of the in situ
generation of exceedingly small active metal sites that boast high surface-area-to-volume ratios [9]. Recent
technologies have reviewed the utilization of dispersed catalysts in heavy oil upgrading, shedding light on the
advancements in catalyst systems that could potentially improve the hydrocracking process of heavy oils and
asphaltenes. Furthermore, slurry-phase hydrocracking has gained attention, with the development of catalysts
for this process undergoing two phases: homogeneous dispersed catalysts and heterogeneous solid powder
catalysts. Homogeneous dispersed catalysts are subdivided into water-soluble dispersed catalysts and oil-
soluble dispersed catalysts, each offering unique advantages for heavy oil hydrocracking [10].

Given the escalating demand for petroleum-derived products, the upgrading of heavier quality crude oil and
petroleum residues is inevitable. [11] provide insights into the effectiveness of different ligand-based catalysts,
which could be key to improving the upgrading process while maintaining cost-effectiveness.
Hydroprocessing, a preferred process for heavy oil upgrading, is orchestrated with the presence of a catalyst,
underscoring the vital role catalysts play in this process [12]. However, there remains significant scope for
identifying and exploring alternative catalyst systems that are not only effective but also economically viable.
In light of the growing scarcity of other energy sources, unconventional feedstocks like heavy vacuum residue
(VR) have been explored for the production of high-value transportation fuels, and advancements in catalytic
hydrocracking have been pivotal in enhancing the quality of these feedstocks [9,13].

In this context, iron-based catalysts present a compelling option. Drawing on the insights from [7] and [14],
the present study explores the feasibility of using similar oil-soluble catalysts for Iranian Heavy Oil, aiming to
improve the refining efficiency and quality of the end products. Iron, being abundant and relatively
inexpensive, offers a sustainable alternative to more scarce and costly metals. Moreover, iron catalysts,
especially in conjunction with other metal oxides, might provide unique catalytic properties that can boost
asphaltene conversion rates and reduce coke formation.

A study showecased the use of ferrocene-based catalysts, including Magnetite (Fes0.) and Iron Sulfide (FeS),
which acted as active forms of catalysts to accelerate the hydrothermal conversion of heavy crude oil and its
heavy fractions including resins and asphaltenes. These transformations were authenticated using X-ray
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Diffraction (XRD), Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDX), and
Mossbauer analyzing techniques [15,16]. In parallel, research by [16] delved into the potential of catalysts
crafted from activated carbon amalgamated with iron. Their methodology either involved iron impregnation
onto the carbon, subsequently transforming it into iron sulfide in situ, or combining it with pyrite. When
subjected to semi-batch autoclave hydrocracking tests under modest hydrogen pressures (7—10 MPa), these
catalysts showcased a commendable capability in curbing coke formation during vacuum residue
hydrocracking. In a different study, another inquiry focused on the nuances of asphaltene conversion,
specifically with 10 wt.% Fe catalysts, characterized by average pore diameters oscillating between 4.5-15
nm. Findings indicated that conversion escalated with pore diameter expansion up to 12 nm, approximating a
70% conversion rate. Beyond this threshold, the rate plateaued. Moreover, maltene yield seemed to be
intrinsically tied to pore diameter, with an apex yield of 40% being observed in the 12-15 nm range [17].
Amplifying the scope of enhancing thermal recovery efficiencies, [18] embarked on a study aimed at the
catalytic hydrothermal treatment of heavy oil. Their objective was to pare down the presence of dense
constituents such as resins and asphaltenes. This research leaned on the use of an iron tallate catalyst during a
hydrothermal simulation executed on a bituminous sandstone sample sourced from the Ashal’cha reservoir.

Despite the various strides made in employing iron-based catalysts for asphaltene hydrocracking, the literature
still presents a gap in understanding the nuanced behavior and performance metrics of these catalysts,
particularly in the context of Iranian Heavy Oil. The majority of the studies focus on generic heavy oils or
different types of crude, which may have distinct compositional and reactive properties compared to Iranian
Heavy Qil. The specific exploration of FeSO4.H,0 and its binary mixtures with metal oxides (Fe20s, Al2Os,
Ca0, SiOy) alongside combinations with elementary sulfur in the hydrocracking reactions has been scant. This
creates an avenue for a detailed investigation to fathom the synergies between these materials and the
asphaltene content in Iranian Heavy Qil. Furthermore, the precise impact of these catalyst systems on the yield
of valuable distillates and the mitigation of coke formation remains to be thoroughly elucidated. The extant
literature also lacks a systematic comparison of the performance metrics of these iron-based catalyst systems
relative to other metallic and non-metallic catalysts under similar operational conditions. This underscores the
imperativeness of the present study, which aims to bridge these knowledge gaps through a meticulous
exploration of the performance of specified iron-based catalysts in the hydrocracking of asphaltenes derived
from Iranian Heavy Oil. Through this endeavor, the study aspires to unveil new insights that could potentially
revolutionize the refining practices for heavy oils rich in asphaltenes, thereby contributing to the broader
endeavor of enhancing the efficiency and sustainability of heavy oil processing. Furthermore, [14] highlight
the importance of continued research into in-situ upgrading and catalysis, which is especially pertinent for the
types of heavy oils addressed in this study.

The present study delves deep into the performance of iron-based catalysts, specifically FeSO4.H>O, its binary
mixtures with metal oxides (Al,Os, Fe;Os, SiO,,Ca0) and combinations with elementary sulfur, in the
hydrocracking reactions of asphaltenes derived from Iranian Heavy Qil. Through a systematic exploration, the
study aims to identify the potential of these catalysts in transforming the refining landscape of heavy oils rich
in asphaltenes.
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2. Materials and Methods

2.1. Resid Analysis

The feedstock employed for the slurry phase hydrocracking reactions in this study was sourced from TUPRAS
and consisted of Iranian heavy vacuum residue (VR). This vacuum residue was derived during the processing
of 100% lIranian Heavy crude oil, specifically originating from ASRFO and HVGO according to ASTM
D1160, with a 95% cut point temperature at 550 °C. The VR exhibited a specific gravity of 1045.0 Kg/m?® at
15 °C, corresponding to an API gravity of 3.9 as per EN-ISO-3675 standards.

2.2. Asphaltenes Isolation

The feedstock utilized in this investigation was Iranian Heavy Vacuum Residue (IHVR) acquired from
TUPRAS. Notably, IHVR exhibited a pour point above room temperature, necessitating pre-treatment in an
oven at 120 °C for 30 minutes to enhance its flowability. Following this, the residue was subjected to a
precipitation process by combining it with n-heptane at a weight ratio of 1/40, after preheating. The emerging
mixture was stirred at 60°C and subsequently cooled with consistent stirring for six hours. Post-stirring, the
solution was kept overnight, leading up to a filtration step. The filtrate was then processed to extract maltenes
by evaporating the n-heptane. For the isolation of asphaltene, the technique of Soxhlet extraction was
employed.

In total, ten separate experiments were conducted to obtain asphaltene from Iranian heavy vacuum residue,
yielding asphaltene content variations ranging from 13% to 13.5%. The comprehensive analysis of these
experiments revealed that the average asphaltene content for Iranian heavy oil residue stands at approximately
13.28%.

2.3. Materials

For the catalyst experiments, high-purity chemicals were utilized. These comprised 99.5% FeSQO,4-7H.0 and
99% Al,O3 from Merck. Additionally, >99% Fe,03, 98% CaO, and 99% SiO; were procured from Sigma-
Aldrich. Elemental sulfur with a purity of 99.8% was sourced from TUPRAS for the studies. In assessing the
coke vyield, reagents of elevated purity, like 99% n-heptane and >99.5% carbon disulfide from Merck, and
>09.7% toluene from Sigma-Aldrich, were employed. For molecular weight assessments, 99%
tetrahydrofuran, obtained from Merck, was used. Soxhlet extraction was conducted using cellulose cartridges
measuring 28x80 mm provided by Macherey Nagel.

2.4. Structural Analysis

Elemental characterization was performed using the Thermo Finnigan Flash EA 1112 Series Elemental
Analyzer. In this procedure, helium served as the carrier gas, while a 2 mg sample was combusted in the

presence of oxygen at 1000 °C. The outcomes from this analysis are detailed in Table 1.

Table 1. Iranian asphaltene analysis

. C(%) H (%) S (%) N (%) O (%)
El I Anal
emental Analysis —27552  7.39 4,86 118 105
. Mn (g/mol) Mw (g/mol)
GPC Analysis 142 3826
. Saturates (%) Aromatic (%) Resin (%) Asphaltene (%)
SARA Analysis 25 25 17 13
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For molecular weight assessments, the Agilent 1200 series Gel Permeation Chromatography (GPC) instrument
was employed. A Zorbax column measuring 300 x 7.5 mm, packed with mixed gel, was employed, and
refractive index detection was utilized. Tetrahydrofuran served as both the solvent and carrier phase, and the

analysis involved injecting 20 pl of the sample at a volumetric rate of 1 ml/min, as detailed in Table 1.

For the 'H-NMR analysis, a Varian UNITY INOVA 500MHz NMR spectrometer was utilized. A 0.5 ml
solution of chloroform (CDCI3) was employed as the solvent for dissolving 5 mg of the IRHV sample, as
shown in Figure 1.

Figure 1. 'H-NMR analysis of Iranian asphaltene
2.5. Methods

2.5.1. Pre-treatment

FeSO4-7H20 underwent a drying procedure for an hour at 120 °C in an oven. Following this, the metal oxides
and FeSO4-7H.O were combined in a 1:1 weight ratio and transferred to a Retsch PM 400 ball mill for
blending. After approximately 20 minutes of milling, the mixtures were subjected to sieving via a Retsch AS
450 analytical sieve shaker. Catalyst precursor materials that were within the 50-325 mesh size range,
corresponding to 45 microns to 300 microns, were preserved in sealed desiccators for subsequent use in
hydrocracking reactions. Additionally, elemental sulfur was milled using the Retsch PM 400 ball mill.

2.5.2. Reactors

The hydrocracking reactions were conducted within 10 ml batch tubing bomb reactors, each consisting of two
distinct sections. The upper section was equipped with a D-Pro high-pressure needle valve, linked to 1/4 inch
stainless steel Swagelok tube fittings. For effective mixing of the reaction contents, a metal ball with a diameter
of 9.5 mm was placed inside the reactor, achieving a stirring speed of 200 rpm.

2.5.3. Reactions Procedure

The reactors were conventionally loaded with 0.5 g of Iranian heavy oil asphaltene along with 0.025 grams of
catalyst precursors. Before commencing the reaction, the reactor was subjected to a purging procedure,

247



JARNAS /2024, Vol. 10, Issue 2, Pages: 243-251 / Uncovering the Hydrocracking Efficiency of Iron-Based Catalysts: A Novel -

consisting of five cycles alternating between nitrogen and hydrogen. Following this, the reactor was
pressurized with hydrogen to reach 100 bars and the shut-off valve was secured. Subsequently, the complete
reactor setup was submerged in a Yigitsan fluidized sand bath pre-set at 425°C.

Once the reaction had proceeded for 90 minutes, the reactor was promptly removed from the sand bath and
rapidly cooled by immersing it in cold water for about 10 minutes. After this rapid cooling, the reactor setup
was left to stabilize at ambient temperature for around 30 minutes.

Precise measurements of the reactor's weight were undertaken, and gas yield was ascertained upon opening
the high-pressure needle valve, followed by re-weighing. The gas products underwent analysis using Gas
Chromatography. A Soxhlet extraction was performed employing 28x80 mm cellulose cartridges, utilizing
toluene as the extracting solvent. The residual solid, comprising both coke and the catalyst, was weighed. The
toluene-soluble fraction was computed by deducing the weights of the gas and solid residues from the starting
weight of the reaction mixture.

3. Results and Discussion

3.1. Structural Analysis Results

The spectral analysis reveals distinctive regions associated with various structural elements. The area
encompassing chemical shifts up to 1 ppm is indicative of approximately 11.57% methyl groups. Within the
range of 1 to 1.7 ppm, the spectrum reflects a substantial presence of methylene branching, accounting for
approximately 34.1% of the structural composition. Furthermore, the region spanning from 2.1 to 2.4 ppm
suggests the prevalence of a-methyl branching, constituting approximately 40.56% of the structural features.
Signals within the chemical shift range of 2.4 to 3.5 ppm correspond to the presence of CH and CH, methylene
groups proximate to aromatic ring structures. In the higher chemical shift region, specifically between 7 and 8
ppm, signals correspond to the existence of two and three-ringed structural motifs.

3.2. Catalyst Performance Results

The mixing ratios of the precursors used in the study are shown in Table 2. Table 3 provides a comprehensive
overview of the masses of reactants and the percentages of products. This encompasses the initial mass of the
mixture containing resid and catalyst precursors, the amount of H, consumed, and the weight percentages of
the resultant coke, gas, and the toluene-soluble fraction (TSF) products. It is noteworthy that the utilization of
the FeSO4-H,O+SiO, mixture as a catalyst precursor yields the lowest coke yield, with a noteworthy
achievement of a 10% coke yield.

Table 2. Mixing ratios of the precursors

Reaction No Precursor Used Asphaltene (g) Asphaltene / Precursor  Precursor (g)
1 Without precursor 0.5 - -
2 FeS04.H20 0.5 20 FeS04.H20:0.025
3 FeS04.H20+Fe203 0.5 20 FeS04.H20:0.0125; Fe203:0.0125
4 FeS04.H20+Al203 0.5 20 FeS04.H20:0.0125; Al203:0.0125
5 FeS04.H20+CaO 0.5 20 FeS04.H20:0.0125; Ca0:0.0125
6 FeS04.H20+Si0O2 0.5 20 FeS04.H20:0.0125; Si02:0.0125
7 Fe203+Al203+S 1.0 10 Fe203:0.02; Al203:0.02; S:0.06
8 Fe203+Al203+Si02+S 1.0 10 Fe203:0.025; Al203:0.025; Si02:0.025; S:0.025
9 Maltene+Fe203+S 1.0 10 Maltene:1.00; Fe203:0.02; S:0.08
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Table 3. Asphaltene slurry hydrocracking reactions products

Reaction No Precursor Used Asphaltene + Precursor Mass (g) Hz mass (g) Coke (%) Gas (%) TSF (%)
1 Without precursor 0.500 0.140 36.9 11.0 52.1
2 FeS04.H20 0.525 0.140 33.0 30.0 37.0
3 FeS04.H20+Fe203 0.525 0.120 25.1 26.0 48.9
4 FeSO4.H20+Al203 0.525 0.130 36.5 443 19.2
5 FeS04.H20+Ca0 0.525 0.140 25.4 53.0 216
6 FeS04.H20+Si02 0.525 0.100 23.0 62.5 145
7 Fe203+Al203+S 1.100 0.130 27.0 41.0 320
8 Fe203+Al203+Si02+S 1.100 0.140 19.0 25.0 56.0
9 Maltene+Fe203+S 2.100 0.140 373 54.1 8.6

The existing literature provides accounts of hydrocracking reactions involving heavy oil fractions that transpire
under diverse sets of conditions. These conditions encompass a wide spectrum of temperature, pressure, and
residence time, and the reactions are typically carried out using catalysts like NiMo/Al,Os, CoMo/Al,QOs, and
NiW/SiO2-Al;,O3 in tubular fixed-bed reactors or continuous stirred-tank reactors (CSTRs). The range of
hydrocracking temperatures investigated spans from 340 to 500°C, while the associated pressures have been
explored within the range of 70 to 125 bars. Moreover, the residence times have been observed to range from
10 minutes to 3 hours.

Reaction No

P N W s~ 01O N 0o ©

0% 10% 20% 30% 40% 50% 60% 70% 80%  90%  100%

mCoke (%) mGas (%) ®TSF (%)

Figure 2. Slurry hydrocracking reactions products

In many commercial hydrocracking facilities, the primary feedstock is HVGO, and the heavier components of
the crude oil often remain uncracked. In this research, asphaltene derived from Iranian heavy oil residue was
subjected to experimentation within a laboratory-scale batch slurry reactor. The primary objective was to
identify the most efficient, cost-effective, and easily prepared catalyst. Several precursor options were
explored, including FeSO4-H,0, its binary mixtures with metal oxides (Fe:Os, Al0s;, Ca0, SiOy), and
combinations of Fe.Os, Al,Os, and SiO. with elemental sulfur. The slurry hydrocracking reactions products
are shown in Figure 2. The resulting product mixture was systematically separated into its gas, liquid, and solid
components, and the yields of each product category were quantified individually. Remarkably, the lowest
coke yield was achieved when using Fe,O3+Al>03+Si0,+S as a precursor.

In typical commercial hydrocracking processes, the focus is on producing middle distillate products such as
kerosene and diesel from HVGO, and coke formation is rarely observed during these reactions. In the context
of residue cracking, however, coke formation poses a significant challenge due to its potential to obstruct
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reactor systems, even though it is the least valuable product. Asphaltene, as a primary constituent, is recognized
as a key factor contributing to coke formation. Consequently, the primary aim of this study was to minimize
coke formation, while the secondary goal was to maximize the yield of middle distillate fractions. The
experimental results demonstrated that the toluene-soluble fraction (TSF), which includes the middle distillate
portion, can be increased to a maximum of 56% while concurrently reducing the coke yield to 19%, down
from the initial 36.9% when no precursor was used.

4. Conclusion

In exploring the hydrocracking of asphaltenes from Iranian heavy oil residue, this research illuminated the
profound impact of precursors on both product yield and the reduction of by-products, specifically coke. Using
a lab-scale batch slurry reactor, the experimentation shed light on the advantages of strategically choosing and
combining precursors. Remarkably, the combination of Fe.Os, Al.Os, SiO., and elemental sulfur yielded the
most optimal results, minimizing coke formation to a significant degree. Given the inherent challenges
associated with coke, which can hinder reactor operations and offers limited economic returns, this outcome
is particularly noteworthy. Furthermore, the study also highlighted the potential to elevate the yield of the
toluene-soluble fraction (TSF), which includes the desired middle distillate fractions. The peak achievement
was a boost in TSF to an impressive 56%, while simultaneously slashing the coke yield from its initial 36.9%
(without precursor) to 19%. These findings, therefore, not only further the understanding of asphaltene
hydrocracking dynamics but also suggest a potential pathway to optimizing commercial hydrocracking
processes, emphasizing the judicious choice of catalysts and precursors.
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Abstract — The rapid advancement of technology has made it imperative for supply chains to adapt to the
changing landscape. Blockchain technology holds immense potential to transform supply chain processes, but the
challenge lies in identifying the most suitable blockchain characteristics to meet the various performance
indicators of a supply chain. To overcome this challenge, this study aims to prioritize the most critical blockchain

Avrticle History characteristics in a supply chain. The study adopts a two-stage Quality Function Deployment (QFD) methodology

Received: 03 Aug 2023 to rank blockchain characteristics based on supply chain and software requirements. The methodology evaluates
Accepted: 14 Nov 2023 the supply chain performance indicators using the Supply Chain Operations Reference (SCOR) model and
Published: 25 Jun 2024 software needs using the International Organization for Standardization (ISO) software quality characteristics.

After determining the problematic SCOR and ISO software-related metrics, the study utilizes the QFD Stage 1 to
obtain the weights of ISO software characteristics and employs the Fuzzy Cognitive Map (FCM) to determine the
most crucial blockchain characteristics for QFD Stage 2. The results of this study show that the top priorities for
blockchain characteristics in a supply chain are smart contract functionality, privacy, transaction per second,
tokenization, security, permissioned network, scalability, cost, modularity, and licensing, in order of importance.
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1. Introduction

Supply chains must adapt their operations to fulfil the demands of their customers, which requires a
harmonized approach that encompasses various processes, such as design, manufacturing, logistics, marketing,
and more [1]. Technology serves as a crucial tool in advancing business processes [2]. As a novel technology,
blockchain promises to disrupt the traditional methods of handling transactions and managing organizational
processes [3]. By redesigning business processes to fully leverage the benefits of blockchain, organizations
can attain greater efficiency [4]. To this end, it is important to thoroughly examine the blockchain
characteristics relevant to supply chain processes. These characteristics encompass complex architectural,
permission-related, and consensus-based elements that must be considered from multiple perspectives within
the context of supply chains.

This study aims to prioritize the most significant blockchain technology characteristics for a supply chain. By
utilizing a combination of supply chain and software-related metrics and problems, we employed an integrated
FCM-QFD methodology in our examination. The integration of FCM into the QFD process reflects the
complex relationships and trade-offs between blockchain characteristics. The processes within the supply
chain are largely automated, thus requiring an increased focus on software to thoroughly address any supply
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chain-related problems. The current state of software characteristics and metrics within the supply chain is not
well-defined, and utilizing organization-specific, non-standard quality frameworks, metrics, and models may
pose difficulties in comparability [5]. Therefore, the problematic software quality characteristics were
determined through the use of ISO/IEC 25010 [6] and ISO/IEC 25012 [7] standard quality characteristics in
the supply chain.

Evaluating different dimensions of supply chain performance is crucial for the effective evaluation of
blockchain technology. This is because supply chains are complex systems that encompass multiple processes,
actors, and technologies. By using a range of performance metrics, supply chains can ensure that their
technology evaluation is aligned with their specific goals and priorities. One of the key benefits of evaluating
multiple performance dimensions is that it provides a more comprehensive view of the strengths and
weaknesses of blockchain in the supply chain context. Studies on the application of blockchain technology in
supply chain management have largely focused on a single dimension of performance, such as sustainability.
For example, Bai and Sarkis [8] proposed a framework for sustainable supply chain transparency using hesitant
fuzzy sets and regret theory. Yousefi and Tosarkani [9] evaluated the impact of blockchain technology on
sustainable supply chain performance. Yadav et al. [10] evaluated the drivers of sustainable food security in
India through blockchain technology, and Zkik et al. [11] evaluated the barriers and enablers of adopting
blockchain for sustainable performance in e-enabled agriculture supply chains. Zhang and Song [12] evaluated
the sustainability risks associated with blockchain adoption in sustainable supply chains. In the field of food
supply chains, the impact of blockchain technology on performance has been explored, but with a limited focus
on specific performance indicators [13]. Stranieri et al. [13] addressed this gap by evaluating the impact of
blockchain technology on food supply chains in an exploratory manner. Kshetri [14] analyzed the mechanisms
by which blockchain technology can support supply chain objectives, particularly regarding the roles of loT
in blockchain-based solutions and the degree of blockchain deployment for identity validation. The study also
examined the potential impact of blockchain on primary supply chain management objectives such as cost,
quality, speed, dependability, risk reduction, sustainability, and flexibility.

One of the key benefits of using standard characteristics and metrics is that they provide a common language
and understanding for supply chain stakeholders. This promotes better communication and collaboration
across the supply chain, leading to improved decision-making and increased operational efficiency.
Furthermore, the use of standardized metrics facilitates benchmarking and enables organizations to identify
best practices and opportunities for improvement. By providing a common language and consistent framework
for performance evaluation, these standards support better communication, collaboration, and decision-making
across the supply chain. Evaluating both supply chain metrics and software metrics is crucial in the assessment
of blockchain technology in supply chains. Instead of evaluating them in isolation, it is important to take a
holistic approach that considers both sets of metrics in a unified manner. This allows for a more comprehensive
understanding of the interplay between the different metrics, leading to a more nuanced evaluation of the
technology. The literature lacks studies that examine both supply chain and software performance indicators
simultaneously through the application of standardized metrics and characteristics. In this study, the proposed
methodology that integrates FCM and Fuzzy QFD evaluates a range of software issues and supply chain
performance indicators. The indicators of the SCOR model and ISO quality models benefited.

The rest of the paper is organized as follows: Section 2 reviews the literature, and Section 3 outlines the
methodology. Section 4 explains the application procedure, and Section 5 presents the conclusion.
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2. Literature Review

2.1. Blockchain Technology and Supply Chain Management

Blockchain revolutionizes business models in many fields, particularly in logistics and supply chain
management [8,14]. Blockchain applications improve the monitoring and screening performance of suppliers
and provide verification claims about their products [15]. In supply chain activities, communication problem
is generally intense [14]. This is precisely an issue satisfied thanks to blockchain technology in supply chains
[14]. Numerous studies have been conducted on the topic of blockchain and supply chain management. Kamble
et al. [16] identified key enablers of blockchain technology for supply chain applications using a combination
of Interpretive Structural Modelling (ISM) and Decision-Making Trial and Evaluation Laboratory
(DEMATEL) methods. The authors found that traceability was the most important reason for companies to
adopt blockchain in agriculture supply chains. Korpela et al. [17] examined the disruptive potential of
blockchain in digital supply chains, using QFD to translate integration requirements into system
functionalities. Erol et al. [18] evaluated blockchain technology applicability in sustainable supply chains using
an integrated method combining Fuzzy Stepwise Weight Assessment Ratio Analysis (SWARA), Complex
Proportional Assessment (COPRAS), Evaluation based on Distance from Average Solution (EDAS) and
COPELAND methods.

The utilization of standard software tools and performance metrics in evaluating blockchain technology for
supply chains is important for its wider adoption. This is crucial because the use of standard metrics and tools
will allow for comparison across different studies and applications of blockchain in supply chains, which will
lead to a better understanding of its impact and how to optimize its implementation. The domain-independent
software quality model ISO/IEC 25010 [6] helps ensure that the evaluation is based on widely accepted and
recognized standards, which will increase the reliability and validity of the results. This will also encourage
wider adoption of blockchain technology in supply chains as it demonstrates its potential benefits and helps
address challenges. The choice of blockchain technology and its specific characteristics should align with the
requirements and goals of the application in consideration of the trade-offs between performance, security, and
scalability [19]. Trade-off analysis between blockchain characteristics is important for supply chains as it helps
them make informed decisions about the implementation of blockchain technology. This analysis enables them
to optimize their supply chain processes, improving efficiency, transparency, and security while also reducing
costs. In a highly competitive business environment, the ability to effectively evaluate and manage the trade-
offs between blockchain characteristics can give a supply chain a significant advantage, allowing it to remain
competitive and respond effectively to changes in the market.

Evaluating the trade-offs between different blockchain characteristics is crucial for supply chain management.
This is because blockchain is a complex technology that has a range of features, each of which may have
different implications for the supply chain. For example, the transparency and security benefits of blockchain
may come at the cost of scalability or data privacy. It is important to understand these trade-offs when
evaluating the potential of blockchain for supply chain improvement. This helps organizations to identify the
most appropriate use cases for blockchain, as well as the specific features and configurations that are best
suited to their needs. For instance, a supply chain that prioritizes traceability and security may be better suited
to a permissioned blockchain, which allows for the controlled sharing of data, while a supply chain that places
greater emphasis on efficiency and scalability may be better suited to a more decentralized blockchain
architecture. In literature, limited studies on the impact of blockchain on supply chain performance dimensions
exist, with a narrow focus on specific supply chain performance indicators. Additionally, the current literature

254



JARNAS /2024, Vol. 10, Issue 2, Pages: 252-271 / Evaluation of Blockchain Technology for Supply Chains using -

on the intersection of supply chain and blockchain often uses domain-specific software characteristics,
hindering comparison between different software systems. Most of the studies on blockchain characteristics
do not deal with trade-offs between blockchain characteristics. A literature review of blockchain technology
and supply chains is shown in Table 1 (N/A is an abbreviation for Not Available, and A is an abbreviation for
Available).

Table 1. A brief literature review of blockchain technology and supply chains

. Focus area on Blockchain Standard
Study  Supply Chain Performance Blockchain Methods and Tools Area Trade-offs Metrics/Features
Cost, speed, dependability, . L
[14] risk reduction, sustainability, Su_ppl)_/ chain management Multiple-case studies . Logistics, N/A N/A
flexibility objectives insurance etc.
Challenges in blockchain ~ Grey-DEMATEL, fuzzy Delphi, .
[20] N/A adoption WASPAS Manufacturing N/A N/A
. . A supply chain .
8] tSrL;rs]tsalz;a:r:E supply chain transparency and lztergtr:itheéjohesnant fuzzy set and N/A N/A N/A
P Y sustainability 9 v
. Circular economy QFD, Hesitant Fuzzy Linguistic
[21] - Circular economy adoption barriers Term Sets (HFLTS) NIA NIA NIA
[9] Sustainability Blockchain benefits Analytical hierarchical process N/A N/A N/A
Total Interpretive Structural
[22] Sustainable food security Blockchain drivers Modelling, Fuzzy MICMAC, Agriculture N/A N/A
Fuzzy DEMATEL
23] Overall Supply Chain Blockchalr!-enabled Simulation N/A N/A N/A
Performance supply chain
[11] Sustainability Blockchain barriers (CoCoSo) and (CRITIC), Agriculture N/A N/A
Pythagorean fuzzy sets
. . Pythagorean Fuzzy sets (PFS),
[24] Sustainability Sr:gg:zcr:am barriers and Cumulative Prospect N/A N/A N/A
Theory (CPT), and VIKOR
Efficiency, flexibility, L.
responsiveness, food quality, Bchkcham impact o.n .
[25] and transparency of suppl agri-food supply chain Case Study Manufacturing N/A N/A
chains p Y pply performance
[26] N/A Blockchain barriers Best worst method (BWM) N/A N/A N/A
— . Interpretive Structural Modelling .
[16] Sustainability Blockchain enablers (1ISM), DEMATEL Agriculture N/A N/A
s Blockchain-enabled Fuzzy analytical hierarchical -
[13] Supply chain risks supply chain processing (F-AHP) Agri-food N/A N/A
[27] Effective digital supply chain  Blockchain barriers House of Quality, Intuitionistic Food sypply N/A N/A
fuzzy sets, Incomplete preferences chain
L . " Fuzzy SWARA-COPRAS-EDAS .
[18] Sustainability Blockchain benefits and COPELAND Agriculture N/A N/A
Pharmaceutical,
S Fast moving
Sustainability risk
[28] Sustainability assessment of blockchain Best-Worst Method (BWM), consume.r N/A N/A
; CoCoSo goods, Precious
adoption
metals and
automotive
. . FCM, Fuzzy best-worst method
[29] N/A Blockchain readiness (FBWM) N/A A N/A
[12] Sustainable supply chain Blockchain adoption Network theory, FCM, Fuzzy data N/A A N/A
enablers envelopment analysis
Hesitant fuzzy cognitive map
[30] Cost, customer demand etc. Blockchain’s impact on (HFCM), Probabilistic-linguistic N/A A N/A

the supply chain

fuzzy cognitive map (PL-FCM),
Rough set cognitive map (RS-CM)

2.2. Blockchain Technology and Supply Chain Management

Blockchain technology is renowned for its complex characteristics, including its architectural design,
permission types, and consensus mechanisms, making it challenging to comprehend and assess. Multiple
studies have been conducted on evaluating blockchain characteristics through the application of Multi-Criteria
Decision-Making (MCDM) methods. Maden and Alptekin [31] employed the use of Fuzzy DEMATEL to
identify and evaluate the critical factors driving blockchain adoption in the logistics sector, based on the needs
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of the company. As per the experts’ assessments, the most significant factors influencing the adoption of
blockchain technology, in order of priority were: cryptocurrency, instant money transfer, privacy, real-time
processing, smart contract, security, authentication, transparency, immutability, traceability, distributed ledger,
reduced delays, and peer-to-peer networks. Orji et al. [32] proposed a technology-organization-environment
(TOE) structure for the critical factors that impact the successful adoption of blockchain in the freight logistics
industry and prioritized them using the Analytic Network Process (ANP). They concluded that the three most
important factors affecting blockchain technology adoption in the freight logistics sector are: the availability
of specific blockchain tools, infrastructural facilities, and government policy and support.

Zarour et al. [33] conducted a study to evaluate the impact of various blockchain frameworks in healthcare
management by gathering expert evaluations. They used Fuzzy ANP to determine the weights of the
blockchain criteria and applied the Fuzzy TOPSIS method to evaluate blockchain alternatives. Tang et al. [34]
conducted an extensive evaluation of public blockchains using the TOPSIS method to rank alternative public
blockchains and the entropy method to calculate the weight of indicators. Garriga et al. [35] presented a
conceptual framework aimed at supporting software architects, developers, and decision-makers in selecting
the appropriate blockchain technology. They validated the framework through architectural trade-off analysis
to evaluate real-world blockchain case studies. Farshidi et al. [36] proposed a decision framework for
blockchain platform selection, modelling it as an MCDM problem and using the ISO/IEC 25010 [6] as a
standard set of quality attributes. This domain-independent software quality model provides reference points
for software systems. Mingxiao et al. [37] reviewed the fundamental principles and characteristics of
blockchain consensus algorithms.

Decentralization is a crucial aspect of blockchain technology [38]. However, the decentralized nature of
blockchain can hinder its performance concerning throughput and latency [39]. Immutability refers to the
inability to alter or modify a thing over time, or for it to remain unchanged for a specific period [16]. The chain
of cryptographic hashes connecting blocks in the blockchain ensures immutability for historical transactions
[40]. However, practical challenges may arise in real-world blockchain systems, such as disputed transactions,
wrong addresses, private key loss or disclosure, data entry errors, and unexpected changes to assets tokenized
on the blockchain [40]. Advances in cryptography and computer science enable secure, encrypted operation
of data-based applications through techniques like zero-knowledge proofs, homomorphic encryption, secure
multiparty computation, and trusted execution environments [41]. These technologies are often utilized in
blockchain-based use cases to maintain an audit trail of transactions between users [41]. However, businesses
may not want to share data on public ledgers, or certain data may not be made public due to GDPR (General
Data Protection Regulation) protections [42].

Blockchain is a decentralized database that is highly tamper-resistant, designed to operate in extreme byzantine
environments, and has a dominant design target of security [43,44]. It has scalability limits, such as the size of
data, transaction processing rate, and latency of data transmission [19]. Smart contracts and cryptographic
tokens are used to digitize assets and currencies in blockchain [16,45]. Deciding which data and computation
to keep on-chain or off-chain can affect the blockchain’s scalability and performance [46,47]. Off-chain data
storage can provide more computation power, data storage, and lower costs [19,46]. Cryptographic tokens can
only be accessed with a private key and can only be signed by that key [45].

In a permissioned blockchain, only authorized participants can take part in network operations with their
revealed identity [48]. Permissionless blockchains have a large network size with low transaction capacity,
while permissioned blockchains have a small network size with high transaction capacity [48]. The consensus
algorithm is crucial in maintaining the security and efficiency of blockchains [37] as it is used to agree on the
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value of data among many nodes in a distributed framework [49]. TPS (Transactions Per Second) measures
the speed of the platform or network in processing transactions, while block time or latency refers to the delay
in approving transactions and adding them to a block [49]. The block is then joined to the blockchain [49]. A
double-spending attack occurs when the same amount of money is attempted to be spent multiple times [49].
After inspecting the literature in detail, the architecture, permission type, consensus mechanism, and other
characteristics of blockchain were summarized in Table 2.

Table 2. Blockchain characteristics
Decentralization [35,38]
Immutability [19]

Privacy [35,41]
Security [35,36,43,50,51]
Performance & Scalability [19,35,51]

Cost [35,51]
Smart contract functionality [16,35,52]

On-chain transactions [36,47]
Off-chain transactions [36,47]
Tokenization [36,45]
Permissioned blockchain [36,45,51]
Permissionless blockchain [36,45,51]
Governance [45]

Permission Type Participation [36,45]
Transparency [45]
Network size [45]
Transaction capacity [19,45]
Transaction per second (TPS) [37,53,54]
Verification speed/Block verification time [37,54]

Architectural

Consensus Mechanism Double spending [54]
Throughput [37,53,54]
Adversary tolerance (Fault tolerance) [37,53,54]
Blockchain data structure [19,39]
Non-blockchain data structure [39]
Enterprise system integration [36,55]
API support [51,55]

Other Features Popularity [36,51]
Licensing [51,55]
Community support [51,55]
Modularity [55]
Ease of use [51,55]

In the literature, studies related to blockchain have generally focused on the consensus mechanism or
architectural characteristics of blockchain. However, with this study, we have summarized blockchain
characteristics more comprehensively, as shown in Table 2. This is because the evaluation of blockchain
technology in supply chains requires the assessment of other diverse characteristics such as enterprise system
integration and ease of use.

The trade-off between performance and security can be managed by choosing the appropriate consensus
mechanism, network architecture, and permission type [37]. Some consensus mechanisms, such as Proof of
Work (PoW), require a lot of computational resources and can lead to high energy consumption, which can
hinder performance [48]. It is also important to consider scalability in blockchain applications as more users
and transactions can increase the latency and overhead of the system [42]. The scalability can be improved by
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implementing techniques such as sharding, where the network is divided into smaller components to handle
transactions in parallel [35]. The choice of blockchain technology and its specific characteristics should align
with the requirements and goals of the application in consideration of the trade-offs between performance,
security, and scalability [19].

3. Materials and Methods

In this study, we employed an integrated FCM-QFD methodology to evaluate supply chain-related and
software-related problems. To accomplish this, we leveraged the SCOR) a modelling approach to address the
vague and imprecise process and metric definitions commonly present in a typical supply chain scenario. The
SCOR model enabled us to identify the problematic performance metrics for an engineer-to-order supply chain.
For software-related problems, we relied on 1SO standards to determine the problematic quality characteristics.
After determining the problematic SCOR performance metrics and software characteristics, we utilized them
in QFD Stage 1 to obtain the weights of technical characteristics.

The blockchain technology characteristics were gathered from the literature, specifically for use in the supply
chain context (refer to Table 2). At this stage, we used FCM to determine the most critical blockchain
characteristics, as it can showcase both positive and negative relationships between these characteristics.
Subsequently, we calculated the QFD Stage 2 correlations and combined the results with those obtained from
FCM to obtain the QFD Stage 2 technical characteristics’ weights. The cross-functional and multi-staged
structure of QFD allowed us to reflect both supply chain and software-related problems in the evaluation
process of blockchain characteristics. The methodology we proposed is depicted in Figure 1.

Step 1. Determine supply chain processes using SCOR

Relations

Y
TCs
Step 2. Determine problematic SCOR engineer-to-

" P\ order performance metrics, use them as customer requirements
£, in QFD
E|O Relationship
o~ Matrix

Y

Y

Step 3. Determine problematic ISO software quality
characteristics, and use them as HOW in QFD stage |

A

Step 4. Calculate QFD Stage | correlations, Caleulate
QFD Stage | Final HOW weights

Y
Step 5. Determine blockchain technology

characteristics from literature, inspect relations between them

and focus on important ones via FCMapper: use them in QFD

Relations !
> stage 2 as HOW
TCs
A
H Relationship - ) .
5 5 Matrix > ) Step 6. Czllcul_m:: QFD Stage 2 \.:01'r:_:lzlllul_1s‘ and
2 - integrate FCM results into QFD by multiplying with the
e > e ) L s ) TR
correlations, reaching final blockchain characteristics” weights

Figure 1. Methodology of the study
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3.1. Models and Standards

3.1.1. SCOR Model and Performance Metrics

The Supply Chain Operations Reference (SCOR) is a widely recognized reference model that classifies
business processes based on six fundamental management processes, including plan, source, make, deliver,
return, and enable [56]. It consists of four levels, with the first level defining the scope and content, the second
level dividing management processes into process alternatives (e.g., make-to-stock, make-to-order, engineer-
to-order), and the third level serving as the basis for describing the supply chain performance metrics [57].

SCOR’s performance component consists of two parts: performance attributes and metrics. A performance
attribute is comprised of metrics used to describe a strategy [56], while typical SCOR metrics include
reliability, responsiveness, agility, cost, and assets. The choice of supply chain performance metrics can be
made using a process-based approach that takes into consideration the specific characteristics of a project and
the requirements of stakeholders [57]. In this study, the SCOR 11.0 model [56] was utilized.

3.1.2. Software Quality Models

The software engineering domain contains a variety of quality models, including McCall’s [58] (McCall et al.,
1977), Boehm’s [59], FURPS [60], Dromey’s [61], and ISO 25010 [6]. Additionally, there exist several
frameworks and procedures that enable the assessment of software architecture suited for specific purposes. In
this study, we utilized 1SO 25010 due to it being the most recent quality model constructed on an international
agreement.

3.1.3. SQuaRE Standards Family

The Software Quality Requirements and Evaluation (SQuaRE) framework comprise three quality models that
provide a comprehensive evaluation of software systems: quality in use, product quality, and data quality. The
guality-in-use model, as described in ISO/IEC 25010 [6], evaluates both computer systems and software
products in actual use. The product quality model, as described by Nakai et al. [5], assesses the extent to which
critical software requirements such as performance, usability, and maintainability are met. The data quality
model, as defined by ISO/IEC 25012 [7], evaluates how well the data meets the needs specified by the product
owner. The data quality characteristics are divided into two categories: inherent data quality and system-
dependent data quality.

In this study, we utilized all three SQuaRE quality models to conduct a broad evaluation of existing supply
chain software systems. Our findings revealed that incorporating I1SO data product quality characteristics into
the evaluation proved beneficial when considering data-related concerns such as data cybersecurity and
compliance with the General Data Protection Regulation (GDPR) data protection law.

3.2. Methods

3.2.1. Fuzzy Quiality Function Deployment (QFD)

The objective of a House of Quality (HOQ) is to determine the relative importance of design requirements
based on the perceived importance of customer needs and the correlation between customer requirements and
design requirements [62]. QFD has been widely applied in various fields, including software systems,
production, supply chain, service, and communication. QFD, a cross-disciplinary process involving teams
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from design engineering, manufacturing engineering, marketing, and others, has found widespread application
in sectors such as software systems, production, supply chain, service, and communication [63,64]. It serves
as a potent tool in development activities, particularly when addressing quality concerns [65]. As a quality
management method, QFD undergoes continuous challenges, refinements, and developments, akin to other
techniques within the quality management toolkit [66].

Unlike conventional quality frameworks that aim to minimize negative quality in the product, QFD centers on
maximizing positive quality by incorporating customer requirements into product design from the conceptual
phase [65]. The competitive advantage of QFD lies in its structured implementation of strategic concepts [67].
The protection of customers’ voices ensures that customer requirements remain unaltered during the
development phase, thereby safeguarding the voice of the customer in the design features [67]. In this study,
QFD has been employed in conjunction with fuzzy expressions at various QFD stages.

3.2.2. Fuzzy Cognitive Map (FCM)

The FCMs (Fuzzy Cognitive Maps) are robust but simple tools that utilize fuzzy logic to model dynamic
networks [68]. The original cognitive maps considered the values of concepts and connection matrices to be
negative, positive, or neutral. Kosko [69] built upon this study by incorporating fuzzy causality into the directed
edges and concepts. Various MCDM methods such as ANP, DEMATEL, and FCM can demonstrate
relationships between concepts [70]. However, FCM has the advantage of being able to display both positive
and negative relationships between criteria. The steps of the technique are as follows [71]:

Step 1: Aggregation of fuzzy weights of the attributes. The arithmetic mean of the fuzzy weights taken from
decision-makers is computed as:

Wp Y p € {1'2l3: Tty n} (31)

~ Zf Wpi
S
The w,,; values represent the aggregated fuzzy weights.

Step 2: Normalization of the crisp weight vector. The centroid method is usually preferred because of its
simplicity. This method is applied using the following formula,

~ l+m+u
Centroid(A) =—3 (3.2)

The normalized crisp weight vector (nwp), is computed using (3.3),

w.
p
nw, = 3.3
P Z?:l Wi ( )

The FCMs are versatile tools that can be easily adapted by adding new concepts and relationships or by altering
the weight of causal linkages [72]. Furthermore, FCM models can be made more manageable by simplifying
them. Homenda et al. [73] analyzed the effects of removing weak relationships or concepts a posteriori. As a
result, the map can be pruned iteratively by eliminating weights weaker than thresholds of 0.2, 0.4, and 0.6.
Weights that fall below these threshold values can be considered insignificant and set to zero, indicating the
absence of relationships. In our study, we pruned the map by removing weights weaker than a threshold of 0.5.
This helped simplify the FCM model, as larger maps are challenging to interpret and apply.
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3.2.2.1. Establishing FCM Structure

As the first step, initial concept values are determined using the normalized weight vector as in (3.4) [71]:
(Cfonl --Cf,fq(; .. Cfﬁ;‘;) = (nw1 MW, ..an) (3.4)

where C,ffA‘g is the concept value of the ith main attribute when t = 0.
Then, fuzzy influence matrices, which are taken from a group of decision-makers are aggregated,

S sMA

sMa _ Lu=1%in (3.5)

Ji S
where éﬁ-“ shows the aggregated fuzzy influence matrix of the main attributes. Finally, aggregated fuzzy

weights are defuzzified, and the aggregated crisp influence matrix e}‘{’A is calculated.

3.2.2.2. Simulating FCMs and Obtaining the Final Weights

After establishing the FCM structure, first, the parameters of the activation function are specified. Different
activation (threshold) functions can be utilized for this purpose. In this study, the sigmoidal function was
chosen for its ability to produce outcome values ranging from 0 to 1, which can be used as criteria weights
without any additional transformation. During the FCM simulation process, the dynamic behavior of the
relationships is determined using (3.6).

n

Citit = £ | Chia,+ ) el x Clyy, (36)
=1
j=1

where Cy A, Is the concept value of the ith main attribute at time t.

Next, the steady-state concept values are normalized, and the final steady-state weights of the primary
attributes are determined:

CMAL'

n

(3.7)

The final step of the process is to calculate the crisp weights. It is an open-licensed Excel macro developed by
Michael Bachhofer and Martin Wildenberg [74]. In this study, the FCM method provided a means to prioritize
the most important characteristics of blockchain technology, and also evaluate the trade-offs between different
characteristics through the use of FCM analysis.

3.3. Application

The purpose of this study is to prioritize the most important blockchain characteristics to be implemented in
the supply chain of a case company. The case company utilizes state-of-the-art technology and industry
expertise to support global mechanical and plant engineering projects. Through cutting-edge technology, it
provides customer-specific integrated automation solutions, offering a comprehensive range of products and
services required by the industry. Moreover, the company’s experts offer unique services and resources
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throughout the project lifecycle, from design to project realization. The company is committed to delivering
customer-specific products with precise timing, quality, and quantity while emphasizing cost efficiency. Given
the diverse nature of customer demands, the company strives to ensure diversity in all aspects. Unfortunately,
the company fell short of its performance targets in the procurement processes, where challenges were
particularly pronounced. To address the issues the company faces, we propose using blockchain technology as
a solution. The prioritization of blockchain characteristics will be based on the company’s strategy, which is
centered around reliability, responsiveness, cost, and agility. The study’s results will help the company make
informed decisions about which blockchain characteristics to implement in its supply chain to achieve its
performance targets.

To prioritize the blockchain characteristics for the company’s supply chain, it would be helpful to first assess
the current challenges and pain points in the procurement process. This could include issues with transparency,
traceability, and collaboration between different supply chain partners. Once these issues have been identified,
the most relevant blockchain characteristics can be prioritized based on their ability to address the specific
problems at hand. For example, if the issue is a lack of trust between supply chain partners, then a blockchain
with strong security and privacy features would be more important. If the issue is a lack of transparency and
traceability, then a blockchain with robust data sharing and tracking capability would be more critical. In
addition, factors such as scalability, cost-effectiveness, and ease of integration with existing systems should
also be considered.

To prioritize blockchain characteristics for the supply chain, this study analyzed software-related issues by
conducting an application study in the company. The company experienced issues such as security breaches,
responsiveness problems, and compliance issues. The study conducted an interview-based discovery with
stakeholders such as the company, customers, procurement personnel, and software developers to gather
information. Each time, an assessment was carried out by a committee comprising three experts who have
significant experience within the supply chain, each with more than five years of expertise. For the QFD Stage
1, the evaluation committee consists of a customer representative, a procurement personnel, and a software
developer. For QFD Stage 2, the committee comprises three software stakeholders from the supply chain.
These distinct committees have been formed due to the requirement for different expertise for each QFD stage.
The methodology followed the steps outlined in Figure 1. In Step 1, we determined the supply chain processes
using SCOR. For the case supply chain, the engineer-to-order approach is chosen. In Step 2, we determined
the problematic engineer-to-order performance metrics. The metrics’ representation values include RS
(Responsiveness), CO (Cost), AG (Agility), and RL (Reliability). Among these metrics, the problematic six
metrics are identified as Select Supplier and Negotiate Cycle Time (RS.3.125), Percent of the Orders/Lines
Received Defect Free (RL.3.19), Sourcing Automation Cost (C0O.3.006), Identify Sources of Supply Cycle
Time (RS.3.35), Material Risk, and Compliance Cost (C0.3.012), and Demand sourcing-supplier constraints
(AG.3.46). These metrics were used in QFD Stage 1 as customer requirements.

In Step 3, considering the supply chain’s software problems, we evaluated the supply chain’s existing software
systems using all three quality models of the SQuaRE. We used ISO/IEC 25022 (Measurement of quality in
use), ISO/IEC 25023 (Measurement of system and software product quality), and ISO/IEC 25024
(Measurement of data quality) to define and quantitatively evaluate the quality measures. Considering the
measures and related performance gaps from their targets, the identified problematic software product quality,
quality in use, and data quality sub-characteristics are summarized in Table 3.
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Table 3. Problematic product quality, quality in use and data quality sub-characteristics

Sub-characteristics Measures
*Mean response time, Response time adequacy, Mean turnaround time, Turn-around time adequacy, Mean

Time behaviour

throughput
Resource Utilization *Mean processor utilization, Mean memory utilization, Mean 1/O devices utilization, Bandwidth utilization
Fault tolerance *Failure avoidance, Redundancy of components, Mean fault notification time
Confidentiality *Access controllability, Data encryption correctness, Strength of cryptographic algorithms
Compliance *Regulatory compliance due to technology
Modularity *Coupling components
Modifiability *Modification correctness
Functional

*Functional correctness
Completeness

The determined problematic 8 software characteristics were: resource utilization, time behavior, fault
tolerance, confidentiality, compliance, modularity, modifiability, and functional completeness, respectively.
These characteristics were used in QFD Stage 1 as technical characteristics. In Step 4, we calculated QFD
Stage 1 correlations.

The determined SCOR Level 3 metrics of AG.3.46, C0O.3.006, CO.3.012, RS.3.35, RS.3.125, and RL.3.19
were used, respectively, in the customer requirements part of QFD Stage 1. Aggregated evaluations of
decision-makers using the 6 SCOR metrics and 8 1SO characteristics can be seen in Table 4. After the
aggregation, we multiplied the SCOR metrics’ weights with the aggregated correlation values. The normalized
QFD Stage 1 final HOW weights of ISO characteristics can be seen in Table 5.

Table 4. Aggregated evaluations of decision-makers
1 2 3 4 5 6 7 8
0600 0.600 0300 0900 0300 0300 0300 0.900
0.800 0500 0400 0500 0600 0600 0500 0.800
0400 0400 0300 0900 0400 0300 0300 0.900
0.600 0600 0500 0500 0600 0600 0500 0.600
0.800 0.800 0500 0500 0500 0600 0.600 0.600
0500 0500 0400 0600 0500 0500 0500 0.500

D OB W N

Table 5. Normalized QFD Stage 1 final HOW weights of 1SO characteristics
1 2 3 4 5 6 7 8

0.146 0.130 0.096 0.116 0.087 0.137 0.128 0.159

In Step 5, we determined blockchain characteristics and found the most significant ones using FCM. After
inspecting the literature, we summarized 31 blockchain characteristics, including blockchain data structure,
non-blockchain data, permissioned network, permissionless network, smart contract functionality, privacy,
off-chain transactions, on-chain transactions, security, TPS, cost, community support, scripting language,
governance, scalability, cryptocurrency support, tokenization, licensing, popularity, enterprise system
integration, ease of use, modularity, API support, adversary fault tolerance, verification speed, block time,
double spending, transparency, network size, transaction capacity, and participation, respectively. We
inspected positive and negative relationships between these 31 blockchain characteristics.

In evaluating the positive and negative relationships between blockchain design requirements, we considered
both the legal and architectural characteristics of blockchain technology. For example, the inability to delete
data under GDPR laws was seen as a major barrier to the adoption of blockchain technology in the supply
chain. Hence, on-chain transactions may limit privacy in the supply chain, especially when legal issues are
significant. Permissioned blockchains, with their identity-shown characteristics and efficient network
management, were seen as a more suitable solution compared to permissionless blockchains.
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After determining the relations between blockchain characteristics as shown in Table 6, we aggregated and
defuzzified the fuzzy influence matrix. Steady-state concept values were reached in 9 iterations using the
FCMapper, as presented in Table 7. In Table 7, columns indicate blockchain characteristics, while rows
indicate iterations. The final normalized weights of the blockchain characteristics can be seen in Table 8.

Table 6. Positive and negative relations between blockchain characteristics
Relation Type Relation Pair

1-8;1-16;1-24;1-26;3-6;3-9;3-14,4-28;4-29;4-31;5-11;5-13;5-17;7-2;7-
6;7-15;8-1;8-9;9-14;9-18;10-25;10-26;13-5;14-3;14-4;14-6;14-7;14-
9;14-12;15-10;15-30;16-11;16-17;16-19;18-21;20-22;20-23;22-6;22-
21;23-20;24-9;25-10;25-26;29-31
1-15;3-28;3-29;3-30;3-31;4-6;4-9;4-14,4-30,;6-28;7-9;8-6,8-15;9-27;9-
28;14-28;18-11;24-27;28-6

Positive relations

Negative relations

Table 7. Steady-state concept values
1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16
0.750 0.750 0.832 0.750 0.846 0.858 0.750 0.750 0.968 0.917 0.900 0.750 0.750 0.711 0.832 0.750
0.695 0.695 0.779 0.695 0.797 0.840 0.695 0.695 00943 0.882 0.863 0.695 0.697 0.666 0.783 0.695
0.682 0.682 0765 0.682 0.783 0.836 0.682 0.682 0935 0.870 0.850 0.682 0.685 0.658 0.768 0.682
0.679 0679 0761 0.679 0.780 0.835 0679 0.679 0932 0.867 0.846 0679 0.682 0657 0.764 0.679
0.679 0679 0760 0.678 0.779 0.835 0678 0.679 0932 0.866 0.845 0.678 0.681 0656 0.763 0.679
0.678 0678 0.760 0.678 0.778 0.834 0678 0.678 0932 0.866 0.845 0.678 0.681 0656 0.763 0.678
0.678 0678 0.760 0.678 0.778 0.834 0678 0.678 0932 0.866 0.845 0.678 0.681 0656 0.763 0.678
0.678 0678 0760 0.678 0.778 0.834 0678 0.678 0932 0.866 0.845 0678 0681 0656 0.763 0.678
0.678 0678 0760 0.678 0.778 0.834 0678 0.678 0932 0.866 0.845 0678 0681 0656 0.763 0.678
177 18 19 20 21 22 23 24 25 26 27 28 29 30 31
0.917 0.832 0.750 0.731 0.750 0.769 0.750 0.750 0.750 0.750 0.450 0.500 0.769 0.550 0.622
0.882 0.804 0.695 0.675 0.696 0.714 0.695 0.695 0.699 0.695 0.359 0.400 0.703 0.481 0.548
0.871 0.797 0.682 0.663 0.683 0.700 0.682 0.682 0.687 0.682 0.349 0.383 0.686 0.473 0.536
0.867 0.795 0.679 0.660 0.680 0.697 0.679 0.679 0.684 0.679 0.349 0.381 0.682 0.473 0.534
0.866 0.795 0.679 0.659 0.679 0.696 0.678 0.679 0.684 0.679 0.350 0.381 0.681 0.473 0.534
0.866 0.795 0.678 0.659 0.679 0.696 0.678 0.678 0.684 0.679 0.351 0.381 0.681 0.474 0.534
0.866 0.795 0.678 0.659 0.679 0.696 0.678 0.678 0.684 0.679 0.351 0.381 0.681 0.474 0.534
0.866 0.795 0.678 0.659 0.679 0.696 0.678 0.678 0.684 0.678 0.351 0.381 0.681 0.474 0.534
0.866 0.795 0.678 0.659 0.679 0.696 0.678 0.678 0.684 0.678 0.351 0.381 0.681 0.474 0.534

© 00 N O O B W N -

© 00 N O O B WN -

Table 8. Normalized weights of the blockchain characteristics
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

0.0317 0.0317 0.0356 0.0317 0.0364 0.0390 0.0317 0.0317 0.0436 0.0405 0.0395 0.0317 0.0319 0.0307 0.0357 0.0317
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
0.0405 0.0372 0.0317 0.0308 0.0318 0.0326 0.0317 0.0317 0.0320 0.0317 0.0164 0.0178 0.0319 0.0222 0.0250

Table 9. Steady-state concept values
1 2 3 4 5 6 7 8 9 10

0.731 0.731 0.917 0.858 0.818 0.668 0.731 0.870 0.832 0.731
0.675 0.675 0.874 0.809 0.766 0.603 0.675 0.822 0.794 0.675
0.663 0.663 0.860 0.794 0.751 0.590 0.663 0.807 0.782 0.663
0.660 0.660 0.857 0.790 0.747 0.588 0.660 0.803 0.779 0.660
0.659 0.659 0.856 0.789 0.746 0.588 0.659 0.802 0.778 0.659
0.659 0.659 0.856 0.789 0.746 0.588 0.659 0.801 0.777 0.659
0.659 0.659 0.855 0.788 0.746 0.588 0.659 0.801 0.777 0.659
0.659 0.659 0.855 0.788 0.746 0.588 0.659 0.801 0.777 0.659

0 N o o B~ W N B
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Table 10. Normalized weights of the blockchain characteristics
1 2 3 4 5 6 7 8 9 10
0.092 0092 0119 0.110 0.04 0082 0.092 0.111 0.108 0.092

Table 11. QFD Stage 2 defuzzified correlation values

1 2 3 4 5 6 7 8 9 10
0.400 0.600 0.400 0.400 0.700 0.900 0.600 0.400 0.600 0.200
0.800 0.700 0.200 0.200 0.900 0.600 0.700 0.400 0.200 0.200
0.300 0.900 0.800 0.800 0.500 0.500 0.500 0.600 0.100 0.100
0.500 0.800 0.900 0.900 0.500 0.500 0.500 0.800 0.100 0.100
0.600 0.800 0.800 0.800 0.500 0.500 0.500 0.400 0.200 0.200
0.600 0.600 0500 0.500 0.600 0.600 0.600 0.400 0.200 0.900
0.900 0.700 0.400 0.300 0.700 0.700 0.900 0.400 0.200 0.600
0.500 0.900 0.400 0.400 0.200 0.200 0.300 0.800 0.100 0.300

0 ~NOoO Ok WN R

Table 12. Normalized QFD Stage 2 HOW weights without cognitive map effect
1 2 3 4 5 6 7 8 9 10
0112 0144 0101 0098 0111 0109 0111 0.103 0.043 0.066

Table 13. Final QFD Stage 2 HOW weights with cognitive map effect
1 2 3 4 5 6 7 8 9 10
0104 0133 0121 0109 0.16 0090 0.103 0.115 0.047 0.061

4. Results and Discussion

After obtaining the steady-state concept values for the 31 blockchain characteristics, we calculated their
normalized weights by dividing each characteristic value by the total of the steady-state values. These weights
were used to prioritize the 10 blockchain characteristics. The characteristics with a normalized weight equal
to or greater than the average value (0.0322) were considered for further analysis. The 10 prioritized
characteristics were: permissioned network, smart contract functionality, privacy, security, TPS, cost,
scalability, tokenization, licensing, and modularity, respectively.

To further understand the inter-relationships between these characteristics, we used FCMapper with the
previously determined aggregated relationships. Using the same aggregated relationships of blockchain
characteristics, we activated the 10 characteristics by setting the other characteristics’ values to 0 in FCMapper.
The steady-state concept values for these characteristics can be seen in Table 9, and their normalized weights
are listed in Table 10.

In Step 6, we calculated QFD Stage 2 correlations and integrated the FCM results into QFD by multiplying
them with the correlations. After taking the fuzzy correlation values of three decision-makers in QFD Stage 2,
we defuzzified them. QFD Stage 2 defuzzified correlation values can be seen in Table 11. After calculating
the final QFD Stage 1 HOWSs’ weights, we used them in QFD Stage 2 as new customer requirements. After
finding the QFD Stage 2 defuzzified correlation values, we multiplied them using the values obtained through
QFD Stage 1 final weight. Here, the result of this multiplication does not include relationships between
blockchain characteristics. Normalized QFD Stage 2 HOW weights without and with FCM effect can be seen
in Tables 12 and 13, respectively.

In summary, we used a combination of QFD and FCM to prioritize and rank the most important blockchain
characteristics for supply chain use. Considering the values in Table 13, this multiplication increased the QFD
Stage 2 weights of privacy, security, TPS, tokenization, and licensing. However, the multiplication decreased
the weights of permissioned network, smart contract functionality, cost, scalability, and modularity. Seeing
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Table 13, the most important blockchain characteristics are, in the order of priority: smart contract
functionality, privacy, TPS, tokenization, security, permissioned network, scalability, cost, modularity, and
licensing. The current and alternative technologies can be compared against these characteristics to determine
their suitability for supply chain use.

5. Conclusion

Evaluating both supply chain and software metrics in a unified approach is crucial for assessing blockchain
technology in supply chains. In the existing literature, there are few comprehensive investigations into the
influence of blockchain on various dimensions of supply chain performance, primarily concentrating on
specific performance indicators. In this study, an attempt is made to explore the diverse impact of blockchain
technology on various supply chain performances, aiming to address the existing gap in the literature.
Moreover, the present body of literature examining the convergence of supply chain and blockchain frequently
relies on software characteristics specific to certain domains, making it challenging to compare different
software systems. In this study, an effort has been made to fill the relevant gap in the literature by utilizing
standardized performance metrics. Thanks to the use of these standardized metrics, blockchain technology will
become more comprehensible and comparable with different technologies. Many studies on blockchain
characteristics also neglect to address the trade-offs that may exist between these characteristics. The objective
of this research is to determine the key characteristics of blockchain technology that hold the utmost
importance for a supply chain. Our approach involves the integration of supply chain and software-related
metrics and issues, employing a unified FCM-QFD methodology for analysis. The incorporation of FCM into
the QFD process is indicative of the intricate relationships and trade-offs inherent in blockchain characteristics.
Examining the trade-offs among the characteristics of blockchain technology could contribute to a better
understanding of this technology by supply chains. In this study, the integration of FCM and QFD provided a
comprehensive evaluation of the performance metrics, resulting in a prioritized list of blockchain
characteristics. The use of FCM allowed for a thorough evaluation of the complex relationships and trade-offs
between blockchain characteristics, considering stakeholders’ differing opinions. With the advancement of
blockchain technology, the characteristics may become outdated, and future studies may need to consider new
trade-offs arising from changes in blockchain structure or regulations like GDP.

The evaluation of multiple performance dimensions in supply chains is of paramount importance when
assessing blockchain technology. It is crucial to employ a diverse set of performance metrics that align with
the specific goals and objectives of the supply chain. Standardized characteristics and metrics offer several
benefits for supply chain stakeholders. Firstly, they provide a shared language and understanding, promoting
better communication and collaboration. Secondly, standardized metrics allow for benchmarking and
identifying best practices and areas for improvement, leading to better decision-making and operational
efficiency. In this study, the SCOR modelling approach was used to address ambiguous and indistinct process
and metric definitions in supply chain scenarios. To evaluate software-related issues, ISO standards were used
to determine essential quality characteristics.

While this study assessed KPIs in the context of the overall projects of the case company, it is advisable to
update and modify KPIs dynamically in response to changes in the business environment. Our evaluation of
performance metrics primarily considered their understandability, measurability, and unambiguity. However,
a more comprehensive evaluation can be achieved by examining criteria such as specificity, relevancy,
verifiability, and comparability. Utilizing a Multi-Criteria Decision Making (MCDM) method can help weigh
these criteria for the selection of appropriate performance metrics.
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Although the linguistic evaluations in the created committees were conducted by three stakeholders each, the
competence of the stakeholders in their respective fields deemed this number sufficient. However, increasing
the number of stakeholders could lead to more reliable results. In addition to this, quality models enable the
consideration of characteristics that hold significance for various stakeholders, including system integrators,
acquirers, software developers, users, and more. In our case study, the software stakeholders were primarily
software developers, who possessed expertise in software product quality, data product quality, and quality in
use. However, it is crucial to involve all types of stakeholders, ranging from software developers to end-users,
in the process of determining the quality characteristics that should be incorporated into a system.

Our study acknowledges the presence of uncertainty due to subjectivity in human judgments. The
determination of the increase or decrease in SCOR performance metrics relied on subjective judgments,
introducing uncertainty. Our future research will delve into a more detailed examination of the extent to which
metrics deviate from their target values, employing data-driven modelling for a more accurate analysis.

Various blockchain characteristics were summarized to demonstrate the wide range of specific use cases in a
supply chain context. The use of a threshold value for prioritizing characteristics in the FCM may not be
necessary if fewer characteristics are considered, and different threshold values can be used for comparison
purposes. This research primarily concentrated on assessing the procurement process. In future studies, we
intend to expand our evaluations to encompass various processes beyond procurement. Additionally, our
assessments will incorporate supply chain metrics from different companies within the case supply chain.
Because the performance assessment of a supply chain necessitates the joint evaluation of performance metrics
coming from various functions of multiple companies.
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Abstract — Pure and metal (M) doped [copper (Cu), nickel (Ni) and iron (Fe)] WO films have been produced on
In:SnO; (ITO) slides by using facile chemical bath deposition and then annealed at 500 °C for 2 h. Structural,
Article History morphological, electrical and optical properties of the produced WOs-based films were examined. Monoclinic
Received: 27 Aug 2023 WO; phase were observed in all the samples, and the peak intensities were decreased by metal inclusion with
heterogeneous film growth on ITO substrate. Slight shifts from defect related emission peaks (blue and green)
were observed in metal-substituted WO; samples from PL study. An optical band gap was observed to decrease
in M:WO; samples. The surface resistance values were significantly reduced by metal additives compared to its
Research Article pure counterpart, especially by the inclusion of nickel ions in WO3. The results indicated that nucleus growth and
thereby impurity/defect-related surfaces had a serious effect on the optical and electrical properties of M:WO;

films.
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1. Introduction

In the past decade, metal oxide semiconductor structures of all dimensions (0D, 1D, 2D and 3D) have been
often studied to use in many technological fields such as gas sensors [1], supercapacitors [2], solar cells [3]
and magnetic memory devices [4]. Thanks to their numerous advantages, they have been proposed as an
alternative to silicon-based technology. Regardless of the technological field in which it is used, properties of
metal oxides such as low cost, abundance in nature, simple production, high chemical stability and versatile
approach have stood out [5]. In order to find their advanced applications, it is important to understand these
materials by conducting extensive research. Improvement in the using field is mostly achieved by low
concentration of elements or oxygen vacancy doping [6] and hetero-/homojunction construction with adding
C-based material [7] which have a high impact on the crystal growth and surface forms.

As an unique metal oxide material, tungsten trioxide (WQO3) has an oxygen-deficient n-type wide band gap of
around 2.6-3 eV, high work function, enhanced specific surface area and the fast recombination of
photogenerated electron-hole pairs of WO3 [8,9]. The compounds between tungsten and oxygen are quite
numerous and complex. For example, in fully oxidized tungsten oxide compounds, W metal gets +6 valency
and forms 4 octahedrons with oxygen.

With its gradually improving optical and electrical properties, different type WOs3 structures (nanorods,
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nonosheets, thin films) were synthesized for a variety of applications such as photodedectors [10], organic
light emitting diodes [11], electrochromic devices [12], and optoelectronic devices [13]. The choice of WO;
production method is so important to obtain desired structures.

Among the thin film production methods, the chemical bath deposition provides the ability to be applied to
large surfaces and allows the production of the necessary topographic, physical and crystallographic structures
by making the necessary deposition optimization (solution type, precursor molarity, working temperature and
etc.) [14]. Through the homogeneous or heterogeneous growth process could be controlled, the final product
could be easily fabricated. For example, H.C,O4 was used as a growth controller to regulate the growth process
of the H;WO. film formed on FTO substrate. Hence, three steps were proposed for homogeneous nanosheet
WOs thin film growth by controlling the reactants amount [15].

It has been stated that film quality (adherency, thickness, homogeneous surface etc.) is mostly dependent on
film production, which significantly affects the film growth process in many studies [16]. Among chemical
type film production techniques (dip coating, chemical vapor deposition, spin coating etc.) chemical bath
deposition is so attractive with its simplicity, no set-up and ability to expand to large surfaces

There are a lot of studies realized about hetero-atom doped WOz films [17]. In solar cell applications, element-
doped WO; could promoting photocatalytic activity by extending the solar light response range and inhibiting
the recombination of photogenerated charge carriers [18]. As a gas sensor sensing layer, 1 wt% Pt:WQOj3; sensor
exhibited quite low detection limit of 100 ppb at optimum operating temperature of 160 °C [19]. Binary metal
components were dispersed into each other, which contributed to promoting the metal/metal electron
interaction and adjusting the physicochemical properties of mixed metal oxides, according to transition metal
doped WO3 mixed oxides study of Chen et.al [20].

In this paper, we discuss the metal inclusion (Cu, Fe and Ni) effect on the electrical and optical properties of
WO:; films depending on changing surface morphology and lattice structure.

2. Materials and Methods

In this study, facile chemical bath deposition was used to produce M:WOjs films and detailed production stages
was explained in our previous study [21]. The chemicals used in the preparation of films were of high quality
and purity (Sigma Aldrich, 99.9 %). Tungsten and metal sources were sodium tungsten dihydrate, nickel
acetate tetrahydrate, iron chloride hexahydrate and copper acetate dihydrate.

All WO; films were coated on to In:SnO- (ITO) substrates after standard substrate cleaning. In 100 ml distilled
water, homogenous aqueous solutions were obtained under Table 1 conditions to obtain different type metal
doped WO; films. Complex agent (HCI) was added drop by drop and pH was kept constant throughout the
experiment. Films were prepared in harsh acidic medium unlike a similar study to observe film growth process
[22]. The pH value of the solution was 2 at room temperature. Finally, all films were annealed in air furnace
under Table 1 condition.

Structural and morphological properties were investigated by X-ray powder diffraction (XRD; Rigaku Smart
Lab x-ray diffractometer; CuKa radiation; 45 kV; 40 mA; step size 0.013°) and scanning electron microscopy
(SEM; JEOL JSM- 7100F; Au-Pd ratio of 80-20 %), respectively. WOs thin films with and without additives
coated on IDT, whose properties will be determined, were fixed on an aluminum substrate with 1x3 cm
dimensions and 1 mm thickness. Thin films fixed on the aluminum substrate are placed in the measuring cell
made of aluminum. The electrical contacts between the sample and the measuring cell are made using liquid
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silver. The thickness was estimated by the weight difference method which is given our previous study [23].
The thickness of WQs3, Ni-doped WOs, Fe-doped WO3; and Cu-doped WO; were calculated as 800 nm, 500
nm, 600 nm and 930 nm, respectively.

Table 1. Deposition parameters of WO; films

Parameters Values \
pH 2

Working temperature 70+£5 °C

Bath time 15 min.

Annealing temperature 500 °C

Annealing time 2h

3. Results and Discussion

Figure 1 shown the 3D-AFM topography of synthesized WO; samples. It is clearly seen that the surface
roughness has increased with nickel inclusion. Surface roughness (root-mean-square (rms)) values were 93.8-
142 nm range for produced samples. Thick and heterogenous distribution particle on the substrate by metal
inclusion indicates that the attraction force between the different metal atoms might increase and agglomerative
or cluster forms might be occurs.

Figure 1. The AFM images of WQO3; (a), Cu:WOs3 (b), Fe:WO; (c) and Ni: WOs(d)

Figure 2 depicted the x-ray diffraction peaks of WOs samples. Characteristic three monoclinic WOs
polycrystalline phase peaks of (001), (020) and (200) were seen according to JCPDS Card No: 43-1035 [24].
ITO-based peak and W-related peak are observed in the 20= 65-70 and 20= 45°-50" range, respectively due
to less crystal nuclei in harsh acidic medium and low adhesion of coating film on ITO [21,25]. The material
with the significant change crystallization is the WO3 sample with nickel included due to heterogeneous growth
(caused by low dissolution of Ni-source) on ITO surface. The crystalline size were calculated by Debye-
Scherrer equation from the below formula;

D kA
" Bcosh

(3.1)
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In Equation (3.1.), kis a numerical factor frequently referred to as the crystallite-shape factor, Ais the
wavelength of the X-rays, g is the width (full-width at half-maximum) of the X-ray diffraction peak in radians
and @ is the Bragg angle. The average crystalline size of the produced samples was calculated according to the
preferred orientation of (110). The average crystalline size of samples was calculated 136, 133, 87 and 16 nm
for pure WOs3, Fe:WOs3, Cu:WO; and Ni.WQs, respectively. Apart from the peaks related to the substrate and
tungsten, no second phase has been found. It indicates that metal atoms were placed in the host WQOs structure
however defects have enormous effect on the host lattice with shifting of typical WO3; peaks which may be
attributed to the development of additional growth centers by metal inclusion [26, 27]. lonic radius of W®",
Cu?*, Fe?* and Ni?* are 62 nm [28], 73 nm [29], 64 nm [28], and 69 nm [24], ionic radius of selected metal
atoms is higher than tungsten ionic radius. This may cause it difficult to replacement of W-M ions and thereby
lattice damage increases.
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Figure 2. The x-ray diffraction (XRD) peak analysis of the produced pure and M:WOs films

To study the influence of defects in WO3; host lattice photoluminescence (PL) was performed and PL spectra
is deconvoluted into multi peaks with using Gaussian fitting. Figure 3 shows the PL analysis of pure and
M:WQOs; films. A series of peaks are detected at 428, 427,429, 523, 560 and 687 nm which may be attributed
to surface defects. It is clear that these emissions may be predicted by the recombination of free excitons [30].
Furthermore, it is interesting to find that the intensity of light in the range of 510-687 nm changes with the
hetero-crystal growth. Blue emission peak at around 428 nm and green emission peak approximately at 523
nm were observed in pure WOs, which correlated to similar studies [27]. Emission peaks broadening and
shifting were observed in metal included WO3; samples (especially in Ni:WO3 sample) due to recombination
of electron-hole pairs attributed to oxygen vacancies, self-trapped excitons states and surface defects/states
[31,32].The PL peak intensity of WOs is increased by copper inclusion with a similar crystal structure of host
WOs.
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Figure 3. The PL analysis of WOs3 (a), Ni: WOs3 (b), Fe:WO;3 (c) and Cu:WOs (d)

Figure 4 and Figure 5 exhibited the UV-Vis spectra in the 200-800 nm range and the optical band gap of the
samples, respectively. The broad optical absorption band in the optical transmittance spectrum of the deposited
WOs film is attributed to the presence of tungsten (W**) ions [33]. It is clear that optical parameters have been
affected by film thickness, surface topography, crystal quality etc. Optical band edge shifted higher wavelength
by iron inclusion and defect-related second optical absorption edge was observed in WQOj3;, Ni:WO; and
Cu:WOs. The low crystal quality in the WOs host lattice and the metal-tungsten interstitial location may be the
reason why pure WOs changes its optical character.

The optical band gap estimated by extrapolating the straight-line portion of the (ahv)? vs hv plot for WO;
samples. The optical band gap was calculated by using the below Tauc plot [34, 35]:

A(hv — E,))"
Al — Ey)

— (3.2)

where A is a constant and n is an index for allowed direct and non-direct transitions are 1/2 and 2, respectively.
In our study, the band gap of both undoped and doped TiO; films were obtained by considering the direct (1/2)

transition since it is more favorable for anatase TiO- according to the reported studies of Reddy et.al. [34] and
Devi et.al. [35].

The thickness was estimated by the weight difference method which is given our previous study [23]. The

thickness of WO3, Ni-doped WOs3, Fe-doped WO3; and Cu-doped WOs were calculated as 800 nm, 500 nm,
600 nm and 930 nm, respectively.
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The optical band gap of WOz, Ni:WO3;, Fe:WO; and Cu:WO; were calculated 2.92 eV, 2.79 eV, 2.87 eV and
2.78 eV, respectively. Optical band gap decrease was shown by metal inclusion which correlated to change of
crystalline size [36, 37]. Metal inclusion of pure WOs; may cause lattice damage which induces the defect
energy levels below the conduction band causes the decrease of optical band gap [38]. In our previous study,
the indirect bandgap energies of the nickel doped WO films were found as 3.36 eV-2.74 eV range with using
different type nickel precursors and optical band gap decrease was also observed as in this study [36].
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Figure 4. UV-Vis spectra of pure WOz and M:WOsfilms
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Figure 5. The optical band gap of WOs (a), Ni:WO3 (b), Fe:WOs (c) and Cu:WOs3(d)
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Other optical parameters are extinction coefficient and refractive index of WOs3, Ni:WOs, Fe:WO; and
Cu:WOswere exhibited in Figure 6 and 7, respectively. The extinction coefficient (k) is calculated as the below
equation [39, 40]:

a
" am
where «a is the absorption coefficient. Figure 6 gives the k values of samples. The refractive index of the films
were calculated as in the below equation [41, 42]:

1+R 4R
n=(T=R)* J<m‘ = o4

where R is reflectance, and k is the extinction coefficient. These graphs exhibited that suggests a decrease in
optical density with metal addition in WOs3 [43].
The dielectric constant was estimated by the below equations [42]:

k (3.3)

£ =& — g (3.5)
g =n? —k? (3.6)
& = 2nk (37)
&
tando=— (3.8)
87‘
where n is refractive index, and k is the extinction coefficient.
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Figure 6. The extinction coefficient of pure WOz and M:WOs films
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The optical dielectric constant values were calculated as 6.49 , 6.51, 6.88 and 6.97 for WO3, Ni:WO3,Fe:WO3
and Cu:WO; at the wavelength of 500 nm, respectively. From these results, the real and imaginary parts of
the dielectric constant follow different patterns and the values of &3 are higher than those of &, parts [44]. The
least loss was calculated for the Fe:WO3; sample. The dielectric constant change with hv indicates that there
are complex chemical interactions dependent on the solution solubility in the investigated samples.

The current-voltage (I-V) characteristics of pure WOz and M:WQs; films shown at room temperature in Figure
11. The direct current (DC) electrical characterization of each prepared pure WO3; and M:WOs; films was
realized by measuring current-voltage (I-V) values between 0 and +2 V range. I1-V curves of all samples are
linear, as shown in Fig. 11 which indicates the formation of ohmic contacts between the coated films and Ag
electrodes although low adhesion between 1TO/coated M:WO3. Some metal atoms are incorporated into the
WO:s films during the doping process and might form small metal clusters in the WOs lattice, as shown in AFM
images. The conductivity of a transition metal oxide can be changed through the dopant impurity levels of
electrons [23]. The resistance of samples were given in Figure 12 and calculated as 221 kQ, 91.9 kQ, 130 kQ
and 170 kQ for WO3, Ni:WOs3, Fe:WO3 and Cu:WOs3, respectively. This slightly decrease (except for Ni:WO3
samples) of resistance was observed by metal substitution due to the stoichiometry variation and crystal quality
[45]. Since the thickness of the films is more than 100 nm, the electrical properties are independent of the film
thickness, and other transmission mechanisms need to be taken into account to account for the current results
[46].
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Figure 11. The current-voltage characteristics of pure WO3; and M:WOs films
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4. Conclusion

In this study, we investigated the pure and M:WO; (M:Cu, Fe,Ni) films with using facile chemical bath
deposition in (pH=2) acidic medium. Effect of the metal substitution on the structural, optical and electrical
properties of the produced WOs films is studied. Structural analysis results show that all films have typical
monoclinic WOs phase however crystal quality is low in harsh acidic medium. Optical parameters (optical
absorption, emission peaks, optical band gap, optical dielectric constant) shown that the band—band transition
and localized states which were produced by defects and the oxygen vacancies in metal substituted tungsten
films. 1-V character was linear and decrease of electrical resistance was recorded in M:WOs films. Each metal
doping has had a different effect on both optical and electrical properties, which is due to different surface
defects and lattice placement. These results shown that M:WO; films are proper for opto-electronic device
applications.
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Oz — Dolgu barajlarin giivenligi, insaatinda kullanilan malzemelerin su akimiyla tasinmasi olarak tanimlanan icsel
erozyon ile tehdit edilmektedir. Ozellikle gegirimsiz perde ingaatinda kullanilan kil zeminlerde gelisen ¢ekme
catlaklarinda olusan igsel erozyon tiirlerinden olan kagak erozyon, ¢ekme ¢atlaginin derinligi ve genisligi ile ilgili
hidrolik parametrelerle kontrol edilir. Ek olarak kil zeminin igsel erozyon direncini kapsayan malzeme 6zellikleri
de g6z 6niinde tutulur. Bu galismada bu kontrol faktorlerine ilave olarak ¢atlama sonrasi gatlak duvarlarinda geligsen
gerilme kosullarinin da dikkate alinabilmesi igin dolgu barajlardaki ¢atlak mekanizmasindan faydalanilarak yeni
bir yaklasim dretilmistir. Bu yaklagimin da laboratuvar kosullarinda fiziksel olarak modellenebilmesi i¢in niimerik
analiz yardimiyla yeni bir test cihazi; Modifiye Edilmis Gerilme Kontrollii Ug Eksenli Test Cihazi (MGUET),
tanimlanmustir. Duvarlari tam diisey ve tam yatayda olan ¢ekme ¢atlaklarinin ¢atlama sonrasi duvarlarinda toplam
gerilme esasinda olusan asal gerilme kosullari, bu test cihaziyla laboratuvar kosullarinda olusturulabilmistir. Dolgu
barajlarda gelisen ¢ekme catlaklari, silindirik zemin 6rneginde olusturulan dairesel bir delik ile modellenmistir.
Béylece, i¢i bos silindirik cisimlerin mekaniginden faydalanilarak ¢ekme catlaklarmin gatlama sonrasi duvar
gerilmeleri, dairesel deligin duvarinda gelisen gerilmeler ile agiklanabilmektedir.
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Abstract — The safety of embankment dams is threatened by internal erosion, defined as the transporting materials
used in their construction by water flow. One of the types of internal erosion, such as Concentrated Leak Erosion
that occurs in tension cracks that develop in clay soils used in impervious zone construction, is controlled by
hydraulic parameters related to the depth and width of the tension crack. Also, material properties, including the
clay soil's internal erosion resistance, are considered. This study produced a new approach by utilizing the crack
mechanism in an embankment dam to evaluate the stress conditions developing in the crack walls after cracking.
To physically model this approach under laboratory conditions, a new test equipment was designed with the help
of numerical analysis, i.e., Modified Stress Control Triaxial Equipment (MSCTE). The principal stress conditions
occurring based on total stress in the post-cracking walls of tensile cracks with fully vertical and fully horizontal
walls could be created under laboratory conditions with this test equipment. Tensile cracks developing in
embankment dams were modeled with a circular hole formed in a cylindrical soil sample. Thus, by utilizing the
mechanics of hollow cylindrical materials, the post-cracking wall stresses of tensile cracks can be explained by
the stresses developing on the wall of the circular hole.
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1. Giris

Dolgu barajlarda meydana gelen ¢atlaklar, bu toprak yapilarin kisa ve uzun dénemli giivenligini tehdit eden
en onemli faktorlerden biridir. Dolgu barajlarda Lowe’a [1] gore genel olarak dort tip gatlak gelisir: enine
catlak, yatay catlak, boyuna ¢atlak ve kuruma catlaklar1 (Sekil 1). Dolgu barajlarin go¢cmesine neden olarak 6n
plana ¢ikan catlaklar ise memba-mansap dogrultusunda uzanip rezervuardaki su seviyesinin altinda kalan enine
ve yatay catlaklardir. Enine catlaklarda c¢atlak duvarlar1 diisey diizlemde iken yatay catlaklarda ise ¢atlak
duvarlan1 yatay diizlem boyunca uzanir [2]. Dolgu barajlarin gé¢me mekanizmalarindan biri olan “Icsel
erozyon” kisaca dolgu insaatinda kullanilan malzemelerin sizma ve basingli boru akimlar: etkisiyle taginmasi
olarak tamimlanir. Yikilan dolgu barajlari %30~50’si i¢sel erozyon mekanizmasi sonucu gé¢miistiir [3]. Icsel
erozyonun memba-mansap dogrultusunda uzanan bu ¢atlaklarda gelisen bi¢imine “kagak erozyonu” ad1 verilir.
Kagak erozyonunda catlak duvarlarindaki kohezyonlu malzeme basingli boru akiminin etkisiyle asinarak
barajin mansabina dogru taginir [4]. Eger dolgu barajin ¢ekirdeginde kullanilan ince daneli malzeme USBR
[5] ve ICOLD’da [6] belirtilen partikiil tutulma, drenaj ve bosluksuz derecelendirme kriterlerine uygun bir
grandiler filtre ile korunursa kagak erozyon baslangi¢c asamasinda durdurulur. Bu graniiler filtre korumasi yoksa
kacak erozyon geliserek barajin gediklenerek gogmesine neden olur. Buna 6rnek olarak, homojen dolgu tipinde
insa edilen Teton Baraji’min 5 Haziran 1976 tarihinde gégmesi gosterilebilir [7].

Yatay catlak

Enine gatlak

Boyuna gatlak

Kuruma gatlagi

Sekil 1. Dolgu barajlarda goriilen gatlak tipleri

Dolgu barajlarda gatlak mekanizmasim tetikleyen etkenler iki baglik halinde toplanabilir: 1) Gerilme nedenli
olusan catlaklar, 2) Malzeme kaynakli olusan ¢atlaklar. Gerilme nedenli olusan ¢atlaklar; farkli oturma, zayif
sikistirma, hareketli yiikler, hidrolik ¢atlama ve sismik hareketlerden dolay1 gelisebilir. Dolgu barajlar, nihai
oturmalarinin % 80-90’1n1 ingaat asamasinda tamamlar [8]. Bu nihai oturmalarin tamamlanmasi esnasinda
barajin insa edildigi vadi yamaglarinin dik ve dike yakin olmasi, baraj temelinin yerlestirildigi taban profilinin
basamakli veya temelin farkli dayanima sahip malzemelerden olugmasi durumunda farkli oturmalardan
kaynakli enine catlaklar gelisebilmektedir [9]. Yine farkli oturma etkisiyle gerilme nedenli enine ¢atlaklar,
baraj temel tabaninin yiizey profilindeki siireksizliklerin ¢ikint1 seklinde, dolgu yiiksekliginin % 3~5’ini asacak
uzunluklara sahip olmasi durumunda da olusabilmektedir [10]. Bunun yaninda dar tipte insa edilmis zonlu
dolgu barajlarda, kil g¢ekirdegin kuru tarafta zayif sikistirlmasi ve c¢ekirdek genisliginin dolgunun
yiiksekliginin dortte birinden kiiglik olmasi durumunda da gerilme nedenli c¢atlaklarin olusabilecegi
belirlenmistir [11].

Yukarida da anlatildign gibi gerilme nedenli ¢atlaklar tetikleyen faktorler olarak; dolgunun geometrisi,
dolgunun insa edildigi vadinin geometrisi ve dolguda gegirimsiz perde olusturmak i¢in kullanilan ince daneli
zeminlerin ¢ekme dayanmimlarnin diisiik olmasi1 gosterilebilir. Dolgu barajlarda boyuna kemerlenme

sonucunda enine ¢atlaklar, enine kemerlenme sonucunda ise yatay ¢atlaklar olusabilmektedir [2]. Bu ¢atlaklar
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cogu zaman hidrolik ¢atlama isleminin katkisiyla da olusabilmektedir [12]. Gévde igerisine sizan suyun
hidrostatik basinciyla memba-mansap dogrultusunda uzanan mevcut ¢atlagin ilerlemesi veya hidrostatik su
basinciyla dolgu igerisindeki diigiik gerilme zonlarinda gelisen ¢atlama mekanizmasina “hidrolik ¢atlama” ad1
verilir [13]. Deprem kaynakl1 gelisen catlaklarin biiyiik gogunlugu boyuna gatlaklardir. Cok az vakada nedeni
bilinmemekle birlikte memba-mansap dogrultusunda uzanan catlaklar gézlemlenmistir [14].

Memba-mansap dogrultusunda uzanan ¢atlaklarin malzeme kaynakli olmasinin esasi, gegirimsiz perdede
kullanilan ince daneli zeminlerin yogurulma kabiliyeti ile iligkilendirilir. Dolgu insaatinda kullanilan ince
daneli zeminlerin plastisite indeksinin (P1) 15’ten kii¢iik ve dane ¢aplarinin 0.002 mm ve 1.20 mm arasinda
olmasi ¢atlak olugma riskini arttirmaktadir [15]. Yine Londe’ye [16] gore, dolgunun sikistirma su muhtevasi
ve plastisite indeksi enine gatlaklarin gelismesinde 6n plana ¢ikan iki 6nemli faktor olarak degerlendirilmistir.
Dolguda kullanilan ince daneli zeminlerin c¢atlama potansiyelinin azaltilabilmesi i¢in genel olarak bu
zeminlerin 1slak tarafta sikistirilmasi Onerilmektedir. Bunun yaninda bir¢ok dolgu baraj tasarim rehberi

gecirimsiz perdeyi olusturacak zeminin plastisite indeksinin 14~15’ten biiyiik olmasini istemektedir.

Dolgu barajlarda kacak erozyonu sonucu gogmeye varan durumlarla karsilasilmasina neden olan memba-
mansap dogrultusundaki gatlaklar i¢in son yillarda yapilan ¢alismalar, sismik ve statik kosullarda gelisen
catlagin olustugu derinlik ile ¢atlagin genisligi arasindaki iliskiye yogunlagmistir [9,17]. Bunun yaninda
niimerik modellemeler yardimiyla bu ¢atlaklarin derinligini, konumunu ve genisligini belirleyen yaklagimlarda
vardir [18]. Daha 6nceki ¢alismalarin 6zellikle gatlak derinligi ve genisligi konularina egilmesinin sebebi,
kacak erozyonunun baglamasina ve gelisgmesine neden olan hidrolik parametrelerin (hidrolik egim, akimin hizi
vs.,) bu verilerle hesaplanabilmesidir. Kagak erozyonunun baslamasina etki eden faktorler, malzemelerin igsel
erozyon direnci ve akimin hidrolik parametreleridir. Kohezyonlu zeminlerin igsel erozyon direncini; kuru
yogunluk-su muhtevasi [19], sikistirma enerjisi [20], plastisite indeksi-likit limit [21] gibi fiziksel ve geoteknik
karakteristikler etkilemektedir. Bunlara ilaveten, bu ¢alismada; enine ve yatay ¢atlaklarin duvarlarinda gelisen
gerilmelerin de kagak erozyon mekanizmasina etki eden bir faktdr oldugu diisiiniilerek bu catlaklarin
duvarlarinda ¢atlama sonrasi olusabilecek gerilmeleri belirleyecek yeni bir yaklagim gelistirilmistir. Bu
yaklagimla belirlenen gerilme sartlarin1 laboratuvar kosullarinda modellemek icin yeni bir test cihazi

tanimlanmugtir.

2. Materyal ve Yontem

Dolgu barajlardaki enine-yatay catlaklarin duvarlarinda olusan gerilme kosullarinin belirlenmesi ve
modellenmesinde Coulomb tarafindan gelistirilen siirtinme kanununun, Otto Mohr tarafindan bulunan ve
Mohr daireleri ile birlestirilerek zeminlere uygulandigi Mohr-Coulomb teorisi kullanilmistir. Mohr-Coulomb
teorisinde kesme gerilmelerinin sifir oldugu dogrultudaki normal gerilmelere asal gerilmeler ad1 verilir. Dolgu
barajlarda maksimum asal gerilmeler (c1) yercekimi dogrultusunda; ortanca asal gerilmeler (c2) baraj aksi
dogrultusunda; minimum asal gerilmeler (c3) ise baraj aksina dik dogrultuda yani memba-mansap
dogrultusunda gelisirler (Sekil 2). Mohr-Coulomb’da zeminlerin kesme yenilmesi; minimum ve maksimum
asal gerilmeleri birlestiren yarim daire ve zeminlerin kesme dayanimi parametreleri olan kesisim kohezyon (c)
ve igsel siirtlinme acis1 (¢) degeriyle belirlenen kesme yenilmesi zarfi tarafindan kontrol edilir. Ortanca asal
gerilmelerin zeminlerin yenilmesine bir etkisi yoktur [22].

287



JARNAS /2024, Vol. 10, Issue 2, Pages: 285-299 / Physical Modelling of Stresses Affecting the Walls of Tensile Cracks ---

REZERVUAR

b)

Kesme gerilmelen

T=C+0.tand

. C. Kesigim kohezyon degeri
" icsel surtinme agisi

0 a: O+ Nomal gerilmeler

Sekil 2. a) Dolgu barajlarda olusan asal gerilmeler b) Mohr-Coulomb teorisi

2.1. Dolgu Barajlarda Catlak Mekanizmasi ve Cekme Yenilmesi

Dolgu barajlarda catlaklar, barajin gecirimsiz perdesinde kullanilan ince daneli zeminler igin gerilme
temelinde ¢cekme ve kesme catlaklar1 olmak tizere iki farkl sekilde gelisir. Cekme c¢atlaklarinin gelisebilmesi
icin zeminin ¢ekme dayaniminin; kesme ¢atlaklarinin gelisebilmesi i¢in ise kesme dayaniminin yenilmesi
gerekir. Truscott’a [23] gore kesme yenilmesinde ¢ekme yenilmesinde oldugu gibi suyun akabilecegi bir
kanalcik olusmaz. Kesme yenilmesinde genelde 6rselenmis, suyun gecisine kapali bir gé¢me diizlemi olugur.
Bu nedenle dolgu barajlarda kagak erozyonu i¢in ¢ekme yenilmesi sonucu olusan ¢ekme catlaklarinin olug
mekanizmasi daha kritiktir. Lambe [24], ince daneli zeminlerde kesme ve gekme yenilmeleri i¢in Sekil 3” deki

gerilme izlerini tanimlamisgtir.

Mohr-Coulomb

o, — 03 veailme zarfi Kesme yenilmesi igin
2 N g dLambe gerilme izi
.| Kayma -
Cekme yenilmesi || vepilmesi -~ -~
-

P
Cekme yenilmesi iqm./ /.__\_‘/.f/ Maksimum ¢ekme

f\.::.nbc gcﬁe 1n#%// I »~ venilmesi dairesi = \\
linimum gekme - 4

venilmesi dairesi \ A

~ ) \ \

1450 ! :

Ot
Cekme t | Basing
I o, +oy '+ o

Sekil 3. Kesme ve ¢ekme yenilmeleri igin gerilme izi [24]

Maksimum ¢ekme yenilmesi dairesinde ¢evre basinci sifirdan biiytiktiir. Bishop ve Garga [25] ¢cevre basincinin
sifirdan biiylik olmas1 durumunda da killerde ¢ekme yenilmesinin olusabilecegini ifade etmislerdir. Cekme
yenilmesi i¢in Lambe gerilme izi, zeminlerin ¢cekme dayanimindan (c¢) baglayip minimum ¢ekme yenilmesi
dairesini olusturan asal gerilmelerin ortalamasindan gecerek maksimum ¢ekme yenilmesi dairesini olusturan
asal gerilmelerin ortalamasinda sonlanmistir. Minimum ¢ekme yenilmesi dairesinin ¢api, t ile gosterilmektedir.
Zeminlerin ¢ekme dayanimi olan, o ise ihmal edilebilecek diizeyde ¢ok diisiiktiir [26]. Bu nedenle minimum
asal gerilmelerin ¢ekme gerilmeleri halinde etkimesi durumunda da muhazafakar bir yaklagimla ¢ekme
catlaklarinin olusabilecegi kabul edilebilir. Dolguda kretten daha derinlere dogru gidildik¢e enine ve boyuna

kemerlenme etkisiyle diisiik gerilme zonlar1 olusabilir. Diger bir ifade ile diisey gerilmelerin azalmasiyla da

288



JARNAS /2024, Vol. 10, Issue 2, Pages: 285-299 / Physical Modelling of Stresses Affecting the Walls of Tensile Cracks ---

zeminlerin kesisim kohezyon degerine bagl olarak ¢ekme ¢atlaklari olusabilir. Fell vd. [9] dolgu barajlarin
igsel erozyona bagli gé¢melerinin olasiliksal olarak tahmin edilmesinde dikkate alinan enine gatlaklarmn
derinliklerini hidrolik c¢atlamalar hari¢ kret seviyesinden 10 m ile sinirlandirmiglardir. Bu derinligin altinda
meydana gelen enine ¢atlaklarin igsel erozyon agisindan bir problem ortaya ¢ikarmayacagini belirtmislerdir.
Truscott [23], [24]’te verilen gerilme izlerinden yola ¢ikarak bir dolgu barajda meydana gelecek ¢ekme
catlaklar1 i¢in olugsmasi gereken gerilme izlerini Sekil 4 *de gdstermistir.

Cekme yenilmesi | Kesme yenilmesi

Yenilme yiizeyi

E Basing

F
ke ' '
Cekme o, + 0y g, + 03
2 2

Sekil 4. Cekme catlaklarinin olugmasina neden olan gerilme izleri [23]

Zeminin baglangi¢ gerilme kosullart A noktasindadir. Cekme catlaklarinin olusabilmesi icin ACD, AB ve AEF
gibi ii¢ farkli gerilme izi olusabilir. ACD gerilme izinde 6nce kesme yenilmesi olusur. Daha sonra ortalama
asal gerilmelerin azalmasiyla ¢ekme ¢atlagi olusur. AB gerilme izinde direk cekme ¢atlagi meydana gelir. AEF
gerilme izinde 6nce; maksimum ve minimum asal gerilmelerin farki sifir olur (E noktasi) ve daha sonra
ortalama asal gerilmelerin degeri azalarak F noktasinda ¢ekme ¢atlagi gergeklesir. Boyle bir durum teorikte
miimkiindiir fakat pratikte gerceklesmesi miimkiin degildir. D noktasi kesme ve ¢ekme yenilme diizlemlerini
ayiran noktadir. D noktasinin yerini zeminlerin kesisim kohezyon degeri belirler. D noktasinin pozitif yonde
orijinden uzaklagmasi kesme yenilmesi potansiyelini azaltirken ¢ekme yenilmesi potansiyelini arttirir. D
noktasi toplam gerilme kosullarinda orijinden uzaklasir; efektif gerilme kosullarinda ise orijine yaklasir (Sekil
5). Bundan dolay1 dolgu insaati sirasinda ve hemen sonrasinda toplam gerilme kosullar1 hakim oldugu i¢in
¢cekme catlaginin olusma potansiyeli daha yiiksektir. Barajin igsletme sirasinda ise zamanla konsolidasyon
olaymin gerceklesmesiyle efektif gerilme kosullar1 gegerli olacagi i¢in cekme catlaklarinin olusma potansiyeli

oldukc¢a azalmaktadir.

Toplam gerilme

kosulu
S 5 / /

2 | ot cluima
potansiyeli artar
74 Efektif gerilme
kosulu
A 4s°
gy +ag g + o3
<t 2 2

Sekil 5. Cekme catlaginin toplam ve efektif gerilme kosullarina gére olusma potansiyeli [23]
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3. Bulgular ve Tartisma

3.1. Catlak Duvarlarindaki Asal Gerilmelerin Modellenmesi

Ucg eksenli gerilme kosullarinda cekme catlaklarinin olustugu gerilme kosullar1 ve ¢atlak dogrultularinin gekme

gerilmesinin diizlemi ile yaptiklar agilar Sekil 6’da verilmistir.

Kesme gerilmeleri

Cekme yenilmesi Kesme ycni@p/

T3

o 0 Oz O= Normal gerilmeler

To'w TOW TCﬂ 0 =~ 0 = O

a-=0 = 0=
G+ G+ T
=0 K 4

) @ ®
Sekil 6. Ug eksenli gerilme kosullarinda ¢gekme catlagmin olustugu gerilme kosullar

Cekme catlag

Bir dolgu barajda kret civarinda diisey gerilmeler ¢ok kiigiik oldugu i¢in 1 nolu ¢ekme yenilmesi dairesi
olusabilir. Dolguda derinlik arttik¢a diisey gerilmeler arttig1 i¢in sirasi ile 2 ve 3 nolu ¢ekme yenilmesi dairesi
ile gosterilen memba-mansap dogrultusunda uzanan diyagonal c¢ekme c¢atlaklar1 goriilebilir. Catlak
duvarlarinda olusan asal gerilmelerin basitge belirlenebilmesi i¢in bu ¢aligmada ©=0° durumu goz Oniinde
tutulmustur. Buna gore; dolgu barajlarda ¢atlak duvarlari, sirasiyla tam diiseyde ve tam yatayda olusan enine

ve yatay catlaklarin olugsmasi esnasindaki ¢atlak duvarlarina etki eden gerilmeler Sekil 7°de gosterilmistir.

6:(4-)

Sekil 7. Dolgu barajlarda ©=0° durumu igin ¢atlak olusmasi esnasindaki ¢atlaklarin duvarlarina etki eden
gerilmeler

Dolgu barajlarda maksimum asal gerilmeler diisey diizlemde; ortanca asal gerilmeler baraj aksi1 diizleminde;
minimum asal gerilmeler ise baraj aksina dik dogrultuda memba-mansap dogrultusunda gelisirler. ©=0°
durumu igin, catlak duvarlar1 yatayda olan yatay catlaklarin gelisebilmesi i¢in diisey gerilmelerin; catlak
duvarlar diiseyde olan enine ¢atlaklarin gelisebilmesi i¢in ise baraj aksi1 dogrultusunda etki eden gerilmelerin
cekme gerilmesi halinde etkimesi gerekir. Bu yonlerdeki gerilmeler; ¢ekme gerilmeleri halinde etkiyince dogal

olarak minimum asal gerilmeler olur. Diger iki yonde etkiyen gerilmeler ise biiyiikliiklerine gore maksimum
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ve ortanca gerilmeler halini alir. Her iki ¢atlakta da akim dogrultusunda duvarlara etki eden gerilmeler memba-
mansap dogrultusundaki ortanca asal gerilmelerdir. Catlak duvarinda, akim dogrultusuna dik etki eden
gerilmeler ise yatay catlakta baraj aksi dogrultusundaki gerilmelerdir. Enine catlakta ise yercekimi yoniinde
etkiyen gerilmelerdir. Bu gerilmeler gatlama esnasinda maksimum asal gerilmeler olur. Truscott’a [23] gore
catlaklar aniden geligir ve ¢atlak gevresindeki gerilme kosullar1 ¢atlak olugsmadan 6nceki durumuna geri
dénmeye calisir. Bununla birlikte Sanchez vd. [27] ¢atlagin olusmasina neden olan ¢ekme gerilmelerinin,
catlak olustuktan sonra ¢atlak acikligina ve duvarina basing gerilmeleri halinde etkiyerek catlagin kapanmasina
(iyilesmesine) neden olabilecegini ifade etmislerdir. Buna gore, enine ve yatay catlaklarin olusmasi

esnasindaki ve sonrasindaki ¢atlak duvarlarina etki eden gerilme kosullar1 Sekil 8’de gosterilmistir.

Kesme gerilmeleri

@ —Gatlama esnasanda
@ —Catlama sonrasinda

o O: O- 0= O (O
1 Normal gerilmeler

Sekil 8. Catlaklarin duvarinda ¢atlama esnasinda ve sonrasinda olusan gerilme kosullari

Catlama sonrasinda yatay catlaklarda, diisey yonde ¢ekme gerilmeleri halinde etkiyen gerilmeler ¢atlak
duvarina basing olarak etkiyen minimum asal gerilmeler olur. Akima dik dogrultuda baraj aks1 dogrultusunda
etkiyen gerilmeler ise maksimum asal gerilmeler olur. Akim dogrultusunda etkiyen gerilmeler ise ortanca
gerilmelerdir. Enine catlaklarda ise baraj aksi dogrultusunda ¢ekme gerilmeleri halinde etkiyen gerilmeler,
basing olarak etkiyen minimum asal gerilmeler olur. Yatay catlaklarda oldugu gibi akima dik dogrultuda
etkiyen diisey gerilmeler maksimum asal gerilme; akim dogrultusunda etkiyen gerilmeler ise ortanca
gerilmeler olur. Her iki catlak tiirii icin catlama sonrasi catlak duvarlarma etkiyen asal gerilmelerin

oryantasyonu birbirinin aynisi olur.

Bu ¢alismada yukarida anlatilanlar dogrultusunda; dolguda memba-mansap dogrultusunda uzanan catlaklarin
catlama sonrasinda duvarlarinda gelisen asal gerilmeler, laboratuvar kosullarinda fiziksel bir modele
doniistiiriilebilmesi i¢in silindirik bir zemin 6rneginde catlagin dairesel bir delik oldugu kabuliiyle Sekil 9°da
oldugu gibi sunulmustur. I¢ci bos silindirik bir cisme, eksenel ve gevre basinglar1 uygulandiginda delik
duvarinda eksenel, tegetsel ve radyal gerilmeler olusur [28]. Buna gore fiziksel modelde delik duvarindaki
maksimum asal gerilmeler, tegetsel gerilme (o1); ortanca asal gerilmeler, eksenel gerilme (62) ve minimum asal
gerilmeler radyal gerilme (or) olmaktadir.

Catlak duvan

FIZIKSEL MODEL

Sekil 9. Dolguda ve fiziksel modellemede catlak duvarlarinda gelisen asal gerilmeler
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3.2. Yeni Test Cihazinin Tanimlanmasi

Bir 6nceki bdliimde catlak duvari i¢in anlatilan asal gerilme kosullarinin; laboratuvar kosullarinda anlamli,
kullanilabilir ve uyumlu bir fiziksel modele déniistiiriilebilmesi icin Modifiye Edilmis Gerilme Kontrollii Ug
Eksenli Test Cihazi (MGUET) gelistirilmistir (Sekil 10).

/Cekme yuk cercevesi
Cekme kolu
©

Basing yuk gercevesi ) .

Rl 1)
Hucre\ f1

Manivelal kelepce_ | ) li

Sehpa
ﬁ il

Sekil 10. Modifiye edilmis gerilme kontrollii ii¢ eksenli test cihazi (MGUET)

Modifiye Edilmis Gerilme Kontrollii U¢ Eksenli Test Cihazinda zemin drneklerinde cevre basinci olusturmak
i¢in Yag/su Sabit Basing Unitesi kullanilmistir. Analog manometreye sahip, 1700 kPa’ya kadar ¢evre basinct
olusturabilecek bir Yag/su sabit basing tinitesi kullanilmistir. Cevre basinci ayni zamanda kalibre edilmis
basing transmitter ile data logger araciligiyla 6l¢iilmiistiir. Zemin 6rnegine uygulanan ii¢ eksenli yiiklemeler
sonucunda drnekte olusan eksenel sekil degistirmeler yine data logger yardimiyla deplasman transdiiseri ile
monitdrden takip edilmistir. MGUET ile zemin &rnegine gevre basinci yaninda eksenel dogrultuda hem ¢ekme
gerilmeleri hem de basing gerilmeleri uygulanabilmektedir. Cekme kuvvetleri; ¢cekme kolu ile 1:5 oraninda,
basing kuvvetleri ise basing kolu ile 1:10 oraninda biiyiitiilerek zemin 6rnegine aktarilmaktadir. Cihaz, basing
gerilmeleri igin 50-300 kPa ve ¢ekme gerilmeleri igin ise 25-150 kPa araliklarinda ¢alisabilecek sekilde
kalibrasyon islemine tabi tutulmustur. Yiikleme esnasinda hiicrenin stabil ve hareketsiz halde kalmasi i¢in
hiicre, iki adet manivelali kelepge ile alt tablaya sabitlenebilmektedir. Hiicre, 70 veya 100 mm ¢apli silindirik
ornekler icin kullanilabilen {i¢ eksenli deney hiicresidir (Sekil 11). Hiicre, 1000 kPa hidrostatik basinca
dayanikli kalabilecek pleksiglas malzemeden {iretilmistir. Hiicrenin iizerine oturtuldugu alt tablada dort ve
hiicrenin iist kisminda bir adet olmak iizere toplamda bes adet vana vardir. Bu vanalardan giris ve ¢ikis vanalari
zemin Orneginde olusturulan delige gonderilen su akimmin hiicreye giris ve ¢ikis yaptig1r noktalarda yer
almaktadir. Zemin Orneginde c¢evre basinci olusturmak igin hiicre igerisine suyun dolumu/bosaltimi,
besleme/bosaltma vanasi ile yapilmaktadir. Zemin drnegine Yag/su sabit basing tinitesinde olusturulan ¢evre
basinci, ¢evre basinci vanasiyla verilmekte ve 6rnege ¢evre basinci verilmeden hiicre icerisinde bulunan hava

da, hava alma vanastyla digariya atilmaktadir.
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Sekil 11. Deney hiicresi

Modifiye Edilmis Gerilme Kontrollii Ug Eksenli Test Cihazi’'nda yiiklemeye maruz birakilacak zemin
ornekleri i¢i bos silindirik bir sekilde hazirlanmaktadir. Catlak olarak kabul edilen dairesel deligin ¢ap1 2 mm
ve akimin gectigi bu dairesel deligin uzunlugu 115 mm’dir. Delige akimin verilebilmesi i¢in 25 mm uzunluga
ve sirasiyla 6 ve 14 mm, i¢ ve dig ¢apa sahip bir noziil yuvasi birakilmistir. Boylelikle i¢i bos silindirik modelin
capt 70 mm ve toplam yiiksekligi de 140 mm olarak dikkate alinmistir (Sekil 12). Dolgu barajlarda ¢ekme
gerilmeleri esasindaki ¢atlama mekanizmasinin, toplam gerilme kosullarinda ve kismi doygunluk sartlarinda
gelismesinden dolay1 bosluk suyu basinci 6l¢limlerinin alinmasina gerek duyulmamistir. Bu nedenle, ¢alisma

kapsaminda yapilan tiim dnermelerin “toplam gerilme” esasinda yapildigi belirtilmelidir.

Sekil 12. Zemin 6rnegi

Girig vanasindan alinan su akiminin hiicredeki ¢evre basincindan etkilenmemesi i¢in, su akimi et kalinlig: fazla
ve malzemesi sert plastik bir boru yardimiyla iist adaptorden noziile, oradan da zemin 6rneginde olusturulan
delige aktarilir (Sekil 13). Zemin 6rnegine c¢evre basinci altinda uygulanan eksenel yiiklerin, eksiksiz bir
sekilde omege aktarilmasma dikkat edilmis ve pistonun, iist adaptor ile birlesiminde kilitleme aparati
kullanilmistir. Kilitleme aparatinin lizerinde pistonun anahtar gibi tek bir yonde girebilecegi bir yuva vardir.

Bu yuvaya giren piston saga veya sola 90° kadar ¢evrildiginde tam bir kilitlenme saglanmaktadir.
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Sekil 13. Hiicre igerisindeki zemin 6rneginin goriintiisii

Gelistirilen yeni test cihaziyla zemin Orneklerinde sadece c¢evre basinci etkisi altinda izotropik yiikleme
kosullar1, ¢evre basinciyla birlikte cekme ve basing kollarina konulacak agirlik ile de sirastyla anizotropik-
genlesme ve anizotropik-sikisma yiikleme kosullar1 olusturulabilmektedir. Bu yiikleme kosullar1 altinda ici
bos silindirik zemin 6rneginde delik duvarindaki asal gerilmeleri belirlemek i¢in ANSYS v14. Programinin
Workbench modiilii kullanilmis ve asal gerilmeler sonlu elemanlar yontemiyle niimerik olarak ii¢ boyutlu
modelleme ile belirlenmistir [29]. Fiziksel model altinda, Tablo 1’deki se¢ilen yiikleme kosullar1 igin dort
farkli zemin 6rnegindeki eksenel sekil degistirmeler dl¢lilmiistiir. 614: Eksenel basing. 63¢: Cevre basinci.

Tablo 1. Yiikkleme kosullar
Yiikleme no. o1d (kPa) o34 (kPa) Yiikleme kosulu

1 66.7 100  Anizotropik-genlesme
2 100 100 Izotropik
3 150 100 Anizotropik-sikisma

Lineer-elastik malzeme modeli kabuliiyle, ii¢ farkli yiikleme kosulu altinda dort farkli zemin 6rneginin
elastisite modiillerini hesaplamak i¢in anizotropik yiiklemelerde [30]’da ve izotropik yiiklemede ise [31]’de
verilen yaklagim kullanilmigtir (Tablo 2).

Tablo 2. Numerik modellemelerde kullanilan elastisite modiilleri
Elastisite Modiilii, E, (kPa)

Yiik.no. :
Afyon-1 Afyon-2 Catdren Brj. Kunduzlar Brj.

1 10122 17254 9514 8495

2 20896 13333 18421 14894

3 12500 13514 15576 16234

Zemin orneklerinde poisson orani, anizotropik yiiklemeler i¢in suya doygunluk derecesine bagl olarak Oh ve
Vanapalli’ye [32] gore 0.47; izotropik yiikleme igin ise O olarak dikkate alinmistir. Noziil yuvasinin sinir
kosullari, silindirik mesnet ile tanimlanmistir. Noziiliin, 6rnek ile temas ettigi ylizeylerin tegeti ve normali
yoniindeki hareketi kisitlanmistir. Ornegin alt yiizeyi, tiim dogrultularda deplasman ve dénmelere karsi da
smirlandirilmigtir. 130763 dugiim noktas1 ve 94051 dort iicgen yiizlii (tetrahedron) elemanlardan olugan
geometrik model (Sekil 14), ortalama ¢arpiklik dlgiitiine (n=0.239) gore miikkemmel kalitede olusturulmustur
[33].
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Sekil 14. Geometrik modelin boykesiti

Gergeklestirilen analizler sonucunda secilen ii¢ farkli yiikleme kosulunda dort fakli zemin 6rnegi icin elde
edilen eksenel sekil degistirmeler, fiziksel modelde &lgiilenler ile birbirine yakindir (Sekil 15). Ozellikle
izotropik yiikleme kosullari i¢in tiim 6rneklerde niimerik analiz sonucu elde edilen sekil degistirmeler ve deney
esnasinda Olgiilen sekil degistirmeler aynidir. Buna ragmen 6zellikle anizotropik-genlesme yiiklemesi i¢in bu
degerlerin farklilik arz etti§i goriilmiistiir. Bu farklilik ise anizotropik-sikisma yiiklemesi i¢in daha az

gergeklesmistir.,

Niimerik analizlerde asal gerilmelerin delik uzunlugu boyunca degiskenlik gosterdigi belirlenmistir (Sekil 16-
18). Bunun nedeni olarak noziil kalinlig1 diginda kalip, gerilmelerin etkiyemedigi delik {ist yiizey kisminin
varlig1 gosterilebilir. Catlagin dairesel bir delik olarak kabul edilmesiyle modellenen asal gerilme kosullari
(bkz. sekil 9) beklendigi gibi tiim yiikleme kosullarinda gergeklesmistir. Delik duvarina etki eden tegetsel
gerilmeler maksimum asal gerilme; eksenel gerilmeler ortanca asal gerilme; radyal gerilmeler ise minimum
asal gerilmeler olmustur. Anizotropik-genlesme yiikleme kosulu i¢in eksenel ve radyal gerilmeler birbirine
yakin iken, anizotropik-sikisma yiiklemesinde ise tegetsel ve eksenel gerilmeler birbirine yakin elde edilmistir.
Anizotropik-genlesme yiiklemesinde deligin noziil tarafindaki kisminda radyal gerilmeler ¢ok kiigiik
degerlerde de olsa cekme gerilmeleri halinde etkimektedir. Izotropik yiikleme kosulunda eksenel ve radyal
gerilmeler deligin bu kisminda yine ¢ekme gerilmeleri halinde etkidigi goriilmiistiir. Anizotropik-sikisma
ylikleme kosulunda ise tiim gerilme degerleri deligin noziil tarafindaki boélimiinde ¢gekme gerilmeleri halinde
etkimektedir.

—
=}
|

—&— Afyon-1 dlgiilen
—O—Afyon-1 niimerik model

—@— Afyon-2dlgilen
—O— Afyon-2 niimierik model

—
=
1

—@—Catoren Byj. olgiilen )
~—)——Gatoren Brj. amendkmodel . .. ... A 2 8 ..

—
(]
1

—&—Kunduzlar Brj. dlgiilen
—— Kunduzlar Br). niimerik model)/

Eksenel sekil degistirmeler (AL) (mm)

1.0+
e
0.8+
0.6 :
. Yidkleme no. | Yiikleme tipi

044 - -1 - | Anizotropik-genlesme

2 Izotropik

3 Anizotropik-ukigma
024 ;

Yiikleme no.

Sekil 15. Deney sirasinda dlgiilen ve niimerik modellemede belirlenen eksenel sekil degistirmeler
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Sekil 16. Yiikleme no.1 i¢in niimerik analizde delik duvar1 boyunca olusan gerilmeler
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Sekil 17. Yiikleme no.2 i¢in niimerik analizde delik duvar1 boyunca olusan gerilmeler
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Sekil 18. Yiikleme no.3 igin niimerik analizde delik duvari boyunca olusan gerilmeler
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4. Sonugclar

Bu calismada; dolgu barajlarda ¢cekme catlagi olarak gelisen yatay ve enine c¢atlaklarin, catlama sonrasi
duvarlarinda olusan asal gerilmeler yeni bir yaklasimla belirlenerek, bu gerilmelerin niimerik analiz destegiyle
laboratuvar kosullarinda fiziksel bir modele doniistiiriilmesi i¢in yeni bir test ekipmani olan Modifiye Edilmis
Gerilme Kontrollii Ug Eksenli Test Cihazi (MGUET) basariyla tanimlanmugtir.

Calismadan ¢ikarilan sonuglar ve Oneriler 6zetlenmistir: Dolgu barajlarda gegirimsiz perde olarak kullanilan
kil zeminlerde igsel erozyona neden olarak go¢meye neden olacak catlaklari, silindirik zemin 6rneklerinde
olusturulan dairesel bir delikle modellemek miimkiin olmaktadir. Catlama sonrasi ¢atlak duvarlarinda olusan
asal gerilme kosullari ile laboratuvarda gelistirilen cihazda yiiklenen zemin 6rneklerindeki deligin duvarlarinda
gelisen asal gerilme kosullar1 ayn1 olmaktadir. Bu durumun niimerik analiz ile de saglamas1 yapilmistir. Yeni
gelistirilen test cihazinda izotropik, anizotropik-genlesme ve anizotropik-sikisma yiikleme kosullar;
geleneksel ii¢ eksenli test cihazindaki deplasman kontrollii yerine gerilme kontrollii bir sekilde olusturulabilir.
Izotropik yiikleme kosullarinda silindirik orneklerin eksenel ve radyal sekil degistirmeleri birbirine esit
oldugundan enkesit alanlari degismemektedir. Bu nedenle bu yiikleme kosulu i¢in poisson orani 0 olarak
dikkate alinmalidir. Yiiklenen zemin 6rneklerindeki delikten gegirilecek su akiminin hidrolik yiiki, yliksekligi
ayarlanabilir tagirma kabiyla veya manometreli pompaj ile basinglandirilarak saglanabilir.
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Agir Hizmet Araclarimin Giiriiltii Kalkam Par¢asinin Akustik ve Mekanik

Dayanim Performansinin Incelenmesi
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Oz — Kamyon, tir gibi agir hizmet araglarinda en gok giiriiltii iireten yap1 olan motor odasinda olugan 1s1 ve sesin
izole edilmesi igin bu yapmin yakina yalittim malzemesi olarak giiriilti kalkani konumlandirilmaktadir. Bu
calismada, agir hizmet araglarinda giiriiltii kalkani olarak kullanilmak iizere, ses ve 1s1 iireten yapiya bakacak
yonde konumlandirilan alt katmanda tas yiini, giriiltii kalkani pargasmin mukavemet ve akustik performansini
arttirmakla gorevli tist katmanda PP/GF, GF/EP, GF/PET, Karbon/EP, fenolik kege ve yapistirict malzeme olarak
Gonderim: 17 Kasim 2023 PE film kullanilarak diiz kalipta, 190 °C sicaklikta ve 110 bar basing altinda kompozit sandvi¢ yapilar

Kabul: 30 Ocak 2024 olusturulmus ve bu yapilarin empedans tiipiinde ses yutum katsayilari 6lgiilerek akustik performanslar birbiriyle

Makale Tarihcesi

Yaymm: 25 Haziran 2024 karsilastirllmigtir. Akustik performans test sonuglari incelendiginde, ses yutum katsayisi (o) 1 degerine en yakin

X olan kompozit sandvi¢ yapinin distan ice dogru iki kaplama telasi arasinda PP/GF, PE film, tag yinii igeren
Arastirma Makalesi . . X o . . L.
malzeme kompozisyonu 1 oldugu tespit edilmistir. Kalinligin akustik performansa ve mukavemete etkisini
incelemek {iizere, en iyi akustik performans: gosteren malzeme kompozisyonu 1 ile 10 mm, 20 mm ve 30 mm
kalinliklarinda firetilen numunelere akustik performans ve 3 nokta egilme testleri uygulanmistir. Elde edilen

verilerden kalinlik arttikga ses yutum kapasitesinin ve egilme dayaniminin arttig1 tespit edilmistir.
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Investigation of Acoustic and Mechanical Strength Performance of the
Noise Shield Part of Heavy-Duty Vehicles

12345Formfleks Otomotiv Yan Sanayi ve Ticaret A.S., Bursa, Tiirkiye

Abstract — The motor compartment is the primary source of noise production in heavy-duty vehicles such as
trucks and trailers due to the heat and sound generated. A noise shield is positioned in close proximity as insulation
material to isolate these effects. This study specifically focuses on the use of insulation materials as a noise shield
in heavy-duty vehicles. The lower layer addressing the structure producing heat and sound includes rock wool.
The upper layer, responsible for enhancing strength and acoustic performance, consists of various materials, such

Article History as PP/GF, GF/EP, GF/PET, Carbon/EP, phenolic felt, and PE film as an adhesive material. These materials have

Received: 17 Nov 2023 been carefully selected to ensure optimal performance and meet the highest quality standards. Composite
Accepted: 30 Jan 2023 sandwich structures were created using these materials in a flat mold at a temperature of 190°C and a pressure of
Published: 25 Jun 2024 110 bars. The acoustic performance of these structures was compared by measuring their sound absorption

coefficients in an impedance tube. Upon examining the results of the acoustic performance tests, it was determined
that Composition 1, including PP/GF, PE film, and rock wool between the two outer layers, had the sound
absorption coefficient () closest to 1. To investigate the impact of thickness on both acoustic performance and
strength, acoustic performance, and 3-point bending tests were conducted on samples produced with the best-
performing material composition 1 at thicknesses of 10 mm, 20 mm, and 30 mm. The data obtained showed that
as the thickness increased, so did the sound absorption capacity and bending strength.
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1. Giris

Enerjinin sivi, kati veya gaz ortamda transferi esnasinda olusturdugu mekanik titresimler ses olarak
adlandirilmaktadir [1]. Titresim enerjiye doniigiir ve dalgalar halinde yayilir. Ses dalgalarina akustik dalgalar
da denmektedir. Ses dalgalar1 mekanik ve boyuna dalgalardir. Bir saniyede olusan ses dalgasi sayisina, frekans
denmekte olup, birimi Hertz (Hz)’tir [2]. Guriltd, temel olarak titresim halindeki bir parganin meydana
getirdigi istenmeyen ses olarak bilinmektedir. Giiriiltii, ses baslig1 altinda degerlendirildiginde ise bir anlam
vermeyen, belli bir ses seviyesini asan durumlarda kullanilir. Bu agidan bakildiginda, istenmeyen seviyelere
ulasmus sesler giiriiltii olarak degerlendirilmektedir. Ornegin yiiksek devirlerde kullamlan bir binek arag
“glirlilti” olarak algilanabilir. Kus 6tmesi, matkap sesi, yoldan gelen traktor sesi veya havaalanina yakin bir
bolgede duyulan helikopter sesi de "giiriiltii" olarak degerlendirilebilir [3]. Giiriiltiiyii kontrol etmek ve giiriilti
kaynagini engellemek {izerine arastirmalar yapan bilim dali akustiktir [2].

Tasitlarda giiriiltii kontrolii, giiriiltiiyli olusturan kaynaklarin fazla olmasi ve giiriiltii yayilim yollarinin
cesitliligi nedeniyle ¢ozimii zor akustik bir problemdir. Ses ve titresimlerin tasitin biitlin gdvdesi ve
donanimlar1 {izerinden yayilabilmesinden dolay1 6ncelikle tasittaki giiriiltii kaynaklar1 belirlenmelidir [4].
Tasitlarin sebep olduklart giiriiltiiler dis ve i¢ giiriiltii olarak iki baslik altinda incelenebilmektedir. Tagit

icerisindeki konfor ve rahati i¢ giiriiltii etkilerken, tasitin ¢evreye verdigi rahatsizligin ana sebebi dis giirtiltiidiir
[5].

Araglarda i¢ giiriiltiiniin en 6nemli kaynag1 motordur. i¢ten yanmali motorlarda giiriiltii genel olarak mekanik
giirtiltli, yanma giiriiltiisii ve yardimci ekipmanlardan kaynaklanan giiriiltiiler olarak {i¢ ana baslik altinda
toplanabilmektedir. Cesitli operasyon kosullarinda, motor komponentlerinin motor giiriiltiisiine katkis1 motor
cesidine baghdir [6]. Kamyonlarda da kullanilan V-6 motorundaki giiriiltii kaynaklarinin frekans araliklari
incelendiginde, yanma giiriiltiistinin 500-8000Hz oldugu tespit edilmistir [7]. Motor yiizeyinden yayilan
giiriiltii mekanizmasi incelendiginde ise motor yanma giiriiltiistiniin 500-5000Hz araliginda etkin oldugu
gorilmistiir [8]. Ancak bir insan 20-10000Hz arasindaki sesleri duymakta iken (kisiye ve yasa gore degisir)
esas olarak 1000-4000Hz arasini daha ¢ok duymaktadir [9].

Otomotiv sektoriinde, giiriilti, titresim ve konfor (NVH), araglarin 6zellikle de otomobillerin ve kamyonlarin
giirtiltii ve titresim Ozelliklerinin incelenmesi ve degistirilmesidir. Arag igerisindeki siiriicii ve yolcularin
yasadig1 giiriiltii ve titresimle i¢ NVH ilgilenirken dis NVH, biiyiik dl¢iide arag tarafindan yayilan giiriiltiiyle

ilgilenmekte ve aragtan dig ortama yayilan giirtiltiilerin testlerini igermektedir [10].

Bahsedilen tiim bu degiskenler tasarlanip iiretilen aracin kabin i¢i ve kabin disinda NVH agisindan rekabetgi
olmasini saglayan en temel 6zelliklerdir. Son yillarda otomotiv sektoriinde artan rekabet ve gelisen teknoloji
ile otomotiv firmalar1 Ar-Ge departmanlari igerisinde barindirdiklar1 arag mithendisligi ekipleriyle bu konu

tizerine ciddi caligmalar yiirtitiilmektedir [11].

Malzemelerin ses emme verimliligini degerlendirmek i¢in yaygin olarak kullanilan nicelik, sogurulan enerjinin
gelen enerjiye orani olarak tanimlanan ses yutum katsayisidir ve a ile temsil edilmektedir. Akustik enerji
tamamen emilebiliyorsa, o=1"dir [12]. Ara¢ kabinlerinde giiriiltii seviyesini azaltmak iizere, farkli malzeme
kompozisyonlar1 ile konumlandirilacaklar1 alana 6zel yalitim parcalar kullamilmaktadir. Arag ici giirtiltii
kontroliinde kullanilan bu yalitim parcalarinin da ses yutum katsayisinin olabildigince 1’e yaklagmasi
beklenmektedir. Aracin gevreye yaydigi ses diizeyinin azaltilmasinda kullanilan yalitim parcalarindan biri de
giirtilti kalkanidir. Giiriilti kalkani, aracin ses iireten yapisi olan motoru en azindan kismen saracak sekilde

diizenlenmis, akustik izolasyon malzemesidir. Esas olarak ses iireten yapiya bakacak sekilde diizenlenmis
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birinci yiizey, ses lireten yapidan uzaga bakacak sekilde diizenlenmis ve zit konumlandirilmis ikinci bir yiizey
icermektedir [13]. Gelisen teknoloji ile araglarda agirlik artis1 saglamadan ses ve 1s1 gelen yapilardan yayilan
giiriiltli ve 1s1y1 izole etmek iizere kullamlan giiriiltii kalkaninin iiretiminde de kompozit malzemeler
kullanilmaya baslanmistir. Uretiminde kompozit malzemelerin kullamldig iiriinlerin agirlik, rijitlik, asinma
dayanimi, kirilma toklugu, yiiksek sicaklik 6zellikleri, yorulma dayanimi, korozyon dayanimu, 1s1l ve akustik
iletkenlik, fiyat ve estetik goriiniim gibi 6zellikleri gelistirilebilmektedir [14].

Mineral katkili malzemeler ve elyaflarla takviye edilmis polimer malzemelerin akustik performans ve mekanik
ozelliklerinin incelenmesine ydnelik literatiirde cesitli ¢alismalar yer almaktadir. Otomotivde ses yutum
malzemeleri ile ilgili farkli kalinlik, akis direnci ve yiizey yogunluguna sahip malzemelerin incelenmesi
sonucunda, ince malzemelerde iyl yutum saglanabilmesi i¢in kalin 6rneklere gére daha belirgin bir akis
direncine sahip olunmasi gerekliligi bildirilmistir [15]. Gézenekli lifli malzemelerin ses yutma 6zelliklerinin
arastirilldig1 bir ¢alismada, farkl kalinliklarda, farkli yogunluklara sahip cam yiinii ve tag yiinii numunelerinin
ses yutma katsayilar 6l¢iilmiis, numune kalinliginin artmasi ile ses yutma kapasitesinin arttirilabilecegi tespit
edilmistir [16]. Cam elyaf takviyeli epoksi kompozit plakalarin darbe davranigina plaka kalinliginin etkisinin
incelendigi ¢alismada, plaka kalinliginin artmasi ile kompozit plakanin darbe dayaniminin arttigr sonucuna
varilmastir [17].

Bu calismada, kamyon, tir vb. gibi agir hizmet araglarinin motor bdlgelerinde ortaya ¢ikan ses ve yiiksek
sicakligin ortamlar arasi gecisini engellemek iizere, ses ve 1s1 lireten yapiy1 en azindan kismen ortecek sekilde
konumlandirilan, yiikksek mukavemet, diisiik agirlik, dayaniklilik, yanmazlik gibi 6zelliklerin yani sira diisiik
maliyetli bir malzeme kompozisyonuna sahip giiriiltii kalkan1 elde edilmesine yonelik oncelikle malzeme
kompozisyonlari iizerine ¢aligmalar gergeklestirilmistir. Malzeme kompozisyonlari belirlenirken; arag motor
bolgesinde kullanilabilecek izolasyon malzemelerine ait test sartnameleri, maliyet, akustik ve NVH ihtiyaclar1
gibi durumlar bir arada diisiiniilmiistiir. Akabinde malzeme kompozisyonlar1 diiz kaliplarda formlanarak
sandvi¢ panel formunda prototip iiretimler gerceklestirilmistir. Elde edilen prototiplerin ses yutum katsayilari
olgiilerek birbiri ile karsilagtirilmistir. En iyi akustik performansa sahip malzeme kompozisyonu belirlenerek
farkli kalinliklarda prototip {irlin iretimi gergeklestirilmis ve {iriinlerin egilme gerilmesi Olglimleri

gergeklestirilmigtir.
2. Materyal ve Yontem

2.1. Malzeme Kompozisyonunun Gelistirilmesi

Son yillarda havacilik, otomotiv ve gemi sanayinde yaygin olarak kullanilmakta olan ve kullanim alanlar1 da
her gecen giin artan kompozit malzemeler, diger izo-tropik malzemelere (¢elik, aliiminyum vb.) kiyasla daha
sahiptirler [18]. Calismada, yiiksek mukavemet, diisiik agirlik, dayaniklilik, yanmazlik gibi 6zelliklerin yan
sira diisiik maliyetli bir giiriiltii kalkani parcasi elde etmek {izere sandvi¢ panel formunda farkli malzeme
kompozisyonu se¢imleri gergeklestirilmistir. Malzeme kompozisyonlari belirlenirken; ara¢ motor bdlgesinde
kullanilabilecek izolasyon malzemelerine ait test sartnameleri, maliyet, akustik ve NVH ihtiyaglari gibi
durumlar bir arada diisiiniilmiistiir. Guiriiltii kalkan1 pargasinin iiretiminde kullanilmak iizere segilen alternatif

malzeme kompozisyonlari tablo 1°de verilmistir.
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Tablo 1. Malzeme kompozisyonlar1 (MK)

Igerik
MK 1 %5,1 Kaplama telasi %42,0 PP/GF %1,8 PE Film %46,0 Tag Yiinii %S5,1 Kaplama telas1
MK2 %4,0 Kaplama telasi %35,0 PP/GF %0,5 PE Film  %18,5 GF/EP %38,0 Tas yiinii %4,0 Kaplama telast
MK 3 %3,0 Kaplama telas1 %28,0 Fenolik kege %28,0 PP/GF  %0,5 PE Film %6,5 Karbon/EP  %31,0 Tas yiinii  %3,0 Kaplama telasi
MK 4 %4,5 Kaplama telasi %39,0 PP/GF %1,0 PE Film %38,0 Karbon/EP ~ %43,0 Tas yiinii %4,5 Kaplama telasi
MK 5 %3,0Kaplama telast %26,5 PP/GF %1,0 PE Film 37,50 GF/PET %29,0 Tas yiinii %3,0 Kaplama telas1

2.2. Prototip Uriinlerin Hazirlanmasi

Tablo-1"de verilen malzeme kompozisyonlar1 kullanilarak diiz kalipta 190 °C sicaklikta ve 110 bar basing
altinda sandvi¢ panel formunda prototip iiriin {iretimleri gerceklestirilmistir. Uretimlerde, elde edilecek
prototip {irlin kalimligina etki eden ve kalip iizerine yerlestirilen stoperlerin kalinliklar1 ve kaliplama siireleri
degistirilerek 12 adet prototip {iriin iiretimi gergeklestirilmistir. Prototip {iriin iiretiminde kullanilan malzeme

kompozisyonlari, proses parametreleri ve stoper kalinliklari tablo 2’de verilmistir.

Tablo 2. Malzeme kompozisyonlari, proses parametreleri ve stoper kalinliklari

Numune numarast Malzeme kompozisyonu Kalip sicakligi (C°) Kalip basiner (Bar) Stoper Kalinligi (mm) Kaliplama Siiresi (dk)

1 Malzeme kompozisyonu 1 190 110 20 3
2 Malzeme kompozisyonu 1 190 110 15 4
3 Malzeme kompozisyonu 1 190 110 7.5 5
4 Malzeme kompozisyonu 2 190 110 7.5 5
5 Malzeme kompozisyonu 2 190 110 7.5 4
6 Malzeme kompozisyonu 4 190 110 7.5 4
7 Malzeme kompozisyonu 3 190 110 7.5 4
8 Malzeme kompozisyonu 4 190 110 7.5 3
9 Malzeme kompozisyonu 5 190 110 7.5 2
10 Malzeme kompozisyonu 1 190 110 25 3
11 Malzeme kompozisyonu 1 190 110 30 3
12 Malzeme kompozisyonu 1 190 110 40 3

Sandvi¢ panel formunda iiretilen tiim prototip {irlinlerde, ses ve 1s1 lreten yapiya bakacak yonde
konumlandirilan alt katmanda 1200 kg/m® dansiteye sahip tas yiinii kullamilmustir. Ses ve 1s1 iireten yapiya
uzak yonde konumlandirilan, giiriiltii kalkan1 pargasinin mukavemetini ve akustik performansini arttirmakla
gorevli olan iist katmanda ise agirhikli olarak 1100 kg/m® dansiteye sahip PP/GF (cam elyaf katkili
polipropilen) kullanilmistir. Malzeme kompozisyonu 3’te diger kompozisyonlardan farkli olarak PP/GF
iizerinde 1100 kg/m® dansiteye sahip fenolik kege kullanilmistir. Alt ve iist katman arasinda ise malzeme
kompozisyonu 1’den farkli olarak 580 kg/m® dansiteye sahip GF/EP (cam elyaf takviyeli epoksi), Sheet
Molding Compound (SMC) yéntemi ile iiretilmis 1550 kg/m?® dansiteye sahip GF/PET (cam elyaf takviyeli
polyester) ve 245 kg/m® dansiteye sahip karbon/EP (karbon elyaf takviyeli epoksi) kullanilmistir. Calisma
kapsaminda tiretilen prototip iiriinlerde en az 2 kat olacak sekilde yapistirici malzeme olarak PE film kullanimi1
tercih edilmistir. Prototip {irlinlerin en dis katmanim olusturan kaplama telasi ise, piyasada PANOX® ticari
ismi ile bilinen, alev geciktirici 6zellige haiz %50 karbon igerikli NW kumastan mamul olup, 130 kg/m3
dansiteye sahiptir.

2.3. Empedans (Kundt) Tiipii Ol¢iimleri

Ses yutma katsayis1 dl¢timlerinde kullanilan yaygin metot, empedans tiipiinde yapilan ses siddeti 6l¢iimleridir.
Ses yutma katsayisi, basit olarak emilen dalganin kaynaktan gelen dalgaya orani olarak tanimlanmaktadir [19].
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Empedans tiipii igerisine yerlestirilen 30-100 mm boyutlarindaki numunenin ses yutum katsayisi ve ses iletim

kayb1 degerleri numune iizerine yerlestirilen mikrofonlar yardimiyla 6l¢tilmektedir [20].

Kamyon, tir vb. gibi agir hizmet araclarinin motor bdlgelerinde ses izolasyonu saglamak ve motor bolgesinden
gelen yiiksek sicakligin izole edilmesini saglamak amaciyla oncelikle 5 farkli malzeme kompozisyonu
belirlenmis olup, kalip sicaklig1 ve basinci sabit tutularak farkli kaliplama siireleri uygulanarak 9 adet prototip
numune elde edilmis ve bu iiriinlerin akustik performans testleri, TS EN ISO 10534-2 standardina uygun olarak
Formfleks Ar-Ge laboratuvarinda yer alan empedans tiipi (Sekil 1) ile 250~6300Hz 6lglim araliginda
gergeklestirilmistir. En iyi akustik performansi gosteren malzeme kompozisyonu ile hazirlanan 3 farkh
kalinlikta numunenin ses yutum katsayilar1 6l¢iilerek kalinligin akustik performansa etkisi ayrica incelenmistir.
Literatiirde Kundt tiipii olarak da adlandirilan empedans tiipii, Alman fizik¢i August Kundt tarafindan bir gaz

veya kat1 gubuktaki ses hizin1 6lgmek amaciyla icat edilen deneysel bir akustik cihazdir [21].

"~ e—
g

Sekil 1. Empedans tiipleri

2.4. Egilme Testi

Egilme testi, malzemenin mekanik 6zelliklerini incelemek {izere, ayni malzeme kompozisyonuna sahip 3 farkl
kalinlikta (10 mm, 20 mm, 30 mm) {iretilen her bir prototip numuneden (Sekil 2) 80*10 mm boyutlarinda 5
set test numunesi kesilmis ve ISO 178 standardi kapsaminda, test parametreleri hedef biikkme mesafesi 20 mm,
test hiz1 20 mm/dakika olacak sekilde, Formfleks Ar-Ge laboratuvarinda yer alan 5 kN kapasiteli cekme basma
test makinesi ile gerceklestirilmistir (Sekil 3).

1. PANox TNT
| 2. Stone Wool
—— 3.PEFim
—> 4.PP/GF
> s.PANoxTNT

1. PANox TNT

2. Stone Wool

3. PEFilm
4.PP/GF
5. PANox TNT

1. PANox TNT

2. Stone Wool

3. PE Film
4.PP/GF
5. PANox TNT

Sekil 2. Farkli kalinlikta prototip numuneler
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Sekil 3. Cekme basma test makinesi
3. Bulgular ve Tartisma

3.1. Akustik Performans Test Sonuclari

Ayni1 proses parametreleri (190 °C, 110 bar, 5 dakika) ve stoper kalinlig1 (7.5 mm) kullanilarak malzeme
kompozisyonu 1 ile prototip numune 3, malzeme kompozisyonu 2 ile de prototip numune 4 elde edilmistir.
Malzeme kompozisyonu 1 ve 2 ile elde edilen prototip numune 3 ve 4’{in ana matrisi ayni iken kompozisyon
2’de ses ve 1s1 iireten yapiya bakan katmanda kullanilan tas yiinii altinda ek olarak GF/EP kullanimi s6z
konusudur. Sekil 4’te prototip numune 3 ve numune 4’e ait ses yutum katsayisi-frekans grafigi verilmistir. Her
iki numuneye ait ses yutum katsayisi-frekans grafigi incelendiginde; ses yutum katsayisinin prototip numune

3’1in 400-2500Hz frekans araliginda daha iyi bir performans sergiledigi gézlenmistir.

0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

0
250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300

FREQUENCY (HZ)

ABSORPTION COEFFICIENT

-0 3 e—©No 4

Sekil 4. Prototip numune 3 ve 4’e ait ses yutum katsayisi-frekans grafigi

Sekil 5’te prototip numune 6 ve 7’ye ait ses yutum katsayisi-frekans grafigi verilmistir. Ayni proses
parametreleri (190 °C, 110 bar, 4 dakika) ve stoper kalinligi (7.5 mm) kullanilarak malzeme kompozisyonu 4
ile prototip numune 6, malzeme kompozisyonu 3 ile de prototip numune 7 elde edilmistir. Malzeme
kompozisyonu 4 ve 3 ile elde edilen prototip numune 6 ve 7’nin ana matrisi farklidir. Bu malzemelerin ses

absorpsiyonu tizerindeki etkisi incelendiginde, prototip numune 6 ve 7 diisiik frekanslarda benzer performansi
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gosterirken, fenolik kegenin kullanildig1 prototip numune 7 yiiksek frekanslarda daha iyi bir performans
gbstermistir. Bunun nedeni, kege malzemenin poroz yapisindan kaynaklandigi disiiniilmektedir. Cam elyaf
malzeme, sahip oldugu yiiksek mukavemet, hafiflik, esneklik, dayaniklilik, stabilite, 1s1ya, kimyasala ve neme
kars1 direng gibi istiin Ozellikleri ile otomotiv ireticileri tarafindan siklikla tercih edilmektedir [22].
Absorpsiyon katsayist diisiik olan malzemelerin iletim (bariyer) 6zelliginin daha iyi oldugu goriilmektedir.
Otomotiv sektoriinde, cam elyaf genel olarak bariyer gorevi 6zelligi istenen malzemelerde kullanilmakta olup,
elde edilen sonuglarda bu bulguyu dogrular niteliktedir.
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0,5
0,4
0,3
0,2
0,1

0
250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300
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Sekil 5. Prototip numune 6 ve 7’ye ait ses yutum katsayisi-frekans grafigi

PP/GF rijitlik ve akustik isterleri karsilayan bir malzemedir. Malzeme kompozisyonu 2 ile iiretilen prototip
numune 5, malzeme kompozisyonu 4 ile elde edilen prototip numune 6 ve malzeme kompozisyonu 5 ile elde
edilen prototip numune 9’a ait ses yutum katsayisi-frekans grafigi incelendiginde prototip numune 6’nin
2000Hz ve tizerinde akustik performansiin diger iki numuneye gore daha iyi oldugu gézlenmektedir. Bunun
nedeninin yapisinda epoksi regine ve karbon bulunmasi oldugu disiiniilmektedir. Epoksi regineler iki karbon
ve bir oksijen atomundan olugan {iglii halkanin bulundugu epoksi gurubuyla tanimlanir. Epoksi gurubu diger
molekiillerle olan baglanma noktasidir ve elyaf yiizeyi gibi kat1 yiizeyler iizerinde yiiksek adhezyon 6zelligine
sahiptir [23]. Adezyon ozelligi, epoksi malzemenin daha mukavim olmasini, fiziksel yapisinin daha poroz
olmasini saglamaktadir ve bunun da ses absorpsiyon katsayisinin daha iyi ¢ikmasinin bir sebebi oldugu

diisiiniilmektedir. Sekil 6’da prototip numune 5, 6 ve 9’a ait ses yutum katsayisi-frekans grafigi verilmistir.
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Sekil 6. Prototip numune 5, 6 ve 9’a ait ses yutum katsayisi-frekans grafigi
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Calisma kapsaminda firetilen tlim prototip numunelere ait ses yutum katsayisi-frekans grafigi incelendiginde
ise, malzeme kompozisyonu 1 ile elde edilen prototip numunelerin 2000-4000Hz arasinda akustik hedef olan
ses yutum katsayisi o=1 degerine en yakin sonucu verdigi goriilmektedir. Bunun nedeninin bilesenlerin bag
yapilarinin  kompozit yapt igerisinde birbiri ile sagladigt uyum oldugu disiiniilmektedir. Malzeme
kompozisyonu 1 igerisinde saglanan yapiya katilan her bir yeni bilesenin ses absorpsiyonu kotii yonde
etkiledigi gozlenmistir. Bu prototip numunelere ait empedans tiipii test sonuclar1 Tablo 3’te, ses yutum
katsayisi-frekans grafigi ise Sekil 7°de verilmistir.

Tablo 3. Prototip numunelere ait empedans tiipii test sonuglari
Frequency [Hz] No1 No2 No3 No4 No5 No6 No7 No8 No9

250 0.03 0.01 0.04 001 0 0.01 002 0.01 0.01
315 0.06 0.04 0.08 0.04 0.03 0.03 0.06 0.03 0.04
400 0.11 0.07 0.12 0.07 0.06 0.06 0.1 0.04 0.08
500 0.14 0.1 0.13 0.06 0.06 0.05 0.12 0.05 0.07
630 0.19 0.12 0.17 0.05 0.06 0.06 0.13 0.09 0.09
800 0.27 0.19 03 0.11 0.11 0.15 0.17 0.18 0.17
1000 038 0.29 042 0.17 023 0.26 0.27 025 0.25
1250 0.53 04 048 026 0.28 031 038 031 03
1600 0.68 0.54 0.61 034 041 043 052 044 0.44
2000 0.82 0.66 0.71 0.44 0.51 0.58 0.61 0.58 0.51
2500 092 0.73 0.65 038 041 0.51 051 0.6 038
3150 097 0.88 0.66 027 03 035 049 047 0.26
4000 098 092 054 023 026 039 032 04 0.29
5000 094 093 0.49 035 036 035 03 046 0.31
6300 091 0.92 046 032 0.37 037 027 051 0.35
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Sekil 7. Prototip numunelere ait ses yutum katsayisi-frekans grafigi

Kalinligin akustik performansa etkisini incelemek iizere, en iyi akustik performansi gdsteren malzeme
kompozisyonu 1 ile hazirlanan farkli kalinliklara sahip prototip numunelerin ses yutum katsayilar1 dlciilerek
incelenmistir. Tablo 4’te malzeme kompozisyonu 1 ig¢in kalinlik degisimine bagli empedans tiipii test
sonugclari, Sekil 8’de ise malzeme kompozisyonu 1 ile farkli kalinliklarda iiretilen prototip numunelerin ses
yutum Kkatsayisi-frekans grafigi verilmistir. S6z konusu grafikten anlasilacagi iizere, kalinlik arttik¢a
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malzemenin ses absorplama 6zelligi artmistir. Bunun nedeni ses dalgalariin siddetinin her bir katmanda

azalmasidir. Kalinligin artmasi ile sesin kat ettigi mesafe artacaktir.

Tablo 4. Malzeme kompozisyonu 1 i¢in kalinlik degisimine bagli empedans tiipii test sonuglari
Frequency [Hz] No 10 No 11 No 12

160 0 0.02 0.05
200 0.01 0.08 0.12
250 0.04 0.16 02
315 0.09 0.28 0.31
400 0.16 042 044
500 02 049 05
630 026 0.56 0.57
800 038 071 0.7
1000 0.51 0.84 0.82
1250 0.65 092 092
1600 0.76 0,97 0.97
2000 0.85 0.98 1
2500 093 095 099
3150 098 09 096
4000 098 085 094
5000 095 09 0098
6300 094 0.96 1

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2

0,1

160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300

No 10 No 11 No 12

Sekil 8. Malzeme kompozisyonu 1 ile farkli kalinliklarda {iretilen prototip numunelerin ses yutum katsay1si-
frekans grafigi

3.2. Egilme Test Sonuclar

Caligma kapsaminda kalinligin ses {izerindeki etkisini incelemek {izere, uzunlamasina yatay bir pozisyonda
destekler iizerine konumlandirilan test numunelerinin tam ortasina test siiresince artan degerlerde kuvvet
uygulanmig ve her bir numune igin elde edilen Fmax (maksimum kuvvet) degerleri Sekil 9°da Fmax
kuvvetlerine karsilik gelen egilme gerilmesi degerleri ise Sekil 10°da verilmistir. Tablo 5’te farkli
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kalinliklardaki test numunelerin egilme test sonuglarina ait ortalama Fmax ve ortalama egilme gerilmesi
degerleri ayrica verilmistir.

120.0
100.0
— 80.0
=
5 60.0
€
Y- 40.0
20.0
0.0
Numune 1 Numune 2 Numune 3 Numune 4 Numune 5
10 mm 23.3 23.7 23.5 24.4 24.2
H20 mm 25.2 25.4 25.6 26.8 26.5
H30 mm 106.9 107.2 107.6 107.5 106.8

H10mm m20mm m30mm

Sekil 9. Farkli kalinliklardaki test numunelerinin Fmax grafigi

1.4

LLLLL

Numune 1 Numune 2 Numune 3 Numune 4 Numune 5
B 10 mm 1.2 1.3 1.4 1.4 1.2

20 mm 0.23 0.24 0.25 0.25 0.23
m30 mm 0.000024 0.000025 0.000026 0.000026 0.000024

[EnN

Egilme Gerilmesi (N/mm2)

H10mm ®m20mm ®30mm

Sekil 10. Farkli kalinliklardaki test numunelerinin egilme gerilmesi grafigi

Tablo 5. Farkli kalinliklardaki test numunelerin egilme test sonuglarina ait ortalama Fmax ve ortalama

egilme gerilmesi sonuglari

Kalinlik (mm) Uygulanan maksimum kuvvet (N) Egilme gerilmesi (N/mm?)

10 23.8 1.3
20 259 0.24
30 107.2 2.5x10°

3 nokta egilme testi sonucunda, test numunelerinde herhangi bir kirilma ya da kopma yasanmadigi ve buna ek
olarak kalinlik arttik¢a malzemenin yiik dayaniminin arttigi gézlenmistir. Bu da motor bolgesinde kullanilacak

olan par¢anin darbelere karsi dayanikli olmasimi saglayacaktir. Calisma sonucunda elde edilen sonuglar
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literatiir ile uyumludur. Kompozit tabaka kalinligimin artmasiyla darbe direncinin arttii literatiirde
belirtilmistir [24].

4. Sonugclar

Bu calismada, agir hizmet araclarinda giiriiltii kalkan1 olarak kullanilmak iizere, ses ve 1s1 iireten yapiya
bakacak yonde konumlandirilan alt katmanda tas yiinii, giiriiltii kalkani par¢asinin mukavemet ve akustik
performansinit arttirmakla gorevli iist katmanda PP/GF, GF/EP, GF/PET, Karbon/EP, fenolik ve yapistirict
malzeme olarak PE film kullanilarak diiz kalipta, 190 °C sicaklikta ve 110 bar basing altinda kompozit sandvi¢
yapilar olusturulmus ve bu yapilarin empedans tiipiinde ses yutum katsayilar1 6l¢iilerek akustik performanslari
birbiriyle karsilastirilmigtir. Akustik performans test sonuglari incelendiginde, ses yutum katsayist (o) 1
degerine en yakin olan kompozit sandvi¢ yapinin distan ice dogru iki kaplama telasi arasinda PP/GF, PE film,
tag yiinil iceren malzeme kompozisyonu 1 oldugu tespit edilmistir. Kalinligin akustik performansa ve
mukavemete etkisini incelemek iizere, en iyi akustik performansi gosteren malzeme kompozisyonu 1 ile 10
mm, 20 mm ve 30 mm kalinliklarinda {iretilen numunelere akustik performans ve 3 nokta egilme testleri
uygulanmustir. Elde edilen verilerden kalinlik arttik¢a ses yutum kapasitesinin ve mukavemetinin arttig1 tespit
edilmistir. Yapilan bu ¢aligmada, motorlu araglarda kullanilan giiriiltii kalkan1 pargasimin gelistirilmesinde
uzmanlara destek olacak malzeme kompozisyonlari ortaya koyulmus olup, gelecekte farkli malzeme
kompozisyonlart ile NVH alaninda galigmak isteyen uzmanlara yol gosterecegi bir diigiiniilmektedir.
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Abstract — Music holds a significant role in our daily lives, and its impact on emotions has been a focal point of
research across various disciplines, including psychology, sociology, and statistics. Ongoing studies continue to
explore this intriguing relationship. With advancing technology, the ability to choose from a diverse range of
music has expanded. Recent trends highlight a growing preference for searching for music based on emotional
attributes rather than individual preferences or genres. The act of selecting music based on emotional states is

Avrticle History important on both a universal and cultural level. This study seeks to employ machine learning-based methods to

Received: 06 Oct 2023 classify four different music genres using a minimal set of features. The objective is to facilitate the process of
Accepted: 01 Feb 2024 choosing Turkish music according to one’s mood. The classification methods employed include Decision Tree,
Published: 25 Jun 2024 Random Forest (RF), Support Vector Machines (SVM), and k-Nearest Neighbor, coupled with the Mutual

Information (M) feature selection algorithm. Experimental results reveal that, with all features considered in the
dataset, RF achieved the highest accuracy at 0.8098. However, when the MI algorithm was applied, SVM
exhibited the best accuracy at 0.8068. Considering both memory consumption and accuracy, the RF method
emerges as a favorable choice for selecting Turkish music based on emotional states. This research not only
advances our understanding of the interaction between music and emotions but also provides practical insights
for individuals who want to shape their music according to their emotional preferences.

Research Article

Keywords — Classification, emotions, feature selection, music genres, mutual information
1. Introduction

Music, an integral part of our daily lives, transcends cultural and linguistic boundaries, serving various
purposes with its universal language and structure. From melodies heard in the womb, comforting lullabies
sung as a baby, to songs shared during school days, music plays an important role in shaping our experiences
and emotions [1, 2].

Often referred to as the “food of the soul,” music possesses the transformative power to influence a person's
emotional state in response to external stimuli. Recent years have seen music increasingly used in meditation
practices and subliminal suggestions, emphasizing the potential impact of music on psychological health. [3].
The suggestive power of music holds particular significance in therapeutic contexts, where repetition enhances
the acceptance of suggestions, with music serving as a carrier of hidden messages. The choice of songs and
lyrics can wield a profound influence on emotions, whether intentional or not, eliciting calming, instructive,
exhilarating, or even angering effects based on musical type and rhythm. People usually make predictions
about what will happen next while listening to music. This causes music to be processed in the brain as action,
emotion, and learning [4]. The emotional and calming effects of music have been evidenced in diverse settings,
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from studies involving pregnant women to those conducted before and during surgical procedures [5].

With music's profound impact on individual moods and its listening by large audiences, there has been a
growing inclination for people to choose music aligned with their emotional states. This desire has prompted
the need to develop methods for selecting or measuring the change in emotion based on music selection [6].

In recent years, numerous studies have been conducted around the world exploring the intersection of music
and emotions. Fritz et al. recorded individuals' facial expressions while listening to music and then segmented
their moods into three basic emotional states: happy, sad, and scared [7]. Mahadik et al. focused on classifying
music selections based on facial emotion expressions, including emotions such as happy, angry, sad, neutral,
surprised, and afraid, and then recommending music that aligned with the identified emotion [8]. Durahim et
al. developed a model to automatically detect perceived emotion from song lyrics with the help of machine
learning algorithms [9]. Er and Aydilek pioneered a novel music emotion recognition method, employing deep
learning techniques on pre-trained deep networks, diverging from frequently utilized machine learning
methods [10]. The optimal result, determined through VGG-16 in the Fc7 layer, yielded an accuracy of 89.2%.
Chaudhary et al. proposed three distinct Music Emotion Classification Systems (MECS), with the first two
utilizing Convolutional Neural Network (CNN) and the last employing Support Vector Machine (SVM) [11].
The song database was categorized into four, eight, and sixteen classes, achieving accuracies of 91%, 88%,
and 86% in three experiments for the first MECS model. Quasim et al. introduced an Emotion-Based Music
Recommendation and Classification Framework (EMRCF), achieving 96.12% accuracy with high precision
in classifying songs based on individuals' interpersonal teams, incorporating memory and emotion [12]. Su et
al. proposed a music recognition method combining Deep Learning (DL) and SVM, demonstrating its
superiority over other audio-based music emotion tagging methods based on results obtained from the CAL500
dataset [13]. Pandrea et al. conducted experimental studies on a novel emotion detection approach, presenting
a language-aware end-to-end architecture (SincNet) model that learns to label emotions in music with lyrics
in three different languages, achieving 71% accuracy on the Turkish Emotion dataset [14]. Ciborowski et al.
introduced an emotion model predicting nine emotional states, with color assignments based on the color
theory in film, achieving the best result with the Inception V3 method with a minimal Mean Squared Error
(MSE) of 0.0542% [15]. Huang et al. developed an end-to-end Attention-based Deep Feature Fusion (ADFF)
technique for music emotion recognition, achieving relative improvements of 10.43% and 4.82% in valence
[16]. Zhang et al. employed VGGish and SVM methods together for emotion classification, obtaining the
highest success with 66.98% accuracy [17].

In the realm of machine learning, feature selection is crucial for revealing the most descriptive features (k
features) while minimizing generalization error. This process significantly influences the performance of
machine learning models, as an excess of features can extend training times, reduce interpretability, and
potentially lead to overfitting. Due to overfitting, the model success may be high in the training but low in the
test data.

The Turkish Music Emotion data set in Er and Aydilek used in our study has been the focus of some studies
in the literature [10]. Moldovan developed the Binary Horse Optimization Algorithm (BHOA), a bio-inspired
feature selection method that can be used for different classification techniques. The performance of BHOA
was evaluated via six machine learning methods (Logistic Regression (LR), k-Nearest Neighbors (kNN),
Decision Tree (DT), Random Forest (RF), Gradient Boosted Tree (GBT), and SVM) on nine different datasets,
including the Turkish Music Emotion dataset [18]. The datasets were randomly split into 80% (training) and
20% (testing) sets, and the results from BHOA were compared with the binary particle swarm optimization,
binary gray wolf optimizer, and binary crow search optimization algorithms. Experimental results showed that
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the developed BHOA showed promising performance when compared with alternative optimization
algorithms. Pandrea et al. applied the SincNet architecture to Mandarin, English, and Turkish music emotion
datasets with in-dataset and mixed dataset setups [14]. The accuracy achieved within the scope of Turkish
Music Emotion data was reported as 63%. Feng et al. proposed the FESVM method, which is SVM and feature
generation-based ensemble learning [19]. New features are produced from the classification probabilities
obtained from the basic classifiers, and hyperparameter optimization is carried out with 5-fold cross-validation,
using 70% of the datasets for training and 30% for testing. The accuracy of the FESVM method on the Turkish
Emotion dataset is reported as 81.5%. Compared with the results obtained in our study, the combination of our
proposed MI feature selection method and RF machine learning algorithm achieved an accuracy of 80.75%
using only 20 features. This shows that the method we present is more convenient in terms of both memory
and speed.

In this research, the Turkish Music dataset from Er and Aydilek served as the foundation for selecting music
based on individual moods or gauging the emotional shifts prompted by specific music choices [10]. To
achieve this objective, four distinct machine-learning algorithms were employed: DT, kNN, RF, and SVM.
Diverging from conventional practices, the dataset was not partitioned into fixed proportions for training and
testing; instead, the k-fold cross-validation method was adopted to enhance reliability and observe the impact
of each sample. To optimize the performance of kNN, RF, and SVM methods, meticulous investigations into
method-specific hyperparameters were conducted. The grid search method was utilized to identify
hyperparameters that yielded the highest scores. Subsequently, the importance of each feature was assessed
through the Mutual Information (MI) feature selection algorithm. Machine learning models were trained using
subsets of data, with features ranked from the highest to the lowest mutual information score. This approach
aimed to achieve optimal performance by utilizing the minimum number of features. Experimental results
indicated that the RF method outperformed others in both feature selection and without feature selection. The
RF method achieved the highest accuracy score of 81% when considering all features in the dataset.
Impressively, even with only 20 features, the accuracy remained high at 80.75%. Notably, thanks to the MIFS
algorithm, a comparable level of accuracy was attained using only 40% of the features in the dataset. This
highlights the effectiveness of feature selection techniques in optimizing the performance of machine learning
models.

The subsequent sections of this study are outlined as follows: In Section 2, detailed presentation of the
materials used, and the methodologies employed is provided. Section 3 delves into the outcomes of the study
and engages in a comprehensive discussion. The MI feature selection algorithm, instrumental in identifying
descriptive features within the dataset, is introduced. Additionally, the machine learning methods employed
for music emotion classification are explicated, paving the way for an in-depth exploration of the results.
Section 4 encompasses a thorough examination of the metrics employed to evaluate the performance of
machine learning methods in Turkish music emotion classification. This includes an analysis of both machine
learning methods and the feature selection technigue, shedding light on the experimental results. The final
section encapsulates the conclusions drawn from the study and outlines potential avenues for future research.
It provides a succinct summary of the key findings and offers insights into areas where further exploration and
refinement could enhance the understanding and application of machine learning in the context of Turkish
music emotion classification.
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2. Materials and Methods

In this study, Turkish music emotion datasets were used from the UCI machine learning repository. The
dataset, structured as a discrete model, comprises four distinct classes representing basic emotional states,
namely happy, sad, angry, and relaxed. To create the dataset, verbal, and non-verbal music from diverse genres
of Turkish music were carefully selected. The database includes a total of 100 music pieces, ensuring an equal
distribution of samples across each emotional class. The original dataset has 400 samples, each lasting 30
seconds [10]. For feature extraction, the MIR toolbox was utilized to analyze the emotional content within
musical signals. Various features, including mel frequency cepstral coefficients, chromagram, tempo, and
spectral and harmonic features, were extracted. This comprehensive feature extraction process aimed to
provide a nuanced examination of the emotional nuances embedded in the Turkish music samples.

2.1. Methods

Within the framework of this study, a comparative analysis is conducted on four distinct machine learning
methods employed to classify emotions within the Turkish music emotion dataset. Additionally, feature
selection is integrated into the methodology to pinpoint the most informative features, as explained by Cakir
et al. [20]. The following subsections provide details regarding the specific machine learning methods and
feature selection techniques, ensuring a comprehensive understanding of the methodology employed in the
study. This rigorous approach aims to enhance the interpretability and effectiveness of the machine learning
models developed for emotion classification in Turkish music.

2.1.1. Mutual Information (Ml)

The dependency or measure of shared information between two random variables is defined as MI. The
definition of entropy can be defined by the concept given by Shannon [21].

H(A:= = > p(a) 10g,(p(@)) 1)

(2.1) gives the uncertainty associated with the random variable A. In feature selection, the focus is on
maximizing the information shared between the target and feature variables.

The joint entropy value, defined by (2.2), quantifies the uncertainty present in two random discrete variables,
like A and B, simultaneously.

HB\A) = = ) > p(a,h)log, p(b\a)

ac€A beEB

2.2)
H(A4,B) == ) > pla,b)log, p(ab)

acA beB

When the specific value of A is denoted as “a” and the specific value of B is “b”, the probability of these
values occurring together, denoted as p(a, b), is taken into account. The expression p(a, b) log, p(a, b) is
defined to be 0 if p(a, b) = 0. The value of joint entropy varies based on the dependence between A and B. If
A and B are completely dependent, then the joint entropy is at its minimum, whereas it reaches its maximum
when they are entirely independent.

315



JARNAS /2024, Vol. 10, Issue 2, Pages: 312-328 / Machine Learning-Based Classification of Turkish Music for Mood-Driven ---

Conditional entropy measures the uncertainty of B when the value of A is known and is mathematically defined
as follows (2.3):

H(B\A) = — Z Z p(a, b)log, p(b\a) (2.3)

acEA beB

Entropy serves as a metric to quantify the information that one variable contains about another. Ml is defined
as the relative entropy between joint distributions, as outlined by Gonzalez-Lopez et al. [22]. The product
distribution is depicted in (2.4):

b
MIAB) = ) ) pla,b) log< o h ()a p()b)) (2.4

a€A beB
MI(A,B) = H(B) — H(B|A)
MI(A,B) = H(A) — H(A|B) (2.5)

MI(A,B) = H(A) + H(B) — H(A, B)

H{A)\ H(B)
P

H(A\B) MI(A,B) H(B\A)

H(A,B)

Figure 1. Venn diagram illustrating the entropy and MI relationships between two correlated variables (A
and B)

An algorithm is used to determine maximum of MI. There is a subset of features initialized with a feature,

denoted by the S matrix, and features are sequentially added to this subset one by one Zhang et al. [23].

j= ar%l;ax MI(Ys U x5 t) (2.6)

(2.6) is also employed for the selection of the initial feature. The chosen features are treated as independent.
Once the increase in Ml reaches its peak, the addition of new features is stopped. When the increase in Ml is
highest, adding new features is stopped. This methodology facilitates the reduction of feature dimensionality
[24].

2.1.2. k-Nearest Neighbour (kNN)

The kNN is a straightforward yet widely used machine learning technique that has demonstrated success across
various fields. Its application extends to diverse data types such as free text, images, audio, and video. In the
kNN approach, a database is searched for identifying items most similar to a given query item, with similarity

316



JARNAS /2024, Vol. 10, Issue 2, Pages: 312-328 / Machine Learning-Based Classification of Turkish Music for Mood-Driven ---

determined by a defined distance function. Each item in the database is associated with a label (class), and the
primary goal of the algorithm is to determine the class of a new state [25].

kNN relies on two user-defined hyperparameters: the number of nearest neighbors (k) and the choice of
distance functions. The parameter k indicates the number of nearest neighbor samples considered to determine
the class of the query sample within the dataset. Distance functions play an important role in measuring the
distance between samples, significantly affecting the performance of the kNN classifier. Commonly used
distance metrics include Euclidean distance and Manhattan distance in the KNN technique. Optimizing these
hyperparameters is essential for achieving optimal performance across different datasets.

2.1.2.1. Euclidean Distance

The Euclidean distance, widely used in machine learning, shows the distance between points on a straight line.
Computing the distance between two points is based on the Pythagorean theorem. Euclidean distance is
determined by taking the square root of the sum of squared difference between two vectors. Mathematically,
the Euclidean distance is defined as:

1

L 2
dEuclidean(xl:xz) = (Z (xli — x2i)2) 2.7
k=1

where dgyciigean 1S the Euclidean distance between the two samples, x; and x, represent the two samples
whose distances are to be calculated and i is the features in these samples, and n is equal to the number of
features in the dataset.

2.1.2.2. Manhattan Distance

The Manhattan distance, also known as city block distance or taxi-cab distance, expresses the absolute
difference of the coordinates of x and y objects in D space [26]. Mathematically, Manhattan distance is given

by

n
Ayannattan (X1, X2) = leli — X (2.8)
k=1

A visualization of the Euclidean and Manhattan distances employed for determining nearest neighbors for 2D
data is given in Figure 2.

Euclidean Manhattan

Xz X2

X4 X4

Figure 2. Distance computation with Euclidean and Manhattan metrics in 2D data
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2.1.3. Decision Tree (DT)

The DT method is the process of classifying each observation, starting from the root node to the leaves,
assigning a “Yes” or “No” outcome based on specific situation. A splitting condition is applied to each node
to produce homogeneous subsets. The best split conditions can be selected this way. Impurity measurement is
performed for each split state to select the split condition with the lowest impurity value. Various indices such
as Gini index, Information gain, gain ratio and misclassification rate have been proposed in the literature to
measure the impurity value of a split condition. This study will specifically investigate the effect of Gini index
and information gain on classification [27]. The structure of the decision tree is shown in Figure 3.

Sub-Tree/ Branch

Rl e .
. Decision 'I Decision
! Node i Node
I .
. 1
I .
i 1 Decision
. Leaf Node LeafNode | Node Leaf Node
I .
.\ . .I
Leaf Node Leaf Node

Figure 3. Structural representation of Decision Tree

Y F L T T T,

2.1.3.1. Gini Index

Consider a learning example denoted as L = {(xy, ¢;), (x2,¢2), -+, (%, ¢;)} where x;,x,, -+, x; represents an
observation vector, and cy,c,, ++,c; are the class labels. x; is a vector of input variables. The division
conditions depend on one of these variables. Let p; denote the probability that a random beam belongs to class
c; [28]. After p; can be measured as (2.9):

Ci
= 2.9
pi=7 (2.9)
The Gini index serves as a metric to demonstrate the purity of a class. In the process of determining purity,
dataset is initially divided with respect to a specific characteristic, and the resulting clusters’ purity improves

with a well-executed division. If we denote L as a dataset with J different class labels, the Gini index is
computed by (2.10) [29].

j
Gini(L) = 1 — Z p? (2.10)
i=1

where p; is relative frequency if class i in L. If the dataset is divided by attribute A into two subsets L; and L»
with dimensions N1 and N respectively, Gini is computed as (2.11):

N N.
Giniy(L) = Wl Gini(Ly) + WZ Gini(L,) (2.11)
Reduction in impurity computed as (2.12):
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AGini(A) = Gini(L) — Giniy(L) (2.12)

2.1.3.2. Entropy

Information gain is based on entropy, a measure of impurity or randomness in a dataset [30]. Homogeneous
subsets within a dataset imply no impurity or randomness. If all measurements in the subsets belong to a one
class, the entropy value for the dataset will be 0. The computation involves summing the probability of each
label and the log probability of the same label, denoted by (2.13):

j
Entropy(L) = — Z p; log, (p)) (2.13)

i=1

For a dataset with one class label, p; will be 1 and log,(p;) is 0. If the dataset is homogeneous, entropy is
zero. As uncertainty, impurity and mixing ratio increase, the entropy value also increases [31].

2.1.4. Random forest (RF)

RF algorithm aims to increase the classification accuracy by employing multiple decision trees during the
classification process. It incorporates several hyperparameters that control the structure of each tree for
example, the minimum node size for node division. In addition, it influences the overall structure and size of
the forest including the number of trees, and the level of randomness presented in the model [32].

The number of trees in a forest is a parameter that cannot be adjusted in the classical sense but needs to be set
high enough. For certain error metrics, out-of-bag error curves (somewhat) are observed from time to time,
increasing with the number of trees. The rate of convergence, and therefore the number of trees required to
achieve optimum performance, depends on the characteristics of the dataset.

Oshiro et al. and Probst and Boulesteix using multiple datasets empirically show that the most remarkable
performance improvement usually occurs with the initial 100 trees [33, 34]. The convergence speed of RF
relies on both the dataset’s characteristics and the hyperparameters. A lower sample size, higher node size
values, and smaller input values lead to fewer correlated trees. Since these trees are different from each other,
they are expected to provide better predictions. Based on this fact, it is thought that convergence can be
achieved by using more trees [32]. Moreover, the level of tree depth also affects the computation rate. The
complexity of each decision tree is controlled by the maximum tree depth. The computational cost increases
with increasing tree depth. The optimal depth depends on other forest parameters and data characteristics. Error
can be reduced by ensuring appropriate depth. High depth may lead to overfitting. Increasing the depth too
much reduces the prediction stability. The highest stability will be achieved by using shallow trees, but too
much shallowness renders the model inadequate [35].

In the experiment, the training data was divided into random subsets and results were obtained for each subset.
Subsequently, all the results were combined, and a majority voting approach was applied. Eventually, a result
was obtained. The process of the random forest is depicted in Figure 4.
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Figure 4. Graphical representation of Random Forest

2.1.5. Support Vector Machine (SVM)

The SVM are a non-parametric statistical learning method that operates in a supervised manner without making
any assumptions about the data distribution. Initially introduced by Vapnik and his group in the 1970s, SVM
operates on a kernel-based algorithm, typically defining a singular boundary between classes. It divides a
dataset into predefined classes using training data. SVM determines the optimal hyperplane to be able to make

a separate number of classifications. To maximize separation, it uses support vectors that are closest to the
decision boundary of the training sample [36].

The linear separable SVM separates the training sample dataset samples of different categories in sample space
where a training sample set is M with the appropriate dividing hyperplane.

D D D C] ; Optimum hyperplane

Support vectors “==—

Figure 5. Linear SVM model

In the sample space, the following (2.14) is used to calculate the maximum interval, which expresses the
division of the hyperplane.
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wix+b=0 (2.14)

where, w is a weight vector and b is a bias term. If the hyperplane can classify the samples correctly [37], then
it verifies the following (2.15)

thi+b21, y=1

2.1
wix;+b< -1, y=-1 (2.15)

The aim of the SVM model is to find optimally the w and b values. Thus, the hyperplane separates the data
2

and maximizes the margin ol

The linear SVM model is shown in Figure 5.

3. Results and Discussion

3.1. Performance Metrics

Performance metrics are utilized to assess the performance of machine learning methods. Studies in the
literature have generally focused on binary classification problems in which there are only two classes. In
binary classification problems 2 x 2 confusion matrix is generated but as the number of classes increases the
dimension of the confusion matrix changes the N X N where N is the number of classes in the dataset.
Consequently, the performance metrics derived from the confusion matrix undergo adjustments. The confusion
matrix for N number of classes in shown in Table 1. i row j" column in the confusion matrix corresponds to
the element of C;;. C;; denotes the number of instances classified as C; by the machine learning model from

instances whose true class is C;. The confusion matrix for multi-class classification is shown in Table 1.

Table 1. Confusion matrix for multi-class classification
Predicted Class
c, - Cj < Cy

¢ Cpy C1j Cin

Ci Ca Gy Gy

Actual Class

CN CN 1 CN j CN N

e True Positive (TP): The actual class is C;, and it is predicted as C; where i = j.
e False Positive (FP): value for a i"" class is the sum of the values in j" column except Cij Where i = j
e False Negative (FN): value for a i" class is the sum of the values in i row except C; jwhere i = j

e True Negative (TN): equals to the sum of all the values in confusion matrix except for i row j™ column
values where i = j

Performance metrics derived from the confusion matrix, provide valuable insights into the effectiveness of

machine learning models in multi-class classification scenarios. Some commonly used metrics for multi-class

classification include accuracy, micro average precision (MAP), micro average recall (MAR) and macro

average F1-score.

Accuracy: measures the correct classification performance of the model. It is calculated as the ratio of the sum
of all correctly classified samples to the number of samples in the dataset. It is defined as
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N
i=1Cii
N N
i=1 Z]:l Cl_]

Accuracy = (3.1)

Macro average precision (MAP): MAP equals the average of precisions for each class in the dataset. It is
defined as

where

N

j=1

Macro average recall (MAR): The MAR is computed by averaging the recalls for each class in the dataset. It
IS given as

where

N
:ZC”' Vi€ (1, N} (3.3)

j=1

Macro F1-Score combines the MAP, MAR metrics into a single performance metric, and is equal to their
harmonic mean. Macro F1-score combines is evaluated by

Cll

N
Z l
i=1

>

N
D

MacroF1 — Score = (3.4)

ZIH

_|_

t'\|:t‘\
I

3.2. Experimental Results

Emotions in Turkish music is predicted by four different machine learning methods: kNN, DT, RF, and SVM.
Because these methods take user-defined hyperparameters, their performance is affected by hyperparameter
settings. To optimize the performance and achieve the highest accuracy in these algorithms, a grid search
approach is employed to identify the most proper hyperparameter values. The specific hyperparameters and
their respective ranges for each algorithm are detailed in Table 2. Furthermore, k-fold cross validation
technique is performed instead of a simple train-test split to measure the performance of the benchmarked
methods. This approach ensures that all samples in the dataset are used for both training and testing the model,
leading to more robust and reliable results.

In the conducted experiments, the k value of the k-fold cross method was chosen as 5, and the process is iterated
10 times. The average 5-fold cross validation results of the benchmarked methods with the specified
hyperparameters are visually presented in Figure 6 (a)-(d).
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Table 2. Benchmarked classification methods, method specific hyperparameters and range of values

Method Hyperparameter Value
k Nearest Neighbor Number of nearest neighbor 3,4, 5, ...,30
Criterion “gini”, “entropy”
Decision Tree max_depth 1,2,...,20
min_samples_split 2,3,...,17
Criterion “gini”, “entropy”
Random Forest max_depth 1,2,...,32
number of trees 202 ..., 28
Kernel “linear”, “poly”, “rbf”, “sigmoid”
. Cost 24,218 . 214
V M h il b b
Support Vector Machines Gamma 212 29 o5
Degree 1,2,...,19
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Figure 6. Accuracy results of the benchmarked methods (a) kNN, (b) Decision Tree, (¢) Random Forest, (d)
Support Vector Machines

In Figure 6 (a), the results of the kNN algorithm for varying k values are presented. The KNN achieves
maximum accuracy 71.48% with k = 4. In cases where the k value is greater than 4, the results exhibit
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fluctuations with an example being k = 16, where the accuracy value 71.03% is quite close to the highest value.
The results are very similar except for k = 1. The results of the DT algorithm concerning the min_sample_split
and max_depth hyperparameters are displayed in Figure 6 (b). The effect of the min_sample_split
hyperparameter is notably limited, while the results are significantly affected when the max_depth
hyperparameter is less than 3. The performance of the RF method, considering the max_depth and the number
of trees hyperparameters, is illustrated in Figure 6 (c). “Gini” and “entropy”, which are the splitting node
criterion for the RF method, are examined, and since Gini outperformed, its results are shown. Similar
observations to the results in DT can be made for the RF method, as changing the number of trees
hyperparameter has little effect on the results. Accuracy is significantly reduced when the max_depth
hyperparameter is greater than 21°. At values where the max_depth hyperparameter values begin to drop from
24, the accuracy of the RF decreases. In SVM, four different kernels are evaluated with the specified
hyperparameter setting, but only the radial-based kernel (RBF) results are shown in Figure 6 (d), as it yields
the highest accuracy. The accuracy of SVM with RBF kernel decreases when the gamma value is greater than
2** and a decrease is also observed when the C value falls below 2.

3.2.1. Feature Selection

To identify the most prominent features the MI feature selection method is applied to the Turkish music
emotion dataset. The subsets of the dataset are formed based on the features ranked from the highest to the
lowest in terms of prominence. Benchmark methods are then applied to these subsets to determine the best
performing method using the least number of features. The hyperparameters of the benchmarked methods with
the highest accuracy scores were determined in the previous subsection. The performance of these methods is
assessed using four different performance metrics: accuracy, precision, recall, and f1-score is illustrated in
Figure 7 (a)-(d).
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Figure 7. Performance results of the compared methods depending on the increasing number of features
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The results of the KNN method are shown in Figure 7 (a). For KNN, the highest accuracy (75.33%) is obtained
when the number of features is equal to 19. However, with 12 features, an accuracy (74.35%) score is attained.
Comparing the results using features 4 through 51, the variation between the highest (0.7533) and lowest
(0.6845) results is 10.05%. Figure 7 (b) illustrates the performance results of the DT method. The optimal
accuracy in DT (0.6930) is obtained with 11 features. When considering features between 5 and 50, the
accuracy scores of DT vary between 0.6663 and 0.6930. Figure 7 (c) presents the results of the RF method. As
can be seen in the Figure 7 (c), the performance using fewer features in the RF method was not superior to the
performance using all features. Considering the trade-off between the number of features and accuracy, the
optimum number of features will be 19. This is because the accuracy when using the 19 features with the
highest MI score (0.8058) is very close to the accuracy when using all features in the dataset (0.8098).
Additionally, the accuracy of models created with more than 15 subsets of features consistently remains above
0.7900. Figure 7 (d) depicts the result of the SVM method. Although SVM results may fluctuate depending on
the number of features, there is a general tendency for increased performance as the number of features rises.
The highest accuracy (0.8068) in SVM is achieved with 43 features.

The accuracy results of the comparative methods with the specified hyperparameters, using both all features
in the dataset and a subset of the features, are given in Table 3. The Table also shows in parentheses the number
of features used for the corresponding accuracy values. Feature selection leads to enhanced performance in the
kNN and SVM methods, while DT and RF methods experience a decline in performance. Notably, in kNN
method, a performance increase over 5% is observed when utilizing only 40% of features. Conversely, in the
DT method, there is a minimal loss of less than 0.5% in accuracy with the using of approximately 20% of the
features. Similar observations can be made for the RF method, where a loss in performance of less than 0.5%
is maintained while using less than 40% of the features. The highest accuracy value (0.8068) was achieved
when the MI method is combined with the SVM method; but this success needs the utilization of more than
80% of the features. While the accuracy of SVM+MI (0.8068) slightly surpasses RF+MI (0.8058) by only
0.001, RF+MI uses less than 40% fewer features compared to SVM+MI. Considering the experimental results,
RF+MI is the best choice when trying to optimize both accuracy and memory usage efficiency.

Table 3. Accuracy results of the benchmarked method with/ without feature selection

Methods Hyperparameters All features Mutual Information
k Nearest Neighbor k=4 0.7128 0(72?;3

Criterion = “gini”

Decision Tree min_samp_split=15  0.6958 ngﬁo
maks_depth = 8
Criterion = “gini”
Random Forest maks_depth = 17 0.8098 0(?[%?8
number of trees = 28
Kernel = “rbf”
Support Vector Machines c=22 0.8065 0.(5131(:);)58
y=2°

4. Conclusion

In this study, four distinct machine learning algorithms — kNN, DT, RF, and SVM — were applied to determine
the emotions from the Turkish music. A rigorous examination of method-specific hyperparameters was
conducted, revealing that the RF method, utilizing hyperparameters such as node splitting criterion = “Gini”,
number of trees = 28, and max_depth = 10, achieved the highest accuracy (0.8118) when using all features in
the dataset, which includes 50 features.
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To identify the most descriptive features in the dataset, the MI feature selection algorithm was employed.
Comparative analyses were then conducted on subsets of the dataset, using the hyperparameters obtaining the
highest accuracy with all features. In this way, it is aimed to achieve a success rate comparable to or higher
than the result when all features were used, while using fewer features. The adoption of fewer features not only
led to decreased memory consumption but also resulted in processing time.

The SVM method, when coupled with MI feature selection, gave the best results despite utilizing a large
number of features. Conversely using the RF method with feature selection, yielded very close results, but with
significantly fewer features. As a result, RF+MI emerges as the optimal choice considering both memory usage
efficiency and accuracy. This is evidenced by a marginal drop-in success rate of 0.5% compared to using all
features and using 60% fewer features.

Future studies may investigate model interpretation methods to elucidate the interpretability of these models.
Additionally, different feature selection technigues can be explored to identify the most salient features in the
dataset.
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Abstract — Transition metal oxides, particularly copper oxides, have garnered significant attention due to their
intriguing photochemical, photomagnetic, photo-thermal, and photoconductive properties. Among these, CuO
stands out as a p-type semiconductor having narrow bandgap energy ranges from 1.2 to 2 eV, finding versatile
applications such as gas sensing, magnetic storage, solar energy conversion, photocatalysis, supercapacitors, field-
emission emitters, and optical switches. Additionally, it serves as a crucial component in materials designed for
lithium-ion electrodes. In this study, five different CuO nanoparticles were synthesized by simple and cost-

Article History effective hydrothermal method with various reaction temperatures and times in a teflon lined stainless steel

Received: 15 Dec 2023 autoclave. Copper (11) chloride dihydrate was used as copper source in this process. Various characterization
Accepted: 02 Feb 2024 techniques were conducted including X-ray powder diffraction (XRD), Raman spectroscopy, and transmitting
Published: 25 Jun 2024 electron microscopy (TEM). The effect of temperature and time on synthesis process was characterized and

discussed. TEM images show that particle size of CuO increase with the temperature and reaction time. First
reaction had the smallest particle sizes (mostly around 9-11 nm). This can be attributed to its lowest reaction
temperature and shortest reaction time. For the other reactions, two of them accumulate around 19-35 nm and two
around 27-45 nm range. However, the rise in the particle’s diameters is not directly proportional to temperature
and time. As a result, CuO nanoparticles have been produced with simple method for the market. It can be
produced in large quantities for heat exchangers, gas sensing, magnetic storage, solar energy conversion,
photocatalysts, supercapacitors, etc.
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1. Introduction

Transition metal oxides are a significant characteristic of semiconductors that have been extensively ex-plored
due to their unique features for possible applications [1]. Copper oxides are one type of transition metal oxide
that have gained a lot of interest because of their fascinating photochemical, photomagnetic, photo-thermal
and photoconductive characteristics. Cu,O and CuO are two examples of the several stoichiometries and
phases that copper oxides (CuxO) may exist in, have narrow bandgap energy ranges from 1.2 to 2 eV. CuO is
a p-type semiconducting material has many different ap-plications including gas sensing, magnetic storage,
solar energy conversion, photocatalysts, supercapacitors [2-4] , field emission emitters, photocatalysts, optical
switches, and materials for lithium-ion electrodes [5]. In addition, it is essential for a variety of chemical
reactions, including oxidation of carbon monoxide, hydrocarbons, fine compounds, the degradation of nitrous
oxides and the selective catalytic reduction of nitric oxide with ammonia [6, 7].

These various applications have led to appear numerous chemical routes to synthesize CuO such as sol-gel for
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more complex and high-tech methods, solid-state reaction, precipitation-stripping, alkoxide-based synthesis,
sonochemical production, microwave irradiation and precipitation-pyrolysis [8, 9]. Moreover, thermal
oxidation [10], hydrolysis [11], solvothermal [12], microemulsion system [13] and the hydrothermal method
are also in use for synthesizing CuO particles.

The synthesis of nanomaterials using hydrothermal method may occur at temperatures ranging from ambient
temperature to extremely high temperatures. Hydrothermal technique has several advantages comparing the
other methods. For instance, low-pressure or high-pressure circumstances can be used to control the size and
shape development of the materials, based on the vapor pressure of the primary component in the reaction.
Hydrothermal synthesis allows for the production of nanomaterials with well-controlled compositions due to
liquid phase or multistage chemical processes [14] . Nanomaterials which are unstable at high temperatures
can be produced by this method. High vapor pressure nanomaterials can be produced using the hydrothermal
technique with the least amount of material loss [15]. This method also stands out as a convenient approach
for copper oxide synthesis, yielding nanoparticles characterized by exceptional dispersibility, strong
crystallinity, high purity, and distinct morphologies of varying dimensions [16, 17].

Recently, there has been extensive research into the controlled shaping of various nanostructures, as the
physical and chemical properties of nanocrystals are strongly influenced by factors such as sizes, shapes,
compositions, and structures. This paper describes the hydrothermal synthesis of CuO nanostructures in the
presence of sodium hydroxide (NaOH), utilizing a simple and surfactant-free technique. The study explores
the effects of hydrothermal temperature, and time on crystal growth, and shape through simple and cheap
hydrothermal method with integration of heat and time parameters.

2. Materials and Methods

All of the compounds utilized in this work were analytical grade and did not require any additional purification.
Copper (I1) chloride dihydrate (CuCl,e 2H,0, >99% purity), NaOH (>99% purity), ethanol (CH;CH,OH,
99,8%) and distilled water were used in the experiments for preparing and cleaning samples. CuClz 2H;0
were supplied by Merck, sodium hydroxide was purchased from Interlab and absolute technical grade ethanol
supplied by Panceac.

CuO nanoparticles synthesized by simple hydrothermal method. Synthesis procedure adapted from Wang and
his co-workers’ published paper [3]. Different sized and shaped nanoparticles were obtained by changing the
reaction parameters such as time and temperature. Nanoparticles were formed by thermal decomposition of
CuCl,+ 2H,0 and precipitation in aqueous solution. The preparation procedure was started with dissolving of
CuClye 2H,0 in distilled water, 0,01 mol CuCl,* 2H,0 dissolved in 25 ml distilled water and stirred for 15
minutes at room temperature. After that 20 ml of 1mol/L NaOH solution was slowly added to this solution in
20 minutes under the continuous magnetic stirring. Stirring was kept on extra 10 minutes more after adding
NaOH solution to obtain homogenous mixing. Afterward, solution was transferred to teflon lined stainless
steel autoclave for hydrothermal process. Autoclave was transferred to hot air oven for various temperatures
and times as given in Table 1. Finally black colored CuO nanoparticles were collected and washed several
times with ethanol and distilled water (Figure 1). As a last step of the process particles were dried in oven for
24 hours at 65 °C. All the samples produced with the same method but with particular experimental conditions
(Table 1) and characterized with several techniques.
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Figure 1. Successfully synthesized CuO nanoparticles after washing and drying procedures

Table 1. Temperature and time parameters of hydrothermal reactions
Sample Temperature (°C) Time (h)

1 110 2
2 150 2
3 190 2
4 110 4
5 110 6

2.1. Characterizations

Produced CuO nanoparticles were characterized using Malvern Panalytical model X-ray powder diffraction
(XRD) with a scanning angle range of 26 = 5-80, and a scanning rate of 0.02° per minute, utilizing Cu-Ka
radiation (Figure 2). For the further structural analyse CuO nanoparticles were characterized using a Witec
Alpha model 300RA Raman spectrometer (Figure 3). The particle size analyses of the samples were conducted
using a JEOL JEM-1400 transmitting electron microscope (TEM). Nanoparticles should be clean for to get
clear TEM images. Particles have washed multiple times with ethanol and water. Synthesized particles
pounded in a mortar to obtain smaller grains for sample preparation. CuO nanoparticles do not need any
conductive coating because of their conductivity. The percentage distributions of nanoparticles in the nano
size range were analyzed from TEM images (Figure 4).

3. Results and Discussion

Crystal structure of the first CuO nanoparticle is given in Figure 2. The exceptional crystalline quality of the
particles is shown by the strong and sharp diffraction peaks. Primary diffraction peaks corresponding to the
(002) and (111) planes were observed at 26 values of 35.57 and 38.75, respectively. Additionally, other
diffraction peaks such as (110), (202), (020), (202), (113), (022), (220), and (311) are also visible. The (002)
and (111) peaks are the most prominent, indicating that the growth model of CuO crystals occurs
predominantly along the (002) and (111) planes. These peaks are correlated with previous studies [3, 18].
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Figure 2. XRD pattern of first CuO nanoparticle synthesized at 110 °C in 2 hours

Figure 3 shows first CuO nanoparticles Raman spectra. A popular optical method for identifying deformations,
structural problems, and defect chemistry in materials is Raman spectroscopy. CuO is a p-type semiconductor
with a monoclinic structure belonging to the C%; (c?/c) space group [19]. This space group has twelve
vibrational modes at the center, including three normal acoustic modes (Ay + 2By), six infrared active modes
(3A. + 3By) and three Raman active modes (Ag + 2By) at peaks 294, 332, 626 cm-1 [20]. The peak at 294 cm-
! corresponding to the monoclinic phase of CuO, belongs to the A;mode, and the peaks at 332 and 626 cm™
belong to the By modes and matches the previously reported data [21].
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Figure 3. Raman spectrum of CuO nanoparticles synthesized at 110 °C in 2 hours

TEM images are given in Table 2. Spherical-shaped nanoparticles are more common in first and second
synthesis. Hydrothermal reaction times were the same (2 hours) for the first 3 synthesis, but reaction
temperatures were different (Table 1). It is obvious that spherical-shaped nanoparticle numbers decreased and
became more polyhedron-like structures as the temperature elevated. The temperature had great impact on the
accretion of CuO nanostructures. The precursor’s disintegration and CuO's expansion all increased with rising
temperatures. Because the nanocrystals tended to orient the crystal lattices in the direction of growth at higher
temperatures. The thermal movement of the molecules in the elements for growth accelerated and subsequently
sped up the formation of the crystal cores [22].
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For the fourth and fifth synthesis, reaction temperatures kept constant and reaction times were changed
comparing the first synthesis. It’s seen that nanoparticle shapes became more plate-like unlikely the first
synthesized nanoparticles. This was also observed by Janene et al. They investigated the effect of different
reaction times and synthesized CuO nanoplates with 2 to 24 hours reaction times [23].

Table 2. TEM images of five different CuO nanoparticles synthesized at different temperatures and reaction
time

Particle size distributions of synthesized nanoparticles are given in Figure 4. Particle size measurements were
conducted via ImageJ on TEM images including Table 2 and more images. First reaction has the smallest
particle sizes (mostly around 9-11 nm). This can be attributed to its lowest reaction temperature and shortest

reaction time [24].
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Figure 4. Particle size distributions of CuO nanoparticles synthesized at different temperatures and reaction
time
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Figure 4. (Continued) Particle size distributions of CuO nanoparticles synthesized at different temperatures
and reaction time

During hydrothermal treatment, uniform heating within the reaction system significantly impacts the
morphology of CuO nanoparticles. The morphological characteristics of these nanoparticles are intricately tied
to both temperature and partial pressure inside the autoclave throughout the synthesis process. Furthermore,
the morphology of CuO nanocrystals is influenced by temperature and reaction time. Incomplete reactions
occur at lower temperatures, while at higher temperatures, reduction of CuO takes place, aligning with findings
reported by other researchers [25-27].

4. Conclusion

The ultimate goal of this study was to produce CuO nanoparticles practically for the market. CuO nanoparticles
were successfully synthesized via simple hydrothermal method with several reaction temperatures and times.
Copper (I1) chloride dihydrate was used as copper source. Various characterization techniques were conducted
including XRD, Raman spectroscopy and TEM. First synthesis was more spherical-shaped comparing the
other four reactions, they had more rod-like structures. TEM images show that particle size of CuO increase
with the temperature and reaction time. However, rise in the particle’s diameters are not directly proportional
to temperature and time. Finally, CuO nanoparticles have produced with simple method for the market. It can
be produced in large quantities for heat exchangers, gas sensing, magnetic storage, solar energy conversion,
photocatalysts, supercapacitors etc.

334



JARNAS /2024, Vol. 10, Issue 2, Pages: 329-336 / Hydrothermal Synthesis of CuO Nanoparticles: Tailoring Morphology -

Author Contributions

All the authors equally contributed to this work. They all read and approved the final version of the paper.

Conflicts of Interest

All the authors declare no conflict of interest.

References

[1] C. Xu, Y. Liu, G. Xu, G. Wang, Preparation and characterization of CuO nanorods by thermal
decomposition of CuC204 precursor, Materials Research Bulletin 37 (14) (2002) 2365-2372.

[2] A. Aslani, V. Oroojpour, CO gas sensing of CuO nanostructures, synthesized by an assisted solvothermal
wet chemical route, Physica B: Condensed Matter 406 (2) (2011) 144-149.

[31 Y. Q. Wang, D. Wang, B. Yan, Y. Chen, C. Song, Fabrication of diverse CuO nanostructures via
hydrothermal method and their photocatalytic properties, Journal of Materials Science-Materials in
Electronics 27 (7) (2016) 6918-6924.

[4] M. -J. Song, S. W. Hwang, D. Whang, Non-enzymatic electrochemical CuO nanoflowers sensor for
hydrogen peroxide detection, Talanta 80 (5) (2010) 1648-1652.

[5] T. H. Nguyen, T. L. Nguyen, T. D. Thuy Ung, Q. L. Nguyen, Synthesis and characterization of nano-
CuO and CuO/TiO2 photocatalysts, Advances in Natural Sciences: Nanoscience and Nanotechnology 4
(2) (2013) 025002 6 pages.

[6] C. L. Carnes, J. Stipp, K. J. Klabunde, J. Bonevich, Synthesis, characterization, and adsorption studies
of nanocrystalline copper oxide and nickel oxide, Langmuir 18 (4) (2002) 1352-1359.

[71W. Wang, Y. Zhan, X. Wang, Y. Liu, C. Zheng, G. Wang, Synthesis and characterization of CuO
nanowhiskers by a novel one-step, solid-state reaction in the presence of a nonionic surfactant, Materials
Research Bulletin 37 (6) (2002) 1093-1100.

[8] J. Pike, S. W. Chan, F. Zhang, X. Wang, J. Hanson, Formation of stable Cu.O from reduction of CuO
nanoparticles, Applied Catalysis A: General 303 (2) (2006) 273-277.

[9] K. Zhou, R. Wang, B. Xu, Y. Li, Synthesis, characterization and catalytic properties of CuO nanocrystals
with various shapes, Nanotechnology 17 (15) (2006) 3939 5 pages.

[10] J. T. Chen, F. Zhang, J. Wang, G. A. Zhang, B. B. Miao, X. Y. Fan, D. Yan, P. X. Yan, CuO nanowires
synthesized by thermal oxidation route, Journal of Alloys and Compounds 454 (1-2) (2008) 268-273.

[11] J. Zhu, H. Bi, Y. Wang, X. Wang, L. Lu, Synthesis of flower-like CuO nanostructures via a simple
hydrolysis route, Materials Letters 61 (30) (2007) 5236-5238.

[12] X. Tang, L. Ren, L. Sun, W. Tian, M. Cao, C. Hu, A solvothermal route to Cu20 nanocubes and Cu
nanoparticle, Chemical Research in Chinese Universities 22 (5) (2006) 547-551.

[13] D. Han, H. Yang, C. Zhu, F. Wang, Controlled synthesis of CuO nanoparticles using TritonX-100-based
water-in-oil reverse micelles Powder Technology 185 (3) (2008) 286—290.

[14] P. Basnet, S. Chatterjee, Structure-directing property and growth mechanism induced by capping agents
in nanostructured ZnO during hydrothermal synthesis—A systematic review, Nano-Structures & Nano-
Objects 22 (2020) 100426.

[15] Y. X. Gan, A. H. Jayatissa, Z. Yu, X. Chen, M. Li, Hydrothermal synthesis of nanomaterials, Journal of
Nanomaterials 2020 (2020) Article ID 8917013 3 pages.

335



JARNAS /2024, Vol. 10, Issue 2, Pages: 329-336 / Hydrothermal Synthesis of CuO Nanoparticles: Tailoring Morphology -

[16] Q. Yang, Z. Lu, J. Liu, X. Lei, Z. Chang, L. Luo, X. Sun, Metal oxide and hydroxide nanoarrays:
Hydrothermal synthesis and applications as supercapacitors and nanocatalysts, Progress in Natural
Science: Materials International 23 (4) (2013) 351-366.

[17]W. Shi, S. Song, H. Zhang, Hydrothermal synthetic strategies of inorganic semiconducting
nanostructures, Chemical Society Reviews 42 (13) (2013) 5714-5743.

[18] L. L Feng, R. Wang, Y. Zhang, S. Ji, Y. Chuan, W. Zhang, In situ XRD observation of CuO anode phase
conversion in lithium-ion batteries, Journal of Materials Science 54 (2) (2019) 1520-1528.

[19] S. Al-Amri, M. S. Ansari, S. Rafique, M. Aldhahri, S. Rahimuddin, A. Azam, A. Memic, Ni doped CuO
nanoparticles: Structural and optical characterizations, Current Nanoscience 11 (2) (2015) 191-197.

[20] V. K. Gupta, R. Chandra, I. Tyagi, M. Verma, Removal of hexavalent chromium ions using CuO
nanoparticles for water purification applications, Journal of Colloid and Interface Science 478 (2016)
54-62.

[21] Q. Yu, H. Huang, R. Chen, P. Wang, H. Yang, M. Gao, X. Peng, Z. Ye, Synthesis of CuO nanowalnuts
and nanoribbons from aqueous solution and their catalytic and electrochemical properties, Nanoscale 4
(8) (2012) 2613-2620.

[22] S. Sabbaghi, H. Orojlou, M. R. Parvizi, R. Saboori, M. Sahooli, Effect of temperature and time on
morphology of CuO nanoparticle during synthesis, International Journal of Nano Dimension 3 (1) (2012)
69-73.

[23] F. Janene, H. Dhaouadi, L. Arfaoui, N. Etteyeb, D. Touati, Nanoplate-like CuO: hydrothermal synthesis,
characterization, and electrochemical properties, lonics 22 (8) (2016) 1395-1403.

[24] M. Outokesh, M. Hosseinpour, S. J. Ahmadi, T. Mousavand, S. Sadjadi, W. Soltanian, Hydrothermal
synthesis of CuO nanoparticles: Study on effects of operational conditions on yield, purity, and size of
the nanoparticles, Industrial & Engineering Chemistry Research 50 (6) (2011) 3540-3554.

[25] R. A. Koppel, C. Stocker, A. Baiker, Copper-and silver—zirconia aerogels: preparation, structural
properties and catalytic behavior in methanol synthesis from carbon dioxide, Journal of Catalysis, 179
(2) (1998) 515-527.

[26] M. P. Neupane, Y. K. Kim, I. S. Park, K. A. Kim, M. H. Lee, T. S. Bae, Temperature driven
morphological changes of hydrothermally prepared copper oxide nanoparticles, Surface and Interface
Analysis 41 (3) (2009) 259-263.

[27] T. Jiang, Y. Wang, D. Meng, X. Wu, J. Wang, J. Chen, Controllable fabrication of CuO nanostructure
by hydrothermal method and its properties, Applied Surface Science 311 (2014) 602-608.

336



Canakkale Onsekiz Mart University
Journal of Advanced Research in Natural and Applied Sciences
dergipark.org.tr/tr/pub/jarnas

Open Access

e-ISSN: 2757-5195 2024, Vol. 10, Issue 2, Pages: 337-349 doi.org/10.28979/jarnas.1342983

Analysis of the Impact of Demographic Characteristics and Business
Conditions on Employee Job Satisfaction

Fatma Betiil Baglan* @, Umut Hulusi Inan? @, Hiiseyin Baghgil®

t3Department of Industrial Engineering, Faculty of Engineering and Architecture, Istanbul Esenyurt University, Istanbul, Tiirkiye
?Department of Industrial Engineering, Faculty of Engineering and Architecture, Istanbul Gelisim University, Istanbul, Tiirkiye

Abstract — Job satisfaction is an important concept in terms of productivity and continuity of enterprises. The
decrease in the job satisfaction level of the employees may cause many problems such as slowing down the work
and low productivity. In this study, the surveys conducted on 150 employees from 52 sectors were evaluated with

Article History the SMART-PLS 3 package program, and the effect of perceptions on business conditions (economic, ergonomic,

Received: 14 Aug 2023 internal communication, workload level, and career opportunities) on job satisfaction was examined. The topic
Accepted: 06 Feb 2024 addressed in the study, the classification of organizational conditions and the methodology employed, contributes
Published: 25 Jun 2024 to the literature. As a result of the analyses, it was determined that the perceptions of internal communication and

career opportunities affect the level of job satisfaction of the employees. In the continuation of the study, the effect
of the demographic characteristics of the employees on these perceptions was examined by using the SPSS 22
statistical program. This examination revealed that the gender affected the perception of internal communication

Research Article

and the education level the perception of career opportunities.

Keywords — Job satisfaction, partial least squares structural equation modelling (PLS-SEM), statistics
1. Introduction

The happiness that arises as a result of the fulfillment of needs or desires is defined as reaching the satisfaction
of the heart. It is defined as a reaction of employees’ feelings about their jobs [1]. Job satisfaction, in other
words, is how the employee feels towards the job, has a decisive role in the attitudes of the employees towards
the job [2].

The concept of job satisfaction emerged in the 1920s, and its importance was understood in the 1940s. From
past to present, various definitions of job satisfaction have been made. Lawler [3] said that job satisfaction is
measured by the difference between employees’ expectations from the job and what they get from the job.
Locke [4] defined job satisfaction as the emotional response of an employee to his or her job. Schultz and
Schultz and Schultz [5] stated that job satisfaction is a quality measure of working life. Soysal et al. [6] defined
job satisfaction as the feelings that emerge as a result of the work experience of the employees. According to
Kasimati [7], job satisfaction is the emotional reactions of employees to different aspects of their jobs, the
degree of liking and disliking their job.

The concept of job satisfaction is an important term in terms of productivity and continuity of enterprises. With
the industrial revolution, the Classical Management approach was accepted by the organizations, and the
humanitarian elements began to be ignored. With the Neo-classical approach that emerged in the following
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process, this shortcoming in the classical management approach was eliminated. According to this approach,
one of the most important elements in the production processes of organizations is human, and it is not possible
for an employee who is dissatisfied with his work to contribute to the effectiveness and efficiency of the
organization [8]. It is inevitable that the standard conditions of an enterprise with low job satisfaction level of
its employees may deteriorate. The decrease in the job satisfaction levels of the employees can cause many
problems such as slowing down the work and low productivity. The effective and productive work of their
employees are largely related to their high job satisfaction level [9].

In today’s intensely competitive environment, businesses must be able to use their resources effectively and
efficiently in order to survive. One of the most important of these resources is human, i.e. employees. Job
satisfaction has an impact on employee performance, while employee performance has an impact on business
productivity. Ali et al. [10] stated that the success and sustainability of organizations depend on their
employees and their attitudes towards their works they do.

For many years, researchers have been examining the factors affecting job satisfaction. Demirel and Ozg¢inar
[2] examined the effect of organizational citizenship behavior on job satisfaction, Iscan and Saym [11]
analyzed the relationship between organizational justice, job satisfaction and organizational trust, Julseth et al.
[12] studied the relationship between job satisfaction of patrol officers and their capacity to perceive problems,
Bayramlik et al. [8] investigated the effect of person-organization fit on job satisfaction, Neubert and
Halbesleben [13], the effect of psychological factors on organizational outcomes such as job satisfaction and
organizational commitment, Kardas and Sencan [14] tested the effect of five factor personality traits on job
satisfaction, Senol and Ongel [15] assessed the effect of internal marketing practices on job satisfaction, and
Akcakanat et al. [16] examined the effect of job love on job satisfaction. Oriicii et al. [17] listed the factors
affecting job satisfaction, which is a very important organizational concept, as follows:

¢ Organizational

e Cultural

e Environmental

e Individual or group related factors

Organizational factors, such as economic conditions, are thought to positively or negatively influence

individuals’ job satisfaction [18]. Locke [19] introduces the value theory and emphasizes that one of the key
factors of satisfaction is salary.

Ergonomic conditions refer to environmental factors within the organization, such as temperature, light levels,
cleanliness, etc. It is believed that maintaining good ergonomic conditions in workplaces, where individuals
spend a significant part of their day, positively affects job satisfaction [20].

Internal communication within the organization is another organizational factor believed to impact job
satisfaction [21]. It is known that adopting an open communication policy towards employees contributes to
the creation of a positive atmosphere within the organization, thereby assisting employees in managing their
work more efficiently [22].

Workload level can be considered as an organizational factor. Parmaksiz et al. [23] suggested that workload
distribution should be fair to form employees’ perceptions of organizational justice. Keser and Yilmaz [24]
stated that employees’ workload levels contribute to burnout.

Tetik et al. [25] mentioned that giving importance to employees’ career development will enhance
organizational success. It is believed that employees who are aware that successful performance will be
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rewarded by advancing in their careers will have higher levels of job satisfaction.

There are numerous studies examining the direct impact of demographic characteristics on job satisfaction [26-
28]. The results of these studies indicate that factors such as gender, age, education level, and years of work
experience have an impact on job satisfaction.

In this study, business conditions were discussed for the first time under 5 headings as economic conditions,
ergonomic conditions, internal communication, workload level, and career opportunities, and the effects of
employees’ perceptions of these conditions on job satisfaction were analyzed. Following this, in contrast to
analyses focusing on the direct impact of job satisfaction in the literature, an examination was conducted to
determine whether individuals’ demographic characteristics have an influence on perceptions of organizational
conditions. Figure 1 shows the structural model established in the first step of the research.
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Figure 1. Structural model of the research

The research hypotheses established to measure the effect of business conditions on the job satisfaction of
employees are given in Table 1.

Table 1. Research hypotheses
H1 Economic conditions affect the job satisfaction level of employees.

H2 Ergonomic conditions affect the job satisfaction level of employees.

H3 Internal communication affects the job satisfaction level of employees.

H4 The level of workload affects the job satisfaction level of the employees.

H5 Career opportunities affect the job satisfaction level of employees.
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2. Materials and Methods

In this study, the impact of organizational conditions on job satisfaction levels of sector employees will be
examined.

2.1. Sampling, Data Collection

The data were collected through a questionnaire (Annex-1), and the sample of the study consists of employees
from 52 sectors. In the first part of the questionnaire, there were questions about the demographic
characteristics of the employees. In the second part of the questionnaire, the suggestion was presented to
measure the job satisfaction level of the employees, the communication within the enterprise, the workload
level of the employees, the career opportunities in the workplace, and the economic and ergonomic conditions
of the workplace. The propositions were asked to be evaluated according to a 5-point Likert Scale. A total of
150 survey results were evaluated in the study. A simple random sampling method was employed in the
research, and data were collected through face-to-face and electronic surveys. The fact that Cronbach Alpha
values exceeded 0.80 indicates the reliability of the research model.

2.2. Analysis of Data

In order to test the hypotheses established in the first step of the study, Partial Least Squares Structural Equation
Modeling (KEKK-YEM) and Smart PLS 3 package programs, a second generation statistical software, were
used to test the reliability, validity and hypothesis of the data.

KEKK-SEM is a modeling technique used for modeling complex multivariate relationships between observed
and latent variables. KEKK-YEM, which is mostly preferred in exploratory research, was first discussed by
Wold [29] and subsequently developed by Lohméller [30]. KEKK-SEM does not require the assumption of
normality compared to other methods, can provide accurate results even in small sample sizes, and can make
successful measurements in complex models [31]. Many alternative KEKK-YEM software packages
(VisualPLS, PLS-GUI, PLS-Graph) have been developed since the 1980s. The KEKK-YEM analysis in this
study was carried out with the Smart PLS 3 package program. PLS, which is one of the most popular methods
in data analysis today, is a variance-based structural equation modeling method [32-34]. During the evaluation
of the measurement model, which is the first stage of KEKK-SEM, reliability and validity analyzes of the
theoretically constructed model were carried out, and during the evaluation of the structural model, which is
the second stage, a path analysis was conducted in which the established hypotheses were tested.

SPSS 22 statistical program was used to test the hypotheses established in the second step of the research.
Normality test, Pearson Correlation coefficient, regression analysis, t test and ANOVA test were used. Post
Hoc-LSD test was performed to detect the groups that differed in the comparisons of more than one group.
The obtained data were analyzed at the 5% significance level (p<0.05).

3. Findings
3.1. Demographic Features

Demographic findings of the research sample are summarized in Table 2. Of the participating employees in
the research, 54.7% are male, and 45.3% are female. 69.4% of the participants have received education at least
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at the undergraduate level, and 73.3% have been in the workforce for at least 5 years. 65.3% of the participants
are married, and 30.7% are single, with 50% falling within the age range of 25-35.

Table 2. Demographic characteristics of the research sample

Demographic Feature Frequency Percentage Demographic Feature Frequency Percentage
18-25 11 7.3 Single 46 30.7
26-35 75 50.0 ) Married 98 65.3
Marital Status -
36-45 45 30.0 Divorced 6 4.0
46-55 11 7.3 Total 150 100.0
Age Primary-
56-65 8 5.3 Secondary 11 7.3
School
65+ 0 0 High School 22 14.7
Education i
Total 150 100.0 Associate 13 8.7
Degree
1-5 40 26.7 Licence 67 44.7
6-10 36 24.0 Graduate 37 24.7
Working 11-15 30 20.0 Total 150 100.0
Year 16-20 22 14.7 Women 68 453
21+ 22 14.7 Gender Man 82 54.7
Total 150 100.0 Total 150 100.0

3.2. Evaluation of Hypotheses with Partial Least Squares Structural Equation
Modeling (KEKK-YEM)

Before testing the established research hypotheses, the validity and reliability analyzes of the measurement
model were made. Since the factor load of 5 factors was insufficient (<0.6) in the measurement model, which
was initially created with 30 factors and 6 variables, the measurement model was established with 25 factors
and 6 variables. The results of the analysis performed with the Smart PLS 3 program are given in Table 3.

Table 3. Measurement model results

Factor/ Variable  Factor Load T-value R?  Cronbach Alpha Con_wpqs_lte Rho_A AVE
Reliability
Economic 1.000 1.000 1.000 1.000
Conditions
5-36 1.000
Ergonomic 0.807 0.865 0.816 0.562
Conditions
5-10 0.685 9.313
s-11 0.737 9.162
512 0.841 17.163
513 0.766 13572
s-31 0.711 12592
Internal 0.921 0.936 0.927 0.684
Communication
S-14 0.775 18.660
521 0.874 38,510
S-24 0.848 33.442
s5-25 0.691 9.716
5-26 0.742 11.516
5-29 0.820 23527
S-34 0.870 31.876
5-37 0.801 22.469
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Table 3. (Continued) Measurement model results

Factor/ Variable  Factor Load T-value R? Cronbach Alpha Compqs_lte Rho_A AVE
Reliability
The Level of
Workload 1.000 1.000 1.000 1.000
S-16 1.000
Career 0.849 0.889 0.852 0.572
Opportunities
S-19 0.710 12.794
S-20 0.811 20.607
S-22 0.714 11.181
S-28 0.714 11.836
S-30 0.858 28.457
S-33 0.718 11.862
Work Satisfaction 0.762 0.817 0.880 0.835 0.649
S-8 0.750 17.047
S-23 0.714 12.484
S-27 0.861 27.693
S-35 0.884 36.738

Although the majority of researchers argue that factor loadings should be 0.70 and above [35], there are also
researchers who accept values in the range of 0.60-0.70 [36]. When the factor loads of the model established
in this study were examined, it is seen that the factor loads of all propositions were above 0.60. In order to
measure research reliability, Cronbach’s Alpha internal consistency values, Composite Reliability (CR) values
and Rho_A values should be examined [37, 38]. CR values higher than 0.80 indicate that the research model
is reliable [39]. Cronbach’s Alpha and Rho_A values higher than 0.60 are considered sufficient for model
reliability [40]. Looking at Table 3, the minimum CR value is 0.886, the minimum Cronbach’s Alpha value is
0.807, and the mini-candle Rho_A value is 0.816. According to these results, the structural model of the
research is reliable. Another indicator that should be examined in order to analyze the explanatory power and
stability of the structural model is the R2 value. If the R2 value is greater than 0.75, the model has the ability
to predict power [41]. The R2 value of job satisfaction in the research model is 0.762, which indicates that the
model has a high predictive/explanatory power.

In order to measure the discriminant validity of the model, HTMT (Heterotrait-Monotrait Ratio) and Fornell-
Larcker values should be examined. HTMT values express the ratio of the mean of the correlations of the
expressions of all variables to the geometric mean of the correlations of the expressions of the same variable
[42] and should be less than 1.0 [43]. The HTMT values of the variables in the research model are given in
Table 4. All values less than 1.0 indicate that the model has discriminant validity.

Table 4. HTMT values for discriminant validity
Economic  Ergonomic Career Work The Level of Internal
Conditions Conditions  Opportunities  Satisfaction Workload Communication

Economic Conditions

Ergonomic Conditions 0.522
Career Opportunities 0.680 0.814
Work Satisfaction 0.623 0.794 0.978
The Level of Workload 0.223 0.115 0.166 0.209
Internal Communication 0.643 0.831 0.957 0.973 0.227

According to Fornell and Larcker [44], the square roots of the AVE values of the model should be higher than
the correlations between the structures in the research [42]. The values given in bold in Table 5 are the square
roots of the model’s AVE values. The fact that these values are higher than the correlation coefficients between
the constructs shows that the validity values of the model are appropriate.
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Table 5. Fornell Larcker values for discriminant validity

Economic  Ergonomic Career Work The Level of Internal

Conditions  Conditions  Opportunities  Satisfaction Workload =~ Communication
Economic Conditions 1.000

Ergonomic Conditions 0.487 0.750
Career Opportunities 0.623 0.711 0.756
Work Satisfaction 0.572 0.666 0.794 0.806
The Level of Workload 0.223 0.081 0.154 0.164 1.000
Internal Communication 0.621 0.731 0.751 0.802 0.202 0.805

In the Table 6, path coefficients, sample averages, standard deviations, t-test values and p values of the
hypotheses tested in the study model are given. In order to evaluate the significance of the KEKK path
coefficients by bootstrapping, 1000 sub-samples were taken from the sample, and t and p values for the
hypotheses were calculated. In the analysis, the threshold t-test value was evaluated as 1.96 for 95%
significance level (p < 0.05) [45].

Table 6. Analysis results of the structural model

Hypothesis Path Sample Mean Standard T Value P Value Conclusion
Coefficient Deviation
H1 0.013 0.019 0.068 0.190 0.849 Rejection
H2 0.023 0.039 0.075 0.303 0.762 Rejection
H3 0.547 0.537 0.147 3.716 0.000 Acceptance
H4 -0.004 -0.006 0.054 0.076 0.940 Rejection
H5 0.333 0.328 0.114 2.913 0.004 Acceptance

According to the results of the analysis, H3 and H5 hypotheses were accepted, while H1, H2, and H4
hypotheses were rejected. The order of the accepted hypotheses according to their importance is given in Table
7.

Table 7. Values related to accepted hypotheses

Hypothesis  Serial Path Serial Sample Serial Standard Serial T Serial P
Number Coefficient Number  Mean  Number Deviation Number Value Number Value
H3 1 0.547 1 0.537 1 0.147 1 3.716 2 0.000
H5 2 0.333 2 0.328 2 0.114 2 2.913 1 0.004

When Table 7 is examined, it is seen that the effect of H3 hypothesis, that is, internal communication, on job
satisfaction, is higher than the H5 hypothesis, that is, career opportunities, according to all other indicators
except the P value indicator.

3.3. Examining the Effects of Employees’ Demographic Characteristics on Perceptions
of Internal Communication and Career Opportunities

In the previous stage, it was concluded that the perceptions of the employees about internal communication
and career opportunities had an effect on their job satisfaction. In this stage, it was analyzed whether the
demographic characteristics of the employees have an effect on these two perceptions. In this stage of the
study, the formulated hypotheses are as follows:

H2.1. The demographic characteristics of employees influence their perceptions of internal communication.
H2.2. The demographic characteristics of employees influence their perceptions of career opportunities.

First of all, normality test was applied to assess the normality of the data. The normality of the data was
determined by looking at the Skewness and Kurtosis values. Normality test results are given in Table 8.
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Table 8. Results of normality test of data
Skewness Kurtosis

Internal Communication -0.174 -0.149
Career Opportunities 0.225 -0.584

When we look at the Skewness and Kurtosis values, it is seen that they are in the range of +1, that is, the data
are normally distributed. The analyzes regarding the effect of gender, age, education, working year and marital
status of the employees on their perceptions of internal communication and career opportunities are given in
Tables 9-17. In cases where there are two groups, the t test was applied, and in cases where there were more
than two groups, the ANOVA test was applied. Post Hoc-LSD test was used to obtain different groups.

Table 9. T-test results regarding the effect of gender factor on variables

Variables Groups N X ss test
sd p
Internal Women 68 3.21 0.75
Communication Man 82 3.49 0.82 148 0.032
Career Women 68 2.83 0.89
L. 14 .081
Opportunities Man 82 3.08 0.88 8 0.08

When Table 9 is examined, it is seen that employees’ perceptions of Career Opportunities do not show a
significant gender difference (p>0.05). Moreover, it is seen that the perceptions of Internal Communication
indicate a significant gender difference (p<0.05). However, the perceptions of male employees are more
positive than those of female employees.

Table 10. Results of homogeneity test of variances regarding the effect of age factor on variables

Sum of Squares df Mean Square F Sig.
Internal Between Groups 1,422 4 0,354
. Within Groups 93,762 145 0,647 0,550 0,699
Communication
Total 95,184 149
Career Between Groups 3,683 4 0,921
. Within Groups 114,673 145 0,791 1,164 0,329
Opportunities
Total 118,357 149

When the Tables 10 and 11 are examined, it is seen that the variances are homogeneously distributed. It is seen
that the perceptions of the employees towards Internal Communication and Career Opportunities do not point
out a significant age difference (p>0.05).

Table 12. Results of homogeneity test of variances regarding the effect of education factor on variables

Levene Test dfl df2 p Value
Internal Communication 0,660 4 145 0,621
Career Opportunities 3,110 4 145 0,017

Table 13. ANOVA test results regarding the effect of education factor on variables

Sum of Squares df Mean Square F Sig.
Between Groups 3,898 4 0,975
Internal ——
L Within Groups 91,286 145 0,630 1,548 0,191
Communication
Total 95,184 149
Career Between Groups 10,052 4 2,513
. Within Groups 108,305 145 0,747 3,364 0,011
Opportunities
Total 118,357 149

When the Tables 12 and 13 are examined, it is seen that the variances do not show a significant difference
according to the education level of the employees’ perceptions of Internal Communication (p>0.05). It is seen
that their perceptions of Career Opportunities show a significant difference according to their educational
status (p<0.05).
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Table 14. Results of the homogeneity test of variances regarding the effect of the working year factor on the

variables
Levene Test dfl df2 p Value
Internal Communication 1,118 4 145 0,319
Career Opportunities 2,105 4 145 0,083

Table 15. ANOVA test results regarding the effect of the working year factor on the variables

Sum of Squares df Mean Square F Sig.
Between Groups 0,420 4 0,105
Internal —
L Within Groups 94,764 145 0,654 0,160 0,958
Communication
Total 95,184 149
Career Between Groups 2,627 4 0,657
. Within Groups 115,730 145 0,798 0,823 0,513
Opportunities
Total 118,357 149

When Tables 14 and 15 are examined, it is seen that the variances are homogeneously distributed. It is seen
that the perceptions of the employees towards Internal Communication and Career Opportunities do not show
a significant difference according to their working years (p>0.05).

Table 16. The Results of homogeneity test of variances regarding the effect of marital status factor on

variables
Levene Test dfl df2 p Value
Internal
- 0,369 2 147 0,692
Communication
Career Opportunities 0,469 2 147 0,627

Table 17. ANOVA test results regarding the effect of marital status factor on variables

Sum of Squares df Mean Square F Sig.
Between Groups 0,320 2 0,160
Internal —
L Within Groups 94,864 147 0,645 0,248 0,781
Communication
Total 95,184 149
Between Groups 0,932 2 0,466
Career —
. Within Groups 117,424 147 0,799 0,584 0,559
Opportunities
Total 118,357 149

When Tables 16 and 17 are examined, it is seen that the variances are homogeneously distributed. It is seen
that the perceptions of the employees towards Internal Communication and Career Opportunities do not show
a significant difference according to marital status (p>0.05).

In this step of the study, it was determined that only the perceptions of development opportunities suggested a
significant difference according to the level of education (p<0.05). Post-Hoc test was performed to analysis
this difference. According to the test results, the employees with primary education had a higher perception of
development opportunities than the employees with graduate degrees.

4. Conclusion

In this study, the effect of demographic characteristics of employees and business conditions on job satisfaction
was analyzed. First of all, the effect of business conditions under 5 headings on the level of job satisfaction
was analyzed. These hypotheses established within the scope of the research were tested with Partial Least
Squares Structural Equation Modeling (PLSSEM) and a second-generation statistical software, the Smart PLS
3 package program. While 3 of the 5 hypotheses subject to the analysis were rejected, 2 were accepted. The
results of the hypotheses are given below:
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H1: It has not been determined that economic conditions have an effect on the level of job satisfaction of the
employees. Locke [19] posit theories suggesting that economic conditions, as one of the organizational factors,
have an impact on job satisfaction. In this study, the deviation from these theories is considered to stem from
sample differences, leading to contrasting results.

H2: It has not been determined that ergonomic conditions have an effect on the level of job satisfaction of the
employees. According to Telman and Unsal [20], improving the ergonomic conditions of employees who
spend a significant portion of their days in the workplace positively influences their job satisfaction. However,
the conducted study did not yield results supporting this idea.

H3: It has been determined that the level of internal communication has a positive effect on the job satisfaction
level of the employees. It has been observed that the job satisfaction of the employees who think that the
communication within the enterprise is at a high level is higher. Sabuncuoglu and Tiiz [22] stated that internal
communication positively influences employees. Yesilyurt and Kogak [21] found that internal communication
is an organizational factor affecting job satisfaction. The results obtained in our study are consistent with
previous research, supporting these findings.

H4: It has not been determined that the level of workload has an effect on the level of job satisfaction of the
employees. The literature indicates a relationship between workload levels and employees’ perceptions of
organizational justice [23] as well as their levels of burnout [24]. However, according to the results of our
study, a relationship between workload levels and the job satisfaction levels of employees could not be
identified.

H5: It has been determined that career opportunities have a positive effect on the level of job satisfaction of
employees. It has been observed that the job satisfaction of the employees who think that the career
opportunities offered to them in the businesses they work are at a high level. The obtained results align with
the literature [25].

In the continuation of the study, it was analyzed whether the demographic characteristics of the employees had
an effect on the perceptions of the H3 and H5 hypotheses, which were accepted as a result of the KEKK-YEM
analysis. SPSS 22 statistical program was used for this analysis. According to the results of the analysis, 2
effects were determined.

e It has been determined that the gender factor had an effect on the perception of internal communication. It
has been observed that female employees had more positive perceptions than male employees. Karakaya and
Sanci1 [46], in their study focusing on occupational health and safety specialists, found no significant difference
in internal, external, and overall satisfaction levels based on gender. Although not directly addressed in our
study, it can be inferred that this observation may be due to the inherent emotional nature of women and the
importance of communication for them. Indeed, Kirel [47], Hulin and Smith [48], and Sauser and York [49]
have suggested the influence of gender on job satisfaction in their studies. While the results of this study do
not directly address it, they indirectly support the presence of such an effect.

o It has been determined that the education level factor had an effect on the perception of career opportunities.
It has been observed that employees with low education levels had a higher perception of career opportunity
compared to other employees. This result may be considered as an indicator of the importance that enterprises
attach to the training and development of their employees. According to the findings of Giirkan et al. [26],
employees with lower educational levels have higher job satisfaction levels. Although a direct impact on this
aspect was not explicitly investigated in our study, the indirectly observed effect aligns with the literature.
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The topic addressed in the study, the classification of organizational conditions and the methodology
employed, contributes to the literature. In the future, more precise results may be obtained by performing
similar analyzes on samples that are higher in number or limited in terms of sector.
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Abstract — Bu makale, 1950'lerden bu yana betonarme ger¢eve ve kolonlarmn karmagik davraniglarinin
modellenmesine yonelik devam eden deneysel ve analitik ¢alismalarin, giiniimiiz yonetmeliklerindeki statik itme
analizlerine olan etkileri lizerine odaklanmigtir. Bu noktada yapi elemanlarinin moment egrilik iligkilerinin
analizlere gergekei bir sekilde yansitilmasi, davranisi belirleyici nitelik tagimaktadir. Bu ¢alismada, Koksal-
Erdogan tarafindan onerilen gok eksenli basing altindaki beton davranis modeli kullanilarak gelistirilen bir
program araciligiyla elde edilen moment-egrilik iliskileri, analizlerde kullanilmistir. Gelistirilen yapisal analiz

Makale Tarihgesi programu ise, tek agiklikli ve tek katli bos betonarme g¢erceve ile ankastre tekil kolonlarin deneysel olarak
Gonderim: 01 Kasim 2023 belirlenmis davraniglarim tahmin etmekte kullamlmistir. Yapilan analizlerin sonucunda, deney cergeve ve
Kabul: 06 Subat 2024 kolonlarina ait yatay deplasmanlar ve kuvvetlerin, Koksal-Erdogan modeli ile birlikte kargilagtirmali bir sekilde

Yayim: 25 Haziran 2024 Mander modelinden elde edilen moment-egrilik diyagramlari kullanilarak basariyla tahmin edilebildigi

belirlenmistir. Makalede ayrica, Mander modeli ile Koksal-Erdogan modeli arasinda gerilme-sekildegistirme
Arastirma Makalesi e <
iliskileri bakimindan da karsilagtirmalar yapilmis ve sonuglarin olduk¢a uyumlu oldugu ancak Koksal-Erdogan
modelinin biraz daha diisiik gerilme degerleri verdigi belirtilmistir. Gelistirilen moment-egrilik programinin
gecerliligini gostermek amaciyla, literatiirde bulunan SEMAp programiyla bazi karsilagtirmalar yapilmis ve iki
program arasinda benzer sonuglar elde edildigi belirlenmistir. Koksal ve Mander modellerine gore incelenen
kolonlar ve gergeve icin elde edilen i¢ kuvvet sekil degistirme tahminlerinin, deney sonuglariyla uyumlu oldugu

gozlenmistir.
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Abstract — This article focuses on the effects of ongoing experimental and analytical studies on modeling the
complex behavior of reinforced concrete frames and columns since the 1950s on the static pushover analyses in
today's regulations. At this point, realistic consideration of the moment-curvature relationships of the structural
elements in the analysis is decisive. In the study, moment-curvature relationships obtained through a program
Article History developed using the multi-axial compressive concrete behavior model proposed by Koksal-Erdogan were used in
the analyses. The developed structural analysis program was used to predict the experimentally determined
behavior of single-span and single-storey bare frame and fixed single columns. As a result of the analyses, it is
found that the horizontal displacements and forces of the experimental frame and columns could be successfully
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literature, and it was determined that similar results were obtained between the two programs. It was observed
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that the internal force strain predictions obtained for the columns and frame examined according to the Koksal
and Mander models agreed with the experimental results.

Keywords — Constitutive models, pushover analysis, moment-curvature, confined concrete
1. Giris

Betonarme elemanlarin dogrusal olmayan davranislari ve modellenmesi ile ilgili aragtirmalarin baslangici
1950’1 yillara kadar uzanmaktadir. Modelleme calismalarindaki ilerleme, bilgisayar teknolojilerinin
gelisimine baglh olarak artmistir [1-4]. Beton, 6zellikle ¢ok eksenli basing altinda dogrusal olmayan davranig
gosteren bir yapt malzemesidir. Cekme altinda ise ¢atlaklar olusmakta ve catlak yiizeyleri boyunca tasinan
kuvvetlerden dolay1 beton davranisi daha da karisik bir hale gelmektedir. Bu nedenle, tasarim amagli kesit

hesaplarinda genellikle betonun ¢ekme dayanimina ulastiktan sonraki davranigi ihmal edilmektedir.

Beton yillar iginde sirasiyla dogrusal elastik, dogrusal olmayan elastik, elasto-plastik teoriler kullanilarak
modellenirken; donati ¢eligi homojen yapisindan otiirii peklesmeli elasto-plastik malzeme olarak
tanimlanmigtir. 197011 yillarla birlikte betonda dogrusal olmayan davranisin en énemli nedenlerinden olan
catlak olusumu ve modellenmesi igin de pek ¢ok farkli model ileri stirtilmiistiir [5, 6]. Hasar modeli yaklagimi,
kavramina benzetilebilecek bir teorik modellemeyi de betonun biinyesel modelleme calismalarina dahil
etmistir [7,8]. Ulkemizde ise 1985 yilinda tasima giicii yonteminin kullanilmasiyla birlikte beton basing
dayaniminin tam kapasitesi dikkate alinarak davranisa uygun daha gercekei tasarimlar yapilmaya baglanmstir.
Deprem etkisindeki yapi tasarimi bakimindan ise 2007 y1l1 deprem yonetmeliginin kullanima girmesi ile statik
itme analizleri yardimiyla yapinin son sinir durumuna yanal 6telemeler ile ulasacagi kabuliinden yola ¢ikilarak
kapasite ve deplasman talebi kavramlari betonarme yap1 tasarimina dahil edilmistir. Tagima giicii yaklagiminda
son sinir durumlarin belirlenmesi ancak beton i¢in kullanilacak kirtlma modelleri ile miimkiin olmaktadir. Bu
teorik modellerin en kapsamlilarindan ve bilinenlerinden olan Willam-Warnke [9] modeli, daha sonraki
yillarda Mander vd. [10] tarafindan beton i¢in Onerilen analitik biinyesel bagintilarin gelistirilmesinde
kullanilmistir. S6z konusu model TBDY 2018 kapsaminda ¢ok eksenli basing etkisindeki beton gerilme birim
sekil degistirme iligkilerinin elde edilmesi amaciyla onerilmektedir.

Baslangicta ii¢c boyutlu gerilme ve birim sekil degistirme uzaylarinda gelistirilen dogrusal olmayan analitik
modellerin beton i¢in kullaniminin bireysel betonarme elemanlar disinda pek miimkiin olamamasi,
aragtirmacilar1 daha basite indirgenmis pratik yaklagimlar gelistirmeye yonlendirmistir. Mander, Saatcioglu-
Razvi ve Sheikh-Uzumeri gibi sargili beton modelleri bu soruna ¢éziim iiretmek amaciyla gelistirilen sayisal
modellerden en bilinenleridir [10-12]. Bu calismalarda, eksenel basing etkisindeki bir betonarme kolon,
etriyeler ve/veya baska yanal kusatma mekanizmalari tarafindan uygulanan basing etkileriyle birlikte tek bir
cubuk eleman olarak diisiiniilmiis ve bu cubuk elemana ait eksenel gerilme deformasyon iliskileri elde
edilmeye c¢alisgilmigtir. Bir baska ifade ile ii¢ boyutlu gerilme ve sekil degistirme uzayinda gergeklesen
yliklemeler ve gerilmeler betonarme eleman modellenmesinde tek bir boyuta indirgenmistir. Benzer yaklagim,
yiiklemeler boyunca siirekli bir degiskenlik gosteren egilme davramis ve rijitliginin yapisal analizlerde
modellenmesinde egilme davranisinin karakteristik bazi noktalar1 i¢in dogrusal kisimlara boliinerek tasarima
dahil edilmesinde de kullanilmigtir [13, 14].

Yukarida belirtilen tiim bu ¢aligmalara paralel olarak iki boyutlu ve ii¢ boyutlu dogrusal olmayan sonlu eleman
analizlerinin betonarme elemanlarda kullanilmasi ve biinyesel modellerin gelistirilmesi ¢aligmalarina devam
edilmistir [15]. Ancak sonlu eleman analizlerinin karmagsiklig1 ve bilgisayar bakimindan agir yiikii Mander vd.
[10] tarafindan Onerilen model tiiri basitlestirilmis yaklasimlara olan ilgiyi giderek arttirmistir. Giniimiizde
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s6z konusu modeller itme analizlerinde ve moment-egrilik iliskilerinin tanimlanmasinda siklikla
kullanilmaktadir. Burada unutulmamasi gereken nokta, elemanin akma momentine ulagmasiyla birlikte
TBDY’ye [16] gore dogrusal olmayan biitiin davranigin elemanlarin uglarinda tanimlanan sonlu plastik sekil
degistirme bolgelerinde yi1g1li plastik davranig modeli bigiminde modellenmesi durumudur. Ayni yonetmelik,
kolon ve kiriglerde plastik mafsallarin kolon-kiris birlesim bolgesinin hemen disina bir bagka deyisle
elemanlarin net agikliklarinin uglarina konulabilecegini de belirtmektedir. Bu sekildeki bir modelleme
yaklagiminda, yilikleme sirasinda eleman boyunca gergeklesecek catlak yiizeyleri arast agrega kenetlenmesi,
donatinin kaldirag etkisi ile catlaklar arasinda kalan saglam betonun elemanin dogrusal olmayan davranisina
olan tiim katkis1 ihmal edilmektedir. Yonetmelikteki bagka bir belirsizlik ise uglarindaki plastik mafsallar
sadece akma momenti ve akma donmesine dayandirilmis olmasidir. Bu nedenle literatiirde {i¢ veya daha ¢ok
dogrusal pargaya ayrilmig moment-egrilik iliskilerinin kullanildigi ¢alismalar da bulunmaktadir [17]. Mafsallar
elemanin iki ucunda ayni anda olusamayacagi gibi baglangi¢ durumundan akmaya kadar olan tiim eleman
davranist i¢in de boylesi genel bir egilme rijitligi onerilmesinin gerceke¢i olmayacagi ve sadece kaba bir
tahminden Steye gecemeyecegi agiktir. Iki ucunda akma momentine ulasmasindan sonra uglarda tanimlanan
mafsallar vasitasiyla elemanin daha fazla egilme momenti almasina izin verilmemekte, dogal olarak bu
modellemeyle eleman ¢ekme ya da basing ¢ubuguna doniigmektedir. Bu tiirden bir modellemenin, ger¢eve ya
da kolonun gergek davranigina gore son derece basitlestirilmis bir yaklasim oldugu unutulmamalidir.

Bu ¢aligmada betonun ¢ok eksenli basing altindaki davraniginin modellenmesinde Koksal-Erdogan [18] ileri
stirdiigi yeni bir model moment-egrilik iligkilerinin elde edilmesinde kullanilmigtir [18, 19]. Deneysel olarak
sonuglart mevcut betonarme g¢erceve ve tekil kolonlarin itme analizleri, bu model kullanilarak

gergeklestirilmistir. Sonuglar Mander modeliyle de karsilastirmali olarak verilmistir.

2. Materyal ve Yontem

Koksal-Erdogan [18] modeli, yiiksek dayanimli beton siniflari igin 6nerilmis ve bu makale kapsaminda normal
beton dayanim siniflar1 i¢in de uygulanmistir. Mander ve Koksal sargili beton modelleri kullanilarak moment-
egrilik iligkilerinin elde edilebilmesi i¢in Python programlama dilinde yazilim gelistirilmistir. Ayrica,
betonarme diizlem g¢ergevelerin yapisal analizlerini matris deplasman metodunu kullanarak gergeklestiren

bagka bir Python yazilimi gelistirilerek arastirma kapsaminda kullanilmstir.

2.1. Koksal-Erdogan Sargih Beton Modeli

Tiirkiye Bina Deprem Yonetmeligi [16] de nerilen Mander sargili beton modeli, etriye ve ¢iroz gibi donatilar
tarafindan olusturulan pasif kusatma basinglarin1 dikkate almaktadir. Bu ve benzeri modellere temel olan
eksenel kisalma ve yanal sekil degistirme degerlerinin deneysel olarak 6lgiildiigii bolge, kolon yari
yiiksekliginde kabuk beton lizerinde yer alan ON orta noktalaridir. Ancak bu kisim, etriyelere yakin beton kesit
ilizerinde oldugundan, 6l¢iilen sekil degistirme ve hesaplanan gerilme degerleri kolon kesitinin tiimiine oldugu
gibi aktarilamamaktadir. Arastirmacilar bu gercekten yola ¢ikarak Onerdikleri yanal kusatma basinci
degerlerinde azaltmaya gitmislerdir [11]. Mevcut tiim modellerde her ne kadar kusatma basincinin ¢ekirdek
betonu ¢evreleyen yiizeydeki dagilimi temel alinsa da aslinda ¢ekirdek betonun tamamina yayilan ve 6zellikle
en biiyiik basing gerilmeleri etkisindeki kolon i¢ bolgesine dogru azalan bir gerilme durumu mevcuttur.

Bu durumda kolon eksenel dayanimu ile eslesen yanal kusatma basinci degerleri, Sekil 1°de gosterilen kolon
kenar orta noktast ON’de dlgiilen degerler yerine daha i¢ bolgede yer alan bir MN noktasinda belirlenmelidir.
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Koksal-Erdogan [18] modelinde, bu gergekligi temel alarak ¢ekirdek betonun ig¢indeki MN kisimda olusan
etriye kol sayist ile dogru orantili bir sekilde i¢ bolgeye olan etkisini arttirmaktadir. Bu sekilde bulunacak beton

ortalama kusatma gerilmesinin hesaplanmasi i¢in bagntilar onerilmistir. Bu bagintilarda kusatma basinci,
¢ekirdegi temsil eden bir hacim tizerindeki en kiigiik kusatma basinct degeri, kritik yanal kusatma basinci

olarak dikkate alinmaktadir. Boylece kusatilmis beton basing dayanimi i¢in, mithendislik acisindan giivenli
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tarafta kalinmasini saglayan sonuglar hedeflenmistir.

2F;
bcs

0ON

Sekil 1. Sargi donatisinin her iki yonde 2, 3 ve 4 adet olmasi durumunda sematik gerilme dagilimi
boyutunu, s ise yanal donati araligin1 gostermektedir. N ise etriye kolu sayisi n degerine baglh olarak (2.3) ile

bulunabilir [18].
Mander modelinde oldugu gibi kusatma gerilmelerindeki diizgiin dagilimdan olan sapmay1 yansitacak sekilde,

Onerilen modelde, bir etriye kolunun beton ¢ekirdek iizerinde olusturacagi yanal basing kuvveti, (2.1) ile

bulunabilir [18].
ON noktasina uygulanan gerilme, F; kuvvetinin etki alani dikkate alinarak Sekil 1

hesaplanabilir [18].
Denklem 2.1°deki D yanal donati ¢apini, fsyn yanal donati akma dayanimini;

(2.4)’ten etkin sargilama basinci katsayisi ke hesaplanir [10].
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Ayrica, Koksal-Erdogan [18] modelinde, sargilama basinci igin etriye kolu sayisina gore degisen ky kat sayisi
ile bir azaltma daha yapilarak MN i¢ noktasi i¢in yanal kugatma basinct degeri belirlenmektedir. Etriye kolu
sayis1 n’ ye bagl olarak bu katsayi, (2.5) kullanilarak elde edilebilir [18].

n=2isek, =4,
n=3isek, =3, (2.5)
n=4isek, =2,

Kusatilmis beton dayanimi hesabinda beton cekirdegi iizerindeki MN i¢ noktasinda olusacak azaltilmig
kusatma basinci fierise (2.6) ile bulunabilir [18].
ke oon

fler = & (2-6)
T

Tiim beton siniflart igin kusatilmis beton basing dayanimi fec ise (2.7)’de verilen basit ifade yardimi ile elde
edilmektedir [18].

fec = 7.84 flor + f’co (2-7)

Burada; fe, > 60 MPa veya 35 MPa < fi, < 60 MPa ve fsyh>1000 MPa ise fe,” = 0.85 fio alinacaktir. Diger
durumlarda feo® = feo olarak dikkate alinabilir [18]. Sargili beton gerilme-sekil degistirme egrisinin elde

edilmesinde Saenz egrisi kullanilmaktadir [20]:

01 = £ a1l 2 (2.8)
1+ (z2-2) (32)+ () |
(2.8)’de yer alan E, ve Es, (2.9) ile elde edilmektedir [18].
E, = 4750\/fz0
Esec = % (2.9)
€cc = €co (1 + ky };:Cr)

2.2. Mander Sargih Beton Modeli

Mander sargili beton modeli, lilkemizdeki deprem yonetmeliginde yer alan ve olduk¢a yaygin olarak bilinen
sayisal bir beton modelidir. Bu modelde etkin kusatma basinci, etriye sikliginin, boyuna donatilarin ve kesit
malzeme ve geometrisinin bir fonksiyonudur. Mander vd. [10] tarafindan onerilen sargisiz beton modelinin,
yanal kusatma mekanizmasinin dikkate alinarak modifiye edilmis halidir. Modelde kullamilan bagntilar
asagida verilmistir. Sargili beton basing dayanimi fec ve maksimum gerilmeye karsilik gelen birim sekil
degistirme & sargisiz durumdakine gore Ac katsayisi ile arttirtlma prensibine gore islemektedir [10]. Ac
katsayisi, (2.10) ile bulunabilir [10].

794f, 2
Ao =2.254 |1+ 7% e _2e 554 (2.10)
fCO fCO
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X ve y yonleri igin etkin kusatma gerilmeleri sirasiyla (2.11) ile elde edilmekteyken f.ise iki yon i¢in ortalama
deger olarak alinmaktadir [10].

Asn
fex = % fsyh ke .1
foy =22 ok |
ey — sh syh e
Cekirdek betonda gerilme-gekil degistirme iliskisi (2.12) ile elde edilmektedir [10].
JeexT (2.12)

o':—
¢ r—14 x7

(2.12)’de fc cekirdek betonda olugsmasi beklenen en biiyiik basing gerilmesidir ve sargisiz beton dayaniminin
Ac katsayistyla arttirtlmis halidir. r ise (2.13) ile bulunabilir [10].

E;
r= —
Ec - Esec
E. = 5000/F o1
f .
Esec = EC_CCC

Ec = Eo[1+5 (A —1)]

2.3. Moment Egrilik Analizi Program

Tastyici sistem elemanlariin dig yiikler altinda nasil davranacaginin bilinmesi giivenilir tasarimlar yapabilmek
i¢in gereklidir. Moment egrilik iliskileri, eleman davranisi hakkinda oldukc¢a 6nemli bilgiler vermektedir. Bu
onemli iliski, laboratuvar ortaminda tekrarli yiiklemeler yapilarak gercekgi sekilde elde edilebilmektedir.
Ancak bu deneyler, ¢cogu zaman olduk¢a masrafli ve zaman kaybina neden olabilen yontemlerdir. Gelisen
bilgisayar teknolojileri sayesinde, bu amaca yonelik gelistirilen yazilimlar, deney sonuglariyla olduk¢a uyumlu
sonuclar verebilmektedir. Bu calisma kapsaminda, Python programlama dili kullanilarak, betonarme

elemanlarin moment egrilik analizlerini gergeklestiren bir yazilim gelistirilmistir.

Fs1
cci
i e Oci + Occi > Feei + Fei
e =
ke 24
i Eiid
i 2
e =
ke 24
i Eiid N
i i
e =
ke 24
i Eiid
i 2
e =
ke 24
i Eiid
i 2
e =
ke 24
i Eiid
i 2
e =
i i s3
i Eie

Sekil 2. Kesitin liflere ayrilmasi, sekil degistirme dagiliminin, gerilmelerin ve kuvvetlerin elde edilmesi

Daha sonra tarafsiz eksen derinligi i¢in varsayim yapilip uygunluk denklemlerinden kesitteki sekil degistirme
dagilimi belirlenmektedir. Kesit, Sekil 3’deki gibi kabuk, ¢ekirdek ve donati olarak 3 kisma ayrilmaktadir [13].
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Sekil 3. Kesitin kabuk, ¢ekirdek ve donati olarak ayrilmasi

Sekil 2’deki birim sekil degistirmelerden liflerdeki gerilmelere; gerilmelerden de i¢ kuvvete gidilmektedir. D1s
ve i¢ kuvvet dengesi saglanana kadar iteratif olarak tarafsiz eksen derinligi degistirilmektedir. Cekirdek
betonun diginda kalan kisim i¢in Hognestad modeli, ¢ekirdek kisim igin Mander veya Koksal modeli, donati
celigi icin ise Tiirkiye Bina Deprem Yonetmeligi 2018 de yer alan peklesmenin dikkate alinabildigi model
kullanilmaktadir. Bu ii¢ ana kisimdan gelen etkiler siiperpoze edilmektedir. Bagil hata orani olarak belirlenen
0.00001 degerinin altina diisiildiigiinde ise o nokta icin moment ve egrilik degerleri hesaplanmaktadir.

2.4. Statik Itme Analizi Programi

Diizlem cergeve olan her tiirlii tasiyic1 yapt sisteminin u¢ kuvvet ve deplasmanlarini hesaplamak amaciyla,
matris deplasman yontemi kullanilarak Python dilinde yapisal analiz programi gelistirilmistir. Program, girilen
nokta koordinatlarina gore tasiyict sistemi olusturmakta ve eleman uzunluklarini, doniisim ve rijitlik
matrislerini otomatik hesaplamaktadir. Daha sonra mesnet ve plastik mafsal sartlart dikkate alinarak
sistemdeki bilinmeyen deplasmanlar bulunmakta ve bu deplasmanlara gore ug¢ kuvvetler elde edilmektedir.
Program, plastik mafsalin olusacagi elemani, olustugu bolgeyi ve bu yatay yiikii otomatik olarak bulmaktadir.
Plastik mafsal olusumundan sonra manuel olarak gerekli mesnet ve mafsal sartlari tanimlanmaktadir. Her

adimin sonunda deplasman ile kesme kuvvetleri kaydedilerek sistemin statik itme egrisi ¢ikarilmaktadir.

3. Bulgular ve Tartisma

Bu boélimde Koksal-Erdogan [18] modeli kullanilarak elde edilen moment egrilik analizlerinden
faydalanilarak dnce tekil kolonlar i¢in i¢ kuvvet — deplasman iliskisi tahmin edilmistir. Daha sonra mevcut
deney sonuglariyla kiyaslanmistir. Ayni sekilde baska mevcut bir deneysel ¢alismanin betonarme gergeve igin

uygulandig1 bir bagka deneyin verileri kullanilmistir.

3.1. Modelin Tekil Kolonlara Uygulanmasi

Bu ¢alismada CH [21], Tip 1 ve Tip 2 [22] olmak iizere 3 adet betonarme kolonun deneysel verilerinden
faydalamilmgtir. Oncelikle bu kolonlarin analitik moment egrilik iliskileri, gelistirilen program araciligiyla
elde edilmistir. Daha sonra elde edilen verilere dayanarak, plastik mafsal teorisine gore kolonlarin

deplasmanlari ve olusacak kuvvetler tahmin edilmistir. Ayrica Mander modeliyle kiyaslanmistir.

Kolonlarda olusacak elastik ve plastik donmeler (3.1) ve (3.2) yardimiyla elde edilmistir [23].
Op = (B — By)1Lp (3.1)
6. = 0.5(0,)! (3.2)

Burada ©, plastik donme, O elastik donme, 1, plastik mafsal boyu @ ve @y ise sirasiyla kesitin maksimum ve

akma egriligi, | ise kolon toplam boyudur. I, kolon yiiksekliginin yaris1 alinmistir. Kolonlarda olusacak toplam
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deplasman ise yaklasik olarak (3.3) kullanilarak elde edilebilir [23].

A—9(21)+9 |- 33
t— Ve 3 p 2 ( : )
Bu caligmada incelenen kolonlardan CH kolonunun net yiiksekligi 1.5 m iken, Tipl ve Tip2 kolonlarinin
yiiksekligi 1.8 m dir [21,22]. Tablo 1 ve 2°de deney kolonlar1 hakkinda temel bilgiler; Sekil 4’te ise donati

yerlesimleri verilmigtir.

Tablo 1. Deney kolonlarinin kesit ve geometrileri [21,22]

Kolon b (cm) h (cm) Donat1 Adeti / Cap1 (mm) Etriye Cap1 (mm) / Aralig1 (mm)
CH 50 50 12025 013/125

Tip1 35 35 8014 08/165

Tip2 35 35 8014 08/70

Tablo 2. Deney kolonlar1 malzeme bilgileri [21,22]

Kolon fo (MPa) fsy (MPa) fsu (MPa) fsyn (MPa) Es (MPa) Eksenel Yiik (kN)
CH 35 635 825 567 2E+05 1500

Tipl 13 315 448 368 2E+05 318

Tip2 25 454 604 469 2E+05 612
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Sekil 4. CH ve Tip1-2 kolonu donati semasi
20 Sargili Beton Gerilme-Sekil Degistirme iliskileri
= CH Mander
E_s\ o0 = CH Koksal
\E/ Tip1 Koksal
o 40 P
E = Tipl Mander
8 20 r = Tip2 Mander
0 / Tip2 Koksal
0 0.01 0.02 0.03 0.04 0.05

Birim Kisalma (mm/mm)

Sekil 5. Deney kolonlarmin ¢ekirdek beton icin hesaplanan gerilme-sekil degistirme iliskileri

Sekil 5°te, Mander ve Koksal sargili beton modellerine gore sargili beton i¢in hesaplanan gerilme-sekil
degistirme iligkileri, kiyaslamali olarak sunulmustur. Goriildiigii tizere Koksal sargili beton modeli, Mander
sargili beton modeline kiyasla, betonda daha diisiik basing gerilmelerinin olusacagini 6ngérmektedir. Bunun
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temel sebebi Koksal modelinin, sargi donatisinin betonarme elemana uygulayacagi yanal kusatma basicim
hesaplarken, Sekil 1°de gosterilen ON noktasini1 degil MN noktasini dikkate almasidir. Boylelikle daha diisiik
yanal kusatma basing gerilmeleri elde edilmis, dolayisiyla betonda olusacak maksimum basing gerilmelerinde

bir miktar azalma olmustur.

CH Kolonu Moment Egrilik liskisi

1000

750
—
e
pzd
X

~ 500
—
c
@
5

S 250

= Mander Modeli Koksal Modeli
0
0 0.1 0.2 0.3 0.4 0.5
Egrilik (1/m)
Sekil 6. CH kolonu moment-egrilik grafigi
Tip1-2 Kolonlart Moment Egrilik liskisi
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(= 120
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et
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o
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30

= Tipl Mander =———Tipl Koksal =———Tip2 Mander ———Tip2 Koksal
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Egrilik (1/m)
Sekil 7. Tipl-2 kolonu moment-egrilik grafigi

Sekil 6 ve 7°de bu ¢alisma kapsaminda gelistirilen yazilimdan elde edilen moment-egrilik iligkileri verilmistir.
Gorildigi lizere Mander ve Koksal modellerinde, kesitin akma oOncesi durumu i¢in moment ve egrilik
acisindan herhangi bir fark bulunmamaktadir. Ancak kesit akma kapasitesine ulastiktan sonra Koksal
modelinden elde edilen egri, Mander modelinden elde edilen egriye gore biraz daha asagida seyretmektedir.
Bu farkin asil nedeni kesitin akmasindan sonra egriligin artmasina paralel olarak sargili beton davraniginin
onem kazanmasidir. Koksal modelinde sargili beton kisminda daha diisiik maksimum beton gerilmeleri elde
edildigi i¢in dogal olarak Mander modeline kiyasla daha diisitk moment degerleri elde edilmektedir. Ayrica
kesitin ulasabilecegi maksimum egrilik olan @, degerleri, her iki modelde de birbirine olduk¢a yakindir.
Moment egrilik iligkilerinden elde edilen akma (@y) ve maksimum egrilikler (@) ile akma (My) ve maksimum
momentler (M) Tablo 3’te verilmistir.
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Tablo 3. Akma ve gogme 6ncesi durumunda moment ve egrilikler

Mander Modeli

Kolon My (kNm) Mu (KNm) Oy (1/m) Qu (1/m)
CH 815.25 935.06 0.0146 0.367
Tipl 81.11 88.48 0.0097 0.231

Tip 2 139.92 157.97 0.0138 0.369

Koksal Modeli

Kolon My (kNm) Mu (KNm) Oy (1/m) Ou (1/m)
CH 806.63 876.63 0.0149 0.432

Tip1l 78.06 83.68 0.0098 0.238

Tip2 136.16 138.17 0.0144 0.343

Tablo 4. Elastik, plastik ve toplam dénme ile yer degistirmeler

Mander Modeli

Kolon O (rad) Op(rad) O (rad) Ae (M) Ap (M) At(m)
CH 0.011 0.088 0.099 0.011 0.121 0.132
Tip1 0.009 0.039 0.047 0.010 0.066 0.077
Tip 2 0.012 0.062 0.075 0.015 0.106 0.121
Koksal Modeli
Kolon O (rad) Op(rad) O (rad) Ae (M) Ap (M) At(m)
CH 0.011 0.104 0.115 0.011 0.143 0.155
Tip1 0.009 0.040 0.049 0.011 0.068 0.079
Tip2 0.013 0.058 0.070 0.016 0.098 0.114

Tablo 4’te elastik (©¢) ve plastik (©p) donmeler ile deplasmanlar (Ae , Ap )verilmistir. Bu degerler (3.1), (3.2)
ve (3.3) kullanilarak hesaplanmistir. ©;ve Atise toplam donme ve deplasmani temsil etmektedir.

200 CH Kolonu
__600
Pz
=
@
€ 400
[72]
]
N4
3
9 200
<
|_
----- Deneysel Koksal Modeli
0 Mander Modeli Tez Programi
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Tepe Deplasman (m)
Sekil 8. CH kolonu analitik-deneysel i¢ kuvvet-deplasman iliskisi
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Sekil 9. Tipl kolonu analitik-deneysel i¢ kuvvet-deplasman iligkisi

Tip 2 Kolonu
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Sekil 10. Tip2 kolonu analitik-deneysel i¢ kuvvet-deplasman iliskisi

Sekil 8, 9 ve 10°da gosterilen Mander ve Koksal modeli egrileri, Tablo 4’deki degerleri temsil etmektedir. Tez
programi egrisi ise matris deplasman metodu kullanarak gelistirilen programdan elde edilen itme analizinin

sonuclarin1 gostermektedir. Bu programa, moment egrilik iligskisinden faydalanarak elde edilen egilme

M(KNm)
A
MZ
M, El .. N
2 Mo, @o= Catlama Oncesi egrilik ve moment
El, M,, O, = Kesit akmasina kadar egrilik ve moment
M, M,, @, = Kesit akmasindan sonra egrilik ve moment
El
0
> J(1/m
9, 9, 0> hs

......
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3.2. Modelin Diizlem Cerceve Sisteme Uygulanmasi

Calismanin bu kisminda, Kim ve Yu tarafindan test edilen betonarme bir ¢ergeve incelenmistir [24]. Kim ve
Yu yaptig1 bu calismada, dolgu duvarlarin betonarme tek kath tek aciklikli bir tasiyict sistemin yatay yiik
tagima performansina etkisini arastirmiglardir. Bu kapsamda, onerilen yeni sargilt beton modeli kullanilarak
eleman kapasiteleri belirlenmis ve analitik model kurularak yap1 analiz edilmistir. Elde edilen sonuglar deney
verileriyle kiyaslanmistir. Deneyde kullanilan cergevenin geometrisi Sekil 12°de verilmistir. Bu deneyin
sonuglari, Koksal-Erdogan [18] sargili beton modeli kullanmilarak yapilan statik itme analizi sonuglariyla

kiyaslanmistir. Elde edilen analitik sonuclarin deney verileriyle uyumlu oldugu gosterilmistir.

30.30 220 30,30

o 4 7
) *h, o,
A 3 6
T U= — 2 - 3
& V
5 N

1) A

‘v 4)
= —] — 1 10
2 [ (- 2% 11%

0 9

Sekil 12. Diizlem gergevenin deneysel ve analitik modeli/serbestlik dereceleri

Sekil 12°de goriildiigii iizere deneye tabi tutulan diizlem betonarme cergeve, tek kath tek aciklikli ve dolgu
duvarsizdir. Kolonlarin boyutlar1 30x30 cm olup donat1 diizenleri birbirinin aymisidir. Kirigin boyutlari ise
30x35 cm dir. Kolon net yiiksekligi 1575 mm iken kiris net agikligi 2200 mm dir. Beton basing dayanimi ise
36 MPa olup, boyuna donatinin akma dayanimi 430 MPa ‘dur.

Sekil 12’de analitik modelde goriilecegi iizere baslangicta 6 serbestlik derecesi vardir. Ancak her itme
adiminda plastik mafsal olusacagi icin serbestlik derecelerinde artis olmustur. Akma dayanimina ulasan kritik
kesitlerin daha fazla yiik alamayacag1 kabuliiyle eleman uglarina mafsal konularak ilgili kesitlerin moment

almasi engellenmistir.

Tablo 5’te elemanlarin kesit ve malzemelerin mekanik 6zellikleri, Sekil 13’te ise kolonlarin ve Kirisin donati

planlar1 verilmistir.

Tablo 5. Eleman kesit ve malzeme mekanik 6zellikleri [24]

Eleman b (cm) h (cm) Donati Capt (mm) Etriye Capt (mm) / Araligi (mm)
Kolon 30 30 8016 010/150

Kirig 30 35 8016 010/150

Eleman fek (MPa) fsy (MPa) fsu (MPa) fsyh (MPa) Es (MPa) Eksenel Yiik (kN)
Kolon 36 429 550 441 2E+05 0

Kiris 36 429 550 441 2E+05 0
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Sekil 13. Kolon ve kiris donati plant

Cerceve elemanlarin sargili beton icin gerilme sekil degistirme iligkileri Sekil 14’te sunulmustur. Bu egrilerin

cizilebilmesi i¢in de ayr1 bir Python programi gelistirilmistir. Gortildiigii iizere Koksal-Erdogan [18] modeli,

Mander modeline gore sargili betonda daha diisiik gerilmelerin olusacagini 6ngdérmektedir. Bu kisimda,

Moment-egrilik analiz programinin test edilmesi agisindan Inel vd. [14] tarafindan gelistirilen programla

karsilagtirmalar yapilmistir.

Kolon ve Kiris I¢in Gerilme Sekil Degistirme Egrileri

40

o o o

(edIN) Bw 8D

— Kiris Koksal Modeli

Kiris Mander Modeli
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Sekil 14. Kolon ve kiris i¢in sargili beton gerilme sekil degistirme iligkisi

Kolon Moment Egrilik Iliskileri
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Sekil 15. Kolonlarin SEMAp ile kiyaslamalt moment e
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Kiris Moment Egrilik iliskileri
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Sekil 16. Kiris icin SEMAp ile kiyaslamali moment egrilik iliskileri

Sunulan betonarme ¢ergeve sistemde ilk yaklagim olarak, Sekil 15 ve 16°da verilen ve bilineer olarak idealize
edilen moment egrilik iliskisi grafigi verileri kullanilarak (3.4)’e gore etkin kesit rijitlikleri hesaplanmistir [16].

Kesit akma dayanimina ulastiginda ise eleman uglarina mafsal yerlestirilmistir.

<

L
El, = 2=

e~ 3, 3 (3.4)
Burada My kesitin akma momentini, Ls kesme agikligini, ©y ise etkin akma donmesini temsil ederken, (3.5) ile
elde edilmektedir [16]

@, L
9, = ==

h\  @,d
+0.00157 ( 1+ 1.5L—> 4 Dyolye (3.5)

s 8/fee

(3.5)’te @y akma egriligini, h kesit yiiksekligini dp ortalama donati ¢apini fye ve fee beton ve donatinin sirasiyla
beklenen basing ve akma dayanimlarini temsil etmekteyken, n kolon ve kirigler i¢in 1 olarak dikkate
alinmaktadir [16].

EL—El,  El El—ElL
El, = Akma 6ncesi egilme rijitligi
El El SIS TTIPTIon
e 1 El,= Akma sonras1 egilme rijitligi
Serbestlik derecesi: 24
El,—EL El,—EL, Eleman sayist: 9

Sekil 17. Plasik mafsal uzunlugunca tanimlanan elemanlar

Ikinci yaklasim olarak ise Sekil 17°de gosterildigi gibi plastik mafsal uzunlugunda elemanlar yerlestirilmis ve

sistemdeki elemanlarin akma oncesi rijitlikleri (El1), bilineer moment egrilik grafiklerinin birinci kisminin

bilineer olarak idealize edilmis egrilerin ikinci kisminin egimleri kullanilarak hesaplanmis ve bu rijitlikler

programa girilerek itme analizi tekrarlanmistir. Kullanilan kesit rijitlikleri, Tablo 6, 7 ve 8’de sunulmustur.
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Eleman E (kN/m?) I (m?) EI (kNm?)  Eh (KNm?) El2 (kNm?)  EW/EI  EIJEI
Kolon 3.00E+07  0.000675 20250 7273.73 30.71 0359  0.0015
Kiris 3.00E+07  0.001072 32156 9000.94 60.31 0280  0.0019

Tablo 7. Bilineer idealize moment egrilik grafiginde akma ve maksimum momentler ile egrilikler

Eleman My(kNm) Mu(KNm) Qy (1/m) Qu (1/m)
Kolon 80 92.99 0.011 0.434
Kiris 96.31 118.64 0.0108 0.381

Tablo 8. TBDY 2018’e gore kolon-kiris i¢in mafsal bilgileri ve hesaplanan etkin kesit rijitlikleri
Mafsal Oy (1/m) Ls(m) h (m) db (M) fsy (Mpa) fex (Mpa) ©y (rad) Ele (kNm?)
Kolon 0.011 0.7875 0.3 0.016 430 36 0.0083 3559.94
Kiris 0.0108 11 0.35 0.016 430 36 0.0088 5023.19
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Yer degistirme (m)

Sekil 18. Deneysel ve analitik itme egrileri

Sekil 18°de goriildiigii tizere TBDY 2018°deki etkin kesit rijitlikleri ile analiz yapildiginda deneysel sonuglara
gore akma durumuna kadar olan davranista, yanal otelemelerin daha biiyiik oldugu goériilmektedir. Bunun
baslica nedeni etkin kesit rijitiliginin elemanin akma noktasina gore hesaplanmasi ve beton ¢atladiktan sonra
kullanildiginda deneysel sonuclara daha yakin degerler elde edildigi goriilmiistiir. Ancak moment egrilik
iligskilerinden adim adim elde edilecek gok sayida kesit rijitliklerinin kullanilmasi, ger¢ek davranisi belirlemede

daha gercekei sonuglar elde edilmesini saglayacaktir.

4. Sonuglar

Bu ¢alismada, iilkemizde oldukg¢a yaygin olarak bilinen ve TBDY 2018’de yer alan Mander modeli ile Koksal
modeli arasinda kiyaslamalar yapilmistir. Sonuglarin olduk¢a uyumlu oldugu ancak Kéksal modelinin Mander
modeline gore biraz daha diisiik gerilme degerleri verdigi gozlenmistir. Gelistirilen analitik moment egrilik
programinin  gegerliligini gdstermek amaciyla Inel vd. tarafindan gelistirilen SEMAp programiyla
kiyaslamalar yapilmig ve gelistirilen programla uyumlu sonuglar elde edilmistir.

Tekil kolonlarin analizleri i¢in Acun ve Sucuoglu [22] ile Eom vd. [21]’nin yaptig1 ¢aligmalardan elde ettikleri

deneysel veriler kullanilmis ve bu ¢alismada secilen analitik modellerle kiyaslamalar yapilmistir. Koksal ve
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Mander modellerinin kolonlar i¢in uygulandigi 3 farkli analitik modelden edilen i¢ kuvvet sekil degistirme
tahminleri, deney sonuglariyla kiyaslandiginda oldukga iyi sonuclarin elde edildigi gézlenmistir. Daha sonra
Kim ve Yu [24]’nun ¢alismasindaki tek katli tek agikli bos gergeve yiikleme deneyi i¢in deneysel ve analitik
noktasina kadar olan moment egrilik degerleri i¢in hem deneysel hem de bilineer modele gore daha biiyiik
yanal deplasmanlar verdigi belirlenmistir. Her ii¢ durumda da en biiyiik yanal kuvvet agisindan birbirine yakin
degerler gdzlenmistir.

Tasima giicli a¢isindan en biiyiik yanal yiikiin gerek yonetmelik gerek bu ¢aligmadaki yaklasimla ¢ok yakin
degerleri vermesi modellerin ve tasarimin giivenilirligi anlamina gelmez. Statik itme analizlerindeki bina
performanslarinin sekil degistirme tabanli oldugu unutulmamalidir. Bu agidan bakildiginda ayni1 yiik degerine

daha diisiik bir rijitlikle ulasilmast betonarme bina kesit tasarimi agisindan énemli farklar doguracaktir. Bu

ileriki bir ¢aligmanin konusu olacaktir.
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Arastirma Makalesi

Oz — Ev-tipi buzdolaplari yaygin kullanilan beyaz esyalar arasinda yer almas: ve siirekli calismalari sebebiyle
yiiksek miktarda enerji tiiketiminden sorumludurlar. Ev-tipi buzdolabimin performansini incelemek igin
laboratuvar 6l¢ekli bir sogutma sistemi ortalama 4°C sicaklikta faz degistiren malzemesiz (FDM’siz) ve gesitli
FDM’lerle test edilmistir. FDM olarak 6tektik su-tuz ¢ozeltilerinden dipotasyum hidrojenfosfat (K.HPO,) ve
sodyum tiyosiilfat (Na,S;03) ¢ozeltileri farkli konsantrasyonlarda sisteme entegre edilmistir. FDM’siz durumda
%18,8 tespit edilen ¢alisma siiresinin FDM olarak, uygun konsantrasyonlarda hazirlanan &tektik su-tuz ¢ozeltileri
ile azaldig1 ortaya konulmustur. FDM olarak agirlik¢a (ag.) %2,0 K,HPO, ¢ozeltisi ile ¢alisma siiresi (%)
minimize edilmistir. Caligma siiresi ag. %2,0 K;HPO, ¢ozeltisi ile %11,1 olarak tespit edilmistir. FDM’siz
durumda sistemin 4 saatlik ¢aligma siiresinde belirlenen toplam enerji tiiketimi ag. %2,0 K,HPO, ¢ozeltisi ile
yaklagik %46 oraninda azaltilmustir. Elektrik kesintisinin simiile edildigi durumda ise FDM’ler sisteme entegre
edildiginde kabin i¢ hava sicakliginin ortam sicakligina (16°C) yiikselme siiresinin uzadig1 ve maksimim oldugu
durumda bu siiresinin FDM’siz duruma gore yaklasik 5 kat uzadigi belirlenmistir. Tim degerlendirmeler uygun
FDM’nin ev-tipi buzdolaplarina entegrasyonun enerji tiiketiminin azaltilmasinda 6nemli rol oynacag: ortaya
konulmustur. Elektrik kesintisi periyodunda, kabin i¢indeki tiriinlerin uzun siire bozunmadan muhafaza edilmesi
FDM’lerin sistemlere entegrasyonunda saglanacak diger bir avantaj olacaktir.
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Research Article

Abstract — Household refrigerators are responsible for a huge amount of energy consumption due to their
widespread use as household appliances and continuous operation. A laboratory-scale cooling system was
operated at an average temperature of 4°C to investigate the performance of a household refrigerator without
phase change material (PCM) and with various PCMs. Dipotassium hydrogen phosphate (K,HPO,) and sodium
thiosulfate (Na,S,0s) solutions were integrated into the system at different concentrations as eutectic water-salt
solution PCMs. It was revealed that the running time, determined to be 18.8% without PCM, decreased with the
eutectic water-salt solutions prepared at suitable concentrations as PCMs. The running time (%) was minimized
with 2.0 wt.% K;HPO, solution. The running time was determined to be 11.1% with 2.0 wt.% K,HPO, solution.
The energy consumption was reduced by approximately 46% with 2.0 wt.% K,HPO, solution than that of the case
without PCM for a 4-hour operating period of the system. In the case of simulating a power failure, it was also
determined that the time for reaching the cabin air temperature to ambient temperature (16°C) was prolonged with
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PCMs, and it was maximized to a value of approximately 5 times longer than that of the case without PCM. All
evaluations indicate that the integration of suitable PCM into household refrigeration is of great importance in
terms of reducing energy consumption. The integration of PCMs into systems will provide another advantage by
ensuring the long-term preservation of products inside the cabinet during a power failure period.

Keywords — Cooling system performance, eutectic water-salt solutions, household refrigerator, phase change materials
1. Giris

Ev-tipi buzdolaplarinin giiniimiizde neredeyse her evde kullanilmalar1 ve siirekli ¢alismalar1 géz Oniinde
bulunduruldugunda 6nemli miktarda kiiresel enerjinin tiiketiminden sorumlu olduklar1 bilinmektedir. Diinya
capinda yaklasik 1 milyar ev-tipi buzdolabi oldugu bilinmektedir [1]. Amerika Birlesik Devletleri (ABD)’de
konut elektriginin yaklasgik %14,0’tinlin evlerde kullanilan buzdolaplarinin tiikketimine bagli oldugu
belirtilmistir [2]. Malezya’da ise konut elektrik tiiketiminin yaklagik %726,0’sindan buzdolaplari-
dondurucularin sorumlugu oldugu ortaya konulmustur [3]. Bu sistemlerin her gegen giin kullaniminin daha da
yayginlagsmasi goz Oniinde bulunduruldugunda enerji tiiketimlerinin azaltilmasi hem enerji kaynaklariin
korunmasi hem de enerji maliyetinin azaltilmasi agisindan biiyiik 6nem tagimaktadir. Buzdolaplarinin enerji
tiiketiminin bilesenlerinin verimliliginden, ortam sicakligindan, iiriin yiiklemesinden, kap1 agilma sayisindan,
termostat ayar konumundan ve kompresor kapali ¢cevrimi sirasinda sogutucu akiskan gecisinden etkilendigi
belirtilmistir [4]. Bu parametrelerin sistem enerji verimliligine etkisini inceleyen farkli ¢caligmalar literatiirde
sunulmustur. Liu vd. [5] yaptig1 calismada, 10 saatlik ¢alisma periyodunda dondurucuyu her 40 dakikada bir
defa, buzdolab: iinite kapagini ise her 12 dakikada bir defa 90° aciyla en az 5 saniye siire tutmak iizere
acmiglardir. Bu durumun sistemde kap1 agilmasinin olmadigi duruma gore enerji tiikketimini %10 arttirdigini
ortaya koymuslardir [5]. Buzdolabi bilesenleri dikkate alindiginda ise, Bansal [6] laboratuvar 6n testlerine gore
degisken hizli kompresdrlerin kullaniminin %40°a kadar enerji tasarrufu saglama potansiyeline sahip oldugunu
belirtmistir. Ancak bu kompresorlerin geleneksel tek hizli kompresdrlere gore pahali oldugu bilinmektedir.

Faz degistiren malzemeler (FDM’ler) faz degisimleri esnasinda biiyiik miktarda 1s1y1 depolayabilen ve serbest
birakabilen malzemelerdir [7]. Bu malzemelerin sogutma sistemlerine entegre edilmesi de alternatif enerji
tasarrufu saglama yollarindan biridir. Literatiirde FDM’lerin sogutma sistemlere entegrasyonun sagladigi
avantajlarin incelenmesi ile ilgili ¢esitli ¢aligmalar mevcuttur [8-10]. Bu ¢aligmalarda da goriilecegi tizere
FDM’lerin sistemlere entegre edilmesinde FDM’nin faz degisim sicakligi, kalinligi, konumu ve miktar: gibi
cesitli parametreler goz 6niinde bulundurulmalidir [7]. Pirvaram vd. [10] yaptigi ¢alismada iki farkli faz
degisim sicakligina sahip Otektik FDM’nin faz degisim sicakliklarmin ve FDM miktarinin ev-tipi
dondurucunun enerji tikketimi ve sicaklik dalgalanmalarina etkilerini incelemislerdir. Toplam 6 rafa sahip ev-
tipi buzdolabinin iist 3 rafina yiiksek faz degisim sicakligina sahip FDM yerlestirilirken, alt 3 rafina ise diisiik
faz degisim sicakligina sahip FDM yerlestirilmistir. FDM’lerin birinin faz degisim sicakligi -18°C’de sabit
tutulurken digerinin faz degisim sicakligi -10°C’den -20°C’ye diistirlilmesinin hem enerji tiikketimini hem de
sicaklik dalgalanmasini azalttig1 belirlenmistir. Bu azalmanin hizinin da FDM miktarindan etkilendigi, belirli
bir FDM miktarina kadar artisin olumlu etkiledigi belirlenirken daha fazla artisin enerji tiikketimini arttirdigi
tespit edilmistir. Sonug olarak, enerji tiikketiminin sisteme entegre edilen FDM’lerin faz degisim sicakligina ve
miktarina oldukc¢a bagli oldugu tespit edilmistir. Optimal degerlerin tespiti i¢in, FDM-1 ve FDM-2 miktar1 ve
FDM-2’nin faz degisim sicakligi parametrelerini dikkate alarak yiiriittiigii calismanin sonuglarin1 merkezi
kompozit tasarimina dayanan Yiizey Yanit Metodu ile degerlendirilmistir. Faz degisim sicaklig1 -18°C olan
FDM’nin miktarinin 1,97 kg iken diger FDM’nin miktar1 1,57 kg iken -20°C faz degisim sicakligina sahip
oldugu durumda enerji tiiketim hizinda azalmanin maksimize edildigi tespit edilmistir [10].

Sogutma sistemlerinin ¢alisma kosullarina uygun FDM se¢iminde belirtildigi gibi uygun faz degisim
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sicakligina sahip olmasi en 6nemi parametrelerden biridir. FDM’ler organik ve inorganik olarak iki sinifa
ayrilabildigi gibi bu siniflarda alt dal olarak bilesikler ve otektikler olarak siniflandirilabilmektedirler [11].
Otektik FDM’ler iki veya daha fazla bilesenden olustugu icin (organik-organik, inorganik-organik, inorganik-
inorganik) [12] faz degisim sicakliklar1 bilesenlerin agrilikga konsantrasyonlarimin degistirilmesiyle
ayarlanabilme avantajina sahiptirler. Su, FDM olarak yiiksek gizli 1siya sahip olmasi, termofiziksel
ozelliklerinin bilinmesi ve kararliligi goz 6niinde bulunduruldugunda dikkate deger bir malzemedir [13].
Ancak caligma kosullar1 goz 6niinde bulunduruldugunda faz degisim sicakligi sebebiyle her sistem i¢in suyun
uygun olmadig1 bilinmektedir. Bu sebeple suyun faz degisim sicakliginin ayarlanabilmesi amaciyla su-tuz
otektik karisimlari hazirlanmaktadir. Otektik su-tuz ¢ozeltilerinde tuz konsantrasyonun ayarlanmasiyla galisma
kosullarina uygun faz degisim sicakligina sahip FDM hazirlanabilmektedir. Kiran-Yildirim [9], yaptigi
caligmada ev-tipi buzdolabini simiile eden laboratuvar 6lgekli bir sogutma sistemini FDM’siz ve FDM olarak
su ve N2SOq ¢ozeltileri ile test etmigtir. FDM’siz duruma gore FDM olarak suyun entegre edildigi durumda
enerji tasarrufunu maksimize eden uygun FDM miktar1 600 mL olarak belirlenmistir. Ardindan belirlenen
miktarda farkli konsantrasyonlarda N>SOs ¢ozeltileri (ag.%1,0-4,0) sisteme entegre edilmistir. Enerji

tasarrufunun sisteme ag.%1,0 N2SO4 ¢6zeltisi entegre edildiginde maksimize edildigi belirlenmistir [9].

Bu c¢alismamizda sogutma sistemlerinin enerji tiikketimlerini incelemek i¢in ev-tipi buzdolabinin simiile
edildigi laboratuvar 6lgekli bir sogutma sistemi FDM’siz ve ¢esitli FDM’lerle test edilmistir. FDM olarak
dipotasyum hidrojenfosfat (K:HPOs) ve sodyum tiyosiilfat (Na2S,03) Otektik su-tuz ¢ozeltileri farkli
konsantrasyonlar1 sisteme entegre edilmistir. Agirlik¢a %36,8 KoHPO.s ve ag.%30,0 NapS;03; [14] ile
hazirlanan 6tektik su-tuz ¢ozeltilerinin faz degisim sicakliklar1 ve gizli 1s1 degerleri sirasiyla -13,5°C (198
kJ/kg) ve -11,0°C (200 kJ/kg) olarak literatiirde belirtilmistir. Caligmamizda kullanilan ¢6zeltiler FDM olarak
secilirken faz degisim sicakliklar1 goz oniinde bulundurulmustur. FDM olarak otektik su-tuz ¢ozeltilerinin
calisma kosullarina uygun faz degisim sicakliklariin yam sira gizli 1s1 degeri, kinetik 6zellikleri vb. gibi
ozelliklerinin bilesik etkisi uygun FDM seciminde dikkate alinmasi gerekmektedir. Malzemenin kinetik
ozellikleri olarak, s1vi fazda agir1 sogumanin 6nlenmesi i¢in ¢ekirdeklenme hizinin ve 1sinin hizli geri kazanimi

i¢in kristal biiytime hizinin yiiksek olmasi 6nemlidir [15-17].

Sogutma sistemi performansina FDM olarak o6tektik su-tuz ¢ozeltilerinin (ag. %2-10 KoHPO4 ve NaS;03
cozeltileri) etkilerini belirlemek icin deneysel bir ¢alisma yapilmistir. Deneysel calismanin amaci sistem
performansini maksimize eden FDM nin belirlenmesidir. Ayrica, elektrik kesintisi esnasinda sistem kabin i¢
hava sicakliginin ortam sicakligina ulasma siiresini maksimize eden en uygun ¢ozeltinin Onerilmesidir.
Boylece sogutma sistem performanst FDM’siz ve FDM’lerle galisma ve elektrik kesintisi periyodu i¢in ortaya

konulacaktir.

2. Materyal ve Yontem

Sogutma sistemlerinin enerji tilketimlerini incelemek ic¢in Sekil 1°de sematik gésterimi sunulan laboratuvar
Olgekli bir sogutma sistemi [18] ev-tipi buzdolabini simiile edecek sekilde ortalama 4°C sicaklik icin FDM’siz
ve FDM olarak ¢esitli 6tektik su-tuz ¢ozeltilerinin sisteme entegre edildigi durumlar test edilmistir.

Sogutma sistemi bir kabin (72 L) ve kabin i¢ sicakliginin set edilen degerde caligmasini saglamak amaciyla
temel bilesenler olarak bir evaporator, bir kompresor, bir kondenser ve bir genlesme valfinden olugmaktadir.
Kabin i¢ hava sicaklig1 basta olmak iizere, tiim sogutma sistemi elemanlarinin giris ve ¢ikis noktalarinda

sicaklik degerleri Ol¢iiliip kaydedilmistir. Gii¢ tiiketimi network analizoriiyle 1 dogrulukta Slglilmiistiir.
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Sistemde sirkiile eden sogutucu akigkanin (R404A) kiitlesel debisi ortalama 5,5 gram/saniye olarak

Ol¢iilmiistiir. Test sisteminin kurulu oldugu ortam sicakligr klima kullanilarak 18°C’de sabit tutulmustur.

FDM olarak, farkli konsantrasyonlarda (ag.%2,0-ag.%10,0) KoHPO4 ve Na»S;03 ¢ozeltileri kullanilmustir.
Daha 6nce yapilan, FDM olarak distile suyun sogutma sistemine entegre edildigi bir calismada en uygun hacim
600 mL olarak belirlenmistir. Dolayisiyla 6tektik su-tuz ¢dzeltileri hacimce 600 mL olarak hazirlanmustir [9].
Aliiminyum paketlere aktarilan ¢ozeltiler -18°C’de ¢alisan bir dondurucuda yatay olarak dondurulmustur.
Hazirlanan donmus ¢ozelti paketleri sogutulan kabin iginde konumlandirilan evaporator ylizeyine entegre
edilmistir.
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Bilgisayar

Sekil 1. Deney diizenegi
Sistemin kararli rejime erismesinden sonra veri kaydi alinmaya baglanmigtir. Calisma periyodu esnasinda

tespit edilen bir dongiideki kompresoriin agik kalma siiresi (taer, dakika) ve kapali kalma siiresi (tiapan, dakika)

kullanilarak kompresor ¢aligma siiresi yiizdesel olarak (2.1)’de sunulan denklem kullanilarak hesaplanmistir.

Calisma Siiresi % = _ faok x 100 (2.1)

taglk"'tkapall

Sistemin gii¢ tiiketim verileri anlik olarak kaydedilmistir. Calisma periyodu (4 saat) siiresince toplam gii¢
tilketim degerleri (W (t), kJ) (2.2) kullanilarak hesaplanmistir. Bu degerler kullanilarak ise enerji tasarrufu (%)
degerleri (2.3) ile hesaplanmistir.

t=4 saat

W(t) = f W(t)dt (2.2)
t=0 saat
Enerji Tasarrufu % = W x 100 (2.3)

FDM’siz ve FDM’li durumlarda toplam enerji tiiketimi (kJ) sirastyla W and Wepwm ile gosterilmektedir.

Calisma periyodunun (4 saat) ardindan elektrik kesintisi durumu da sistemde simiile edilmistir. Elektrik
kesintisi esnasinda FDM’siz ve FDM’li durumlarda kabin i¢ hava sicakliginin ortam sicakligi olan 18°C’ye
ulagsma siireleri belirlenmistir. Elde edilen verilerin degerlendirilmesinde kompresor ¢alisma siiresini (%)
minimize, enerji tasarrufunu maksimize eden ve elektrik kesintisi esnasinda kabin i¢ hava sicakliginin ortam

sicakligina ulagma siiresini maksimize eden FDM, bu sistemlerde kullanilmak tizere 6nerilmistir.
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3. Bulgular ve Tartisma

Ev-tipi bir buzdolabinin simiile edildigi laboratuvar dlcekli bir sogutma sistemi 8°C diferansiyel degeri (0°C -
8°C) ile ortalama 4°C’de FDM’siz ve o6tektik su-tuz ¢ozeltilerinin farkli konsantrasyonlarinda hazirlanan
FDM’lerle test edilmistir. FDM olarak, KoHPOs (2§.9%2,0-a8.9%10,0) ve Na»S;03; (ag.%2,0-a8.%10,0)
cozeltileri kullanilmistir. Sistemin ¢alisma periyodunda belirlenen verilerle ¢aligma siiresi (%) ve toplam enerji
tiiketimi ve enerji tasarrufu (%) degerleri belirlenmistir. Ardindan elektrik kesintisi durumu simiile edilerek

kabin i¢ hava sicakliginin ortam sicakligina ulagma siireleri tespit edilmistir.

3.1. Kompresor Calisma Siiresi (%) Degerlerine FDM Entegrasyonun Etkisinin
Incelenmesi

FDM’siz ve FDM olarak sirastyla KoHPO4 (ag.%2,0-a8.9%10,0) ve Na2S203 (ag.%2,0-a8.%10,0) ¢ozeltilerinin
kullanildig1 durumlarda kabin i¢ hava sicakliginin zamanla degisimi ilk 2 saatlik ¢alisma periyodu i¢in Sekil

2’de sunulmustur.

FDM’siz durumda toplam dongii sayisinin 7,5 oldugu goriilmektedir. Dongii sayist ag. %2,0 KoHPOs, ag. %6,0
KoHPO, ve ag. %10,0 KoHPO, ¢ozeltileri sisteme entegre edildiginde sirasiyla 4,4, 5,0 ve 5,7 degerlerine
azalirken, ag. %2,0 NaxS20s3, ag. %6,0 NaxS:03 ve ag. %10,0 NaxS:03 ¢ozeltileri ile sirasiyla 6,7, 5,5 ve 6,3
degerlerine azaldig tespit edilmistir. FDM’siz durumdaki toplam dongii sayisinin sisteme entegre edilen tiim
FDM’lerle azaldigi goriilmektedir. Dongii saymin ag. %2,0 K:HPO,; c¢ozeltisi ile minimize edildigi

belirlenmigtir.

——FDM'siz -====--ag %20 K2HPO4 (a)
9 - === ag%6,0 KpHPOg4 ~ ------- a3.%10,0 KoHPO4

Kabin f¢ Hava Sicakhig (°C)

0 0,5 1 1,5
Zaman (saat)

()

——FDMsiz e ag. %2.0 Nap$703 )
9 - ======-2a8.%6,0 NasS>03 -=====-a3.%10,0 NapS» 03

Kabin I¢ Hava Sicakhg (°C)

",

0 05 1 L5 2
Zaman (saat)

Sekil 2. FDM’siz ve FDM olarak (a) K:HPOs, (b) Na2S;0; ¢ozeltileriyle kabin i¢ hava sicakliginin zamanla
degisimi (2 saat)
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Sekil 2°de tespit edilen dongii sayisinda ki azalma kompresoriin kapali kalma stiresine (tiqpa:) bagli olmasi
kompresor ¢aligma siiresinin (%) azalmasini saglayacagi igin enerji tasarrufu agisindan 6nem tagimaktadir. Bu
degerlendirmenin yapilabilmesi i¢in kompresor acik ve kapali kalma siireleri kullanilarak (2.1)’de sunulan
denklem ile ¢alisma siiresi (%) degerleri hesaplanmalidir. Calisma siiresi (%) degerleri FDM’siz ve FDM’li

durumlar i¢in hesaplanmig ve Tablo 1’de sunulmustur.

Tablo 1. FDM’siz ve FDM’li durumlarda kompresor ¢alisma siiresi (%) degerleri

. Kapal Kalma o i
. Ac¢ik Kalma Siiresi, . Bir Dongii Calisma Siiresi
FDM Konsantrasyon (ag. %) oo, (dakika) Siiresi, tkapan, Siiresi (dakika) (%)
agik, . iiresi (dakika o
sk (dakika)
0 3 13 16 18,8
2,0 3 24 27 111
K2HPO4
. 6,0 4 20 24 16,7
Cozeltisi
10,0 4 17 21 19,0
2,0 3 15 18 16,7
Na2S203
. 6,0 4 18 22 18,2
Cozeltisi
10,0 4 15 19 21,1

Tablo 1 incelendiginde, FDM’li durumlarda dongii sayisinda tespit edilen azalmanin FDM’lerin sisteme
entegre edildigidinde bir dongii siiresinin uzamasi ile iligkili oldugu goriilmektedir. Kapali kalma siiresinin
literatiirdeki calismalarda da tespit edildigi gibi tiim FDM’lerle uzadigi tespit edilmistir. Ev-tipi buzdolab1
performansini incelemek i¢in literatiirde evaporator yiizeyine FDM entegre edilen iki tip buzdolabi ile deneysel
bir calisma yiiriitiilmiistiir. iki tip buzdolabinda da FDM’siz duruma gére FDM entegrasyonuyla kompresor
kapali kalma siiresinin onemli oranda uzadigi belirlenmistir. Ornegin, suyun FDM olarak kullanildig1
buzdolab1 1 i¢in, FDM’siz durumda 105 dakika olarak belirlenen kompresor kapali kalma siiresinin 215
dakikaya ¢iktig1 belirlenmistir [19]. Literatiirde sunulan baska bir calismada ise, dikey bir igcecek
sogutucusunun sogutma performansi evaporator ylizeyine FDM entegre edildigi durumda niimerik olarak
incelenmistir. FDM’siz durumda belirlenen kompresor agik ve kapali kalma siirelerinin FDM’li durumlarda
uzadigi ortaya konulmustur. Ayrica FDM kalinhigindaki artisin bu siirelerin uzamasini da arttirdigi tespit
edilmistir [20].

FDM olarak ag. %2,0 KoHPO4 ve ag. %2,0 Na,S,03 ¢ozeltileri sisteme entegre edildiginde FDM’siz durumda
belirlenen kompresér agik kalma siiresi (3 dakika) sabit kalirken kapali kalma siiresinin uzamasi ile elde
edildigi goriiliirken, diger tiim FDM’lerle hem agik hem de kapali kalma siirelerinin uzamasi ile elde edildigi
gorilmektedir. Hem kapali kalma hem de acik kalma siirelerinin uzamasi dongii sayisini azaltmasina karsin,
acik kalma siiresinde uzamanin calisma siiresini (%) arttiracag1 bilinmektedir. Ornegin, ag. %10,0 KoHPO,
cOzeltisi sisteme entegre edildiginde de kompresor kapali kalma siiresinin uzadigi (17 dakika) goriilmektedir.
Ancak bu ¢ozelti ile kompresor agik kalma siiresinde de 1 dakikalik uzama oldugu belirlenmistir. Sonug olarak,
dongii sayisindaki azalma beklenen bir durumdur. Ancak, kompresor agik kalma siiresindeki uzama dikkate
alindiginda, sadece dongili sayisinda tespit edilen azalma ile sistemde enerji tasarrufu saglanabilecegi
soylenememektedir. Kompresor ¢alisma siiresi FDM’siz durumda %18,8 olarak belirlenirken, bu ¢ozelti ile

artmis ve %19,0 olarak belirlenmistir.

Caligma siiresi ylizdesinin uygun konsantrasyonda hazirlanan Gtektik su-tuz cozeltilerinin FDM olarak
kullanimiyla dnemli oranda azaldig1 tespit edilmistir. FDM olarak ag. %2,0 KoHPOs, ag. %6,0 KoHPO4 ve ag.
%10,0 K;HPO4 ¢ozeltilerinin sisteme entegre edilmesi durumunda sirasiyla %11,1, %16,7 ve %19,0 olarak
belirlenirken, ag. %2,0 Na»S,03, ag. %6,0 Na,S,03 ve ag. %10,0 Na,S,03 ¢ozeltileri ile sirastyla %16,7, %18,2
ve %21,1 oldugu tespit edilmistir. Boylelikle, sisteme entegre edilen su-tuz ¢dzeltilerinin uygun
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konsantrasyonda hazirlanmasinin 6nemi elde edilen verilerle ortaya konulmustur. Calisma siiresi (%) degerinin
ag. %2,0 KoHPO4 ¢ozeltisinin sisteme entegre edildiginde minimize edildigi belirlenmistir. Caligma siiresi
FDM’siz duruma gore ag. %2,0 KoHPO, ¢ozeltisi ile yaklagik %41,0 azaldigi ortaya konulmustur. Khan ve
Afroz [21] ev-tipi bir buzdolabinin performansini farkli termal yiiklerde FDM’siz ve FDM’lerle deneysel
olarak incelemistir. FDM olarak iki farkli faz degisim sicakligina sahip (-5°C ve -10°C) otektik ¢ozeltiler
kullanilmigtir. FDM’lerle bir dongiideki ortalama kompresoér ¢alisma siiresinin FDM’siz duruma gore %5-30
azaldig1 belirlenmigtir [21]. Literatiirde sunulan bagka bir ¢alismada, ev-tipi bir buzdolabinin performansi
evaporator ylizeyine FDM olarak etilen glikol entegre edildigi durumda test edilmistir. Yapilan bu deneysel
calismada da kompresér ¢alisma siiresinin 6nemli oranda azaltildigi belirlenmistir. FDM’siz geleneksel

buzdolabi ile kiyaslandiginda bu oranin yiike baglh olarak %17-20 araliginda degistigi ortaya konulmustur
[22].

Kompresor ¢alisma siiresinde belirlenen azalmanin sistemde enerji tasarrufu saglayacagi bilinmektedir.
(2.3)’teki enerji tasarrufu degerlerinin hesaplanabilmesi i¢in (2.2)’de yer alan denklem kullanilarak FDM’siz
ve FDM’li durumlarda toplam enerji tilketimi degerleri belirlenmelidir.

3.2. Enerji Tasarrufu (%) Degerlerine FDM Entegrasyonun Etkisinin Incelenmesi

FDM’siz ve farkli konsantrasyonlarda hazirlanan KoHPO4 ve Na»S;0z ¢ozeltilerinin FDM olarak sisteme
entegre edildigi durumlarda anlik kompresor giic tiiketim verileri 2 saatlik ¢alisma periyodu i¢in Sekil 3-(a) ve
Sekil 3-(b)’de sunulmustur.
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Sekil 3. FDM’siz ve FDM olarak (a) K:HPOa, (b) NaxS;03 ¢ozeltileriyle kompresor gii¢ tiiketiminin zamanla
degisimi (2 saat)
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Sekil 3-(a) ve Sekil 3-(b) incelendiginde, FDM’siz durumda gii¢ tiiketim degerleri 0,271 kW ile 0,229 kW
arasinda degismektedir. Cesitli FDM entegrasyonun bu degerleri arttirdigi goriilmektedir. FDM olarak ag.
%2,0 KoHPO4, ag. %6,0 KoHPO4 ve ag. %10,0 KoHPO4 ¢ozeltilerinin sisteme entegre edildiginde maksimum
ve minimum gii¢ tiikketim degerlerinin sirasiyla 0,276 kW-0,230 kW, 0,285 kW-0,250 kW ve 0,302 kW-0,253
kW araliginda degistigi belirlenmistir. Bu degerlerinin ag. %2,0 Na;S;03, ag. %6,0 Na:S,03 ve ag. %10,0
Na.S»03 ¢ozeltileri igin 0,277 kW-0,255 kW, 0,288 kW-0,246 kW ve 0,292 kW-0,255 kW araliginda degistigi
gozlenmistir. FDM’lerle anlik gii¢ tikketim minimum ve maksimum degerlerinin ag. %10,0 KoHPO4 ve ag.
%10,0 Na:S203 ¢ozeltileri ile maksimize edildigi goriilmektedir. Sisteme ag. %2,0 KoHPO4 ¢ozeltisi sisteme
entegre edildiginde bu degerlerin minimize edildigi ve FDM’siz durumda belirlenen degerlere yakin oldugu

goriilmektedir.

Kompresor anlik giig tiiketim degerleri ile (2.2) kullanilarak toplam giig tiiketim degerleri FDM’siz ve FDM’li
durumlarda hesaplanmistir. Calisma periyodu boyunca (4 saat) FDM’siz durumda toplam gii¢ tiiketim degeri
11,18 kJ iken ag. %2,0 KoHPO4, ag. %6,0 K:HPO, ve ag. %10,0 KoHPO, ¢ozeltileri ile ise sirastyla 6,03 kJ,
10,54 kJ ve 11,99 kJ olarak bulunmustur. Bu deger ag. %2,0 NaxS203, ag. %6,0 NaxS.03 ve ag. %10,0 Na S>03
¢ozeltileri igin ise sirasiyla, 10,37 kJ, 11,05 kJ ve 12,91 kJ olarak hesaplanmigtir. Toplam giic tiiketim degerleri
degerlendirildiginde, calisma stiresinin (%) azaltildigi durumlarda beklenildigi gibi sistemin toplam enerji
tiketimi de azalmistir. Dolayisiyla, ¢aligma siiresinin minimize edildigi durum olan ag. %2,0 KoHPO4
cozeltisinin sisteme entegre edilmesi durumunda toplam enerji tiikketimi de 6,03 kJ degerine diisiiriilerek
minimize edilmistir. Calisma siiresi (%) degerinin FDM’siz durumdan fazla oldugu tespit edilen ag. %10,0
K2HPQO4 ve ag. %10,0 NaxS.03 ¢ozeltileri ile sistemde toplam gii¢ tiiketimi degerinin de nemli miktarda arttig1
tespit edilmistir.

FDM karisimini olusturan bilesenlerin toplam enerji tiiketimine etkisinin incelendigi farkli c¢alismalar
literatiirde de sunulmustur. Kiran-Yildirim [9] yaptig1 ¢alismada farkli konsantrasyonda (ag.%1,0-ag.%4,0)
Na,SO. ¢ozeltilerinin enerji tasarrufuna etkisini incelemistir. Elde edilen sonuglar, ag.%1,0 Na>SO4 ¢ozeltisi
sisteme entegre edildiginde maksimum enerji tasarrufu elde edilirken artan konsantrasyonlarda avantaj
saglanamadig1 tespit edilmistir. Dolayisiyla, Kiran-Yildirim [9] tarafindan yapilan ¢alismada sistem enerji

verimine uygun FDM seciminin 6nemi ortaya konulmustur.

Toplam enerji tiikketim degerleri (2.3) dikkate alinarak enerji tasarrufu (%) hasaplamalari igin kullanilmustir.

FDM’lerle hesaplanan enerji tasarrufu degerleri Tablo 2’de sunulmustur.

Tablo 2. FDM’siz ve farkli FDM’lerle toplam enerji tilketimi ve enerji tasarrufu (%) degerleri

%2,0 %6,0 9%10,0 %2,0 %06,0 %10,0
FDM’siz K2HPO4 K2HPO4 K2HPO4 Naz25203 Na2S203 Naz25203
/FDM /FDM /FDM /FDM /[FDM /[FDM
4 saat boyunca kompresor
11,18 6,03 10,54 11,99 10,37 11,05 12,91

enerji tiketimi, (kJ)

4 saat boyunca toplam
kompresor agik kalma 0,75 0,44 0,67 0,76 0,67 0,73 0,84

siiresi, (saat)

4 saat boyunca toplam

kompresor kapali kalma 3,25 3,56 3,33 3,24 3,33 3,27 3,16
stiresi, (saat)

Caligma siiresi (%) 18,8 111 16,7 19,0 16,7 18,2 21,1
Enerji Tasarrufu (%) - -46,0 -5,7 7,3 -7,2 -1,1 15,5

374



JARNAS /2024, Vol. 10, Issue 2, Pages: 367-379 / Experimental Examination of Cooling System Performance with Eutectic ---

Tablo 2°den de goriildiigii lizere, FDM olarak ag. %2,0 KoHPOy, ag. %6,0 K;HPOs, ag. %2,0 Na,S;03 ve ag.
%6,0 Na.S,05 ¢ozeltileri ile sirasiyla %46,0, %5,7, %7,2 ve %1,1 enerji tasarrufu saglandigi belirlenirken, ag.
%10,0 KoHPO4 ve ag. %10,0 NaxS,03 ¢ozeltilerinin toplam enerji tiiketimini arttirdigi belirlenmistir. Bu
calismada belirlenen enerji tasarruf degerleri karsilastirildiginda segilen tuzlarla hazirlanan 6tektik su-tuz
¢ozeltilerinden FDM olarak en uygun ¢ozeltinin ag. %2,0 KoHPO4 ¢ozeltisi oldugu belirlenmistir.

3.3. Elektrik Kesintisi Periyoduna FDM Entegrasyonun EtkKisi

Elektrik kesintisi durumu FDM’siz ve ¢esitli FDM’lerle ¢alisma periyodunun ardindan simiile edilmistir. Elde
edilen sonuglar FDM’siz durumla kiyaslamali olarak Sekil 4-(a) ve Sekil 4-(b)’de sunulmustur.

N FDM'siz =~ e ag.%2.0 KoHPO4 @
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Sekil 4. Elektrik kesintisi periyodunda FDM’siz ve FDM’li (a) K:HPO4 ve (b) NazS;0; ¢ozeltili durumlarda
kabin i¢ hava sicakliginin zamanla degisimi

Sekil 4-(a) ve Sekil 4-(b) incelendiginde, literatiir calismalar1 ile benzer egilimde sonuclar elde edildigi,
sogutma sistemine entegre edilen tiim FDM’lerin elektrik kesintisi esnasinda kabin i¢ hava sicakliginin ortam
sicakligina (18°C) ulagma siiresini uzattig1 goriilmektedir. Literatiirde elektrik kesintisi esnasinda geleneksel
buzdolabiin kabin sicakliginin 10°C altinda 4 saat tutulabilirken FDM olarak etilen glikol kullanim ile bu
stirenin 16 saate ¢iktig1 belirtilmistir [22]. Ev-tipi buzdolabinin FDM’siz ve FDM’lerle farkli termal yiikler
icin performansinin incelendigi deneysel baska bir ¢alisma ise, FDM olarak su ve bir 6tektik karisim (faz
degisim sicakligi: -3°C) kullanilmustir. Elektrik kesintisi esnasinda FDM’siz durumda 1-3 saat kesintisiz sistem
calisabiliyorken FDM ile bu siirenin 5-9 saate ¢ikt1g1 6ne stirtilmiistiir [13]. Khan vd. [23] yaptiklar1 ¢alismada
ise, ev-tipi bir buzdolab1 kapaginin agilmasi durumunda ve elektrik kesintisi esnasinda FDM entegrasyonun
sicaklik dalgalanmasina etkisini incelemislerdir. Sicaklik dalgalanmasinin FDM ile 3-5°C azaldig1 ortaya
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konulmustur. Ayrica elektrik kesintisi esnasinda FDM’nin yaklagik 2 saat kabin i¢ sicakhiginin diigiik
degerlerde tutulmasina olanak sagladigi belirtilmistir [23].

Caligmamiz sonucunda da FDM’siz durumda kabin i¢ sicakliginin ortam sicakligina (18°C) ulagma siiresi 196
dakika olarak belirlenmigken, sirastyla sisteme ag. %6,0 K:HPOs, ag. %10,0 K:HPO4 ve ag. %6,0 Na2S:0s ve
ag. %10,0 Na,S,0s ¢ozeltileri entegre edildiginde 524 dakika, 309 dakika, 345 dakika ve 285 dakika oldugu
tespit edilmistir. Sisteme ag. %2,0 K:HPO4 ¢6zeltisi entegre edildiginde ise kabin i¢ hava sicakliginin 16°C’ye
ulagma siiresinin 554 dakika oldugu belirlenmistir. Dolayisiyla bu siirenin ag. %2,0 KoHPOj4 ¢ozeltisi ile
maksimize edildigi goriilmektedir.

3.4. Cahsma ve Elektrik Kesintisi Periyoduna FDM Entegrasyonun Etkisi

Her iki otektik su-tuz ¢ozeltilerinin farkli konsantrasyonlar: sisteme entegre edilmesi sonucu elde edilen kabin
i¢c hava sicakligi degisimi ve toplam enerji tiiketimleri degerlendirildiginde ag. %2,0 KoHPO, ¢ozeltilerinin
FDM’ler arasinda alternatif FDM olarak onerilebilecegi goriilmektedir. Bu FDM i¢in kabin i¢ hava sicakliginin
ve enerji tilkketiminin ¢alisma ve elektrik kesintisi periyotlarinda zamanla degisimleri sirasiyla Sekil 5-a ve
Sekil 5-b’de sunulmustur.

19 - ag. %2,0 KoHPOy (a)

Kabin I¢ Hava Sicakhif (°C)

J | |' \" ‘J i Ml \"

0 3 4 5 6 7 8 9 10 11 12 13
Zaman (saat)

0,34 1 ag. %2,0 KoHPO4 (b)

o »—qI_

Zaman (saal)
Sekil 5. FDM olarak ag. %2.0 KoHPO, ¢ozeltisi sisteme entegre edildiginde (a) kabin i¢ hava sicakliginin ve

(b) kompresor giig tiketiminin ¢aligma ve elektrik kesintisi periyodunda zamanla degisimi

Sekil 5-a incelendiginde, sisteme FDM olarak ag. %2,0 K:HPOj4 ¢ozeltisi entegre edildigi durumda, 4 saatlik
calisma periyodunda toplam dongii sayisinin 8,9 oldugu goriilmektedir. Dongii sayisinin FDM’siz duruma
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gore onemli Ol¢iide azaldig: belirlenmistir. Her bir dongii incelendiginde kapali kalma siiresinin uzun oldugu
goriilmektedir. Kompresor kapali kalma siiresinin 24 dakikaya uzamasi sonucu, ¢aligma siiresi %11,1 olarak
belirlenmistir. Bu durumda kompresoriin ¢aligsma sikliginin azaldigi ve dolayisiyla bu FDM entegrasyonuyla

kompresoriin yasam omriiniin uzamasina katki saglanabilecegi s6ylenebilmektedir.

Caligma periyodunun ardindan elektrik kesintisi periyodunda kabin i¢ hava sicakligimin ag. %2,0 KoHPO4
¢ozeltisi entegre edildigi durumda, 16°C’ye yaklasik 9,2 saat sonunda ulagilabildigi goriilmistiir. FDM’siz
durumda 16°C’ye yaklasik 1,9 saatte ulastigi dikkate alindiginda, bu siirenin yaklagik 5 katinda ¢iktigi
belirlenmistir. Bu FDM ile elektrik kesintisi esnasinda kabin i¢ hava sicakliginin ani yiikselisinin 6niine
gecilebilecegi i¢in kabin i¢inde iiriinlerin uzun siire bozunmadan korunabilecegi ortaya konulmustur. Ayrica
Sekil 4-b incelendiginde, gii¢ tiiketim verilerinin maksimum ve minimum degerlerinin sirasiyla 0,276 KW-
0,230 kW arasinda degistigi goriilmektedir. Toplam gii¢ tiiketiminin de FDM’siz duruma gore 6nemli 6l¢giide
azaldig tespit edilmistir ve enerji tasarrufunun %46,0 oldugu belirlenmistir. Dolayisiyla, ev-tipi buzdolabinin
simiile edildigi laboratuvar 6lgekli sogutma sistemimize FDM olarak ag. %2,0 K;HPO4 ¢ozeltisinin entegre

edilmesi durumunda 6nemli oranda enerji tasarrufu saglandigi da tespit edilmistir.

4. Sonuclar

Sogutma sistemlerinin enerji tiiketimlerini incelemek i¢in ev-tipi buzdolabinin simiile edildigi laboratuvar
Olgekli bir sogutma sistemi FDM’siz ve FDM’lerle test edilmistir. FDM olarak farkli konsantrasyonlarda
hazirlanan KoHPO4 ve Na,S;03 ¢ozeltileri kullanilmistir. Sonuglar agagida listelenmistir.

e FDM’siz durumda %18,8 belirlenen ¢aligma siiresi degeri, FDM’lerden ag. %2,0 KoHPO4 ve ag. %2,0
NaxS:0 c¢ozeltileri sisteme entegre edildiginde sirasiyla %11,1 ve %16,7 degerlerine diismiistiir. Bu degeri
minimize eden, dolayisiyla kompresér Omriiniin korunmasina katki saglayacagi gibi sistemde enerji
tasarrufunu maksimize edecek olan en uygun FDM’nin ag. %2,0 K;HPO. ¢ozeltisi oldugu ortaya
konulmustur.

e Sogutma sisteminin ¢alisma periyodu boyunca toplam enerji tiikketim degeri, FDM’siz durumda 11,18 kJ
olarak belirlenirken, FDM olarak ag. %2,0 KoHPO4 ve ag. %2,0 Na,S,0 ¢ozeltileriyle sirasiyla 6,03 kJ ve
10,37 kJ degerlerine diismiistiir. Toplam enerji tiiketiminin ag. %2,0 K2HPQOj4 ¢ozeltisi ile minimize edildigi,
dolayisiyla enerji tasarrufunun maksimize edildigi belirlenmistir. Enerji tasarrufu sisteme ag. %2,0 KoHPO4
cozeltisi entegre edildiginde %46,0 olarak tespit edilmistir.

o Elektrik kesintisi esnasinda kabin i¢ hava sicakliginin ortam sicakligina (18°C) ulagma siiresi FDM’siz
durumda 197 dakika (3,3 saat) iken, tiim FDM’lerle bu siirenin uzadig1 belirlenmistir. Bu siirenin ag. %2,0
K2HPO: ¢ozeltisi ile maksimize edildigi, kabin i¢ hava sicakliginin 16°C’ye ulagma siiresinin 554 dakika

(9,2 saat) oldugu belirlenmistir.

Tiim sonuglar degerlendirildiginde, ev-tipi buzdolabimin simiile edildigi laboratuvar 6l¢ekli bir sogutma
sisteminde en iyi performansin FDM olarak ag. %2,0 KoHPO, ¢ozeltisi ile elde edildigi ortaya konulmustur.
Gilintimizde FDM’lerle ilgili pek ¢ok arastirma ve gelistirme ¢alismasi halen devam etmekte olup gelistirilen
teknolojiler ticari Olgekte uygulanabilir durumdadir. Bu calismada Onerilen FDM’de ev-tipi buzdolabi

iireticileri tarafindan yenilik¢i tasarimlarla sisteme entegre edilebilir.
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Uzium Posasinin Karbonizasyon Davramisinin Incelenmesi

Feride Naime Tiirk!
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Oz - Bu calismada iiziim posasi hem inert hem de oksijenli atmosferlerde karbonizasyon davranisinin incelenmesi

amaclanmigtir. Herhangi bir biyokiitlenin torrefaksiyon kosullarinda olusturacagi driinlerin miktari, dncelikle

biyokiitlenin temel bilegenlerine baglidir. Ciinkii temel bilesenlerin yapisal farkliliklari termal davranislarinin da

Makale Tarihcesi farkli olmasina neden olmaktadir. Bu yiizden meydana gelen degisimlerin ve ortaya ¢ikan iiriinlerin anlasilmasi
Gonderim: 14 Temmuz 2023 acisindan siiphesiz olduk¢a onemlidir. Lignoseliilozik maddelerin yapisinda yaklasik olarak %80 ugucu bilesen

Kabul: 13 Subat 2024 ve %20 sabit karbon bulundu. Karbonizasyon prosesi boyunca biyokiitlenin elementsel oksijen orani sicaklikla

o6nemli oranda azaldi. 200-350°C araliginda ugucu bilesenlerin bir kismi biyokiitleden ayrildi ve boylece
Yaymm: 25 Haziran 2024

biyokiitlenin yapisi daha sert ve kirilgan bir hale geldi. Biiyiik oranda hemiseliilozlarin bozunmasi ve daha az
Arastirma Makalesi oranda selilloz molekiillerinin bozunmasi suretiyle orijinal biyokiitlenin fiber yapisi par¢alandi. Bu durum
biyokiitle yapisinin daha kirilgan bir hale gelmesine ve daha kolay 6giitiilmesine yardimci olmaktadir. Ugucu
bilesenler uzaklastirildiktan sonra biyokiitlenin elementsel oksijen orani azaldi ve buna bagl olarak 1s1 degeri
kademeli olarak 19 MJ. kg den 21- 23 MJ. kg degerine yiikseldi.

Anahtar Kelimeler — Karbonizasyon, torrefikasyon, kapalt sistem, iiriin verimi, iiziim posasi

Investigation of Carbonization Behavior of Grape Pulp

!Central Research Laboratory Application and Research Center, Cankir1 Karatekin University, Cankir, Tiirkiye

Abstract — In this study, it was aimed to examine the carbonization behavior of grape pulp in both inert and
oxygenated atmospheres. The number of products that any biomass will form under torrefaction conditions
depending primarily on the basic components of the biomass because the structural differences of the basic
components cause their thermal behavior to be different. Therefore, it is undoubtedly important to understand the

Article History changes that occur and the resulting products. Approximately 80% volatile components and 20% fixed carbon

Received: 14 Jul 2023 were found in the structure of lignocellulosic materials. During the carbonization process, the elemental oxygen
Accepted: 13 Feb 2024 content of the biomass decreased significantly with temperature. In the range of 200-350°C, some of the volatile
Published: 25 Jun 2024 components separated from the biomass and thus the structure of the biomass became harder and more brittle.

The fiber structure of the original biomass was broken down, largely by degradation of hemicelluloses and to a

Research Article . . . .
lesser extent by degradation of cellulose molecules. This helps the biomass structure become more fragile and

grind more easily. After the volatile components were removed, the elemental oxygen content of the biomass
decreased and accordingly the heat value gradually increased to 19 MJ. 21- 23 MJ from kg-1. increased to kg-1
values.

Keywords — Carbonization, torrefaction, closed system, product yield, grape pulp
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Yenilenebilir enerji kaynaklarinin en 6nemli tiirlerinden biri olarak goriilen biyokiitle enerji kaynaklari,
kaynaga yonelik iiretim teknolojilerinin iyi bilinmesi, ¢evre ile dostu olmasi, siirdiiriilebilir enerji iiretimini,
cevre yonetimini saglamasi ve kalkinmay1 hedefleyen 6zellikleri ile tiim diinyada genis bir uygulama alani

bulabilmistir.

Biyokiitle kullanish ve kolay saglanabilen yenilenebilir bir enerji kaynagidir. Biyokiitle dogrudan yanma ile
enerji tretiminde kullanilabilir. Ayrica, gesitli doniisiim siiregleri uygulanarak, fosil yakitlarin yerine
kullanilabilen ekonomik olarak degerli kat1, siv1 ve gaz yakitlara da doniistiiriilebilir. Isil doniisiim ile tiretilen
bu birincil iiriinler genellikle hammaddeden daha ¢ok kullanim alanina sahiptirler. Birincil iiriinlerden daha
sonra, hidrokarbon yakitlar, gii¢, kimyasal maddeler gibi ikincil iiriinler de elde edilebilir [1,2]. Kati
biyokiitlelere uygulanan birbirinden farkli 6n islemlerden birisi de karbonizasyon islemidir. Karbonizasyon
terimi, oksijensiz ortamda 1limli piroliz anlaminda kullanilmaktadir. Ham biyokiitlelerin 200-300°C araliginda
inert gaz atmosferinde termal bozundurma amaciyla gerceklestirilen bir 6n islemdir. Karbonizasyon esnasinda,
ucucu bazi organik maddelerin uzaklastirilmasi ve reaktif hemiselilloz fraksiyonunun bozunmasi
saglanabilmektedir. Bu proses sayesinde farkli sicakliklarda bozunabilen bilesenlerden farkli yakitlar elde

edilebilme sans1 dogacaktir [3].

Ham biyokiitleler, blinyesinde hemiseliiloz, seliiloz ve lignin gibi bilesenleri bulundurur. Bu nedenle bu
bilesenlerin termal bozunma 6zellikleri karbonizasyon performansini belirlemede 6nemli rol oynar. Ayrica,
karbonizasyon kosullar1 ham biokiitlenin 6zelliklerine, uygulanan teknige, enerji yogunlugu, 6giitiilebilirlik,
peletlenebilirlik, nem orani ve net 1s1 degeri gibi 6zelliklerden hangilerinin iyilestirilmek istendigine baglidir.
Gilinlimiizde biyokiitlelerin enerjilerinden yararlanmak amaciyla gelistirilmis bir¢cok karbonizasyon teknolojisi
vardir. Karbonizasyon teknolojisine verilen 6nem son 5 yilda giderek artmistir. Bu artis, biyokiitlelerin
ozellikle 1s1 degerleri, yigin enerji yogunlugu ve hidrofobluk yoniinden komiire benzer bir iiriin elde
edilmesinden kaynaklanmaktadir. Karbonizasyona ugratilmak suretiyle kavrulmus ve enerji yogunlugu
artiritlmis biyokiitlelerin en olas1 kullanim yerleri; komiir ile biyokiitlenin birlikte yakildig1 pulverize komiir
enerji santralleri, kire¢ ocaklari, ¢elik endiistrisi, kiiciik ve orta dlgekte calisan biyokiitle pelet yakicilart ve

sentez gazi Uiretimi olarak ifade edilebilmektedir [4].

Uziim diinyada en cok iiretilen iiriinlerden biridir. Bu nedenle de ¢ok miktarda iiziim posasinin elde edilmesi
miimkiindiir. Sonug olarak {iziim, hatir1 sayilir bir 6nem arz etmektedir. Ancak {iziim posasi islenmesi ve
yeniden kullanilmast hakkinda yalnizca birkag ¢alisma yapilmistir. Yapilan ¢aligmalarda ise genellikle inert
gaz atmosferinde deney gerceklestirilmis, oksijen ile islem uygulamasi ¢ok az denenmistir [5]. Uziim posasi
ile yapilan bir karbonizasyon g¢alismasinda; ¢alisma kosullar1 250°C-300°C ve 1 saat azot, karbondioksit ve
hava karisimindan olusan siipiiriicli gaz karisimi olarak belirlenmistir. Caligmada iiriin verimi ile kat1 iiriin
karakteristigi incelenmistir. Yiiksek sicaklik kullanildiginda, siipiiriicii gazin niteligi 6nemli olmaksizin kati
iriin Ozelliklerinin komiire yaklastigt gozlemlenmistir. Ayrica yliksek karbonizasyon sicakligi ve inert
stipiiriicli gaz atmosferinde islem gérmiis 6rnegin tutusma noktasinin da yiikseldigi goriilmiistiir. Tagima ve
depolama kosullar1 g6z 6niine alindiginda ise, karbondioksitin azottan daha kullanighi oldugu anlagilmistir [6].
Baska bir ¢aligmada, liziim posasi karbonizasyonu ve ham o6rnegin piroliz kosullari ile karsilastirilmigtir.
Sonucta, karbonizasyona ugratilmis 6rnek, saf 6rnege kiyasla komiire daha fazla benzeyen 1s1l 6zellikler
gostermistir. Ayrica karbonizasyon sivi tiriiniiniin, furan ve fenoller gibi yiiksek miktarda kimyasal icerdigi
belirlenmistir. Kati iiriiniin fenolitik yaglar1 ham &rnegin piroliz kat1 {irlinlinden daha yiiksek miktarda
hidrokarbon, fenoller igerirken diisiik miktarda organik asit i¢erir. Bununla birlikte fenolitik yaglarin 6zellikleri
karbonizasyon sicakliklarina bagli olarak da degismektedir. Yiiksek verim ve sivi tiriin kalitesi bakimindan en

uygun karbonizasyon kosullar1 275°C ve 30 dakika olarak belirlenmistir. Sonucta karbonizasyon 6n iglemi
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ardindan yapilan piroliz ¢alismasinda yiiksek Kkaliteli sivi tiriin elde edilebilecegi anlasilmistir [7]. Spiral
(burgu) reaktorde yapilan bir bagka karbonizasyon ¢aligmasinda, 250-300°C ve 10-60 dakika reaksiyon siiresi
kosullar1 uygulanmistir. On islem olarak karbonizasyon uygulandiginda, siv1 iiriiniin 1s11 degeri ve pH sinin
iyilestigi goriilmiistiir. Ancak, s1v1 {irlin verimliligini iyilestirmek i¢in karbonizasyon kosullarinin da ciddi
sekilde iyilestirilmesi gerekmektedir. Yapilan FTIR ve NMR analizleri ile siv1 iirlin veriminin azalmasina,
capraz baglarin ve char (kdmiirlesme) olusumunun neden olabilecegi anlasilmistir. Ayrica gaz kromotografisi-
kiitle spektrometresi ile (GC-MS) asetik asit ve furfural miktarinin karbonizasyon sicaklig1 ve kalma siiresi ile
azaldig1 goriilmiistiir. Yapilan calisma ile eger capraz baglanma ve charlagsma azaltilirsa, karbonizasyon

isleminin oldukga verimli hale gelecegi sonucuna varilmstir [8].

Giiniimiizde diinya iizerinde {iziim yetistiriciliginde en yiiksek ekim alani ile ilk siray1 Italya almaktadir.
Ardindan ABD ve iigiincli olarak da Brezilya bulunmaktadir. Tiirkiye ise tizlime ayrilmig ekim alam ile
diinyada 5. sirada yer almaktadir [9]. Tiirkiye de iiziim, ekim alanlari bakimindan bugday ve arpadan sonra
ficiincii siradadir. Ozellikle son yillarda iiziim {iretimine verilen &nem artmis ve 2012 yilinda iilkemiz iiziim
iiretiminde kendi kendine yeter hale gelmistir. Tiirkiye Istatistik Kurumu (TUIK) verilerine gore, 2001 ve 2002
yillarinda 3 milyon ton civarinda seyreden iiziim iiretimi, 2015 y1linda 6.4 milyon tona ulasmustir. Ulkemizde
iizlim posasi kullanim alan1 oldukga genistir. Ayrica iiziim posasi; gida, tohumluk ve endiistriyel alanlarda da
kullanima sahiptir. Uziim posasi, elde edilen atiklar da pek ¢ok alanda degerlendirilebilir. Bu tarimsal atigin
miktar1 géz oniinde bulunduruldugunda, potansiyeli yliksek olabilecek nitelikte bir enerji kaynagi olarak
degerlendirilmesi akilci bir yol olarak goriilebilir. Bu yiizden {iziim posasi karbonizasyon sirasindaki

davraniginin incelenmesi bu dogrultuda atilacak adimlarin baglangicini olusturmaktadir [10-12].

Biyokiitlelere 6rnek olarak, agaglar, misir, bugday gibi 6zel olarak yetistirilen bitkiler otlar, yosunlar, deniz
algleri, organik ¢opler, hayvan digkilar1 verilebilir. Biyokiitlenin titkenmez bir kaynak olmasi, genellikle tiim
arazilerde yetistirilebilmesi ve sosyoekonomik gelismelere katki saglamis olmasi nedeniyle uygun ve dnemli
bir enerji kaynag olarak goriilmektedir. Canli kiitle ve dikili iiriin olarak da bilinen biyokiitle, cogu kez bitkisel
ve hayvansal olmak tlizere ikiye ayrilir [13]. Giines enerjisinin biyokiitle enerjisine doniisimii oldukga
onemlidir. Bitkileri yalnizca besin kaynaklar1 olarak degil, ayn1 zamanda tiikkenmez enerji kaynagi olarak da
gormek miimkiindiir. Biyokiitle enerji kaynaklari arasinda en ¢ok bilinen, odundur. Ancak, bir odunun
yetismesi uzun yillar almaktadir. Ayrica agaclarin kesilmesi ile biyokiitle elde edildiginde, ormanlarin yok
olmasina da yol agmaktadir. Bu nedenle enerji liretimi i¢in kullanilacak biyokiitlenin dogru bir sekilde

belirlenmesi olduk¢a 6nemlidir [14-20].

Biyokiitlenin fiziksel ve kimyasal 6zelliklerinde Torrefaksiyon islemi 6énemli pozitif degisimleri saglayan bir
on islemdir. Torrefaksiyon iglemi inert ortamda ve diisiik isletme hizinda 200 °C- 300 °C gibi dar bir sicaklik
bandinda yiiriitiilen ve baslica kdmiir iiriinii elde etmek i¢in uygulanan bir 1s1l iglemdir. Lignoseliilozik
hemiseliilozun biiyiik bir kismi ilaveten seliillozun ise belirli bir kism1 pargalanir. Bu proses islemi siiresince
lignoseliilozik biyokiitlede dehidratasyon, deoksijenasyon ve dehidrojenasyon reaksiyonlari etkinlikle
meydana gelmektedir. Lignoseliilozik biyokiitlenin yapisindaki bu par¢alanma onun o6giitiilebilirligi ayrica
reaktivitesini ve daha tiniform bir yap1 kazanmasini saglar [21-22]. Ayn1 zamanda O/C ve H/C oranin azalmasi
nedeni ile enerji yogunlugu artmakta ve bu islem ile Lignoseliilozik biyokiitle daha az hidrofolik hale
gelmektedir. Ayrica torrefaksiyon islemi ile biyokiitlede daha az ugucu madde kaldigindan dolayr yanma

sirasinda daha az duman salinabilir ve nem igerigi azaldigindan dolay1 daha kolay tutusabilir [16,23].

Bu nedenle; karbonizasyon isleminin {izlim posasi enerji yogunlugu, o&giitiilebilirligi gibi faktorlerin
degisimlerinin degerlendirilmesi fazlasiyla gereklidir. Yerinde uygulanabilir tekniklerle yenilenebilir kat1 yakit

iiretiminde degerlendirilme potansiyelinin bulunup bulunmadiginin arastirtlmas1 da olduk¢a 6nemlidir. Bu
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sayede, Tirkiye’nin enerji yoniinden disa bagimliligimin azalmasinda katki saglayip saglamayacagi
anlagilabilir. Tiim bu sebeplerden dolay1 sunulan bu ¢aligmada iiziim posast hem inert hem de oksijenli

atmosferlerde karbonizasyon davranisinin incelenmesi amaglanmaistir.

2. Materyal ve Yontem

2.1. Orneklerin Hazirlanmasi

Uziim posasi érnekleri besicilik i¢in yatak materyali hazirlayan Sakarya da bulunan bir fabrikadan sagland.
Uziim posast ornekleri, kagit iizerine konularak laboratuar kosullarinda bir hafta siiresince kurutulmaya
birakildi. Ardindan tam kurulugun saglanmasi i¢in 105°C lik etiivde bir saat bekletildi. Bu sekilde hazirlanan
tanelerin tane biiytikligiine gore ¢izilmis dagilim toplami ve dagilim yogunlugu egrileri Sekil 1 ve Sekil 2°de
gosterilmektedir. Bu sekillerden 6rnek olarak kullanilan {iziim posasinin ortalama tane biiyiikliigiiniin 25.258
mm oldugu hesaplanmistir. Karbonizasyon deneyi esnasinda tane biiytikliigiiniin etkisinin incelenmesi igin
orta biyiikliikte tanelerde kullanilmistir. Orta biiyiikliikteki taneler i¢in ¢izilmis dagilim toplami ve dagilim
yogunlugu egrileri ise Sekil 3 ve Sekil 4’te gosterilmis ve tane biliylkligii 17.949 mm olarak hesaplanmustir.
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Sekil 1. Iri tanelerin dagilim toplami egrisi
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Sekil 3. Orta biiyiikliikteki taneler i¢in dagilim toplami egrisi
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Sekil 4. Orta biiyiikliikteki taneler i¢in dagilim yogunlugu egrisi

2.2. Orneklerin Kimyasal Bilesiminin Bulunmasi

2.2.1. Ekstrakte Edilebilir Materyal Miktarinin Bulunmasi

Kurutulmus 6rnekler, kiigiik hazneli yatay bicakli bir elektrikli 6giitiicii kullanilarak 6giitiildii ve 50 mesh altina
elendi. 50 meshin altina elendikten sonra analizlerde kullanilmak iizere kilitli posetlere konuldu. ilk olarak
orneklerin ekstrakte edilebilir materyal miktarim1 bulmak i¢in Soxhlet ekstraksiyonu uygulandi. Bu amacla
benzen ve etanol karisimi; (2:1, h/h) 150 ml benzen ve 75 ml etanol kullanilarak ekstraktor balonu igerisine
konuldu. Deneye baslamadan 6nce, siizge¢ kdgidina yaklasik 12 gram 6giitiilmiis ham iiziim posasi 6rnegi
tartilip, zzmba yardimiyla kapatilarak Soxhlet ekstraktoriiniin ekstraksiyon bélmesine konuldu. 4.5 saat siireyle
ekstraksiyon siirdiiriildii. Bu sekilde, {iziim posast ham orneklerinin biinyesinde bulunan, adi ¢dziiciilerde
¢oziinebilen hidrofilik ve hidrofobik yapidaki bilesenlerin biinyeden uzaklastirilmasi saglandi. Bu islemin
sonunda biiylik oranda seliiloz, hemiseliiloz ve ligninden ibaret bir iiriin elde edilmis oldu. Deney sonunda
¢ozelti ayr1 olarak buzdolabinda saklanirken, ekstraksiyon kartusu 105°C lik etiivde 1 saat kurutulduktan sonra

tartildi.

2.2.2. Ekstrakte Edilebilir Materyal Miktarinin Bulunmasi

Hazne igerisindeki 6rnek kurutulduktan sonra, ekstraksiyon diizenegi hazirlandi. Bu 6rnek 500 ml hacmindeki
balon igerisine bosaltilip tizerine 200 ml dioksan: su ( 96: 4, h: h ) eklendi. Manyetik karistiricilt 1sitict ile
sicakligi 85°C dolaylarinda tutularak karistirildi bu sekilde iki saat ekstrakte edildi.
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Ekstraksiyon islemi tamamlandiktan sonra, kat1 kalint1 ve siiziintii siizge¢ kagidi1 yardimiyla birbirinden ayrildi.
Stizlintli ayr1 bir cam balonda toplandi ve S1 olarak adlandirildi. Kati kalint1 ise ikinci kez tekrarlanacak olan
ekstarksiyon islemi i¢in hazir hale getirildi. Kat1 kalint1 {izerine tekrar 200 ml dioksan su karigimi (96: 4, h: h
) eklendi. 85°C de ve 2 saat boyunca karistirma devam ettirilerek ekstraksiyon islemine devam edildi. islem
sona erdiginde yine bir slizge¢ kagidi yardimiyla siiziildii siizlintiiler, S1 siiziintii balonu icerisinde birlestirilip

kat1 6rnek ayrildu.

Kat1 kalint1 son olarak 100 ml dioksan su ile (96: 4, h: h) yikandi. Yikama ¢ozeltisi de S1 siiziintii kabinin
icerisine dahil edilerek 500 ml siiziintii elde edilmis oldu. Elde edilen bu siiziintiileri 60 ml ye deristirmek i¢in
bir doner buharlastirici kullanildi. Bu sayede dioksan su karisimi geri kazanilarak degerlendirilmis oldu. Elde

edilen dioksan su daha sonraki deneylerde tekrar kullanildu.

Doner buharlastiricida siiziintii 60 ml ye kadar deristirildiginde isleme son verildi. Elde edilen derisik ¢ozeltiye
180 ml % 96 lik etanol eklendi. Olusan ¢okelek mavi bant siizgeg kagidi yardimiyla siiziildii ve siizgec kagidi
iizerinde kalan kat1 kalint1 hemiseliilozlarin ilk kismi olarak kaydedildi. Bu hemiseliilozlara H1 ismi verildi.

100 ml dioksan su ile yikama isleminin ardindan siiziintiiden ayrilan kati kalint1 ise 50°C lik etiivde 1 saat
kurutulmaya birakildi. Kurutulan bu kati kalinttya (R1) adi verildi. R1 kat1 kalintis1 bu sekilde ekstraksiyon

isleminin ikinci basamagina hazir hale getirildi.

Ikinci kisim ekstraksiyon islemi i¢in oran 200 ml (50: 50, h: h) dioksan su olarak belirlendi. R1 kat: kalintis
ekstraksiyon balonuna konulup icerisine 200 ml ¢ozelti eklenerek ekstraksiyon iglemine baslandi. 85°C de 2
saat ekstraksiyon islemi siirdiiriildii. Ekstraksiyon isleminin ardindan yine bir slizge¢ kagidi yardimiyla kati
kalinti ve siizlintli birbirlerinden ayrildi. Olusturulan yeni siizlintii balonuna S2 adi verildi. Siiziintii
saklanirken, kati kalinti tekrar ekstraksiyon balonuna aktarildi. Ayni oran kullanilarak ikinci kisim
ekstraksiyon iglemi tekrarlandi. 85°C, 2 saat ve 200 ml (50: 50, h: h) kosullarina baglh kalindi. Ekstraksiyon
isleminin sonucunda kati kalint1 ayrilip, olusan yeni siiziintii de S2 siizlintii balonunda dahil edildi. Bu
ekstraksiyon igleminin sonucunda olusan kati kalintiya da R2 ismi verildi. R2 son olarak 100 ml dioksan su
¢ozeltisi ile (50: 50, h: h) yikandi. Yikama ¢ozeltisi de ayni S2 siiziintli balonuna eklendi. Sonunda R1 ve R2
kat1 kalintilarinin birlesiminden olusan bir seliiloz kat1 kiitlesi elde edildi.

S2 olarak adlandirilan siiziintiiler 40 ml ye deristirilmek suretiyle ikinci kisim hemiseliilozlar olan H2 elde
edilmesi amaglandi. Deristirme, 45°C de doner buharlastirici kullanilarak gergeklestirildi. 40 ml ye
deristirilmis olan, S2 siiziintiisiine 120 ml %96 lik etanol ¢6zeltisi ilave edildi. Olusan ¢okelek mavi bant
siizge¢ kagidi yardimiyla siiziildii ve siizge¢ kagidi iizerinde kalan kati kalinti bu kez H2 hemiseliilozlarim
olusturdu. Toplam hemiselilloz miktar1 bu sekilde iki hemiseliiloz siiziintiisii sonucu elde edilen kati
kalintilarinin toplamindan olusturuldu. H1 ve H2 hemiseliilozlarinin kati1 kalintilarindan ayrilan siiziintiileri

lignin tayini i¢in kullanilmak {izere saklandi.

2.2.3. Ham ve Islem Gormiis Orneklerin Analizleri

Islem gérmemis ve karbonizasyona ugratilmis {iziim posasinin analizinde -50 mesh 6rnekler kullanildi. Tiim
orneklerde 2 paralel deney yapilmistir. Ham 6rneklerin nem tayininde Mettler LJ16 nem tayin cihazi kullanildu.
Karbonizasyona ugramis 6rneklerin (220°C-10dk, 250°C-10dk, 280°C-10dk ) u¢ucu madde tayini i¢in yaklagik
1 gram 6rnek tartilarak kapakli ve dnceden sabit tartima getirilmis porselen krozelere konuldu. Bu kroze 950°C
ye 1sitilmis kil firinia konarak 7 dk beklendi. Cikarilip sogutulduktan sonra krozenin baslangic agirligi ve
son agirlik arasindaki farktan ugucu madde miktar1 hesaplandi (ASTM E 897-82). Krozeler ugucu madde
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tayinin ardindan 750°C deki kiil firmninda kapaksiz olarak sabit tartima gelene kadar bekletilerek kiil tayini
(ASTM D 1102-84) yapildi. Sabit karbon ylizdesi asagidaki esitlikle hesaplanmuistir.

% Sabit karbon = 100— ( % Ugucu madde + % Nem + % Kiil )

2.2.4. Deney Diizenegi

Karbonizasyon deneyleri, 2,9 cm ig, 3,5 cm dis ¢apinda ve 20 cm yiiksekliginde pyrex cam, silindirik bir
kamara (reaktor) icerisinde gerceklestirildi. Deneyler, icerisinde direng telleri bulunan ve uygun sekilde
tasarlanmis refrakter tugla ile dosenmis silindirik bir 1sitma kamarasi kullanilarak yapilmistir. Reaktor firina
dikey sekilde yerlestirilip reaktoriin iist kismi1 29/32 dlgiisiinde rodajli cam bir adaptér bulundurmaktadir.
Kullanilan bu cam adaptor ile sisteme {ist kisimdan azot girisi saglandi. Firinin sicaklik kontrolii, degisik voltaj
transformatorii kullanilarak yapildi. Firin ile variak arasinda bulunan sicaklik dl¢iim cihazi ile calisilmak
istenen sicaklik belirlendi. Bu amagla firin igerisinde ortalama sicakligi temsil eden bolgeye bir K tipi termogift
yerlestirildi.

Karbonizasyon sirasinda olusan sivi iiriinii toplayabilmek i¢in, 2,9 cm ig, 3,5 cm dis ¢apinda ve 17,5 cm
yliksekliginde rodajli cam s1v1 {iriin toplama kabi kullanildi. Siv1 iiriin toplama kabinin iizerine iki delige sahip
mantar tipa takildi ve Sekil 5’te goriildiigii gibi iki tuzakl bir diizenek olusturuldu. Bu sayede ilk tuzakta
yogunlagsamayan siv1 iirlinlerin ikinci tuzakta yogunlagmasi saglandi. Reaktdr kamarasi ve sivi iiriin toplama
kabi birbirine 0.6 cm ¢apinda 20 cm uzunlugunda cam boru ve 4 cm uzunlugunda silikon hortumun ile Sekil
5’te goriildiigli gibi baglandi. Sivi iiriin toplama kabi, buz banyosu igerisine konuldu. Daha etkin bir soguma

saglamak i¢in, buz banyosuna bir miktar tuz eklendi.

Firmin sicaklik kontrolii degisik voltaj transformatorii ile saglandi. Ancak, termogiftin sistem igerisinde
bulundugu konum ile 6rneklerin yerlestirildigi reaktor i¢ sicakliginin ayni olup olmadiginin anlasilmasi igin
reaktoriin dikey sicaklik profili belirlendi. Bu sayede ol¢iilen sicakligin reaktor icindeki hangi sicakliklara
karsilik geldigi belirlenmistir. Bu islem igin sistem caligir halde ve i¢i bosken, alt kisimdan 1 cm’lik araliklarda
termogift reaktor igerisine sokuldu. Birer cm’lik artiglarla sicaklik degerleri kaydedilip, 6rnegin yerlestirildigi
yiikseklik i¢in sicaklik ortalamasi hesaplandi. Sistemin dikey sicaklik profili Sekil 6’daki gibidir.

oliinl

.13

Sekil 5. Deney diizenegi, 1, degisken voltaj transformatorii; 2, sicaklik dlger; 3, adaptor; 4, firin; 5, silikon
hortum; 6-10, buz banyosu; 7, siv1 {iriin toplama kabi; 8, reaktor; 9, sivi {irlin toplama tuzagi; 11, 6rnek tiipii;
12, rotametre; 13, siipiiriicii gaz
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Sekil 6. Firinin dikey sicaklik profilleri
Ornegin yerlestirildigi reaktdriin 7 cm’lik uzunlugu icerisindeki ortalama sicakliklar Tablo 1°deki gibidir.

Tablo 1. 7 cm uzunlugundaki alanda ortalama sicakliklar

Sicaklik (°C) 220 230 240 250 260 270 280

Ortalama Sicaklik 201.3 2199 226.6 2394 2481 261 269.1

2.2.5. Deneyin Yapihis1

Karbonizasyon deneyine baslamadan 6nce bos reaktdr, sivi liriin toplama kabi ve sivi {irliniin konacagi cam
ornek tlipli kapag ile birlikte tartildi. Sonra reaktor icerisine iri pargali iiziim posast konulup deney oncesi
tekrar tartildi. Agirlhigi bilinen reaktdr, firin igerisine dikey sekilde yerlestirilip, iist kismin cam adaptorii takildi
ve alt kismin s1v1 iiriin toplama kabi ile baglantis1 yapildi. Sivi {iriin toplama kabi1 buz banyosuna yerlestirildi.
Sivi iirlin toplama kabi ile reaktor silikon hortumla birlestirildi. Sistem 1sitilmaya baslanmadan Once
icerisinden 100 ml/dk akis hizinda azot gazi gecirildi. Sonra sistem 1sitilmaya baslandi. Bu sirada sicaklik
stirekli olarak gozlendi. Sistem, istenilen sicakliga ulagincaya kadar hizli bir sekilde 1sitilip, istenen sicaklikta
kalmaktadir. Sistem calisilacak siire kadar bu sicaklikta bekletildikten sonra 1sitma sistemi kapatildi. Sonra
reaktor firin igerisinden ¢ikartilip sogumaya birakildi. Soguma esnasinda azot gazi gegisi devam ettirildi.
Soguma islemi sonunda reaktoriin iist kismindaki adaptor ¢ikartildi ve kati tirlin (char) ile birlikte reaktor tekrar
tartildi. Sonra kat1 iiriin agz1 kilitli posetlerde muhafaza edildi. % kat1 iiriin (%kii) verimi asagida verilen

formiille hesaplandi.

SR — bR

v = SRR
okl =T IR

100 (2.1)
Burada bR: kamaranin bos agirligimi, dR: kamaranin 6rnekle birlikte agirligim ve sR: kamaranin deney

sonunda drnekle birlikte agirligini goéstermektedir.

S1v1 {irlin verimini belirlemek i¢in, buz banyosu igerisindeki sivi {irlin toplama kab1 oda kosullarina gelene
kadar bekletildi. Sonra tartilip agirligi kaydedildi. Reaktor igerisinde ve baglanti borularinda kalan sivi tiriinii
de toplayabilmek i¢in, 1,4 tetrahidrofuran ¢oziiciisii kullanildi. Bu sayede daha 6nceden agirlig1 bilinen 6rnek
toplama kabi icerisinde siv1 iirlin+¢dziicii biriktirilmis oldu. Daha sonra 6rnek toplama kabu tartildi ve agirlig
kaydedildi. Ornek tiipii icerisinde bulunan sivi1 {iriin+¢oziiciiden 1 ml lik pipet ile temsili 6rnek alinip, bos
agirligi bilinen aliminyum kap igerisine bosaltildi. Oda kosullarinda bir siire bekletildikten sonra ¢dziicii
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buharlastirilarak kalan sivi iirliniin agirlign kaydedildi. % sivi iiriin (%sil) verimi asagida verilen formiille

hesapland.
(ds—b5)+%-kc 2.2)
%si = TR DR -100 '

Burada dS: sivi iiriin toplama kabinin deney sonunda 6rnekle birlikte agirligini, bS: sivi iiriin toplama kabinin
bos agirligini, csT: 6rnek tiipliniin ¢odziicii ve sivi {irlin ile birlikte agirligini, bT: 6rnek tiipiliniin bos agirligini,
kC: 1 mI’ lik ¢dziicti ve siv1 iriiniin oda kosullarinda bekletildikten sonra kalan agirligint ve tC: 1 ml” lik
¢oziicii ve sivi tirlin agirhigimi gostermektedir.

Gaz iirlin verimi ise daha 6nceden hesaplanmis olan kat1 ve sivi iiriin verim yiizdeleri toplaminin 100’den
¢ikartilmasi ile bulundu. % gaz {iriin verimi (%gii) asagida verilen formiille hesaplandi.

%gii = 100 — %kii — %sii (2.3)

Tiim deneyler, en az iki kez tekrarlanarak ortalamasi alindi. Karbonizasyon sirasinda ¢esitli degiskenlerin {iriin
verimleri iizerindeki etkisi incelendi. Bu amagla 6nce sicakligin ve Karbonizasyon siiresinin daha sonra da

stipiiriicli gaz bilesiminin ve tane biiylikliigliniin etkileri ayr1 ayri ele alinmistir.
3. Bulgular ve Tartisma

3.1. Deneylerde Kullanilan Uziim Posasinin Ozellikleri
Karbonizasyon deneylerinde kullanilan iiziim posasi drneklerinin kisa analiz, kesin analiz ve fiber analiz
sonuglar1 Tablo 2°de verilmistir.

Tablo 2. Uziim posasiin zellikleri
Kisa analiz (% kiitle)

Nem Kiil  Ugucu Madde Sabit Karbon

57 29 74.64 16.76

Kesin Analiz (%kkt)

%C  %H %N *%0 %S
65.4 2.3 4.6 26.5 1.2
Fiber Analiz

Bilesen Agirlik ortalamast (%)
EEM 12.7
Seliiloz 69.76
Hemiseliiloz 7.33
Lignin 10.19

*Farktan hesaplanmustir.

Burada EEM, ekstrakte edilebilir materyali ifade etmektedir.

Yapilan kisa analizlerde tiziim posast diger tarimsal atiklara gore, kiil miktarinin daha diistk, i¢erdigi nem

miktarinin kismen yiiksek oldugu goriilmiistiir. Fiber analiz i¢in yapilan literatiir taramasinda seliiloz oraninin
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ve lignin oranmin uyumlu oldugu ancak hemiseliilloz miktarinin farkli oldugu gézlemlenmistir. Bu durum,
ekstraksiyon islem basamaklarinin daha farkli bir yontem dahilin de bulunmasindan kaynaklanmaktadir.

Biyokiitle son zamanlarda bir enerji kaynagi olarak biiyiik ilgi gdrmiistiir. Yenilenebilir ve karbon nétr bir
enerji kaynagi olan biyokiitlenin gelecekte enerji iiretiminde 6nemli bir rol oynayacagi tahmin edilmektedir.
Diinya toplam enerji tiikketiminin yiizde onu ve toplam yenilenebilir enerjinin %78’i biyokiitleden
olugmaktadir. Biyokiitleler genel olarak odunsu ve odunsu olmayan malzeme tiirleri olarak siniflandirilabilir.
Odunsu biyokiitleler genellikle ormancilik ve agag¢ endiistrisinden elde edilirken, odunsu olmayan biyokiitleler
cogunlukla tarimsal faaliyetlerden elde edilir. Cogu biyokiitle i¢in, karmagsik bir matris olusturan ana bitki
bilesenlerini belirtmek igin genel bir lignoseliiloz terimi kullanilir. Ornegin, kara bitkilerinin odunsu dokulari,
hiicre duvarlarinin ana bileseni olarak seliilozdan (%30-40), sirasiyla hemiseliilozlardan (%25-35) ve ligninden
(%12-30) olusur. Bu yiizdeler farkli biyokiitlelerin degisken bilesimlerini yansitmaktadir. Bitki tiirlerinin ve
cesitlerinin ¢oklugu gz oniine alindiginda, lignoseliilozlar kendine 6zgii fiziksel ve kimyasal 6zelliklere sahip

cok cesitli materyaller icermektedir [24,25].
3.2. Karbonizasyon Deneylerinin Sonuclari

3.2.1. inert Atmosferdeki Uriin Verimlerinin Zaman ve Sicaklikla Degisimi

220°C de 100 ml/dk akig hiziyla saf azot atmosferinde gerceklestirilen karbonizasyon deneylerinden elde
edilen iiriinlerin verimlerinin zamanla degisimi Tablo 3’te verilmektedir. Bu degerler ayni1 zamanda Sekil 7°de

grafikle gosterilmektedir.

100 I I I

80 _\L\K/_*——X ]
o
:E. 60 - Eat tiriin: x |
g Srvi firiin: +
é 0 Gaz diriin: o _|
i

N SO — d—"
0 20 40 60 20

Zaman (dk)

Sekil 7. 220°C sicaklikta azot atmosferinde kati, s1v1 ve gaz lirlin yiizdelerinin zamanla degisimi

Tablo 3. 220°C deki karbonizasyon deneylerinde {iriin verimlerinin zamanla degisimi
Zaman (dk) %Kat1 Uriin %S1vi Uriin %Gaz Uriin

0 89.71 9.14 1.14
10 77.66 15.99 6.33
20 74.32 20.55 5.12
40 77.25 18.58 4.16
60 78.27 19.70 2.02

Sekil 7’de goriildigii gibi 220°C de ilk dakikalarda genel olarak tiim bozunmalar gerceklesmis olup, zaman

ilerledikge {iriin verim yiizdelerinde fazla bir degisim gozlenmemektedir. Ik 20 dk boyunca, kati {iriin verimi

389



JARNAS /2024, Vol. 10, Issue 2, Pages: 380-398 / Investigation of Carbonization Behavior of Grape Pulp

azalirken, s1v1 iiriin veriminde artis olmaktadir ve gaz iiriin verimi kat1 ve s1vi liriin verimlerine paralel sekilde

degismektedir.

250°C de 100 ml/dk akis hiziyla saf azot atmosferinde gergeklestirilen Karbonizasyon deneylerinden elde
edilen iiriinlerin verimlerinin zamanla degisimi Tablo 4°te verilmektedir. Bu degerler ayni zamanda Sekil 8’de

grafikle gosterilmektedir.

100 T T T
- 80 - =
E \x—_xd_——x——_x
g' 60 - Katiiiritn: x|
.F-' Srvi iriin: +
é’ i Gar iriin: 0 _|
!:‘_,‘] ' \ ,
2 /F —
N St S
1] 20 40 60 30
Zaman {dk)

Sekil 8. 250°C sicaklikta azot atmosferinde kati, sivi ve gaz {iriin yiizdelerinin zamanla degigimi

Tablo 4. 250°C deki Karbonizasyon deneylerinde iiriin verimlerinin zamanla degisimi
Zaman (dk) %Kat1 Uriin %S1v1 Uriin %Gaz Uriin

0 75.82 17.40 6.76
10 68.12 27.09 4.78
20 66.90 27.99 5.10
40 68.24 27.17 4.57
60 67.47 26.82 5.70

250°C de ilk 10 dakikada kat1 {iriin verimi azalmis olup daha sonra yaklasik olarak sabitlenmistir. Siv1 tiriin
verimi ise ilk 10 dk artmig daha sonra sabitlenmistir. Gaz {riin verimi Sekil 8’de goriildiigii gibi pek
degismemektedir. Kat1 {iriin verimleri 220°C ye gore daha diisiiktiir buna karsilik s1v1 iirtin verimi neredeyse

ii¢ kata kadar artmistir. Gaz iiriin verimleri 220 °C dekine gore ¢ok farkli degildir.

280°C de 100 ml/dk akis hiziyla saf azot atmosferinde gerceklestirilen Karbonizasyon deneylerinden elde
edilen iiriinlerin verimlerinin zamanla degisimi Tablo 5°te verilmektedir. Bu degerler ayn1 zamanda Sekil 9’da

grafikle gosterilmektedir.

100 T T T
Kat tirlin: x
80 - Srvi liriin: + —
2] Gaz iiriin: o
o
L
é 10 m -
3
20 =
0 ] ] ]
0 20 40 60 30

Zaman {dk)

Sekil 9. 280°C sicaklikta azot atmosferinde kati, s1v1 ve gaz lirlin yiizdelerinin zamanla degisimi
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Tablo 5. 280°C deki Karbonizasyon deneylerinde {iriin verimlerinin zamanla degisimi
Zaman (dk) %Kati1 Uriin %Sivi Uriin  %Gaz Uriin

0 61.50 29.70 8.79
10 50.85 40.32 8.82
20 48.67 42.27 8.54
40 52.03 41.82 6.14
60 54.92 33.32 11.75

280°C de ilk 20 dakikada kat1 {iriin verimi azalmis olup daha sonra belirgin sekilde artmaktadir. Siv1 {iriin
verimi, ilk 20 dakika boyunca artmistir daha sonra hissedilir bir sekilde azalmaktadir. Gaz {irlin verimi ise kati
ve siv1 iiriin verimlerinin degisimlerine paralel bir degisim gostermektedir. 40. dakikadan sonra sartlar sivi

iiriiniin aleyhine geligmistir.
3.3. Oksijenli Atmosferdeki Uriin Verimlerinin Degisimi

220°C de degisik oranlarda oksijen bulunduran 100 ml/dk hizdaki siipiiriicii gaz ile 10 dakika siirdiiriilen
Karbonizasyon deneylerinin sonuglari Tablo 6’da verilmektedir. Bu degerler ayn1 zamanda Sekil 10’da
grafiklendirilmistir.

100 | ,

,/

o
L=
I
|

Uriin verim viizdesi

—n b Kat {iriin: x |
20 Sy dariin: +
(Gaz iiriin:o
- | ]
0o 10 20

Oksijen (%)
Sekil 10. 220°C sicaklikta azot atmosferinde kati, sivi ve gaz iiriin verim yiizdelerinin oksijen yiizdesi

degisimi

Tablo 6. 220°C deki Karbonizasyon deneylerinde iiriin verimlerinin oksijen yiizdesi degisimi
Oksijen yiizdesi %Kat1 Uriin %S1v1 Uriin  %Gaz Uriin

0 77.66 15.99 6.33
5.25 73.66 23.26 3.06
105 73.70 27.93 1.64
21 67.66 26.73 5.59

Deney boyunca oksijen miktar1 arttiginda kat1 iiriin verimi belirgin sekilde azalmaktadir. Buna karsilik sivi
iiriin verimi oksijen orani ile birlikte neredeyse iki kata kadar artmaktadir. 220°C sicaklikta azot yerine hava
kullanildiginda, kati iiriin veriminde bir miktar azalma olmakta buna karsilik sivi1 tiriin verimindeki artis bunu
dengelemektedir. Sonug da gaz {iriin veriminin ¢ok fazla degisim gostermemesidir. Torrefaksiyon terimi,
oksijensiz ortamda piroliz anlamina gelmektedir. Ham biyokiitlelerin 200-300°C araliginda inert gaz
atmosferinde termal bozundurma amaciyla gerceklestirilen bir 6n islemdir. Torrefaksiyon esnasinda,
ucucu bazi organik maddelerin uzaklagtirilmasi ve reaktif hemiseliiloz fraksiyonunun bozunmasi

saglanabilmektedir.
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3.4. Hava Atmosferinde Yapilan Deneylerin Sonuglari

Uziim posasi ayrica hafif (220°C) karbonizasyon sicakliginda, %100 hava atmosferinde ve 100 ml/dk akis
hizindaki davranigi da incelenmistir (Sekil 11 ve Tablo 7). Deneyler 0, 5 ve 10 dakikalarda yapilmistir.

100 T T
Kati iirin: x
Sivi firiin: +
o 80 - (az iiriin: o |
o
E 60 =
'é 0 .
=
N _/_,/ 7]
S
1] 3 10 13
Zaman (dk)

Sekil 11. 220°C sicaklikta hava atmosferinde kati, s1vi ve gaz iiriin verim yiizdelerinin zamanla degisimi

Tablo 7. 250°C deki karbonizasyon deneylerinde iiriin verimlerinin zamanla degisimi
Zaman (dk) %Kat1 Uriin %Siv1 Uriin %Gaz Uriin

0 90.13 6.99 2.87
5 85.64 9.35 4.99
10 67.66 26.73 5.59

Hava ile calisilan deneylerde siirenin uzamasi ile kati iiriin verimini belirgin sekilde azalmistir. Bu durumun
aksi gekilde s1vi liriin verimi ayni siire igerisinde keskin bir sekilde artmistir. Gaz {iriin verimi, kati ve sivi iiriin

verimlerine bagl sekilde degiskenlik gostermistir.

3.5. Hava Atmosferinde Yapilan Deneylerin Sonuglari

Orneklerde, 1s1nma siiresi boyunca ortaya ¢ikan degisimleri ortaya koymak amaciyla yiiriitiilen deneylerdeki

iirtin verimlerinin sicaklikla degisimleri Tablo 8 ve Sekil 12°de verilmektedir.

100 T T T |

80 -

80 -

40

Uriin verim yiizdesi

| | ]
DQU'D' 220 240 260 280 300
Sscaklik (7'C)

Sekil 12. Isinma siiresi iginde hava atmosferinde kati, s1vi ve gaz {iriin verim yiizdelerinin sicaklikla degigimi
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Tablo 8. Isinma siiresi i¢inde hava atmosferindeki karbonizasyon deneylerinde iiriin verimlerinin sicaklik ile

degisimi
Sicaklik (°C) %Kat1 Uriin %S1vi1 Uriin %Gaz Uriin
220 90.13 6.99 2.87
250 65.61 22.85 11.53
280 47.50 36.99 15.50

Isinma siiresi boyunca yapilan hava atmosferindeki deneylerde kati iirlin verimi artan sicaklikla keskin bir
sekilde azalmaktadir. Buna karsilik s1v1 lirlin verimi ise hizla artarken gaz iriin verimlerinin ise bu degisimlere
paralellik gostermektedir.

3.6. Azot Atmosferinde Isinma Siiresi Kadar Yiiriitiilen Deneylerin Sonug¢lari

Ornekler karbonizasyon islemine ugratilmadan 6nce, 1s1nma siiresi boyunca olan degisimleri azot atmosferinde
de incelenmistir (Sekil 13 ve Tablo 9). Bu islemler i¢in hafif, orta ve siddetli karbonizasyon sicakliklar1 ve 0.
dakika kosullar1 kullanilmgtir.

100 I T T T

Uriin verim vitzdesi

| | |
U'JDD 220 240 260 280 300
Sicakhk (°C)

Sekil 13. Isinma siiresi i¢inde azot atmosferinde kati, sivi ve gaz {iriin verim ylizdelerinin sicaklikla degisimi

Tablo 9. Isinma siiresi iginde azot atmosferindeki karbonizasyon deneylerinde {iriin verimlerinin sicaklik ile

degisimi
Sicaklik ("C) %Kati Uriin  %S1v1 Uriin %Gaz Uriin
220 89.71 9.14 114
250 75.82 17.40 6.67
280 61.50 29.70 8.79

Isinma siiresi boyunca yapilan azot atmosferindeki deneylerde kati {iriin veriminin artan sicaklikla belirgin

sekilde azaldigi, s1v1 {irlin ve gaz {irlin verimlerinin ise arttig1 gérilmistiir.

3.7. Uriin Verimlerine Tane Biiyiikliigiiniin Etkisi

Karbonizasyon deneyleri esnasinda olabildigince iri tanelerden olusmus 6rnekler kullanilmistir. Deneylerde
250°C de ve 20 dakika karbonizasyon siiresi i¢in orta biiyiikliikte taneler ve kiiciik taneler kullanilmak

suretiyle, tane blylkliiginin {iriin verimleri lizerine herhangi bir etkisinin olup olmadigi arastirilmistir.
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Sekil 14. 250°C de azot atmosferinde kati, s1v1 ve gaz iirlin verim yiizdelerinin tane biiyiikliigii ile degisimi

Tablo 10. 250°C de azot atmosferindeki iiriin verimlerinin tane biiyiikligii ile degisimi
Tane biiyiikliigii (mm) %XKat1 Uriin %S1vi1 Uriin %Gaz Uriin

25.258 66.90 27.99 51
17.94 71.36 23.18 5.4
8.35 64.21 30.17 5.6

Sekil 14 ve Tablo 10’dan karbonizasyon {iriin verimlerinin tane bityiikliigii ile degisimlerinin belirgin olmadig1

ve aradaki farklarin ortalamasinin deneysel hata sinirlar1 igerisinde sayilabildigi goriilmektedir.

3.8. Karbonizasyondan Elde Edilen Kat1 Uriinlerin Ozellikleri

10 dakika siireyle karbonizasyona ugratilmis charlarin kisa analiz sonuglar1 Tablo 11°de verilmektedir.

Tablo 11. Islem gérmiis 6rneklerin kisa analiz degerleri
Omek % Kiil % Ucucu Madde % Sabit Karbon

220°C  2.74 70.48 26.78
250°C  3.53 66.38 30.09
280°C 3.60 49.82 46.58

Sonuglar degerlendirildiginde kiil miktarinin, daha yiiksek sicakliklarda olusan drneklerde daha fazla oldugu
goriilmektedir. Ham 6rneklerde bulunan kiil miktar1 da yine islem gdrmiis olan o6rneklerdekinden diistiktiir.
Ugucu maddeler ise sicaklik arttik¢a belirgin bir sekilde azalmaktadir. Ham 6rneklerde bu deger kismen daha

yliksektir. Sabit karbon miktar1 ise kiil ve ugucu madde miktarina paralel olarak degismistir.

3.9. Karbonizasyon Sonucu Elde Edilen Orneklerin Ogiitiilebilirligi

Orneklerin giitiilebilirlik deneyleri sonucu elde edilen kiimiilatif miktar kesri ve dagilim yogunlugu egrileri,
Sekil 15 ve 16°da gosterilmektedir. Bu deneylerde saf azot atmosferinde 10 dakika siire ile gerceklestirilen

karbonizasyon islemi sonucu elde edilen kat1 tirtinler kullanilmistir.
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Sekil 16. Dagilim yogunlugu egrisi

Sekil 15°te goriildiigli gibi, sicaklik arttikca dgilitme sonucu ortaya ¢ikan kiigiik tanelerin miktarlarmin arttig

her iki grafikten de goriilmektedir. Sicaklik arttik¢a tanelerin boyutunun arttigi net bir sekilde goriilmektedir.

Biyokiitle inert bir ortamda 1sit1ldiginda nem dnce ayrisir, sonra ayrismaya baslar. Ugucu maddeyi olusturan
bu bilegenler artan 1sitma sicakliginin etkisiyle ayrilarak sivi ve gaz uriinler olusur. Artan proses sicakligi,
biyokiitlenin bozunma hizin1 artirarak kat1 iiriin miktarinin azalmasina, s1vi ve gaz iiriin miktariin artmasina
neden olur. Dolayisiyla kati {iriin verimi, kavurma siddetinin gostergesidir. Piroliz siddeti arttikga kat1 tirliniin
verimi diiser. Biyokiitlenin i¢erdigi nem ve diisiik molekiil agirlikli ugucu bilesenler, diisiik ve orta derecede
kavurmanin meydana geldigi 220-250 °C sicaklik araliginda ayrigtirilir. Biyokiitlenin diger bilesenleri olan
seliiloz ve ligninin deformasyon sicakliklar1 daha yiiksek oldugundan, olusan ugucu bilesenler bu sicaklik
araliginda hemiseliillozun bozunmasi sonucu olusur. 280 °C’de gergeklestirilen yiiksek kavurma isleminde
hemiseliilozlarin tamamu tiilkenmekte, hem de seliiloz pargalanmaya baslamaktadir. Biyokiitlede var olan lignin
deformasyonu kademeli olarak ve 280-500 °C sicaklik araliginda meydana geldiginden, ligninin biyiik bir
kismi bozunmadan kati {iriin igerisinde kalir. Diisilk kavurma kosullarinda iretilen kati {irlinde islem

stiresindeki artisin verimi etkilemedigi ancak orta ve yiiksek 1sitma islemlerinde siirenin artmasiyla kati iiriin
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veriminin azaldigi tespit edilmistir. Yiiksek sicaklikta islem siiresinin arttirilmasi biyokiitlenin bozulmaya
devam etmesine neden olur [26,27].

Martin-Lara ve ark. zeytin agaci budamalarinin ezilmesinde de benzer sonuglar bulmuslardir. Kavurma
sirasinda maruz kalinan diisiik sicakliklar nedeniyle, mineral maddenin yapisinin ve miktarinin bu islemle
degismesi beklenmemektedir. Ayrica inert atmosfer altinda yapilan kavurma isleminde 200 °C’den sonra
depolimerizasyon, dekarbonizasyon ve catlama reaksiyonlari olugsmaya baglar. 280 °C’de artan islem siiresi,

bu reaksiyonlarin olusmasina ve sabit karbon igeriginin azalmasina neden olur [28].

4. Sonuglar

Karbonizasyon isleminin {iziim posasina yerinde uygulanabilir tekniklerle yenilenebilir kat1 yakat {iretiminde
degerlendirilme potansiyelinin bulunup bulunmadiginin arastirilmasi da olduk¢a 6nemlidir. Bu sayede,
Tiirkiye’nin enerji yoniinden disa bagimliliginin azalmasinda katki saglayip saglamayacagi anlagilabilir. Bu
caligsmada iizim posasi hem inert hem de oksijenli atmosferlerde karbonizasyon davranisinin incelenmesi

amaclandi.

Uziim posasinin artan torrefaksiyon sicakligi, siiresi ile komiire (char) benzeyen bir kati {iriine doniistiigii tespit
edildi. Torrefaksiyon siddeti ve siiresinin, oksitleyici ortamda kat1 iiriin verimi tizerinde daha etkili oldugu
belirlendi. Uziim posasinin oksitleyici ortamda kati iiriin veriminin daha diisiik oldugu torrefaksiyon sicaklig
arttik¢a artt1f1 tespit edilmistir. Inert ortamda {iziim posasinin kémiir dzelliginde kat iiriin elde etmek igin,
torrefaksiyon sartlarinda kisa kalma siiresinin, oksitleyici ortamda hafif torrefaksiyon sartlarinda uzun kalma

stiresinin uygun oldugu belirlenmistir.

[lave olarak 1s1nma siiresi boyunca yapilan hava atmosferindeki deneylerde kat iiriin verimi artan sicaklikla
keskin bir sekilde azalmaktadir. Buna karsilik sivi iiriin verimi ise hizla artarken gaz iiriin verimlerinin ise bu

degisimlere paralellik gostermektedir.

Bazi torrefaksiyon teknolojilerinde odun tozu gibi kiigiik taneli hammaddeler islenebiliyorken, bazilarida iri
taneler islenebilmektedir. Ancak bu proseslerden c¢ok azi genis bir araliktaki tane biiyiikliiklerini
isleyebilmektedir. Bundan dolayi teknoloji secimi hammadde 6zelliklerine dayanir veya torrefaksiyon dncesi
agir1 iri materyali islemek i¢in boyut kii¢iiltme donanimi veya elek sistemleri gerekebilir. Bu faktorlerin
hepsinin torrefaksiyon tesisi yatirim ve g¢aligma maliyeti iizerine etkisi vardir. Bu anlamda dogru teknolojiyi
secebilmek icin ham maddenin 6zelliklerine ihtiya¢ vardir. Yapilan ¢alsmalar sonucunda en iyi karbonizasyon

sicaklig belirlendi.
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Abstract — Carbon dioxide (CO,) is the most important greenhouse gas that causes global warming. It is crucial
to remove CO, from the atmosphere to combat climate change. It is believed that seawater could be a potential
source for capturing CO,, especially from ship chimneys and potentially high-concentration CO, emissions in
coastal regions. In this study, the CO, absorption performance of sodium chloride (NaCl) solution as seawater,
was investigated. The first phase of experiments was performed in a stirred cell at 91 kPa and 20°C. The total
CO; absorption capacity (molCO,-L* solution) and dissolution rate (mol-s?) of the solutions were determined by
the pressure drop values occurring inside the cell. The experiments were conducted by preparing NaCl solutions
Accepted: 17 Feb 2024 at different concentrations (0-3.5 wt%). Additionally, 0.4% by volume calcium oxide (CaO) solution was added
Published: 25 Jun 2024 to NaCl solutions at different concentrations and its contribution to CO, absorption was examined. It was observed
that there was a decrease in CO, absorption performance with the increase in salinity. However, it was determined
that the addition of CaO to the NaCl solution had a positive effect on CO, absorption performance and increased
the total CO, absorption capacity by 66%. The second phase of experiments was carried out in a falling film
column. In these experiments, the liquid side individual physical mass transfer coefficients (k.°) were determined
by the oxygen (O,) desorption method for pure water and 3.5 wt% NaCl solution. Also, nonlinear regression
analyses were performed, and correlations were developed for mass transfer coefficients.
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1. Introduction

Climate change resulting from global warming has become an important problem of today. The increase in
carbon dioxide (CO2) concentration in the atmosphere has a large share among the factors causing this problem.
A large amount of CO; gas is released because of burning fossil fuels, especially for power and energy
generation. The issue of CO, removal in the fight against climate change is noteworthy and emphasized on
international platforms. According to the Intergovernmental Panel on Climate Change (IPCC), CO2 emissions
must reach net zero by 2050 with no or limited temperature rising [1]. In line with the 1.5°C temperature
increase and net zero carbon targets set out on international platforms, it is necessary to increase the focus on
renewable energy sources and reduce the use of fossil fuels [2, 3]. However, fossil fuels are still used because
they are more economic. Also, fossil fuels are directly associated with excessive CO, emissions and other toxic
gases such as SOy, HS etc. [4, 5]. Therefore, it is important to implement CO, removal systems in the fight
against climate change.

Ships produce sulfur oxide (SOy), nitrogen oxide (NOx), particulate matter and CO, emissions due to the fuel
they consume in their power and propulsion systems. According to the International Maritime Organization
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(IMO), more than 80% of world trade is carried out by maritime transportation [6]. Maritime transport accounts
for 30% of logistics sector emissions and approximately 2-3% of global CO2 [7]. Reducing CO2 emissions
from ships is important in terms of climate change and environmental pollution.

Carbon capture, utilization, and storage systems (CCUS) are developed technologies [8]. There are three main
systems to capture CO2: pre-combustion, post-combustion, and oxy-fuel combustion [9]. Also, there are many
methods to capture CO2: absorption, adsorption, separation with membrane, cryogenic separation, etc. [10].
Among CO2 removal systems, CO2 capture via absorption method in post-combustion systems is one of the
most well-known methods [11]. In post-combustion systems, CO2 is captured by organic solutions such as
monoethanolamine (MEA), diethanolamine (DEA), etc. However, amine solutions have several drawbacks
related to limited cyclic carbon dioxide loading capacity, degradation by oxygen, high equipment corrosion,
and the operating cost is fairly high due to the high energy requirement for regeneration of the solution [12,
13]. The properties of the solutions used in the absorption process greatly affect the cost. These solutions are
desired to have low energy costs, high CO2 selectivity, be environmentally friendly, and have low solution
degradation and corrosion [14]. For this reason, efficient alternative solutions are being investigated. Some
physical and chemical absorption solutions are widely studied academically and industrial for this purpose [15,
16].

In this study, it is contemplated that the utilization of seawater to capture CO2 from ship chimneys and
processes with high CO2 emission potential, especially concentrated in the coastal region, will create a
potential in terms of environmental impact and cost. The average seawater concentration is 3.5% by mass and
most of it is sodium chloride (NaCl). Also, natural seawater is rich in Ca2+ and Mg2+ ions. The abundance of
Ca2+ and Mg2+ ions in seawater facilitates a direct reaction with CO2, forming carbonate precipitates for
effective CO2 absorption [17]. This integration combines CO2 capture with storage and advances the
development of CCS (Carbon Capture and Storage) technology. However, the inherent capability of seawater
for CO2 capture is constrained, prompting ongoing research efforts aimed at augmenting the absorption of
CO2 in seawater. To increase the absorption capacity of seawater, researchers have examined the contributions
of NH3, NH3-NHA4CI and organic amine solutions [18-20]. However, difficulties such as solution recovery
and process complexity have emerged in these studies. Hence, it becomes imperative to explore suitable
additives that can augment the CO2 capture capacity of seawater. The ideal additives should facilitate a
straightforward process, yield effective absorption, be cost-effective, generate no by-products, and be
environmentally friendly. In this context, it has been seen in the literature that there are studies in which steel
slag (SS) with high calcium oxide and magnesium oxide content (~32-58% CaO and 3.9-10.0% MgO) is used
as an additive material for CO2 capture [21, 22]. These additives have potential because of improved CO2
capture. Since these studies are limited and generally used as additives to fresh water, more research is needed.

This study investigated the CO2 absorption performance of NaCl solution as seawater and 0.4% v/v CaO +
NaCl solution at different concentrations (0-3.5 wt%) in stirred cell. The addition of CaO to the NaCl solution
had a positive effect on CO2 absorption performance and increased the total CO2 absorption capacity. This
study was carried out at atmospheric pressure in Ankara (91 kPa) and ambient temperature (200C). Also,
second phase of experiments was carried out in a falling film column. The liquid side individual physical mass
transfer coefficients (kLO) were determined by the oxygen (02) desorption method for pure water and 3.5 wt%
NaCl solution. Also, nonlinear regression analyses were performed, and correlations were developed for liquid
side individual physical mass transfer coefficients.
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2. Materials and Methods

In this study, experiments were carried out in two stages and the CO; absorption performance of sodium
chloride (NaCl) solution as seawater was investigated. A stirred cell system was used to assess the CO-
absorption performance of NaCl solutions. In stirred cell experiments, NaCl solutions were prepared in a range
of low and high concentrations based on seawater salinity levels (0-3.5 wt%). Stirred cell experiments were
carried out at 91 kPa pressure (atmospheric pressure in Ankara) and 20°C temperature. In falling film column
experiments, liquid side individual physical mass transfer coefficients (k.°) were determined by the oxygen
(O2) desorption method for pure water and 3.5 wt% NaCl solutions. Falling film column experiments were

carried out 91 kPa pressure (atmospheric pressure in Ankara) and 18°C temperature.
2.1. Stirred Cell Experiments

2.1.1. Experimental Set-Up

Experiments were carried out in a stirred cell system. The stirred cell is a known equipment for gas-liquid
interaction systems [23, 24]. The stirred cell system operates on the principle of trapping the gas in the gas
chamber and allowing it to be absorbed by the solution in the liquid reservoir. By observing the amount of gas
absorbed by the solution and the pressure drop in the gas chamber, it is possible to determine how much gas
has been absorbed. The schematic experimental set-up is shown in Figure 1.

_____ .@ DL Data Logger

: GCT Gas Cylindir Tank
¥ GI Gas Inlet
[ GO Gas Qutlet
‘ GC Gas Chamber
H Humidifier
LI Liquid Inlet
PC LR Liquid l.leseFvoir
MS Magnetic Stirrer
@ PC Computer
b PT Pressure Transmitter
H <—L|j‘}_
LR = T Thermocouple
= A% Valve
OO Ms

Figure 1. The stirred cell system

The stirred cell system consists of two parts, a gas chamber (0.5 L) and a liquid reservoir (0.4 L). The stirred
cell is made of pyrex glass. The gas chamber has valves to which the gas inlet and outlet are connected. A CO;
gas cylinder (>99.99%) is attached to the gas chamber. Before the gas was fed to the cell, the gas was passed
through a humidifier to saturate the gas to water vapor. The absorption liquid is placed in the liquid reservoir.
The two sections of the system are sealed together using a metal clamp. Throughout the experiments, the
absorption liquid was stirred at a very low speed using a VELP SCIENTIFICA ARE model magnetic stirrer.
The pressure drop in the cell was monitored using an HK Instruments DPT-R8 model differential pressure
transmitter and recorded on the computer via the ORDEL UDL100 model data logger. Weight measurements

were conducted using an analytical balance with an accuracy of 0.1 mg.
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2.1.2. Experimental Procedure

In the experiments, pure CO; gas flow was initially introduced into the stirred cell through the gas inlet to
purge the air from the system. Subsequently, all valves were simultaneously closed, trapping the CO; gas in
the gas chamber. Then, trapped CO; gas in the system was absorbed into the absorption solution. As CO, was
absorbed, the pressure in the gas chamber gradually decreased until it stabilized at a constant value. Meanwhile,
the absorption solution was stirred using a magnetic stirrer ensuring no vibration or vortex formation at the
interface. This stirring served to prevent any potential mass transfer resistances that might occur at the liquid
surface or in close proximity to it, providing homogeneity within the liquid. Additionally, the solution's
temperature was continuously monitored by a thermocouple with an accuracy of +£0.2 K. During the
experiments, the pressure in the gas chamber was recorded every second on the computer using a data logger
and a differential pressure transmitter. While the pressure drop values initially increased over time in the stirred
cell, they eventually stabilized. Subsequently, the total CO, absorption capacity and dissolution rate were
calculated using the recorded data.

CO; dissolution in seawater occurs in a few steps. Dissolved CO; (in aqueous form as shown in (2.1)) in
seawater converts to carbonic acid (H.COz), carbonate (COs) and bicarbonate (HCOs') ions as shown in (2.2)-
(2.4), respectively. Then, carbonate (COs), Ca*2and Na*2ions in seawater form precipitation in solution as
shown in (2.5) and (2.6).

CO2(g) < CO2(qq) (2.1)
CO, + Hy0 < HyCOs 2.2)
H,CO5 & HCO; + H* (2.3)

HCO; & H* +CO0; (2.4)
Ca®* + CO5 © CaCoy (2.5)
Na?* + C03 & NaCOy (2.6)

2.1.3. Total CO. Absorption Capacity

To determine the pressure in the gas chamber, the ideal gas equation (shown in (2.7)) was used by correcting
for real gases by using the compressibility factor [25].

PV, = ZnRT 2.7)

In this equation, P is the gas pressure [Pa] in the stirred cell gas chamber; Vg is the gas volume [m?], Z is the
compressibility factor [0.995], n is the mole of carbon dioxide gas [mol], R is the gas constant [8.314
Pa-m3-mol*-K1], T is the temperature [K]. The compressibility factor (Z) in the ideal gas equation was
calculated by taking into account the composition of pure CO; gas passed through the humidifier. The
compressibility factor (Z) according to the composition value of water-saturated CO, gas was calculated with
the help of the Peng-Robinson model [26].
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The pressure in the gas chamber of the stirred cell is equal to the difference between atmospheric pressure and
pressure drop value which is shown in (2.8).

P =P,m — AP (2.8)

The pressure drop values in the gas chamber were recorded on the computer via the differential pressure
transmitter. Then these data were plotted against the time that is shown in Figure 2 as an example. The ordinate
of the graph represents the pressure drop difference (AP) measured from the transmitter in Pa units, and the
abscissa represents the time in seconds.
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Figure 2. Increase in pressure drop (AP) in the gas chamber of the stirred cell with time

With the help of the pressure drop values fixed at the end of the experiment, the mole of CO; gas remaining in
the gas chamber was calculated with (2.7). After that, by taking the difference between gas moles in the initial
and final state, the amount of CO, absorbed into the unit volume of absorption liquid was determined [27].

2.1.4. Dissolution Rate

The dissolution rate experimental procedure is similar to the total CO; absorption capacity experiments but
theoretically different. (2.9) is obtained by taking and arranging the differential of (2.7) [28].

V.
g
= P 2.9
dn=——d (2.9)
Since the experiments are conducted as a function of time, the change of the expression obtained by (2.9) with
time is shown in (2.10) [28].
dn V, dP
_C__9 2.10
W =dr T zZRT dt (2.10)
Here, w is the dissolution rate [mol-s?] of CO; in the absorption solutions. The part on the right side of the
equation expresses the change in moles of CO; due to the absorption of CO- in the gas chamber into the
absorption solutions over time.

The internal pressure in the gas chamber was determined with (2.8) and the internal pressure changing plot is
shown in Figure 3. To determine the pressure change (dP/dt) over time, the slope of the first part of the graph,
in which it proceeds linearly, was taken. Then, this value is used in Equations (2.10) and (2.11).
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Figure 3. The change in the internal pressure (P) in the gas chamber of the stirred cell with time
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The absorption occurred in the liquid reservoir volume (V.), and the dissolution rate of CO; in the solution
can be shown by (2.11) [28].
w 1V, dp

_w__11Yadp 211
TV, T TV, ZRT dt (2.11)

Here, r is the rate of the absorption process relative to the total solution volume in the unit [mol-m=-s], the
slope read from the graph in the unit of dP/dt [Pa-s™*] on the right side of the equation, V, solution volume
[m?3], Vg, gas volume [m?], T is the temperature in [K], R is the gas constant [8.314 Pa-m*mol*-K™1].

2.2. Falling Film Column Experiments

2.2.1. Experimental Set-Up

Liquid side individual physical mass transfer coefficients (k.°) were determined by the O, desorption method
in falling film column. O desorption method is known in literature for determining k.° [29, 30]. The falling
film column used in the experiments is similar in concept with wetted wall columns. Wetted wall column are
frequently used equipment in mass transfer studies because they are easy to design and provide a high mass
transfer rate [31, 32]. The schematic falling film columns experimental set-up is shown in Figure 4.

(7) N gas cylinder

Y

{] (5) Rotameter

(1) Oz gas cylinder

ﬂ (4) Falling Film Column

(3) Master Flex Pump

(2) Liquid inlet tank (6) Liquid outlet tank

Figure 4. The falling film column system
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The falling film column system consists of two different parts separated in the middle by a plate. The
dimensions of the liquid chamber of the system are 55x200x60 mm and the dimensions of the gas chamber are
20x200x60 mm. The falling film column is made of plexiglass. To ensure smooth laminar flow over the plate
in the middle, gas velocities are determined hydrodynamically as 0.0069, 0.0139, 0.0208, 0.0278, 0.0347 m-s°
L and liquid velocities 0.00606, 0.00808, 0.0101, 0.0121 m-s™*. For the determination of the concentration of
O in the liquid inlet and outlet, a portative YSI Model 50B Dissolved Oxygen Meter was used.

2.2.2. Experimental Procedure

In the experiments, distilled water and sea water saturated with O gas cylinder are fed to the system as liquid.
During the laminar film flow over the middle plate, the dissolved oxygen in the liquid was desorbed into the
nitrogen gas fed from the gas inlet of the system. During the experiments, three water samples for each gas
velocity (into the 5 mL beakers) were obtained from the inlet and the outlet of the falling film column, and the
concentration of O; in the liquid was measured instantaneously with a portative O analyser. Experiments were
carried out in 5 different gas and 4 different liquid velocities at 18°C temperature. Then, using the concentration
of Oz in the liquid, liquid side individual physical mass transfer coefficients were calculated.

2.2.3. Liquid Side Individual Physical Mass Transfer Coefficient

To determine the amount of O passing from liquid to gas, the flux expression according to the two-resistance
theory can be shown as (2.12).

N_A = kl(,)CT(xA — Xai)Lm (2.12)

where N, is the average flux [kmol-m2.s™], k? is liquid side individual physical mass transfer coefficient [m-s-
1, Cr is the total concentration [kmol-m~], x, [-] and x,; are the mole fractions of liquid phase O and the
interfacial composition at the liquid side in equilibrium with the gas side O, composition, respectively.

If (2.12) is arranged, the liquid side individual physical mass transfer coefficients were calculated using (2.13).

N_A (x1 — x;)

B Cr(x1 — x3) " (2 —x;)

ky (2.13)
where x; and x, are the mole fractions of liquid phase O at the inlet and outlet of the column, respectively.
x; value which is constant for the experimental temperature can be found in the literature, yet it was corrected
for the ambient pressure [28]. According to both penetration and surface renewal theories in the literature, the
mass transfer coefficient is directly proportional to the square root of the diffusion coefficient [33]. Therefore,
the liquid side individual physical mass transfer coefficient of the CO, can be estimated using the correction
factor as shown in (2.14) [33].

Dco,-H,0

(kD)co, = (kD)o, (2.14)

Do,-n,0

The diffusion coefficient of CO; in distilled water (D¢o,-n,0) can be calculated as in (2.15) through the
correlation developed by Versteeg and VVan Swaaij, where the temperature is in [K] [34].
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2119
DCOZ—HZO =235x10"% T (215)

The diffusion coefficient of O, in water (Do, 11,0) Was calculated by the Wilke-Chang equation as shown in
(2.16) [33].

JUgMpT
Do,- H0 = 117x10-13 Y ¥eMeT (2.16)

N/

where D [Mm?s] is diffusion coefficient, Mg [kg-kmol™?] is the molecular weight of the solvent, T [K] is
temperature, V, [m®kmol™] is the molar volume of solute at normal boiling temperature, u [cp] is the viscosity
of the solution and g [-] is association parameter for solvent B. Literature data from [35] were used for the
diffusion coefficient of CO. in seawater at 18°C.

3. Results and Discussion

3.1. Total CO, Absorption Capacity and Dissolution Rate

As the result of stirred cell experiments, the dissolution rate (w), the rate of the absorption process relative to
the total liquid volume (r), and the total CO, absorption capacity were calculated. All experiments were
repeated 3 times and since the values are close to each other, the average values were determined for each
solution. Firstly, 0-3.5 wt% NaCl experiments were carried out in stirred cell reactor. The results of the 0-3.5
wt% NaCl experiment are shown in Table 1.

Table 1. Experimental results of total CO; absorption capacity and dissolution rate for 0-3.5 wt% NacCl

solutions
Solution w" (mol/s) r*™ (mol/m3-s) Total COzabsorption capacity (mol/L)

0 wt% NacCl (distilled-water) 2.90 x10- 0.0580 0.0048
0.5 wt% NaCl 2.70 X106 0.0539 0.0046

1 wt% NaCl 2.65 x106 0.0530 0.0045

1.5 wt% NaCl 2.61 x10¢ 0.0526 0.0044

2 wt% NaCl 2.58 x106 0.0517 0.0040

2.5 wt % NaCl 2.48 x106 0.0496 0.0040

3wt % NaCl 2.43 x10% 0.0487 0.0039

3.5 wt % NaCl 2.42 x10% 0.0485 0.0038

“"Dissolution rate

**The rate of the absorption process relative to the total liquid volume

The experimental results of the 0-3.5 wt% NaCl solutions are also shown in Figure 5 graphically.
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Figure 5. (a) The dissolution rate of CO; of 0-3.5 wt% NaCl solutions; (b) The rate of the absorption process
relative to the total solution volume of 0-3.5 wt% NaCl solutions; (c) Total CO, absorption capacity of 0-3.5

wit% NaCl solutions

When Figure 5 is examined, the most striking result is the observation of a decreasing trend in absorption
capacity and dissolution rate with increasing salinity. This result was compared with the literature and Li et al.
[17] reported that Henry's constant increased and CO; solubility decreased with increasing salinity. Dissolved
carbonate and bicarbonate ions in water will form more sodium carbonate in the presence of high salt
concentration. For this reason, it can be said that there are more free carbonate and bicarbonate ions in water
with lower salt concentrations. Therefore, it is an expected result that CO, absorption capacity decreases with
increasing salinity.
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Subsequently, the experiments were repeated by adding 0.4 v/v% CaO solution to 0-3.5 wt% NaCl solution.
The results of the 0-3.5 wt% NaCl + 0.4 v/v% CaO solutions experiments are shown in Table 2.

Table 2. Experimental results of total CO, absorption capacity and dissolution rate for 0-3.5 wt% NaCl + 0.4
vIv% CaO solutions

Solution w” (mol/s) r™ (mol/m3-s) Total CO2absorption capacity (mol/L)
0.5 wt% NaCl + 0.4 viv% CaO 6.97 x10® 0.1395 0.01366
1 wt% NaCl + 0.4 v/v% CaO  6.67 x10 0.1322 0.01345
1.5 wt% NaCl +0.4 v/v% CaO 6.54 x106 0.1308 0.01293
2 wt% NaCl + 0.4 viv% CaO  6.41 x10¢ 0.1281 0.01232
2.5 wt % NaCl + 0.4 viv% CaO 6.15 x106 0.1229 0.01161
3wt % NaCl +0.4 vivd% CaO  5.20 x10¢ 0.0998 0.00890
3.5 wt % NaCl +0.4 viv% CaO 4.82 x106 0.0964 0.00830

“"Dissolution rate

**The rate of the absorption process relative to the total liquid volume

The comparison results of the 0-3.5 wt% NaCl and 0-3.5 wt% NaCl + 0.4 v/v% CaO solutions are also shown
in graphically Figure 6.

8.00E-06

—— NaCl
6.00E-06
&5.00E-06
%
£1.00E-06
2
3.00E-06 ‘\.—.—0—.-\‘_._.
2.00E-06
1.00E-06
0 05 1 15 2 25 35
Weight percent (thA))
(a)
0.1600 NaCl
0.1400 —0— %(w/w) NaCl+%0.4..
0.1200
& 0.1000
£
S 0.0800
£
~ 0.0600 ‘\0—0—0—0*_._.
0.0400
0.0200
0 O 35

1 15 2 25 3
Weight percent (wt%)
(b)

Figure 6. (a) The dissolution rate comparison of CO, of 0-3.5 wt% NaCl and 0-3.5 wt% NaCl + 0.4 v/v%
CaO solutions; (b) The rate of the absorption process relative to the total solution volume comparison of O-
3.5 wt% NaCl and 0-3.5 wt% NaCl + 0.4 v/v% CaO solutions; (c) Total CO. absorption capacity comparison
of 0-3.5 wt% NaCl and 0-3.5 wt% NaCl + 0.4 v/v% CaO solutions
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Figure 6. (Continued) (a) The dissolution rate comparison of CO; of 0-3.5 wt% NaCl and 0-3.5 wt% NaCl +
0.4 viv% CaO solutions; (b) The rate of the absorption process relative to the total solution volume
comparison of 0-3.5 wt% NaCl and 0-3.5 wt% NaCl + 0.4 v/v% CaO solutions; (c) Total CO; absorption
capacity comparison of 0-3.5 wt% NaCl and 0-3.5 wt% NaCl + 0.4 v/v% CaO solutions
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When Figure 6 is examined, it is clearly seen that CaO contribution to salty seawater has a positive effect.
Seawater does not have the ability to form sufficient carbonate deposits itself. By dissolving in seawater, CaO
increases the alkalinity of the water and increases the formation of carbonate and bicarbonate ions by
promoting carbonic acid ionization in seawater. Increasing carbonate and bicarbonate ions also have a positive
effect on CO; absorption potential. According to the results obtained, CaO addition increased the total CO;
absorption capacity by 66%.

3.2. Liquid Side Individual Physical Mass Transfer Coefficient

As a result of falling film column experiments, liquid side individual physical mass transfer coefficients were
calculated. The results of diffusion coefficient of CO in distilled water and 3.5 wt% NaCl solution are shown
in Table 3.

Table 3. Diffusion coefficients of distilled water, seawater and oxygen

DCOZ— H,O(distilled water) (mz's_l) DCOZ— H,O(seawater) (mz's-l) DOZ—HZO(distilled water) (mz's-l) DOZ—HZO(seawater) (mz's-l)
1.617 x 10°° 1.384 x 10°° 2.780 x 10°° 2.931x 10°

The experimental results of the distilled water and 3.5 wt% NaCl solution with diffusion correction factor
applied are shown in Figures 7 and 8, respectively.
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Figure 7. The liquid side individual physical mass transfer coefficients at different gas and liquid velocities
by using oxygen desorption method-distilled water
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Figure 8. The liquid side individual physical mass transfer coefficients at different gas and liquid velocities

by using oxygen desorption method-3.5 wt% NacCl solutions (as a seawater)

With the data obtained, the following correlation for the liquid side individual physical mass transfer
coefficient of the CO. in water was developed with the nonlinear regression analysis and the regression
coefficient was R?=0.974.
0 — 1.829770.031
ki (Co,—distilled water) — 1.230U; Ue (3.1)
With the data obtained, the following correlation for the liquid side individual physical mass transfer

coefficient of the CO; in 3.5 wt% NaCl solution (as a seawater) was developed with the nonlinear regression
analysis and the regression coefficient was R?=0.904.
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kB(COZ—seawater) =0.153 UL1.543U8'057 (3-2)
As can be seen from the results, liquid side individual physical mass transfer coefficient correlations vary
depending on both liquid and gas velocities. While the gas effect dominates at low liquid velocities, the liquid
effect becomes dominant at high liquid velocities and the gas effect remains in the background. In this study,
the liquid velocity operating range is higher than the gas velocity. Therefore, it is an expected result that the
correlations are dependent on the liquid velocity. There are many k.° correlations for distilled water in the
literature and k.° varies between 0.4-10x10** [m-s] [28, 36, 37]. The results obtained from this study are in
agreement with the literature. There are limited number of studies in the literature on the physical individual
mass transfer coefficient of seawater. In their study, Cho & Choi [38] obtained k.° in the range of 7.7-9.2x10°
®> [m-s] on average under 3-4 bar conditions. These results are similar to the results of this study in terms of
order of magnitude.

4. Conclusion

In this study, experiments were carried out in two stages which are stirred cell and falling film column. In the
stirred cell, the experiments were conducted at a concentration range of 0-3.5 wt% NaCl solutions and by
adding CaO to NaCl solutions at the same concentration. When the experimental results were evaluated, it was
observed that there was a decrease in CO- absorption performance as the salinity increased. When compared
with the literature, it was seen that the study was in the same direction as the literature in terms of the effect of
salinity. In the study, it was aimed to increase the CO, absorption capacity of the solution by adding CaO to
the solution to increase the Ca*? ion in the NaCl solution. As a result of the experiments, it was seen that adding
CaO to NaCl solution had a positive effect on the results of total CO, absorption capacity (molCO,-L* solution)
and dissolution rate (mol-s*). When evaluated in terms of total CO, absorption capacity, it was determined that
CaO-doped NaCl solutions absorbed CO, 66% better than the pure NaCl solution. In the falling film column,
the liquid side individual physical mass transfer coefficients (k.°) were determined by the oxygen (O,)
desorption method for pure water and 3.5 wt% NaCl solution. The results obtained were found to be compatible
with the literature. Also, nonlinear regression analyses were performed, and correlations were developed for
liquid side individual physical mass transfer coefficients.
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1. Introduction

The Nitrile imines (NI) are members of the nitrilium betaine family, one of the 1,3-dipole varieties [1]. NlIs are
very reactive unstable compounds and are generated in situ rather than isolated as pure compounds. Since NIs
are highly reactive, they cannot be isolated, and they are prepared in the reaction medium, and the relevant
reaction is carried out. Here are some common methods for the generation of NI derivatives: Decomposition
of tetrazole compounds [2], catalytic oxidation of hydrazine compounds [3], and N-phenyl hydrazine
chloride/bromide precursors [4]. Currently, the most common method to generate NI is the dehalogenation of
the N-phenyl hydrazine chloride/bromide precursors in the presence of a base. This procedure includes
deprotonation followed by the removal of the halide ion. The formation of NIs from hydrazonyl chlorides was
described first by Huisgen et al. [2]. Huisgen contributed valuable insights to NI chemistry through numerous
publications [5-7].

Although the most prevalent application of NIs involves their use as 1,3-dipoles in cycloaddition reactions to
have access to N-based heterocyclic compounds, their utilization in nucleophilic addition reactions with
substances such as alcohols, amines, thiols, carboxylic acids, and triphenylphosphine is seldom documented
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in existing literature [8-11]. Surprisingly, there is no detailed research concerning the nucleophilic addition
reaction of trialkyl phosphite reagents (triethyl phosphite/trimethyl phosphite) to NI derivatives. (Scheme 1).
a-Hydrazone phosphonates serve as precursors to a-amino phosphonates. The asymmetric synthesis of a-
amino phosphonates is still a challenging process. a-Amino phosphonates are the close analogs of a-amino
acids. Having phosphonate groups in its structure gives them unique properties and makes them valuable in
various chemical and biological applications. a-Hydrazone phosphonate derivatives are of significant value in
organic chemistry due to their role in accessing biologically active compounds containing phosphonate groups.

In the existing literature, one of the synthetic approaches for the synthesis of a-hydrazone phosphonates [12]
is reacting phenylhydrazine with aroylphosphonate in pyridine as the solvent. Only the Z isomer of a-
hydrazone phosphonate was isolated in 81% yield. The equilibrium between Z and E isomers was achieved by
heating in acetic acid. Aroylphosphonates are not readily available and are prepared from benzoyl chloride.
While the preparation of aroylphosphonate itself proceeds smoothly, the purification process demands high
temperatures under vacuum conditions. The other work in the literature reported by Baccolini et al. [13]
involves direct nucleophilic addition of triethyl phosphite/trimethyl phosphite to only diphenylnitrilimines.
The reaction was carried out in benzene and the compound 2a was isolated in 70% yields as a mixture of E
and Z isomers with the 2:3 ratios. We have provided a detailed investigation of simple nucleophilic addition
of trialkyl phosphite to NI derivatives to obtain a-hydrazone phosphonate derivatives to give solely E isomer.
Although the Z-isomer is stable due to H-bonding, E configuration is less hindered.

PhHN. PhHN.
N base _ P(OR,)3 N

+
I — R—=N-N — !
R1)\CI 1 'Ph R1*5>(0R2)2
NI
Scheme 1. General method for the nucleophilic addition of trialkyl phosphite to NI

2. Materials and Methods

All solvents used in the reaction are commercially available and of sufficient purity. Reaction stages were
monitored under UV light using TLC (Thin-Layer Chromatography). Both proton and carbon spectra were
recorded in CDClIs solution; at 400 MHz and 100 MHz, respectively. In these spectra, the TMS
(tetramethylsilane) peak was used as the reference solvent. All J values in the spectrum are in Hz; s, singlet;
d, doublet; t, triplet; g, quartet; m, multiplet, indicating multiple peaks. Both trialkyl phosphites are
commercially available and used without any purification. The information regarding the known compounds
aligns with the values documented in the report by Kaushik et al. [12] and Baccolini et al. [13].

Commercially unavailable N-phenyl arylhydrazonoyl chloride compounds were prepared in two steps by
following the literature procedure starting from the corresponding aldehydes [14]. Aldehyde (1 equivalent)
and phenylhydrazine (1 equivalent) reagents were dissolved in 50 mL of ethanol. The mixture was stirred at
room temperature for approximately 2 hours until the aldehyde reagent was completely consumed which was
monitored by TLC. Afterward, the reaction mixture was concentrated under a vacuum, and the expected
product aryl aryl-substituted N-phenyl hydrazone was obtained as a solid and used for the next step. In the
chlorination step, NCS (3 equivalents) was dissolved in DCM (100 mL) by stirring at 0°C for 5 minutes.
Subsequently, S(CHs), (6 equivalents) was introduced drop by drop, and the mixture was stirred for 15
minutes. After the formation of a white solid product, the N-phenyl arylhydrazone compound (1 equivalent,
20 mL DCM) was added dropwise to the reaction medium. The reaction was stirred for 2 hours at 0°C, and
then cold distilled water was added to quench the reaction. Following the extraction, the organic phase was
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isolated, and the joined organic phase underwent washing with a saturated salt solution. The acquired organic
phase was subsequently dried over sodium sulfate, filtered, and ultimately concentrated using a rotary
evaporator. The resulting solid product, N-phenyl arylhydrazonoy! chloride, was used in the nucleophilic
addition reaction without the need for any purification process.

3. Results and Discussion

3.1. Synthesis of Compounds 2a-]

There are no detailed studies in the literature that explore the addition reaction of trialkyl phosphites to NI
derivatives. For this purpose, the optimization reaction has been carried out by using unsubstituted N-phenyl
arylhydrazonoyl chloride 1a and triethyl phosphite as shown in Table 1. N-CI hydrazone compounds 1a-e were
easily prepared by following the literature procedure [14]. The generation of NI has been tested by using
different bases such as triethyl amine, isopropyl amine, Ag.CQOs, and Na,COs. We have found that when the
reaction was carried out in toluene and triethyl amine (entry 2) as the choice of base, the anticipated adduct 2a
was obtained in 72% vyield. Isopropyl amine also gave the expected product 2a (entry 6) albeit in low yield
(55%). Inorganic bases such as Ag.COs; and Na,COs; were also tested in nucleophilic addition reaction of
triethyl phosphite to NI 1a. The former base did not give the product, but the later base gave the compound 2a
in acceptable chemical yield (entry 5, 63%). In all cases, we have isolated the E-isomer of compound 2a.

Table 1. Optimization reactions

PhHN. PhHN.
| P(OCH,CHa)s J Qo=
cl - P~OEt
base, solvent e}
0°C-rt, 12-16 h
1a 2a
Entry Base? Solvent Yield (%)®
1 NEts dichloromethane 67
2 NEts toluene 72
3 NEts asetonitrile 50
4 Ag2CO3 toluene®
5 Na2COs EtOAC 63
6 NH(CHCHz)2 toluene 55

NI (1 equiv.), triethyl phosphite (1.2 equiv), and base (1.5 equiv.) lsolated chemical yields. °No formation of product.

We have investigated the addition of triethyl phosphite/trimethyl phosphite to NI derivatives in the presence
of triethyl amine as a choice of base. All NI derivatives were prepared in situ first and then trialkyl phosphite
was introduced into the reaction mixture. In all cases, the expected compounds 2a-j were obtained in good
yields of 44%-95% as shown in Table 2. In the nucleophilic addition of trimethyl phosphite to NI both toluene
and DCM were tested. Better chemical yields were obtained in the case of DCM (77%) and in the case of
nucleophilic addition of trimethyl phosphite, DCM is the choice of solvent. It's worth noting that only the E-
isomer of the a-hydrazone phosphonate compounds was obtained. We have tried to choose the different
substituents at para position (CHs, Br, and Cl and NO>) in the aryl group. At para position, there is a direct
effect on electrophilic properties of the in situ generated NI derivatives via resonance.
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Table 2. Synthesis of a-hydrazone phosphonates 2a-j

PhHN

PhHN

N L
| OR
P(OR URo
Cl (OR2)s PLOR,
base, solvent o)
R4 0°C-RT, 12-16 h R
1 2

R,= H (1a), CHj (1b),
Br (1c), Cl (1d), NO,(1e)

R,= CH,CH; (2a-e) and CH3(2f+j)

PhHN . PhHN..
PhHN‘N |N PhHN\lN |N
| OEt
_OEt - _OEt _OEt
sa- e INeaL
O HsC Br © Cl ©
2a, 72%"° 2b, 95% 2¢, 74% 2d, 82%
PhHN .
PhHN. N PhHN. PhHN .
N I.__ome N N
P:OEt P~0Me p-OMe P’OMe
" ~OEt e} 5 OMe ", ~OMe
02N © H3C Br >
2f, 77% (DCM)P
2e, 62% 29, 82% 2h, 44%
61% (toluene)
PhHN. PhHN\I\I
N |
_OMe P:OMe
Cl O O,N
2i, 47%

2j, 78%

aThe reaction was carried out in toluene in the case of triethyl phosphite addition. ® The reaction carried out in DCM in the case of trimethy| phosphite addition

The synthesized compounds 2a-j were analyzed by using spectroscopic methods. In the FT-IR spectrum
compound 2a the signal around 3200 cm™ corresponds to the NH group, the signal around 1600 cm™ is
attributed to the C=N bond, the broad signal at 1200 cm™ is related to the P=0 bond, and finally, the signal at
970 cm is due to the vibration of the P-O bond. In the proton NMR spectrum of compound 2a, the signals
corresponding to the -OCH; moiety attached to the phosphonate group, -P(OCH,CHg)2, were observed in the
range of 4.23-4.14 ppm, while the signal attributed to the -CHs group appeared at 1.31 ppm. The existence of
a signal for the H atom attached to the -NHPh indicated the formation of the E-isomer of a-hydrazone
phosphonate (Table 3). In the Z-isomer, this H-atom is involved in hydrogen bonding and does not give any
signals in proton NMR [12,13]. When examining the carbon NMR spectra of this compound 2a the quaternary
C-atom of C=N attached to the phosphonate group exhibited a doublet due to the coupling with the P-atom,
and a large coupling constant was observed and summarized in Table 3. In compound 2a, the quaternary C-
atom (C=N) attached to the phosphonate group showed a signal at 136 ppm as a doublet with splitting by the
neighboring P-atom, with a coupling constant of 239.9 Hz.
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Table 3. *H NMR data for signal -NHPh and **C NMR data for quaternary carbon C=N in compounds 2a-j

Compound 2 H NMR of -NHPh 13C NMR chemical shifts (in p_pm)
(in ppm) and coupling constant values (J in Hz)
2a 8.15 136.0 (d, J = 239.9 Hz)
2b 8.22 136.3 (d, J = 237.9 Hz)
2c 8.15 134.8 (d, J = 242.3 Hz)
2d 8.15 134.6 (d, J = 242.1 Hz)
2e 124 124.8 (d, J = 236.7 Hz)
2f 8.23 135.2 (d, J = 240.1 Hz)
29 8.15 135.6 (d, J = 240.0 Hz)
2h 8.15 133.9(d, J = 242.2 Hz)
2i 8.20 133.9(d, J = 242.2 Hz)
2j 12.3 124.9 (d, J = 234.0 Hz)

3.1.1. Experimental Part

General Procedure for the synthesis of compound 2: To a solution of N-chloroaroylhydrazine (1 equiv.) in
toluene or DCM (0.5 M) triethyl amine (1.5 equiv.) was added at 0 °C. After five minutes at this temperature,
trialkyl phosphite (1.2 equiv.) was added drop by drop. The reaction mixture was stirred at ambient temperature
for about 12-16 hours and then subjected to purification. The raw product underwent purification on silica gel
utilizing hexane:EtOAc mixture as the eluting solvent.

o (E)-diethyl (2-phenylhydrazono) (phenyl) methylphosphonate 2a: Yellow oil, R=0.25 (1:1, hexane:EtOAc.
'H (CDCls, 400 MHz, ppm): 6 8.15 (s, 1H, NHPh), 7.51 (t, J = 7.3 Hz, 2H), 7.42 (t, J = 7.6 Hz, 3H), 7.19 -
7.27 (m, 2H), 7.03 (d, J = 8.1 Hz, 2H), 6.91 (t, J = 7.4 Hz, 1H), 4.23 — 4.14 (m, 4H, PO(OCH:CH3),), 1.31
(t,J=7.0 Hz, 6H, PO(OCH:CHj),). **C NMR (101 MHz, CDCls, ppm): 6 142.7 (C), 136.0 (d, J = 239.9 Hz,
C=N), 129.9 (d, J = 22.6 Hz, C), 129.5, 129.4 (x2), 129.0 (x2), 128.50, 128.46, 121.6, 113.4 (x2), 62.8 (d, J
= 6.1 Hz, P(OCH2CHs3)2), 16.2 (t, J = 6.7 Hz, P(OCH:CHs)2). FT-IR (cm™): 3220, 2981, 1600, 1548, 1502,
1228, 1019, 970, 752, 695.

¢ (E)-diethyl (2-phenylhydrazono) (p-tolyl) methylphosphonate 2b: Yellow oil, Ri= 0.46 (1:1, hexane:EtOAc).
'H (CDClIs, 400 MHz, ppm): 6 8.22 (s, 1H, NHPh), 7.31 (s, 4H), 7.23 (dd, J = 8.5, 7.2 Hz, 2H), 7.04 (d, J =
7.5 Hz, 2H), 6.90 (t, J = 7.4 Hz, 1H), 4.24 — 4.08 (m, 4H, PO(OCHCHj),), 2.34 (s, CH3), 1.33 (dt, J = 11.0,
7.1 Hz, 6H, PO(OCH,CHs).). *C NMR (101 MHz, CDCls, ppm): 6 142.8 (C), 139.6 (C), 136.3 (d, J = 237.9
Hz, C=N), 130.1 (x2), 128.4 (x2), 128.37, 128.32, 126.8 (d, J = 22.8 Hz, C), 121.4, 113.3 (x2), 62.8 (d, J =
6.1 Hz, P(OCH,CHj3)), 61.6 (d, J = 5.8 Hz, P(OCH.CH3),), 21.3 (CHs), 16.2 (t, J = 6.5 Hz, P(OCH,CHs) ).
FT-IR (cm™): 3224, 2981, 1604, 1546, 1502, 1228, 1027, 970, 752, 662.

o (E)-diethyl (2-phenylhydrazono) (4-bromophenyl) methylphosphonate 2c: Yellow oil, R= 0.58 (1:1
hexane:EtOAc). *H (CDCls, 400 MHz, ppm): ¢ 8.15 (s, 1H, NHPh), 7.46 (d, J = 8.2 Hz, 2H), 7.35 (d, J =
7.9 Hz, 2H), 7.21 (d, J = 7.8 Hz, 2H), 7.03 (d, J = 7.8 Hz, 2H), 6.90 (t, J = 7.3 Hz, 1H), 4.19-4.05 (m, 4H,
PO(OCH.CHs3),), 1.30 (t, J = 8.0 Hz, 6H, PO(OCH,CHs)). **C NMR (101 MHz, CDCls, ppm):  142.6 (C),
135.6 (C-Cl), 134.8 (d, J = 242.3 Hz, C=N), 130.15, 130.11, 129.8 (x2), 129.1 (x2), 128.4 (d, J = 21.8 Hz,
C), 121.9, 113.5 (x2), 62.9 (d, J = 6.1 Hz, P(OCH2CHa)z2), 61.7 (d, J = 5.6 Hz, P(OCH2CH3)2), 16.2 (t, J =
6.8 Hz, P(OCH,CHj),). FT-IR (cm™): 3221, 2982, 1604, 1548, 1496, 1229, 1025, 972, 751, 656.
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o (E)-diethyl (2-phenylhydrazono) (4-chlorophenyl) methylphosphonate 2d: Yellow oil, R= 0.46 (1:1
hexane:EtOAc). 'H (CDCls, 400 MHz, ppm): 6 8.15 (s, 1H, NHPh), 7.54 (d, J = 8.3 Hz, 2H), 7.21 (d, J =
8.4 Hz, 2H), 7.13 (t, J = 8.0 Hz, 2H), 6.96 (d, J = 7.5 Hz, 2H), 6.82 (t, J = 7.3 Hz, 1H), 4.12-3.97 (m, 4H,
PO(OCH,CHs3),), 1.24 (t, J = 7.8 Hz, 6H, PO(OCH>CHs),). **C NMR (101 MHz, CDCls, ppm):  142.6 (C),
134.6 (d, J = 242.1 Hz, C=N), 132.7 (x2), 130.34, 130.30, 129.1 (x2), 128.8 (d, J = 23.0 Hz, C), 123.9 (C-
Br), 121.8, 113.5 (x2), 62.9 (d, J = 6.2 Hz, P(OCH.CHj3)2), 61.7 (d, J = 5.6 Hz, P(OCH2CHa).), 16.1 (t, J =
6.7 Hz, P(OCH2CHj3),). FT-IR (cm™): 3217, 2981, 1605, 1548, 1236, 1024, 972, 755, 696.

o (E)-diethyl (2-phenylhydrazono) (4-nitrophenyl) methylphosphonate 2e: Light brown oil, R= 0.62 (2:1
hexane:EtOAc). 'H (CDCls, 400 MHz, ppm): 6 12.4 (s, 1H, NHPh), 8.11 (d, J = 8.5 Hz, 2H), 7.87 (d, J =
8.7 Hz, 2H), 7.30-7.15 (m, 4H), 6.94 (d, J = 7.1 Hz, 1H), 4.18-3.99 (m, 4H, PO(OCH>CHj3),), 1.25 (t, J =
6.4 Hz, 6H, PO(OCH.CHj3),). *C NMR (101 MHz, CDCls, ppm): 6 146.3, 143.1 (d, J = 26.8 Hz), 142.7,
129.7,128.9, 126.1, 124.8 (d, J = 236.7 Hz, C=N), 123.4, 114.8, 113.8, 62.9 (d, J = 4.4 Hz, P(OCH,CHj3),),
16.1 (t, J = 5.4 Hz, P(OCH,CHj),). FT-IR (cm™): 3162, 2963, 1594, 1466, 1330, 1264, 1013, 964.

o (E)-dimethyl (2-phenylhydrazono) (phenyl) methylphosphonate 2f: Yellow oil, R~= 0.38 (2:1
Hexane:EtOAC). *H (CDCls, 400 MHz, ppm): 6 8.23 (s, 1H, NHPh), 7.49 (d, J = 7.1 Hz, 2H), 7.41 (t, J =
8.1 Hz, 3H), 7.21 (t, J = 8.0 Hz, 2H), 7.02 (d, J = 8.6 Hz, 2H), 6.89 (t, J = 7.3 Hz, 1H), 3.80 (d, J = 11.0 Hz,
PO(OCHj)2, 6H). *C NMR (101 MHz, CDCls, ppm): § 142.6, 135.2 (d, J = 240.1 Hz, C=N), 129.8, 129.6,
129.5 (x2), 129.1 (x2), 128.4 (d, J = 4.0 Hz, x2), 121.7, 113.4 (x2), 53.4 (d, J = 4.0 Hz, P(OCH3)). FT-IR
(cm™): 3197, 2952, 1702, 1546, 1226, 1179, 1017, 831, 753, 692.

o (E)-dimethyl (2-phenylhydrazono) (p-tolyl) methylphosphonate 2g: Yellow oil, R= 0.25 (1:1
hexane:EtOAc). *H (CDCls, 400 MHz, ppm): § 8.15 (s, 1H, NHPh), 7.26 (s, 4H), 7.18 (dd, J = 8.6, 7.3 Hz,
2H), 6.98 (d, J = 7.5 Hz, 2H), 6.86 (t, J = 7.4 Hz, 1H), 3.77 (d, J = 11.0 Hz, 6H, PO(OCHs)-), 2.34 (s, CHj).
3C NMR (101 MHz, CDCls, ppm): 6 142.8 (C), 139.9 (C), 135.6 (d, J = 240.0 Hz, C=N), 130.6, 130.2,
129.4, 129.0, 128.6 (d, J = 4.0 Hz), 128.3 (d, J = 4.0 Hz), 126.7 (d, J = 22.7 Hz, C), 121.8 (d, J = 59.4 Hz),
113.5 (d, J = 60.2 Hz), 53.7 (d, J = 6.9 Hz, P(OCHs)2), 53.4 (d, J = 5.4 Hz, P(OCHz)2), 21.4 (CH3). FT-IR
(cm™): 3208, 2950, 1600, 1501, 1502, 1233, 1025, 834, 753.

¢ (E)-dimethyl (2-phenylhydrazono) (4-bromophenyl) methylphosphonate 2h: Yellow oil, R= 0.38 (1:1
hexane:EtOAc). *H (CDCls, 400 MHz, ppm): & 8.15 (s, 1H, NHPh), 7.59 (t, J = 8.5 Hz, 2H), 7.26 (d, J = 8.4
Hz, 2H), 7.18 (d, J = 8.0 Hz, 2H), 7.00 (d, J = 8.1 Hz, 2H), 6.88 (t, J = 7.3 Hz, 1H), 3.78 (d, J = 11.0 Hz,
3H, P(OCHs),), 3.71 (d, J = 11.6 Hz, 3H, P(OCHjs)2). $*C NMR (101 MHz, CDCls, ppm): 6 142.6 (C), 133.9
(d, J=242.2 Hz, C=N), 132.9, 130.5, 130.1, 129.5, 129.0, 128.8, 128.6, 124.2, 122.1 (d, J = 56.4 Hz), 113.7
(d, J =57.4 Hz), 53.7 (d, J = 6.8 Hz, P(OCHs),), 53.4 (d, J = 5.8 Hz, P(OCHs),). FT-IR (cm™): 3200, 2953,
1599, 1478, 1260, 1023, 791.

o (E)-dimethyl (2-phenylhydrazono) (4-chlorophenyl) methylphosphonate 2i: Yellow oil, R=0.39 (1:1
hexane:EtOAc). tH (CDCls, 400 MHz, ppm): ¢ 8.20 (s, 1H, NHPh), 7.48 (d, J = 8.5 Hz, 2H), 7.37 (d, J =
8.7 Hz, 2H), 7.28 - 7.18 (m, 2H), 7.05 (d, J = 7.5 Hz, 2H), 6.93 (t, J = 7.3 Hz, 1H), 3.82 (d, J = 11.0 Hz, 6H,
PO(OCHz),). *C NMR (101 MHz, CDCls, ppm): 6 142.6 (s, C), 135.8, 133.9 (d, J = 242.2 Hz, C=N), 130.5,
130.3, 130.1, 129.8, 129.71, 129.66, 128.7, 128.2 (d, J = 23.2 Hz), 122.1 (d, J = 56 Hz), 113.1 (d, J = 22.5
Hz), 53.4 (d, J = 3.7 Hz, P(OCHs).). FT-IR (cm™): 3174, 2946, 1603, 1528, 1478, 1260, 1013, 792.

o (E)-dimethyl (2-phenylhydrazono) (4-nitrophenyl) methylphosphonate 2j: Light brown oil, R= 0.38 (2:1
hexane:EtOAc). 'H (CDCls, 400 MHz, ppm): 6 12.3 (s, 1H, NHPh), 8.11 (d, J = 9.0 Hz, 2H), 7.84 (d, J =
9.2 Hz, 2H), 7.27 (t, J = 7.4 Hz, 2H), 7.23-7.17 (m, 2H), 6.96 (t, J = 7.2 Hz, 1H), 3.72 (d, J = 11.5 Hz, 6H,
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PO(OCHs),). *C NMR (101 MHz, CDCls, ppm): 5 146.6, 143.1 (d, J = 26.9 Hz), 142.8, 130.0, 129.2, 126.2,
124.9(d, J = 234.0 Hz, C=N), 124.0, 115.1, 114.2, 53.1 (d, J = 7.4 Hz, P(OCHs),). FT-IR (cm): 3179, 2958,
1595, 1466, 1330, 1265, 1013, 851.

3.2. DFT Calculation of E/Z Form of Compounds 2a and 2f

Theoretical calculations utilized Gaussian 09, and visualization was conducted with GaussView 5.0 [15].
Geometry optimization for the E form of 2a and 2f and Z form of 2a and 2f molecules was carried out using
the 6-31+G(d,p) basis set functional integrated with B3LYP in the DFT method. Molecules were determined
by three structural parameters: bond length, bond angle and dihedral angle. In Figure S1 and Table S1-S4 (the
data is given in the supporting information), the numbered arrangement of atoms in the molecules after
geometric optimization, and the corresponding data for angles and bond lengths between these atoms are
provided. The isomers can transform by rotating the nitrogen group 180°. The potential for hydrogen bonding
between the hydrogen on nitrogen in the trans position and phosphorus results in the fixation of the nitrogen
group and resistant to rotate (Figure 1). Therefore, the zero-point vibrational energy (ZPE) is approximately
0.21 kcal/mol and 0.10 kcal/mol higher for Z-configurations in Z-2f and Z-2a, respectively. These energy
differences may be significant in terms of molecular stability and reactivity, as small energy changes in specific
conformations can dictate the preferred pathway of chemical reactions.

E-2a o Z-2a ')’i_’

<\

X

Figure 1. Images of molecules E-2a and Z-2a; E-2f and Z-2f from different perspectives after geometric
optimization

The DFT analysis reveals that in the examined molecular structures, the Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) exhibit charge distribution patterns along the
entire molecular structure (Figure 2). Specifically, in E- configurations such as E-2f and E-2a, the phenyl units
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are positioned in closer proximity, influencing the charge distribution. On the other hand, Z- configurations
like Z-2f and Z-2a show phenyl units that are more distant from each other and adopt a planar arrangement.
Despite these structural variations, the charge distribution appears to be consistently and homogeneously
delocalized across the entirety of the systems studied. In addition, it has been observed that the band gap values
of Z- configurations in both molecules are lower compared to the E- configurations. The fact that the LUMO
level of the Z- configuration is lower than that of the E- configuration implies that the energy levels, and
consequently, electron behavior, are more accessible in the Z- configuration. It is considered that the positions
of the phenyl groups in the E-configuration create steric hindrance, while the planarity of the phenyl groups in
the Z-configuration facilitates charge movement. Additionally, the interaction between the hydrogen attached
to nitrogen in the Z-configuration and the electrophilic phosphorus atom in the phosphonate group has
supported this situation. As a result, Z- configurations are energetically more stable for both molecules. The
lower LUMO level in the Z- configuration suggests that the molecule can accept electrons at a lower energy,
potentially making it more efficient in electron transfer processes.

197 eV -1.264 eV
cghe Y -1.577 eV
B -1.884 eV e "

"%\Q_/ Py " % V'm
SRS % h.cm:;éé‘ “&w
\4.&% W,o (\gl/ﬁ?/’ub y bt;
: oY

Eg:4.30 eV O Eg:3.86 eV

L S,
Dy

-5.495 eV 5554 eV
E-2f Z7-2f

Figure 2. Theoretical charge distribution of HOMO-LUMO in E-2f and Z-2f; E-2a and Z-2a structures at the
B3LYP/6-31G(d,p) level

In addition, the interaction between nucleophilic and electrophilic groups plays a vital role in chemical
reactions, and understanding their contributions to factors like HOMO-LUMO and band structures is important
[16]. According to the total density calculation, electrophilic phosphonates, a common group in structures,
contribute directly to the LUMO of molecules since they tend to accept electrons (act as acceptors). The color
scale of the phosphonate groups in trans configurations indicates their higher electronegativity, providing
evidence for their lower energy levels (Figure 3).
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Figure 3. Electron density of E-2a/Z-2a and E-2f/Z-2f

4. Conclusion

The synthesis of exclusively the E-isomer of a-hydrazone phosphonates has been achieved in good yields
through the nucleophilic addition of triethyl phosphite and trimethyl phosphite to NI derivatives. The
dechlorination of compound 1 to form the corresponding NI’s in situ was achieved by using triethylamine. The
a-hydrazone phosphonates were obtained exclusively in E form rather than Z form. Nucleophilic addition of
trialkyl phosphite prefers to attack NI derivatives from the less hindered site to give exclusively E-isomer of
a-hydrazone phosphonate derivatives. Z-isomer of a-hydrazone phosphonate is stable due to H-bonding, but
E configuration a-hydrazone phosphonate is sterically less hindered. We have also performed the DFT
calculation for compounds 2a and 2f for both E and Z forms. After the geometric optimization, we have
determined the three structural parameters bond length and angle along with the dihedral angle provided in
supporting information. There is a potential H-bonding between the hydrogen atom connected to the N-atom
and the O-atom in the phosphonate group in the Z geometry of compounds 2a and 2f. This makes the
compounds 2a and 2f resistant to rotation (Fig. 1). This results in a higher zero-point vibrational energy (ZPE)
and the value is about 0.21 kcal/mol and 0.10 kcal/mol higher for Z-configurations in compounds 2f and 2a,
respectively. We have also determined the HOMO-LUMO energy levels for both E and Z isomer of compounds
2a and 2f. In E isomers of compound 2f (Figure 2) and 2a the phenyl groups are closely positioned affecting
the charge distribution. However, in Z- isomer of compounds 2a and 2f phenyl units are spaced farther apart
and adopt a planar arrangement. Due to H-bonding Z-configurations of both compounds 2a and 2f are found
to be energetically more stable. To that end, the titled compounds a-hydrazone phosphonates will be converted
into their a-hydrazone phosphonic acid forms and the investigation for the biological activity tests in due
course.
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Abstract — The origin and genome composition of tetraploid cultivated Onobrychis viciifolia (2n = 4x = 28) were
analyzed using dot-blot and genomic in situ hybridization (GISH) techniques. Dot-blot hybridization was used to
find a genomic affinity between O. viciifolia and 16 diploid Onobrychis species. The hypothesis on the origin of

Article History the O. viciifolia was tested using GISH. Dot-blot analyses suggested a genomic affinity between O. viciifolia and

Received: 31 Jan 2024 four diploid Onobrychis species (O. kachetica, O. supina, O. pallasii, and O. vaginalis). Hybridization signals
Accepted: 26 Mar 2024 were observed on O. viciifolia chromosomes when gDNA of O. kachetica, O. supina, O. pallasi, and O.
Published: 25 Jun 2024 hypargyrea were used as probes. However, the observed chromosomal distribution of hybridization signals did

not resemble GISH results. The observed signals colocalized with 35S rDNA or dispearse signals on all
chromosomes were observed depending on the probe. Further investigations using more comprehensive and
comparative analysis with both coding and repetitive DNA regions may provide a better understanding of the
genome composition and evolution of O. viciifolia.

Research Article

Keywords — Onobrychis, Dot-blot hybridization, GISH, FISH
1. Introduction

Onobrychis genus is a member of subfamily Faboidae of Fabaceae within the tribe Hedysareae. Onobrychis
Mill. includes about 170 mostly perennial species distributed through temperate regions of North America, the
Middle East and Europe [1-3]. Most Onobrychis species exist, especially in Anatolia, Caucasus, and Iran [4].
Based on floral characteristics this genus was classified into two subgenera: (i) Onobrychis Mill (consist of
four sections Dendrobrychis DC., Onobrychis, Lophobrychis Hand.-Mazt., Hemicyclobrychis (Sirj.) Rech.f.)
and (ii) Sisyrosema Bunge (including sections Hymenobrychis DC., Heliobrychis Bunge ex Boiss., Anthyllium
Nab., Afghanicae Sirj.,) [5].

The most commonly cultivated species of the genus is O. viciifolia, used mainly as a forage crop with many
valuable agronomic, environmental, and nutritional properties [1, 3, 6]. It is resistant to drought, pests, and
diseases, palatability and is an important source for pollinators [1, 7]. Although the genus Onobrychis has
potential agronomic importance, the genomic structure of Onobrychis species remains less studied [1, 8].
Detailed comprehensive analysis of its species in genetic and breeding research are necessary.
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Molecular phylogenetic analyses have shown that within the genus Onobrychis two main evolutionary lineages
can be distinguished, which correspond to the redefined subgenus Sisyrosema and Onobrychis [8]. The nuclear
genome size of O. viciifolia was reported as 2.5 pg/2C [9]. In this genus, two different basic chromosome
numbers (x = 7 and 8) were reported with two different ploidy levels, diploids with (2n = 2x = 14 or 16 and
tetraploids with 2n = 4x = 28 or 32 chromosome number [10-14]. The ancestral basic chromosome number
was determined as x = 8 in the nrITS phylogenetic context. Chromosomal organization of rDNA loci was
analyzed by fluorescent in situ hybridization to provide more comprehensive information on karyotype
structure of Onobrychis [15]. The genes encoding 5S rRNA and 35S rRNA (18S-5.85-25S rRNA) consist of
evolutionary highly conserved coding sequences [16] which are utilized as chromosomal markers [17, 18].
Several gains and repositioning of rDNA locus repatterning especially among diploids were suggested to
explain their organisation in Onobrychis. Chromosome number and the organization of rDNA loci showed
different patterns in both analysed Onobrychis subgenera. Two different basic chromosome numbers (x = 7
and 8) seem to be a result of several events of descending dysploidy (changes in chromosome number due to
structural chromosomal rearrangements e.g., translocation or chromosome fusion [15, 19]. Dysploidy and
polyploidy are important forces of evolution and diversification in Onobrychis genus and many of them are of
polyploid origin [15]. Polyploids which derive from a genome doubling which happens in a species are called
autopolyploids whereas, allopolyploid genome formation includes an interspecific hybridisation followed by
a doubling of genome [20].

Different hybridization methods e.g. dot-blot and genomic in situ hybridization (GISH), might be useful in
studying the genomic relationship among species. Dot-blot hybridization which is a nucleic acid hybridization
technique where complementary single-stranded sequences of DNA probe hybridize with single-stranded
sequences of the sample genome on a membrane under suitable conditions [21]. Dot-blot hybridizaiton was
successfully used to analyse genome affinity in different genera for example Arachis species [22]. On the other
hand, GISH is widely used to find the origin of numerous allopolyploids [23]. Molecular phylogenetic and
GISH were used to identify the parental taxa of Chenopodium quinoa and C. berlandieri [24]. In Passiflora
hybrid species, GISH was successfully used to confirm parental genomes [25].

The specific aims of this study were as: (i) to study genomic affinities of O. viciifolia with wild diploid taxa
using dot-blot hybridization; (ii) to test the hypothetical parentage by mapping parental genomes in the
polyploid using GISH.

2. Materials and Methods

2.1. Plant Material

Cultivated accession of tetraploid O. viciifolia and 16 diploid Onobrychis species were studied (Table 1). Seeds
were grown in a greenhouse facility of University of Silesia in Katowice, Poland.

Table 1. Information of the analyzed taxa

Species hame USDA* Collection Number
O. viciifolia Scop. Pl 170583
0. vaginalis C.A. Mey. Pl 325444
O. megataphros P1 301107
O. caput- galli (L.) Lam. P1205304
O. iberica Grossh. P1219602
O. kachetica Boiss. & Buhse P1 314469

*USDA North Central Regional Plant Introduction Station of the US National Plant Germplasm System
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Table 1. (Continued) Information of the analyzed taxa

Species name USDA* Collection Number
O. gaubae Boiss. & Buhse P1 380931
O. radiata (Desf.) M. Bieb. W6 24111
0. chorossanica Bunge ex Boiss. P1 314160
O. sternorhiza D.C P1 319056
O. vassilczenkoi Grossh. P1 678913
O. gracilis Besser W6 19496
O. pallasii P1 325448
O. alba (Waldst. & Kit.) Desv. subsp. laconica (Boiss.) Hayek W6 19337
O. supina (Vill.) DC. P1 383721
O. ptolemaica (Delile) DC. Pl 215344
O. grandis Lipsky Pl 440568

*USDA North Central Regional Plant Introduction Station of the US National Plant Germplasm System

2.2. Genomic DNA Isolation

Total genomic DNA (gDNA) was extracted from healthy and fresh leaf tissue following the modified CTAB
extraction method [26]. Genomic DNA concentration and quality were checked using Nano drop (ND-1000,
peqgLab, Erlangen, Germany). The quality of the DNA was verified by electrophoresis in 1% agarose gel.

2.3. Dot-Blot Hybridization

The genomic affinity between cultivated O. viciifolia and 16 wild diploid Onobrychis species (O. vaginalis,
O. caput-galli, O. iberica, O. kachetica, O. gaubae, O. radiata, O. chorossanica, O. sternorhiza, O.
vassilczenkoi, O. gracilis, O. pallasii, O. alba subp. laconica, O. supina, O. ptolemaica, O. grandis) was
analyzed using dot-blot hybridization using as a probe gDNA of O. viciifolia. The total genomic DNA of
tetraploid O. viciifolia was labelled with alkali-labile digoxigenin-11-dUTP using DIG Nick Translation Kit
(Roche) according to the manufacturer protocol. The 1 pg of genomic DNA isolated from analysed diploid
species were denatured at 95 °C for 10 min and genomic DNA of the species were transferred onto a positively
charged nylon membrane using the Dot-Blot 96 System (Biometra, Germany). gDNAs of the analysed samples
were fixed to the positively charged nylon membrane by UV treatment (UVP, CL-1000 Ultraviolet
Crosslinker), washed with distilled sterile water and then air dried. Hybridization process was performed at 37
°C using the DIG High Prime DNA Labelling and Detection Starter Kit Il (Roche) following to the
manufacturer’s protocol with 75% stringency washes. The signal detection process was accomplished using
anti-DIG antibody conjugated with alkaline phosphatase and chemiluminescence visualization was used. The
hybridisatiton signals were captured and quantified using ChemiDocXRS (BioRad, USA).

2.4. Genomic in situ Hybridization and Fluorescence in situ Hybridization

Seeds of the species were germinated in Petri dishes on moist filter paper at room temperature. Roots
approximately 2.0 cm long were immersed in ice-cold water for approximately 24 h then fixed in
methanol/glacial acetic acid (3:1). The fixed materials stored at 4 °C until use. Fixed roots were washed in 0.01
citrate buffer for approximately 20 min and then digested in a mixture of enzymes, 20 % (v/v) pectinase
(Sigma), 1% (wi/v) cellulase 'Onozuka R-10' (Serva) and 1% (w/v) cellulase (Calbiochem) for 1.5 h at 37°C.
Dissected meristems from root tips were transferred on a microscope slide into a drop of 45% acetic acid and
then squashed. The coverslips were removed from microscope slide following the freezing, the chromosome
slides were air dried. The prepared chromosome slides stored at 4°C [27].
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The probe labelling and GISH followed the Kolano et al. [28]. The genomic DNA of O. kachetica, O. supina,
O. pallasii, and O. hypargyrea were labelled with digoxygenin-11-dUTP using nick translation mix (Roche,
Switzerland). gDNA isolated from O. hypargyerea, species which seems to be distantly related with
O.viciifolia [13], was used as a control in GISH. The hybridization mixture containing 10% dextran sulphate,
50% deionised formamide, 0.5% SDS (sodium dodecyl sulphate), 2x SSC (Saline sodium citrate) and labelled
gDNA, was denatured approximately 10 minutes at 75 °C and applied to somatic chromosome slides. The
chromosome preparations with the hybridization mixture were denatured together at 72 °C approximately for
5 min in an in situ Thermal Cycler (ThermoHybaid, Franklin, USA). Hybridization was conducted about 48 h
at 37 °C in a humid chamber. FITC-conjugated primary anti-digoxigenin antibody (Roche, Switzerland) was
used to detect digoxygenin following post-hybridization washes and signal amplification with FITC-
conjugated antisheep secondary antibodies (Jackson ImmunoResearch, USA).

A 2.3-kb fragment of the 35S rDNA coding region of Arabidopsis thaliana [29] labelled with tetramethyl-
rhodamine5-dUTP (Roche) was used to detect the 35S rDNA loci. The probe labelling process and FISH were
performed according to the protocol of the Jenkins and Hasterok [30].

The chromosome slides were stained in Vectashield containing 2.5 ng/uL of DAPI (4',6-diamidino-2-
phenylindole dihydrochloride). All analyzed images were collected using a fluorescent microscope (Zeiss
Axiolmager.Z.2, Oberkochen, Germany). The somatic chromosome images were processed using ZEN 2. blue
edition (Zeiss). Two individuals were analyzed for each species.

3. Results and Discussion

The affinity between the genome of cultivated tetraploid O. viciifolia (2n = 4x = 28) and 16 diploid Onobrychis
species (2n = 2x = 14 or 16) was analysed using dot-blot hybridization (Figure 1). After dot-blot hybridization
with labelled gDNA of O. viciifolia; relatively strong hybridization signals were observed for O. kachetica, O.
supina, O. pallasii and O. vaginalis suggesting a relatively high genomic affinity between the tetraploid and
these four diploids. Rest of the analyzed diploid Onobrychis species revealed weak or no signals after dot-blot
hybridization with genomic DNA of O. viciifolia (Figure 1).

1 2 3 4
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D »
E @

Figure 1. Dot-blot hybridization revealing the genome affinities of O. viciifolia with representative diploid
Onobrychis species from two subgenera which are Onobryhcis and Sisyrosema: O. vaginalis, (A1), O.
megataphros (B1), O. caput-galli (C1), O. iberica (D1), O. kachetica (E1), O. gaubae (A2), O. radiata (B2),
O. chorossanica (C2), O. sternohiza (A3), O. vassilczenkoi (B3), O. gracilis (C3), O. pallasi (D3), O. alba
subp. laconica (E3), O. supina (A4), O. ptolemaica (B4), O. grandis (C4).
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Because O. supina belongs to the subgenus Onobrychis while three other diploids (O. kachetica, O. pallasii
and O. vaginalis) belong to the subgenus Sisyrosema the obtained result suggested that the hybridization
between species that belong to two different subgenera might have given rise of O. viciifolia. Its allotetraploid
origin was also supported by analyses of repetitive sequences showing that two different centromeric satellite
repeats interact with CENH3 in O. viciifolia also supports the allotetraploid origin of O. viciifolia [31, 32]. The
origin of Q. viciifolia and its genome composition was unknown [15, 32-36]. However recently analyses based
on EST-SSRs markers and relatively complete chromosome level genome assemble supported rather
autotetraploid origin of O. viciifolia [37, 38].

GISH is a valuable method to study the origin of polyploid species and enables the identification of two sets
of parental chromosomes [24, 39-41]. gDNA of four diploid species, O. kachetica, O. supina, O. pallasi and
O. hypargyrea were used as a probe in GISH to O. viciifolia chromosomes. Recent molecular phylogenetic
analyses of nrITS and combined plastid markers (trnL- F, rpl32/rpl32-trnL-F(UAG), ndhFrpl32) have
supported the close relationship between O. viciifolia and O. supina placed them in the same clade within the
subgenus Onobrychis [8,15]. On the other hand, two other species, O. kachetica and O. pallasi, were recovered
in a different clade and subgenus than O. viciifolia [2, 15].

After GISH with gDNA of O. kachetica as a probe, intense hybridisation signals were detected on four
chromosomes of O. viciifolia while the remaining chromosomes showed much weaker and dispersed
hybridization signals mainly located at pericentromeric region of O. viciifolia chromosomes (Fig. 2. A, C).
After GISH using gDNA of O. supina as a probe, weak hybridization signals were observed mostly in
subtelomeric regions of all chromosomes of the tetraploid (Fig. 2. B, C). The application of GISH with gDNA
of O. pallasi as a probe allowed to observe four major and several minor hybridization signals on eight
chromosomes of O. viciifolia (Fig. 2. D). When gDNA of O. hypargyrea, was used as a probe, hybridization
signals were observed on four chromosomes of O. viciifolia (Fig. 2. E). Reprobing of the same metaphase
plates with 35S rDNA revealed that four intense hybridization signals observed after GISH with O. hypargyrea
colocalized with the hybridization signals of 35S rDNA (Fig. 2. F). The coding sequences of 35S rDNA are
evolutionary conserved and very similar in all land plant [16]. Additionally, the four major hybridization
signals observed with gDNA of O. pallasii resemble the results of FISH with 35S rDNA to O. viciifolia
chromosomes which were obtained earlier by Yucel et al. [15].

F —

Figure 2. Somatic metaphases of O. vicifolia after GISH with gDNA isolated from A. O. kachetica B. O.
supina gDNA on chromosomes of O. viciifolia, C. O. supina (red) and O. kachetica (green) D. O. pallasi. E.
O. hypargyrea F. Reprobing with 35S rDNA on same metaphase plate of O. viciifolia chromosome plate.
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GISH is a very useful method for the identification of an ancestor genome in hybrids and allopolyploid plants
since it usually obtains clear and unambiguous distinction between two parental subgenomes e.g. GISH was
successfully used to verify the origin of Lilium hybrids [39]. However, after GISH with tested gDNAs to O.
viciifolia chromosomes observed patterns of hybridization signals did not allow to distinguish the parental
subgenome. Obtained results showed that O. viciifolia and analysed diploids share similar repetitive sequences
but they did not allow to identify parental species of the tetraploid. The coding sequences of 35S rRNA genes
are evolutionary highly conserved and very similar in plant genome as it was shown by comparative GISH
(cGISH) [42]. Except rDNA, the other hybridization signals were observed mainly in the pericentromeric
region of O. viciifolia chromosomes (Fig. 2). This heterochromatic region of chromosomes contains many
different repeats e.g. retrotransposons which might be similar in related species [43]. The obtained results may
suggest several hypotheses: (i) tested diploids are not parental species of O. viciifolia; (ii) the parental species
of analysed tetraploid were very closely related, and their genomes consist of similar repetitive sequences and
(iii) the O. viciifolia is a relatively old allotetraploid which underwent extensive diploidization. This post-
polyploidyzation evolution, which involve many different mechanisms e.g. homogenization, elimination and
gene conversion [44], have made the parental subgenomes extremely difficult to distinguished [44-46].

4. Conclusion

The origin and evolutionary history of O. viciifolia is complex, and there is no exact data about progenitor or
progenitors. A more global and comparative analyses combining molecular phylogenetic approached and
cytogenetic studies should be applied to better understand the evolutionary and origin of O. viciifolia. For
example, molecular markers such as chloroplast DNA (cpDNA) or methods based on new generation
sequencing (NGS) e.g. RAD-seq should be used.
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Abstract — The study focuses on assessing the merchant fleet performance of Tiirkiye, a country surrounded by
seas on three sides and holding a pivotal position in global logistics networks. It considers mean age of vessels,
total carrying capacity in dead weight tons, and the number of ships as indicators influencing Tiirkiye’s merchant
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2013, followed by a subsequent decline from 2013 onwards. Notably, there is a significant shift observed in 2016
across all three indicators. Given Tiirkiye’s aging fleet, the study suggests a focus on acquiring young and high-
capacity vessels to enhance fleet performance. This strategic approach can help Tiirkiye optimize its maritime
trade capability and maintain competitiveness in the global shipping industry.
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1. Introduction

Tiirkiye is situated at the intersection of Europe and Asia and its advantageous location along important trade
routes has shaped its current prominence in international business. Tiirkiye’s merchant fleet is an essential
component of the global maritime network, with a varied fleet composition that meets a range of cargo
demands and trade routes [1]. Erdogan and Cetin [2] highlights the crucial role of maritime transport in Turkish
economy, particularly in facilitating trade with Asia, Africa, and Europe. This is further emphasized by Cerit
[3], who identifies maritime transport as a key factor in the competitive advantage of Turkish exporters. The
sector’s contribution to Tirkiye’s industrial development, employment, and trade balance emphasizes
economic significance. Nevertheless, despite these advantages, problems like complicated regulations,
inadequate infrastructure, and environmental issues still exist, calling for a sophisticated approach to fleet
management. The maritime transportation sector in Tiirkiye has gained substantial significance since the
1980s, with its importance only being recognized in more recent times [4].

Identifying the distinctive features of Tiirkiye’s merchant fleet performance in the geopolitical, economic, and
environmental context can enable the formulation of specific policy recommendations tailored to its needs.
From a geopolitical perspective, Tiirkiye’s unique geopolitical position as a bridge between Europe and Asia
and its access to key waterways such as the Bosphorus make the performance of its merchant fleet critical for
global trade [5]. Understanding how Tiirkiye’s fleet competes in this strategic location can contribute to a
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broader understanding of international maritime dynamics. From an economic perspective, analyzing the
performance of Tirkiye’s merchant fleet, a large emerging market with a diverse economy, can provide
insights into the economic factors affecting the efficiency and competitiveness of the maritime sector [6]. From
an environmental perspective, analyzing the performance of Tiirkiye’s merchant fleet, which like many other
countries is subject to various environmental regulations and international standards in the maritime sector,
can provide insight into the extent to which the country complies with these regulations and address
environmental sustainability concerns [7]. In this study, we aim to analyze the performance of the merchant
fleet of Tiirkiye in more depth. In this context, we seek answers to the questions, specifically (i) what are the
strengths and weaknesses of Tirkiye’s merchant fleet performance using multi-criteria decision-making
methods and how do they compare to global benchmarks? (ii) how has Tiirkiye’s merchant fleet performance
changed over the years?

This paper is structured as follows: Section two presents the literature review. Section three describes the
dataset and methods used. Section four presents the findings and offers a detailed overview. Finally, the study
concludes with a discussion of the findings in relation to the existing literature, as well as an exploration of
limitations, implications, and directions for future research.

2. Literature Review

Studies on maritime competition and the search for policies to promote national shipping emphasize this
situation and offer various policy recommendations. For instance, Gardner et al. [8], Leggate and McConville
[9] and Brownrigg et al. [10] on the UK, Morris [11] on Australia, Coto-Millan [12] on Spain, Yercan [13] on
Tiirkiye, Damachi and Zhaoshen [14] on Nigeria, [15] and lheduru [16] on West and Central Africa,
Sawiczewska [17] on Poland, Song [18], and Chiu [19] on China. In terms of cross-country comparisons,
Marlow and Mitroussi [20] comparatively examined the tonnage tax regimes of the United Kingdom,
Netherlands, Liberia, Panama and Greece and found that Panama is the most favorable regime and the United
Kingdom is the least favorable regime under the scenario considered and that some of Greece’s international
rankings deteriorate as the age of the ship increases.

The performance of Tiirkiye’s merchant fleet is subject to a range of influencing factors, as indicated by various
studies. Cetin et al. [6] underscores the significance of competitiveness within the coaster market, while Yilmaz
[21] evaluates the Port State Control (PSC) performance of Turkish-flagged ships, reporting favorable PSC
performance. Karahan and Kirval [22] quantitatively assessed and visually map the primary attributes of the
Turkish maritime transportation sector by employing a cluster approach and emphasized the potential of
Istanbul county, also Karahan and Kirval [23] asserted that the maritime sector in Istanbul possesses substantial
potential to evolve into a prominent maritime cluster, not only within its regional context but also on a global
scale. While the observed statistical significance of clustering on firm performance is notable, the magnitude
of this impact was found to be moderate rather than high. According to Ciftci [24], maritime merchant fleet
are generally at or below the expected minimum levels relative to income levels in high-income countries with
institutionalized market economies. Even in countries with effective maritime policies, the industry is
adversely affected by high international competition. Furthermore, due to the extremely low GDP per capita
levels in countries such as Russia, India, Indonesia and China, including Tiirkiye, it is only possible to maintain
the existing capacities in merchant fleet formation, which requires high investment expenditures. Cetin et al.
[6] emphasized that one of the most important factors hindering the competitiveness of the Turkish owned
merchant fleet is the operation of old and outdated small sized general cargo vessels. As mentioned by Kaya
and Erginer [25], the mean age of vessels owned by Turkish shipowners exceeds the global fleet average by
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5.2 years. Another implications of Cetin et al. [6] is that In instances where funding is required, equity is
predominantly utilized, although it frequently proves inadequate. Access to financial resources for
modernization or the establishment of new fleets remains insufficient, prompting the pursuit of public support.
Moreover, employment of inexperienced and mostly unqualified seafarers on small sized vessels leads to
significant risks, and that a business model far from institutionalization is adopted, with family-owned
companies dominating the sector.

Baser [4] examined the evolution of the Turkish merchant fleet since 1980, specifically focusing on the
selection of technology and the overall productivity of the fleet. Accordingly, a critical issue within the Turkish
merchant fleet is the aging of shipbuilding technology, representing a significant challenge in the industry. In
addition, it was identified that the productivity of merchant fleet of Tiirkiye lags behind that of the global
merchant fleet. Yercan [13] provided an overview of policy decisions made by Turkish authorities on both
international and national fronts. Erdogan and Kara [26] employed a SWOT-AHP integrated method to
determine the optimal approach for Tiirkiye's maritime transportation policy, highlighting the utilization of
strengths to exploit opportunities as the most effective strategy in the former study. Kadioglu [27] traced the
progression of Tiirkiye's maritime sector from an inward-oriented strategy to a partially liberal policy, followed
by a planned development period, while also assessing the attainment of stated targets. Together, these studies
provide a comprehensive insight into Tiirkiye's maritime transportation policy.

Celik et al. [28] developed a practical decision support mechanism aimed at facilitating a comprehensive
multiple criteria analysis for the selection of ship registries using fuzzy AHP methodology and utilized with a
case investigation on Turkish maritime industry. Results suggest that ship registries of Tiirkiye, Panama, and
Malta have been selected for evaluation as potential alternatives for Turkish ship owners. Celik and Topgu
[29] conducted a quantitative decision analysis to address the flagging out issue within the Turkish shipping
fleet. They evaluated shipowners' decision-making preferences among the Turkish National Shipping Registry
(TNSR), Turkish International Shipping Registry (TISR), and Open Registries (ORs) as potential alternatives.
The findings of this case study highlight a notable inclination among Turkish shipowners to register with ORs.
Consequently, the study suggests that implementing significant changes in TNSR procedures could enhance
competitiveness in the international shipping market. One of the model proposals concerning the flagging out
issue in the Turkish maritime sector is a fuzzy quantified Strengths, Weaknesses, Opportunities, and Threats
(SWOT) analysis developed by Celik and Kandakoglu [30]. An original model, the ‘flagging out strategy
development and evaluation matrix' (FODEM), holds promise in offering a structured decision-making tool
for addressing the flagging out dilemma consistently.

Existing literature on maritime transport of Tiirkiye predominantly focuses on flagging out [29,30], market
structure [6, 22, 23], and maritime policies [13, 26, 27]. Within the scope of merchant fleet performance, as
far as we found out the studies are limited with fleet productivity [4] and PSC performance [21], and there is
no comprehensive study on the factors affecting merchant fleet performance. Consequently, this study is
anticipated to make a substantial contribution by addressing this gap and providing insights into the
performance of merchant fleet of Tiirkiye.

3. Data and Methodology

The UNCTADstat database offers a variety of sub-indicators under the category of “Maritime Transport” [31].
However, when examining Tirkiye’s data based on beneficial ownership, only two indicators are available:
"deadweight tons in thousands" and "number of ships.” In contrast, a broader range of indicators is accessible
based on the flag of registration. In this study, Tirkiye’s data has been meticulously reviewed to provide a
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comprehensive analysis. The study spans the years 2011 to 2023 and encompasses key indicators such as
"deadweight tons,” "number of ships," and "mean age of vessels." By focusing on these indicators, the study
aims to offer a thorough examination of Tiirkiye’s merchant fleet performance over the specified timeframe,
shedding light on trends, patterns, and potential areas for improvement within the country’s maritime industry.
The CRITIC method has been employed to assign weights to the indicators used in the study. With these
weights determined, the TOPSIS method was then applied to measure performance and rank Tiirkiye’s
merchant fleet performance by year. This approach allows for a comprehensive evaluation of Tiirkiye’s
maritime industry over the analyzed period, offering insights into its relative performance and potential areas
for enhancement.

3.1. CRITIC Weighting Method

CRITIC (Criteria Importance Through Intercriteria Correlation) method is used to determine the importance
levels of the criteria in the data based on correlation [32].

The CRITIC method offers a superior approach for determining the importance levels of criteria in data based
on correlation due to its ability to account for interdependence between criteria, robustness to data variability,
reduction of subjectivity through objective measures, handling of multicollinearity, provision of decision
support, and adaptability to diverse contexts. By considering the complex relationships between criteria,
CRITIC provides more accurate and reliable importance rankings, making it a valuable tool for decision-
making in various fields. The steps of probability weights with the CRITIC method are shown in Table 1 as
follows.

Table 1. Algorithm of CRITIC weighting method

1.Step: Decision Matrix A= [aij]mxn

_ aij_ajideal‘

i - i + . ..
. . . a;; =—2 2 —— where a;i%€%" and a,;i4€! " represents negative and possitive
2.Step: Normalized benefit-cost matrix 7~ a;ideat’ —a ideat ] ] P g P

ideal solutions, respectively.

. . aij
3.Step: Symmetric matrix Tij = , where a;; € A

Tt aij

¢ = 0; 211 (1 — r;;), where standart deviation and measure of conflict calculated by

4.Step: Information load 1 2 . .
0 = =X (ry —7)" and T2, (1 — 11;) equations, respectively.

5.Step: Probability weight wj = 2"_?1 o where ¢; correspon to each elemnt of information load.

3.2. TOPSIS Sorting Method

TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) method was used to investigate the
change and ranking of the number of ships, mean age of vessels and DWT variables by years [33]. It was
proposed by Hwang and Yoon [33] to determine the best alternative based on a consensus solution. The method
of determining the solutions that are closest to the ideal solution and farthest from the negative ideal solution
is called consensus (optimum) solution [34].

The TOPSIS technique was selected due to its alignment with the data and research goals, assessing the
performance of Turkey’s merchant fleet using specific metrics such as the average age of vessels, cargo
capacity, and number of ships. Its ability to facilitate precise, quantitative decision-making renders it well-
suited for ranking options based on their proximity to the optimal solution. In comparison to other methods,
such as Intuitionistic Fuzzy TOPSIS, conventional TOPSIS is more straightforward and computationally
efficient, making it the preferred choice for evaluating Turkey’s fleet performance from 2011 to 2023 with
defined metrics and minimal uncertainty. TOPSIS ranking steps are shown in Table 2 as follows.
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Table 2. Algorithm of TOPSIS sorting method

1. Step: Decision Matrix A= [aij]mxn, where a;;correspond to each element of criteria
rj = ——2—, where ;; denotes the elements of the normalized matrix N =
m 2
2. Step: Normalized Matrix Liza aiy
[7iil

) . . It consists of the elements v;; = w;r;; and is denoted as V = [v;;] _, where
3.Step: Weighted Normalized Matrix . mxn
j=1Wj = 1 and Tij € N.

Ideal and negative ideal separation measures are calculated with weighted matrix

4. Step: Ideal and Non-ldeal Solutions 2 2 .
elementsas S = |37, (vi; — v/ )" and S = X7, (vi; — v )", respectively.

5. Step: Similarity to Ideal Solution The optimum solution is determined by the C;* = S;/(S; + S} ) ratio, where
measure 0<(Ct<1.

4. Findings

In this section, first the importance weights of performance indicators were determined for each year between
2011 and 2023 by employing the CRITIC method, which assigns weights to the indicators based on their
relative importance. Subsequently, the TOPSIS approach is utilized to measure the merchant fleet performance
and compare the years. The weights derived from the CRITIC method are applied to the TOPSIS method to
evaluate and rank the performance of each year, allowing for a comprehensive analysis of Tiirkiye’s merchant
fleet performance over the specified timeframe. Table 3 presents the mean age of vessels, total carrying
capacity in dead weight tons, and the number of ships, which serve as indicators of the merchant fleet
performance of Turkish flagged ships from 2011 to 2023.

Since each of the indicators used to measure merchant fleet performance has a different unit of measurement,
it would not be useful to show the trend of each indicator over the years on a single figure. Therefore, all three
indicators are normalized with the 0-1 normalization method and the movement of the indicators between 2011
and 2023 is shown in Figure 1. This visual representation offers insights into the trends and patterns observed
in Tirkiye’s merchant fleet over the specified period.

Table 3. Raw Data and Normalized Data

Indicators Normalized Indicators
Years | Mean Age of Dead weight tons Number of | Mean Age Dead weight tons Number of

Vessels (in thousands) Ships of Vessels (in thousands) Ships
2011 25 8753 1315 0,50 0,66 0,89
2012 24 9680 1333 1,00 0,89 1,00
2013 24 10132 1325 1,00 1,00 0,95
2014 25 8738 1254 0,50 0,65 0,53
2015 25 8557 1241 0,50 0,61 0,46
2016 26 8629 1267 0,00 0,62 0,61
2017 26 8241 1266 0,00 0,53 0,60
2018 26 7975 1256 0,00 0,46 0,54
2019 26 7559 1242 0,00 0,36 0,46
2020 26 7064 1241 0,00 0,23 0,46
2021 26 6301 1184 0,00 0,04 0,12
2022 26 6129 1164 0,00 0,00 0,00
2023 26 6651 1170 0,00 0,13 0,04
Mean 25,46 8031,46 1250,62 0,27 0,48 0,51
Median 0,78 1241,93 54,55 0,39 0,31 0,32
S.Dev 26,00 8241,00 1254,00 0,00 0,53 0,53
Min 24,00 6129,00 1164,00 0,00 0,00 0,00
Max 26,00 10132,00 1333,00 1,00 1,00 1,00
Coef. Var 0,03 0,15 0,04 1,44 0,65 0,63
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In the normalization step, two distinct perspectives were taken into account: cost and benefit. Each criterion
was approached differently to ensure a comprehensive evaluation. For the cost-oriented age criterion, the
formula (xmax-x)/(xmax-xmin) was applied. This formula efficiently scales the data, allowing for a clear
comparison of the costs associated with different age values. On the other hand, for the benefit-oriented criteria
such as dwt (deadweight tonnage) and the number of ships, a different normalization formula was utilized.
Here, (x-xmin)/(xmax-xmin) was employed. By using this formula, the focus shifts to the benefits derived
from these criteria, enabling a fair assessment of their contributions relative to the entire range of data. These
distinct approaches ensure that both the costs and benefits associated with each criterion are effectively
considered during the normalization process, leading to a more balanced and insightful evaluation of the
decision-making factors.

According to the findings, the mean age of vessels has remained constant since 2016. This indicates that there
have been some attempts to keep the mean age of vessels constant or reduce it since this year. According to
UNCTAD Review of Maritime Transport [35], 87.9% of bulk carriers, 78.7% of container ships, 65.1% of oil
tankers and 42.8% of general cargo ships in the world merchant fleet are 19 years old or younger. When
analyzed on the basis of total carrying capacity and number of vessels, it is observed that the indicator values
reached a peak in 2013 but have been on a downward trend since then. Especially in 2016, it can be stated that
a breakthrough was experienced in terms of all three indicators. Finally, there is also a downward trend in the
number of vessels. The fact that the mean age of vessels has remained constant over the years suggests two
scenarios. The first one is the inclusion of younger vessels in the fleet and the second one is the disposal of
older vessels by directing them to the second-hand or demolition markets. However, the downward trends in
total carrying capacity and the number of vessels imply that the latter scenario is more probable.

1.2
1

0.8

o \-. \
; \ _

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Years

0-1 Normalization Score

= mean age of vessels === dead weight tons (in thousands) number of ships

Figure 1. Visualization of the indicators based on 0-1 normalization scores by years

CRITIC method, one of the objective weighting methods, was used to determine the extent to which indicators
are effective in Tiirkiye’s merchant fleet performance, and the findings are given in Table 4.

Table 4. Weights and rankings of indicators

Mean Age of Vessels Dead weight tons Number of Ships

o 0.388125 0.310251017 0.322784
Cj 0.17524 0.07955129 0.1103753
Wj 47.99% 21.78% 30.23%

Rank 1 3 2
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The most determinant indicator in Tiirkiye’s merchant fleet performance is the mean age of vessels with a
weight of 47.99%. This indicator is followed by the number of ships with a weight of 30.23% and total dwt
with a weight of 21.78%. Turkiye’s merchant fleet performance score between 2011 and 2023 is calculated by
TOPSIS method using the weights obtained from the CRITIC method and the yearly change in the performance
score is visualized with a line graph as shown in Figure 2.
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Figure 2. Merchant fleet performance score and rankings

Accordingly, Tirkiye’s merchant fleet performance score between 2011 and 2023 is on a downward trend and
the most important reason for this is the aging of the fleet based on the findings of the CRITIC method. In
addition to the aging of the fleet, the decline in the number of ships and total carrying capacity has made the
decline in fleet performance inevitable. In line with the changes in the indicators, Tiirkiye’s fleet performance
showed a negative break in 2016.

Finally, the box plot in Figure 3 shows some descriptive statistics on Tiirkiye’s merchant fleet performance
score between 2011 and 2023.
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Figure 3. Merchant fleet performance score box plot

Accordingly, Tiirkiye’s average merchant fleet performance for the years analyzed is 0.514. The lowest score
among these years was 0.245, while the highest score was 0.753. When the third quartile value is taken into
account, it is observed that the performance score is below 0.657 in 75% of the analyzed time period, and
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according to the first quartile value, it is below 0.324 in 25% of the analyzed time period. The median merchant
fleet performance score for Tiirkiye in the years analyzed was 0.576. In other words, fleet performance was
below 0.576 in half of the time period and above 0.576 in the other half.

5. Discussion and Conclusion

In today’s global economy, where services outweigh goods, maritime transportation stands out as the key for
international movement and in this study, it is intended to evaluate the performance of merchant fleet of
Tiirkiye that plays a crucial role in global logistics networks. Tiirkiye needs to boost its merchant fleet’s
competitiveness, but high costs pose challenges. Findings implies that incentive mechanisms are vital to spur
development in maritime capabilities. Accordingly, to boost the Turkish merchant fleet, focus should shift to
fleet rejuvenation as also depicted by Cetin et al. [6]. Since 2013, the fleet has aged, remaining at 26 since
2016. In line with Baser [4], prioritizing the replacement of older vessels with newer ones will enhance fleet
efficiency. This means disposing older ships through the second-hand market or scrapping and acquiring
younger ones. The study suggests efforts to rejuvenate the fleet, but they are insufficient. As asserted by Kaya
and Erginer [25], the average age of Turkish fleet exceeds that of the world merchant fleet. Older vessels in
Tiirkiye’s fleet are being sold or scrapped to prevent the fleet’s average age from rising. However, there is a
lack of action to introduce new or younger ships, which would lower or at least maintain the average age. As
the total carrying capacity declines due to limited acquisition of younger vessels, industry players should
prioritize investing in vessels with significant carrying capacity. This strategic shift will improve all key fleet
performance indicators: age, carrying capacity, and number of vessels, leading to overall enhancement in
Tiirkiye’s merchant fleet performance. At this point, it would be appropriate to emphasize the average vessel
size. The implications of average vessel size can be evaluated from two different perspectives. A larger average
ship size may suggest a fleet composed of fewer but more capacious vessels, potentially indicating economies
of scale and operational efficiency as supported by Cullinane and Khanna [36]. Conversely, as also asserted
by Mulligan and Lombardo [37], a smaller average ship size may reflect a more diversified fleet with smaller
vessels catering to specific routes or cargo types.

The analysis underscores the need for Tiirkiye to invest in young and large commercial vessels, offering two
distinct approaches. Firstly, neglecting investment in younger, high-capacity vessels could escalate operating
expenses, notably in insurance and maintenance, due to Tiirkiye’s fleet being older than the global average. In
fact, as asserted by Tran and Haasis [38] investing in new capacity will result in higher total revenue for
operators, albeit at lower unit revenue. Moreover, older vessels may struggle to meet international maritime
standards, limiting charterer options and market reputation. An aging fleet also hampers competitiveness
during intense market competition. As implied by Alexandridis et al. [39] continuous investment in the
maritime sector is vital to tackle these challenges effectively. Secondly, the regional nature of trade in the
Mediterranean-Black Sea region, with smaller parcels, may hinder investment in large tonnage vessels.
Introducing newer, larger ships requires a review of existing business models to align with market demands.
Diversifying business models to engage in global trade beyond local regions could significantly enhance fleet
performance. As outlined by Lorange and Fjeldstad [40], expanding operations geographically enables access
to new opportunities and boosts efficiency. Indeed, Saya [41] emphasized that the development of Greek
shipping was greatly influenced by the fact that Greek shipowners gained the ability to develop business by
opening offices in maritime centers such as New York and London. This shows the significance of market

access, which Tiirkiye also needs to prioritize.

The study’s limitations include its reliance on data spanning from 2011 to 2023, the utilization of CRITIC and
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TOPSIS methodologies among numerous multi-criteria decision-making methods, and the adoption of mean
age, deadweight tons, and number of vessels as merchant fleet performance indicators. Future research could
explore varying time frames and employ diverse methods and indicators for comparative performance
assessment.
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Abstract — The high toxicity of materials in disaster waste poses a significant risk to the environment, including
the air, water, soil, and all living beings. One of the commonly used disposal methods for hazardous solid waste
is landfilling. The selection of sites for hazardous solid waste disposal requires extreme care and attention to
multiple factors from environmental, social, and economic points of view. Considering the anticipated earthquake
in Istanbul and the city’s excessive population and urbanization, experts estimate that debris waste will be

Article History approximately 25 million tons. In this study, we propose a Geographic Information System (GIS) based fuzzy

Received: 11 Jan 2024 Multi-Criteria Decision Making (MCDM) approach to select hazardous solid waste landfill (HSWL) locations
Accepted: 08 Apr 2024 within the scope of disaster waste management for Istanbul. First, the evaluation criteria were identified through
Published: 25 Jun 2024 a literature review and expert opinions. Next, criteria are prioritized using the Fuzzy Analytic Hierarchy Process

(FAHP). Then, GIS data for the criteria are gathered from multiple resources and entered into ArcGIS 10.8 for
spatial analysis. Last, the suitability map of Istanbul for the HSWL construction is built. Considering five
candidates, the Analytic Hierarchy Process (AHP) is applied to select the most suitable locations for Asian and

Research Article

European sites in the city. Accordingly, Fevzipasa/Silivri for the European side and Hasanli/Sile for the Asian
side were selected as the most suitable two options. Last, a sensitivity analysis was performed to investigate the
impact of the highest weight criterion on the final solution.

Keywords — Disaster waste management, fuzzy analytic hierarchy process, geographic information system, hazardous solid waste management,
multi-criteria decision making

1. Introduction

Disasters can cause significant harm to society, damage residential areas and infrastructure, and produce
extensive amounts of debris. Debris includes numerous hazardous materials, including heavy metals like lead,
organic and inorganic substances with high toxicity, and asbestos. The release of ashestos-containing materials
during a disaster pollutes water sources, soil, and air. It can pose serious health risks, such as lung cancer,
mesothelioma, larynx, and asbestosis [1]. For instance, on February 6, 2023, two earthquakes measuring 7.7
and 7.6 magnitudes hit Kahramanmaras, affecting 11 provinces deeply and resulting in the loss of 50,500 lives.
At least 35,000 buildings were destroyed, while hundreds of thousands suffered severe and moderate damages.
The disaster caused approximately 350 to 580 million tons of construction and demolition waste including
around 1.5 million tons of hazardous waste, which threatened the health of people residing in the affected cities
(around 13 million people) and the environment due to the emission of asbestos-containing materials [2, 3].
This unfortunate earthquake exhibits the importance of effective disaster waste management to prevent severe
negative impacts on health and the environment.
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The most critical objective of disaster management is appropriately managing the waste generated by the
disaster [4]. This involves selecting locations for the storage and subsequent disposal of disaster waste and
removing the hazardous debris and harmful waste immediately after the disaster to minimize the damage. Due
to its complex geological structure and tectonic position, numerous active faults exist in Tiirkiye, leading to
countless earthquakes throughout history. Therefore, utmost attention should be paid to disaster waste
management to mitigate its negative impacts on the community and the environment. In this regard, this study
aims to support experts in selecting hazardous solid waste landfill (HSWL) sites for the anticipated earthquake
in Istanbul.

According to a Kandilli Observatory and Earthquake Research Institute report, Istanbul comprises 18.7% of
Tiirkiye’s total population, with more than 4.75 million households and 15.9 million people. It is estimated
that around 70% of the buildings constructed before 2006 in Istanbul do not comply with seismic regulations,
corresponding to more than 3.1 million dwellings. The anticipated Istanbul earthquake, estimated by experts
to be between 7.5 and 7.6 magnitudes, will also affect eight neighboring provinces, impacting 7,870,806
households and 25,590,594 people, accounting for approximately 30% of Tiirkiye’s population. Taking into
account the region that the potential Istanbul earthquake will affect and the number of non-seismic code-
compliant structures, it is expected that nearly 25 million tons of debris will be generated after the destructive
earthquake [5]. Therefore, action plans to manage the disaster waste should be taken urgently.

This study contributes to the literature by integrating Geographic Information System (GIS) data with the
Fuzzy Analytic Hierarchy Process (FAHP) method to decide optimal landfill sites for the Istanbul region for
hazardous solid waste, specifically disaster waste. To decide on HSWL sites for Istanbul, we developed a fuzzy
Multi-Criteria Decision Making (MCDM) model that utilizes GIS data and the FAHP method. First, essential
criteria that impact the location selection are collected from literature and experts’ opinions. Next, criteria are
prioritized by FAHP, considering the former studies and experts’ judgments. Then, geographical information
for each criterion for the Istanbul region is mapped using ArcGIS 10.8 software. Using GIS data and criteria
weights, the suitability map, which demonstrates the map of zones suitable for HSWL for Istanbul, is created.
Last, alternative locations are ranked using Analytic Hierarchy Process (AHP), and the best locations for Asian
and European sites in Istanbul are selected. Last, sensitivity analysis is performed to examine the impact of
criteria weights on the solution. The organization of the paper is as follows. The studies in the literature are
presented and discussed in Section 2. The methodology that utilizes GIS data and the FAHP method is outlined
in Section 3. The case study and sensitivity analysis undertaken to explore the prioritization of criteria in
decision-making are detailed in Section 4. Finally, Section 5 concludes the paper.

2. Literature Review

The selection of a location for the storage and disposal of hazardous solid waste is evaluated under the name
“location selection problem” in the literature. The location selection problem, first introduced by the German
economist Alfred Weber in 1909, focuses on selecting a depot that provides the most suitable raw materials,
labor, logistics, and unit costs for all customers. Although Weber’s work was initially conducted in the
industrial field, his theory of “Location Selection” has significant importance not only in the industrial field
but also in economics, mathematics, natural sciences, and many other disciplines [6].

An analysis of research related to the selection of locations for waste management and disaster waste
management is outlined in Table 1. Most of these studies primarily concentrate on selecting locations for
municipal solid waste landfills, with comparatively fewer investigations addressing disaster waste
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management. Consequently, we have incorporated studies that specifically delve into selecting sites for
hazardous waste disposal. Additionally, because GIS enables the inclusion of spatial data in the solution, we
considered the studies utilizing GIS. GIS is a decision support system that allows us to collect, store, update,
control, analyze, and visualize information related to the Earth’s surface [7]. GIS allows us to comprehensively
analyze the geographic and topographic characteristics of a specific area, such as land use, accessibility,
proximity to settlement areas, and slope, which are essential in the selection of hazardous solid waste disposal
sites.

Table 1. Summary studies for waste disposal selection problem that utilizes GIS

Problem Methodology Study
Disaster waste management: Istanbul, Tiirkiye GIS — Multi-objective optimization (NSGA-II) [8]
Disaster waste management site selection Victoria, Australia GIS - Boolean logic [9]
Disaster waste management site selection South Korea GIS — MCDM (WSA) [10]
Disaster waste management site selection Wenchuan, China GIS — MCDM (TOPSIS) [11,12]
Disaster waste management site selection Egyptian Mediterranean Coast GIS — MCDM (N-OPA) [12]
Hazardous waste disposal site selection Zanjan province, Iran GIS — MCDM (SAW) [13]
Hazardous waste disposal site selection Avellino in Campania region GIS — MCDM (SAW) [14]
Hazardous waste disposal site selection Qom Province, Iran. GIS - MCDM (AHP) [15]
Hazardous waste disposal site selection Western Ghana GIS - MCDM (AHP) [16]
Municipal solid waste landfill location selection Kupang, Indonesia GIS - MCDM (AHP-SAW) [17]
Municipal solid waste landfill location selection Maharashtra, India GIS — MCDM (AHP) [18]
Municipal solid waste landfill location selection (Peshawar district) in Pakistan GIS — MCDM (AHP) [19]
Municipal solid waste landfill location selection Bandar Bushehr, Iran GIS — MCDM (FAHP) [20]
Municipal solid waste landfill location selection Najran, Saudi Arabia GIS — MCDM (FAHP) [21]
Municipal solid waste landfill location selection: Dhanbad, India GIS — MCDM (FAHP) [22]
Waste disposal site selection Dejen town, Ethiopia GIS — MCDM (AHP) [23]
Waste disposal site selection Fez province, Morocco GIS — MCDM (AHP) [24]
Landfill site selection: Istanbul, Tiirkiye GIS — MCDM (AHP) [7]
Landfill site selection: Javanrood, Iran GIS — MCDM (AHP-TOPSIS) [25]
Landfill site selection: Edirne, Tiirkiye GIS - MCDM [26]
Solid waste sanitary landfill site selection: Denizli, Tiirkiye GIS - MCDM (AHP) [27]

ANP - Analytic Network Process; TOPSIS - Technique for Order Preference by Similarity to Ideal Solutions, SAW - Simple Additive Weighting, Elitist
Evolutionary Multi-Objective Optimization Technique (NSGA-II); WSA: Weighted Sum Analysis; N-OPA: Neutrosophic Ordinal Priority Approach

As seen in Table 1, MCDM methods are commonly used in solving the landfill site selection problem. MCDM
is a useful tool for quickly obtaining the most effective result for problems that require considering multiple
criteria, such as location selection. MCDM helps determine the best alternative by considering various criteria
and their importance. Among the MCDM methods, AHP is most preferred. AHP decomposes a decision-
making problem into criteria and sub-criteria; it defines and evaluates each criterion’s relative importance
through pairwise comparisons. Then, it ranks the available alternatives based on the importance of the criteria
and leads to a conclusion [28]. However, classic AHP falls short of covering the uncertain judgments and
opinions of the experts in decision-making. Therefore, AHP has been extended to FAHP to include the
uncertainty associated with individual assessments. Studies incorporating FAHP or other fuzzy approaches are
relatively fewer than crisp MCDM approaches [29].

Studies focus on selecting disaster waste management sites are as follows: Onan et al. [8] propose a multi-
objective optimization framework that employs NSGA-I1 and GIS data to decide on temporary disaster waste
management sites and incorporate the planning for collecting and transporting disaster waste. Cheng and
Thompson [9] employed GIS to generate a suitability map in Victoria, Australia, employing Boolean logic to
derive map layers. In another study, Lee et al. [10] applied the WSA with GIS data to address the challenge of
selecting temporary disaster waste management sites. Liu [11] utilized TOPSIS to select the most suitable
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location for disaster waste management in Wenchuan, China. AbdelAziz et al. [12] incorporated a fuzzy N-
OPA approach for disaster waste management in the Egyptian Mediterranean Coast for flood-prone areas.

Our research stands out by integrating GIS data with FAHP methods to select optimal landfill sites for the
Istanbul region for hazardous solid waste, particularly those originating from disasters. In this context, GIS
accurately captures reliable spatial data, while FAHP models imprecise and uncertain expert opinions.
Combining these two data types enhances decision-making processes and facilitates the efficient deployment
of disaster waste management sites. This paper contributes to the existing literature in two keyways. Firstly, it
introduces a three-step framework for HSWL location selection, where GIS analyses spatial data, FAHP
prioritizes criteria, and AHP ranks the candidate sites. Secondly, it demonstrates the practical application of
this framework through a case study in Istanbul, determining the optimal location for hazardous solid waste
management.

3. Methodology

The methodology in deciding on the potential HSWL locations for Istanbul includes four steps, as presented
in Figure 1. Each step is elaborated under subsections 3.1-3.4, respectively.

I N\
Step 1: DECIDE ON THE EVALUATION CRITERIA
Preliminary stage Expert opinions & Literature review
AN i vy
Step 2: ( CRITERIA WEIGHTING )
Fuzzy AHP Use experts” opinion and literature in FAHP |
[
- Y ~
CREATE MAP LAYERS
Step 3: Collect data and create layers for each evaluation
GIS (céaj:r ccé}c;ction L criteria )
C .
" SPATIAL ANALYSIS h
Euclidean distance calculation, slope assessment,
\ reclassification )
1 SUITABILITY MAP )
Perform weighted overlay analysis to create
\ suitability map y
I
v
Step 4: FINAL RESULT )
Final Ranking - AHP Rank alternatives using suitability map and select
the best alternative y

Figure 1. Methodology

3.1. Identification of Evaluation Criteria

In the scope of the research, a search was conducted on the Google Scholar search engine using specific
keywords related to the study content, including “hazardous solid waste landfill” and “hazardous solid waste
disposal”, in addition to the terms “GIS” and “MCDM?”. Next, those articles are filtered to select potential
evaluation criteria for HSWL site selection. Two experts with more than ten years of experience in
environmental engineering with a geography background supported us in verifying the evaluation criteria
gathered from the literature search. The evaluation criteria selected are described as follows.

Land cover (C1): Land cover refers to the physical or biophysical material covering the land, such as urban
areas, forests, or grassland, and is essential for determining the disaster waste disposal location. For instance,
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forests, urban areas, agricultural lands, natural reserves, or parks cannot be selected as HSWL locations. The
storage site should be as far away as possible from those areas. Additionally, population density is also a crucial
factor. The greater amount of debris is expected from the regions with higher populations. Therefore, debris
storage locations should not be too far from residential areas, which may create transportation challenges and
increase transportation costs. Soil and rock structure (C2): Geological maps provide valuable information
about the region, including soil types, rocks, and other structural features. When selecting HSWL sites, areas
where the soil types have a low permeability structure are preferred. Additionally, the ground should not be
soft or prone to waterlogging; it should be firm and stable. Surface (C3) and ground (C4) waters: HSWL areas
should be located far from water sources to prevent the leakage of toxic materials such as asbestos, which may
be released from debris. However, to reduce the emission of toxic gases by irrigating the debris, the storage
areas should be relatively close to water sources. Slope (C5): The slope of the areas where debris will be piled
should be as low as possible. Areas with a slope greater than 20% are excluded from the analysis. Aspect (C6):
To prevent the dispersion of harmful material dust by the wind, storage areas should not be constructed in the
direction of prevailing winds. Fault line (C7): The suitability of an area increases proportionally with the
distance from the fault line. Roadways (C8): The proximity of waste storage sites to roads is crucial for ease
of transportation and cost-effectiveness. Wind speed (C9): Wind speed can facilitate the transport of toxic
particles in the form of gas and dust clouds towards residential areas; therefore, it is beneficial to prefer areas
with low annual average wind speeds. Land value (C10): It is more appropriate to select locations for HSWL
in areas with relatively lower land values. Table 2 presents the relationship between evaluation criteria and the
other studies in the literature.

Table 2. The relationship between identified evaluation criteria and literature

Literature S Criteria

reratureSummaly . e c2 c3 ¢4 C5  C6 C7 _C8 C9  CIO
[7] X X X X X X
[25] X X X X X X X X X X
[26] X X X X X X X
[27] X X X X X
[30] X X X X
[31] X X X X X
[8] X X X X X
[19] X X X X X X X X
[23] X X X X X X X
[15] X X X X X X
[17] X X X
[18] X X X X X X
[14] X X X X X X
[24] X X X X
[16] X X X X X X X X
[9] X X X X

3.2. Criteria Weighting - Fuzzy Analytical Hierarchy Process

The FAHP decision-making method incorporates uncertainty and ambiguity in subjective judgments for
solving MCDM problems. It helps determine the relative importance of the criteria or alternatives through
linguistic terms when judgments are difficult to quantify. By employing the FAHP, we aim to assign
appropriate weights to each criterion to prioritize them based on their significance in the HSWL site selection
process. In our study, we opted for triangular fuzzy numbers (TFN) to capture the vagueness related to the
decision-maker due to its prominent applications. A TFN can be represented as M = (I,m,u). These
parameters represent the smallest possible (1), the most promising (m), and the largest possible value (u),
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respectively. The FAHP, employing the geometric mean method, is implemented as described in [32] as
follows:

Step 1: Make a pairwise comparison across evaluation criteria using linguistic terms [32] and create a fuzzy
decision matrix, M.

1 m12 cee m12 cee mln
i1 = | Mat mZn 1/m12 o Man
M1 ng 1/rnln 1/m'Zn 1

- 9-18-17-1 g1 5-14-13-15-17-191351 31 41
mij = li=j

U'll
CN
\1!
N
oe]]
R
O
R
l—\
~

H

—~

Step 2: Calculate the fuzzy geometric mean and fuzzy weights for each criterion using (3.1) and (3.2).
7= (A ® ... @iy ® .. figy) " (3.1)

Wi = (fl® [77'1 @ @ ‘Fi @ ...fn])_l (32)

In (3.1) and (3.2), m;; shows the fuzzy comparison value of criterion i with respect to criterion j. The notation

7, refers to the geometric mean of the fuzzy comparison value of the it" criterion, whereas W; indicates the
fuzzy weight of the criterion i, defined by TFN. Following, the center-of-area method is applied to defuzzify
the weights using (3.3) [33].

Ly + My, + Uy,

Then, normalization in (3.4) is applied to non-fuzzy weights T; to ensure the total sum of weights equals one
[34]. (3.4) denotes the normalized crisp weight of criterion i.

T;

N;, = ———
' ?=1Ti

(3.4)

3.3. Creation of Map Layers and Spatial Analysis

Once the evaluation criteria have been identified, vector or raster data are acquired from multiple resources.
The data collected from various sources has been entered to create relevant layers for each criterion in ArcGIS
10.8. The “Clip” tool is employed to cut all the layers according to the boundaries of Istanbul province. Next,
spatial analysis, including slope calculation, Euclidean distance analysis, aspect identification, reclassification,
and weighted overlay, are performed. In slope analysis, the slope of the area is calculated. Euclidean distance
analysis calculates the closest distance between each point and its nearest source. The aspect of the area is
determined by ArcToolBox — Spatial Analysis. Due to varying scales of input values for criteria,
reclassification analysis is conducted to establish a uniform evaluation scale. The scale used ranges between
“1” to “5”, where “1” refers to the lowest score and “5” denotes the highest score, based on the characteristic
of the criterion, whether minimum or maximum better. Last, criteria weights determined by FAHP are
incorporated, and weighted overlay analysis is executed. In weighted overlay analysis, the value of each cell
within the map layers is multiplied by the corresponding criteria weights and then aggregated across all criteria
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to generate a suitability map. The suitability map shows the suitable zones based on their scores from “1” to

“5”, ranging from unsuitable to very suitable.

3.4. Final Ranking — AHP

Considering the suitability scores of the regions and checking with the satellite images, candidate locations are
determined to ensure that restricted areas, such as forests, residential areas, highways, or rivers, are not selected
as candidate locations. Once the candidate locations are decided, the AHP method introduced by [35] is applied
to select the best location for HSWL. In AHP, first, we constructed a pairwise comparison matrix, size mxm,
where m refers to the alternatives (candidate HSWL sites) based on the reclassified values for each criterion.
Then, each pairwise matrix is normalized by dividing each cell in the matrix into the sum of the associated
columns. Last, the average of normalized values is computed for each alternative, which shows the weight of
each alternative, preference vector, for the associated criteria.

4. Case Study

4.1. Data Set

Data for each evaluation criterion is presented in Table 3. Spatial analyses, including slope calculation,
Euclidean distance analysis, and aspect identification, are conducted using the data in Figure 2. Next,
reclassification analysis is performed using studies by [27] and [26] to ensure measurement integrity across
evaluation criteria. Reclassification analysis for all evaluation criteria is presented in Tables 4 and 5.

Table 3. Data sources for evaluation criteria

Criteria Source Data Type Scale Analysis
Cl CORINE Land Cover (2018) Raster 100m Reclassification
C2 Istanbul ili Jeoloji Haritas1 (2023)
C3 OpenStreetMap (2023) Vector 1/25.000  Euclidean distance
C4 OpenStreetMap (2023) Vector 1/25.000  Euclidean distance
C5 EarthExplorer USGS Raster 25m Slope
C6 EarthExplorer USGS Raster 25m Aspect
Cc7 MTA (2001) Vector 1/25.000  Euclidean distance
C8 OpenStreetMap (2023) Vector 1/25.000  Euclidean distance
9 Global Wind Atlas (2018) Raster 100m Reclassification
C10 Gelir Dairesi Bagkanlig1 (2023)

Table 4. Reclassification analysis for Criteria 1 and 2 (adopted from [27] )

Unsuitable (1) Low suitable (2) Moderately suitable (3) Suitable (4) Most suitable (5)

Urban areas, Industrial or

commercial units and public .
. . . . Complex cultivation,
facilities, Mineral extraction sites, Natural grasslands,

. land principally Dumping ground,
Non-irrigated arable land, . Sclerophyllous
. occupied by . Bare rocks,
C1 Permanently irrigated arable land, . . vegetation, Pastures
. . agriculture, with . Sparsely
Fruit trees and berry plantations, L Transitional woodland-
. significant areas of vegetated areas

Broad-leaved forest, Coniferous shrub

. natural vegetation
forest, Mixed forest, Inland

marshes, Water bodies
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Table 4. (Continued) Reclassification analysis for Criteria 1 and 2 (adopted from [27] )

Unsuitable (1)

Low suitable (2) Moderately suitable (3)

Suitable (4) Most suitable (5)

Group A (Low Runoff Potential -

Group B

Group D

(Moderate Runoff Group C (High Runoff  Group D (Very High Runoff (Very High

. Potential — Potential - Restricted Potential - Very Restricted  Runoff Potential -
Good Drainage) . . .
Moderate Drainage) Drainage) Very Restricted
Drainage) Drainage)
. Cherty limestone, Spilite
C2 Breccia, Conglomerate, . .
. Conglomerate-Sandstone- ~ Migmatite
. Marble, Limestone, . .
Alluvial, Mudstone, Dolomite, Gneiss,
. . Metasandstone- . . N
Alluvial fan, Olistostrome Limestone with clay, Peridotite,
. Metaconglomerate- .
Travertine . . Melange, Sandstone- Schist,
Metapelite, Quartzite-
. mudstone, Sandstone- Schale
Quiartz schist, Talus .
Mudstone-limestone
Table 5. Reclassification analysis for Criteria 3 and 9 (adopted from [26])
Range Value Level of Suitability
<2 km 1 Unsuitable
2-3km 2 Slightly suitable
C3 3-4 km 3 Moderately suitable
4-5km 4 Suitable
>5 km 5 Very suitable
<2.5km 1 Unsuitable
2.5-4 km 2 Slightly suitable
C4 4-5.5km 3 Moderately suitable
5.5-7 km 4 Suitable
>7 km 5 Very suitable
%0-5 5 Very suitable
%5-10 4 Suitable
C5 %10-15 3 Moderately suitable
%15-20 2 Slightly suitable
>%20 1 Unsuitable
Northwest - Southwest 3 Moderately suitable
C6 North - West 4 Suitable
South — East — Southeast - Northeast 5 Very suitable
0-0.5 km 1 Unsuitable
0.5-0.75 km 2 Slightly suitable
Cc7 0.75-1.25 km 3 Moderately suitable
1.25-2 km 4 Suitable
>2 km 5 Very suitable
0-0.1 km 1 Unsuitable
0.1-1 km 3 Moderately suitable
C8 1-2 km 4 Suitable
2-5km 5 Very suitable
>5km 1 Unsuitable
0-5 km 5 Very suitable
5-10 km 4 Suitable
C9 10-15 km 3 Moderately suitable
15-20 km 2 Slightly suitable
>20 km 1 Unsuitable

Figure 2 shows the GIS layers for each evaluation criteria after reclassification analysis. In these maps, for

each particular criterion, unsuitable locations with a score of “1” are presented in light red color. In contrast,

very suitable locations with a score of “5” are presented in dark red.
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Figure 2. GIS layers for each evaluation criteria
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4.2. Determination of Criteria Weights

We applied the FAHP method to prioritize the evaluation criteria. First, experts are asked to conduct a pairwise
comparison using linguistic expressions. Specifically, experts are asked to evaluate the importance of each
criterion against the rest of the criteria in the scale shown in Table 6. A common response from both experts
for each comparison is used in the calculations.

Table 6. Linguistic terms used to define relative importance [32]

Linguistic variable Fuzzy numbers
Extremely strong (9,9,9)
Intermediate (7,8,9)
Very strong (6,7,8)
Intermediate (5,6,7)
Strong (4,5,6)
Intermediate (3,4,5)
Moderately strong (2,3,4)
Intermediate (1,2,3)
Equally strong (1,1,1)

The results of these comparisons are fuzzified, leading to a matrix consisting of TFN, as shown in Table 7.
Table 7 shows a consistency ratio below 0.1, indicating high consistency and reliability in the experts’
judgments. A consistency ratio below 0.1 ensures internal coherence in comparing criteria, allowing the matrix
to be effectively utilized in subsequent stages of FAHP. Then, following the procedures outlined in Section
3.2 for FAHP, we have computed and displayed the crisp weights in Table 8. In Table 8, surface waters (0.273)
followed by soil and rock structure (0.243) are determined as the two most essential criteria, whereas land
value (0.009) is calculated as the least important criterion. The highest prioritized two criteria in our study,
“surface waters” and “soil and rock structure” are also listed as the most frequently used criteria for landfill
site selection in a review study by Donevska et al. [36] that investigates the landfill site selection methodologies
and criteria. In another study Beskese et al. [37] determined soil conditions and topography as the most crucial
criterion for the landfill site selection. Both studies in the literature verify the prioritization of the criteria for
HSWL location selection.

4.3. Suitability Map and Final Ranking

Using the GIS layers presented in Figure 2 and criteria weights in Table 8, the “Weighted Overlay” analysis
in ArcGIS 10.8 is performed to generate a suitability map. The most suitable HSWL sites have been identified
based on the resulting output. Figure 3 presents the suitability map of Istanbul for HSWL construction. In
Figure 3, locations with higher suitability scores are demonstrated in black color. In contrast, less suitable
locations are in lighter red. According to the suitability map, five potential locations for storing solid and
hazardous waste from west to east are determined as follows: Silivri, Catalca, Arnavutkdy, Beykoz, and Sile.
Next, satellite images are used to select specific areas that are appropriate for the construction of the HSWL.
For instance, the Riva neighborhood of Beykoz was selected as a candidate because the region is close to solid
waste disposal facilities in IBB Istag Kémiirciiada. Additionally, considering the transportation cost, attention
is paid to select areas not too far from residential locations [38]. Land value (C10) is also considered in
alternative area determination. Specifically, Catalca, Silivri, and Sile are included due to lower land values
compared to Sisli or Besiktas [39]. Furthermore, the size of the candidate locations is adequate for the
construction of HSWL. Figure 4 presents the satellite images for five candidate locations.
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Table 7. Pairwise Comparison matrix of the criteria

C1 C2 C3 C4 C5 C6 C7 Cs8 C9 C10
| 1 4 6 5 0.25 0.13 0.33 0.17 0.11 0.11
C1 m 1 5 7 6 0.33 0.14 0.5 0.2 0.11 0.11
u 1 6 8 7 0.5 0.17 1 0.25 0.11 0.11
| 0.17 1 0.33 1 0.2 0.14 0.2 0.11 0.11 0.11
C2 m 0.2 1 0.5 1 0.25 0.17 0.25 0.13 0.13 0.11
u 0.25 1 1 1 0.33 0.2 0.33 0.14 0.14 0.11
| 0.13 1 1 0.25 0.14 0.11 0.2 0.11 0.11 0.11
C3 m 0.14 2 1 0.33 0.17 0.11 0.25 0.11 0.11 0.11
u 0.17 3 1 1 0.2 0.11 0.33 0.11 0.11 0.11
| 0.14 1 1 1 0.25 0.17 0.2 0.11 0.11 0.11
C4 m 0.17 1 3 1 0.33 0.2 0.25 0.11 0.13 0.11
u 0.2 1 4 1 0.5 0.25 0.33 0.11 0.14 0.11
| 2 3 5 2 1 0.33 0.33 0.2 0.25 0.11
C5 m 3 4 6 3 1 0.5 0.5 0.25 0.33 0.11
u 4 5 7 4 1 1 1 0.33 0.5 0.11
| 6 5 9 4 1 1 1 0.33 0.25 0.25
C6 m 7 6 9 5 2 1 2 0.5 0.33 0.33
u 8 7 9 6 3 1 3 1 0.5 0.5
| 1 3 3 3 1 0.33 1 0.2 0.33 0.11
Cc7 m 2 4 4 4 2 0.5 1 0.25 0.5 0.13
u 3 5 5 5 3 1 1 0.33 1 0.14
| 4 7 9 9 3 1 3 1 1 0.17
C8 m 5 8 9 9 4 2 4 1 2 0.2
u 6 9 9 9 5 3 5 1 3 0.25
| 9 7 9 7 2 2 1 0.33 1 0.25
C9 m 9 8 9 8 3 3 2 0.5 1 0.33
u 9 9 9 9 4 4 3 1 1 0.5
| 9 9 9 9 9 2 7 4 2
C10 m 9 9 9 9 9 3 8 5 3
u 9 9 9 9 9 4 9 6 4

Table 8. Pairwise comparison matrix of the criteria

Criteria

Weights Crisp Values

C1. Land Cover

C2. Soil and Rock Structure
C3. Surface waters

C4. Groundwaters

C5. Slope

C6. Aspect

C7. Fault Line

C8. Roadways

C9. Wind

C10. Land Value

0.092
0.243
0.273
0.203
0.061
0.029
0.053
0.018
0.020
0.009

456




JARNAS /2024, Vol. 10, Issue 2, Pages: 446-463 | Hazardous Solid Waste Landfill Site Selection for Istanbul, Tiirkiye -

o A

Legend
Istanbul_Suitability_Map
Value

[Jo

B 2

__E

.

I

G T

v CA P

SUITABILITY MAP

% 3
o
.
e T «?

i

“

4,
ay ot R
. 5 £y
. -

.
-

! RN AVUTKOY
~ .
JGATALCA . - ; A h,. . ,
1 . G N T R Y
i 2 e oy siE
- ? %, SULTANGAZE o XROS ; - ¥ . _—
. .
L A . , X .
BASAKSEHIR | % . l!sik‘ms:e s &
YUK . ESENLER __ i
BUYUKCEKMECE | 7 ENLER PP Sl Cowmiily . } |
4 %[ JESENYURT ®e, __ . JUSKUDAR . 3 ¥
o AR S i CARANIVECERMEKOY cf - d
YLIKD 2 .
EEYLIR L‘lb.,\‘Cﬂ.-\R (BAKIRKOY e y i 1 e
ZEYTINBURNU o~ DIROY [ AR 0 .
SULTANBEYLI s
DuLTEPE 7 JEVLI
KARTAL
. x Lt
PENDIK .
ADALAR
.
TUZLA

[ mm mm ee—WIES
34

0 425 85 17 255

Figure 3. Suitability map

% \ />

Riva / Beykoz (A4)

Hasanli / Sile (AS)
Figure 4. Candidate locations for HSWL

457



JARNAS / 2024, Vol. 10, Issue 2, Pages: 446-463 | Hazardous Solid Waste Landfill Site Selection for Istanbul, Tiirkiye -+

Next, a pairwise matrix of candidates is created using the reclassified values for each criterion, as in Table 9.

Table 9. Pairwise comparison matrix of candidate locations for each criterion

C1 Al A2 A3 A4 A5 Weight C6 Al A2 A3 A4 A5 Weight
Al 1 5 3 1 4 0.362 Al 1 2 5 4 3 0.425
A2 0.2 1 05 033 0.5 0.074 A2 0.5 1 3 3 2 0.253
A3 033 2 1 0.33 2 0.137 A3 0.2 0.33 1 1 0.5 0.083
A4 1 3 3 1 4 0.331 A4 0.25 0.33 1 1 0.5 0.087
A5 025 2 05 025 1 0.096 A5 0.33 0.5 2 2 1 0.151
C2 Al A2 A3 A4 A5 Weight C7 Al A2 A3 A4 A5 Weight
Al 1 033 05 o011 0.25 0.054 Al 1 4 2 1 0.321
A2 3 1 3 0.33 0.5 0.175 A2 0.33 1 2 0.5 0.33 0.112
A3 2 0.33 1 0.33 0.33 0.096 A3 0.25 0.5 1 0.5 0.25 0.075
A4 9 3 3 1 1 0.379 A4 0.5 2 0.5 0.171
A5 4 2 3 1 1 0.296 A5 1 3 4 2 1 0.321
C3 Al A2 A3 A4 A5 Weight Cc8 Al A2 A3 A4 A5 Weight
Al 1 0.2 05 033 0.2 0.066 Al 1 1 1 1 1 0.200
A2 5 1 2 0.5 0.5 0.216 A2 1 1 1 1 1 0.200
A3 2 0.5 1 0.5 1 0.157 A3 1 1 1 1 1 0.200
A4 3 2 2 0.283 A4 1 1 1 1 1 0.200
A5 5 2 1 1 1 0.278 A5 1 1 1 1 1 0.200
C4 Al A2 A3 A4 A5 Weight C9 Al A2 A3 A4 A5 Weight
Al 1 5 3 0.5 0.325 Al 1 0.5 2 0.33 0.25 0.104
A2 025 1 2 2 0.33 0.135 A2 2 1 3 0.5 0.33 0.169
A3 0.2 0.5 1 1 0.33 0.085 A3 0.5 0.33 1 0.33 0.33 0.079
A4 033 0.5 1 1 0.33 0.092 A4 3 2 3 1 0.5 0.255
A5 2 3 3 3 1 0.362 A5 4 3 3 2 1 0.393
C5 Al A2 A3 A4 A5 Weight Cc10 Al A2 A3 Ad A5 Weight
Al 1 2 2 2 3 0.338 Al 1 0.5 3 2 2 0.246
A2 0.5 1 1 2 2 0.210 A2 2 1 5 0.385
A3 0.5 1 1 1 2 0.179 A3 0.33 0.2 1 0.5 0.5 0.075
A4 0.5 1 1 1 2 0.179 A4 0.5 0.33 2 0.5 0.120
A5 033 0.5 0.5 0.5 1 0.095 A5 0.5 0.5 2 1 0.174

The final ranking of the locations is shown in Figure 5. The ranking of candidate locations, from the highest
to the lowest, is as follows: Hasanli/Sile (A5), Riva/Beykoz (A4), Fevzipasa/Silivri (A1), Orencik/Catalca
(A2), and Durusu/Arnavutkdy (A3). Therefore, Hasanli/Sile (A5) is the best location to construct HSWL, while
Durusu/Arnavutkody (A3) is the worst candidate for HSWL construction.

0.3 0.27
0.251
0.25

0.2 0.188 0172

i 2]
S
g 0.15 0.119
0.1
0.05
0
Al A2 A3 A4

Alternatives

AS

Figure 5. Ranking of alternative locations

458



JARNAS / 2024, Vol. 10, Issue 2, Pages: 446-463 | Hazardous Solid Waste Landfill Site Selection for Istanbul, Tiirkiye -+

Considering the AHP rankings, Fevzipasa/Silivri (A1) for the European side and Hasanli/Sile (AS) for the
Asian side were chosen as the most suitable options. Silivri was also selected as a potential landfill site in
studies by [37] and [7]. The total area of these two regions is 5,080,699 m?. According to the regular waste
disposal regulation published in the Official Gazette on March 26, 2010, hazardous solid waste facilities,
classified as Class I, can stack waste up to 5 meters high. Therefore, the total capacity of the facilities is 25
million m?, which is sufficient to handle the expected amount of debris.

4.4. Sensitivity Analysis

Sensitivity analysis is a common approach for methodically modifying criteria weighting and examining its
influence on the solution. In this section, we explore how the final solution — the location of HSWL sites —
changes in response to adjustments in the weights assigned to evaluation criteria. The percentage change in
criterion i is presented in (4.4).

W; = Wjg + Wjg X YD (44)

where w;, presents the initial value of the it criterion, YD refers to a percentage, and w; shows the updated
value of the i*" criterion. For instance, when the surface water criterion was augmented by 5%, the resulting
weight was computed to be 0.287. The weights of the remaining criteria must be modified to ensure that the
total sum of all criteria weights equals “1”. By applying (4.5), the rest of the parameters are updated. In (4.5),
wjo and w; refer to the initial and final weights of the jt" criterion. For instance, the initial weight of the land

cover is 0.092, with a 5% increase in the surface water; the new weight of the land cover is calculated as

0.090 = (1 — 0.287) % %. The weights of the rest of the criteria are calculated similarly.
g l (1 —wy) '

Table 10 presents the corresponding shifts in weights for the remaining criteria based upon the change in the
weight of the criterion “Surface water”. Bold represents the baseline, a.k.a., initial weights.

Table 10. Change in criteria weights

Change in

percentage C1 C2 C3 C4 C5 C6 Cc7 C8 C9 C10
20% 0.085 0.225 0.328 0.188 0.056 0.027 0.049 0.017 0.018 0.008
15% 0.087 0.229 0.314 0.192 0.058 0.027 0.050 0.017 0.019 0.008
10% 0.089 0.234 0.300 0.195 0.059 0.028 0.051 0.017 0.019 0.009
5% 0.090 0.238 0.287 0.199 0.060 0.028 0.052 0.018 0.020 0.009
0% 0.092 0.243 0.273 0.203 0.061 0.029 0.053 0.018 0.020 0.009
-5% 0.094 0.248 0.259 0.207 0.062 0.030 0.054 0.018 0.020 0.009
-10% 0.095 0.252 0.246 0.211 0.063 0.030 0.055 0.019 0.021 0.009
-15% 0.097 0.257 0.232 0.214 0.064 0.031 0.056 0.019 0.021 0.010
-20% 0.099 0.261 0.218 0.218 0.066 0.031 0.057 0.019 0.022 0.010

Table 11 presents the solution with respect to the change in criteria weights. Accordingly, adjusting the surface
water criterion weights in a range of 20% did not change the solution. The ranking of the candidates from most
suitable to the least is as follows: Hasanli/Sile (AS5), Riva/Beykoz (A4), Fevzipasa/Silivri (Al),
Orencik/Catalca (A2), and Durusu/Arnavutkdy (A3).
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Table 11. Results of the sensitivity analysis

Percentage  Fevzipasa/  Orencik/ Durusu/ Riva/ Hasanli/ .
changeg Siliﬁ’/riS Catalca Arnavutkdy Beykoz Sile Solution (best to the worst)
20% 0.179 0.176 0.122 0.253 0.271 A5-A4-Al1-A2-A3
15% 0.181 0.175 0.121 0.253 0.271 A5-A4-Al1-A2-A3
10% 0.184 0.174 0.121 0.252 0.271 A5-A4-Al1-A2-A3
5% 0.186 0.173 0.120 0.251 0.270 A5-A4-Al1-A2-A3
0% 0.188 0.172 0.119 0.251 0.270 A5-A4-Al1-A2-A3
-5% 0.191 0.171 0.118 0.250 0.270 A5-A4-Al1-A2-A3
-10% 0.193 0.171 0.118 0.250 0.270 A5-A4-Al1-A2-A3
-15% 0.195 0.170 0.117 0.249 0.270 A5-A4-Al1-A2-A3
-20% 0.197 0.169 0.116 0.248 0.270 A5-A4-Al1-A2-A3
5. Conclusion

This study aims to select an optimal landfill site for hazardous solid waste resulting from a disaster in the
Istanbul region so that harm to the environment and the health of individuals can be reduced. First, evaluation
criteria for HSWL sites are determined by synthesizing studies in the literature and expert opinions. Next,
those evaluation criteria are prioritized based on the experts’ evaluation and judgment through the FAHP
method. Then, to achieve more realistic and precise results in the site selection, spatial data analysis was
performed in ArcGIS 10.8. A suitability map that demonstrates the appropriate locations for HSWL is
identified. Appropriate locations in the suitability map and satellite images obtained from Google Earth are
used to select the candidate locations to avoid the risk of defining residential areas as a candidate. AHP is
performed to select the best location among five candidates. Accordingly, Hasanli/Sile is the most suitable
location, whereas Durusu/Arnavutkdy is evaluated to be the least suitable region. However, to efficiently serve
both the Asian and European sides, Fevzipasa/Silivri for the European side and Hasanli/Sile for the Asian side
were chosen as the most suitable two options based on AHP rankings.

This research introduces a framework for determining optimal locations for HSWL in the Istanbul region,
intending to mitigate the adverse effects of hazardous waste. Although the application is limited to Istanbul,
the applicability of this framework extends beyond Istanbul. Decision makers can benefit from this framework
for deciding on HSWL locations for different regions. The originality of the framework is integrating objective
(spatial) and subjective data (expert opinions) using various techniques to assist decision-makers in selecting
HSWL locations. One limitation of this study is that it does not fully cover the economic aspect of the problem.
Only land prices and proximity to potential debris accumulation are considered when selecting candidate
locations. However, disaster risk assessment for the areas where more debris is likely to occur [40,41] and the
transportation cost to HSWL sites for cleaning up the debris [38] should be integrated in addition to land value.
In a future study, we plan to analyze the region for the debris accumulation in depth and integrate transportation
cost criteria in selecting the HSWL locations to address the cost, health, and environmental aspects.
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Oz - Giiniimiizde artan enerji ihtiyacina paralel olarak 6zellikle fosil yakitlarin tikenmesiyle birlikte alternatif
yenilenebilir enerji kaynaklarina yonelim hizla artmaktadir. Artan bu egilim ile birlikte, nemli bir enerji tastyici
kaynagi olan hidrojen 6ne ¢ikmaktadir. Hidroliz ile kolay, giivenilir ve hizli bir sekilde hidrojen elde edebilme
imkan1 saglayan borhidriirler bu kaynaklarin basinda gelir. Ancak borhidriirlerin sulu ortamdaki hidrolizleri
oldukga yavas oldugundan reaksiyonu hizlandirmak amaciyla katalizorlerin kullanilmasi gerekir. Bu katalizorler
homojen veya heterojen olabilirken, homojen katalizérlerin endiistriyel uygulamalarda daha fazla avantaji
bulunur. Bu ¢aligma kapsaminda potasyum borhidriiriin (KBH,) asit bazli homojen bir katalizor olan formik asit
varliginda hidroliz reaksiyonu ele alimmustir. Reaksiyonun kinetik davranigi formik asit miktari, sicaklik ve
potasyum borhidriir konsantrasyonu parametreleri incelenerek belirlenmistir. Farkli sicaklik verilerinden yola
¢ikilip reaksiyon hiz esitlikleri kullanilarak potasyum borhidriiriin formik asit varliginda hidroliz reaksiyonunun
hiz1 5 litre Hy/gkadk civarinda, reaksiyon hiz derecesi 1.1, aktivasyon enerjisi 57.92 kJ/mol, reaksiyon entalpisi
55.32 kJ/mol, entropi azalis1 58.11 J/molK olarak bulunmustur. Hidroliz reaksiyonuna ait Gibbs serbest enerjileri
ise 20, 30, 40 ve 60 °C ig¢in sirastyla 72.35, 72.93, 73.51, 74.67 kJ/mol olarak hesaplanmistir. Sonug olarak
potasyum borhidriiriin hidrolizi sonucu elde edilen hidrojenin, kiigiik 6lgekli PEM yakit hiicrelerinin ihtiyacini
karsilamak i¢in yeterli seviyede oldugu, hidroliz reaksiyonunun hiz degerlerinden anlagilmaktadir.
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Research Article

Abstract — Nowadays, in parallel with the increasing energy requirements, especially with the depletion of fossil
fuels, the trend towards alternative renewable energy sources is rapidly increasing. With this increasing trend,
hydrogen, an important energy carrier source, comes to the fore. Borohydrides provide the opportunity to obtain
hydrogen easily, reliably and quickly by hydrolysis. However, since the hydrolysis of borohydrides in aqueous
solutions is slow, catalysts have to be used to accelerate the reaction. While these catalysts can be homogeneous
or heterogeneous, homogeneous catalysts have more advantages in industrial applications. In this study, in the
presence of formic acid, an acid-based homogeneous catalyst, the hydrolysis reaction of potassium borohydride
(KBH,) was investigated. The kinetic behavior of the examined reaction was determined depending on formic
acid amount, temperature, and potassium borohydride concentration. Based on different temperature data and
reaction rate equations, the hydrolysis reaction rate is found as around 5 liters of Hu/gcxmin, the reaction rate is
1.1, the activation energy is 57.92 kJ/mol, the reaction enthalpy is 55.32 kJ/mol, and the entropy decrease is 58.11
J/molK. The Gibbs free energies of the hydrolysis reaction were calculated as 72.35, 72.93, 73.51, 74.67 kd/mol
for 20, 30, 40 and 60 °C, respectively. As a result, it is understood from the hydrolysis reaction rate that the
hydrogen obtained at the end of potassium borohydride hydrolysis is sufficient to meet the needs of small-scale
PEM fuel cells.
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1. Giris

Son yillarda artan niifusla birlikte kullanilan enerji miktarlarinda hizli bir artis meydana gelmistir. Diinya
iizerinde enerji ihtiyaci agirlikli olarak fosil yakitlardan kargilanmaktadir. Ancak fosil yakitlarin yol agtigi
cevre kirliligi ve rezervlerinin yillar icinde azalmasi ile birlikte meydana gelen siirdiiriilemez durum, yakin
gelecekte alternatif enerji kaynaklaria yonelmeyi zorunlu hale getirmektedir. Glinlimiizde gelecek vadeden
en Oonemli temiz enerji kaynaklarindan biri hidrojendir. Hidrojen dogada en ¢ok bulunan element olmakla
birlikte, hidrojenin uygulama alan1 genistir. Hidrojen; kokusuz, tatsiz, renksiz, hafif ve yanici bir gazdir. Temiz
enerji tastyicisi olan hidrojen, kiitle bazinda yiiksek enerji icerigine sahiptir. Hidrojenin yanma 1sis1 yiiksektir
ve zehirli etkisi yoktur. Hidrojendeki kimyasal enerji, yakit pilleri kullanilarak elektrik enerjisine gevrilir.
Sonug olarak, enerji verimliligi ve cevresel etkiler acisindan degerlendirildiginde hidrojenin, fosil yakitlara
kiyasla avantajlar1 olduk¢a fazladir. Bu sebeple hidrojen, gelecekte kullanilabilecek en énemli temiz enerji

tastyicilarindan biridir [1, 2].

Tiim avantajlarina ragmen, hafif bir element oldugu i¢in hidrojenin iiretildikten sonra depolanma sorunu ortaya
cikmaktadir. Giiniimiizde hidrojen, sikistirilmig gaz seklinde basinglh tanklarda, ¢ok diisiik sicakliklarda sivi
halde, metal hidriirlerde ve karbon nanotiiplerde olmak iizere dort temel yontemle depolanabilmektedir. Bunlar
icerisinde en giivenilir yontemlerden biri olarak, hidrojenin metal hidriirlerde depolanmasi goriiliir [3-5]. Metal
hidriirlerden biri olan borhidriirler kolay tasinabilir ve hidrojen depolama kapasiteleri yiiksektir. Hidrojen
depolamada, amonyum borhidriir, sodyum borhidriir, potasyum borhidriir ve lityum borhidriir 6ne
¢ikmaktadir. Borhidriirlerin yliksek pH’lardaki ¢ozeltileri zehirsiz ve kararli olup bu ¢ozeltilerin alev alma,
yanma ve patlama riskleri yoktur. Borhidriirlerin hidroliziyle, hizli bir sekilde hidrojen elde edilebilmesi igin
reaksiyonlar1 hizlandiran katalizorlere ihtiya¢ duyulmaktadir. Bu amagla literatiirde, farkli borhidriir
cesitleriyle -6zellikle metal bazli- katalizorler kullanilarak, gesitli caligmalar gerceklestirilmistir [6-9].

Literatiirde, hidroliz edilecek ¢ozeltiyle ayni fazda bulunmayip genellikle kati olarak sentezlenen metal bazli
kobalt, nikel gibi heterojen katalizorler ve asetik asit, fosforik asit, siilfiirik asit, formik asit gibi asit bazl

homojen katalizorler ile calismalar yapilip, hidrojen olusum hizlar1 hesaplanmistir [10].

Homojen katalizlemede, katalizor gaz veya sivi formda olup reaktanlar ile ayni fazdadir. Homojen katalizorler,
reaksiyon ortaminda ¢o6ziinebilen kimyasal tiirlerdir ve ortama kati madde olarak eklenmezler. Bu tip
katalizorler, reaksiyon baslamadan oOnce reaktiflerle birleserek aktif merkezleri olustururlar. Bu aktif
merkezler, reaksiyon mekanizmalarina etki edip gegici ara {irlinlerin olusmasini saglayarak reaksiyon hizim
artirirlar. Katalizor, reaksiyonun hizini artirmak igin siirekli kendini tekrarlar ve yiiksek miktarda {iriin
olusmasina yardimei olur. Homojen katalizorlerin etkinligi, aktif merkezlerin dogru bigimde olusmasi,
reaktiflerle verimli etkilesim, reaksiyon kosullar1 ve ¢oziiciiniin tiirli gibi parametrelere baghdir. Heterojen
katalizorlerde ise homojen katalizorlerin aksine yiizey alaninin sinirli olmast, katalitik aktiviteyi azaltan 6nemli
bir faktordiir [11].

Literatiirde genellikle sodyum borhidriir ile ¢aligmalar gerceklestirilmistir. NaBH. hidrolizi ile hidrojen
tiretiminde kullanilan homojen kataliz tiirleri asitler (6rnegin HsPOs, H2SO4, HCI ve CH3COOH) ve metal
kompleksleri (6rnegin Co, Ni, Pd kompleksleri) olarak iki grup altinda kategorize edilebilir [7, 12-17].

Sodyum borhidriiriin hidrolizinde homojen katalizor olarak kullanilan farkli tiirdeki asitlerin hidrojen olusum
hizlarmna etkisinin kontrol edildigi arastirmalar belgelenmistir [18, 19]. Ayrica potasyum borhidriiriin (KBHa)
hidrolizinde homojen katalizor olarak fosforik asidin kullanildigi ve hidrojen olusum hizlarindan
yararlanilarak hidroliz reaksiyonuna ait kinetik modelin ¢ikarildig: ve ilgili bu hidroliz reaksiyonu sonucunda

en fazla 4296 ml-dak*-g s hidrojen iiretme hiz1 oldugu raporlanmistir [14].
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Hidroliz reaksiyonunda homojen katalizor olarak asit kullanimi 1) optimum kosullarda yiiksek reaktivite, ii)
minimum yan reaksiyon, iii) ucuzluk, iv) enjeksiyon ve kullanim kolayligi, v) yiiksek kontrol edilebilirlik gibi
avantajlara sahiptir [7, 20].

Aragtirmalarda genellikle stabilitesi yiiksek, hidrojen depolama kapasitesi %10.8 olan, toksik ve yanict
olmayan sodyum borhidriir kullanilmaktadir. Bu ¢alismada ise hidroliz reaksiyonunun entalpi ve aktivasyon
enerjisini diigiirebilmek amaciyla potasyum borhidriir kullanilmis olup [21], homojen bir katalizor olan formik

asitin potasyum borhidriiriin hidrolizinde kullanilmasi ilk kez aragtirilmistir.

Potasyum borhidriiriin hidrolizi sicaklik, potasyum borhidriir konsantrasyonu ve formik asit konsantrasyonu
parametrelerine bagl olarak yiiriitiilmiistiir. Potasyum borhidriiriin formik asit varligindaki hidrolizi, agiga
cikan hidrojen hacimlerinin zamanla degisimine bagli olarak incelenip ilgili tepkimeye ait reaksiyon
mertebesi, aktivasyon enerjisi ile Gibbs enerjisi degerlerinin belirlenmesi hedeflenmistir.

2. Materyal ve Yontem

2.1. Materyal ve Kimyasallar

Bu deneysel ¢alismada, potasyum hidroksit (KOH, saflik derecesi >%99, Merck), potasyum borhidriir (KBHj,
saflik derecesi >=%98, Sigma-Aldrich), formik asit (HCOOH, saflik derecesi %98-100, Merck) kimyasallari

kullanilmustir.

2.2. Deney Yiiriitiiliisii

Deneysel caligmalarda kullanilan agirlikca KBHs Kkiitlesinin, hacimce KBHs4 sulu karigimina orani

(ﬂ [i]) %1.5 olarak hazirlanan ¢6zeltinin kendi kendine bozunmasini 6nlemek i¢in %2.5 ag/hacim
V(KBH4+H,0) Lml

oraninda potasyum hidroksit ¢ozelti ortaminda ¢alisilmistir. Elde edilen bu potasyum borhidriir ¢6zeltisi 30
°C' ye 1sitilip karistirilarak, termal dengeye gelince iizerine belirlenen miktarda formik asit (HCOOH) eklenip,
reaksiyon baslatilmistir. Deney diizenegi Sekil 1°de sunulmaktadir. Reaksiyon sirasinda g¢ikan hidrojenin
hacmi, dereceli bir meziir yardimiyla zamana gore kaydedilmistir. Degisen formik asit miktar1 (150, 350, 450
ul) ile bu deney tekrarlanmig ve asit miktarinin reaksiyon iizerindeki etkisi arastirilmigtir. Daha sonraki
deneylerde, sabit tutulan asit miktar1 (250 ul) ile reaksiyon farkli sicakliklarda (20, 40, 60 °C)
gerceklestirilerek, sicakligin etkisi aragtirtlmistir. Deneylerin son kisminda, %1.5'luk olan potasyum borhidriir
¢ozelti konsantrasyon ylizdesi degistirilerek (%0.25, %0.5, %1), sabit miktarda formik asit (250 ul) ile sabit
sicaklikta (30 °C) caligmalar yiriitiilmiistiir. Tim deneyler, %2.5'luk potasyum hidroksit (KOH) ¢ozeltisi ile
gergeklestirilmistir. Deneylerde formik asit, mikropipet yardimiyla cekilmistir. Reaksiyon i¢in hazirlanan
potasyum borhidriir ¢ozeltisi, her bir deneyde 10 ml’dir. Calisma boyunca g¢ozeltiler igin % ifadesi, ag/hacim

orani cinsinden kullanilmastir.

Hidrojen

KBH4 ¢ozeltisi
> +

Formik asit

Isiticih karistirici-1 Isiticih karistirici-2

Sekil 1. Deney diizenegi
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3. Bulgular ve Tartisma

Bu calismada potasyum borhidriiriin hidrolizi formik asit varliginda katalizoér miktar1, sicaklik, potasyum
borhidriir konsantrasyonu gibi parametrelere bagli olarak incelenmis olup kinetik davranig ¢ikarilmistir. Bu
parametrelerden elde edilen veriler ayr1 ayri ele alinarak asagida verilmistir.

3.1. Potasyum Borhidriiriin Hidrolizine Farkh Katalizor Miktarlarinin EtKisi

Katalitik bir reaksiyon olan potasyum borhidriiriin hidrolizi, 30 °C’ye getirilen 10 ml %1.5’luk KBH4
¢ozeltisine homojen bir katalizor olan formik asidin farkli miktarlar1 eklenerek, 400 rpm hizla karistirtlmistir.
Hidrolizin baslatilmasiyla elde edilen hidrojen hacimlerinin zamanla degisimi Sekil 2a’da verilmistir. Grafige
gore 150 ul formik asit katalizorii varliginda, KBH4’lin tamaminin bozunmasiyla elde edilecek H» gazi ideal
gaz denklemi ile 276 ml hesaplanmistir. Deneysel calismada kazanilmig olan 150 ml H> miktarinin bu %100
teorik doniisiim miktarina orani %54 tiir ve bu nedenle reaksiyonun tamamlanmadigi soylenebilir. 250 pl ve
izerindeki asit katalizorii varliginda dontisiim %100 civarindadir. 350 ve 450 pl katalizor varliginda hidroliz
egrilerinin ¢ogunlukla iist iiste ¢akistig1 goriilebilir. Sekil 2a’da ve daha sonraki grafiklerde bu gibi egrilerin
elde edilmesinde, reaksiyonun 100 saniye gibi kisa bir zaman siirecinde sonlanmasinin etkili oldugu
diisiiniilmektedir. %1.5 KBHj i¢in en uygun katalizoér miktarinin hangi deger oldugunu belirlemek amaciyla,
her bir katalizér miktar1 i¢in, Sekil 2a’da verilen davranisa ait baslangic¢ reaksiyon hizlar1 ¢ikarilmistir.

Sekil 2b’de katalizor miktar1 arttikca baslangi¢ reaksiyon hizlari siiratle diismektedir. Baslangi¢ reaksiyon
hizlar1 dikkate alindiginda, bu grafige gore en uygun katalizor miktarinin 150 pl formik asit oldugu
goriilmektedir. Bu sartlar uygulandiginda gram katalizor basina dakikada yaklasik 5 litre Hy, gazi elde
edilmektedir. Hidroliz reaksiyonunda 150 pl formik asit katalizorii varliginda hidrojen saliniminin, teorik
degerin %54’iinde kaldigi bulunmustur (Sekil 2a). Bu sebeple deneysel ¢aligmalarin bundan sonraki

parametreleri incelenirken, en uygun katalizér miktar1 olarak 250 pl secilmistir.

300
(@)
250
200
E
€ 150 °
&
g 100 —0—150 ul
Z 250 pl
50 350 pl
450 pl
0
0 20 40 60 80 100 120

Zaman (saniye)

Sekil 2. (a) Potasyum borhidriiriin hidrolizinde formik asit katalizér miktari-elde edilen hidrojen
hacimlerinin zamanla degisim grafigi (10 ml ¢6zelti, %1.5 KBHa, %2.5 KOH) (b) Baslangi¢ hizlarinin
katalizor miktariyla degisim grafigi (Baslangi¢ reaksiyon hizinin maksimum seviyede oldugu kabuliinden
yola ¢ikarak, Sekil 2a’daki verilere uyan polinom denklemlerinin x katsayisinin katalizor kiitlesine orani,
baslangi¢ reaksiyon hizin1 vermektedir)
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Sekil 2. (Continued) (a) Potasyum borhidriiriin hidrolizinde formik asit katalizor miktari-elde edilen hidrojen
hacimlerinin zamanla degisim grafigi (10 ml ¢6zelti, %1.5 KBHa, %2.5 KOH) (b) Baslangi¢ hizlarinin
katalizor miktariyla degisim grafigi (Baslangi¢ reaksiyon hizinin maksimum seviyede oldugu kabuliinden
yola ¢ikarak, Sekil 2a’daki verilere uyan polinom denklemlerinin x katsayisinin katalizor kiitlesine orani,
baslangi¢ reaksiyon hizin1 vermektedir)

3.2. Potasyum Borhidriiriin Hidrolizine Farkh Sicakhiklarin Etkisi

Potasyum borhidriiriin 20-60 °C arasindaki hidrolizi formik asit katalizorii varliginda 4 farkli sicaklik igin
incelenmis olup elde edilen hidrojen hacimlerinin zamanla degisim grafigi Sekil 3a’da verilmistir. Burada
goriilecegi gibi hidroliz hizi, sicakligin yiikselmesi ile birlikte artmaktadir. Sahin vd. [22] nin katalizor katkisiz
KBHjs hidrolizi aragtirmasinda, 20-60 °C sicaklik araliginda hidrojen salinim oraninin 5 saat sonunda bile en
fazla %60 mertebelerine ulagabildigi raporlanmistir. Bu bulgu, katalizér varliginin reaksiyon hizinin yiiksek,

doniisiimiin fazla olmasi i¢in elzem oldugunu gosterir.

Sekil 3a’da hidrolizin kinetik davranisi incelendiginde, 30-60 °C araliginda aciga ¢ikan hidrojen hacmi, 20 °C’
dekinden farklilik gosterir (bknz. Sekil 3a). Bu davranisin muhtemel nedeni, sicakligin artmasiyla birlikte
hidroliz reaksiyonunun daha kisa siirede tamamlanmasidir. 30 °C’ de ve istiindeki sicakliklarda hidroliz
reaksiyonu 90 saniyeden daha kisa bir siirede sonlanmaktadir. Sekil 3a’daki formik asit katalizorli varliginda
potasyum borhidriiriin hidrolizi, 30 ve 40 °C sicakliklarda, ilk 10 saniyedeki baslangi¢ bolgesinde bir adim,
sonrasinda baska bir adim olmak iizere iki asamada gergeklesir. Ayn1 adimlar 60 °C’de goriilememektedir.

Bunun nedeni, hidrolizin 10 saniyeden kisa siirede tamamlanmasi ve bu basamaklarin iist iiste ¢akigmasidir.

Sekil 3b’de ise farkli sicakliklardaki baslangic reaksiyon hizlar verilmektedir. Bu grafik incelendiginde
sicaklik artistyla birlikte baslangic hizlarinda da artis oldugu goriilmektedir. Katalizor miktar1 artisi
parametresi incelenirken, katalizor miktar1 ve baslangic reaksiyon hizinin ters orantili olarak degistigi
gozlenmistir (Sekil 2b). Calismanin bu kisminda ise artan sicaklik etkisiyle baslangi¢ reaksiyon hizinin siirekli

olarak arttig1 hesaplanmstir.
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Sekil 3. (a) Formik asit katalizorii ile potasyum borhidriir hidrolizinde sicaklik-elde edilen hidrojen
hacimlerinin zamanla degisim grafigi (250 pl formik asit, 10 ml ¢ozelti, %1.5 KBH4, %2.5 KOH) (b)
Baslangi¢ hizlarinin farkl sicakliklarla degisim grafigi

3.3. Potasyum Borhidriir Konsantrasyonunun Hidrolizine Etkisi

Potasyum borhidriiriin hidrolizi 30 °C’de farkli konsantrasyondaki ¢ozeltilerin varliginda 250 [/l formik asit
katalizorii ilave edilerek gerceklestirilmis, elde edilen hidrojen hacimlerinin zamanla degisimi Sekil 4’te
verilmistir. Bu grafikte goriilecegi gibi, ¢ozeltiye eklenen potasyum borhidriir miktar1 azaldik¢a, ¢ikan hidrojen
hacmi azalmistir. 0.15 g, 0.1 g, 0.05 g ve 0.025 g KBH, miktarlar1 i¢in hidrojen salinim teorik degerleri
sirastyla 276 ml, 184 ml, 92 ml ve 46 ml hesaplanmistir. Bu KBH4 baslangi¢ miktarlari i¢in deneylerde %100’e
yakin hidrojen ¢ikis1 oldugundan (Sekil 4) reaksiyonlarin tamamlandigi sdylenebilir. Bu ¢alismayla paralel
olarak, literatiirde borik asit konsantrasyonu sabitken, NaBH4 konsantrasyonu artirildiginda, H gazi ¢ikisinda

artis gozlenmistir [23].

Heterojen katalizorler kullanildiginda, potasyum borhidriir ¢ozeltilerinin hidrolizi sonucu agiga ¢ikan
potasyum metaboratin katalizoriin aktif bolgelerine ¢okerek katalizorii bloke edebilmesi veya viskozitenin
artmasiyla birlikte heterojen katalizorlerin etkinligini belirleyen kiitle transfer adiminda hidroliz
reaksiyonunun yavaslayabilmesi miimkiindiir. Sodyum borhidriir ve potasyum borhidriirlerin hidroliziyle
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hidrojen {iretiminde en 6nemli sorun, ¢ozeltideki konsantrasyon arttik¢a katalizoriin etkin yiizey alaninin
azalmasindan dolay1 katalizor etkinliginin diismesidir [24]. Fakat formik asit gibi homojen katalizorler,
cozeltinin icerisinde tamamen dagilmis oldugu icin hidroliz sonucu olusan potasyum metaboratin aktiviteyi
diistirmesi s6z konusu degildir. Bu davramis sebebiyle homojen katalizorler heterojen katalizorlere nazaran
uygulamada tstiinliik saglar. Diger taraftan sunu da ifade etmekte fayda vardir; formik asit gibi homojen
katalizorlerin en biiyiik dezavantaji tiim katalizor ylizey alaninin etkin olmasindan dolay1 ¢dzelti ilave
edildikten sonra hidroliz reaksiyonunun sonuna kadar devam etmesi, yani istenilen bir ara kademede
durdurulamamasidir [11].

300
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Sekil 4. Formik asit katalizorii ile potasyum borhidriir hidrolizinde potasyum borhidriir konsatrasyonu-elde
edilen hidrojen hacimlerinin zamanla degisim grafigi (250 pl formik asit, 10 ml ¢ozelti, %2.5 KOH)

3.4. Formik Asit Varhginda Potasyum Borhidriiriin Hidroliz Kinetik Calismalar:

Potasyum borhidriiriin formik asit varligindaki hidrolizine ait kinetik davranigini belirlemek {izere Sekil 3a’da
verilen farkli sicakliklardaki hidrojen hacimlerinin zamanla degisim degerlerinden yararlanilmistir. Bu amagla

n. dereceden reaksiyon hiz1 esitligi kullanilmistir. Potasyum borhidriiriin hidroliz reaksiyonuna ait reaksiyon
(3.1)’de verilmistir [22].

formik asit

KBHy(syaqy + 2H,0 ——— KBO; (syaay+ 4Hz(g) (3.1)
(3.1)’e ait n. derece hiz esitligi asagida verilmektedir:

dCKBH
74 = kreakCI?BH‘t CZIZO (3.2)

Cry0 » Ckpp, oldugu icin ky.qx Cfiop = k denilebilir. Bu durumda (3.2),

dCKBH

denklemine doniisiir. (3.3)’iin reaksiyon sartlarina gore integrali alinirsa,
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Cxets —dCypy ‘
f <= f kdt (3.4)
CxBH,, KBH4 0

Integral almip sinirlar yerine yazildiginda,

1
KBH, KBHy,
denklemi elde edilir. (3.5)’ten c”il ’e kars1 t ¢izildiginde Sekil 5’te goriildiigii gibi elde edilen dogrularin
KBHy4

egimlerinden hidroliz reaksiyonuna ait farkli sicakliklardaki reaksiyon hiz sabitleri olan k degerleri bulunur.
Sekil 5’teki reaksiyon hiz derecesi ise her bir sicaklik davranisi i¢in ayni olmak iizere iterasyon yoluyla
(regresyon katsayisi takip edilerek) n=1.1 olarak bulunmustur. Sekil 5’te bulunan farkli sicakliklardaki hiz
sabitleri kullanilarak Arrhenius esitligi uygulanmistir. Arrhenius esitligi (3.6)’da verilmistir.

E
k= Aerr (3.6)
(3.6) lineerlestirilirse,
Ea
Ink=Ind-— 3.7
nk=InA-— 3.7)

denklemi elde edilir. (3.7) denklemine gore Ink’ya kars1 1/T grafigi Sekil 6°da verildigi gibi ¢izildiginde elde
edilen dogrunun egiminden potasyum borhidriiriin formik asit varligindaki hidrolizi igin gerekli olan
aktivasyon enerjisi, Ea= 57.92 kJ/mol olarak bulunur.

15
1.45 I
&
1.4 e
."...
135 | oS °
_ 13 e
z N
I12s 0. ® ®20°C
X .. o*
12 ‘Q-’"'. 30°C
,.-',Q.
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1
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Zaman (dakika)

Sekil 5. Farkli sicakliklarda formik asit homojen katalizorii varliginda KBH4’lin hidrolizinin n. derece
kimyasal denkleme gore davranist (n=1.1"de en iyi uyum saglamistir.)
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Sekil 6. Potasyum borhidriiriin formik asit katalizorii varliginda hidrolizinin Arrhenius esitligine gore
degerlendirilmesi

3.5. Termodinamik Degerlerin Hesaplanmasi

(3.5)’ten hesaplanan farkl sicakliklardaki hiz sabitleri kullanilarak Eyring esitliginden termodinamik degerler
hesaplanmistir. Eyring Esitligi (3.8)’de verilmistir. Denklemde kg ve h sirasiyla Boltzman ve Planck
sabitleridir.

kgT =46
k = %eﬁ (3.8)

AG = AH-TAS (3.9
oldugundan

—AH+TAS
k = "‘BTT R (3.10)

(3.10), T’ye boliiniip lineerlestirilirse,

(3.12)

ln% ‘ye karst % cizildiginde, grafigin egiminden AH degeri, kayimdan da AS degeri Tablo 1°de verildigi gibi
bulunmustur (ln RTB = 27.85). AG degerleri ise her sicaklik i¢in hesaplanmistir.

Tablo 1’de formik asit katalizorii varliginda potasyum borhidriiriin hidroliz reaksiyonuna ait aktivasyon
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enerjisi (Ea), reaksiyon entalpi (AH) ve entropi (AS) degerleri ile farkli sicakliklardaki reaksiyon hiz sabitleri
(K) ve Gibbs serbest enerjileri (AG) verilmektedir.

Tablo 1. Formik asit katalizori varliginda potasyum borhidriir hidrolizine ait kinetik ve termodinamik
parametreler

1

T (°C) k (m_al)"_ldk Ea (kJ/mol) AH (kJ/mol) AS (J/molK) AG (kJ/mol)
1
20 0.725 57.92 55.32 -92.11 82.31
30 1.971 57.92 55.32 -92.11 83.23
40 3.178 57.92 55.32 -92.11 84.15
60 13.60 57.92 55.32 -92.11 85.99

Sekil 6’da sunulan veriler 1s18inda KBH4 hidrolizi i¢in gereken aktivasyon enerjisi 57.92 kJ/mol olarak
hesaplanmig olup bu deger literatiirde NaBH4 hidrolizi igin gerekli olan takriben 50 kJ/mol degeri civari ile
paraleldir [7, 25, 26]. Tablo 1°de hesaplanarak verilmis olan AG degerleri pozitif bulundugundan, hidroliz
reaksiyonunun iiriinler yoniinde kendiliginden gerceklesemeyecegi, aksine reaktanlar yoniine hareket etme

egiliminin oldugu anlagilmaktadir.

4. Sonuglar

Bu c¢alismada potasyum borhidriiriin hidrolizi homojen bir katalizér olan formik asit varliginda
gerceklestirildiginde hidroliz reaksiyon hizi 5 litre Ho/Qkardk civarinda bulunmustur. Bu deger kiigiik 6l¢ekli
PEM yakat hiicrelerinin ihtiyacini karsilamak [27, 28] igin yeterli oldugundan, formik asitin katalizér olarak

kullaniminin endiistriyel anlamda uygulanabilir seviyede oldugu sOylenebilir.

Formik asit varliginda potasyum borhidriiriin hidrolizine ait aktivasyon enerjisinin 57.92 kJ/mol oldugu,
reaksiyona ait hiz derecesinin ise 1.1 oldugu bu calismada ulasilan sonuglardandir. Ayrica heterojen
katalizorler kullanmldiginda goriillen KBH4 konsantrasyonunun artmasiyla birlikte reaksiyon hizinda yasanan
diisiislerin formik asit gibi homojen katalizorler kullanildiginda goriilmedigi ve bu tip homojen katalizdrlerin
sodyum borhidriir, lityum borhidriir, amonyum borhidriir gibi diger borhidriirlerde de kullanilabilecegi

diistiniilmektedir.
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the way for new research avenues. We finally discuss the need for further research.
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1. Introduction

Riemannian submersions are foundational mappings within the realm of differential geometry, serving as
potent instruments for unraveling the geometric properties of Riemannian manifolds. These submersions allow
for methodically examining the interactions between several manifolds. Their importance spans several fields
in pure mathematics and theoretical physics, providing a detailed framework for examining the complex
interactions between different geometries and providing deep insights into the structure of the physical
universe.

O’Neill [1] and Gray [2] introduced the theory of Riemannian submersion, which has subsequently become
the subject of numerous studies [3-12]. Consequently, it has become a useful tool for clarifying the structure
of Riemannian manifolds. It is well known that when M, and M, are Riemannian manifolds, the fibers become
Riemannian manifolds; however, it has been noted that the fibers of f may not be semi-Riemannian when the
manifolds are semi-Riemannian [13].

Sahin has recently introduced and studied the concept of submersion from lightlike manifolds onto semi-
Riemannian manifolds in [14], along with the submersion from semi-Riemannian manifolds onto lightlike
manifolds in [13], providing significant insights into the geometric relationship between these disparate
manifold types.

Hereinafter, we will initially provide an overview of a lightlike manifold and subsequently introduce the
concept of transversal submersion from semi-Riemannian manifolds to semi-Riemannian manifolds. We will
investigate specific examples to assess the possibility of constructing such a submersion and draw conclusions
based on our analysis. Thus, the concept of transversal lightlike submersion will pave the way for innovative
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geometric inquiries.

2. Lightlike Manifolds

Let VV be a real vector space and g, be a bilinear form on V. If there exists a non-zero vector ¢ in V such that
g1(&v) =0, for every v €V, then g, is considered degenerate on V; otherwise, it is termed as non-
degenerate. On the other hand, if g, (v,v) > 0, then g, is said to be positively defined on V; conversely,
g1(v,v) <0, then g, is said to be negatively defined on V. Consequently, a positive or negative defined g,
is deemed to be non-degenerate [15].

Consider V as a vector space and suppose that there exists a symmetric bilinear form g, on V. In this case,
there exist bases {e;} on V that

1<i<r ; g:(eey)) = 0
1 S] < q ; gl(ej,ej) = -1
1<k<p ; gileper) = 1
L #] ; g1(ee) = 0

These bases are referred to as orthonormal bases, and the triplet (7, g, p) is the type of the bilinear form g,
[16]. Let (M4, g,) denote a real differentiable n dimensional manifold, where g is a symmetric tensor field of
type (0,2). Assume that M is paracompact. The radical space of T,,M; denoted by Rad T,,M; and given as

Rad Tle = {5 € Tle:gl(f,X) = O,X € Tle}

The nullity degree of g, corresponds to the dimension of T,,M;. Suppose Rad T M; corresponds to the radical
subspace of Rad T, M, for every x € M;. In this case, Rad TM; becomes the radical distribution of M;, and if
0 < r < n, this manifold M; is called a lightlike manifold [13]. The non-degenerate symmetric bilinear form
g1 on V isreferred to as a semi-Euclidean metric, in this case, V is termed as a semi-Euclidean space [15].

We note that g, (v, v)>0 or v = 0, then v is defined as spacelike. Similarly, if g, (v, v)<0, then v is defined
as timelike. Moreover, if g, (v, v)=0 and v # 0, then v is defined as lightlike (null, isotropic), where v € V, V
is a semi-Euclidean space [15].

Afterward, we present the concepts of Riemannian and lightlike submersions, necessary for providing
transversal lightlike submersions.

3. Riemannian Submersions

In this section, the definition of Riemann submersions is provided, along with some significant information
concerning these submersions.

Let (M4, g,) and (M;, g,) be m and n dimensional Riemannian manifolds, respectively, and f: M; - M, be
a submersion. In this case, rank f = dimM, < dim M,. For any x € M,, the fiber F, = f~1(x) is a
submanifold of M; with dimension r = (m — n). Submanifolds f~*(x) are called submersion fibers.

The integrable distribution V of the submersion f: M; - M, in (My, g,) is defined by V, = kerf,,,, where p €
M;. V, is called the vertical distribution of submersion. Furthermore, H,, = (Vp)l is orthogonal to and

complements the vertical distribution. We refer to the H distribution as the horizontal distribution of the
submersion [17, 18].
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Consider (M;,g1) and (M,, g,) as Riemannian manifolds. A differentiable mapping f is referred to as a
Riemannian submersion if it satisfies the following conditions:

i. f has maximal rank.

ii. Forany p € My, f*p preserves the length of X,, € I'(#,,), where 3, represents the horizontal vectors [1].

The first condition in the definition ensures that the mapping is a submersion. The second condition states that
the f, derivative transformation at the point p € M, is a linear isometry from the horizontal space #, to the

tangent space Ty,)M,. Therefore, glp(u, V) = ga25p) fiplts fipv), holds for w,v € 3,, p € My [17].

Furthermore, given that X is horizontal and f —related to a vector field X on M,, thatis, f.(X) = )?f(p) for any
p € M, avector field X on M, is considered basic [1].

Proposition 3.1 Let (M, g,) and (M,, g,) be Riemannian manifolds, where f: (M4, g,) = (M3, g,) IS a
Riemannian submersion, and let V and V' denote the Levi-Civita connections of M; and M,, respectively.
Suppose the basic vector fields X and Y on M, are f —related to the vector fields X’ and Y’. In this case, the
following equations are obtained [18]:

Lg(XY) = g2 (X', Y')of
2. The basic vector field h[X, Y] corresponds to [X, Y]

3. The basic vector field h(VyY) corresponds to Vy, Y’

4. Lightlike Submersions

Sahin and Giindiizalp previously introduced several concepts related to lightlike submersions in [13]. Let
(M4, g1) be a semi-Riemannian manifold, (M,, g,) be an r-lightlike manifold. Consider a differentiable
submersion f: M; — M,, where f, denotes the derivative transformation. The kernel of £, at the pointp € M,,
denotes as ker f, , is defined as [13]:

ker f, = {X € T,(M,): f.(X) = 0}

Case 4.1 0 < dim 4 < min{dim (ker f,),dim (ker £,)1}: In this case, 4 is the radical subspace of T,M;.
Thus, a quasi-orthonormal basis of M; along ker £, is constructed as described in [15]. Since ker £, is a real
lightlike vector space, there exists a non-degenerate subspace that complements 4 [15]. Then,

ker f, = A4 L S(ker f,)
and similarly,
(ker f)* =4 1 S(ker f,)*

where S(ker f.)* denotes the complementary subspace of A in (ker £,)*. Given the expression TyM; =
S(ker ) L (S(ker £,))1, since S(ker £,) is non-degenerate in T, My, it can be observed that (S(ker f)tis
the complementary subspace of S(ker f.) in T,M,. Additionally, since S(ker f,) and (S (ker f))?1 are non-
degenerate, we can observe that

(S(ker )t = S(ker f,)* L (S(ker £t

Then, according to Proposition 2.4 in [15], it is known that ““There exists a quasi-orthonormal basis of ker f.”.
Therefore, we have the following expressions:
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<g1(fi,fj) =g1(Ny, N)=0 5 g1(& Nj) =65 >
gl(th:’fj) = gl(Wa:Nj) =0 ; gi(Wp,Wy) = ga(saﬁ

where i,j €{1,...,r} and «,B € {1,...,t}. Here {N;} represents differentiable null vector fields of
(S(ker £)1)*, {&;} isthe basis of 4, and {W,} is the basis of S(ker f,)*. The set of vector fields {N;} is denoted
by ltr(ker f.), and consider the following subspace:

tr(ker f,) = ltr(ker f,) L S(ker f,)*

It should be noted that Itr(ker f,) and (ker f,) are not orthogonal to each other. The space ker f,, denoted as
V, is referred to as the vertical space of T, M, while tr(ker f,), denoted as 7, is called the horizontal space of

T, My, as is usual in the theory of Riemannian submersions. Thus, we have the decomposition:
T,M; =V, © H,
We notice that V and H are not orthogonal [13].

Definition 4.2 [13] Let (M4, g,) be a semi-Riemannian manifold and (M,, g,) be an r-lightlike manifold.
Consider a submersion f: M; — M, satisfying the following conditions:

i. dim 4 = dim {(ker £,) n (ker £,)1} = r, 0 < r < min {dim (ker f,), dim (ker f,)*}.
ii. f, preserves the length of horizontal vectors, i.e. g, (X,Y) = g,(f.X, £.Y) for X,Y € I'(H). In this case, we

can say that f is an r-lightlike submersion.

Case 4.3. [13]dim 4 = dim (ker f,) < dim(ker £,)1. Then, V=4 and # = S(ker £,)* L ltr(ker f.).
Thus, we name f an isotropic submersion.

Case 4.4. [13] dim 4 = dim (ker f,)* < dim(ker f,). Then, V = S(ker f,) L A and I = ltr(ker f£,). Thus,
we name f co-isotropic submersion.

Case 4.5. [13] dim 4 = dim (ker £,)* = dim (ker £.). Then, V = 4 and 7 = ltr(ker f£,). Thus, we name f
totally lightlike submersion.

Therefore, in conjunction with this information, we present a new concept.

5. Transversal Lightlike Submersions

In this section, we will introduce the concept of transversal submersion and provide four related examples.
Through these examples, we will explore the existence of various types of submersions. Additionally, we will
introduce O’Neill tensors for transversal submersions, which will lead to different results regarding their
overall properties.

Firstly we note that a basic vector field on M, is a horizontal vector field X that is f-related to vector field X
on M,, meaning thatf*(Xp) = )?f(p) for all p € M; (Where £, is a derivative map). Every vector field X on M,

has a unique horizontal lift X to M;, and X is basic. Therefore, the correspondence X « X establishes a one-
to-one relationship between fundamental vector fields on M; and arbitrary vector fields on M, [13]. Thus, we
can give the following definition.

Definition 5.1 Consider (M;, g;) and (M,, g,) be a semi-Riemannian manifold and let f: M; - M, be a
submersion. If the condition
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91X, Y) = g2 (f.(X), £.(Y)) (5.1)

holds for all X,Y € I'(S(ker £.)*), we call the mapping f as a transversal submersion.
Therefore,
¢ f has maximal rank,

e At each point p in My, the f,,, mapping preserves the lengths of horizontal vectors; that is, g;,(X,Y) =
927 (fipX, fipY). This implies that at a point p in M,, the f. derivative transformation states a linear
isometry from I'(S(ker £,)*) space onto Ty, M,.

Note that for p € M,, f ~1(p) is a submanifold with dim M,-dim M,.

Definition 5.2 Consider (M4, g;) and (M, g,) as semi-Riemannian manifolds and let f: M; — M, be a
transversal submersion. According to Definition 4.2 in Case 4.1, f is characterized as a transversal r-lightlike
submersion. Furthermore, as per Definition 4.2 in Case 4.3, f is denoted as an isotropic transversal lightlike
submersion.

We will give examples of transversal r-lightlike and isotropic transversal lightlike submersions.

Example 5.3 Consider R$ and R? to be R® and R3endowed with semi-Riemannian metrics. Define these
metrics as follows:

g1 = —(dx1)? + (dxz)? + (dx3)? + (dxg)? + (dxs)? + (dxe)?

and

2 1 2 1 2
92 = —(dy1) +§(d}’2) +§(d3’3)
where {x, x5, %3, %4, Xs,%X¢} and {y;,v,,y3} are the canonical coordinates on R® and R3, respectively.
Moreover, we define the following map:

f RY e R}

(x1, X2, X3, X4, X5, %) = (X1 — X5, X, + Xg, X3 + X4)

The kernel of f, is then given by

k =S {W—a+aW— 6+6W_ 6+6}

er f. = Span YT 0x,  dxs’ YT 0x, Oxg’ ° Oxz  0xy,
Thus,

k =5 {T—a+aT—a+aT—a a}

(ker £.)7 = Span YT 0xy 0xs’ 2T 0xy  0xg’ 0 0x3  0xy
Therefore,

W, =T, A=kerf,n(kerf,)! = Span{W;}

Then,

ltr(ker £) = S {N—l( a+a)}
rker £.) = SpamN = o~ 5 -+ 5%
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. 1 AUAS) . . L _
Using N = PN {V 20.G1) f} from Equation (1.5) in [15], it is easy to check that g,(N,W;) =1,
g1(N, W) =0, and g, (N, W3) = 0. Thus, we give the vertical and horizontal spaces as:

V = Span{W,, W,, W5}, H = Span{T,, T3, N}

Furthermore, since f.(T,) = Zi, f(T3) = Zi, and f,(N) = —i, we obtain that
3y, dy3 0y,

91(T3, T;) = gz(f*(Tz)'f*(Tz)) =2,01(T3,T3) = g, (fu(T3), f.(T3)) = 2

g1(N,N) = 0,92 (f.(N), fu(N)) = —1

Here, we state that the lengths of the vectors in S(ker f,)* are conserved, but we cannot say the same for
Itr(ker £,). In this case, the mapping f is a transversal 1 —lightlike submersion.

Example 5.4 Consider RS and R3 be R® and R3endowed with semi-Riemannian metrics. Define these metrics
as follows:

g1 = —(dx1)? — (dxz)* + (dx3)? + (dxg)? + (dxs)? + (dxe)?

and

2 2 1 2
g2 = —(dy1)” — (dy2)” + 5 (dys)
where {x,, x,,x3, x4, Xs,%¢} and {y;, y,, v} are the canonical coordinates on R® and R3, respectively. We
define the following map:

f: R3 - R3
(1, %2, X3, X4, X5, X6) = (X1 + X4, X + X5, X3 + Xg)

The kernel of f, is then

k =S {W = g + g W, = g + g W3 = g + g }
er f. = Spam Wy = dx;  0x, 2 Ox, Oxg' °  0Ox3 Oxg
Thus,
(kerf)l—San{T— 6+6 T, = 6+6 T_6+6}
=P 7 oxg  dx, P 0x, Oxg’ P Oxs  Oxg

Therefore, we have W, = T; and W, = T,
A = (ker £,) n (ker £,)* = Span{W, =T,, W, = T,}

Then,

1,0 9] 1,0 0
Itr(ker f,) = Span {Nl = E(a_xl + 0_964)'1\,2 = 5<6_xz + a_xg)}

Moreover, we have

T;) =2 J N;) = g Ny) = g
ﬁk( 3)_ 0_}/3'f*( 1)_a_ylrﬁk( 2)_6_3/2

Then, we obtain that
91(T3,T3) = g2(fo(T3), o (T3)) = 2
g1(N1,Np) = 0, g2 (£ (N1), £ (N1)) = —1, g1 (N2, N2) = 0, g2 (fu (N2), £ (N2)) = —1
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Thus, f is a transversal 2-lightlike submersion.

Example 5.5 Let R and R3 be R* and R3endowed with semi-Riemannian metrics. Define these metrics as
follows:

g1 = —(dx1)? + (dx)? + (dx3)? + (dxy)?
and
g2 = —(dy1)? + (dyz)* + (dys)?

where {x;, x,, x3,x,} and {y;, y,, y5 } are the canonical coordinates on R* and R3, respectively. We define the
following map:

f Rf - R}

(1, %2, %3, %4) = (X1 + X3, X3, X4)

The kernel of f, is then

9] 0
ker f, =Span{W1 = _6_961+6_xz}

Thus,

0 0 0 6}

ker f,)t =S {7":__ — Ty =— Ty = —
(ker £.) pamh 6x1+6x2 z J0x; 3 0x,

Hence, we have

A = ker f, n (ker £,)* = Span{W,}

Then,
Itr(ker f,) = Span {N = 1(i + i)}
2\0x; Ox,
Moreover,
f(N) = i,ﬁ(Tz) = i.]‘*(Ts) -2
0y1 0y, 0y3

Thus, we obtain that
91T, T) = ng(ﬂ(Tz)'f*(Tz)) =1,01(T3,T3) = 1, 9:(fu(T3), £:(T3)) = 1
91(N,N) =0, g,(f.(N), £.(N))) = -1
Hence, f is isotropic transversal 1-lightlike submersion.

Example 5.6 Let RS and R% be R® and R*endowed with semi-Riemannian metrics. Define these metrics as
follows:

g1 = —(dx1)* = (dxp)? + (dx3)* + (dxs)* + (dxs)? + (dx6)?
and
g2 = —(dy1)? = (dy2)* + (dys3)? + (dys)?

where {xy, x5, X3, X4, X5, X¢} and {y;, V5, V3, Y4} are the canonical coordinates on R® and R*, respectively. We
define the following map:
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f R3 - R;
X1+ X5 X + Xg

(xll x2ﬂx3’x4’x5’x6) - < \/z 4 \/E ‘x3‘ x4)

The kernel of f, is then

k =S {W = g + g W, = g 6}
er f. = SpamWy = dx; Oxs’ *  9x, 0Oxg
Thus,
k =5 {T— a+a T, = a+a T—a T—a}
(ker £.)* = SpamTy = dx;  Oxs' 2 Oxy, Oxg 2 Ox3’ *T Ox,
Hence, we have W; = T;, W, = T, ,and
A = Ker f, n (ker f,)* = Span{W, = T;,W, = T,}
Then,
ltr(ker £.) = S {1\/—1a+16 N—16+1a}
r(ker f.) = Span Y7 20x, " 20xs’ 2T 20x,  20xg

Moreover, we have

ALY = 1 0 N =
fi( 1)__26_3/1'f*( 2) =

9 G G
7 a_yz'ﬁ"(T3) =a—y3,ﬁ(T4) =

1
V2
Then,

91(T3,T3) = g2(fu(T3), £i(T3)) = 1, 91(Ta, Ty) = 92(fu(Ta), £ (Ty)) = 1

1 1
g1 (N1, Ny) = ng(f*(Nl)'f*(Nl)) = _Eng(NZ'NZ) = 0'.92(]1(1\/2)'](*(1\/2)) = )

Thus, f is isotropic transversal 2 —lightlike submersion.

Corollary 5.7 From Definition 5.1 and the examples provided above for a transversal submersion with
degenerate fibers, we can introduce the concepts of transversal r-lightlike and isotropic transversal submersion.
However, it is important to note that the notions of co-isotropic and totally lightlike submersion are not
applicable in this context.

Lemma 5.8 Let f: (M4, g1) = (M;, g,) be a transversal r —lightlike submersion between semi-Riemannian
manifolds (M,, g;) and (M,, g,). Then, forall X, Y € I'(S(ker £,)1)

91X, Y) =g,(X V) o f
Proof. The proof can be made easily from the isometry condition in Definition 5.1 using (5.1).
Theorem 5.9 Let f: (Mq, g;) = (M,, g,) be a transversal r —lightlike submersion between semi-Riemannian

M, _
manifolds (M,, g;) and (M,, g,). Then hVyY is the fundamental vector field corresponding to V 3Y, for X,

Y € I'(S(ker £.)1).

Proof. Since M; is a semi-Riemannian manifold with the Levi-Civita connection, the Koszul equality holds,
leading to

29, (7xY,2) = X(9: (Y, 2)) + Y(9: (X, 2)) — Z(91 (X, V) + 91 (IX, Y1, 2) + 9:(IZ, X1, Y) — g1 ([Y, Z], X)
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where X, Y, Z € I'(S(ker £,)1). By utilizing Lemma 5.8, we obtain (g;(Y,2)) = Xg,(Y,Z) o f. Similarly, if
we generalize this equality, we have

20,(WkY,2) =Xg,(V,2) o f + Vg, (Z,X) o f —Zg, (V. X) o f + 9,([X, Y], 2) o f + g2([Z, X1, YV) o f — 9,([V. Z],X) o f
Considering that M, is a semi-Riemannian manifold, it has a Levi-Civita connection. From here, we can state

M,
that 7 satisfies Koszul’s equality. Then,

M, o
91(VxY,Z) = g,(VzY,Z) o f

MZ -
Therefore, we deduce that hVyY represents the fundamental vector field associated with V 3Y.

Remark 5.10 Let f: (M4, g1) = (M,, g,) be a transversal r —lightlike submersion between semi-Riemannian
manifolds (M,, g;) and (M,, g,), in this case, the expression in Theorem 5.9 does not apply to N;, N, €
I'(Itr(ker £,)).

Remark 5.11 Let f: (My, g1) = (M,, g,) be atransversal r —lightlike submersion between semi-Riemannian
manifolds (M;, g;) and (M, g,). In this case, for any U € I'(S(ker f,)) and X € I'(S(ker £,)1), [X,U] is a
vertical vector field.

Theorem 5.12 Consider the semi-Riemannian manifolds, M; and M, equipped with the metrics g, and g,,
respectively. Let f: M; — M, be a transversal r-lightlike submersion. In this case, we have g, (Vy, N;, N3) =
—9g1(No, Vy, N3) forall Ny, N, N in I"(Itr(ker f,)), where V represents the Levi-Civita connection.

Proof. Since V is the Levi-Civita connection for Ny, N,, N5 in I'(Itr(ker f,)), we have
(Vngl)(NZ'N3) = N1(g1(N2'N3)) - 91(‘7N1N2,N3) - 91(N2, VN1N3)

91(‘7N1N2» N3) = _gl(NZ’ VN1N3)
O

Let M; and M, be semi-Riemannian manifolds, f: M; — M, be transversal submersion and E, F arbitrary
vector fields on M;. Also, let the projections h: TM; - H and v: TM; — V denote the natural projections
associated with the decomposition of TM; = H @ V. Moreover, V represents the Levi-Civita connection of
(M,, g1). We define the fundamental tensor field T of type (1,2);

TgF = hV,gvF + vV, ghF (5.2)
has the following properties:
i. T exchances the role of horizontal and vertical subspaces
ii. T is vertical: Ty = Ty
The tensor field 4;

AgF = vVpghF + hVpgvF (5.3)
has the following properties:
i. A exchances the role of horizontal and vertical subspaces

ii. Ais horizontal: Ay = Ayx
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Lemma 5.13 Let f: (M4, g1) = (M, g,) be atransversal r —lightlike submersion between semi-Riemannian
manifolds (M, g,) and (M5, g,). In this case, we obtain the followings:

i. T,V = hv,V (5.4)
ii. TyE = hvyE (5.5)
iii. T,V = hVeV (5.6)
iv. Tg, &, = hV;, &, (5.7)

where U, V € I'(S(ker £,)), &, &1, &, € I'(4).
Proof. Here, we will consider two situations:
i. If we use (5.2) for transversal r-lightlike submersion, we can express it as
TyV = hVy,V (5.8)

ii. Considering elements for which the multiplication equations by T,V is non-zero, examine the following
equations:

Ug1(V,8) = g1(VyV,$) + g1 (V, Vy$)
9:(VyV, &) = —g1(V, V)
9:1(WyV,8) = —g1 (V,vVy§) — 9. (V, hVy§)
9:1(TyV,§) = =g (V,vVy§) (5.9)

#0

where U,V € I'(S(ker £,)), § € I'(4). In this case, TyV # 0.
Ug1(V,X) = g1(WyV,X) + g1 (V, VyX)
91(VyV, X) = —g1(V, VyX)
91(hVyV,X) = =g (V,vVyX) — g1 (V, hVyX)
91(TyV, X) = —g1(V, vV X) (5.10)

#0

In this case, T,V # 0 where U,V € I'(S(ker f,)), X € I'(S(ker f,)*). Consequently, from (5.9) and (5.10),
we derive the non-zero equality expressed as TyV = hV,V. Similarly, we can establish the proofs for (5.5)-
(5.7).

Corollary 5.14 Let f: (M4, g1) = (M,, g,) be a transversal r-lightlike submersion between semi-Riemannian
manifolds (M, g;) and (M, g,). In this case, utilizing Lemma 5.13, we can deduce the expression:

TW1W2 = hVW1W2 (511)
where W;, W, € I'(ker f,).

Lemma 5.15 Let f: (M4, g,) = (M3, g,) be a transversal r-lightlike submersion between semi-Riemannian
manifolds (M4, g,) and (M5, g,). In this case, we have the following equations:

i. TUX = UVUX

“ TuN = UVUN

485



JARNAS /2024, Vol. 10, Issue 2, Pages: 476-492 / Transversal Lightlike Submersions

iv. T,’rN = ‘UVSN
where U € I'(S(ker £.)), € € I'(4), X € I'(S(ker £)Y), N € I'(ltr(ker £.)).

Proof. The proof of the first equation is done in a similar way to the proof of Lemma 5.13, using (5.2) and the
Levi-Civita connection. Other equations can be obtained similarly easily.

Corollary 5.16 Let f:(My,g1) = (M,,g,) be a transversal r —lightlike submersion between semi-
Riemannian manifolds (M;, g;) and (M,, g,). In this case, by using Lemma 5.15, we obtain

TwF = UVWF
where W € I'(ker f,), F € I'(tr(ker £,)).

Lemma 5.17 Let f: (M4, g1) = (M5, g,) be a transversal r —lightlike submersion between semi-Riemannian
manifolds (M4, g,) and (M5, g,). In this case, we have

i. AxU = hVxU
ii. Ayé = hVy&
iii. AyU = hVyU
iv. AyE = hVyE

where U € I'(S(ker £.)), € € I'(4), X € I['(S(ker £.)1), N € I'(ltr(ker £.)).

Proof. The proof of the first equation is done in a similar way to the proof of Lemma 5.13, using (5.3) and the
Levi-Civita connection. Other equations can be obtained similarly easily.

Corollary 5.18 Let (M4, g,), (M5, g,) be semi-Riemannian manifold and f:(M;,g9,) = (M3, g,) be a
transversal r —lightlike submersion. In this case, based on Lemma 5.17, we obtain AW = hV:W, where F €
I'(tr(ker £,)), W € I'(ker f,).

Lemma 5.19 Let f: (My,g,) = (M3, g») be a transversal r-lightlike submersion between semi-Riemannian
manifolds (M4, g,) and (M5, g,). In this case, we have

i, AgY = vV, Y (5.12)
ii. AxN = VN (5.13)
iii. AyX = vVyX (5.14)
iv. Ay, N, = vV, N, (5.15)

where X, Y € I'(S(ker £)1), N, Ny, N, € I'(ltr(ker £.)).

Proof: The proof of (5.12) is done in a similar way to the proof of Lemma 5.13, using (5.3) and the Levi-Civita
connection. Other equations can be obtained similarly easily.

Corollary 520 Let f:(My,g9:) = (M,,g,) be a transversal r —lightlike submersion between semi-
Riemannian manifolds (M4, g;) and (M, g;). In this case, utilizing Lemma 5.19, we derive Ag F, = vV F,,

where F;, F, € I'(tr(ker f,)).

Lemma 5.21 Let (M4, g1), (M,, g,) be semi-Riemannian manifolds, V be Levi-Civita connection in M;, T
and A be tensor fields, f: (M, g1) = (M5, g») be a transversal r-lightlike submersion. In this case,

486



JARNAS /2024, Vol. 10, Issue 2, Pages: 476-492 / Transversal Lightlike Submersions

i. Ty, Wy = Ty, Wy + vy, W, (5.16)
ii. V& = Ty& + vy & (5.17)
iii. VW = TyW + v, W (5.18)
iv. VyV = TyV + w7,V (5.19)
V. Vy& = Tyé + vWyé (5.20)
Vi. VW = TeW + vV W (5.21)
Vil Ve, & =T, & + 075, & (5.22)
Vil VeV = TeV + vWV (5.23)

where W, Wy, W,, € T(ker £.), £, &, & € ['(V), U, V € T(S(ker £.)).

Proof. Here, we will prove only (5.16). For any vector fields W, W, € I'(ker f,), we can establish the equation
Vw, Wy = vVy, W, + hVy, W,. Using Lemma 5.13 and Corollary 5.14, we obtain the equation ¥, W, =

vVy, W, + Ty, W5. The proof of the remaining equations can also be carried out similarly. O

Lemma 5.22 Let (M4, g1), (M,, g,) be semi-Riemannian manifolds, V be Levi-Civita connection in M;, T
and A be tensor fields, f: (M;, g1) — (M,, g,) be atransversal r —lightlike submersion. In this case, we obtain
the following equations:

i. vwN =Ty N + hVyyN

ii. VyN = TyN + hVyN

iii. VeN = TgN + hVgN

iv. VyF = TyF + hVyF

V. VeF =T¢F + hVeF

vi. vy F = Ty F + hVy, F

where W € I'(ker £,), U,V € I'(S(ker f,)), N € I'(Itr(ker f,)), F € I'(tr(ker £.)).

Proof. Here, we will prove only second equation. For any vector fields U € I'(S(ker f,)), and N €
I'(ltr(ker £,)), we can establish the equation VyN = vVyN + hV;N. Using Lemma 5.15, we can establish
VyN = TyN + hVyN. Other equations can be obtained in a similar way.

Lemma 5.23 Let (M4, g1), (M5, g,) be semi-Riemannian manifolds,  be Levi-Civita connection in M;, T
and A be tensor fields, f: (M;, g1) = (M5, g,) be a transversal r-lightlike submersion. In this case, we obtain
the following equations:

i VW = AW + vV W
i, Vg€ = AyE + vVyéE

iii. VyW = AyW + vVyW
iv. yU = AyU + vVyU
V. VyE = AyE + vVyé

Vi. Ve W = AW + vV W

V“ VFU = AFU + VVFU
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Vl“ VF{ = AFE + UVFE

where U €T (S(kerf,)), £€r(), Werl(kerf,), XeTl(Skerf,)t), Ner(ulkerf,)), FE€
I'(tr(kerf,)).

Proof. Here we will prove only fourth equation. For any vector fields N € I'(Itr(ker f,)) and U €
I'(S(ker £.,)), we can establish the equation VyU = vVyU + hV,U. Using Lemma 5.17, we can establish the
equation VyU = AU + vV, U. Other equations can be obtained in a similar way.

Lemma 5.24 Let (M4, g1), (M5, g,) be semi-Riemannian manifolds, VV be Levi-Civita connection in M;, T
and A be basic tensor fields, f: (M;, g1) = (M5, g,) be a transversal r-lightlike submersion. In this instance,
we obtain the following equations:

i. 7yN = AyN + hVxN (5.24)
ii. Uy, Ny = Ay, N, + hVy N, (5.25)
iii. Vg, Fy = Ap, Fy + hVp F, (5.26)
iv. VyF = AxF + hVyF (5.27)
V. VyF = AyF + hVyF (5.28)
Vi. VgN = ApN + hVpN (5.29)
Vii. VyY = AyY + hVyY (5.30)

where X, Y € I'(S(ker £.)1), N, Ny, N, € I'(Itr(ker £.)), F, F;, F, € I'(tr(ker f.)).

Proof. Here we will prove only first equation. For any vector fields X € I'(S(ker £,)1) and N €
I'(ltr(ker £,)), we can establish the equation VyN = vVyN + hVyxN. Using Lemma 5.19, we can establish
VyN = AxN + hVyxN. Other equations can be obtained in a similar way.

Corollary 5.25. Let f:(My,g9,) » (M,,g,) be a transversal r —lightlike submersion between semi-
Riemannian manifolds (M,, g;) and (M,, g,). Then,

i. g1 (TyNy,Ny) = —g1(Ny, TyNy)

ii. 91(TeNy, Ny) = —g1(Ny, TeN,)

iii. 91 (An¢1,62) = —91(81, AnS2)

iv. g1 (Ax Ny, Ny) = —g; (N, AxN,)

where U € I'(S(ker £.)), &1, & € ['(4), X € [(S(ker £)1), Ny, N, € I'(ltr(ker f£.)).
Proof. Provide the proof solely for the first equality.

Since (M3, g41) is a semi-Riemannian manifold the torsion-free metric connection used here is the Levi-Civita
connection. For U € I'(S(ker £.)), N;, N, € I'(Itr(ker £.)), we have

Ug1 (N1, N;) = g1(VyNy, Np) + g1 (Nq, VyN)
g1(WVyNy, Np) = —g1(Ny, vV Ny)

By using Lemma 5.15 and Lemma 5.22, we can derive the expression g,(TyN;, N;) = —g,(Ny, TyN,).
Similarly, by using Lemma 5.23 and Lemma 5.24, we can obtain other equations.
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Theorem 5.26. Let f:(M,g91) = (M,,g,) be a transversal r —lightlike submersion between semi-
Riemannian manifolds (M;, g;) and (M,, g,). In this case, ker f, integrable for W;, W, € I'(ker f,).

Proof. Since W,,,, Wy, are elements of I'(ker f.,,), we have f.(W;) = W; = 0 and f.(W,) = W, = 0. From
equation in Definition 20 [1], we obtain [W,, W,]g, = f.([W1, W;]) © g,. Therefore, [W;, W,] belongs to
I'(ker f.), then Kker £, is integrable. O

Remark 5.27 Let f: (M,, §,) — (M,, ,) be a transversal r — lightlike submersion between semi-Riemannian
manifolds (M, §,) and (M,, §,), where ¥ is the Levi-Civita connection corresponding to g, on the manifold
M;. S(ker f,) and tr(ker f,) denote the corresponding screen distribution and transversal lightlike vector
bundle of M,, respectively. By utilizing the expression TM; = ker f, @ tr(ker £,), we can derive V,V =
vV, V + hV,V, where U, V € I (ker f£,). Furthermore, using (5.4), we obtain V,;V = V,;V + TV, where T,V
is associated with I'(tr(ker £,)) and V,;V is associated with I'(ker f,).

Remark 5.28 Let P denote the projection morphism of (ker f,) onto S(ker f,) based on the decomposition of

V. By utilizing the equation VPV = vV, PV + hV; PV, we get the following equation:
VyPV = VyPV + TyPV (5.31)

where Ty PV is associated with I"'(4), while V; PV is associated with I"(ker f.).

Theorem 5.29 Let f: (M4, §;) — (M,, §,) be a transversal r-lightlike submersion between semi-Riemannian
manifolds (M;, ;) and (M,, §,). In this case, the necessary and sufficient condition for the integrability

S(ker £.) is that T,PV = T, PU.
Proof. Let U, V eTI'(ker f,), N € I'(Itr(ker £,)). Since V is torsion-free, we have g;([U,V],N) =
G1(VyV,N) — g;(VyU,N). From (5.31), it is easy to see that g;([U,V],N) = §,(VyPV + TyPV,N) —

g1(VyPU + T, PU, N). Then, since §, (VyPV,N) = 0 and g, (V,PU,N) = 0, we have

G VLN) = g, (TyPV,N) - g, (T,PU.N)
Od

Theorem 5.30 Let f: (Mq, g1) = (M,, g,) be a transversal r-lightlike submersion between semi-Riemannian
manifolds (M4, g,) and (M5, g,). In this case, for W;, W, € I'(ker f,), we have,

TW1W2 = TW2W1
Proof. Utilizing equation (5.11) for Wy, W, € I'(ker f,), we observe Ty, W, — Ty, W; = h[W;,W,]. By

employing Theorem 5.26, as [W;, W,] € I'(ker f,), we deduce h[W;, W,] = 0. Consequently, this completes
proof.

Theorem 5.31 Let f: (M4, g1) = (M,, g,) be a transversal r-lightlike submersion between semi-Riemannian
manifolds (M;, g;) and (M,, g,). In this case, if S(ker f,)* is integrable, we obtain AyY = A, X for X,Y €
r(S(ker £.)1). Conversely, if AyY = A, X, we have [X,Y] € .

Proof. We will prove this theorem by considering two situations together.

i. Since V is the Levi-Civita connection, the following equation holds:
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9:1([X, YL U) = g1(VxY,U) — g1 (Vy X, U)
where X,Y € I'(S(ker £,)1), U € I'(S(ker £,)). By using (5.30), we can derive the following expression.
9:1([X, Y], U) = g1(AxY,U) — g1 (AyX, U)
If S(ker £,)* is integrable, we can further simplify the equation and obtain:
91(AxY,U) = g1(AyX, U) (5.32)

ii. From the equation g, ([X, Y], N) = g, (VxY,N) — g,(VyX, N) and the integrability of S (ker £,)*, we obtain
the following equation:

9g1(AxY,N) = g,(AyX,N) (5.33)

If we consider (5.32) and (5.33) together, it follows that AyY = Ay X. We can easily show that if AyY = A, X,
then [X,Y] € H.

We also note that A has the alternation property AyY = —A, X for a Riemannian submersion. However, this
situation differs for transversal r-lightlike submersions.

Theorem 5.32 Let f: (M4, g1) = (M;, g,) be a transversal r-lightlike submersion between semi-Riemannian
manifolds (M, g,) and (M, g»). In this case, if the Itr(ker f,) distribution is parallel in the direction of the
S(ker f,)* distribution, we obtain the equality AyY = —A,X, where X,Y € I'(S(ker f,)}), N€
I'(Itr(ker £.)).

Proof. We first establish AxX = 0 for any X € I'(S(ker £,)1). Let X,Y € I'(S(ker f,)1), then we derive
Vg, (X,X) =2g9,(VyX, X), where V € I'(S(ker £,)). By utilizing Remark 5.11, we then have 2g, (", X, X) =
291(VxV,X). Subsequently, it becomes apparent that 2g,(VxV,X) = —2g,(VxX,V). Furthermore, in
accordance with (5.30), we conclude that

On the other hand, since M; is a semi-Riemannian manifold, g, (X, X) is constant on each fiber, and thus
Vg,(X,X) = 0. From this, we conclude that g, (AxX, V) = 0. However, the condition for the result to be zero
relies on two possibilities: either AxX € I'(4) or AxX = 0. It can be observed that if AxX = 0, then AxY =
—Ay X. If we consider the expression g, (AxX, N) for N € I'(Itr(ker £.)), using (5.12), we obtain

g1(AxX,N) = g;(VxX,N) = Xg,(X,N) — g,(VxN, X)
9g1(AxX,N) = —g,(VxN, X)

Then, if the ltr(ker £.) distribution for N € I'(Itr(ker £,)) is parallel in the direction of the S(ker f,)*
distribution, then, VyN € I"(Itr(ker f,)), we have

Thus, from (5.34) and (5.35), we obtain the expression

AXy == _AyX
6. Conclusion

In this study, we introduced the concept of transversal lightlike submersions, and to illustrate the existence of
such a structure, we offer illustrative examples. Our research delves into significant geometric analyses by
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examining O’Neill tensors for submersion, which we have defined as transversal lightlike submersions. In this
way, various connections were obtained according to vector fields selected from certain fibers by utilizing
these tensor fields, and meaningful results were obtained by investigating the integrability of certain
distributions.

Thus, meaningful outcomes can be derived by computing various curvatures on the structure established for
transversal submersions. Moreover, examining these submersions from two perspectives, transversal r-
lightlike and isotropic transversal lightlike submersions, facilitates a geometric comparison. These
investigations offer valuable insights into the intrinsic geometric properties of such mappings, potentially
paving the way for new avenues of research.
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