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Keywords Abstract: Food pathogens are crucial for human and animal health. S. enteritidis,

S. e"fe’"ifidisf enteric bacteria, is one of the most popular pathogen and causes salmonellosis.

Aptamer pairs, Vomitting, diarrhea, fever and abdominal cramps are typcial symptoms occuring at

Latedral ﬂﬁw assay, 12-72 hour after the infection and can cause to death. Food based infections in the

Food pathogen USA and EU are primarily caused by S. enteritidis. Thus, early and rapid detection of
bacteria is always highly significant. In this sense, lateral flow assays (LFAs) are
notably advantageous with regards to the obtaining rapid results and practical use.
LFAs are commonly prepared by antibodies and aptamers. Aptamers are single
stranded DNA and RNA molecules and bind to the target molecules, selectively. Gold
nanoparticles (AuNPs) are the most common labels used for LFAs. In this work, it is
aimed to develop the aptamer paired strip assay (APSA) platform by using aptamer
pairs specific to S. enteritidis. It was observed that 1st aptamer pairs are suitable for
developing the LFAs for the recognition of S. enteritidis compared to the other pairs
and M180 membrane was found as suitable membrane in terms of the flow rate and
positive results.

Gida Patojeni Salmonella enteritidis’in Hi1zl1 Teshisi icin Aday Yeni Aptamer Ciftleri

Anahtar Kelimeler 0z: Gida patojenleri insan ve hayvan saghgi icin cok énemlidir. Enterik bir bakteri

S. enteritidis, olan S. enteritidis en 6nemli patojenlerden biridir ve salmonellosise sebep olur.

Aptamer pairs, Kusma, ishal, ates ve abdominal kramplar enfeksiyondan 12-72 saat sonra olusan

Lateral flow assay, tipik semptomlardir ve o6liime sebep olabilir. ABD ve Avrupa’da gida bazh

Food pathogen enfeksiyonlar dncelikle S. enteritidis'ten kaynaklanir. Bu nedenle bakterinin erken
ve hizli teshisi her zaman oldukg¢a 6nemlidir. Bu anlamda yanal akish testler (LFAs)
hizli sonuglar alma ve pratik kullanim agisindan olduk¢a avantajlidir. LFA’ler yaygin
olarak antikor ve aptamerler ile hazirlanir. Aptamerler tek zincirli DNA ve RNA
molekiilleridir ve hedef molekiile secici sekilde baglanir. Altin nanopargaciklar
(AuNPs) LFA’lerde en yaygin kullanilan isaretleyicilerdir. Bu ¢alismada S.
enteritidis’e 6zgiin aptamer ciftleri kullanilarak aptamer c¢iftli strip test (APSA)
platformu gelistirilmesi amac¢lanmistir. 1. aptamer ciftinin diger ciftlerle
karsilastirildiginda S. enteritidis teshisi icin LFA gelistirilmesinde uygun oldugu
gozlenmistir ve M180 membran akis orani ve pozitif sonuglar acisindan uygun
membran olarak bulunmustur.

*{lgili Yazar, email: dilek.cam@inonu.edu.tr

1. Introduction

Salmonella spp. having about 2300 serotypes is one of the most important bacteria which causes to enteric
diseases for human and animals. Gastroenteritis, enteric fever and sepsis are common disorders caused by
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Salmonella. Most of the infections resulted by Salmonella are arised by food and transmission to human is
generally occurred with meat, chicken, egg, poultry and pig. So, it can cause to salmonellosis via invading the
digestive system of host with contaminated nutrition and might be resulted with death. Besides, Salmonella
infections may be resulted with economic loss at food industry, critically [1]. Almost half of the infections of
digestive system seen in the USA in every year are caused by contaminated food by Salmonella. According to the
annual report for zoonoses of European Food Safety Authority (EFSA) and the European Centre for Disease
Prevention and Control (ECDC), nearly one in three foodborne outbreaks in the EU in 2018 were caused by
Salmonella and Salmonellosis was the second most commonly reported gastrointestinal infection in humans in the
EU (91 857 cases reported) after campylobacteriosis (246 571). Among the 5146 food and waterborne outbreaks,
Salmonella was the most commonly detected agent and S. enteritidis caused one in five outbreaks [2] which is
similar with the report in 2016 [3]. Additionally, 15 EU/EEA countries reported 656 confirmed cases and 202
probable cases for S. enteritidis from 2017 to 2020 [4]. Thus, since S. enteritidis is one of the most common species
causing to food poisoning, its rapid detection is crucial. However, conventional methods including culturing in
selective medium, serological and biochemical assays take 4 days and need trained personnel [5]. The delay in
detection may also increase the infection risk. Although polymerase chain reaction (PCR) [6], immunomagnetic
[7] and biosensor [8] based detections were reported, the need of more reliable extraction methods, further
experimental steps and advanced devices, and sample loss are some limitations. Thus, rapid and sensitive
detection is always become attractive. In that case, LFAs which are immunochromatographic assays composed of
four membranes and ready to use point of care assays have some advantages compared to the those methods.
They are simple diagnostic dipstick assays developed by various reagents including antibodies, aptamers and
nanoparticles [9][10] as a commercial since 1980. Long shelf life, practical and easy to usage, specificity and high
sensitivity, integration with electronical and reading systems, rapid manufacturing and market presence are some
advantages of LFAs. AuNPs are most widely used labels for LFAs. Because it allows to naked eye analysis and easy
surface modification for immuno-analysis and biosensor applications [11][12].

Aptamers are single chain DNA or RNA molecules binding to their targets with high affinity such as proteins as a
defined architectures and having long shelf life [13][14]. They are discovered by systematic evolution of ligands
by exponential enrichment (SELEX) and alternately partitioned for target binding. Since they are oligonucleotides
aptamers can be assembled into supramolecular multi-component structures using hybridization. The adaptation
of aptamers to biosensor and novel diagnostic systems become popular in 2000s. Although the usage of aptamers
in LFAs is increasing in recent years [15], researches are still limited because of the technical and application
procedures. Using aptamers in LFA is generally based on aptamer pairs while various reagents can be used along
with the aptamers, and the aptamer based LFAs have some advantages compared to the antibody based LFAs.
Because two antibodies may not be paired succesfully [16], labelling with antibodies needs to sensitive pH and salt
conditions, and has storage problems restricting the process. Since the endurance of antibody is a crucial problem
[17] alternative recognition pairs should be replaced for sandwich assays. Thus, a few aptamer based LFAs
developed for the recognition of S. enteritidis were reported in the literature. However, capture aptamers used for
the assays are different from each other, further experimental steps such as isothermal strand displacement
amplification or advanced instruments are needed for the analysis and affinity of aptamers to the target may be
low [18][19][20]. Therefore, new aptamer pairs as a candidate for the rapid and sensitive detection of S. enteritidis
are needed for developing point of care tests and various detection systems.

In this work, two aptamers specific to S. enteritidis which were recently reported in the literature with high affinity
were used for developing the LFAs by preparing 4 aptamer pairs in order to see the potential usage of these
aptamers for point of care tests..

2. Material and Method
2.1. Chemicals

HAuCls exH20 (Fluka), nitrocellulose membranes (M240, M180, M120), sample pad and absorbant pad, glass fiber
conjugate pad (Millipore), Tryptic Soy Broth (Sigma) and streptavidin (Sigma) were used. Sodium tricitrate was
from Applichem. Two aptamers, Crn-2 and Crn-1, specific to S. enteritidis [13] were used as thiol or biotin modified
and the primer regions were labelled as bold. Thiol modified aptamers which are Crn-2 SHA: 5'Thio/
AAGGGCTGGCTGGGATGGA TGT AAG AAG GGA GGA AAG GAC CTA AGA CCT GCT ATA TTG CGA
TCACTCCACGGACCCCACT-3’and Crn-1 SH: 5’ Thio/ AAGGGCTGGCTGGGATGGA CCC TCC CGA AAC GAG CTG TCT
CTT AAC GGA AGC TAA TCT GCC TCACTCCACGGACCCCACT-3’ were called as capture aptamers. Biotin modified
aptamers which are Crn-1-Bio: 5’ Bio-AAGGGCTGGCTGGGATGGA CCC TCC CGA AAC GAG CTG TCT CTT AAC GGA
AGC TAA TCT GCCTCACTCCACGGACCCCACT-3’ and Crn-2 Bio: 5’ Bio AAG GGC TGG CTG GGA TGG A TGT AAG
AAG GGA GGA AAG GAC CTA AGA CCT GCT ATA TTG CGA TCA CTC CAC GGA CCC CAC T-3’ were called as detector
aptamers, and biotin modified sequences complementary to two capture aptamers were purchased from
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Integrated DNA Technologies. S. enteritidis and E.coli were from NanoBiz R&D (Turkey). Nanodrop 2000 UV-Vis
spectrophotometer (Thermo Scientific; Waltham, MA, USA) and multiscan plate reader (Biotek-Epoch/2
microplate reader) were used for obtaining the spectra from AuNPs and conjugates. Malvern Zeta Potential
instrument was used for getting the size and zeta potential of both the naked and conjugated AuNPs.

2.2. Methods
2.1. Gold nanoparticle synthesis

AuNPs were synthesized according to the sodium citrate reduction and concentrated. Briefly, 0.01% HAuCl+.xH20
was boiled in sterile conical flask and 1% sodium citrate was added into the solution [21]. After changing the color
of solution from black to reddish in a 2 min, it was allowed to further boiling for about 10 min to complete the
reduction before filter sterilization. UV-Vis spectra was measured for determining the max absorbance of surface
plasmons (Amax) of AuNPs. In order to make a concentrated AuNPs, colloidal gold solution was centrifuged for 30
minutes. Then, 5 times concentrated AuNPs, 5X AuNPs, were stored at 4°C for further use.

2.2. Gold nanoparticles and capture aptamer conjugations

After preparation of the stock solutions of two aptamers (Crn-2 and Crn-1), 0.2uM, 2uM and 4uM of the capture
probes were used for the conjugation and compared for the assay efficiency. To activate the disulphide bonds,
aptamers were treated with Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) at room temperature, firstly.
Then, this solution was added into 1 ml of AuNPs solution and incubated at room temperature for the conjugation.
Ultrapure water was used as a negative control. After the incubation, phosphate buffer saline (PBS) was added
into the solution for the stability of AuNPs and incubated for overnight. Then, solution was centrifuged at 12000
rpm and pellet was resuspended in 20 mM sodium phosphate buffer containing BSA, %0,25 Tween 20 and sucrose.
Then, solution was re-centrifuged and washed with the same buffer as twice and prepared conjugate was stored
at 4°C after resuspending in the same buffer. To develop the sandwich assay two conjugates, conjugate 1 and
conjugate 2, and four aptamer pairs using these conjugates were prepared, separately and shown in Table 1.

Table 1. AuNPs-Aptamer conjugates and aptamer pairs used for the sandwich assay on LFAs

Conjugate 1 Crn-2 SHA: 5'Thio/ AAGGGCTGGCTGGGATGGATGT AAG AAG GGA GGA AAG GAC
(Crn-2 SHA/AuNPs) CTA AGA CCT GCT ATA TTG CGA TCACTCCACGGACCCCACT-3’

Conjugate 2 Crn-1SH: 5'Thio/ AAGGGCTGG CTGGGATGGACCC TCC CGA AAC GAG CTG TCT CTT
(Crn-1SH/AuNPs) AAC GGA AGC TAA TCT GCC TCACTCCACGGACCCCACT-3’

1st aptamer pairs Conjugate 1/Crn-1 Bio

2nd aptamer pairs Conjugate 2/Crn-2 Bio

3rd aptamer pairs Conjugate 1/Crn-2 Bio

4th aptamer pairs Conjugate 2/Crn-1 Bio

2.3. Preparation of the target bacteria

The concentration of S. enteritidis was determined by plate counting method as 101° cfu/ml. Then bacteria was
cultured in Tryptic Soy Broth (TSB) and grown at 37°C for 16 hour at 150 rpm. They were collected at early
stationary phase and centrifuged at 5000 rpm for 5 minutes. After washing with PBS, they were suspended in
running buffer (RB) and used for loading to the strips. Four different RBs were experienced in this work and called
as RB14,RB 1, RB 13 and RB. RB 14 is 20 mM Tris, 50 mM NaCl, 5 mM KCI, 5 mM MgCl2, 2 mM CaCl2, 0.1 mM BSA,
1.7% Triton X100 [22]; RB 1 is 10X SSC/1% BSA; RB 13 is 10 mM Tris, 120 mM NacCl, 20 mM CaCl2, 5 mM KCl,
0.1% Tween 20, 1% PEG 6000, 2% sucrose, 5% methanol [23] and RB (Binding buffer) is PBS containing 4.5g/L
glucose, 5mM MgCl2, 1 mg/ml BSA [13].

2.4. Preparation of the lateral flow assay

The width of the strip tests was adjusted to 0.4 cm and the strip components were manually placed as specified
earlier [24]. All the solutions for membrane moisturizing were filter sterilized before usage. Three types of
solutions were separately prepared for sample pad soaking to make a comparison. They are 1) 0.05M Tris-HC],
0.25% TritonX100, 0.15M NaCl [25], 2) 0.5% TritonX 100, 1% BSA, 2% sucrose, 50mM boric acid [18] and 3) 0.01M
PBS, 3% BSA, 0.05% Tween 20 [26]. Sample pad was dried at 37°C and placed on the strip. To prepare a conjugate
pad two principles were experienced. First is that the target bacteria and conjugates were incubated at 37°C and
4°C before soaking the conjugate pad. Then, they were dried. Second is that the conjugate pad was prepared by
soaking the conjugate without target and dried before applying the target. The biotinylated oligonucleotides on
the test and control lines were immobilized, manually using micropipette. Detector aptamers were used as test
lines while biotin modified complementary oligonucleotides against to the aptamers on the surface of AuNPs as
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control lines. For this purpose, streptavidin was added into the bio-modified oligonucleotides, separately and then
centrifuged at 14000 rpm. Remained solution was suspended in PBS and stored at -20°C for the preparation of
strip assays. The strips were prepared as duplicate and washed with either PBS or saline-sodium citrate buffer if
needed and then results were analyzed with naked eye. The assay principle of the prepared LFAs was illustrated
in Figure 1.

I 1%taptamer

U\, S enteritidis

? AuNP/2" aptamer

I Complementary oligonucleotide

Flow ?
—

>
TL CL s

F
&
5
S
s

Figure 1. The working principle of the aptamer pairs based LFAs
3. Results
3.1. Synthesis and conjugation of gold nanoparticles

Figure 2 shows the AuNPs and conjugations. For the conjugation, 2uM and 4uM aptamer concentrations were
found as sufficient for coating the AuNPs while 0.2uM aptamer was not enough for preventing the nanoparticles
from aggregation (data not shown). To highlight, gold conjugate showed high stability when added with the target,
S. enteritidis, while it was flocculated with E. coli, which means that aptamers covalently bound to AuNPs captured
the target and continued the stability of conjugate (data not shown). Red color intensity of the conjugates also
verified the aptamer binding to AuNPs since the negative control without aptamer showed aggregation. Maximum
absorbance value of the surface plasmons (Amax) of AuNPs was measured by NanoDrop 2000c¢ Spectrophotometer
(data not shown) and EPOCH2 Plate Reader/Spectrophotometer. Results were in consistent and Amax was
measured as 520+2nm for the naked AuNPs (Figure 24, 1-2). The peak shift was observed as 526-530 nm for both
conjugates (conjugate 1 and 2) as expected since the accumulation of aptamers on to AuNPs (Figure 2, 3-4).
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Figure 2. UV-Vis Spectroscopy and the size measurement of AuNPs. A) Amax of naked (1-2) and conjugated AuNPs (3-4)

Conjugate 2 and 1, respectively. 5: Amax measurement of resuspension buffer. 6: Amax measurement of dH20. Bottom flat:

AuNPs/aptamer solution without TCEP. The inset shows the color intensity and stability of naked nanoparticles

The size of the synthesized AuNPs were found as 18 nm (Figure 2B) and the Zeta Potential was -42 * 1. (data not
shown) while they were 35+1 nm and -11+2 for the conjugation (data not shown). After the accumulation of
aptamers on AuNPs, both the size increment was observed and surface charge was shifted to less negative as
expected. Because the reagents such as BSA or aptamers in suspension buffer not only cause to increasing of
particle size but also change the surface charge.

3.2. Preparation of the strip tests

Two conjugations and four aptamer pairs were prepared and experienced for sandwich assay. Among the three
buffer for sample pad soaking, buffer 3 was used for further experiments as it allowed to efficient flow and
decreased the non specific binding. Among the four RBs, RB 1 and RB 14 did not show the non specific binding on
test lines which were designed by 15t and 4t aptamer pairs (data not shown) and they were preferred for further
experiments because of having a good assay performance. Control lines of all strips were visible, clearly which is
meaning that tests are working and valid. Strip assays were also designed without conjugate pad, but both the
conjugate and target were retarded on the pad and flow was not observed (data not shown). It is clearly evidence
that conjugate pad is crucial for effective interaction between the gold conjugate and target, and also efficient flow
through the membranes. Therefore, all the strip tests were prepared with conjugate pad for further experiments
and results demonstrated that aptamer pairs could be usable in these conditions by applying the target bacteria.

3.3. Application of S. enteritidis to the prepared strip tests

The assay performance of the membranes having different flow time was compared with the aptamer pairs by
applying the S. enteritidis. Figure 3 demonstrates the different membranes and buffer relations with two ways of
target application into the assay. 1st way is to load the target into sample pad, directly (Figure 3A). 2nd way is to
load the mixture of target and conjugate to the conjugate pad after incubating for 15 minutes (Figure 3B).
According to the findings, M180 showed positive results with 1st pair using both RBs as the detection of S.
enteritidis was occurred in the test lines, clearly (Figure 3, A1-A4) even if only one strip had weak test line intensity
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(A2). Although the S. enteritidis was captured on test lines with all the aptamer pairs, a few of them did not showed
the control line (Figure 3B, strip 2,4,7,8,9,11) using M120 membrane. Thus, it was decided that the best recognition
of S. enteritidis was achieved by 1staptamer pairs on M120 membrane (Figure 3B, strip 3,5,6) as it was similar with
M180 membrane. However, the control lines of the strip 3 had weak line intensity. Generally, the weak line
intensity on the control lines can be caused by the insufficient flow of conjugate and resulted with the weak
interaction between the conjugate and complementary oligonucleotide. This could be understood from the Figure
3A, strip 1-4 and 5-6 because of the efficient flow on M180 membrane using the same aptamer pairs. Although the
4th gptamer pairs showed positive detection in M120 membrane, similarly the line intensity of control line was
weak (Figure 3B, strip 10), but there was no detection on M180 membrane (Figure 34, strip 5,6). This finding
demonstrated the significance of the membrane and its suitability for used aptamer pairs. M240 membrane having
a slow flow rate did not show the positive detection in these conditions mentioned above (data not shown). To
highlight that the amount of conjugate has also significant role on line intensities. For instance, diluted conjugate
may have weak color intensity compared to the non-diluted conjugate. This is reasonable because diluted
conjugate means that aptamer concentration is low compared to the non diluted one. Thus, the number of captured
target is low and accumulation of the conjugate after the recognition on test zones become weak. However, non
diluted conjugate may also retard the flow (Figure 3B). As a result, 1st aptamer pairs were seen suitable for
development of the strip assay compared to the other pairs and M180 was decided as the best membrane for
further studies.
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Figure 3. Application of S. enteritidis in different RBs to the LFAs prepared by M180 membrane (A) and M120 membrane (B)
using 2uM conjugates. A) Strip 1-4: 1st pair, Strip 5-6: 4th pair. B) Strip 1-2: 3rd pair, Strip 3-7: 1st pair, Strip 8-9: 2nd pair, Strip
10-11: 4t pair. T: Test line C: Control line

In order to determine the optimal binding temperatures of aptamer pairs in the prepared assay, M180 membrane,
buffer 3 as a sample pad buffer and RB 14 were also experienced here using the 4 uM conjugate. According to the
results, 1st aptamer pairs showed the positive detection without non specific binding with the negative controls
after the incubation of target bacteria and conjugate at 37°C for 15 minutes (Figure 4, A1-A3). Although 2ndaptamer
pairs recognized the target bacteria, non specific binding with the negative controls was observed (Figure 4, A6-
A8). Interestingly, 3rd aptamer pairs could not detect the target bacteria and showed nonspecific binding with
E.coli, weakly (Figure 4, A4-A5). This might be explained that the binding of the aptamer might be changeable and
it can cause non specific interactions when the same aptamer is used as both the capture and detector aptamer in
the sandwich assay. Besides, when the aptamer presenting on AuNPs binds to the target it could not be captured
on the testline by the same aptamer as the binding site was already occupied. The similar result was also observed
with 4t aptamer pairs since the same aptamer was used as detection and capture agent (Figure 4, A9-A10).
Therefore, it might be inferred from that these aptamers should be used as a separate pairs for developing the
point of care tests. Figure 4B also shows the results performed at 4°C and 37°C for 1 hour incubation of the target
and conjugate. Results demonstrated that temperature is crucial for effective binding of these aptamer pairs to S.
enteritidis. For instance, the recognition of S. enteritidis by the 15t aptamer pairs was better at 37°C (Figure 4B, B4-
B6) than 4°C (Figure 4, B1-B3) in terms of the test line intensity. This was also verified and repeated by the previous
results which were shown in Figure 4A, A1-A3 performed at 37°C. Therefore, it can also be said that there is no
significant difference between the 1 hour and 15 minutes incubation of the target and conjugate for the interaction
between the aptamer and target bacteria. Interestingly, non specific interaction was occurred with the 1staptamer
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pairs by increasing the incubation time (data not shown). 2rd aptamer pairs showed non specific interaction with
the negative controls (Figure 4A, A6-A8) at 37°C. Although this problem was solved by changing the incubation
time, the target was not detected this time (Figure 4B, B7-B12). This may be related with the time dependent
binding potential of the aptamers and it needs further optimizations. Additionally, it also verified that the aptamer
position on the sandwich assay has also critical role for effective recognition because the detection by the 1st
aptamer pairs was successful compared to the 2n aptamer pairs. To make a summary, 1st aptamer pairs seemed
to have potential for developing LFAs at 37°C with different incubation times (Figure 4, A1-A3; B4-B6). It was also
seen that 2nd aptamer pairs have potential for preparing the LFAs after the incubation at 4°C as the non specific
interactions were not observed (Figure 4B, B7-B9). However, further optimizations for binding to target were
needed. This might be possible with designing the new aptamer probes and capture sequences for the
hybridization on sandwich assays.
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Figure 4. LFAs developed for deciding the optimum temperature of aptamer pairs for the recognition of S. enteritidis using 4
UM conugates. A) Strip 1-3: 1st pair, Strip 4-5: 3rd pair, Strip 6-8: 2nd pair, Strip 9-10: 4th pair. S. enteritidis and conjugate were
incubated at 37°C for 15 minutes. B) Strip 1-6: 1st pair, Strip 7-12: 2nd pair. S. enteritidis and conjugate were incubated at 4°C
(strip 1-3; strip 7-9) and 37°C (strip 4-6; strip 10-12) for 1 hour

4., Discussion and Conclusion

Four aptamer pairs specific to S. enteritidis were applied to the prepared LFAs. To the best of our knowledge, this
is the first study showing the applicability of these two aptamers to the strip assay by using as different aptamer
pairs. Therefore, the assay optimizations including running buffer, membrane types having different flow rate,
incubation time and temperatures and aptamer concentrations were experienced. Results showed the rapid
detection of S. enteritidis without any further experimental steps such as magnetic separation (27), PCR (28) or
preparing electrochemical biosensors based on aptamers (29). M180 membrane was found to be suitable in this
study. Although 1st and 2 aptamer pairs were found as suitable for developing the LFAs, 1st aptamer pairs were
better than others in these conditions and 2rd aptamer pairs needs to further optimizations for efficient detection.
Aptamer pair based LFAs also showed some critical issues for developing the strip assay for the usage of S.
enteritidis detection. First is the design of aptamer pairs. If the pairs used for the recognition and capture are used
separately, target recognition is better than the usage of the same aptamer as a recognition and capture agent. This
is reasonable because different aptamers bind to the different surface of target resulted by efficient detection.
However, aptamer presents on the test line may not capture the target, efficiently since the surface of target is
already occupied by itself when the same aptamer is present on the AuNPs. This was observed by using 3rd and 4t
aptamer pairs in this study. Second is the aptamer and conjugate concentrations. If the aptamer is not enough for
coating the AuNPs it causes agglomeration and capture lines can not be visible with the low amount of conjugate.
Third is the assays buffers. The aptamer binding is affected by the temperature and buffers. To obtain the positive
results, temperature and buffers specific to aptamers should be optimized and used for the efficient binding.
Fourth might be an aptamer length. Although aptamers having primer sequences were used here, the form of
aptamers without primer regions were not experienced. Thus, since the primer regions may cause hairpin and
affect the binding of aptamers to the target the non specific interactions might be occurred here and this will be
considered as a further study. As a summary, two candidate aptamers for developing the LFAs were examined
here, and it was concluded that these aptamers could be used as pairs and adopted to the strip assay for the rapid
detection of S. enteritidis.
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Anahtar Kelimeler
Ozellik Miihendisligi,
Makine Ogrenimi,
Beton Basing Dayanimi

0z: Beton basin¢ dayanimi tahmini, insaat sektoriinde yapilarin dayanikhligi ve
giivenligi acisindan hayati énem tasir. Dogru bir tahmin, yapilarin tasariminda
givenilirlik saglar ve yapisal miihendislik projelerinin basarili bir sekilde
tamamlanmasina katkida bulunur. Ayrica, tahminler, malzeme se¢imi ve yapisal
glivenlik hesaplamalar1 gibi kritik kararlarin alinmasinda da énemli bir rol oynar.
Bu nedenle, beton basing dayanimi tahmini, beton endiistrisinde kalite kontroliiniin
ve gilivenligin saglanmasi i¢in temel bir adimdir. Bu sebeple bu ¢alismada beton
basing dayanimlarinin ytiksek dogrulukta tahmin edilmesi amag¢lanmistir. Bu amag
dogrultusunda UCI’ den (University of California Irvine) alinan Beton Basing
Dayanimi veri seti lizerinde Karar Agaclar1 Regresyonu, Destek Vektor Regresyonu,
Lineer Regresyon ve Sinir Aglari ile tahmin islemleri gerceklestirilmistir. Calismada
veri seti lizerinde 6zellik mithendisligi teknigi kullanilarak 50 6zellige sahip yeni bir
veri seti daha olusturulmustur. Olusturulan yeni veri seti lizerinde ayn1 yontemler
yeniden uygulanarak beton basing dayamim tahminleri yapilmistir. Ozellik
mithendisligi uygulanmadan yapilan tahminler ile 6zellik miithendisligi uygulanarak
elde edilen yeni veri seti lizerinde yapilan tahminler tartismali ve karsilastirilmal
bir sekilde sunulmugtur. Elde edilen bulgular Ozellik mithendisliginin ¢alismada
kullanilan makine 6grenimi yontemlerinin performanslarini artirdigini gosterirken
en basarili yontemin makine miithendisligi ve sinir aglari ile kurulan yapidan elde
edildigini gdstermektedir.

A Hybrid Approach Based on Feature Engineering and Machine Learning for Concrete

Compressive Strength Prediction

Keywords

Feature Engineering,
Machine Learning,
Concrete Compressive
Strength

Abstract: Concrete compressive strength prediction is vital to the durability and
safety of structures in the construction industry. An accurate prediction ensures
reliability in the design of structures and contributes to the successful completion
of structural engineering projects. Furthermore, predictions play an important role
in making critical decisions such as material selection and structural safety
calculations. Therefore, concrete compressive strength prediction is a fundamental
step to ensure quality control and safety in the concrete industry. Therefore, this
study aims to predict concrete compressive strength with high accuracy. For this
purpose, prediction processes were performed with Decision Tree Regression,
Support Vector Regression, Linear Regression and Neural Networks on the Concrete
Compressive Strength data set obtained from UCI (University of California Irvine).
In the study, a new dataset with 50 features was created by using feature
engineering technique on the dataset. Concrete compressive strength predictions
were made by reapplying the same methods on the new data set. The predictions
made without applying feature engineering and the predictions made on the new
data set obtained by applying feature engineering are presented in a controversial
and comparative manner. The findings show that feature engineering improves the
performance of the machine learning methods used in the study, while the most
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successful method is obtained from the structure established with machine
engineering and neural networks.

*lgili Yazar, email: makifbulbul@kayseri.edu.tr
1. Giris

Basing dayaniminin degeri beton yapilarin giivenilir tasarimi ve giivenlik degerlendirmesinin yani sira betonun
kalite degerlendirmesinde 6nemli bir rol oynar [1]. Betonun basing dayanimi, verilen bilesenlere gore oldukca
dogrusal olmayan islevlere sahiptir [2]. Yiiksek performansh beton iliretmek ciddi zaman alan, mali degerleri
yiliksek ve ciddi bir insan giicii gerektirir [3]. Harcanan bu zaman, maliyetten ve insan giliciinden tasarruf
saglanabilmesi ancak yiiksek dogruluk oranlarina sahip tahmin modellerinin gelistirilmesi ile miimkiindiir.

Chengquan ve arkadaslar1 [4], betonun basing dayanimini belirlemek i¢in stokastik fraktal arama, ¢oklu evren
optimizasyonu ve girdap arama algoritmasi olmak iizere ¢ yapay zeka yontemi kullanmislardir. Calismada bu ii¢
yontem ¢ok katmanl algilayic aglar ile entegre edilmistir. Yapilan deneysel ¢alismalardan elde edilen bulgular
beton basin¢ dayanimi tahmininde stokastik fraktal arama ile entegre edilen ¢ok katmanl algilayici aglarin diger
yontemlere gore daha basarili sonuglar elde ettigini gostermistir.

Sarki ve arkadaslar1 [5], yapmis olduklar1 c¢alismada atik mermer tozu iceren betonun basing dayaniminin
tahmininde makine 6greniminin yeteneklerinden yararlanmislardir. Calismada farkli attk mermer tozu bilesimleri
ve degisen su baglayici oranlari kullanilarak veri seti elde edilmistir. Coklu dogrusal regresyon, K-en yakin komsu,
destek vektor regresyonu, karar agaci, rastgele orman, ekstra agaclar ve gradyan artirma yontemlerinin
kullanildig1 ¢alismada rastgele orman yontemi ile diger yontemlerden daha yiliksek R2 degeri ve daha diisiik
ortalama mutlak hata degeri elde edilmistir.

Zhang ve arkadaslar1 [6], hibrit algoritmalar kullanilarak ultra biiyiik islenebilirlik betonunun basing dayanimi
tahminini gergeklestirmislerdir. Calismada basing dayanimi tahmini i¢cin noéro-bulanik ¢ikarim sistemi
kullanilmistir. Noro-bulanik ¢ikarim sistemi balina optimizasyon algoritmasi ve pargacik siirii optimizasyon
algoritmasi ile hibritlestirilerek iki farkl1 model 6ne siiriilmiistiir. Yapilan deneysel calismalar sonucunda balina
optimizasyon algoritmasi ile hibritlestrilen néro-bulanik ¢ikarim sistemi hem diger modelden hem de literatiirde
ayni veri seti ile yapilan diger calismalardan daha basarili sonuglar elde etmistir.

Maheryan ve arkadaslari [7], yapmis olduklari ¢calismada nano silika modifiyeli betonda basing dayanimini tahmin
etmek icin farkli makine 6grenimi yontemleri kullanmiglardir. Yapay Sinir Aglari, Dogrusal Regresyon, Karar
Agaclari, Rastgele Orman, Destek Vektor Makineleri, Stokastik Gradyan inisi, K-en Yakin Komsu yéntemleri gibi
literatlirde sik¢a kullanilan makine 68renimi yontemlerinin kullanildig1 ¢alismada Rastgele Orman yontemi ile
diger yontemlerden daha basarili sonuglar elde edilmistir.

Mustapha ve arkadaslar1 [8], kuaterner karisim betonun basing dayaniminin tahmini i¢cin dort farkli gradyan
artirici algoritma kullanmislardir. Gradyan Artirici Regresor, Isik Gradyan Artirma Modeli, Asir1 Gradyan Artirma
ve CatBoost makine 6grenme algoritmalarinin kullanildifi ¢alismada her algoritmanin hiper parametre
optimizasyonu bes katli ¢capraz dogrulama kullanarak gergeklestirmislerdir. Her gradyan artirma algoritmasi i¢in
bes olmak tlizere toplam yirmi optimal model olusturulan ¢alismada CatBoost yontemi ile daha basarili sonug¢lar
elde edilmistir.

Zhou ve arkadaslari [9], karar agaci modellerini kullanarak geopolimer beton basing dayaniminin tahmini etmeye
calismislardir. Karar agaci, XGBoost ve Rastgele Orman yontemlerinin kullanildigi calismada modellerin dogrulugu
ortalama mutlak hata, ortalama mutlak yiizde hata gibi yontemlerle belirlenmistir. Yapilan deneysel ¢alismalar
sonucunda XGBoost yontemi ile geopolimer beton basing dayanimi tahmininde daha yiiksek dogrulukta sonuglar
elde etmislerdir.

Joshi ve arkadaslar1 [10], yiiksek performansli beton ve lif takviyeli yiiksek dayanimli kendiliginden yerlesen
betonun basing dayanimini ii¢ asamal bir yéntemle tahmin etmeye cahsmislardir. On isleme, ézellik cikarma ve
tahmin asamalarini iceren bu ¢alismada Derin inang Ag1 ve Uzun Kisa Siireli Bellek yontemleri hibritlestirilmistir.
Ayrica, Kaya Sirtlanlar1 Glincellenmis Serce Algoritmasi, onerilen ¢alismanin tahmin dogrulugunu artirmak igin
Derin inan¢ Agin’da kullanilan agirliklarina ince ayar yapmak icin kullanilmistir. Yapilan deneysel calismalardan
elde edilen bulgular sunulan hibrit ydntemin basarisini ortaya koymustur.

Beton basin¢ dayanimi tahmininde literatiirde bir¢ok farkli yontem ve algoritma kullanilmaktadir. Kullanilan
yontemler belirli bir veri seti lizerinde uygulanmis ve belirli sonuglar elde edilmistir. Beton basing dayanimi
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tahmininde kullanilan yéntemlerde kullanilan veri seti 6zellikleri genelde az ve sinirhidir. Veri setlerinde kullanilan
ozelliklerin farkli yontemler kullanilarak artirilmasi ve bu artirimin tahmin performansinda nasil bir etki yapacagi
sorusu bu ¢alismalarda eksik kalmaktadir. Bunlari 1s181nda bu ¢alismada, beton basing dayanimi tahmini i¢in
literatlirde sik¢a kullanilan Karar Agaclari Regresyonu, Destek Vektor Regresyonu, Lineer Regresyon ve Sinir
Aglar1 yontemleri kullanilmistir. Bu yontemler UCI (University of California Irvine) veri deposunda bulunan Beton
Basin¢g Dayanimi (Concrete Compressive Strength) veri seti lizerinde calistirilmistir. Daha sonra kullanilan veri
setinden 6zellik miihendisligi kullanilarak daha fazla 6zellige sahip yeni bir veri seti olusturulmustur. Olusturulan
bu yeni veri seti ile ayn1 makine 6grenimi yontemleri yeniden kullanilmistir. Yapilan deneysel calismalardan elde
edilen bulgular karsilastirmali ve tartismali bir sekilde sunulmustur.

2. Materyal ve Metot

Bu boliimde beton basing dayanimi tahmin isleminde kullanilan ydontemler tanitilacaktir.

2.1. Veri Seti

Beton basing dayanimi tahmin islemi i¢in Yeh tarafindan olusturulan ve UCI’ de bulunan Beton Basing Dayanimi
(Concrete Compressive Strength) veri seti kullanilmistir [11]. Veri seti icerisinde bulunan 6zellikler

Tablo 1'de gosterilmektedir.

Tablo 1. Beton Basing Dayanimi veri seti 6zellikleri

Degisken Adlar1 Calismadaki Rolleri Ozellik No Birimler

Cimento Ozellik 1 kg/m3
Yiiksek Firin Ciirufu Ozellik 2 kg/m3
Ucucu Kiil Ozellik 3 kg/m3
Su Ozellik 4 kg/m3
Siiper akiskanlastirici Ozellik 5 kg/m3
iri Agrega Ozellik 6 kg/m3
ince Agrega Ozellik 7 kg/m3

Yas Ozellik 8 Giin

Beton basin¢ dayanimi Hedef 9 Mpa

Tablo 1’ de sunulan veri seti 6zelliklerinden 8 tanesi ile beton basing dayanimi tahmin edilecektir. Veri seti
icerisinde 1030 tane Tablo 1’ de sunulan 6zelliklere sahip veri bulunmaktadir. Makine 6grenimi yontemlerinde
kullanilmak tizere veri seti %70 egitim ve %30 test olmak lizere iki béliime ayrilmistir. Calismada kullanilan veri
seti icerisindeki 6zelliklerin birbirleri ile olan korelasyon grafigi Sekil 1’ de gdsterilmektedir.
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Sekil 1. Veri seti 6zellikleri arasindaki korelasyon grafigi

Sekil 1’ de sunulan korelasyon grafigine bakildiginda ozellikler arasinda farkli korelasyonlar durumlar:
bulunmaktadir. Ozellik 6 ile 6zellik 5 arasinda negatif yonde bir korelasyon gozlenirken ozellik 5 ile 6zellik 9
arasinda pozitif bir korelasyon gézlemlenmektedir.

2.2. Degerlendirme Metrikleri

Beton basing dayanimi tahmin isleminde modellerin basarisimi 6l¢gmek igin literatiirde makine 6grenmesi
yontemlerinin basarisini 6l¢cen metrikler kullanilacaktir. Bu metrikler Ortalama Karesel Hata (OKH) ve Ortalama
Karesel Hatanin Kokii (OKHK) olup bu degerlerin matematiksel formiilleri Denklem 1ve Denklem 2'de
gosterilmistir.

N
OKH = - F—=y')? 1
~ 2,00 =) (1)
i=1
1 N
OKHK = VORH = |~ Z(y{ —yP)? (2)
i=1

Denklem 1 ve Denklem 2'te, y* gercek degerlerin tahmin edilen degerlerini, y? tahmin edilen degerleri temsil eder.
Bu degerlendirme metrikleri makine 6greniminde tahmin edilen degerlerin dogrulugunu o6l¢mek icin
kullanilmaktadir [12].

2.3. Ozellik Miihendisligi

Ozellik miihendisligi, model performansim iyilestirmek icin ham verilerden ilgili 6zelliklerin veya niteliklerin
olusturulmasini ve secilmesini iceren, makine 6grenimi ve veri biliminin kritik bir yoniidiir [13]. Bir modele daha
bilgilendirici girdi degiskenleri saglayarak modelin tahmin giiciinii artirmay1 amaglayan ozellik ¢ikarma,
déniistiirme ve secme gibi bir dizi teknigi kapsar. Ozellik miihendisligi genellikle veri icindeki temel kaliplar ve
iliskileri yakalayan anlamh 6zellikleri tanimlamak icin alan bilgisini igerir. Olceklendirme, kategorik degiskenleri
kodlama, eksik degerleri isleme ve etkilesim terimleri olusturma gibi teknikler, verileri modellemeye hazirlamak
icin 6zellik mithendisliginde yaygin olarak kullanilir [14]. Sonugta etkili 6zellik mithendisligi, makine 6grenimi
modellerinin dogrulugunu ve genellestirilmesini 6nemli 6lciide etkileyerek gercek diinya verilerinin
karmasikligini daha iyi yakalamalarini saglar.
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Calismada Tablo 1’de sunulan 6zelliklere ait veri seti 6zellik mithendisligi kullanilarak 6zellik sayis1 artirllmistir.
Olusturulan yeni veri seti tizerinde 50 farkli 6zellik bulunmaktadir. Bu say1 yapilan deneysel ¢alismalar sonucunda
belirlenmistir. Bu 6zellik artirrm1 MATLAB platformunda gergeklestirilmistir.

2.4. Karar Agaci Regresyonu

Karar agaci (KA), her bir diiglimde rastgele sayida alt diigiim ve dallara sahip bir agag veri yapisidir. Bir digiimiin
¢ikislart olan alt diiglimlere i¢ diigiim denir; diger diglumlere ise yaprak denir. Bu yapi, regresyon veya
siniflandirma gibi islemlerde kullamilir. Belirli bir fonksiyonla ilgili bir i¢ diigiim tarafindan verilen girdi
degiskenlerinin degerlerine gore, veri kiimesi iki veya daha fazla gruba boltintr [15]. Basit bir KAR yapisi Sekil 2’
de gosterilmektedir.
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Sekil 2. KAR yapisi

Karar agact modeli, agactaki her bdlmede her bagimsiz degiskenin bagimli degisken tizerindeki etkisini
hesaplamak i¢in tiim girdi 6zniteliklerini degerlendirir. Bu islem modelde 6zyinelemeli olarak gerceklestirilir ve
sonug olarak bir karar agaci olusturulur [16].

2.5. Destek Vektor Regresyonu

Destek Vektor Regresyonu(Support Vector Regression-SVR), istatistiksel 6grenme teorisine ve yapisal risk
minimizasyonu ilkesine dayanmaktadir [17]. SVR kiiciik 6rneklem biiyiikliikleri ve yiliksek boyutlara sahip
dogrusal olmayan problemlerin ele alinmasinda benzersiz avantajlara sahiptir. SVR Insaat miihendisligi
problemlerinde daha ytliksek dogrulukla etkin bir sekilde kullanilabilen kararli algoritmalardan biridir [18]. Basit
bir SVR yapisi Sekil 3’ de gosterilmektedir.
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Destek Vektorleri /

Bagimh Degiskenler

Bagimsiz Degiskenler

Sekil 3. SVR yapisi

Sekil 3’'de goruldugi gibi SVR veri noktalarinin marjinal hatayla ¢evrelenmesini saglar. Her bir veri noktasinin
hiper diizlem ile ne kadar uyustugunu buradaki marjinal hata belirler. Bu hata en aza indirgenerek model tahmin
yetenegini artirir.

2.6. Yapay Sinir Aglan

Yapay Sinir Aglar1 (YSA), regresyon problemlerini ¢6zmek icin kullanilan gti¢lii bir makine 68renimi teknigidir
[19]. Regresyon modelleri, bir bagimli degiskenin bir veya daha fazla bagimsiz degiskene bagh oldugu iliskiyi
modellemeyi amaglar. Yapay sinir aglari, karmasik veri setlerindeki bu iliskileri kesfetmek ve 6ngérmek icin
kullanilir [20]. Basit bir YSA yapisi Sekil 4’ de gosterilmektedir.

Girig Katmani T Cikis Katmam

© Gizli Katmanlar

Sekil 4. YSA yapisi

Sekil 4’de goriildiigii gibi YSA yapisi lic ana katmandan olusmaktadir. Veri akis yonii giris katmanindan ¢ikis
katmanina dogru ilerlemektedir. Ag, giris 6zelliklerinden ¢ikt1 tahminini tiretmek icin katmanlar arasindaki
agirliklari ayarlar ve veriye uyum saglar. Egitim siirecinde, ag gercek ciktilar ile tahmin edilen ¢iktilar arasindaki
farki minimize etmek icin optimizasyon algoritmalar1 kullanir. Bu sekilde, yapay sinir aglar1 regresyon
problemlerini ¢ozer ve veriler arasindaki karmasik iligkileri modellemeye yardimci olur.

2.6. Lineer Regresyon

Lineer Regresyon (LR), degiskenlerin bagimsiz ve 6zdes olarak dagildig1 varsayimina sahip istatistiksel bir
modeldir. Basit ve ¢ok degiskenli dogrusal regresyon, bagimli ve bagimsiz degiskenler arasindaki dogrusal iliskiyi
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ifade eden matematiksel modelleri bulmay1 ve bu modelleri kullanarak bagimli degisken hakkinda gelecege
yonelik tahminler yapmay1 amaglar [21]. Yiiksek boyutlu veri kiimelerinde, bir¢cok degisken veya o6zellik, hedef
veya yanit degiskeniyle ilgisiz veya gereksiz olabilir [22]. Basit LR grafigi Sekil 5’ de gosterilmektedir.
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Bagimsiz Degiskenler
Sekil 5. LR yapisi

Sekil 5’ de sunulan grafik bagimsiz bir degiskenin bagimli bir degisken ile olan iliskisini gdstermektedir.
3. Bulgular

Beton basin¢ dayanimi tahmini igin ¢alismada kullanilan metodolojinin diyagrami Sekil 6’da gosterilmektedir.

Beton Basing Dayanim Veri Seti Beton Basing Dayanimu Veri Seti (Ozellik Artirilmis)
Ozelik  Ozellik  Ozellik  Ozellik  Ozellik  Ozelik  Ozellik  Ozellik Ozellik Ozellik Ozellik .. OzelikNo25 OzellikNo26 .. Ozellik No 50
Nol  No2  No3  Nod4  No5  No6  No7  No8 Nol No2 No3 (No 5./No 7) (No 1%) (No 2*No 3)

—  Ozellik Miihendisligi —

v

Egitim veri seti Egitim veri seti

KAR SVR YSA ; LR
N Test veri seti v Test veri seti ‘
Degerlendirme Metrikleri

Deneysel Sonuglar

Sekil 6. Calismada kullanilan metodoloji diyagrami
Sekil 6’ da sunulan diyagramda 6ncelikle beton basing dayanimi tahmini i¢in kullanilan veri seti tizerinde farkl
makine 6grenimi yontemleri kullanilacaktir. Daha sonda 6zellik miihendisligi kullanilarak mevcut veri setinden
tiretilen ve daha fazla 6zellige sahip yeni veri seti lizerinde ayn1 makine 6grenimi yontemleri beton basing
dayanimini tahmin edeceklerdir. Sekil 6’ da sunulan mimari ¢ok boyutlu problem ¢6ziimlerinde sunmus oldugu
kodlama kolayligi nedeniyle MATLAB platformunda gergeklestirilmistir. Her iki veri seti iizerinde aym
yontemlerle elde edilen bulgular tartismali bir sekilde sunulacaktir.

16



Beton Basing Dayanimi Tahmini igin Ozellik Miihendisligi ve Makine Ogrenimi Tabanh Hibrit Bir Yaklagim

Sekil 6’ da sunulan veri setleri iizerinde her iki veri seti de %70 egitim ve %30 test olmak tizere iki bdltime
ayrilmistir. Egitim veri seti ile egitilen makine 6grenimi yontemlerinin basarilari daha sonra karsilasmadiklari test
verileriile 6l¢iilmektedir. Ham veri seti lizerinde yapilan deneysel calismalar ile test veri seti tizerinden modellerin
yapmis olduklari tahminlerin performanslari Esitlik 1-4’ e gore hesaplanmis ve Tablo 2’ de sunulmustur.

Tablo 2. Veri seti lizerinde makine 6grenimi yéntemlerinin performanslari

Modeller OKH OKHK
KAR 157,50 12,55
SVR 130,65 11,43
YSA 138,53 11,77

LR 129,96 11,40

Tablo 2’'de goriildiigi tizere 6zellik mithendisligi uygulanmamis veri seti Uizerinde ¢alistirillan makine 6grenme
yontemleri lizerinde en basarili model LR modelidir.

Deneysel ¢alismalarin ikinci béliimiinde 6zellik miithendisligi ile elde edilen veri seti lizerinde ayni1 modeller
calistirilmis ve deneysel sonuglar Tablo 3’ de sunulmustur.

Tablo 3. Ozellik mithendisligi ile genisletilmis veri seti iizerinde makine égrenimi yéntemlerinin performanslari
Modeller OKH OKHK
Ozellik Miihendisligi + KAR 138,06 11,75
Ozellik Miihendisligi + SVR 127,69 11,30
Ozellik Miihendisligi + YSA | 100,20 10,01
Ozellik Miihendisligi + LR 127,69 11,30

Calismada kullanilan veri setleri ve kullanilan biitiin modellerin performanslarinin karsilastirilmis hali Sekil 7’de
gosterilmektedir.

Modellerin Ortalama Kare Hatasi
160

I Veri Seti
I Ozeliigi Artiriimis Veri Seti

Ortalama Kare Hatasi

KAR SVR YSA LR
Modeller

Sekil 7. Her iki veri setinde uygulanan yontemlerin OKH performanslari
Sekil 7'de gorildiigii lizere veri seti lizerinde uygulanana o6zellik miithendisligi ile 6zellik artirilma islemi
sonucunda YSA modelinin performansinda ciddi bir artis s6z konusu olmustur. Ayni zamanda 6zellik mithendisligi

uygulanmayan veri seti iizerinde yapilan deneysel calismalarda en basarili model LR iken veri seti iizerinde 6zellik
mithendisligi uygulandiktan sonra en basarili model YSA olmustur.
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4. Tartisma ve Sonug¢

Beton basing dayanimi tahmini, insaat mithendisligi ve malzeme bilimi alanlarinda temel konulardan bir tanesidir.
Beton, yapilarin mekanik dayanikliligini saglayan kilit bir yap1 malzemesidir ve bu nedenle basin¢ dayaniminin
dogru bir sekilde tahmin edilmesi énemlidir. Basin¢ dayanimini belirleyen faktoérler arasinda bircok faktor vardir
ve bu faktdrlerin karmasikligi ve etkilesimi, tahmin siirecini zorlastirir. Bu zorluluk beraberinde deneysel ve
analitik calismalar1 gerektirir. Betonun basing dayaniminin dogru tahmini, yapisal miithendislik projelerinin
basarili bir sekilde tamamlanmasi ve yapilarin dayanikliligi ve giivenligi icin kritik bir éneme sahiptir. Bu
calismada beton basing dayanimini tahmin etmek icin literatiirde sik¢a kullanilan KAR, SVR, YSA ve LR makine
6grenme yontemleri kullanilmistir. Bu yéntemler halka acik bir sekilde UCI veri deposunda bulunan Beton Basing
Dayanimi veri seti izerinde uygulanmistir. Bununla birlikte veri serti iizerine 6zellik miithendisligi uygulanarak
veri seti 6zellikleri 50 ye ¢ikarilmistir. Olusturulan bu yeni veri seti lizerinde ayni1 makine 6grenimi yontemleri
tekrar uygulanmistir. Deneysel calismalardan elde edilen bulgular 6zellik miihendisligi ile birlikte YSA
kullaniminin her iki veri seti tizerinde yapilan diger deneysel ¢alismalardan daha etkili ve verimli sonuglar elde
ettigini gostermistir.

Ayrica deneysel calismalar 6zellik miihendisligi ile birlestirilen yontemlerin daha iyi performans ortaya
koyduklarin1 da gostermistir. Bu yontem o6zellikle az 6zellige sahip veri setleri iizerinde daha performanslh
sonuglar elde edilebilecegini gosterilmistir.

lleriki calismalarda 6zellik miithendisligi ve YSA ile kurulan yapi temel alinarak beton basing dayanimi tahmini icin
uygulamalar gelistirilebilir.
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Anahtar Kelimeler Oz: Son yillarda en ¢ok miicadele edilen konulardan biri, ugaklar tarafindan
Dalaman Havalimani, atmosfere salinan emisyon gazlaridir. Bu ¢alismada, 2015-2021 yillar1 arasinda
Milas-Bodrum Havalimani, Dalaman Havalimani (IATA: DLM, ICAO: LTBS) ve Milas-Bodrum Havalimani (IATA:
Igggﬁflg g(rlzil Salinimy, BJV, ICAO: LTFE) LTO (Kalkis, Tirmanis ve Inis) siirecinde en sik kullanilan ucak
NO, Emi)s]yon;J, tipleri olan B737-800 ve A320 ugaklarindan kaynaklanan emisyon gazlar1 (HC, CO
HC Emisyonu ve NOx) hesaplanmistir. Mugla, yi1lda yaklasik 6 aylik bir turizm sezonu ile ana turizm

destinasyonu oldugundan, Dalaman ve Milas-Bodrum havalimanlari Tiirkiye nin en
yogun havalimanlar1 arasinda yer almaktadir. Hesaplamada kullanilan yakit
oranlar1 ve emisyon faktorleri ICAO ve Motor Veri Bankasindan alinmistir. Ugus
verileri ise DHMI'den temin edilmistir. Yapilan ¢alismada salinan emisyon gazlar,
Tier 2 yontemiyle hesaplanmistir. NOx emisyonu en ¢ok kalkis ve tirmanis fazinda
gorintirken, CO ve HC emisyonlar: en ¢ok taksi fazinda gézlemlenmistir. Bunun
nedeni, kalkis ve tirmanis fazlarinda motor itki giiciiniin diger fazlardan daha
yuksek olmasidir. Taksi fazinda ise motor itki giicii en diisiik seviyededir, bu nedenle
CO ve HC emisyonlari daha fazladir.

Real-Time Calculation of Emissions from B737-800 and A320 Aircraft During the LTO
Cycle in Mugla Province Between 2015-2021

Keywords Abstract: One of the most challenging issues in recent years is the emission gases
D‘?Iama" Airport? released into the atmosphere by aircraft. In this study, emissions gases (HC, CO, and
Milas-Bodrum Airport, NOx) originating from B737-800 and A320 aircraft, which are among the most

Emission Gas Release,
CO Emission,

NOx Emission,

HC Emission

frequently used aircraft types in the LTO (Landing and Take-Off) process at Dalaman
Airport (IATA: DLM - ICAO: LTBS) and Milas-Bodrum Airport (IATA: BJV, ICAO:
LTFE) between 2015 and 2021 have been calculated. Mugla, being a primary
tourism destination with approximately a six-month tourism season, Dalaman and
Milas-Bodrum airports are among the busiest airports in Turkey. The fuel ratios and
emission factors used in the calculations were obtained from ICAO and the Engine
Data Bank. Flight data was obtained from DHMI. Emission gases released were
calculated using the Tier 2 method. NOx emissions are most visible during take-off
and climb phases, while CO and HC emissions are most prominent during the Taxi
phase. This is because the engine thrust power is higher during take-off and climb
phases than in other phases. In the Taxi phase, engine thrust power is at its lowest
level, which is why CO and HC emissions are more prominent.
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1. Giris

Havacilik endiistrisi, farkli insanlari, kiiltiirleri ve ticari faaliyetleri birbirine baglayan kiiresel bir endiistridir [1].
Bugiin diinya niifusunun %51'i uluslararasi bir havalimanina yakin yasarken, %74'i herhangi bir havalimanina
100 km altinda mesafede bulunmaktadir [2]. Kiiresel havaciligin hizli biiylimesi, ucak motoru emisyonlariyla
iligkili cevresel endiseleri giindeme getirmistir. Havacilik, modern hayatimizda kritik bir rol oynarken, ucak
motorlarindan kaynaklanan emisyonlar hava kirliligine, iklim degisikligine ve diger ¢evresel etkilere sahip olsa da
diger kaynaklara gore az etkisi vardir [3].

Motor igerisinde meydana gelen yanma sonucu CO, COz, SOz, NOx gibi emisyon gazlar1 ve partikiiller olusur. Olusan
NOX emisyonu asir1 yanma sonucu a¢iga ¢ikmaktadir. Diger bir yanma iiriint olan CO emisyonu ise diisiik 1silarda
yanma sonucu olusur. Havacilik endiistrisinde hava kirliligi ile miicadele etmenin bir yolu, yanmanin kusursuz
olmasini saglamaktir [4].

Ucaklardan kaynaklanan egzoz emisyonlari, insan kaynakl yiizey emisyonlarina kiyasla daha kii¢iik oldugu pek
¢ok calismada kanitlanmistir. Tiim petrol iriinlerinin yaklasik %6's1 havacilik yakiti olarak kullanilmaktadir.
Toplam insan kaynakh COz emisyonunun yaklasik %2,6’s1 havacilik endiistrisinden kaynaklanmaktadir. insan
kaynakll tiim NOx emisyonunda havaciligin etkisi %3'l kadardir. Bununla birlikte, u¢ak emisyonlarinin st
atmosferdeki benzersiz konumu ve hava trafiginde 6ngériilen biiyiime, bu emisyonlarin etkilerine dzellikle dikkat
edilmesini gerektirmektedir [5,6,7].

Cesitli arastirmacilar tarafindan gerceklestirilen ¢alismalar, Ttirkiye'deki havaalanlari ve ugaklardan kaynaklanan
kirletici emisyonlar1 analiz etmistir. Kesgin [8], 2001 yilinda Tiirkiye'deki havaalanlar: icin LTO déngiisiinde
salinan Kkirletici emisyonlar1 hesaplayarak Atatiirk Havaalan i¢in en yiiksek ve en diisiik emisyon miktarlarini
belirlemistir. Schafer ve ark. [9], uzaktan tespit yontemiyle Frankfurt, Londra ve Viyana havaalanlarinin ugcak egzoz
emisyonlarini incelemis ve NOx emisyonlarinin ICAO verilerine gére %50 daha yiiksek oldugunu tespit etmistir.
Eyers ve ark. [10], 2002 verileriyle 2025 y1l1 i¢in kirletici emisyon tahminleri yapmis ve CO2 ve NOxemisyonlarinin
artacagini 6ngormistiir. Fleuti ve Polymeris [11], Ziurih Havaalani'ndaki u¢aklarin LTO ddngiilerini inceleyerek
ICAO LTO dongiisiine gore farkliliklar oldugunu gostermistir. Schiirmann ve ark. [12], Ziirih Havaalani'ndaki
ucaklardan kaynaklanan emisyonlarin yerel hava kalitesine etkisini 6l¢gmiis ve CO ve NO emisyonlarinin
kaynaklarini belirlemistir. Elbir [13], Adnan Menderes Havalimani i¢in ugaklardan kaynaklanan emisyonlari
hesaplamistir. Gokgek ve Bekdemir [14], Tiirkiye'nin dort biiylik havalimaninin NOx emisyonlarini incelemistir.
Unal A. [15], Atlanta Havalimami'ndaki kirleticileri arastirarak partikill madde emisyonlarinin ozon gazi
emisyonlarindan daha fazla oldugunu gostermistir. Carslaw ve ark. [16], Heathrow Havalimani'ndaki NOx
emisyonlarinin toplam Kkirleticiler icindeki oranini belirlemis ve etkilerini uzak mesafeye tasidigini gostermistir.
Winther ve ark. [17], Kopenhag Havalimani icin emisyon hesaplamalar1 yapmistir. Steib ve ark. [18], Macaristan
Budapeste Ferihegy Havalimani'ndaki ugaklardan kaynaklanan emisyonlar1 incelemis ve biiylik ugaklarda
yardimci gii¢ Uniteleri kullanildigini belirtmistir. Nikoleris ve ark. [19], 2011 yilinda, Dallas/Fort Worth
Havalimanindaki ugak operasyonlarina ait yakit tiiketimi ve buna bagl emisyon degerlerinin tahmin etmeye
calismislardir. Cagatan [20], Atatiirk Havalimani'nin cevresel etkilerini belirlemistir. Oztiirk [21], Kayseri Erkilet
Havalimani i¢in emisyonlar1 hesaplamistir. Altuntas ve Karakog [22], i¢ hat uguslarinin ugak se¢imindeki etkilerini
arastirmis ve bolgesel jet ucaklarinin kullanilmasinin olumlu sonuglar dogurabilecegini gostermistir. Yilmaz ve
IIbas [23], gaz tiirbinli motorlardan kaynaklanan kirletici emisyonlari incelemistir. Cizmecioglu [24], Tiirkiye'deki
sivil havacihgr degerlendirmis ve sivil havacihin ekonomik etkilerini arastirmistir. Unal ve ark. [25], Nevsehir
Kapadokya Havalimani'ndaki giiriiltii ve emisyon dl¢limlerini yapmistir. Canarslanlar [26], i¢ hat uguslarinin yakit
tiikketimi ve emisyonlarinin Hava Sahasi ve Trafik Yonetimi ile iliskisini incelemistir. Babaoglu ve Ozgiinoglu [27],
Kahramanmaras Havalimani'ndan kaynaklanan kirletici gazlari tahmin etmistir. Sekertekin [28], Tiirkiye i¢ hat
ucuslarinin LTO operasyonlarindan kaynaklanan kirletici emisyonlarina odaklanmistir. Yilmaz [29], Kayseri
Erkilet Havalimam LTO Safhasinda Hava Kirleticileri (HC, CO, NOx.) Hesaplanmistir. Kuzu [30], istanbul Atatiirk
Havalimani LTO Emisyonlarinin Hesaplanmasi ve Cevreye Dagiliminin Modellenmesi tizerine ¢alismistir. Kumas
ve digerleri [31], Dalaman Havalimam LTO Safhasinda Karbon Ayak izinin Belirlenmesi konusunda arastirma
yapmislardir. Ekici ve Sohret [32], Isparta Siileyman Demirel Havaalan’'nda Emisyonlari, Cevresel Etkileri ve
Emisyon Ekonomisini incelemistir. Keskin ve Ercoskun [33], Adnan Menderes Havalimani LTO Safhasinda
Emisyonlarin Cevreye Etkisinin Incelemislerdir. Gen¢ [34], Malatya Erha¢ Havalimam igin emisyonlar
hesaplamustir. Oz ve Ercoskun [35], Esenboga Havalimani LTO Safhasinda Emisyonlarin Cevreye Etkisinin
Incelenmesi iizerine calismiglardir. Yildiz [36], ¢alismasinda ugcaklarin elektrik kullanmasinin 6énemini
arastirmistir. Calismasinda elektrik kullanmanin ugak emisyonlarinda yaklasik %20, giiriiltiisiinde %50 ve yakit
tiiketiminde ise %20 azalma saglayabilecegini tespit etmistir. Yildiz ve ark. [37] calismalarinda hibrit ugak
tahrikinde kullanilmak tizere elektrik enerjisinin ve geleneksel jet yakitinin WTP emisyonlarini analiz etmislerdir.
Emisyon hesaplamalarinin gelecek projeksiyonu, daha fazla yenilenebilir kaynaktan elektrik liretmenin genel
emisyonlarda yalnizca %50'lik bir azalma sagladigini tespit etmislerdir.
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Diinyada havaalanlarindaki ugak emisyonlarini tahmin etmeye yonelik ¢esitli calismalar bulunmaktadir. Ugak
emisyonlariyla ilgili ilk ¢alismalar, baslangicta sinirli sayida gaz iizerinde odaklanmis olsa da 1980'lerde ve
1990'larda arastirmacilar, egzoz gazlarinin detayli kimyasal bilesimine ek olarak, ugak tiirbin motorlari tarafindan
yayilan pargaciklarin kimyasal ve fiziksel 6zelliklerini inceleyerek odak noktasini genisletmislerdir [38].

Amerikan hiikiimeti tarafindan yapilan ¢alisma, havaalani kaynakli emisyonlarin hesaplanmasina yonelik ilk
girisimlerden biridir. EPA Raporu, 5 ana béliim ve A'dan H'ye kadar olan 8 ekten olusmaktadir. Raporda, 1970 ile
1995 arasinda ugak emisyonlarinin trendini gosteren veriler sunularak, 2010 yili i¢in tahminler yapilmistir [39].
Bajgai ve Shrestha [40], Tribhuvan Uluslararasi Havalimani'ndan (TIA) kaynaklanan inis ve kalkis dongiisii (LTO)
emisyonlarinin ve bu emisyonlarin Katmandu vadisindeki ortam hava kalitesine olan etkilerini aragtirmislardir.
Yazarlar, LTO emisyonlarinin yilda 898 ila 2123 ton arasinda degistigini hesaplayarak, bu emisyonlarin hava
kalitesine en ytliksek etkiyi muson 6ncesi mevsimde gosterdigini belirtmislerdir.

Cao ve arkadaslar [41], cesitli taksi yapma yontemlerini karsilastirmis ve farkli taksi yapma yontemlerindeki
emisyonlar1 hesaplayarak cevresel etkilerini degerlendirmislerdir. Cin, Xining Uluslararasi Havalimani'ndan
alinan fiili operasyonel verilere dayanan degerlerde bes taksi yontemi i¢in yakit tiiketimi ve kirletici emisyon
karsilastirmalar1 yapmistir. Bu yontemler arasinda tam motorlu taksi, tek motorlu taksi, sevk cekme, yerlesik
sistemler ve ytizey trafik yonetimi bulunmaktadir. Sonuglar, yeni yontemlerin geleneksel yontemlere gére daha
cevre dostu oldugunu gostermektedir. Ayrica, 2024-2035 yillari arasinda yapilan tahminler de sunulmustur.

Goruldugi gibi, ucak emisyonlar1 konusu son yillarin en trend konularindan biridir ve bu alanda ¢ok sayida
bilimsel ¢alisma bulunmaktadir. Bu ¢alisma, Dalaman Havalimani ve Milas-Bodrum Havalimani'nda 2015-2021
yillar1 arasinda gergeklesen LTO siireglerinde B737-800 ve A320 ugaklarindan kaynaklanan emisyon gazlarini
(HC, CO ve NOx) analiz etmeyi amaglamaktadir. Bu arastirma, ICAO ve Motor Veri Bankasi'ndan alinan yakit
oranlar1 ve emisyon faktérleri kullanilarak Tier 2 yontemini temel almaktadir. Calismanin 6zglinligi, Mugla ili igin
2015-2022 yillann arasinda hesaplanan emisyon degerlerine dayanarak gelecege yonelik tahminlerde
bulunmaktadir. Calisma, 2020 pandemi donemini ve sonrasini da icermektedir. Ana hedef, kisi bas1 emisyonlari
hesaplamak ve azaltmak i¢in 6nerilerde bulunarak ¢evresel etkileri anlamak ve minimize etmektir.

2. Materyal ve Metot

Calismada salinimi hesaplanan CO emisyonu yanmanin diisiik sicaklikta gerceklestigi zaman goriilen ve canlilar
icin son derece tehlikeli olan zehirli bir emisyon gazidir. Diger hesaplanan NOx' in yanma sirasinda yiiksek
sicaklikta tepkimeye giren nitrojen atomuyla (N) oksijen molekiillerinden (02) olusan nitrik oksit gazi1 (NO) ve
nitrojen dioksit NOz gazidir [4]. Dalaman (IATA: DLM- ICAO: LTBS) ve Milas- Bodrum havalimani (IATA: BJV, ICAO:
LTFE) i¢in 2020-2022 yillar1 arasinda kalkis ve inis siireclerinde ugaklarin CO ve NOx salinimlar1 hesaplamistir.
Yakit oranlar1 ve emisyon faktérleri ICAO ve Motor Veri Bankasindan ahinmigtir. Ilgili havaalanimin 2020-2022
yillar1 arasinda ait ugus verileri DHMI’den alinmistir. Elde edilen sonuglar, ugus zarfinin kalkis, tirmanus, inis ve
taksi gorevlerine gore, 2015-2021 yillan icin NOx, HC ve CO emisyonlarini i¢ ve dis hat ayrimi yaparak
hesaplanmistir. Her iki havalimani i¢in emisyon hesaplamada kullanilan yéntem Tier 2 metodudur.

2.1. Ucak Emisyonlarinin Hesaplanmasi

Havacilik tarafindan iiretilen kirleticiler, ugaklarda yakit olarak kullanilan jet yakiti ve havacilik benzininin (bu,
yalnizca kii¢ilik ugaklar ve piston motorlara sahip helikopterler tarafindan kullanilir) yanmasi sonucunda ortaya
¢ikar. Ana emisyon tiirleri sunlardir: CO2, NOx, H20 buhari, CH4, CO, SOx, metan dis1 ugucu organik bilesikler,
partikiil madde (PM).

Asagida bir ugak motorundaki hava-yakit akisini ve yanma siireci verilmistir. Kimyasal slire¢ sonunda elde edilen
emisyon gazlari ve partikiiller asagida verilmistir [42].

ideal Yanma;

Hava (N, + 0,) + Yakit (C,H,, +S) - CO, + H,0 + N, + 0, + SO,
Gergek Yanma;

Hava (N, + 0,) + Yakit (C,H,, +S) - CO, + H,0 + N, + 0, + NO, + UHC + CO + Cspp; + SO,
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LTO dongiisii icinde emisyonlari, dort operasyon modundan kaynaklanan emisyonlar olarak kabul ederiz. Bunlar;
Yaklasma, Taksi, kalkis, 3000 ft (~1915 m) ylikseklige tirmanma seklindedir [43]. Sekil 1 ‘de gosterildigi gibi, Tipik
bir LTO ve CCD déngiist birka¢ ugus asamasini icerir. Bunlar asagida verilmistir.

Taksi ¢ikisi (1)

Kalkis (2)

Tirmanis Baslangici (Cikisi) (3)
Tirmanis (4)

Seyir (5)

Alcalma (6)

Son yaklasim (7)

inis (8)

Taksi girisi (9)

Bu asamalar tipik bir ucusun genel 6zeti olmaktadir [44].

Seyir(5)

Tirmanma (4)

Algalma(6) TSA
(CCD)
3000 ft (915m)
Kalkig(2
Tirmanig(3) S

Inig (8)

Sekil 1. Tipik bir LTO ve CCD déngiisii [43]

Son Yaklagma(7) K
(LTO)

Taksi Girig (9) Taksi Cikig (1)

Ugus icin gerceklesen faaliyetler, “ucus hareketi” bir ucak taksi yapmaya basladigi anda baslar ve ugak taksiyi
sonlandirdigi anda sona erer. Havaciliktan kaynaklanan egzoz emisyonlari yakitin yanmasindan kaynaklanir. Ugus
hareketleriyle ilgili tiim faaliyetler sirasinda ortaya cikarlar. Sekil 2'de gosterildigi ve asagida listelendigi gibi
faaliyet gruplari halinde gruplandirilabilirler:

| Kalkis Oncesi Faaliyetler (Yakit Ikmali, APU, Motor Calistirma, Servis Araglari, Anti-Icing
ve De-Icing, Diger Hizmetler)

—I Kalkis Faaliyetleri (Taksi Cikis, Kalkis, Tirmanma Baslangici) I

— CCD Faaliyetleri (Tirmanis, Seyir, Algalis)

Acil Durum Faaliyetleri (Yakit Bosaltma)

Varis Etkinlikleri (Son yaklasma, inis, Taksi Giris)

Ucus Hareketleri ile ilgili Faaliyetler

Varis Sonrasi Etkinlikler (Servis araglari, APU, Diger Hizmetler)

Bakim Faaliyetleri (Motor Bakimi, Ugak Boyama, Diger Planli Bakimlar, Diger Plansiz
Bakimlar)

Sekil 2. Ucus Hareketleri ile ilgili Faaliyetler
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Yukarida listelenen ugus hareketleriyle ilgili faaliyetlerden, kiiresel yakit kullanimi ve emisyon envanterlerinin
miimkiin oldugu li¢ ana faaliyet sunlardir:

o Kalkis Faaliyetleri
e (CCD Faaliyetleri
e Varis Etkinlikleri [44].

Ugaklardan kaynaklanan egzoz emisyonlarini hesaplama yontemleri, IPCC tarafindan t¢ farkh (Tier 1, Tier 2 ve
Tier 3) yaklasim olarak tanimlanmistir. Bu ¢alismada Tier 2 yontemi ile ugak tiplerine gére LTO ddngiilerini
kullanarak emisyonlar1 hesaplanmaktadir. Hesaplama yonetmelerinde kullanacagimiz kalkis evresinde ti¢ mod
vardir. Bunlar sirasiyla; taksi cikis, kalkis ve tirmanmadir. Inis evresinde yine ii¢ mod vardir. Bunlar; son yaklasma,
inis ve taksi giristir. Her modda motor giicii farklidir. Hesaplamalarda bu énem arz eder. Hesaplamaya dahil
olmayan evre duz ugus evresidir yine o da li¢ moda sahiptir. Bu modlar tirmanis, seyir ve alcalmadir. Ugus bilgileri
DHMI genel midiirliigiinden alinmistir [45]. Emisyon salimimi degerlerini hesaplamak icin ICAO’dan [43] ugus faz
stireleri ve Motor Veri Bankasindan ucus faz yakit debisi, ugus faz emisyon indeksleri ve ugus faz itki degerleri
alinarak asagidaki denklemde kullanilmistir [46,47,48].

E:i,m = z z Ny 'la,e ' Fa,e,m ' Em,e,i ' tm,a (1)
a e

Buradaki denklemde,

Eim : Yillik Hava Kirliligi Emisyonu [gr/y]
Na :Ugak Sayis1

lae :Ugak Modelinin Yillik Sayis1

Faem : Yakit Debisi [kg/sn]

Eme, :Emisyon Indeksi [gr/kg yakit]
tma :Ugak Tipi Icin Faz Siiresi [sn]
Olarak tanimlanir.

Tablo 1'te ugus fazlari, ugus faz siireleri ve itki degerleri goriilmektedir.

Tablo 1. Eklenecek tablo [3].

Evre Ucus Fazi Motor itki Ayan Harcanan Siire
Modu (Saniye) (Dakika)

Kalkis Taksi Cikis (1) Rolanti %7 Foo 1140 19

Kalkis (2) Kalkis %7100 Foo 42 0.7

Tirmanis (3) Tirmanis %85 Foo 132 2.20
inis Son Yaklasma (7) Yaklasma | %30 Foo 200 3.4

inis (8) Yaklasma %30 Foo 40 0.6

Taksi Giris (9) Rolanti %7 Foo 420 7

LTO dongiileri i¢in ugak tipleri ve emisyon degerlerinin yani sira ugak tipi basina kg/LTO cinsinden yakit tiiketimi
ornekleri (ICAO varsayilan LTO siiresi: 32 dakika 54 saniye) Tablo 2’de verilmistir [44].

Tablo 2. LTO Déngiileri icin Ucak Tipleri ve Emisyon Degerlerinin Yan Sira Ucak Tipi Basina Kg/LTO Cinsinden Yakit
Tiiketimi [41].

Ucak Tipi Motor Yakit Cco2 NOx SO« H20 co HC PM
Adi Yanmas1 | (Kg) (Kg) | (Kg) (Kg) (Kg) | (Kg) | Toplam
(Kg) (Kg)
A320 3CMO026 | 816,17 257093 | 11,28 | 0,69 1003,89 | 825 | 1,64 | 0,07
B737-800 8CMO051 | 881,1 277547 1123 | 0,74 1083,75 | 7,07 | 0,72 | 0,07

B737 ve A320 tip ucaklar i¢in Mugla ili LTO degerleri Gergek zamanli inis kalkis stireleri ICAO 1995 tarihli
degerlerinden farkhidir ve asagida verilmistir [49]. Burada goriildiigii tizere ICAO LTO dongiisiini 32 dk 54 sn
kabul edilse de gercek zaman ortalama olarak daha diisiik siiredir. Bu da emisyonlarin yayilma miktar1 agisindan
onemlidir. Tablo3’te gercek zamanlh LTO dongiisii stirelerini vermektedir. ICAO’nun siireleri ortalama siirelerdir
ve havalimanindan havalimanina farklilik géstermemektedir.
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Tablo 3. B737-800 ve A320 Tip Ugaklar i¢in Gergek Zamanli Ucus Fazlari, Ugus Faz Siireleri [49].

Taxi-in Taxi-out Yaklagsma Tirmanma |LTO Toplam
Havaalani (dk) (dk) Kalkis (dKk) (dk) (dk) (dk)
Dalaman DLM 4,2 8,0 0,5 54 1,1 19,2
Milas- Bodrum
BV 52 6,9 0,5 3,4 1,0 17,0

2.2.B737 Ailesi ve A320 Ailesi Verileri

Boeing, Amerikan menseli bir ugak iireticisidir. Diinyada en yaygin kullanilan yolcu u¢agi aile ailesinden birsi de
B737 ailesidir. B737, ilk kez 9 Nisan 1967'de ugus yapan ve 10 Subat 1968'de Lufthansa'da hizmete giren tek
koridorlu, dar gdovdeli bir ucaktir [50]. Diger tretici Avrupali Airbus ise yine en yaygin kullanilan A320 ailesini
tireterek boeing’in pazarina ortak olmaktadir [51]. Asagida bu iki ucak ailesinin fertlerinden olan B737-800 ve
A320 ugaklarina ait motor verieleri talo4’te, siparis verileri ise Tablo 5’te verilmistir.

Tablo 4. Ucak Tiplerine Ait Motor Bilgileri

ICAO Ucak Ad1 Motor | Motor Tipi | Yaygin Kullanilan Motor Modelleri

Kodu Sayisi

B738 Boeing 737-800 | 2 Turbojet CFM56-7B26, CFM56-7B22, CFM56-
7B27

A320 Airbus A-320 2 Turbojet CFM56-5B4/P, V2527-A5

Yukarda gorildiga iizere her iki tip yolcu ucagi farkli motor tipleri kullanmaktadir. Bunun nedenlerinden biri
operatorlerinin tercihine goére motor tercihinin degismesidir [50,51].

Tablo 5. Ucak Tiplerine Ait Motor Bilgileri

Ucak Siparis Teslimatlar | Doldurulmayan ilk Ucus
Siparisler
737-800 4.991 4.989 2 31 Temmuz 1997
A320 4,763 4,752 11 26 Subat 1988

Tablo 5’e baktigimizda her iki ugak tipi birbirlerine yakin siparis almiglardir. Tiirkiye'de faaliyet gosteren
havayollari filolarinda bulunan B737-800 ve A320 ugaklarinin sayilari tablo 6’'da verilmistir.

Tablo 6. Tiirk sirketlerinde B737-800 ve A320 ucak sayilar1

Sirket 737-800 A320

THY 85 18

Pegasus 17 54

Anadolujet 45 10
SunExpress 62 -
Corendon 14 -

Freebirth - 10
MGA Havayollari 3 -

Toplam 226 92

Tiirkiye'de tescilli yolcu ugagi sayis1 Agustos 2023 yili itibariyle 638 adettir. Tiirk tescilli B737-800 ve A320
ucaklarinin sayis1 318 adettir. Bu say1 toplam tescilli u¢aklarin neredeyse %50’sine karsilik gelmektedir [45].

2.3. Havalimanlari ve Ugus Verileri

Mugla ili igerisinde iki adet uluslararasi tarifeli ve tarifesiz ugus yapilabilen havalimani bulunmaktadir. Bunlardan
biri Dalaman havalimanidir digeri ise Milas-Bodrum havalimanidir. Asagida haritada konumlari verilmistir.
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Sekil 3. Havalimanlarinin haritada gosterimi [45]

2.3.1. Dalaman Havaalam i¢cin Hava Trafigi Verileri

Dalaman Havalimani (IATA: DLM, ICAO: LTBS) Mugla'min Dalaman ilgesi sinirlari icerisinde bulunan sivil, askeri
amagla kullanilan uluslararasi havalimanidir. Sehir merkezinin 6 km giineyinde yer alan havaliman1 Mugla'ya
hizmet veren iki uluslararasi havalimanindan biridir. Koordinatlar1 36° 42' 52"N 28° 47' 33" E ve rakim yaklasik
6.15 m’dir. Dalaman Havalimani 57 havaaraci park kapasiteli, 3000x45m 6l¢iilerinde beton pisti olan ve CAT I
(Kategori I) niteliklerine sahiptir. 2015-2022 yillarina ait yolcu ve ugak trafigi verileri asagidaki gibidir.

Tablo 7. Dalaman Havalimani Yolcu Trafigi Verileri (2015-2022)

Yil ic Hat Dis Hat Toplam
2015 1.229.318 3.152.765 4.382.083
2016 1.279.611 1.822.291 3.101.902
2017 1.461.033 2.257.735 3.718.768
2018 1.615.590 2.935.900 4.551.490
2019 1.583.089 3.321.930 4.905.019
2020 756.473 830.652 1.587.125
2021 1.393.116 930.758 2.323.874
2022 1.520.015 3.015.585 4.535.600

Tablo 7’ye bakildiginda trafigin en yogu oldugu yil covid-19 Pandemisi 6ncesi 2019 yilidir. 2022 yilinda bile
havacilik pandemi 6ncesi degerlere ulasamamaistir.

Tablo 8. Dalaman Havaalani Ucus Trafigi Verileri (adet/y1l)

2015 2016 2017 2018 2019 2020 2021

Tip ic Dis ic Dis Hatlar ic Dis ic Dis ic Dis ic Dis ic Dis

Hatlar | Hatlar | Hatlar § Hatlar | Hatlar | Hatlar | Hatlar | Hatlar | Hatlar | Hatlar | Hatlar | Hatlar | Hatlar
B738 6.170 | 6.358 | 6.653 3.973 5.594 | 3.617 | 4.960 | 5.413 | 5.292 | 6.999 | 3.107 | 2.486 | 6.497 | 2.978
[/7A4 I
:;;,lk 67,74 | 35,42 | 69,94 35,31 56,67 | 28,64 | 46,49 | 32,87 | 51,09 | 38,73 | 51,58 | 46,03 | 61,96 | 54,56
A320 1.526 | 3.582 | 1.167 3.108 1.843 | 2.480 | 2.012 | 3.241 | 1.503 | 2.698 854 850 1.604 593
(/744 I
:;;;k 16,75 | 19,95 | 12,27 27,62 18,67 | 19,64 | 18,86 | 19,68 | 14,51 | 14,93 | 14,18 | 15,74 | 15,30 | 10,86
Diger | 1.413 | 8.012 | 1.693 4171 2435 | 6.531 | 3.697 | 7.815 | 3.564 | 8.374 | 2.063 | 2.065 | 2.385 | 1.887
(/A4 I
p/‘;;;k 15,51 | 44,63 | 17,80 37,07 24,67 | 51,72 | 34,65 | 47,45 | 34,40 | 46,34 | 34,25 | 38,23 | 22,74 | 34,57

Tablo 8’e baktigimizda 2016 yilinda dalaman havalimanina yapilan her ii¢ i¢ hat ugusundan iki B737-800 u¢agiyla
yapimistir. A320 ugaginin pay1 12.27 iken diger tiim ucak tiplerinin pay1 yaklasik %17,8'de kalmistir. 2021 yilinda
Boeing 737-800 dis hatlar uguslarinin yarisindan fazlasinda kullanilmistir. A320 kullanimi1 2018 de i¢ hatlarda
%18,86 iken dis hatlarda en fazla 2016 yilinda %27,62 oraninda kullanilmistir.

2.3.2. Milas-Bodrum Havaalam i¢cin Hava Trafigi Verileri

Milas-Bodrum Havalimani (IATA: BJV, ICAO: LTFE) Mugla'nin Milas ilgesi sinirlari igerisinde bulunan sivil amagla
kullanilan uluslararasi havalimanidir. Bodrum'a 32 km, Milas'a 12 km, Mugla'ya 76 km yer alan havalimani
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Mugla'ya hizmet veren iki uluslararasi havalimanindan biridir. Koordinatlar1 37°15'02"K 27°39'51"D ve rakim
yaklasik 6 m’dir.

Tablo 9. Milas-Bodrum Havaalani Yolcu Trafigi Verileri (2015-2021)

Y1l ic Hat Dis Hat Toplam
2015 2.309.115 1.568.758 3.877.873
2016 2.312.042 909.734 3.221.776
2017 2.576.262 925.268 3.501.530
2018 2.670.185 1.505.927 4.176.112
2019 2.464.398 1.873.335 4.337.733
2020 1.010.734 469.605 1.480.339
2021 1.908.796 1.000.541 2.909.337
2022 2.045.632 1.852.895 3.898.527

Tablo 9’a bakildiginda trafigin en yogu oldugu yil covid-19 Pandemisi dncesi 2019 yilidir. 2022 yilinda bile
havacilik pandemi 6ncesi degerlere ulasamamis ve 2016 degerlerine ancak ulagmistir.

Tablo 10. Milas Bodrum Havaalani Ugus Trafigi Verileri (2015-2021)

2015 2016 2017 2018 2019 2020 2021

Tip ic Dis ic Dis Hatlar ic Dis ic Dis ic Dis ic Dis ic Dis

Hatlar | Hatlar | Hatlar § Hatlar | Hatlar | Hatlar | Hatlar | Hatlar | Hatlar | Hatlar | Hatlar | Hatlar | Hatlar
B738 | 10179 | 4166 | 9838 2929 9467 2566 9039 | 3566 | 9431 | 4697 | 4232 | 1125 | 6.497 | 3.319
041§
/s;;k 62,17 | 42,04 | 60,23 45,07 56,22 | 42,41 | 51,51 | 38,00 | 57,23 | 42,67 | 55,64 | 40,12 | 48,09 | 49,75
A320 | 2452 | 2528 | 2333 1960 3565 1471 3531 | 2368 | 2693 | 3198 | 1034 400 1.604 886
YT
/s;;k 14,97 | 25,51 | 14,28 30,16 21,17 | 24,31 | 20,12 | 25,23 | 16,34 | 29,05 | 13,59 | 14,27 | 11,87 | 13,28
Diger | 3.743 | 3.216 | 4.162 1.610 3.807 | 2.014 | 4978 | 3.450 | 4.354 | 3.113 | 2.340 | 1.279 | 5.409 | 2.467
V744 1
/;;;,k 22,86 | 32,45 | 25,48 24,77 22,61 | 33,28 | 28,37 | 36,76 | 26,42 | 28,28 | 30,77 | 45,61 | 40,04 | 36,98

Tablo 10’a baktigimizda 2016 yilinda Milas Bodrum havalimanina yapilan uguslarin %60’ 1 B737-800 ugagiyla
yapumistir. A320 ucaginin pay1 14.28 iken diger tiim ugak tiplerinin pay1 yaklasik %25,48’de kalmistir. 2021
yilinda Boeing 737-800 dis hatlar uguslarinin yarisindan fazlasinda kullanilmistir. A320 kullanimi 2018 de i¢
hatlarda %20,12 iken dis hatlarda en fazla 2016 yilinda %25,23 oraninda kullanilmistir.

3. Bulgular

3.1. Dalaman Havaalam i¢in Emisyon Degerleri
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Dalaman igin B737-800 ve A320 Ugaklarina Ait Yillara Gére Emisyon Miktarlari (yil/ton)

40
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A320 B73Biger Ugaklar A320 B73Biger Ugaklar A320 B73Biger Ugaklar A320 B73Biger Ugaklar A320 B738 Diger A320 B738 Diger A320 B738 Diger
2016 2017 2018 2019 2020 2021
W Kalis NOx 7,924 29,823 18,321 6,632 25296 11,399 6,706 21,927 17,429 8,149 24,693 22,378 6,517 29,259 23,206 2,643 13314 8,024 3,408 22,556 8,304
= Tirmanis NOx 10,356 37,162 23,323 8,667 31,52 14,511 8,765 27,323 22,187 10,65 30,769 28,483 8,517 36,459 29,542 3,455 1659 10215 4,454 28106 10571
lin'\; NOx 4,852 19623 11,69 4,06 16,644 7,273 4,106 14,427 11,121 4,989 16,247 14,279 3,99 19,252 14,807 1,619 8,76 5,12 2,087 14,841 5,299
W Taxi NOx 2,875 9,71 6,266 2,407 8,236 3,899 2,434 7,139 5,91 2,957 8,04 7,654 2,365 9,526 7,937 0,959 4,335 2,744 1,237 7,344 2,84
mKalig HC 0,074 0,097 0,109 0,062 0,082 0,068 0,063 0,071 0,104 0,076 0,08 0,133 0,061 0,095 0,138 0,025 0,043 0,048 0,032 0,073 0,049
mTirmanmigHC 0,122 0,157 0,178 0,102 0,133 0,111 0,103 0,115 0,169 0,125 0,13 0,217 0,1 0,154 0,225 0,041 0,07 0,078 0,052 0,119 0,081
Winis HC 0,243 0,178 0,308 0,203 0,151 0,191 0,205 0,131 0,293 0,249 0,148 0,376 0,2 0,175 0,39 0,081 0,08 0,135 0,104 0,135 0,139
W Taxi HC 1,006 3,439 2,207 0,842 2,917 1,373 0,852 2,528 2,1 1,035 2,847 2,696 0,828 3,374 2,796 0,336 1,535 0,967 0,433 2,601 1,001
mKalis CO 0,29 0,193 0,363 0,243 0,164 0,226 0,245 0,142 0,345 0,298 0,16 0,444 0,238 0,189 0,46 0,097 0,086 0,159 0,125 0,146 0,165
®TirmanisCO 0,476 0,784 0,754 0,398 0,665 0,469 0,402 0,576 0,717 0,489 0,649 0,921 0,391 0,769 0,955 0,159 035 0,3 0,205 0,593 0,342
minis CO 1,516 2,497 2,4 1,269 2,118 1,493 1,283 1,836 2,283 1,559 2,068 2,931 1,247 2,45 3,039 0,506 1,115 1,051 0,652 1,889 1,088
mTaxi CO 12,652 3621 25278 10,589 30,713 15,728 10,708 26,623 24,047 13,011 29,982 30,876 10,405 35,525 32,018 4,221 16,166 11,072 5,442 27,386 11,458

Sekil 4: Dalaman Havalimani i¢in 2015-2022 Yillar1 Arasinda Emisyon Gazlarinin Salinim Miktari

Ucus fazlari arasinda en fazla NOx salinimi tirmanis fazinda olmaktadir. Tirmanis fazinda B737-800 uc¢agi en fazla
NOx emisyonu 2015 yilinda 37,162 ton/y, en az ise 2020 yilinda 16,59 ton/y olarak hesaplanmistir. A320 ugagi
ise kalkis fazinda 2018 yilinda 10,356 ton/y, 2020 yilinda 3,455 ton/y’dir. CO emisyonu en fazla taksi fazinda
gerceklesmistir. Taksi fazinda B737-800 ucgag1 en fazla CO emisyonu 2016 yilinda 36,21 ton/y, en az ise 2020
yilinda 16,166 ton/y olarak hesaplanmistir. A320 ucagi ise kalkis fazinda 2018 yilinda 13,011 ton/y, 2020 yilinda
2,21 ton/y’dir. Her ugak tipi icin HC emisyonu en fazla taksi fazinda salinmaktadir. Taksi fazinda B737-800 ugag1
en fazla HC emisyonu 2015 yilinda 3,439 ton/y, en az ise 2020 yilinda 1,535 ton/y olarak hesaplanmistir. A320
ucagl ise kalkis fazinda 2018 yilinda 1,035 ton/y, 2020 yi1linda 0,336 ton/y’dir.

Dalaman igin B737-800 ve A320 Ugaklarina Ait Yillara Gére Emisyon Miktarlari (yil/ton)
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Dis  Toplam Dis  Toplam Dis  Toplam Dis  Toplam Dis  Toplam Dis  Toplam Dis  Toplam
Hatlar Hatlar Hatlar Hatlar Hatlar Hatlar Ha(lar Hatlar Hatlar Hatlar Hat\ar Hatlar Hat\ar Hatlar
2015 2016 2017 2018 2019 2020 2021

W A320 1526  3.582 5.108 1167 3.108 4.275 1.843 2480 4323 2012 3241 5253 1.503 2698 4.201 854 850 1.704  1.604 593 2.197
mB738 6.170 6358 12528 6.653 3.973 10626 5594 3617 9211 4960 5413 10373 5292 6999 12291 3.107 2486 5593 6497 2978 9.475
W Diger 1413  8.012 9.425 1693 4.171 5.864 2435 6.531 8966 3.697 7.815 11512 3.564 8.374 11938 2.063 2065 4.128 2.385 1.887 4.272
mToplam 9.109 17952 27061 9.513 11252 20765 9.872 12628 22500 10669 16469 27138 10359 18071 28430 6.024 5401 11425 10486 5458 15944

Sekil 5. Dalaman Havalimani i¢cin 2015-2022 Yillar1 Arasinda Toplam Salinan Emisyon Miktar1
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Toplam salinan emisyonlara baktigimizda 2019 senesinde 28,430 ton/y emisyon salinmistir. En az emisyon ise
2020 y1linda 11,425 ton/y. i¢ hatlarda en fazla 10,669 ton/y, en az salinim ise 2020 y1linda 6,024 to/y. D1s hatlarda
en fazla salinim 2019 yilinda 18,071 ton/y, en az salinim ise 5,401 ton/y’d1r.

3.2. Milas-Bodrum Dalaman Havaalani igin Emisyon Degerleri

Milas-Bodrum igin B737-800 ve A320 Ucaklarina Ait Yillara Gére Emisyon Miktarlari (yil/ton)
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A320 B73Biger Ucaklar A320 B73Biger Ucaklar A320 B73Biger Ucaklar A320 B73Biger Ugaklar A320 B738 Diger A320 B738 Diger A320 B738 Diger
2016 2017 2018 2019 2020 2021
mKalis NOX 7,725 34,149 13,528 6,66 30392 1122 7,812 28,645 11,315 9,151 30,007 16,383 9,139 33,632 14,515 2,225 12,753 7,035 3,863 23367 1531
= Tirmanis NOx 10,097 42,551 17,221 8,704 37,871 14,283 10,21 35,693 14,405 1196 37,39 20856 11,944 41,908 18478 2,907 1589 8,956 5,048 29,117 1949
inis NOx 4,73 22,469 8,631 4,078 19,997 7,159 4,783 18847 7,22 5,603 19,743 10,453 5,595 22,129 9,261 1,362 8,391 4,489 2,365 15375 9,769
W Taxi NOx 2,803 11,118 4,627 2,417 9,895 3,837 2,835 9,326 3,87 3,321 9,77 5,603 3,316 1095 4,9%4 0,807 4,152 2,406 1,402 7,608 5,236
mKalig HC 0,072 0,111 0,08 0,062 0,098 0,067 0,073 0,093 0,067 0,086 0,097 0,097 0,085 0,109 0,086 0,021 0,041 0,042 0,036 0,076 0,091
TirmanigHC 0,118 0,18 0,131 0,02 0,16 0,109 0,12 0,151 0,11 0,14 0,158 0,159 0,14 0,177 0,141 0,034 0,067 0,068 0,059 0,123 0,149
minis HC 0,237 0,204 0,227 0,204 0,182 0,188 0,239 0,171 0,19 0,28 0,179 0,275 0,28 0,201 0,244 0,068 0,076 0,118 0,118 0,14 0,257
W Taxi HC 0,981 3,938 1,63 0,846 3,505 1,352 0,992 3,303 1,363 1,162 3,46 1,974 1,161 3,878 1,749 0,283 1,471 0,848 0,491 2,695 1,845
mKalis CO 0,283 0,221 0,268 0,244 0,197 0,222 0,286 0,185 0,224 0,335 0,194 0,325 0,334 0,218 0,288 0,081 0,083 0,139 0,141 0,151 0,303
ETirmanisCO 0,464 0,898 0,557 0,4 0,799 0,462 0,469 0,753 0,466 0,549 0,789 0,674 0,548 0,884 0,597 0,133 0,335 0,29 0,232 0614 0,63
Iim’gCO 1,478 2,8 1,772 1,274 2,545 1,47 1,495 2,399 1,482 1,751 2,513 2,146 1,749 2,816 1,901 0,426 1,068 0,921 0,739 1,957 2,005
mTaxi CO 12,335 41,462 18,664 10,633 36,901 15,481 12,474 34,78 15612 14,611 36,433 22,604 14,591 40,835 20,027 3,552 15,484 9,706 6,167 28372 21,124

Sekil 6. Milas Bodrum Havalimani i¢in 2015-2022 Yillar1 Arasinda Emisyon Gazlarinin Salinim Miktar1

Ucus fazlari arasinda en fazla NOx salinimi tirmanis fazinda olmaktadir. Tirmanis fazinda B737-800 ugag en fazla
NOx emisyonu 2015 yilinda 45,551 ton/y, en az ise 2020 yilinda 15,89 ton/y olarak hesaplanmistir. A320 ugagi
ise kalkis fazinda 2018 yilinda 11,96 ton/y, 2020 yilinda 3,455 ton/y’dir. CO emisyonu en fazla taksi fazinda
gerceklesmistir. Taksi fazinda B737-800 ugagi en fazla CO emisyonu 2015 yilinda 41.462 ton/y, en az ise 2020
yilinda 165,484 ton/y olarak hesaplanmistir. A320 ucag ise kalkis fazinda 20189 yilinda 14,591 ton/y, 2020
yilinda 3,552 ton/y’dir. Her ugak tipi i¢cin HC emisyonu en fazla taksi fazinda salinmaktadir. Taksi fazinda B737-
800 ucagi en fazla HC emisyonu 2015 yilinda 3,938 ton/y, en az ise 2020 yilinda 1,471 ton/y olarak hesaplanmistir.
A320 ugagl ise kalkis fazinda 2018 yilinda 1,162 ton/y, 2020 yilinda 0,283 ton/y’dir.
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Milas igin B737-800 ve A320 Ugaklarina Ait Yillara Gére Emisyon Miktarlari (yil/ton)
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2015 2016 2017 2018 2019 2020 2021
mB738 10179 4.166 14345 9.838 2.929 12767 9.467 2.566 12033 9.039 3566 12605 9.431 4697 14128 4232 1.125 5357 6497 3319 9.816
mA320 2452 2528 4980 2333 1960 4293 3565 1471 5.036 3531 2368 5.899 2693 3.198 5.891 1.034 400 1434 1604 886 2.490
Diger 3743 3216 6959 4.162 1610 5772 3807 2014 5821 4978 3450 8428 4354 3113 7467 2340 1279 3619 5409 2467 7.876
mToplam 16374 9910 26284 16333 6.499 22832 16839 6.051 22890 17548 9.384 26932 16478 11008 27486 7.606 2.804 10410 13510 6.672 20182

Hatlar Hatlar

Sekil 7. Milas Bodrum Havalimani i¢cin 2015-2022 Yillar1 Arasinda Toplam Salinan Emisyon Miktar1

Toplam salinan emisyonlara baktigimizda 2019 senesinde 27,486 ton/y emisyon salinmistir. En az emisyon ise
2020 yiinda 10,410 ton/y. i(; hatlarda en fazla 2018 senesi icin 17,548 ton/y, en az salinim ise 2020 yilinda 7,606
ton/y. Dis hatlarda en fazla salinim 2019 yilinda 11,008 ton/y, en az salinim ise 2,804 ton/y’dir.

4. Sonuglar

Bu arastirma, Dalaman ve Milas-Bodrum havalimanlarindaki B737-800 ve A320 ugaklarinin 2015-2021 yillar1
arasindaki inis-kalkis verilerini temel alarak NOx, CO ve HC emisyonlarini incelemistir. NOx emisyonlarinin
tirmanis fazinda, CO emisyonlarinin taksi fazinda yogunlastig1 ve HC emisyonlarinin 6zellikle taksi fazinda belirgin
bir sekilde arttig1 belirlenmistir. 2019 yilinda en yiiksek emisyon seviyelerine ulasilmis, ancak 2020'de (Covid-19
sebebiyle uguslarin durdurulmasindan kaynaklanan) belirgin bir azalma goézlenmistir.

NOx Emisyonlar1 bakimindan, Dalaman Havalimani'nda B737-800 ug¢ag tirmanis fazinda 2015 yilinda 37,162
ton/y NOx emisyonu salarken, 2020 yilinda bu deger 16,59 ton/y'e diismtistiir. Milas-Bodrum Havalimani'nda ise
A320 ucgag kalkis fazinda 2018 yilinda 11,96 ton/y NOx emisyonu salarken, 2020 yilinda bu miktar 3,455 ton/y
olarak hesaplanmistir. Tirmanis fazinda ytliksek NOx emisyonlari, motorun tam giicte ¢alismasi ve zengin yakit
hava karisimindan kaynaklanmaktadir.

CO Emisyonlar1 bakimindan, Dalaman Havalimani'nda B737-800 ugag taksi fazinda 2016 yilinda 36,21 ton/y CO
emisyonu salarken, 2020 yilinda bu deger 16,166 ton/y'e azalmistir. Milas-Bodrum Havalimani'nda ise A320 ucag1
kalkis fazinda 2018 yilinda 14,591 ton/y CO emisyonu salarken, 2020 yilinda 3,552 ton/y CO emisyonu
kaydedilmistir. En yiiksek CO emisyonlari taksi fazinda gézlemlenmistir.

HC Emisyonlar1 bakimindan, Dalaman Havalimani'nda B737-800 ugagi taksi fazinda 2015 yilinda 3,439 ton/y HC
emisyonu salarken, 2020 yilinda bu deger 1,535 ton/y'e azalmistir. Milas-Bodrum Havalimani'nda ise A320 ugagi
kalkis fazinda 2018 yilinda 1,162 ton/y HC emisyonu salarken, 2020 yilinda 0,283 ton/y HC emisyonu
kaydedilmistir. HC emisyonlari, 6zellikle taksi fazinda daha yiiksek 6l¢iilmiistiir.

Toplam Emisyonlar bakimindan, her iki havalimaninda 2019 yilinda en yiiksek toplam emisyon seviyelerine
ulasilmisg, ancak 2020 yilinda belirgin bir azalma gézlenmistir. Dalaman Havalimani'nda i¢ hatlarda en fazla
emisyon 2018 yilinda 17,548 ton/y, Milas-Bodrum Havalimani'nda ise 2019 yilinda 11,008 ton/y olarak
kaydedilmistir. En az emisyonlar her iki havalimani i¢cin de 2020 yilinda gézlenmistir.

Bu sonuglar, havaalanlarinin emisyonlarinin gesitli faktérlere bagli olarak degisebilecegini ve havacilik
sektoriinlin gevresel siirdiiriilebilirlik agisindan 6nemli bir rol oynadigim1 vurgulamaktadir. Havaalanlar ve
havayolu sirketleri, cevre dostu ucus operasyonlarini tesvik ederek emisyonlari azaltma konusunda daha fazla
¢aba harcamalidir. Gergek zamanl verilerin kullanilmasi, diger havalimanlari i¢in yapilan hesaplamalarda daha
dogru ve etkili bir yonlendirme saglayabilir. Bu nedenle, gercek verilere dayal1 stratejilerin benimsenmesi,
cevresel etkileri en aza indirme ¢abalarinda daha etkili olabilir.
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Abstract: Respiratory diseases are infections caused by microorganisms. The two
most common respiratory diseases are Chronic Obstructive Pulmonary Disease
(COPD) and Asthma. Although these diseases cannot be completely cured, their
effects can be reduced with precautions. Patients should improve their indoor air
quality and avoid exposure to occupational dust and chemicals. However, patients
may not be aware of the air quality in their environment. Therefore, patients may
face situations such as attacks, use of rescue drugs and emergency hospitalisation.
In this study, a portable mobile air quality warning device was developed that can
automatically measure indoor and outdoor dust concentration, air quality,
humidity, temperature and carbon monoxide (CO) levels. In order to enhance the
evaluation of the air quality index, a fuzzy logic approach was used. Additionally, the
device transmits sensor data to a server via wifi. The mobile application allows for
monitoring of measured values and provides audio and visual warnings in
potentially dangerous situations for the patient.

Astim ve KOAH Hastalari icin Bulanik Mantik Tabanl Diisiik Maliyetli Mobil Uyari

Sistemi

Anahtar Kelimeler
Astim,

Bulanik Mantik
Hava Kalitesi,
KOAH,

Uyari Sistemi

0z: Solunum yolu hastaliklari, mikroorganizmalarin yol actig1 enfeksiyonlar olarak
bilinir. Kronik Obstriiktif Akciger Hastaligi (KOAH) ve Astim en yaygin solunum yolu
hastaliklaridir. Bu hastaliklar tamamen engellenemese de, baz1 dnlemlerle etkileri
azaltilabilir. Hastalarin bulunduklari ortamin hava kalitesini iyilestirmek ve mesleki
toz ve kimyasallardan uzak durmak 6nemlidir. Fakat hastalar bulunduklari ortamin
hava kalitesi bilgisine sahip degildir. Bu yiizden atak, kurtarici ila¢ kullanimi ve acil
olarak hastaneye basvuru gibi durumlarla karsi karsiya kalabilirler. Bu calismada, i¢
ve dis mekanin toz konsantrasyonunu, hava kalitesini, nemini, sicakligini ve karbon
monoksit (CO) degerlerini otomatik olarak 6l¢ebilen tasinabilir mobil destekli bir
hava kalitesi uyar1 cihazi gelistirildi. Cihazin hava Kkalitesi indeksini daha iyi
degerlendirebilmesi i¢in bulanik mantik yaklasimi kullanildi. Ayrica, cihaz
sensorlerden gelen verileri wifi aracilifiyla bir sunucuya iletmektedir. Boylece,
Olciilen degerler ile takip edilebilmektedir ve hasta potansiyel olarak tehlikeli
durumlarda sesli ve gorsel etkilesimlerle uyarilmaktadir.

*[lgili Yazar, email: mustafayurdakul@kku.edu.tr

1. Introduction

Chronic respiratory diseases affect millions of people worldwide, resulting in approximately 4 million deaths
annually [1]. The two most prevalent chronic respiratory diseases are asthma, which affects 358 million people
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globally, and COPD, which affects 174 million people worldwide. Asthma is responsible for approximately 180,000
deaths worldwide each year [2]. Meanwhile, COPD deaths are eight times more frequent than asthma deaths [3]
and, according to the World Health Organization, COPD is the third leading cause of death worldwide [4].
Additionally, COPD can contribute as a comorbidity to other fatal diseases such as Covid[5]. Asthma, on the other
hand, is mainly caused by genetic inheritance or environmental factors such as poor air quality, dust, pollen, and
animal dander [6]. Asthma and Chronic Obstructive Pulmonary Disease (COPD) are both chronic diseases that
require long-term treatment. Asthma causes breathing difficulties, coughing, and shortness of breath, while COPD
causes similar symptoms due to blockage of air sacs in the lungs called bronchi. Currently, there is no known cure
for either disease. However, preventive medications and individual patient efforts can significantly improve
quality oflife and reduce morbidity and mortality. Air pollution has a direct impact on the quality of life of patients
with asthma and COPD [7].

It can increase the risk of viral and bacterial infections, leading to breathing difficulties. Zhang et al. [8] reported
that haze pollution and outdoor air pollutants are associated with hospitalisation rates of respiratory patients. Cai
etal. [9] have reported that air pollution may contribute significantly to asthma exacerbations. Treatment of these
diseases typically involves interventions to reduce symptom severity and discomfort, rather than eliminating the
disease. The initial step in treatment should be to remove the patient from polluted environments. However,
patients may not be able to monitor the air quality of their surroundings on a daily basis. Therefore, it is crucial
for asthma and COPD patients to be aware of the air quality in their environment in order to control the disease
effectively. Therefore, smart systems are needed to measure ambient air quality and provide feedback to patients.
While many studies have been conducted to prevent respiratory disease triggers, this field remains an active area
of research. Some relevant studies are as follow:

Abraham et al. [10] developed a low-cost air quality monitoring system using Arduino, XBee modules, and micro
gas sensors. The system monitors six air quality parameters: carbon monoxide, carbon dioxide, ozone, volatile
organic compounds, temperature, and humidity. The authors used the linear least squares method to calibrate the
sensors and transform the measurement data.

Al-Dahoud et al. [11] employed wireless sensor networks to monitor air quality in metropolitan cities. Gas,
temperature, and dust sensors were used to make measurements in the network nodes. Data transfer was
achieved using Xbee modules from the module designed with the Arduino Uno microcontroller.

In a similar study, Husain et al. [12] monitored air quality in a system developed using the Arduino development
board and Android technology. They measured levels of carbon dioxide, dust, and harmful gases with three
sensors. The collected data is transferred to Android phones and computers via Bluetooth.

Kayyali et al. [13] designed a wearable vest to monitor physiological signals, such as weight, temperature, and
blood pressure, of COPD patients.

Uggiin et al. [14] developed an IoT-based indoor air quality monitoring system using Raspberry Pi. The study
measured temperature, humidity, gas, and light sensors and stored the data in a database. Furthermore, the
authors developed a web interface for real-time monitoring of sensor data.

Jo et al. [15] To assess indoor air quality in real time, they developed a system where data can be transferred to
the server in real time via an LTE modem. In their study, they aimed to evaluate indoor air quality by measuring
aerosol concentration, VOC, CO, CO2, temperature, and humidity values. The collected data was transferred to the
server via LTE modem and stored in a database. The authors also developed an interface for accessing the stored
data. An alert is triggered by considering the threshold values recommended by experts.

Janeera et al. [16] used XMega and ESP8266 to measure the sound quality, dust, gas, humidity, and temperature of
the environment. The data was instantly transferred to the ThingSpeak environment and monitored. Users were
warned based on certain threshold values.

Hahm and Yoon [17] implemented two applications, Wireless Emergency Alert (WEA) and Air Quality Information
Text (AIT), to reduce the exposure of patients with COPD, asthma, pneumonia and respiratory tract infections to
harmful particulate matter. As a result, the number of patients visiting the hospital decreased.

In order to prevent asthma attacks in children, Alzoubi et al. [18] measured the temperature, humidity, dust, and

carbon monoxide values of the air using sensors. They then sent this data to a smartphone application they
developed using Bluetooth.
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Typically, studies in the literature warn users based on certain threshold values after the sensor values are read.
Alternatively, the values are saved on the server and monitored with the help of an interface. However, evaluating
the suitability of the environment based solely on threshold values is insufficient. Pollutants can have negative
effects even at low levels, which means that ambient values that meet the threshold may still be harmful. For
instance, humidity in the air can cause particulate matter to remain suspended. To improve evaluation methods,
it is important to develop an intelligent decision-making mechanism instead of relying on threshold values.
Currently, there are no studies in this area. Therefore, this study aims to develop an loT-based mobile alert system
with a fuzzy logic inference mechanism to evaluate the environmental conditions of asthma and COPD patients.
Sensor-measured air pollutant levels are evaluated using a fuzzy logic inference mechanism. Audio and visual
alerts are then provided to individuals.

The study is divided into two parts: software and hardware. The hardware part involved measuring air pollutant
levels using sensors. In the software part, a fuzzy-based controller was used to evaluate the air pollution level
through a mobile application and provide patients with audible and visual warnings.

The paper's main contributions;
e Anportable device has been developed that can instantly measure air pollution.
e An efficient pollution detection system was developed using the fuzzy logic method to evaluate the air
pollution situation.
e An instant air pollution monitoring system was developed through a mobile application, which provides
a danger warning when necessary.
The paper is organized as follows. Section 2 outlines the proposed method, while Section 3 details the experiments.
The final section presents the discussion and conclusions.

2. Material and Method
2.1. Study Design

Asthma and COPD are chronic respiratory diseases that currently have no complete cure. The quality of life of
patients is affected by the level of air pollution in their environment. Pollen, dust, high humidity, cigarette smoke,
and various air pollutants are among the factors that negatively impact patients' quality of life. This study presents
the development of a portable, mobile-supported, and fuzzy logic-based smart air quality warning device. The
device can automatically measure dust concentration, air quality, humidity, temperature, and carbon monoxide
(CO) values in indoor or outdoor environments. The data collected by the device's sensors are transferred to a web
server. A mobile application has also been developed to enable patients to monitor the environment in real-time.
The mobile application receives data evaluated by a fuzzy logic-based algorithm on the web server platform. An
audible and visual warning is given if the air quality of the environment is unsuitable for the patient. Figure 1
shows the proposed system diagram.
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Figure 1. Proposed System Diagram(Handshake: a reliable connection between two devices over a network)

2.2. Circuit Design
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The development board used in this study uses the ESP8266 module to connect Arduino Uno to the Internet.
Arduionu Uno has an ATmega328 microcontroller on it. Arduino Uno has 14 digital /0 output pins. 6 of them can
be used as PWM output. There are also 6 analogue inputs, a 16MHz crystal oscillator, USB connector, power
connector (2.1mm), ICSP header and reset button. The technical specifications of the Arduino Uno development
board are listed in Table 1.

Table 1. Specification of Arduino Uno

Specification Value
Microprocessor ATmega328
Operating Voltage +5.VDC

Dc Current Per I/0 Pin 20mA

Flash Memory 32 KB
SRAM 2 KB
EEPROM 1KB

Length 68.6mm
Width 53.4mm
Weight 25g

The study used the MQ-7 Carbon Monoxide, MQ-135 Air Quality, DHT-22 Humidity-Temperature and
GP2Y1010AUOF Dust Sensors to measure air pollution status. The MQ-7 is a highly sensitive carbon monoxide
(CO) sensor designed to measure CO concentrations in air. It is suitable for real-time observations with high
sensitivity and response time. The MQ-135 gas sensor measures ammonia, benzene and hydrogen at
concentrations from 10 to 10,000 ppm. The GP2Y1010AUOF is an optical sensor designed to measure dust
particles in air. It uses an infrared emitting diode and a phototransistor to detect light reflected from dust in the
air. It is effective in detecting very fine solid particles. The DHT22 temperature and humidity sensor is an advanced
sensor unit that outputs a calibrated digital signal. In addition, 2 8x8 LED matrices have been used to warn the
device when the phone is out of charge. The connection diagrams of the sensor, module and LED matrices used in
the study are shown in Figure 2. The system is highly reliable and stable in long-term operation. Details of the
measurement ranges of the Sensors are given in Table 2.

Figure 2. Connection Circuit of Components

Table 2. Technical Specification of sensors

Sensor Specification Value

MQ-7 Concentration 10-10.000ppm

MQ-135 Concentration 000ppm

DHT-22 Humidity Range 0-100%RH
Tempature -40 - (+80) °C

GP2Y1010AUOF Detectable particle size 0-600 pg/m3
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Figure 3. Prototype of the Alert System

The prototype system is also shown in Figure 3. Using the NodeMCU-ESP8266 module and sensors for humidity,
temperature, carbon monoxide, ozone and particulate matter, the values affecting the air quality of the
environment were measured. A web socket approach was used for immediate evaluation of the values obtained.
A mobile application was developed to allow the user to continuously monitor the values and to provide audible
and visual warnings when the air quality is inadequate. The mobile application and the developed device can
exchange data instantly via a web socket. In this way, the patient can immediately monitor his environment and is
automatically warned by the application in case of a possible situation.

2.3. Fuzzy Logic

A fuzzy logic algorithm, an artificial intelligence algorithm, was used to evaluate the data. The main reason for
using the fuzzy logic algorithm is to detect synergistic situations. In classical methods, air quality is measured with
fixed position devices. Since the developed device is portable, the patient can always have it with him/her. In
addition, as the device transmits the readings to the server, more than one mobile application can use the same
data. This makes it suitable for collective use as well as individual use. Fuzzy logic [19] is an artificial intelligence
algorithm inspired by human behaviour and the way nature works. Its main purpose is to create decision-making
processes that model human thinking mechanisms. It enables the evaluation of imprecise sentences used by
humans in everyday language. For example, vague sentences such as "very close", "partially correct”, "medium
weight" cannot be expressed numerically, although they help to solve problems. In such cases, the fuzzy logic
algorithm mimics the human mind, resulting in fuzzy solutions and numerical modelling.

Fuzzy logic consists of 3 parts: fuzzification, inference mechanism and defuzzification. Fuzzification is the stage
where input values are converted into verbal expressions. The inference mechanism is the processing of inputs
according to the rule base. The output value of the value is obtained in the defuzzification part. In this study, the
evaluation of the data obtained from the sensors was carried out using the fuzzy logic algorithm. The main reason
for using the fuzzy logic algorithm is the detection of synergistic situations. Figure 4 shows the proposed fuzzy
inference mechanism.

Sensor Values Output
Fuzzy Logic
Fuzzification Inference Defuzzification

Figure 4. Fuzzy Logic Inference System
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Fuzzification

Fuzzification is the conversion of numerical values given as input to the system into fuzzy values using appropriate
linguistic qualifiers. With the membership function, the set to which the input information belongs and the degree
of membership can be determined. Different fuzzification methods have been used in the literature. In this study,
atrapezoidal fuzzifier is used. As a result of the literature review, the membership values of the verbal expressions
corresponding to the numerical data obtained from the sensors were determined and shown in Table 3 [20-23].

Table 3. Membership values of sensor data used for air quality measurement

Pollutant Range Status
Carbonmonoxide Ppm

0-100 Good

100-200 Moderate

200-250 Poor

250-500 Very Poor

500-1000 Unhealtthy
Air Quality Ppm

0-100 Good

100-200 Moderate

200-300 Poor

300-400 Very Poor

400-500 Unhealthy
Dust Concentration pg/m3

0-50 Good

50-100 Moderate

100-200 Unhealtthy

200-300 Very Unhealthy

300-600 Hazardous
Humidity relative(%)

0-30 Dry

30-60 Good

50-100 Humid
Tempature °C

-2-(18) Cool

18-22 Normal

20-27 Warm

25-35 Hot

35-50 Very Hot
Air Quality Index Index

0-50 Good

50-100 Moderate

100-300 Unhealthy
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The membership functions are shown in Figure 5.
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Figure 5. Membership function values for sensor data

Inference Mechanism and Rule Base
In the study, a rule base was created with the expert physician by using the lower and upper limit values of the

values taken from the sensors. The rules plays a crucial role in the fuzzy inference mechanism, which is the core
of the device's decision-making process for evaluating air quality. Table 4 shows some of the fuzzy rules employed

within the device's rule base.
Table 4. Some rules used in fuzzy rule base

Carbonmonoxide Op. Air Op. Dust Op. Humidity Op. Tempature Air
Quality Concentration Qualiy
Index
Good And Good And Good And Good And Normal Good
Moderate And Good And Moderate And Dry And Warm Moderate
And Moderate And Unhealthy And Humid And Hot Unhealthy

Poor
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Very Poor And Moderate And Very And Good And Cool Unhealthy
Unhealthy

Unhealthy And Poor And Hazardous And Dry And Very Hot Unhealthy

Good And Poor And Good And Humid And Normal Moderate

Moderate And VeryPoor And Moderate And Good And Warm Moderate

Poor Or Very Poor And Unhealthy And Dry And Hot Unhealthy

Very Poor Or Unhealthy And Very And Humid And Cool Unhealthy
Unhealthy

Unhealthy Or Unhealthy And Hazardous And Good And Very Hot Unhealthy

Good Or Good And Good And Dry And Normal Good

Moderate Or Good And Moderate And Humid And Warm Good

Poor Or Moderate And Unhealthy And Good And Hot Unhealthy

Very Poor And Poor And Very And Dry And Cool Unhealthy
Unhealthy

Unhealthy And Poor And Hazardous And Humid And Very Hot Unhealthy

Defuzzification

Defuzzification is a method used to transform a fuzzy set (fuzzy output) into a precise output. Defuzzification is an
inverse transformation compared to defuzzification because in this process the fuzzy output is converted into
precise values to be applied to the system. In this study, the centroid method is used. The exact value is calculated
using equation 1. In equation 1, X represents the defuzzification value, n represents the subareas, Ai represents the
area of the current subarea and xi represents the centre of gravity of the current subarea.

y = LA (1)

Nis1 A
2.4. Web Server

Web applications communicate with the server via the HTTP protocol using request/response logic. When the
client requests something from the server, a connection is opened and a request is sent. The server receives the
request and performs the necessary actions. The server sends a response back to the client. This traffic goes on all
the time. The client has to open a connection for each request. The classic HTTP protocol is not sufficient when
real-time communication is required. WebSocket is a computer communication protocol that provides a full bi-
directional communication channel over a single TCP connection. Unlike the HTTP protocol, the connection
remains open until terminated by either party. It is used in situations where real-time data is streaming. The Web
Socket architecture used in the study was developed in the Asp.Net Core environment.

2.5. Mobile Application

Using the developed device, the data received from the sensors is transferred to the server via the wes socket
protocol. A mobile application was developed to monitor the data immediately and to warn the patient in case of
a possible risk. The mobile application has been developed in the Android environment. In addition, the patient
does not need to open the mobile application, the application continuously performs the control process with the
code it runs in the background. Screenshots of the developed mobile application are shown in Figure 6.

Mobile Alert System @  Mobile Alert System @  Mobile Alert System

Location: Ankara/Turkey Location: Ankara/Turkey Location: Ankara/Turkey

- " @ rumigny 36%
oC o
17:00 Moderate Audible Alert

& Tempature 25°
16:00 Unhealthy @ Visual Alert
E

O

_ Air Quality 22 ppm
600
15:00 Good Background Service

O

34 oo
14:00 6ood o 34 ppm
Connection Lost Warning

.
N,

Dust Concentration 37 pg/m3

®
L]

Figure 6. Mobile Application Screens
41



Fuzzy Logic Based Low Cost Mobile Alert System for Asthma and COPD Patients
Results and Discussions

Respiratory diseases are made worse when people are exposed to air pollution. People with asthma and COPD in
particular have to cope with attacks, choking coughs and rescue medication in smoggy air. Asthma and COPD are
chronic (lifelong) conditions for which there is no permanent cure. However, they can be prevented if they are
controlled. Quitting smoking, reducing indoor and outdoor air pollution and avoiding occupational dusts and
chemicals are essential in preventing these diseases. It is therefore important for patients to be able to monitor
the quality of the air in their environment. Different methods are used to measure air pollution. One of them is the
measurement technique using mobile (mobile) vehicles. Air quality is determined by measuring pollution and
particles in the air. This system is currently used by local authorities. As these tools are quite expensive,
measurements are only taken when necessary or at specific times (about 1 or 2 times a month). Unlike stable,
mobile (portable) air pollution monitors, they are only available at monitoring stations located in a specific region
(province, district). These are systems that operate on 220V-380V electricity. Cihazlarin 6l¢tiigii degerler yerel
yonetimin sistemine gonderilir. The limitations of these systems are that they cannot provide information on
indoor air pollution and can only measure regional levels. Within the framework of this research, a portable,
mobile-based warning device has been developed that can automatically measure dust concentration, air quality,
humidity, temperature and carbon monoxide (CO) levels in an indoor or outdoor environment. The sensors built
into this device allow measurements to be taken automatically at set intervals and sent to the server. In addition,
a mobile application has been developed to monitor the sensor readings in real time. Additionally, a continuous
evaluation is done in the background, and the user is warned visually and audibly in case of potential risk. The
developed device only weighs 160gr. Thus, it is portable, and patients can use the mobile application to measure
active values and learn about the suitability of the environment whenever and wherever they want. The developed
device was tested in different conditions. The sensor values that the device warns about are shown in Table 5.
Tablo 5. Device Test Results

Humidity(%) Temperature(®) Air CO(ppm) Dust Concentration(ng/m3) Alert
Quality(ppm)

35 30 75 58 15 Unhealthy

22 20 50 12 165 Unhealthy

15 18 120 100 35 Unhealthy

45 35 20 14 25 Unhealthy

35 30 12 10 15 Healthy

The surface plots of the fuzzy logic rules used to determine the air quality index are visualised in Figure 7. By
analysing these plots, it is possible to observe interactions between different environmental factors. It's not just
the individual sensor readings that affect air quality, but the combined effect of these factors. The plots show a
synergistic relationship between humidity and temperature. High humidity can trap dust particles and other
pollutants in the air, making them more problematic, especially at higher temperatures. This can exacerbate
respiratory problems in people with asthma and COPD. Similarly, the graphs indicate a synergistic effect between
the air quality sensor reading (representing a combination of pollutants) and carbon monoxide levels. The
presence of carbon monoxide alongside other pollutants can create a more dangerous environment for patients.
The graphs also show the interaction between dust concentration and humidity. High dust concentrations can be
more irritating in humid environments, leading to increased discomfort and potential respiratory complications.
These findings highlight the importance of considering the complex interplay between environmental factors
when assessing air quality. A single sensor reading may not be sufficient to determine air quality. By using fuzzy
logic, this system can take into account these synergistic effects and provide a more comprehensive assessment of
air quality risk for patients with respiratory diseases.
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ArQuaityindex

DustConcentration

Figure 7. Surface plots of input and output values

In conclusion, in this study a portable, mobile and fuzzy logic based intelligent air quality warning device for
patients with asthma and COPD was presented. The device can measure dust concentration, air quality, humidity,
temperature and carbon monoxide (CO) levels. Sensor data is transmitted to a web server and a mobile application
allows patients to monitor their environment in real time. A fuzzy logic algorithm evaluates the sensor data to
provide audible and visual alerts when air quality poses a health risk. This system has several advantages over
traditional methods. Unlike stationary air pollution monitors, the proposed device is portable and can be used
indoors or outdoors. In addition, the fuzzy logic algorithm provides a more nuanced assessment of air quality than
simple threshold-based methods. The lightweight design and real-time monitoring capabilities make this system
a valuable tool for asthma and COPD patients to manage their condition.
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Keywords Abstract: Composite materials are produced in different material structures

. depending on their production purposes. This study aimed to produce a circular

SD%uble'W&‘HQd pIpe, profile material with partially preserved deformation capability while increasing its
16,

strength properties. The composite material was produced with double walls and
the outer wall consisted of Al6061 (6061 aluminum alloy) and the inner wall
consisted of Al2124-SiC (2124 aluminum alloy-silicon carbide) metal matrix
composite. Material variables were the variation of wall thicknesses and SiC
reinforcement ratios. The materials were produced in 3 different wall
configurations with inner and outer wall thicknesses of 1.5-0.5 mm, 1-1 mm, and
0.5-1.5 mm, respectively. SiC reinforcement ratios were determined as 3, 7, and
11%. The materials were produced by the extrusion method and extrusion variables
such as temperature (500 °C) and die angle were kept constant. The produced
materials were exposed to flattening tests. According to the test results, the
flattening resistance of the materials increased with the SiC reinforcement in the
inner layer and with the increase in the reinforcement ratio. This increase started to
decrease at the 11% reinforcement rate. Likewise, the strength, which increased
with the increase in the thickness of the inner wall, decreased as the inner wall
reached its highest value. While the Al6061 material, which has a ductile structure,
did not show any failure in full flattening, with the increasing inner wall thickness
and SiC ratio, failures occurred in double-walled materials both in the lateral regions
and at the material-jaw contact points.

Extrusion,
Flattening test

Al/Al-SiC Cift Cidarli Kompozit Borularin Radyal Yiiklemeler Altinda Mekanik
Ozellikleri ve Deformasyon Davranislari

Anahtar Kelimeler 0z: Kompozit malzemeler iiretim amaglarina bagh olarak farkli malzeme
Cift katmanh boru yapilarinda iretilirler. Bu ¢alismada mukavemet o6zelliklerinin arttirilmasi ile
Si€, beraber sekil degistirme kabiliyeti kismen korunan bir dairesel profil malzeme
Ekstriizyon

iiretilmesi amaglanmistir. Malzeme ¢ift cidarh tretilmis olup dis cidar Al6061, i¢
cidar ise Al2124-SiC metal matrisli kompozitten olusmaktadir. Malzeme
degiskenleri cidar kalinliklariin ve SiC takviye oranlarinin degisimidir. Malzemeler,
i¢c-dis cidar kalinliklar sirasiyla 1.5-0.5 mm, 1-1 mm ve 0.5-1.5 mm olacak sekilde 3
farkli kalinlikta iiretilmistir. SiC takviye oranlar1 % 3, 7 ve 11 olarak belirlenmistir.
Malzemeler ekstriizyon yontemi ile tiretilmis olup sicaklik (500 °C) ve kalip acis1 gibi
ekstriizyon oranlan sabit tutulmustur. Uretilen malzemeler radyal yénde
yliklemelere maruz birakilarak yassiltma testlerine tabi tutulmuslardir. Test
sonuclarina gore i¢ katmandaki SiC takviyesi ve takviye oraninin artmasi ile
malzemelerin akma direngleri artmistir. Bu artis % 11 takviye oraninda diismeye
baslamistir. Ayni sekilde i¢ cidarin kalinliginin artmasi ile artan mukavemet ig
cidarin en yiiksek degerine ¢ikmasi ile diisiis gostermistir. Siinek bir yapiya sahip
olan Al6061 malzeme tam yassilmada kirilma hasar1 gostermezken artan i¢ cidar

Yassiltma testi
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kalinlig1 ve SiC orani ile birlikte malzemelerde hem yanal bolgelerde hem de temas
noktalarinda Kirilmalar olusmustur.

*[lgili Yazar, email: abdullahgocer@erciyes.edu.tr
1. Introduction

Particle-reinforced metal matrix composites are used in many areas due to their superior properties. The main
features of these are high strength, low density, and high wear resistance [1,2,3]. In metal matrix composites,
materials such as aluminum, magnesium, and copper are preferred as the metal phase because of their good
forming and strength properties, and ceramic particles such as Al203, SiC, and B4C are preferred as the
reinforcement phase due to their high hardness, low density, and good strength properties [4, 5, 6, 7]. Metal matrix
composites are produced in different structures. Radial plain bearings, shafts, sheet, and plate forms can be given
as examples [8, 9, 10]. In addition, composite materials are produced in hollow circular or square cross-section
profile forms. The studies of Mahmoodi and others on Al-SiC pipe can be given as an example [11]. In this study,
the researchers used the friction stir-back extrusion method to produce Al-SiC Composite Tube materials and
examined the mechanical properties of the composites they obtained. Profile materials with improved strength
values and reduced intensity can be used as chassis material in vehicles such as bicycles and motorcycles where
these features are important.

With the addition of ceramic particles, metal matrix composites exhibit improved strength values up to a certain
proportion of particles [12]. Along with increasing strength, ceramic particles, whose structure is quite rigid, also
increase the rigidity of the composite material [13]. By producing metal matrix composites in layers, the properties
of the material such as rigidity, hardness, and toughness can be balanced or changed at different rates along the
material cross-section [14]. There are also studies examining the strength properties and ballistic behavior of
metal matrix composites produced in layers [15]. This study focuses on a circular composite material produced
layer by layer. In this study, SiC-reinforced Al2124 metal matrix pipe profile material was layered by coating
Al6061 on its outer surface. Thus, it was aimed to produce a more ductile composite material compared to the
without-layer structure. In the production of double-walled materials, some methods can be used like explosion
welding [16], magnetic pulse cladding [17], and extrusion [18]. In this study, mandrel -supported extrusion
method was used in the production of composite materials due to the suitability of the shaping properties of the
materials. Flattening tests of this material were performed to examine how its stiffness and deformation pattern
changed.

2. Material and Method

The outer wall of the double-walled pipes produced within the scope of the study was Al6061, and the inner wall
was Al2124-SiC metal matrix composite. A16061 was preferred as the outer layer because it is a more ductile
aluminum alloy (Table 1). Al2124 is an aluminum alloy with high mechanical properties and is suitable for plastic
forming (Table 2). For this reason, it was thought that the use of the inner layer would be appropriate. In metal
matrix materials, SiC is frequently used with Al alloys as a reinforcement material and gives very good results in
terms of strength. Al6061 and Al2124-SiC were combined with three different thickness values. The total wall
thickness of the pipes was 2 mm, and these layers were set as 1.5-0.5, 1-1, and 0.5-1.5 mm, respectively (Fig. 3).
The SiC reinforcement ratio in the inner layer was determined as 3, 7 and 11% by volume fraction. A12124 and SiC
powders were combined in these ratios and mixed in a three-dimensional ball mixer for 2 hours. SiC ceramic
particles with an average particle size of 20 um and Al2124 powder with an average particle size of 40 pm were
used in a single size (Fig. 1). Composite materials were produced by the mandrel-assisted extrusion method (Fig.
2). For this process, extrusion billets were prepared using the powder-in-tube method. For this, firstly, a mandrel
was placed inside the Al6061 tubes, and Al2124-SiC powder mixtures were compressed under the press between
the mandrel and the Al6061 tube. The prepared billets were sintered at 500 °C for 2 hours and then extruded at
the same temperature. The obtained materials and material variables are shown in Table 3.
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Figure 1. SEM images of a) Al2124 powder, b) SiC particles
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Figure 2. Application principle of mandrel-assisted extrusion method.

Table 1. Chemical content of Al2124 (wt %)

Fe Si Cu Cr Mn Mg Zn Al
0.23 0.76 2.99 0.01 0.21 0.76 0.08 94.57

Table 2. Chemical content of Al16061 (wt %)

Al Cr Si Cu Mn Mg Zn Ti Fe
95.8-  0.04- 0.4- 0.15- 015 0.8- <025 <015 <07
986  0.35 0.8 0.4 12
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Table 3. Produced composite materials and production variables

Composite Material of Outer wall Material of Inner wall SiC ratio in
Codes outer wall thickness (mm) inner wall thickness (mm) inner wall
(%)
Al6061 Al6061 2 - - -
1.0 Al6061 5 Al2124 05 0
1.3 Al6061 1,5 Al2124/SiC 0,5 3
1.7 Al6061 1,5 Al2124/SiC 0,5 7
1.11 Al6061 15 Al2124/SiC 0,5 11
20 Al6061 1 Al2124 1
2.3 Al6061 1 Al2124/SiC
2.7 Al6061 1 Al2124/SiC 1
2 11 Al6061 1 Al2124/SiC 1 11
30 Al6061 0,5 Al2124 15
33 Al6061 0,5 Al2124/SiC 15 3
3.7 Al6061 0,5 Al2124/SiC 15
311 Al6061 0,5 Al2124/SiC 15 11

b) <) d)

Figure 3. Cross-sectional images of composite pipes with different wall thicknesses, a) SEM image of the wall
structure of the material, b) t1=1.5 mm t2=0.5 mm, ¢) t1=1 mm t2=1 mm, d) t1=0.5 mm t2=1.5 mm
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In the flattening test, samples are carried out by applying compression tests on the radial axis of the material in
tensile-compression testing devices (Fig. 4). With this test, the strength of the welding areas of welded pipes or
the radial deformation ability of the materials can be observed [19, 20]. Therefore, in this study, flattening tests
were applied to see the stress and strain properties of composite pipes in the radial direction. Samples were cut
from the produced composite materials with 16 mm wide for flattening tests. The flattening tests were carried out
according to ISO 8492 standards [21] with the MTS Tensile-Compression test device.

Force
Upper platen
Test sample
Lower platen
[TT7r77rr7rrrrri

Figure 4. Application principle of the flattening test
3. Results

Flattening test curves of composite pipe samples were drawn with force-deformation values. The results were
evaluated based on the change of SiC reinforcement ratio at equal wall thickness and the wall thickness changes
at constant SiC ratios. In materials with thick outer walls, the resistance to radial forces increased as the materials
were double-walled and the SiC reinforcement on the inner wall increased (Fig. 5). This increase was achieved
because of Al2124 which has better mechanical properties than Al6061 and thanks to SiC reinforcement. At
constant wall thicknesses, the flattening resistance of the materials increased with the increase of SiC
reinforcement and reinforcement ratio. This situation was observed at three wall thickness ratios (Fig. 5a-c).
However, it was seen from the curves that as the thickness of the inner wall increased, the plastic deformation
rates decreased and the number of damage formations increased. Another situation observed in materials
reinforced with SiC was the change in the damage pattern. When the curves of the Al6061 and Al6061-Al2124
materials with the thinnest inner wall were examined, it was seen that the materials changed shape completely
with plastic deformation without showing any failure damage (Fig 6-a). In Al6061-A12124 materials, where the
inner wall is thick, failure damage occurred on the outer walls towards the end of the tests (Fig. 6-d). Also, failure
damage was observed at lower displacements with increasing SiC reinforcement ratio in SiC-reinforced
composites. This damage was seen in the upper and lower middle parts of the materials where the outer wall was
thickest (Fig. 6-b-c). The reason for this damage is that the materials are exposed to compressive stress on the
outside and tensile stress on the inside in these regions (Fig. 7). Also in particle-reinforced composites, the
toughness decreases with the reinforcement (Fig. 8). Therefore, the plastic deformation ability decreases under
tension loads [22]. In the materials with different wall thicknesses, increasing the SiC reinforcement gave similar
results. However, in materials with thicker composite inner walls, the amount of displacement decreased until
failure damage (Fig. 5-c) because the rigidity increased with the increase of the composite inner wall.
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Figure 5. Force-displacement curves obtained from flattening tests, a) with different SiC ratios at 1.5-0.5 mm
wall thicknesses, b) with different SiC ratios at 1-1 mm wall thicknesses, c) with different SiC ratios at 0.5-1.5
mm wall thicknesses

50



Mechanical Properties and Deformation Behavior of Al/Al-SiC Double-Walled Composite Pipes Under Radial Loading

T

T T
4 6 8 10 12
Displacement (mm)

=33

F (kN)

T T T T
4 6 8 10 12
Displacement (mm)

0 T T T T T
6 8 10 12
Displacement (mm)

51



Mechanical Properties and Deformation Behavior of Al/Al-SiC Double-Walled Composite Pipes Under Radial Loading

8 —=—2_0]
4
’
i
/
34 \
z
o
2
1-|
s.
'|I
0 T T T T T T T
0 2 4 6 8 10 12 14

Displacement (mm)

Figure 6. Different failure damage images of composite pipes under flattening tests, a) Al6061-A12124-(1.5-0.5
mm), b) Al6061-A12124/SiC (3%)-(0.5-1.5 mm), c) Al6061-A12124/SiC (7%)-(0.5-1.5 mm), Al6061-Al2124-(1-1

Figure 7. Stress zones and types that occur during the flattening test in pipes (6c=compression stress, ot=tensile
stress) [23]
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Figure 8. Hardness values of inner and outer walls of composite materials
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Different mechanical behaviors were observed as the wall thickness varied while keeping the material content
constant. In Al6061-Al2124 materials, flattening resistance increased with the increase in the thickness of the
inner wall. While no failure damage was observed in the material with the thinnest inner wall, failures were
observed on the outer walls of materials with medium and thick inner walls at the end of the flattening test. In
materials containing SiC reinforcement, the flattening resistance, which increased when passing from the thin
inner wall to the middle inner wall, decreased again at the thickest inner wall. It was observed that as the thickness
of the inner wall increased in three different SiC reinforcement ratios, plastic deformation rates decreased, and
the frequency of single or multiple damages increased. When looking at the damage types, damages were seen in
the middle regions of materials that had SiC reinforcement as 3%. In the thin inner-walled materials containing
7% and 11% SiC, damage was seen only in the middle regions. In other wall thicknesses, damage was seen in both
the middle and lateral regions. Also, when the SiC ratio increased in materials, the force and displacement values
of damage decreased. This also indicates that the material loses its deformation ability, that is, its toughness, with

the increase in SiC ratio [24, 25].
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Figure 9. Force-displacement curves obtained from flattening tests, a) Al6061-Al2124 pipes with different wall
thicknesses, b) Different wall thicknesses with 3% SiC ratio, c) Different wall thicknesses with 7% SiC ratio, d)
Different wall thicknesses with 11% SiC ratio
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4. Discussion and Conclusion

This study focused on producing double-walled composite pipes. Their mechanical properties were examined with
flattening tests under radial forces. The inner and outer wall thicknesses of the materials and the SiC reinforcement
ratio in the inner wall were production variables. Wall thicknesses were adjusted at three different rates as 1.5-
0.5, 1-1, and 0.5-1.5 mm. SiC reinforcement was applied as 3, 7, and 11%. Composite pipes were produced by the
mandrel-assisted extrusion method. When Al6061 material was double-walled with Al2124 in the inner wall, the
flattening resistance increased. In addition, the flattening resistance increased with SiC reinforcement and the
increase of the reinforcement ratio. With the increase in flattening resistance, failure damages were observed in
all Al16061-Al2124 and Al6061-A12124/SiC materials, where the inner wall was the thickest. The displacement and
force values that caused failure damage decreased with increasing of inner wall thickness and reinforcement ratio
of SiC. Failure damages occurred firstly at the upper and lower parts of the materials. These damages were
encountered in both the middle and lateral regions of the materials where the inner wall was thicker and the SiC
reinforcement ratio was 7% and 11%.
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Anahtar Kelimeler 0z: Bu calismada, izotermal olarak isitilmis diiz bir yiizey iizerine siirekli ve

Halkasal Jet, eszamanl olarak carpan halkasal ve dairesel jetin 1s1 transfer karakteristikleri

Dairesel Jet, sayisal olarak incelenmistir. Calisma, ANSYS Fluent yazilimi ile RNG k-¢ tiirbiilans

]ef (;arpma51_,_ modeli kullanilarak geceklestirilmistir. incelemeler, hedef yiizey ile jet cikisi

Diiz Hedef Yiizey, R . e .

Isi Transferi fyilestirme aras.}ndakl iki farkl.l garpma mesafgsn;de (H/D: 2 ve 4). gergeklestlrllmlstlr.
Simiilasyonlarda, dairesel ve halkasal jetin Reynolds sayilari icin 3000<Re<15000
araligindaki farkli kombinasyonlar1 uygulanmistir. Prandtl sayis1 (Pr) ve diger
geometrik parametreler sabit tutulmustur. Halkasal jet ve dairesel jetin eszamanl
olarak farkli Reynolds sayilarinin kombinasyonlarinda hedef yiizey {iizerine
carpmasl sonucu yiizeydeki Nusselt sayilar1 hesaplanmistir. Farkl jet hizlar1 ve H/D
mesafeleri i¢cin ¢6ziim alaninda elde edilen hiz ve sicaklik dagilimlar1 sunulmustur.
Sayisal sonuglar, dairesel ve halkasal jetin yiizey tlizerine siirekli ve es zamanl
uygulanmasinin sadece dairesel ve sadece halkasal jet carpmasina gore 1s1 transferi
iyilestirmede onemli bir etkiye sahip oldugunu gostermistir. Jet-hedef yiizey
arasindaki mesafenin azalmasi, 1s1 transferinin artmasina neden olmustur. En iyi 1s1
transferi H/D=2 mesafesinde Reas=15000 ve Rei=15000 kombinasyonunda
Nu=374,85 olarak elde edilmistir.

Numerical Analysis of Heat Transfer Characteristics of Continuously and
Simultaneously Annular and Circular Jet Impinging on a Flat Surface

Keywords Abstract: In this study, the heat transfer characteristics of annular and annular jets
Annular Jet, continuously and simultaneously impinging on an isothermally heated flat surface
Circular Jet, were numerically investigated. The study was carried out using the RNG k-¢
Egi?ﬁrlngfaig‘c . turbulence model with ANSYS Fluent software. Examinations were coducted at two
H & ! different impact distances (H/D: 2 and 4) between the target surface and the jet exit.
eat Transfer Enhancement . . . o .
In the simulations, different combinations were applied for the Reynolds numbers
of the circular and annular jet in the range of 3000<Re<15000. Prandtl number (Pr)
and other geometric parameters were kept constant. Nusselt numbers on the
surface were calculated as a result of the annular jet and the circular jet impinging
the target surface simultaneously at different combinations of Reynolds numbers.
The velocity and temperature distributions obtained in the solution domain for
different jet velocities and H/D distances were presented. The numerical results
showed that the continuous and simultaneous application of circular and annular
jet on the surface has a significant effect on heat transfer improvement compared to
only circular and only annular jet impingement. The decrease in the distance
between the jet and the target surface caused an increase in heat transfer. The best
heat transfer was obtained as Nu=374.85 in the combination of Reic = 15000 and
Reas= 15000 at H/D = 2 distance.
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Diiz bir Yiizeye Siirekli ve Eszamanl Olarak Carpan Halkasal ve Dairesel Jetin Is1 Transfer Karakteristiklerinin Sayisal Analizi

1. Giris

Endiistride 1sitma, sogutma ve kurutma gibi mithendislik uygulamalarinda 1s1 transferini artirmak amaciyla farkl
yontemler arastirilmaktadir. Bu yontemlerden ¢arpan jet uygulamalari, 1s1 transfer kapasitesini artirmada yaygin
olarak kullanilmaktadir [1, 2]. Carpan jetler, gaz tiirbini kanatlarinin ve elektronik devre elemanlarinin
sogutulmasi, tekstil, kagit, cam, gida ve kimya endiistrileri, metallerin tavlanmasi gibi pek c¢ok alanda
kullanilmaktadir. Bu nedenle, ¢arpan jetler, son yillarda deneysel ve sayisal arastirmalarin ilgi odagi olmustur [3,
4]. Carpan jet akisy, bir lile veya kanaldan gecirilen yiiksek hizli bir akiskanin hedef yiizey tizerine piiskiirtiilmesi
ile elde edilen akis bi¢cimi olarak tanimlanir [5]. Carpan jetin ¢alisma prensibi hedef ylizey lizerinde olusan termal
sinir tabakay1 dagitarak veya incelterek 1s1 transferini artirma esasina dayanmaktadir. Carpan jette, akiskan ile
hedef yiizey arasinda yiiksek yerel 1s1 transfer katsayisi elde edilmesi sonucu, ¢carpma ylizeyinde 1s1 ve kiitle
aktarimi saglanir. Ayrica ytliksek 1s1 transferi elde edilirken daha diisiik akiskan miktarlar1 kullanilmasi nedeniyle
enerji tasarrufuna 6nemli katki saglamaktadir [5]. Carpan jetlerin akis ve 1s1 transferi 6zellikleri, jet ¢ikis
geometrisi, jet hizi, jet ile hedef ylizey arasindaki mesafe, jetin laminer ya da tiirbiilansh olmasi, hedef yiizey
geometrisi, jet ile hedef ylizey arasindaki sicaklik farki, akiskan tipi gibi bircok parametreye bagh olarak
degismektedir [5].

Literatiirde siirekli carpan jet akislari ile ilgili pek ¢ok deneysel ve sayisal ¢alisma gercgeklestirilmistir [1, 6, 7]. Bu
calismalardan bazilari jet geometrisine odaklanmistir. Lee ve Lee [8] farkli en boy oranlarina sahip elips seklindeki
carpan jetin hedef yiizey lizerindeki 1s1 transferini deneysel olarak incelemislerdir. Liile ile plaka mesafesinin
L/D>6 oldugu durum dikkate alindiginda, eliptik carpan jetin dairesel ¢arpan jete gore daha az 1s1 transferi
sagladigin1  belirterek eliptik jetlerin 1s1 transferi uygulamalarinda kontrol mekanizmasi olarak
kullanilabileceklerini bildirmislerdir. Yasaswy vd. [9] kare kesitli jet geometrisi kullanarak farkli Reynolds sayilari
(6000<Re<12000) ve farkli nozul-hedef yiizey mesafeleri i¢in 1s1 transferini deneysel olarak incelemislerdir. Kilig
ve Bagkaya [10] farkli geometride (kare, liggen ve silindir) akis yonlendiricileri kullanarak farkli Reynolds sayilari
(B000<Re<43000) ve H/Dn parametreleri icin ¢arpan jetin 1s1 transferini arastirmislar ve tiggen akis
yonlendiricinin, diger akis yonlendiricilere gore daha yiiksek 1s1 transferi sagladigini bildirmislerdir. Alnak ve
Karabulut [11] farkli geometriye sahip nozul kullanarak gidalarin saklama kosullarinin iyilestirilmesi {izerine
sayisal ve deneysel bir ¢alisma yapmislardir. Laminer hava akisiyla birlikte carpma bolgesindeki nesneye 1s1
transferi saglanarak depolama durumlarinda minimum nemlilik orani elde edilebilecegini bildirmislerdir. Ayrica
en fazla jet kurutmanin durma noktasi bolgesinde oldugunu rapor etmislerdir. Golda vd. [12] deneysel
calismalarinda dairesel ve silindirik geometriye sahip liileler kullanarak ¢arpan jet iizerine arastirma yapmislardir.
Zhong vd. [13] farkli nozul modelleri kullanarak halkasal c¢arpan jetin 1s1 transfer karakteristiklerini
5000<Re<40000 araligindaki Reynolds sayilar1 ve farkl jet-hedef ylizey aras1 mesafeler (H/D: 0.5, 2, ve 4) icin
sayisal olarak incelemislerdir. Calisma sonucunda, nozul geometrisinin 1s1 transferini etkiledigini bildirerek
Nusselt sayisi ile Reynolds sayis1 arasinda bir korelasyon 6nermislerdir.

Bazi arastirmacilar halkasal carpan jetlerin 1s1 transferi tizerindeki etkilerini incelemislerdir [14, 15]. Philippov vd.
[15] Re=5500 i¢in tiirbiilansh halkasal ¢arpan jetin farkli lille-hedef ylizey mesafelerinde sogutma etkisini
arastirmiglardir. Halkasal jetin i¢ cap1 3 mm ve dis ¢ap1 22 mm, halkasal liile ile carpma ytizeyi arasi mesafesi i¢in
0.5, 1, 1.5 degerlerini dikkate alarak halkasal ¢arpan jetin aerodinamik hareketlerini incelemislerdir. Celik [16] 1s1
transferi agisindan en uygun liile tipini belirlemek icin farkli Reynolds sayilari ve jetile plaka arasi mesafeler (H/D)
icin tiirbiilansh ¢arpan jet akisini incelemistir. Calisma sonucunda, es eksenli halkasal liille kullaniminin diiz
dairesel liileye gore daha etkili oldugunu gostermistir. Kalinina vd. [17] halkasal ¢arpan jet ile ilgili deneysel bir
calismada, ¢carpma ylizeyine yakin mesafedeki 1s1 transferi 6zelliklerine yogunlasmislardir. Halkasal ¢arpan jetin
kullanilmasi durumunda dairesel ¢arpan jete gére daha fazla 1s1 transferi sagladigini belirtmislerdir. Markal [18]
farkli Reynolds sayilarinda (Re: 6688, 9364 ve 12039), liile-plaka aras1 uzakligin 0.8 mm oldugu es eksenli halkasal
ve dairesel carpan jetin 1s1 transferi karakteristiklerini incelemistir. Bagka bir ¢alismasinda, Aydin ve Markal [19]
es eksenli ikili halkasal jet akisinin hedef yiizeye carpmasi sonucu meydana gelen 1s1 transferini farkl liile ile plaka
mesafeleri (H/D: 0.5, 1.0, 1.5, 2.0, 2.5) i¢in incelemislerdir. Yiizey ile liile aras1 mesafe arttikga Nusselt sayisinin
azaldigini gézlemlemislerdir. Ayrica ikili halkasal jet kullaniminin 1s1 transferi yogunlugu ve homojenligi agisindan
tek halkasal carpan jetten daha avantajli oldugunu bildirmislerdir. Terekhov vd. [20] jet Reynolds sayilari
(12000<Re<36000), liile-carpma yiizeyi mesafeleri (H/D: 2, 4 ve 6) ile i¢ ve dis liile ¢aplar1 degistirilerek halkasal
¢arpan jet akisini deneysel olarak incelemislerdir. En yiiksek 1s1 transferinin H/D=2"de elde edildigini belirterek
ylizey tizerindeki 1s1 transferinin %70’e yakin iyilestigini gostermislerdir. Afroz ve Sharif [21] izotermal olarak
1sitilmis diiz bir yiizey iizerine dis ¢ap1 30 mm olan halkasal ¢arpan jet akisinin farkli Reynolds sayilarinda
(5000=<Re<35000) ve farkl jet-hedef yiizey arasi mesafeler icin (0.3<H/D<4) 1s1 transferini sayisal olarak
arastirmiglardir. Tiim Reynolds sayilarinda H/D mesafesinin azalmasi ile Nusselt sayisinin arttigin1 ve maksimum
1s1 transferinin H/D=0,4 oldugu durumda meydana geldigini bildirmislerdir. ibrahimov [22] es eksenli iki farkli
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halkasal liile kullanarak farkli Reynolds sayilar1 ve farkli mesafelerde (H/D=0.5, 1, 2, 4, 5, 6, 7, 8, 9, 10) ¢arpan
jetlerin 1s1 transferini deneysel olarak incelemislerdir. Reynolds sayisi arttikca Nusselt sayisinin da arttigini ve
hedef yiizey lizerinde en iyi 1s1 transferinin H/D=1 durumda saglandigini belirtmislerdir. Es eksenli ikili halkasal
jetin kullanilmasi, tekli halkasal jete gore daha iyi 1s1 transferi sagladigini bildirmislerdir. Dutta ve Chattopadhyay
[23] jet-hedef yiizey mesafesinin H/D=2 oldugu durumda, halkasal jet akisinda 10000<sRe<50000 araligindaki
Reynolds sayilarinda 1s1 transferini arastirmislar ve Reynolds sayisinin artmasiyla ¢arpma bolgesinde Nusselt
sayisinin da arttigini bildirmislerdir. Fenot vd. [24] ¢carpan halkasal jetlerin 1s1 transferi karakteristiklerini Di¢/Das
oranina gore incelemisler ve i¢ capin dis capa oraninin artmasi ile yiizey lizerindeki 1s1 transferinin arttigini tespit
etmislerdir. Kili¢ vd. [25] donen jetler kullanarak endiistriyel bir silindirin sogutulmasini, farkli Reynolds sayilar
(1000=<Re<1700), farkl 1s1 akilar1 (5000-12500 W/m?) ve akiskanin farkl giris sicakliklar1 (5-25°C) i¢in sayisal
olarak incelemislerdir. Calismalarinin sonucunda, Re=1700’de silindirin i¢ ve dis ylzeyi arasindaki sicaklik
farkinin Re=1000 degerine gore %45,4 azaldiginy, 1s1 akisinin 12500 W/m?2 olmasi halinde sicaklik farkinin 5000
W/m? degerine gore %149,4 oraninda arttigini ve akiskanin giris sicakligindaki artisin yiizey sicakligini da
artirdigini bildirmislerdir.

Literatlir arastirmasina gore, sayisal ve deneysel arastirmalarla siirekli ¢arpan jetlerin 1s1 transferini artirdigi
kamtlanmistir. Onceki ¢alismalardan bazilar 1s1 transferi lizerinde jet geometrisinin etkilerini incelemistir,
bazilari ise halkasal jetler tizerine odaklanmistir. Bugiine kadar siirekli ve es zamanl olarak ¢arpan dairesel ve
halkasal jetlerin farkli Reynolds sayilar1 kombinasyonlarinda hedef yilizey iizerindeki 1s1 transferinin
arastirllmadigl goriilmektedir. Bu nedenle, bu calisma diiz bir hedef yiizey lizerindeki 1s1 transferini iyilestirmek
amaciyla i¢ ice gecmis es eksenli halkasal ve dairesel jetin siirekli ve es zamanli olarak hedef yiizey tizerine
carpmasi sayisal olarak incelenmistir. Calismada, iki farkli jet-hedef yiizey mesafelerinin (H/D: 2 ve 4) ve halkasal
ve dairesel jet icin farkli Reynolds sayilarinin kombinasyonlarinin ylizey sogutmadaki etkinligi arastirilmistir.

2. Materyal ve Metod
2.1. Sayisal model

Calismada kullanilan sayisal modelin H/D=2 i¢in iki boyutlu sematigi ve ag yapisi Sekil 1'de gosterilmistir. Jet ¢ikis
geometrisi olarak i¢ ice gecmis es eksenli halkasal ve dairesel geometriden olusan liile tasarimi kullanilmistir.
Kullanilan dairesel liilenin ¢ap1 (Di¢) 19 mm, halkasal liilenin dis ¢cap1 (Dais) 41 mm olup dairesel ve halkasal liile
arasinda t=2 mm et kalinlig1 mevcuttur. Liile ¢ikisi ile hedef yiizey arasindaki mesafe (H/D) i¢in 2 ve 4 olarak iki
farkli deger alinmistir. Hedef yiizey, uzunlugu (2L) 300 mm olan diiz bir levhadir.

Sayisal galisma, tiirbiilansh akis kosullarinda gergeklestirilmistir. Siirekli dairesel ve halkasal carpan jetin es

zamanl farkli Reynolds sayilarindaki kombinasyonlarinin hedef yiizey sogutmadaki etkilerini gézlemleyebilmek
icin analizler 3000<Re<15000 araligindaki Reynolds sayilarinda gergeklestirilmistir.

basing ¢ikist +

duvar jeti
A

=

basing girisi

serbest jet

Dchgf'zl
Halkasal jet —— &— »
Dairesel jet_——ss AT s R Sumemcisen )

PEPTTITRTTAT

Sekil 1. a) Sayisal modelin 2d sematigi, b) H/D=2 i¢in ¢6ziim alaninin ag yapisi
2.2. Korunum denklemleri

Sayisal ¢alismada, jet akiskani havadir. Akiskanin ideal gaz oldugu, fiziksel 6zelliklerinin degismedigi kabul
edilmistir. Jet akis, stirekli sartlarda tiirbiilansh rejim altinda hedef yilizeye carpmaktadir. Hedef yiizeyle ¢evre
arasinda 1s1l 1sinim ihmal edilmistir. Yercekimi gibi gévde kuvvetlerinin etkisi hesaplamaya dahil edilmemistir.
Viskoz yayilim etkisi ihmal edilerek korumum denklemleri Esitlik 1-3’te verilmistir.
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Burada u, v sirasiyla x, y yoniindeki hiz bilesenlerini gostermektedir. Sicaklik T ve dinamik basing p ile
gosterilmistir. Matematiksel formiilde u', T' vb. terimler tiirbiilans gerilmelerini, p yogunluk, cp 6zgiil 1s1 ve k ise 1s1
iletim katsayisini gostermektedir.

Literatiirde ¢carpan jet akislari icin RNG k-¢ tiirbiilans modeli siklikla kullanilmistir. Tiirbiilansli halkasal ¢carpan jet
akislarinda bu modelin basarili ve hizli sonuclar verdigi belirtilmistir [21, 26]. Bu nedenle, sayisal ¢alismada viskoz
model olarak RNG k-¢ tiirbiilans modeli secilmistir.

2.3 Akis ve 1s1 transfer hesaplamalari
Bu calismada, jet Reynolds sayisi, akisin karakteristigini belirleyen 6nemli bir parametredir. Calismada dairesel ve

halkasal jet icin farkli Reynolds sayis1 tanimlanmistir. Rei; dairesel jete ait Reynolds sayisini (Esitlik 4), Reas
halkasal jete ait Reynolds sayisini (Esitlik 5) temsil etmektedir.

Re;, = M N
Reg,, = W) (Ph hatkasal) (5)

v

Burada Dh, dairesel Ve Dh, halkasal Sirasiyla dairesel ve halkasal jetin hidrolik ¢caplarini géstermektedir. U4 ve Ujn ise
sirastyla dairesel ve halkasal jet ¢ikis hizlaridir, v kinematik viskoziteyi gosterir.

Jet akisinda, hedef yiizeyde elde edilen 1s1 transferi, ortalama Nusselt sayis1 (Nuort) ile hesaplanmaktadir (Esitlik
6).

hL
Nugre = * (6)

Burada L hedef yiizeyin karakteristik uzunlugunun, k akiskanin is1 iletim katsayisini ve h ise 1s1 tasinim katsayisini
gostermektedir.

Is1 tasinim katsayisi (h) Esitlik (7) ile elde edilmektedir.

__a
h= (Ts—Too) )

Burada q” hedef yiizeye uygulanan 1s1 akisini, Ts ve T ise sirasiyla hedef yiizeyin sicakligini ve ortam sicakligi
gostermektedir.

Jet-hedef ylizey arasindaki mesafe H olmak lizere boyutsuz mesafe (B) Esitlik 8 ile tanimlanmistir.
H
B=- (8)
2.4 Sayisal yontem ve sinir sartlari

Bu c¢alismada, sayisal ¢éziim alaninin olusturulmasi ve hiicrelere béliinmesi GAMBIT yazilimi ile
gerceklestirilmistir. Homojen dagilim elde etmek icin licgen ag yapisi kullanilmis olup ¢6ziim alanina ait ag yapisi
Sekil 1b’de gosterilmistir. Yapilandirilmamis iicgen ag yapisi, sinir tabakada daha sik olmak tizere, uzaklasan
bolgelerde siklig1 azalacak sekilde olusturulmustur (Sekil 1b). Liile girisinde ve sinir tabakada, ¢ok daha ince ag
yapist kullamilmistir. Calismada, ¢oziimlerin hiicre sayisindan etkilenmedigi ag yapisini belirlemek i¢in ag
bagimsizlik testi uygulanmistir. Bunun i¢in Reic=15000 ve H/D=2 parametrelerinde dairesel jet kullanilarak farkl
eleman sayilarinda Nusselt sayilar1 hesaplanmis ve sonuglar Tablo 1'de sunulmustur. 77.315 eleman sayisindan
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sonra Nusselt sayisinin degisiminin olukg¢a diisiik (%2) olmasindan dolay1 ¢6ziim alanina 77.315 eleman sayilari
uyarlanmistir.

Tablo. 1 Eleman sayilari ile Nusselt sayilarinin degisimi (Re=15000, H/D=2, dairesel jet)

Eleman sayis1 Nusselt sayisi Degisim
12.426 201,846 -

49.300 212,521 0,050
77.315 212,932 0,020
118.630 218,123 0,005

Sayisal analizler, sonlu hacim metoduna gore ¢6ziim yapan FLUENT (16.0) yazilimu ile ¢oziilmistiir. Coziimlerde,
ayrik ¢dziim algoritmasi kullanilmistir. Basing ve momentum denklemleri ikinci dereceden ileri fark semasi ile
ayriklastirllmistir. Hiz ve basing arasindaki baginti igin SIMPLE (Semi-Implicit Method for Pressure Linked
Equations) algoritmasi kullanilmistir. Esitliklerin ¢éziimiinde, ardisik iki iterasyon arasinda bagil hatanin
azalmasiyla birlikte ¢éziimler yakinsamaktadir. Bu ¢calismada yakinsama kriteri olarak enerji denklemi i¢in 10-°
momentum ve kiitle korunum denklemleri icin ise 10-¢ degeri dikkate alinmistir.

Cozlim alanina uygulanan sinir sartlar Sekil 1a’da ve Tablo 2’de verilmistir. Dairesel ve halkasal jet girisinde “hiz
giris” sinir sart1 tariflenmistir. Dairesel ve halkasal jet icin farkli Reynolds sayilarinin kombinasyonlari
uygulanmistir. Rei; dairesel jet hizin1 ve Reas halkasal jet hizini temsil eden Reynolds sayilarini ifade etmektedir.
Iki boyutlu calismada, akisin eksenel simetrik olmasi nedeniyle, esitlikler eksenel simetrik sartlarinda
¢oziilmiistiir. Diiz hedef ylizey lizerine “sabit 1s1 akis1” uygulanmistir. Tiim hesaplamalarda, hedef yiizey q" = 1200
W/m? sabit 1s1 akisinda korunmustur. Jet ¢ikisindaki serbest ylizey, “basing girisi” sinir sart1 ile tanimlanmistir.
Duvar jet bolgesi ¢ikisi icin “basing ¢ikis1” sinir sarti uygulanmistir.

Tablo. 2 Sayisal modele uygulanan baslangic ve sinir sartlar

Geometrik sinirlar Sinir sartin tarifi

Dairesel jet girisi Hiz giris sinir sart1 (U=Uj,a ve T=Tw)
Halkasal jet girisi Hiz giris sinir sart1 (U=Ujh, T=Tw)
Hedef ylizey Sabit 1s1 akis1 (q"=1200 W/m?2)

Jet cikisindaki serbest yiizey Basing girisi sinir sart1

Duvar jet bolgesi ¢ikisi Basing ¢ikisi sinir sarti

Jet-hedef yiizey sinir1 Eksenel simetrik sinir sarti

3. Tartisma ve Sonuglar

Sayisal ¢oziimlerin dogrulanmasi i¢in bu ¢calisma, Rakhsha vd. [27] tarafindan gergeklestirilen ¢alisma sonuglari
ile karsilastirllmis ve x/L boyunca Nusselt sayilar1 hesaplanmistir. Sekil 2’de her iki ¢alismadan elde edilen
sonuglarin karsilastirilmasi verilerek sonuglar arasindaki uyum gosterilmistir.

90

s | WP=2 — % Rakhsha vd. (2021)

B Bucgalisma

0 1 1 1 1

0 0,2 0,4 0,6 0,8 1
x/L

Sekil 2. Sayisal sonuglarin dogrulanmasi

Bu bo6liimde, iki farkli jet-hedef ylizey mesafesine ve farkli Reynolds sayilarina baglh olarak stirekli ve es zamanlh
olarak carpan es eksenli halkasal ve dairesel jetlerden elde edilen Nusselt sayilari elde edilmistir. Sayisal
¢oziimlerle elde edilen hiz ve sicaklik goriintiileri ile eszamanl siirekli carpan halkasal ve dairesel jetin akis ve 1s1
transfer mekanizmasi tartisilmistir. Yapilan calismada 1s1 akisi, Prandtl sayisi, jet geometrisi sabit tutularak farkl
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Rei¢ (dairesel jet icin Re) ve Reas (halkasal jet icin Re) kombinasyonlari i¢in akis parametrelerinin 1s1 transferine
etkileri arastirilmistir.

3.1. Jet hizlarinin akis ve sicaklik alanlarina etkisi

Sabit bir jet-hedef yiizey arasi mesafede (H/D=2) ve sabit bir dairesel jet Reynolds sayisinda (Rei;=3000) degisen
halkasal jet Reynolds sayilarina (Reas) gore akis alanindaki hiz alanlarinin degisimi Sekil 3a’da ve sicaklik
alanlarimin degisimi Sekil 3b’de gosterilmistir. Halkasal jet hizinin diisiik oldugu durumda (Reas=3000), jetin hedef
ylizeye ¢arpmasi ile durma noktasi etrafinda etkili oldugu ve jetin levha ylizeyine tam olarak yayillmamasi
nedeniyle duvar jet bolgesinde daha az etkili oldugu goriilmektedir. Hedef ylizeye carptiktan sonra jetin etkisi
azalmakta ve levhanin ug¢ kisimlarinda énemini kaybetmektedir. Artan Reas degerlerinde (Reas=9000) ise halkasal
jet, durma noktasinda daha az etkili olurken, duvar jet bolgesinde jetin dnemi artmaktadir (Sekil 3a). Sekil 3b’de
diisiik Reas degerlerinde hedef yiizey tizerindeki durma noktasinda sicaklik gradyani daha diisiikken artan Reas
degerlerinde durma noktasindaki sicaklik gradyaninin arttig1 gézlenmistir. Ayrica Reas degerinin artmasi ile hedef
yiizey sicakliginin azaldigi gézlenmektedir. Dairesel ve halkasal jetin, es zamanli ve siirekli olarak farkl hizlarda
hedef yiizeye carpmasi ile hiz ve sicaklik alanlarinin oldukca degistigi goriilmektedir. Dairesel ve halkasal jetin es
zamanl olarak yiizeye carpmasi, 6zellikle halkasal jet hizlarinin yiiksek olmasi durumunda tiim levha tizerinde
etkili olmasina neden olmustur.
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(@) Hiz konturlari (b) Sicaklik konturlari
Sekil 3. Sabit H/D=2 ve Rei;=3000 i¢in farkli Rea;s degerlerinde (a) hiz alanlar1 ve (b) sicaklik alanlar1

H/D=2 ve Rei;=6000 oldugu durumda farkli Rea;s degerleri i¢in hiz alanlarinin degisimi Sekil 4a’da ve sicaklik
alanlarimin degisimi Sekil 4b’de gdsterilmistir. Sekil 3’te oldugu gibi, Sekil 4’te de dairesel jetin, hedef yiizeye
carptig1 durgunluk noktasina yakin bolgelerde etkili oldugu, halkasal jetin ise duvar jeti bolgesinde oldukea etkili
oldugu goriilmektedir. Dairesel ve halkasal jet hizinin artmasi, levha yiizeyine ¢arpan akiskanin debisini artirmasi
nedeniyle daha fazla miktardaki akiskanin levha boyunca yayilmasini saglamaktadir. Her iki jetten ¢ikan daha
soguk akiskan, 1sitilmis diiz hedef ytlizey lizerine ¢arpip levha boyunca ilerlerken akiskan ve hedefyiizey arasindaki
tasinimla 1s1 transfer hizini artirmaktadir. Hem dairesel jet hem de halkasal jetin es zamanli olarak yiizey lizerine
¢arpmasi, ylizeyde olusan 1s1l sinir tabakay1 bozarak termal direnci azaltmaktadir. Bu durum akiskan ile levha
arasindaki 1s1 taginim katsayisinin artmasina neden olmaktadir. Béylece 1sitilmis olan hedef ylizeyin sicakliginda
onemli bir diisiis meydana gelecektir.
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Sekil 4. H/D=2 ve Rei;=6000 i¢in farkli Reas degerlerinde (a) hiz alanlar1 ve (b) sicaklik alanlar1

Sekil 5’te, H/D=2 ve Rei;=12000 oldugu durumda, farkl Reas degerleri i¢in ¢6zlim alanindaki hiz (a) ve sicaklik (b)
dagilimlarn gosterilmistir. Daha yiiksek dairesel jet hizinda, halkasal jet hizinin artmasi levhanin hem durgunluk
bolgesinde hem de duvar jeti bolgesindeki akis1 indiiklemektedir. Dolayisiyla es zamanh olarak levha lizerine
stirekli carpan dairesel ve halkasal jetler, tiim levha yiizeyinde etkisini gostermektedir. Sekil 3a ve 4a’da halkasal
jetin hedef ylizeye carpmasi, belirli bir a¢1 ile durgunluk bolgesinden daha uzakta meydana gelirken Sekil 5a’da
daha dik bir agiyla durma boélgesine yakin ¢carpmasi dikkat cekmektedir. Jet hizlarinin artmasindan kaynaklanan
bir durumdur. Ozellikle Rei;=12000 ve Reas=15000 durumunda, yiiksek hizlardaki daha soguk jet akisi, 1sitilmig
hedef ylizeye carptiktan sonra ylizey lizerini tamamen kaplamaktadir. Bu durum isitilmis olan hedef yilizeyin
sicakliginin kayda deger sekilde diismesine yardimci olmaktadir.

Reic=12000, Reas=3000
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Sekil 5. H/D=2 ve Rei;=12000 i¢in farkli Reas degerlerinde (a) hiz alanlarinin ve (b) sicaklik alanlarinin degisimi
3.2. Jet-hedef yiizey mesafesinin hiz ve sicaklik alanlarina etkisi

Bu béliimde, diiz bir hedef ylizeye eszamanli ve stirekli olarak ¢carpan dairesel ve halkasal jetin farkli Rei¢c ve Reas
degerleriicin H/D=2 ve H/D=4 degerlerinde ytizey iizerindeki akis ve sicaklik alanlari karsilastirilmistir. Sekil 6’da
Reic=3000 ve Reas=6000 icin iki farkli H/D oranlarina goére hiz ve sicaklik alanlari verilmistir. Jetin hedef ylizeye
olan mesafesinin azalmasi (H/D=2) akiskanin levha ylizeyine yayilmasina ve duvar jet bolgesi boyunca akmasina
neden olmustur. Jetin hedef ylizeye olan mesafesinin artmasi (H/D=4) ise jetten ¢ikan akiskanin durma noktasi
etrafinda yogunlagsmasini ve akisin dagilmasim saglamistir. Bu nedenle H/D=4 durumunda durma noktasi
etrafindaki sicaklik gradyani, H/D=2 durumuna gore daha diisiiktiir. Duvar jet bolgesinde ise H/D=4 durumunda
levha yiizey sicakliginin H/D=2 durumuna goére daha ytliksek oldugu goriilmektedir. Jet-hedef ylizey arasindaki
mesafe, akis ve sicaklik alanlarini dolayisi ile 1s1 transferini etkileyen 6nemli bir parametre oldugu anlasilmaktadir.
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Sekil 6. Reic=3000, Reas=6000 i¢in farklt H/D i¢in hiz ve sicaklik alanlar1

H/D=2

H/D=4

Sekil 7’de ise Reic=6000 ve Reas=12000 i¢in iki farkl1 H/D oranlarinin levha tizerindeki hiz ve sicaklik dagilimlar
gosterilmistir. Artan halkasal jet Reynolds sayisinin akis alanlarini her iki H/D oranlar icin oldukea etkiledigi
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gozlenmistir. Jet hizinin artmasi, halkasal jetten ¢ikan kiitlesel debi miktarinin artmasia neden olmaktadir.
Yiiksek debideki akiskan, diisik H/D mesafesinde hedef yiizeye carptiginda, akis levha boyunca etkisini
gostermektedir. Yiiksek jet hizlarinda ve diisiik jet-hedef yiizey mesafesinde (H/D=2) jetten ¢ikan ytliksek debideki
soguk akiskanin sicak hedef ylizey iizerini tamamen kapladig1 goriilmektedir. Bu nedenle, H/D=2 durumunda
levha ytizey sicakliginin daha diisiik oldugu goriilmektedir. Dairesel ve halkasal jet hizlarinin artmasi, akiskanin
tlim levha ylizeyi boyunca etkili olmasini saglayamamaktadir. Ciinkii H/D=4 durumunda jet, sadece levhanin
yarisina kadar etkisini gosterirken levhanin u¢ kisimlarinda etkisi azalmaktadir. Dolayisi ile hedef yilizeyin
sogumasinda dairesel ve halkasal jet hizlarinin yaninda jet-hedef yiizey arasindaki mesafenin de olduk¢a 6nemli
oldugu goriilmektedir.
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Sekil 7. Reic=6000, Reas=12000 i¢in farkli H/D oranlarina gére hiz ve sicaklik alanlari.

3.3.Hedef yiizeyden 1s1 transferi

Sekil 8’de, dairesel jetin (a) ve halkasal jetin (b) miinferit olarak farkli jet-hedef yiizey arasindaki mesafeler (H/D)
ve farkli jet hizlar i¢in plaka {izerine ¢arpmasi sonucunda elde edilen Nusselt sayilar1 verilmistir. Her iki jet
¢arpmasl durumunda ve her iki H/D oranlar i¢in Reynolds sayisinin artmasi ile Nusselt sayisinin arttigi
gozlenmistir. Ancak her iki jet carpmasinda, H/D=2 durumunda elde edilen Nusselt sayis1 H/D=4’ten daha
yuksektir. Jet-levha arasi mesafenin azalmasi 1s1 transferini artirmaktadir. Halkasal jet akisinda dairesel jete gore
daha yiiksek Nu degerleri elde edilmistir. Dolayisiyla 1s1 transferi agisindan halkasal jetin dairesel jetten daha etkili
oldugu soylenebilir. Dairesel jet ve halkasal jet i¢in en yiiksek 1s1 transferi Re=15000 ve H/D=2 durumunda
sirasiyla Nu=212,93 ve Nu=346,25 olarak elde edilmistir.
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Sekil 8. Farkli1 H/D i¢in Re ile Nu degisimi, (a) Dairesel jet (b) Halkasal jet
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Sekil 9'da, dairesel ve halkasal jetin farkli Rei¢ (a) ve Reas (b) kombinasyonlari i¢in siirekli ve es zamanl olarak
sabit bir jet-hedef ylizey arasindaki mesafede (H/D=2) levhaya ¢arpmasi durumunda elde edilen Nusselt sayilari
gosterilmektedir. Sekil 9a ve b’den artan Rei¢ ve Rea;s degerleri ile Nusselt sayisinin arttig1 goriilmektedir. Dairesel
ve halkasal jetin yliksek hizlarda es zamanli olarak hedef yiizeye carpmasi 1s1 transferini dnemli derecede artirdigi
goriilmistiir. H/D=2"de en yiiksek 1s1 transferi Reig=15000 ve Reas=15000 kombinasyonunda Nu=374,85 olarak
elde edilmistir.
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Sekil 9. H/D=2"de farkli Rei¢ (a) ve Reas (b) degerlerinde Nusselt sayisinin degisimi

Sekil 10’da Rei; =3000 (a) ve Reic =12000 (b) olmak tizere sabit bir dairesel jet akisinda, farkl1 Reas degerleri i¢in
stirekli es zamanli olarak hedef yiizeye farkli mesafelerde ¢arpan jetlerin Nusselt sayilar1 karsilastirilmistir. Sekil
10a ve b’den sabit bir Reicdegerleri (Reic=3000 ve Reic=12000) i¢in ¢calisilan tiim Req;s degerlerinde jet-hedefyiizey
arasindaki mesafe azaldike¢a 1s1 transferinin arttig1 goriilmektedir. Reic=3000 i¢in H/D=2 ve H/D=4’te en yiiksek 1s1
transferi Reais=15000 degerinde sirasiyla Nu=360,84 ve Nu=317,68 olarak elde edilmistir. Reic=12000 i¢cin H/D=2
ve H/D=4’te en yiiksek 1s1 transferi yine Reas=15000 degerine sirasiyla Nu=369,22 ve Nu=326,72 olarak
bulunmustur.
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Sekil 10. Farkl H/D degerlerinde, Reas ile Nu degisimi (a) Reic=3000, (b) Rei;=12000
4. Sonug

Bu ¢alismada, dairesel ve halkasal jetin siirekli ve es zamanli olarak sabit 1s1 akisina sahip (q" = 1200 W/m?) diiz
bir yiizeye carpmasinin, hedef yiizeydeki sogutma karakteristigi sayisal olarak incelenmistir. incelemeler, iki farkli
jet-hedef yiizey aras1 mesafeler (H/D: 2 ve 4) icin gerceklestirilmistir. Dairesel ve halkasal jetin, farkli Reynolds
sayllarinin kombinasyonlari ile hedef ylizeyden 1s1 gecisi hesaplanmistir. Sayisal calismada farkl parametreler i¢in
hiz ve sicaklik dagilimlari elde edilmistir ve sonuglar tartisilmistir. Calismadan elde edilen 6nemli bulgular asagida
listelenmisgtir:
o Siirekli halkasal jet akis, dairesel jet akisina goére daha iyi 1s1 transferi saglamistir.
e Sirekli ve eszamanli olarak ¢arpan halkasal ve dairesel jetin, hedef yiizeye olan mesafesi (H/D) azaldik¢a
1s1 transferinin artti1 goézlenmistir.
o Halkasal ve dairesel jetlerin es zamanlh uygulanmasi yliksek Reas degerlerinde levha boyunca etkili
oldugu, fakat diisiik jet hizlarinda durma noktasi bolgesinde daha belirgin bir etki gosterdigi tespit
edilmistir.
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e En yiiksek 1s1 transferi, H/D=2 konumunda, Reic=15000 ve Reas=15000 jet hizlarinda Nu=374,85 olarak

elde edilmistir.

e Bucalismadan elde edilen sonuglara gore, es eksenli halkasal ve dairesel jetin, farkli Reynolds sayilarinin

kombinasyonlarinda, es zamanl olarak diiz bir ylizeye ¢arpmasi sonucu yiizey sogutmada 6nemli bir
iyilesme saglandig tespit edilmistir.

o lleriki calismalarda, hedef yiizeyin etkili sogutulmasi amaciyla siirekli ve eszamanl ¢arpan jet akislarinda,

jet sayisi, akiskan tipi, akis rejimi, hedef yiizey geometrisi, jet geometrik parametreleri degistirilerek akis
ve 1s1 transferi incelenebilir. Elde edilecek ¢alisma sonuglari, 1sitma, sogutma ve kurutma gibi 1s1 transfer
uygulamalariyla ilgilenen arastirmacilar ve farkli sektorler i¢in énemli bir rol gosterici olacaktir. Elde
edilecek daha yiiksek 1s1 transfer hizi nedeniyle enerjinin etkin kullanimi dolayisiyla enerji tasarrufu
saglanacaktir.

Semboller dizini

B Boyutsuz jet-hedef yiizey arasi mesafe Pr Prandtl sayist

Co Ozgiil 1s1 (kJ/kgK) Regs Halkasal jet Reynolds sayisi

Dn Hidrolik ¢ap (m) Re;; Dairesel jet Reynolds sayisi

H Jet-hedef yiizey arasi mesafe (m) Ts Yiizey sicakligi (K)

h Is1 transfer katsayis1 (W/m?K) To Ortam sicakligi (K)

k Is1 iletim katsayis1 (W/mK) u Ortalama hiz (m/s)

L Levha yaricap1 (m) P Dinamik basing (Pa)

Nu Nusselt sayisi U Dinamik viskozite (Pa.s)

q" Is1 akis1 (W/m?) p Akiskan yogunlugu (kg/m®)
TesekKkiir

Bu calisma, Aksaray Universitesi Bilimsel Arastirma Projeleri (ASU-BAP 2023-05 nolu proje) kapsaminda
desteklenmistir. Saglanan destege tesekkiir ederiz.
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Keywords Abstract: Upon absorption of the sunlight, an excited energy state called exciton is

Organic photovoltaics, generated in organic photovoltaics (OPV). There exist two kinds of excitons, singlet

glalgnetlc field effects, and triplet excitons. In OPV, the power conversion efficiency (PCE) is limited by the
olymers

short lifetime of singlet excitons since they recombine quickly. To overcome this
problem, we have introduced the spin %2 radical galvinoxyl into the MEH-PPV: PCBM
bulk heterojunction to harvest triplets efficiently. The photovoltaic device shows an
enhancement in PCE compared to the device without galvinoxyl. To reveal the
underlying mechanism for the increase in PCE, magneto-photoconductance (MPC)
of the OPVs was measured for the films, doped with various galvinoxyl
concentration rates.

Spin Radikal Katkilama Yoluyla Organik Fotovoltaik Giines Pillerinin Verimliliginin

Artirllmasi
Anahtar Kelimeler Oz: Giines 15181 absorbesi iizerine, organik fotovoltaiklerde (OPV) eksiton ad1
Organik fotovoltaik, verilen uyarilmis bir enerji durumu olusur. Singlet ve triplet eksitonlar olmak iizere
Manyetik alan etkisi, iki tiir eksiton vardir. OPV'de gii¢ déniisiim verimliligi (PCE), singlet eksitonlarin

Polimerler kisa 6mirleri nedeniyle sinirlidir, ¢iinkii bunlar hizla rekombine olurlar. Bu sorunun

iistesinden gelmek icin, spin % radikali galvinoksili MEH-PPV: PCBM bulk
heterojonksiyonuna dahil ederek tripletleri verimli bir sekilde elde ettik.
Fotovoltaikler, galvinoxyl icermeyen cihaza kiyasla PCE'de artis gostermektedir.
PCE'deki artisin altinda yatan mekanizmay1 ortaya c¢ikarmak icin, OPV'lerin
manyeto-fotokondiiktans1 (MPC), cesitli galvinoksil konsantrasyon oranlar ile
katkilanmis filmler i¢in 6l¢ilmiistiir.

*{lgili Yazar, email: kevsersahintiras@erciyes.edu.tr

1. Introduction

In order to meet the challenges of increasing energy demand, solar energy has been identified as the most
important source of renewable energy. There have been many studies to improve the device efficiencies of organic
photovoltaics (OPV) [1-12]. Typical bulk heterojunction structure for OPV devices consists of an active layer
sandwiched between the anode and cathode. The blend of ©-conjugated polymer and fullerene is simply spin-
coated to create the active layer. It is well-known that the materials with delocalized m-electron systems absorb
sunlight, create photogenerated charge carriers and transport these charge carriers [13,14]. The blend of poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) (donor-D) and 1-(3-
(methoxycarbonyl)propyl)-1-1-phenyl)(6,6)C61 (PCBM) (acceptor—A) is commonly used polymer:fullerene
mixture for the active layer of OPV. MEH-PPV polymer chains absorb light, and excitons are first generated in the
donor nano domains; subsequent dissociation at D-A interfaces occurs due to the difference in energy levels
between the donor’s LUMO and the acceptor’s HOMO (lowest to highest occupied molecular orbital) [15]. For the
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excitons to transfer to the D-A interface, they first move to the polymer domain boundary (~10 ps) where upon
arrival they generate charge transfer excitons [15,16]. These excitons dissociate to create Coulombically bounded
polaron pairs (PP) which have longer lifetime (a few microseconds) and are intermediate species at D-A interface
[17-19]. The PP species may eventually split into "free" electron and hole polarons that can easily be gathered at
the anode and cathode, respectively, and are accessible for charge transport via the A and D domains. Device
efficiency (1) is low due to recombination of PP at D-A interfaces [16,20-22]. Numerous attempts related to active
layer have been studied such as concentration, thickness, dopant addition etc. to optimize low n [6-12]. In the
current work, we present a novel approach to decrease PP recombination at the polymer/fullerene interfaces by
doping the device active layer with spin 1/2 radicals. In the context of organic solar cells and organic light-emitting
diodes, the effects of additional radical dopant spins were initially investigated. It was found that for a certain
doping rate both the efficiency and short circuit current of the doped devices were improved. In the present study,
galvinoxyl (commercially available spin radical) (2,6-di-t-butyl-(3,5-di-t-butyl-4-0x0-2,5- cyclohexadien-1-
ylidene)-p-tolyloxy) at different concentrations was doped into the blend of MEH-PPV: PCBM to observe the
enhancement in device power conversion efficiency, PCE (1). We additionally measure the magneto-photocurrent
(MPC) response, which is sensitive to spin-flip between singlet and triplet PP. Spin-flip mechanism enables PP
separation at D-A interfaces by converting photogenerated PP from spin singlet to spin triplet via spin exchange
between PP and galvinoxyl. To better understand the origin of the improved efficiency, photoluminescence (PL)
of the pristine and galvinoxyl-doped MEH-PPV films was measured.

2. Materials and Methods
2.1. OPV device fabrication and characterization

Figure 1 A and B show the device structure of OPV and the chemical structures of the active layer materials,
respectively. For the anode layer, 40 nm transparent indium tin oxide (ITO) coated glass substrates (Delta
Technologies) were cleaned by ultrasonic treatment (in acetone, Helmanexx, deionized water and isopropanol
alcohol sequentially) and followed by oxygen plasma cleaning. The conducting polymer poly (3,4-ethylene
dioxythiophene)-poly (styrene sulfonate) (PEDOT: PSS), purchased from Ossila Ltd., was spin coated at 4000 rpm
for 60 s at ambient conditions onto the ITO layer with 50 nm thickness to provide sufficient hole transport to the
active layer. Then, they were transferred to a nitrogen-filled glovebox (02 < 1 ppm) for annealing at 150 °C for 30
min. The organic blend was used as the active layer was spin coated from a blend of Poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4- phenylenevinylene], MEH-PPV (Sigma Aldrich) polymer as donor, [6,6]-phenyl-Ces1-butyric
acid methyl ester, PCBM (Nano-C) fullerene as acceptor and galvinoxyl (Aldrich) as spin radical (only for doped
devices). The blend was prepared by dissolving MEH-PPV (8 mg/ml) and PCBM at 1:4 weight ratio in
chlorobenzene. The blend was doped with different concentration rates of galvinoxyl solution between 0% to 17%.
The active layer was spin-coated from the blend at 2000 rpm for 60 s and annealed at 120 °C for 1 hour. As the
cathode layer, 30 nm thick Ca followed by 100 nm thick Al was thermally evaporated to provide effective electron
injection to the active layer at a base pressure of 107 mbar. The device area was 1x1 mm?2. The samples were
placed inside the dynamic vacuum of a cryostat located between the poles of an electromagnet to measure I-V
characteristics, MPC and PL. The solar cells were tested by the solar simulator with AM1.5G filter and a xenon
lamp. Keithley 2400 sourcemeter unit was used to measure 1-V characteristics of the device. PL emission of the
doped and undoped blend was excited by 100 mW continuous wave laser at 488 nm.

MEH-PPV PCBM

L1 [ | caAl

Active layer |
PEDOTPRPES
ITO

Glass

Figurel. A) Device structure of OLED, B) Chemical structures of MEH-PPV, PCBM and galvinoxyl.
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2.2. Magneto-photocurrent measurements

MPC measurements were performed in a closed cycle He cryostat positioned between the poles of an
electromagnet at room temperature. The magnetic field, B which the electromagnet produced was up to 300 mT.
While the solar cells were illuminated with 80 mW cm-2 Xenon lamp, Keitley 2400 sourcemeter unit was used to
measure at zero bias as the B field sweeps. The value MPC was calculated by using Equation 1,

wpe) = [0 0

PC(B) is photocurrent when the magnetic field is on, and PC (0) is when it is off.
3. Results

The spin 1/2 radical we chose for our experiments has a conjugated molecule with C2 symmetry. By keeping other
molecules apart, the large t-butyl groups on the molecule stabilize the radical and prevent further radical-radical
contact in the solid state. Even when there is oxygen present, this molecule remains stable [23, 24]. Its chemical
structure can be thought of as a resonance hybrid of two configurations with a localized unpaired spin-polarized
electron on different oxygen since the unpaired electron is delocalized throughout the entire molecule.

We note that the weight ratio for the blend of MEH-PPV: PCBM was optimized at 1:4. The effect of spin %2 radical
galvinoxyl doping in the active layer of MEH-PPV: PCBM on solar cell characteristics was observed. The power
conversion efficiency of a solar cell is calculated by using general parameters; Vupp, Jurr and Pin as shown in
Equation 2,

_ Pmax _ VmppJMmPP (2)

~ pin Pin

Vwmpp is the voltage at the maximum power point, and Jwmpp is the point current at the maximum power (Pmax) that
can be obtained by the device. Pin is the incident power that is provided by the solar simulator. The plot of n and
Jsc for the solar cells depending on the doping level of the galvinoxyl spin radical is given in Figure 2 A and B,
respectively. The galvinoxyl radical-induced boost in Jsc and n peaks at around 3% and subsequently disappears
with additional increasing doping. As the doping concentration rate changed from 0% to 17%, the obtained value
for n varies from ~0.7% to 0.5%. At 3% doping level 1 reaches the maximum value of ~0.85%. Similar change was
observed for the Jsc which varies from ~1.8 mAcm-2to ~1.6 mAcm-2 as the doping level changes between 0% to
17%. At 3% doping level, Jsc increases to 2.4 mAcm2. About half of the improvement in the device n can be
attributed to a 33% rise in Jsc, which suggests that carrier photogeneration is either increased or carrier
recombination is decreased, or both. The device performance started to suppress at higher galvinoxyl doping
levels (>10%). Similar results about the enhancement of OPV and OLED devices were obtained by other groups
[25-27]. The action of galvinoxyl additions is divided into two regimes by the ideal doping concentration (3%) at
which n maximizes: an "enhancement” regime where n grows with doping and a "suppression” regime where 1
declines with doping [26].
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Figure2. A) n and B) Jsc versus galvinoxyl doping level plots.

The I-V properties of MEH-PPV: PCBM devices doped with different weight percentages of galvinoxyl radicals are
displayed in Figure 3B. To see if the improvement in Jsc with the addition of galvinoxyl is also due to an
improvement in device active layer optics, we compared PL spectra for the pure MEH-PPV: PCBM films and those
that have been doped with galvinoxyl. Figure 3A shows the PL spectrum of pristine and galvinoxyl doped blend
films. PL is due to the radiative emission of photon excited states generated by photon absorption. There are two
PL emission peaks at 1.9 eV and 2.05 eV appearing in both films. As the m-electrons relax to the inter-chain states,
PL emission peak at 1.9 eV appears. The other peak at 2.05 eV is the result of the relaxation of the m-electrons to
the ground state [28, 29]. The quenching of the PL spectrum as the blend doped with galvinoxyl confirms that the
population of the triplet excitons (longer lived excitons) increased.
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Figure3. A) PL spectrum of pristine and galvinoxyl doped (3 wt.%) MEH-PPV: PCBM blend film and OPV device and B) I-V
characteristics of the OPV solar cells doped with various wt.% of galvinoxyl radical.

The ratios of singlet and triplets can be altered by an external B-field through formation and intersystem
conversion, leading to MFEs in PL based on intra- and intermolecular excitation states. To understand underlying
mechanism of the improved characteristics of solar cell in galvinoxyl doped devices, MPC measurements were
performed. Figure 4 shows MPC response of OPV devices with various galvinoxyl doping. It is clearly seen when
the galvinoxyl doping level is 3%, MPC reaches the maximum response. MPC in OPV blends is due to magnetic field
manipulation of spin triplet and singlet states within the PP spin manifold [30-32]. MPC value was increased from
3% to 6% when galvinoxyl doping rate was changed from 0 wt.% to 3 wt.%. However, as the doping level increased
MPC value becomes 2% which is less than the value at 0 wt.%. Consequently, the lowering of MPC with galvinoxyl
weight percentage demonstrates that the spin 1/2 radicals disrupt the intersystem crossing rates between the
different spin states of the PP species, emphasizing the significance of the galvinoxyl spin instead of its
donor/acceptor properties. The improved carrier photogeneration following galvinoxyl doping is caused by
reduced PP geminate recombination at the D-A interfaces.
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Figure4. MPC response of OPV devices doped with various wt.% of galvinoxyl radical up to field, B of 300 mT.

We notice that the pattern of the OPV enhancement with weight percentage and the MPC value with galvinoxyl
weight percentage are similar. At 3 wt.%, the maximum increase in MPC is observed; at 10 wt.%, its value returns
to that of undoped device. This demonstrates that there is a strong relation between the spin % properties of
galvinoxyl additives and the enhancement of the characteristics of OPV.

4., Discussion and Conclusion

Our most recent research on spin-enhanced bulk heterojunction organic solar cells is presented in this study. We
were able to improve the performance of the solar cell device by doping MEH-PPV: PCBM OPV with spin 1/2
radical galvinoxyl. We observed that this boost is directly connected to the radical's spin degree of freedom, which
through spin-spin interaction lowers the rate of PP recombination at the MEH-PPV: PCBM interfaces. For the
enhancement to take place, the donor/acceptor interface must exist in the active layer. Experiments show that
galvinoxyl-doped OPV devices have a higher PCE value due to reduced PP recombination at the MEH-PPV: PCBM
domain interfaces from spin 1/2 radical additions. Galvinoxyl, a spin 1/2 radical, is thought to improve PP
separation at MEH-PPV: PCBM interfaces by changing photogenerated PP from spin singlet to spin triplet by spin
exchange interaction with galvinoxyl. Since triplet PP has a longer lifetime than singlet PP, the improved
intersystem crossing yields a long-lived PP species with a higher probability of dissociating into free polarons.
Density functional theory (DFT) calculations related to the physical results of this model were investigated by
Zhang et al. [25] At high concentrations of galvinoxyl doping, triplet-triplet annihilation of triplet PP accumulated
at the D-A interface may eventually occur, resulting in radiation loss rather than dissociation into free electrons
and holes.
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Anahtar Kelimeler 0z: Bu calisma, %80 dizel yakit1 (DY) ve %20 terebentin yagindan elde edilen
Dizel Motor, biyodizelin karisimi olan B20 yakitina magnezyum oksit (MgO) nanopartikiilleri
Katki Madde, (NP) eklenerek olusturulan B20-NP yakitinin yanma ve emisyon performansinin,
Nano Partikil standart B20 ve DY’ye kiyasla detayli analizini sunmaktadir. Arastirma, 6ncelikle
Yanma, . o cp s .. s

Emisyon terebentin yagindan (TY) esterifikasyon ve transesterifikasyon yontemleri ile

biyodizel liretimini icermekte, ardindan bu biyodizel ile DY karisimindan test
yakitlarinin hazirlanmasini takip etmektedir. Elde edilen yakitlar, dizel motorunda
yapilan testlerle degerlendirilmistir. Test sonuglari, B20-NP yakitinin, standart
B20'ye gore karbon monoksit (CO) emisyonlarinda %1,26 azalma, hidrokarbon
(HC) emisyonlarinda %6,98 diisiis ve azot oksit (NOx) emisyonlarinda %4,65 artis
sagladigini ortaya koymaktadir. Ayrica, B20-NP yakitinin yanma performansinin
incelenmesi, silindir i¢i basing¢ta (SB) %1,85, net 1s1l salinim hizinda (NISH) %3,03
ve ortalama gaz sicakliklarinda (OGS) %6,62 oraninda iyilesme sagladigini
gostermistir. Bu bulgular, MgO nanopartikiilleri ile iyilestirilmis biyodizel yakit
karisimlarinin, dizel motorlarin yanma ve emisyon karakteristiklerini iyilestirme
potansiyeline sahip oldugunu vurgulamaktadir.

Investigating the Use of Nanoparticles as Fuel Additive in Diesel Engine

Keywords Abstract: This study presents a detailed analysis of the combustion and emission
Diesel Engine, performance of B20-NP fuel, which is created by adding magnesium oxide (MgO)
Additive, nanoparticles (NPs) to B20 fuel—a mixture of 80% diesel fuel (DF) and 20%

Nano Particles,
Combustion,
Emission

biodiesel obtained from turpentine oil (TO) —compared to standard B20 and DF.
The research primarily involves the production of biodiesel from TO through
esterification and transesterification methods, followed by the preparation of test
fuels from a mixture of this biodiesel and DF. The obtained fuels were evaluated
through tests conducted on a diesel engine. The test results revealed that the B20-
NP fuel led to a 1.26% reduction in carbon monoxide (CO) emissions, a 6.98%
decrease in hydrocarbon (HC) emissions, and a 4.65% increase in nitrogen oxide
(NOx) emissions compared to the standard B20. Furthermore, the examination of
the combustion performance of the B20-NP fuel has demonstrated improvements
of 1.85% in cylinder inside pressure (CP), 3.03% in net heat release rate (NHRR),
and 6.62% in mean gas temperatures (MGT). These findings highlight the potential
of biodiesel fuel mixtures enhanced with MgO NPs to improve the combustion and
emission characteristics of diesel engines.
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Dizel Motorda Yakit Katki Maddesi Olarak Nanopartikiillerin Kullaniminin Arastirilmasi
1. Giris

Kiiresel diizeyde karsilasilan en ciddi meselelerden biri, azalan enerji kaynaklarinin varligidir. Enerji, iiretim
faaliyetlerinde 6nemli bir maliyet faktorii olarak 6ne ¢ikmakta ve ek olarak gevresel kirliligin artmasina neden
olmaktadir [1]. Yukarida belirtilen nedenler, enerji sektdriinde stirdiirtilebilir ve ekolojik a¢idan zararsiz
¢oziimlere olan talebi artirmistir. Bu baglamda, siirdiirtilebilirlik ve cevresel etkileri géz 6niinde bulundurarak,
alternatif enerji kaynaklarina yonelik artan bir ilgi ve yogun arastirma cabasi gézlemlenmektedir [2]. Ayrica,
geleneksel enerji kaynaklarinin piyasadaki rekabeti, yakit fiyatlarindaki dalgalanmalar ve hizla tiikenen rezervler
gibi olumsuzluklar, alternatif yakit kaynaklarina olan arayisi hizlandirmaktadir [3]. Alkol, bitkisel yaglar ve
biyodizel gibi yenilenebilir enerji kaynaklari, enerji ihtiyaclarini karsilama ve emisyon degerlerini diisiirme
acisindan uygun bir alternatif olarak degerlendirilmektedir [4]. Biyoyakitlar, biyolojik olarak parcalanabilme,
diisiik aromatik ve kikiirt icerigi gibi 6zelliklerle stirdiirtilebilirlik avantajlar1 sunmaktadir. Bu yakitlar, 6zellikle
diisiik karbon ayak izi ve siirdiiriilebilir ézellikleri sayesinde 6nem kazanmaktadir. icten yanmali motorlarda, dizel
yakitina bir alternatif olarak kabul edilen biyodizel, bu tiir yakitlar arasinda dikkat ¢ekici bir konuma sahiptir [2].
Dizel yakitlarla benzer o6zelliklere sahip olmalari, sivi formda bulunmalar1 ve mevcut yakitlarla karistirilarak
kullanilabilir olmalari, bu yakitlara 6nemli avantajlar kazandirmaktadir [5]. Yaklasik %10 oksijen icermesi yanma
slirecini iyilestirmekte ve HC, partikill madde (PM), karbondioksit (CO2) ve CO gibi egzoz gazi emisyonlarini
azaltmada 6nemli bir rol oynamaktadir. Buna karsin, diisiik enerji degeri ve setan indeksi, petrol bazl dizel yakita
kiyasla %8-10 daha az maksimum motor torku liretme gibi biyodizelin bazi sinirliliklar1 arasinda yer almaktadir
[5,6]. Biyodizel yakitlarinin yanma verimliliginin artirilmasi amaciyla gesitli yontemler mevcut olmakla birlikte,
son zamanlarda NP’lerin katki maddesi olarak dizel motorlarinda kullanilmasi 6ne ¢ikan bir yaklasim haline
gelmistir. NP’ler, hacimlerine kiyasla genis ylizey alanlar1 ve yliksek kimyasal tepkime kapasiteleri ile dikkat
cekmektedir [6,7]. NP'ler, siv1 yakitlar icerisinde atomizasyon stirecini gelistirerek, optimal hava-yakit karisim
oranlarinin olusumuna katkida bulunurlar [8,9].

Sonug olarak, bu ¢alisma, nanopartikiillerin (NP'ler) dizel ve biyodizel karisimhi yakitlara katkisiyla motor
performansinin, emisyon azaltiminin ve yanma verimliliginin iyilestirilmesi potansiyelini detayli bir sekilde
incelemektedir. Italya, Yunanistan, Suriye, Tiirkiye, Tunus gibi bircok Akdeniz iilkesinde yaygin olarak bulunan
yabani bir tir bitki olan [10,11] Menengi¢c (Pistacia terebinthus) agaci meyvelerinden elde edilen yagin
esterifikasyon ve transesterifikasyon islemleri sonucu liretilen biyodizele, litre basina 150 mg nano boyutlu MgO
eklenmesi ve bu karisimin dizel test motorunda degerlendirilmesi, literatiirdeki mevcut ¢alismalara yenilikg¢i bir
yaklasim sunmaktadir. Bu arastirmanin, dizel motor teknolojisinde NP'lerin kullaniminin 6nemini vurgulamasi ve
alternatif yakit kaynaklarinin gelistirilmesine yonelik potansiyel katkilan literatiirdeki boslugu doldurarak,
strdiiriilebilir enerji ¢6zlimlerine 6nemli bir katk: saglamasi beklenmektedir. Elde edilen bulgular, 1500 rpm sabit
motor devri ve cesitli motor yiiklerinde yapilan testler sonucunda, referans yakit degerleri ve mevcut literatiirle
karsilastirilmis, boylece ¢alismanin yeniligi ve literatiirdeki 6énemi daha vurgulu bir sekilde ifade edilmistir. Bu
cercevede, NP katkili yakit karisimlarinin motor performansina, emisyon azaltimina ve yanma verimliligine
etkileri izerine yapilan bu arastirma, hem teorik hem de pratik agidan 6nemli katkilar sunmaktadir.

2. Materyal ve Metot

Bu ¢alismada biyodizel liretimi amaciyla kullanilan TY, Tiirkiye'nin Giineydogu Anadolu Bélgesi'nde, 41° 57' dogu
boylami ve 37° 55" kuzey enlemi koordinatlarinda konumlanan Siirt ilinde bulunan, ticari olarak faaliyet gosteren
bir isletmeden temin edilmistir. ilgili isletme, piyasaya sundugu yaglari, soguk pres yontemiyle liretmektedir.
Arastirmada kullanilan kimyasal maddeler; %1 Phenolphtalein Cozeltisi, Dietil Eter (C,Hs),0), Etanol (C2HsOH),
Metil Alkol (CH30H), Sodyum Hidroksit (NaOH) ve Siilfiirik Asit (H2S04), Merck markasi altinda saglanarak
kullanilmistir.

2.1. Terebentin yaginin serbest yag asiti (SYA) tayini

TY'nin biyodizele doniistiiriilmesi siirecinde, yagdaki SYA yiizdesi, 6l¢iimi i¢in 2,5 gram yaga 2-3 damla %1
Phenolphtalein Cozeltisi eklenerek 0.1N NaOH soliisyonu ile titrasyon yapilmasi sonucunda tespit edilmistir. Sekil
1'de belirtildigi iizere, ¢6zeltinin renksiz durumdan pembe renge dénilismesiyle titrasyon islemi tamamlanmis ve
serbest %SYA Denklem (1) kullanilarak hesaplanmistir.

V x 0.028 x 100
%SYA = ————— (D

Burada, SYA, Serbest Yag Asitleri ylizdesini (%), V, 0.1 N NaOH'un hacmini (ml) ve m ise terebentin yag kiitlesini
(g) ifade etmektedir.
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Terebentin Agacinin Kurutulmus '™ T30 mlEtanol ~ | 2-3 Damla %1
Dallarindaki Meyveler Olgun Meyveler

Phenolphthalein
Soliisyonunun
Eklenmesi

Ekstrakte Edilen Yag

Ekstrakte Edilen 0.1 N NaOH

Yagn Filtrasyonu

Siiziilmiis Yag
Titre Edilmesi Gereken
Yagin Tartimi

Sekil 1. Terebentin agaci meyvelerinden yag ekstraksiyonu ve titrasyon islemi

Biyodizel iiretim prosediiriinde SYA seviyelerinin 6l¢iilmesi, liretim kalitesi, islem verimliligi ve ekonomik etkinlik
acisindan hayati bir denetim mekanizmasi olarak dn plana ¢ikmaktadir. Bu tespitler, islem parametrelerinin
optimize edilmesine, uygun ekipman se¢imine ve katalizor secimlerine yonelik kararlarin alinmasina énemli
katkilar saglayarak, biyodizel iliretiminin verimliligini ve strdirtlebilirligini artirmaktadir. Yiikselen SYA
seviyeleri, alkali katalizorlerle yiiriitiilen tek agsamali transesterifikasyon siirecinin zorlasmasina neden olabilir ve
metil esterlerin formasyonunu negatif yonde etkileyebilir. Esterifikasyon islemi sonrasi SYA diizeylerinin
disiiriilmesi, transesterifikasyon siirecinin daha etkin bir bicimde gerceklesmesine imkan saglar. Van Gerpen'in
[12] yurittigi calismada, SYA diizeyinin %5 veya daha yiiksek oldugu durumlarda, biyodizel sentezinden 6nce
esterifikasyon isleminin gerceklestirilmesi gerektigi belirtilmistir. Bu ¢alismada, TY orneginin SYA diizeyi,
titrasyon metodolojisi kullanilarak ve Denklem (1) yardimiyla %5,8 olarak belirlenmistir.

2.2. Terebentin yaginin gaz kromatografisi-kiitle spektrometresi (GC-MS) analizi

Arastirmamizda, biyodizel sentezi icin kullanilan Terebentin meyvesinden elde edilen ham yagin bilesenlerinin
nispi oranlarini saptamak tizere GC-MS analizi uygulanmistir. %10 (h/h) hekzan icinde hazirlanan érnegin 40:1
béliitlenme oraninda 1 pL'si cihaza enjekte edilmis ve analiz islemi bu parametreler altinda gergeklestirilmistir.

Biyoyakit iiretiminde kullanilan bitkisel veya hayvansal kokenli yaglarin yag asidi kompozisyonlari, iiretilen
yakitin kinematik viskozite, oksidasyon stabilitesi, setan indeksi gibi kritik 6zelliklerini belirlemekte énemli bir
role sahiptir. Bu 6zellikler, biyodizel iiretiminde elde edilen yag asidi metil esterlerinin (YAME) profili ile dogrudan
iligkilidir. Stearik asit (C18:0), oleik asit (C18:1), linoleik asit (C18:2), linolenik asit (C18:3), palmitik asit (C16:0)
ve palmitoleik asit (C16:1) iceren YAME profilleri, standart biyodizel iiretimi i¢cin tercih edilen yag asidi
bilesimlerini temsil etmektedir. Bu bilesimler, biyodizelin temel standartlarinm1 karsilayacak sekilde uygunluk
saglamaktadir.

TY'nin GC-MS analiz sonuglari Sekil 2'de gosterildigi tizere grafiksel olarak sunulmustur. Analiz sonuglarina gore,
doymus yag asitleri (DYA) arasinda yer alan palmitik (C16:0) ve stearik (C18:0) asitlerinin toplamda bagil ytizde
olarak %?22,7'lik bir orana sahip oldugu belirlenmistir. Tekli doymamis yag asitleri (TDYA) kategorisinde;
palmitoleik (C16:1), oleik (cis-C18:1) ve elaidik (trans-C18:1) asitlerin toplam bagil ylizdesi %55 olarak tespit
edilmistir. Coklu doymamis yag asitleri (CDYA) icerisinde linoleik (C18:2) ve linolenik (C18:3) asitlerin toplami ise
bagil yiizde olarak %21,4'e karsilik gelmektedir. Bu veriler, analiz edilen TY 6rneginin yag asidi kompozisyonunun
detayl bir profilini sunmaktadir.

Bu ¢alismada incelenen TY numunesinde, TDYA igerisinde oleik asit en yiiksek orana sahip olup, tiim yag asitleri
icerisinden %438,4'liik bir paya ulasmistir. Bu bulgu, incelenen TY'nin agirlikli olarak doymamis yag asitlerinden
(%76,4 toplam bagil yiizde) olustugunu gostermektedir. Elde edilen bu veriler, TY'nin yag asidi bilesiminin,
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biyodizel {iretimi i¢in tercih edilen yag asitleri profiliyle uyumlu oldugunu ortaya koymaktadir. Dolayisiyla, s6z
konusu TY, biyodizel sentezi baglaminda degerlendirildiginde, potansiyel bir ham madde olarak 6nem
tasimaktadir.

50 1 cis-Cy3H340,

45 +

40 §

35 4
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Sekil 2. TY numunesinin yag asitleri bilesimi

2.3. Terebentin yaginin biyodizele sentezlenmesi

Terebentin yaginin SYA degerinin %5'in iizerinde olmasi, bitkisel yagin biyodizele déniistiirtilmesi i¢in iki
basamakli bir reaksiyon siireci (Esterifikasyon ve Transesterifikasyon) gerektigini isaret etmektedir, bu durum
Sekil 3'te acikca gosterilmistir.

Esterifikasyon asamasinda, 0,1 g H2SO4 ve 20 ml CHsOH karisimiyla, toplam yag hacminin %20'sine denk gelecek
sekilde 100 ml yag i¢in bir ¢6zelti hazirlanmistir. Hazirlanan bu ¢6zelti yaga eklenmis ve karisim, 95 °C sicaklikta
3 saat slireyle reaksiyona tutulmustur. Esterifikasyon siireci sonrasinda gerceklestirilen titrasyon analiziyle, SYA
seviyesinin %2,24'e diisiiriildiigii ve bu durumun transesterifikasyon stireci i¢in uygun bir araliga ulastig1 tespit
edilmistir.

Transesterifikasyon asamasinda, yagin metil esterlere doniistiiriilmesi islemi, CH30H ve potasyum hidroksit
(KOH) katalizorii kullanilarak, yag hacmine gore 6:1 oraninda gergeklestirilmistir. Bu islem, literatiirde 6nerilen
kosullar ve Sekil 3'te 6zetlenen parametreler ¢ercevesinde, yag kiitlesinin %1'ine esdeger KOH katalizorii ve ham
yag hacminin %20'si kadar CH30H eklenerek 60°C'de ve 600 rpm karistirma hizinda 50-60 dakika boyunca
yuritilmiistir [13,14]. Siire¢ sonucunda, iist katmanda biyodizel ve alt katmanda gliserol olmak iizere iki fazin
olustugu gozlemlenmistir. Gliserin ve biyodizelin ayristirilmasi i¢cin ¢esitli ayirma ve yikama islemleri
uygulanmistir [15]. Biyodizel iiretiminin genel prosesi Sekil 3'te sematik bir bicimde sunulmustur.
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Sekil 3. Terebentin yaginin biyodizele sentezlenmesi
2.4. Metal nano MgO'nun mikroskobik, elemental /spektral ve termal analizi
Metal nano MgO, genis yiizey alanina sahip nanopartikiiller ile tanimlanir ve bu 6zelligi, endiistriyel ve akademik
uygulamalarda yiiksek performansinin altini cizer. Bu materyalin yiiksek reaktivitesi, 6zellikle katalizorler ve
kimyasal tepkimelerde kullanilmasini tercih edilen bir 6zellik haline getirir, bu da onu c¢esitli disiplinlerde

uygulanabilir kilar. Metal nano Mg0O’nun karakteristik 6zellikleri, Tablo 1'de ayrintili bir sekilde sunulmustur.

Tablo 1. Metal nano MgO 6zellikleri

Ozellikler Deger

Saflik (%) 299,5

Renk Beyaz

Ortalama parg¢a boyutu (nm) 20-50
Ozgiil yiizey alan1 (m2/g) >65

Morfoloji Cok yiizli

Kiitle yogunlugu (g/cm3) 0,2
Gergek yogunluk (g/cm3) 3,6

Termogravimetrik analiz (TGA), yakit katki maddesi olarak kullanilan metal nano MgO'nun termal kararliliginin
incelenmesinde kritik bir yontem olarak uygulanmistir. Sekil 4, MgO'nun TGA analiz sonuglarini iceren grafikleri
detaylandirmaktadir. Bu analizde, MgO 6rneklerinin Termogravimetrik (TG) ve Diferansiyel Termogravimetrik
(DTG) grafikleri elde edilmis olup, s6z konusu malzemelerin termal 6zellikleri ve bozunma paternleri hakkinda
derinlemesine bilgi saglamaktadir. TG grafigi, 6rnegin sicaklik arttikca maruz kaldig1 kiitle kaybini ortaya
koyarken, bu da MgO'nun termal bozunma sicakligini ve bu sicaklikta gerceklesen kiitle kaybinin miktarini tespit
etmede esas alinmaktadir. DTG grafigi ise, 6rnegin sicaklik degisikligine bagh kiitle kayb1 hizin sergileyerek,
MgO'nun maksimum bozunma hizina ulastigi sicakligi ve bu sicaklikta bozunmanin potansiyel mekanizmalarim
belirlemede kullanilmaktadir.
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Sekil 4. Metal nano Mg0O'nun termogravimetrik analizi

Grafiklerde acgikc¢a goriildiigii tizere, 25 °C'de MgO'nun oldukga stabil oldugu ve minimal diizeyde agirlik kaybina
maruz kaldig1 belirlenmistir. 100°C'de, suyun buharlasmasi veya diger volatil bilesenlerin elimine olmasi
sonucunda hafif agirlik kayb1 miisahede edilmektedir. 300°C'de, malzemenin termal bozunmasini gosteren daha
net bir agirlik kaybi gozlenirken, 325-350 °C araliginda agirlik kaybinin miktari ve hizi en iist diizeye ulagsmaktadir.
375 °C lizerindeki sicakliklarda ise agirlik kaybinin miktari ve hizi neredeyse sabit bir hal almaktadir. Bu gézlemler
15s181inda, malzemenin termal kararliliginin, kusur oranlari ve belirli bir dereceye kadar saflik seviyeleri dikkate
alindiginda, 300 °C'ye kadar olan sicakliklarda muhafaza edilebilecegi sonucuna varilabilir.

Bu ¢alismada kullanilan metal nano MgO'lerin morfolojisini karakterize etmek i¢in taramali elektron mikroskobu
(SEM) ve transmisyon elektron mikroskobu (TEM) mikrograflar1 elde edildi. SEM ve TEM goriintiilerinde
gosterildigi gibi, MgO mikrokiireleri, kismi aglomerasyonla birlestirilmis gézenekli organizasyona sahip diizensiz
fakat kiiresel parcacik benzeri sekiller sergiledi ve metal nano MgO’lerin ¢ap1 kabaca ortalama 40 nm olarak
belirlendi.

Sekil 5, MgO nanopartikiillerinin 120K, 300K ve 400K biiyiitmeler altinda TEM analizi sonuglarini, 200 ve 100
nm'lik 6l¢cek cubuklari esliginde sunar. Bu analiz, partikiillerin boyut ve sekilleri gibi morfolojik 6zelliklerini ortaya
koyar. Goriintiler, MgO'nun genellikle diizensiz, ¢okytizli yapilar1 ve yiizeylerinde dikkat gekici diizlemler ile
keskin kenarlar sergiledigini belirtir, kristal yapinin gesitliligine isaret eder. Sekil 5(a)'daki yogun aglomerasyona
karsin, Sekil 5(b) ve (c)'de daha az ve belirgin nanopartikiiller, diisiik aglomerasyon diizeylerini gosterir.
Nanopartikiillerin ortalama boyutu yaklasik 38 nm olarak tespit edilmistir.

4

Sekil 5. Farkli biiyiitrﬁe oranlari icin‘MgO'lerin TEM goriintiisii: (a) 120 K, (b) 300 K ve (c) 400 K

Sekil 6, MgO 6rneginin SEM-EDX analizini icermekte olup, Sekil 6(a) yiiksek ¢oziiniirliiklii SEM ile metalik nano
MgO'nun yiizey morfolojisini, Sekil 6(b) ise EDX spektroskopisi ile Mg ve O elementlerinin bulunurlugunu teyit
eden profilidir. SEM-EDX ydntemi, MgO'nun morfolojik ve kimyasal karakterizasyonunda etkili bir ara¢ olarak
degerlendirilir. SEM analizi, prizmatik yapida biiyiik ve genis yiizey alanina sahip MgO nanopartikiillerini detayh
bir sekilde gostermektedir. Bu yapilar, malzemenin ytizeyinde keskin kenarlar ve diizlemler olusturarak belirgin
bir kristallik yapiy1 isaret etmektedir. Nanopartikiillerin boyut ve formu, 6zellikle katalitik uygulamalarda aktif
yiizey alanini artirarak reaksiyon verimliligini potansiyel olarak iyilestirebilir. ilave olarak, nanopartikiiller
arasindaki diisiik aglomerasyon diizeyi, uygun dispersiyon ve yliksek reaktif yiizeylerin korunmasina katkida
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bulunur, bu da katalitik aktiviteyi ve verimliligi artirir. EDX analizi ile Mg ve O elementlerinin sirasiyla %40,69 ve
%44,67 agirhik ylizdesi, %49,12 ve %29,44 atomik yiizdesi ile varligl dogrulanmistir. Ayrica, spektrumda goriilen
karbon, nanopartikiillerin sentez sirasinda kullanilan organik molekiillerin bir izi olarak yorumlanabilir. Bu
organik bilesenler, nanopartikiillerin olusumu sirasinda indirgeyici ve stabilize edici roller iistlenmistir.

(b) Element  Wt% Atomic%
144 'd oK s 2145
2K ug wn
128 Mgk .
°
c
A

1

Skl 6.(a) MgOJ'lerin SM goriintiisii ve (b) MgO'lerin EDX Analizi
2.5. Test yakitlarinin hazirlanmasi

Bu ¢alismada, DY referans yakit olarak kullanilmis ve inorganik katki maddesi olarak toksik olmayan ve kolaylikla
temin edilebilen MgO nanopartikiilleri secilmistir. ilk olarak hazirlanan yakit karisimi, %80 DY ve %20
biyodizelden olusan B20 olarak adlandirilmistir. ikinci karisim, B20-NP, ayni oranlarda DY ve biyodizel icermekte
olup, ek olarak 150 mg/L MgO nanopartikiil icerir.

Nano katki maddelerinin biyodizel yakitlar icerisinde etkin bir sekilde dagitilabilmesi i¢in ultrasonikasyon
yonteminin kullanimi zorunludur. Metal nano MgO partikiilleri, 150 mg/L konsantrasyonunda, dizel-biyodizel
karisimina manyetik karistirici yardimiyla ve ultrasonikasyon teknigi kullanilarak homojen bir sekilde entegre
edilmistir. Ultrasonikasyon prosesi, cesitli parametreler altinda gergeklestirilmekte olup; bu parametreler
arasinda gii¢ (120 W ile 220 W arasinda degismektedir), frekans (20 kHz'den 45 kHz'e kadar) ve siire (30
dakikadan 60 dakikaya kadar) bulunmaktadir [16-18]. Ilgili calismada, nanopartikiillerin yakit icerisinde homojen
bir dagilimini saglamak amaciyla, 160 W gii¢ ve 40 kHz frekansta ¢alisan bir ultrasonik cihaz kullanilmis ve bu
islem 30 dakika stire ile uygulanmistir. Bu prosediir, yakit matrisi icerisinde nanopartikiillerin arzu edilen diizeyde
homojen dagilimini elde etmek i¢in gergeklestirilmistir. Yakitin hazirlanma asamalari Sekil 7°de, deney yakitlarinin
ozellikleri ise Tablo 2'de detaylandirilmistir.

= = -

Ultrasonicator

B20-NP

B20-NP

Sekil 7. Test yakitlarinin hazirlanmasi
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Tablo 2. Test yakitlarinin 6zellikleri

Ozellikler Birim DF B100 B20 B20-NP ASTM/EN Standart Degeri
Yogunluk 15°C  kg/m3 836 870 841 831 EN 590:820-845 / ASTM D6751: 860-900
Viskozite 40 °C  mm?2/s 3,71 5,72 3,82 3,19 EN 590:2.0-4.5 / ASTM D6751: 1.9-6.0
Kalorifik Deger ~ M]/kg 42,0 38,516 40,4 38,2 EN 590:42.5-43.0 / ASTM D6751: Min. 37

Setan Sayis1 - 48-55 59,68 - - EN 590: Min. 51 / ASTM D6751: Min. 47
Parlama Noktas1 oC 59 106,5 83 74 EN 590: Min. 55 / ASTM D6751: Min. 130

2.6. Egzoz gazi analizorii, deneysel kurulum ve hesaplanan parametreler

Deneysel ¢alismada CO, HC ve NOx gibi emisyonlari, teknik 6zellikleri Tablo 3’te verilen Testo 350 yanma gazi
analizori kullanilarak él¢tilmistiir.

Tablo 3. TESTO 350 gaz analizor cihazinin teknik 6zellikleri

Olgiilen parametre Olgiim arahgi
co 0-50 %hacim

HC 0-4000 ppm

NOx 0-3000 ppm

CO2 0-50 %hacim

02 0-50 %hacim

Bu arastirmada, 1500 rpm hizinda ¢alisabilen ve maksimum 5.2 kW gii¢ liretme kapasitesine sahip, 17.5 sikistirma
oranina sahip atmosferik emisli, tek silindirli ve doért zamanh Kirloskar TV1 dizel motoru, test yakitlarinin
incelenmesi amaciyla tercih edilmistir. Motor, sabit 1500 rpm hizinda ve ¢esitli yik kosullarn altinda
degerlendirilmistir. Yanma siirecinin analizi icin piezoelektrik sensorlerden elde edilen veriler, sonrasinda
ICEngineSoft yazilimi ile degerlendirilmistir. Motorun krank mili tizerindeki pistonun anlik konumu ve doniis hizi,
krank miline entegre edilmis 360 esit aralikli reliiktor ve bir krank agis1 kodlayici araciligiyla gercek zamanli olarak
kayit altina alinmistir. Bu reliiktor, her doniis i¢cin 360 impulsluk sinyaller iireterek doéner kodlayiciya bilgi saglar.
Silindir i¢i basing verilerinin déngitisel biitiinliigiini korumak amaciyla, bu veriler 0.1 derece krank agis1 (°CA)
¢oOziiniirliik ile izlenmis ve ortalama olarak 100 motor dongiisii lizerinden analiz edilmistir. Motor testleri, farkl
fren ortalama effektif basinglar1 (BMEP) altinda - Yiikstiz, 1.0 bar, 2.0 bar ve 3.0 bar - ve sabit 1500 rpm hizinda
yuriitiilmistiir. Deneyler, ilk olarak motor yiiksiiz iken ve standart dizel yakiti kullanilarak baslatilmis; motor
calisma kosullar istikrara kavustuktan sonra veri toplama islemi gerceklestirilmis ve takiben test yakitlar1 ardisik
olarak incelenmistir. Arastirmada kullanilan test diizeneginin detaylari ise Sekil 8'de gosterilmis olup, motorun
teknik 6zellikleri Tablo 4'te sunulmustur.
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Tablo 4. TESTO 350 gaz analizor cihazinin teknik 6zellikleri

Olgiilen parametre Olgiim araligs
Marka Kirloskar TV1
Tip Dikey dizel motor, 4 zamanly, su sogutmaly, tek silindir
Silindir hacmi 661,45 cc
Cap & Strok 87,5mm & 110 mm
Sikistirma orani 17,5:1
Yakit Dizel
Nominal fren giicti 52 kW @ 1500 rpm
Atesleme Sistemi Sikistirma ile atesleme
Enjeksiyon Zamanlamasi 230bTDC (nominal)
Enjeksiyon Basinci 200 bar

Piezoelektrik tip (Marka: KISTLER), Model-
6056A31U20test plant pvt. Ltd)
Dinamometre Eddy current tipi (Marka: SA]J test plant pvt. Ltd)
Krank Agisi Sensori Model 8.3700.1321.0360, Marka KUBLER

Basing Donustiirtcusi

Deneysel emisyon degerlendirmeleri, yanma dinamikleri ve tiiretilen motor performansi olgiitleri iizerine bir
belirsizlik degerlendirilmesi yliriitiilmiistiir. Bu degerlendirmenin temel amaci, enstriimantasyonun kalibrasyonu,
gozlemlerin dogrulugu ve spesifik cevresel kosullar altinda uygulanan deneysel yontemlerden kaynaklanabilecek
olas1 hatalari tanimlamak ve bu hatalarin biiytikliigiinii 6l¢cmektedir [19,20]. Bu analiz, deneysel bulgularin bilimsel
temellere dayanarak tekrarlanabilirligini degerlendirme amaciyla gerceklestirilmistir. Anderson'un 6nerdigi hata
dagilim yontemine dayanarak, aletlerle iligkili belirsizlikler iizerine kapsamli bir inceleme yapilmistir [21]. Bu
metodoloji, belirsizliklerin matematiksel olarak hesaplanmasini saglayan Denklem (2) ile desteklenmektedir.

= |(Za )Z(a”A )2+ b (2L )2 @
- \ox, 1 0x, *2 0x, X

Bu baglamda, U, bagimsiz degiskenlerle iligkili olan bagiml degiskeni ifade etmektedir. x1, X2, ..., Xn, bagimsiz
degiskenler olarak kabul edilirken, Axi, Ax2, ..., Axn ise her bir bagimsiz degiskenle baglantili belirsizlikleri temsil
etmektedir. Kiimiilatif belirsizlik AU ile gosterilmektedir. Bu ¢galismada belirlenen 6zgiil belirsizlik degerleri Tablo
5’te ayrintili olarak sunulmustur.

Tablo 5. Kullanilan 6l¢iim ekipmanlarinin belirsizlik yiizdesi [22] ve gaz analiz cihazi ile dl¢iilen parametreler

" Orneklemedeki
Motor Enstriimantasyonu ve .. o
Emisyon Parametresi Enstriimantasyon Detaylari Bel"1r51zh_k
Yiizdesi
Dinamometre (dahili iz Eddy Current Tipi, Model: AG10, Saj Test Plant Pvt. Ltd. 1.0
Olciimii ile)
Yiik Sensori Marka: Sensotronics Sanmar Ltd., Model: 60001 +0,2
Yiik gostergesi Marka: Selectron, Model: PIC152eB2 %0,1
Yakit 6l¢tim cihaz1 (FMD) Marka: Apex, Model: FF0.012 *1,5
L. Diferansiyel Basinc Vericisi; Marka: Yokogawa, Model: +0,065
Yakit akis vericisi (FLT) y E]XllO-EMS-SA-92NN §
Silindir basing sensori Piezo Sensor; Marka: PCB Piezotronics Inc, Model: +0,1
HSM111A22
P er;];erlgg;‘l}il basing Piezo Sensor; Marka: PCB Piezotronics Inc, Model: M108A02 0,15
Krank agis1 sensori Marka: Kubler-Almanya, Model: 8.3700.1321.0360 +0,2
Sicaklik sensori Marka: Radix; Tip: RTD, PT100 ve Termokupl Tip K 10,4
Sicaklik vericisi Marka: Wika, Model: T19.10.3K0e4NK-Z 0,2
Hava akig vericisi Marka: Wika; Model: SL1 *0,5
co Emisyon Analizori +0,3
HC Emisyon Analizorii +0,1
NOx Emisyon Analizori +0,5
CO2 Emisyon Analizori +0,3
02 Emisyon Analizorii +0,3

Deneyin toplam belirsizlik diizeyi, Tablo 5’te yer alan verilere dayanarak, Denklem (3) kullanilarak elde edilmistir.
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2
AU, = J (AUgp)? + (AUgo)? + (AUpox)? + (AUyc)* + (AU, ) (3)
Tablo 6. Hesaplanan parametrelerin toplam yiizde belirsizligi
Oleiim Hesaplanan
Parametrenin Olgiilen Degiskenler sun Parametreler
Aletlerinin % Hesaplama :
hesaplanmasi ve Parametreler Belirsizlisi in Toplam %
g Belirsizligi
Hiz 6l¢lim birimi, +02 +01ve
BP (fren giicii) [22]  yiksensériveyik =’ ;1 6 V(0.2)2 + (0.1)2 + (1)2 1,025
gostergesi -
. 0,3, 0,1,
Emisyonlar CO, HC, NOx ve O2 +0.5 ve 0 3 \/(0.3)2 + (0.D2 + (0.5)2 + (0.3)2 0,663

Tablo 6’da ifade edildigi lizere, hesaplanan toplam belirsizlik oran1 %1,688 olarak tespit edilmistir. Bu oran,
miihendislik disiplinlerinde genel olarak kabul géren maksimum %5'lik belirsizlik sinirinin altinda yer almaktadir
[23,24].

3. Bulgular
3.1. Yanma parametreleri
3.1.1. Silindir basinci (SB) degisimleri

Deney yakitlarinin krank agisina (°CA) bagh SB degisimleri Sekil 9(a)’da, maksimum SB degerleri ve bu degerlerin
elde edildigi °CA noktalar ise Sekil 9(b)’de sergilenmistir. Sekil 9(a) ve Sekil 9(b)’'nin analizi, B20 biyoyakit
karisiminin maksimum SB degerinin diger yakitlara kiyasla en diisiik oldugunu ortaya koymaktadir. Bu durumun,
biyodizel karisiminin diistik enerji icerigi ve ylksek viskozitesi ile iliskili oldugu anlasilmaktadir [25]. Enerji
iceriginin diisiik olmasi ve viskozitenin ytliksek olmasi, atomizasyonun zayiflamasina ve yakitin yanisinin optimal
olmamasina yol agmaktadir. Gad ve Jayaraj [26] tarafindan yapilan calismada, saf dizel yakita eklenen biyodizel
oraninin artisiyla benzer bir egilim g6zlemlenmistir. B20-NP yakitinin SB profilleri ve degerleri, B20’ye kiyasla
daha ytiiksek bulunmustur. B20-NP ile elde edilen artis, yanmay: kolaylastiran ve yiiksek yilizey alanina/hacim
oranina sahip metal nanopartikiillerin eklenmesi sonucudur. Nanopartikiillerin yliksek yiizey alani/hacim orani
[27], yanma sirasinda oksijen ile daha yogun etkilesime girerek atomizasyon ve buharlagsmay1 hizlandirir, béylece
yanma siirecini iyilestirir ve SB’yi artirir. Khan ve arkadaslar1 [28], nanopartikiil ilavesinin katalitik etkisinin
yanmanin erken baslamasini ve hizli genislemesini tetikleyerek SB’nin artmasina olanak tanidigini bildirmistir.
Ote yandan, Khatri ve Goyal [29], silisyum dioksit (Si0z) nanomalzemelerin yakita ilavesiyle yanma ve atesleme
performansinda gozle goriliir iyilesmeler kaydedildigini, SiOz nanomalzemelerinin 6nceden karistirilmis yanma
hizini artirarak SB’yi yiikselttigini rapor etmislerdir.
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Sekil 9. (a) Yakitlarin °CA'ya gore SB degisimleri ve (b) maksimum SB degerlerinin olustugu °CA’lar1
3.1.2. Is1 salim1 orani (ISO) egrileri

Deney yakitlarinin °CA’ya bagh ISO degisimleri Sekil 10(a)’da, maksimum ISO degerleri ve bu degerlerin elde
edildigi °CA noktalar ise Sekil 10(b)’de sergilenmistir. Sekil 10(a) ve Sekil 10(b)’nin analizi, B20 biyoyakit
karisiminin maksimum ISO degerinin diger yakitlara kiyasla en diisiik oldugunu ortaya koymaktadir. Biyodizelin
fizikokimyasal 6zellikleri, atomizasyon ve buharlasma siireglerinde zorluklar meydana getirir ve bu durum yanma
reaksiyonlarinda 1s1 salimini negatif yonde etkiler. B20-NP yakitina nanopartikiil ilavesinin, standart B20 yakitina
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kiyasla ISO artirdig1 gézlemlenmistir. Mevcut literatiir, nanopartikiil eklemenin ISO tizerindeki pozitif etkisini
belgeleyen ¢ok sayida calismay1 icermektedir [30,31]. Nanopartikiillerin katkisiyla elde edilen yiiksek ISO,
gelistirilmis termal 6zellikler, artirilmis yiizey alani/hacim oram ve 1s1 transferi sayesinde gerceklesmektedir.
Nanopartikillerin sagladigi avantajlar, kisa atesleme gecikmesi, iyilestirilmis atomizasyon ve artirilmis
buharlasma hizi gibi, 1s1 salinimindaki artisa katkida bulunur. Nanopartikiillerin kullaniminin atomizasyon ve
oksidasyon siirecini iyilestirdigini ve bu yolla yanma siirecinde ISO'da artisa neden oldugu diisiiniilmektedir. Ek
olarak, Kumar ve arkadaslar1 [32], nanomalzemelerin dizel motorlarindaki termofiziksel 6zellikleri, 1s1 transfer
hizini, katalitik reaktiviteyi ve yakit karisimi stabilitesini iyilestirerek yanma parametrelerinde 6nemli gelismeler
sagladigini rapor etmistir.
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Sekil 10. (a) Yakitlarin °CA'ya gore ISO degisimleri ve (b) maksimum ISO degerlerinin olustugu °CA’lar1
3.1.3. Basing artis orani (BAO) egrileri

Deney yakitlarinin °CA’ya bagli BAO degisimleri Sekil 11(a)’da, maksimum BAO degerleri ve bu degerlerin elde
edildigi °CA noktalar ise Sekil 11(b)’de sergilenmistir. Sekil 11(a) ve Sekil 11(b)’nin analizi, B20 biyoyakit
karisiminin maksimum BAO degerinin diger yakitlara kiyasla en yiiksek oldugunu ortaya koymaktadir. B20
yakitinin kullanimiyla saglanan bu artis, yakitin viskozitesi ve atomizasyonun zayif olmasi nedeniyle 6n yanma
slirecinin uzamasi ve buna bagli olarak dolgu hacminin artisina dayanabilir [33]. Nanopartikiiller katalitik etkileri
sayesinde yakitin daha etkin yanmasini saglamaktadirlar. Deney yakitlar1 arasinda, partikiil katkisi iceren B2ONP
yakitinin, B20 yakitina gére daha az basing artisi sundugu goézlemlenmektedir. Nanopartikiillerin kullanimy,
tutusma gecikme siiresini kisaltmaktadir. Bu kisa tutusma gecikme stireci, premiks yanmada daha az dolgu
yanmasl saglayarak basing¢ artis hizini azaltmistir. Bu avantajlar 6zellikle, yakitin hizlandirilmis yanmasini
destekleyen nanopartikiillerin katalitik etkilerine atfedilmektedir [32].
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Sekil 11. (a) Yakitlarin °CA'ya gore BAO degisimleri ve (b) maksimum BAO degerlerinin olustugu °CA’lar
3.1.4. Ortalama gaz sicaklik (OGS) egrileri

Deney yakitlarinin °CA’ya bagli OGS degisimleri Sekil 12(a)’da, maksimum OGS degerleri ve bu degerlerin elde
edildigi °CA noktalar ise Sekil 12(b)’de sergilenmistir. Sekil 12(a) ve Sekil 12(b)’nin analizi, B20 biyoyakit
karisiminin maksimum OGS degerinin diger yakitlara kiyasla en diisiik oldugunu ortaya koymaktadir.
Motorlardaki OGS, motorun isletim kogullari, yiik durumu, yanma verimliligi ve tercih edilen yakit tiirii gibi ¢esitli
faktorlere bagh olarak farklilik gésterir. OGS, motorun yanma odasindaki yanma islemleri sonucu meydana gelen
sicaklik degisikliklerini yansitir ve boylece motorun performansina etki eder. Nanopartikiil ilaveli B20-NP yakaiti,
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B20 yakitina gore %3,12 daha yiiksek bir OGS saglamistir. Nanopartikiillerin yakit igcerisindeki homojen dagilimy,
atesleme Kkalitesini ve yanma hizini iyilestirir, bu da OGSnin artmasina neden olur. Bunun yani sira,
nanopartikiillerin kullanilmasi, yanma siirecindeki 1s1 salim hizin1 da etkileyebilir. Daha hizli yanma islemi,
genellikle daha yiiksek sicakliklara sebep olur ve bu da motorun OGS’sini dogrudan etkiler.
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Sekil 12. (a) Yakitlarin 0CA'ya gore OGS degisimleri ve (b) maksimum OGS degerlerinin olustugu °CA’lar1
3.2. Emisyon parametreleri
3.2.1. CO emisyon degisimleri

Test yakitlarinin BMEP ile iligkili CO emisyon seviyeleri Sekil 13'te gosterilmistir. CO, yanma siirecinde karbon
atomlarinin tam yanmamasi ve kismen oksitlenmesi sonucu olusan bir ara {iriindiir [33]. Dizel motorlar yliksek
hava fazlalig1 katsayisi ile ¢alistiklari icin genellikle diisiik CO emisyon degerlerine sahiptir [34]. Bununla birlikte,
dizel motorlarda yiik miktari, egzoz gazlarinin bilesimi ve sicakligi iizerinde 6nemli etkilere sahiptir [35]. Motor
yukii arttik¢a, CO miktarinda bir artis gériilmektedir [36]. Bu, ytik artisiyla karisimin zenginlesmesi ve bu zengin
karisimin oksidasyonu icin gerekli zamanin yetersiz kalmasindan kaynaklanmaktadir [37]. Oksijen
konsantrasyonu ve oksidasyon hizi, CO saliniminin ana belirleyicileridir [38], zira CO, eksik yanmanin bir
sonucudur. Test edilen yakitlar arasinda, B20 yakitinin CO emisyon seviyesinin, dizel yakita kiyasla %10,93 daha
diisiik oldugu saptanmistir. Bu, biyodizelin yiiksek oksijen igerigi sayesinde hava-yakit karisimini ve yanma
verimliligini iyilestirmesinden o6tiiriidiir. Nanopartikiil katkili B20-NP yakitinin CO emisyon degeri, dizel yakita
gore %12.25, B20 yakitina gore ise %1,18 ppm daha diisiik bulunmustur. Nanopartikiil ilavesi, genis ylizey alani,
artirllmis kimyasal reaktivite ve iyilestirilmis atesleme 6zellikleri ile CO azalmasina katki saglar. Deviren ve Cilgin
[39], nanopartikiil katkisinin yanma siirecinde oksidasyonu destekleyerek CO emisyonlarini azalttigini
bildirmislerdir.
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Sekil 13. Test yakitlarinin BMEP’e gére CO emisyon degisimleri
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3.2.2. NOx emisyon degisimleri

NOx terimi, nitrik oksit (NO) ve azot dioksit (NO2) molekiillerinin toplam yogunlugunu temsil etmektedir. Yanma
stireclerinden kaynaklanan NOx emisyonlarinin ¢cogunlugu, NO seklindedir. Zeldovich reaksiyon mekanizmalarina
gore, 1300 °C'nin lizerindeki sicakliklarda, hava i¢indeki mevcut oksijenin maksimum limitine kadar ulasana kadar
yaklasik 200.000 ppm (par¢a basina milyon) diizeyinde NO iiretimi meydana gelir [40,41]. Test yakitlarinin BMEP
ile iliskili NOx emisyon seviyeleri Sekil 14'te gosterilmistir. Dizel motorlarinda NOx emisyonlarinin olusumu,
oksijen konsantrasyonu, yanma sicakligi ve bu sicaklikta kalinan siire gibi ¢esitli faktorlere dayanmaktadir [42].
NOx emisyonlarindaki varyasyonlar incelendiginde, motor yiikii ile orantili bir sekilde artis egilimi gosterdigi
tespit edilmistir. Bu artislar, yiik altindaki artan yakit tiiketimi sonucu meydana gelen yiiksek sicakliklarla
iliskilendirilebilir [43].
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Sekil 14. Test yakitlarinin BMEP’e gére NOx emisyon degisimleri
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Sekil 14’te belirtildigi tizere, B20 yakitinin NOx emisyon seviyesi, dizel yakita kiyasla %3,09 oraninda daha
yuksektir. Bu artisin ana sebebi, biyodizelin dizel yakittan daha fazla oksijen icermesidir. Biyodizel igerisindeki
fazladan oksijen, yanma esnasinda yerel sicakliklarin yiikselmesine ve dolayisiyla NOx olusumuna katki
saglamaktadir [43]. Tschakert ve ark. [44], biyodizel yakitlarinda gézlemlenen NOx artisinin temel nedeninin
yliksek doymamis molekiil icerigi oldugunu ifade etmistir. NP ilaveli B20-NP yakitinin, standart dizel yakita gore
%?7,85 ppm, B20 yakita kiyasla ise %4,60 ppm daha fazla NOx emisyonu iirettigi ve denenen yakitlar arasinda en
yiksek NOx degerine ulastif1 gézlenmistir. B20-NP yakitindaki nanopargaciklarin, yanma siirecini iyilestirerek
sicaklik degerlerinde 6nemli bir artisa sebep oldugu bilinmektedir [45]. Bu durum, metal nanopargaciklarin yanma
slirecindeKki etkili roliine dikkat gekmektedir.

3.2.3. HC emisyon degisimleri

Test yakitlarinin BMEP ile iliskili HC emisyon seviyeleri Sekil 15'te gosterilmistir. Literatiir taramasi sonuglarina
gore, HC emisyonlarinin ana kaynagi tamamlanmamis yanma siirecleridir. Sekil 15'te sunulan veriler 15181nda, B20
yakitinin, dizel yakita kiyasla HC emisyonlarim1 %5,64 ppm oraninda azalttigl tespit edilmistir. Bu diisiis,
biyodizelin sahip oldugu ytliksek oksijen icerigi ve artirilmis setan sayisi sayesinde gerceklesmektedir. Yiikksek
oksijen icerigi ve setan sayisi, tutusma gecikmesini azaltarak yanmanin daha verimli gerceklesmesini saglar [28].
Ayrica, Sekil 5’'te belirtilen baska bir 6nemli bulgu, NP eklenmis B20-NP yakitinin, dizel yakita goére %13,08 ve B20
yakitina gore %7,04 ppm daha diisitk HC emisyon degerleri elde etmesidir. Bu azalma egilimi, biyodizel ve NP
katkisinin sagladig ekstra oksijen icerigi ile NP'lerin ytliksek ytlizey alani/hacim oranina baghdir. NP katkisi, yanma
stirecini katalitik olarak gelistirerek HC emisyonlarinda azalmaya yol agar. Bu etkilesim, nanoparcacik katkisinin
yanma mekanizmalarini optimize ederek ve yanma sirasinda reaktanlarin daha etkin bir sekilde etkilesimini
saglayarak HC emisyonlari tizerinde pozitif bir etki olusturdugunu kanitlar niteliktedir.
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Sekil 15. Test yakitlarinin BMEP’e goére HC emisyon degisimleri
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4. Tartisma ve Sonug

Bu arastirmada, TY'nin biyodizele doniistiiriilmesi ve metal nano MgO eklenmesinin yanmaya ve emisyonalara
etkileri ele alinmistir. Analitik metodlar ve deney diizenekleri kullanilarak elde edilen bulgular asagida
6zetlenmistir.

Trebentin meyvelerinden yag elde etmek amaciyla, belirlenen sicaklik kosullari altinda islemler uygulanmis ve yag
soguk pres yontemi ile ¢ikarilmistir. Esterifikasyon siireci sonucunda, yagin %SYA degeri %3'iin altina indirilerek
biyodizel iiretimi i¢in uygun bir diizeye getirilmistir. Yag asidi profili, GC-MS analizi ile incelenmis ve oleik asidin
dominant komponent oldugu tespit edilmistir, ki bu durum biyodizelin kalitesi agisindan avantaj saglamaktadir.

Transmisyon elektron mikroskobu (TEM) ve taramali elektron mikroskobu-enerji dagilimli X-1s1n1 spektroskopisi
(SEM-EDX) analizleri, metal nano magnezyum oksit (MgO) partikiillerinin morfolojik ve kimyasal 6zelliklerini
detayl bir sekilde incelenmistir. TEM analizi, bu nano partikiillerin diizensiz polihedral yapilar sergiledigini ve
genis ylizey alanlarina sahip olduklarini belirgin bir sekilde gostermistir. Bu yapisal 6zellikler, partikiillerin yiiksek
reaktif ylizey alanina isaret eder, bu da onlarin katalitik ve reaksiyon 6zelliklerini 6nemli 6l¢iide etkileyebilir. Ek
olarak, SEM-EDX analizi, MgO nano partikiillerinin ylizey kompozisyonu ve elementel dagilimini aydinlatmistir.
EDX spektrumlari, magnezyum ve oksijen elementlerinin varligini dogrulayarak, nano partikiillerin kimyasal
bilesimini ve safligin1 ortaya koymustur. Bu iki analiz yéntemi kombinasyonu, nano MgO partikiillerinin detayli
bir karakterizasyonunu saglayarak, ileriki uygulamalar ve arastirmalar i¢in temel bir referans olusturmustur.

Deney yakitlarinin CO emisyonlar1 iizerindeki etkisi degerlendirildiginde, B20-NP formiilasyonunun CO
emisyonlarint belirgin sekilde azalttigi goézlenmistir, bu durum nanopartikiillerin katalitik 06zelliklerine
atfedilmektedir.

NOx emisyonlar1 agisindan, B20-NP formiilasyonunun diger deney yakitlarina gére daha yiiksek NOx degerleri
lirettigi belirlenmistir. Bu, nanopartikiillerin yanma siirecini hizlandirici etkisinin bir sonucu olarak NOx
emisyonlarini artirabilecegini géstermektedir.

HC emisyonlarinda ise, B20-NP formiilasyonunun diger yakitlara kiyasla daha diisiik HC emisyonlari1 sagladigi
tespit edilmistir. Bu, biyodizel ve nanopartikiil eklemesinin yanma siirecini optimize ederek HC emisyonlarini
azalttigina isaret etmektedir.

Ortalama gaz sicakligina iliskin veriler, B20-NP formiilasyonunun diger yakitlara gore daha yiiksek ortalama gaz
sicakligina ulastigini gdstermistir, bu da nanopartikiillerin yanma stirecine olan iyilestirici etkisini yansitmaktadir.

Silindir i¢i basing degerleri, B20-NP formiilasyonunun, B-20 standart yakitina gére daha ytiksek basing degerleri
sagladigini ortaya koymustur. Bu, nanopartikiillerin yanma stirecine katalitik bir etki yaparak basin¢ artisina
katkida bulundugunu gostermektedir. Diger yanma parametreleri olan basing artis hizi ve 1s1 salinim oranlari
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lizerinde yapilan degerlendirmeler, B20-NP formiilasyonunun B-20 yakitina kiyasla daha iyi performans
sergiledigini belgelemistir.

Arastirma sonuglarimiz, nanopartikiil katkisinin motor performansi ve emisyon karakteristikleri iizerinde birden
fazla yonde etkiler sagladigini acik¢a gostermektedir. Bu katkinin, CO ve HC emisyonlarini belirgin sekilde
azaltirken, ayn1 zamanda silindir ici basinci ve ortalama gaz sicakligini artirdigi tespit edilmistir. Bu bulgular,
nanopartikiil katkisinin yanma verimliligini iyilestirebilecegine ve motor performansini olumlu ydnde
etkileyebilecegine isaret etmektedir. Bununla birlikte, NOx emisyonlarinda gozlenen artis, nanopartikul katkisinin
yanma siirecine etkilerinin daha genis ve karmasik bir spektruma sahip oldugunu ortaya koymaktadir. Bu durum,
nanopartikiil katkisinin yanma dinamikleri {izerinde olumlu etkilerin yani sira, dikkatli bir sekilde yonetilmesi
gereken zorluklar1 da beraberinde getirebilecegini gosterir.

lleriki calismalarda, farkli nanopartikiil konsantrasyonlarinin, cesitli yag tiirleri ve isleme kosullarn ile birlikte
etkilerinin incelenmesi Onerilmektedir. Ayrica, motor performansi ve emisyon etkilerinin yani sira,
nanopartikiillerin ekonomik ve gevresel yonleri de ele alinmalidir.
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Keywords Abstract: Localization systems have an important place in many areas. GPS (Global
Indoor Localization, Positioning Systems) using data from satellites gives successful results in
ANFIS, localization systems. However, localization systems such as GPS, which can be quite
Fingerprinting successful outdoors, do not achieve the same success indoors because the satellite

viewing angle cannot be maintained continuously or due to low reception quality.
In this respect, there is a need for localization systems that can provide the most
precise localization with the least cost in the interior. This study aims to improve
fingerprint-based localization systems, which is a localization method based on
Received Signal Strength Indicator (RSSI) data using ANFIS. The proposed system
has been shown to give more successful results than the methods frequently used in
the literature.

RSSI Sinyalleri ve Fingerprinting Yontemi Kullanilarak Noktasal Konum Algilama
Sisteminin ANFIS ile Iyilestirilmesine Yonelik Yenilik¢i Bir Yaklasim

Anahtar Kelimeler 0z: Konumlandirma sistemleri bir¢cok alanda énemli bir yere sahiptir. Uydulardan

I¢ Mekan Konumlandirma, gelen verileri kullanan GPS (Global Positioning Systems) yerellestirme

gNFIS'k_ _ sistemlerinde basarili sonuglar vermektedir. Ancak GPS gibi dis mekanlarda oldukc¢a
armackizi

basarili olabilen konumlandirma sistemleri, uydu goriis ac¢isinin siirekli
korunamamasi veya sinyal alim kalitesinin diisiik olmasi nedeniyle i¢ mekanlarda
ayni basariy1 gosterememektedir. Bu bakimdan i¢ mekanda en az maliyetle en
hassas konumlandirmay: saglayabilecek konumlandirma sistemlerine ihtiyag
duyulmaktadir. Bu ¢alisma, Alinan Sinyal Giici Gostergesi (RSSI) verilerine dayal
bir konumlandirma y6ntemi olan parmak izi tabanl yerellestirme sistemlerini
ANFIS kullanarak gelistirmeyi amaglamaktadir. Onerilen sistemin literatiirde
siklikla kullanilan yontemlere gére daha basarili sonuglar verdigi gésterilmistir.

*[lgili Yazar, email: eyuksek@sivas.edu.tr
1. Introduction

Recently, intelligent systems, representing a prominent facet of Information Systems, consist of electronic circuits
enabling intercommunication among themselves and other user-oriented systems via various protocols. These
systems are proficient in recognizing and aiding users through straightforward commands [1]. Furthermore,
systems capable of pinpointing location data and offering decision support based on this data are regarded as
integral components of intelligent systems [2], [3]. This functionality has given rise to applications commonly
known as Location-Based Services (LBS) [4]. LBS encompasses a collection of IT services that connect the location
of an entity with contextually relevant information in the vicinity of that entity [5].
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Global positioning system (GPS) is one of the main positioning technologies. GPS is a satellite network that
regularly sends coded information, measuring the distance between satellites and objects, making it possible to
determine their precise location (with margin of error) on earth in real time. However, due to the significant loss
in receiving satellite signals inside buildings, it is difficult to obtain reasonable positioning result when GPS is used
indoors. Although GPS enables high accuracy location determination outdoors, it cannot provide the same success
when direct line of sight (LOS) cannot be achieved with satellites. In this respect, the need for indoor positioning
has become an increasing research focus.

Indoor positioning is an increasingly important technology because of the innovations and advanced features
provided by the software and hardware systems of recent years and the context awareness is provided for
applications that will work by sensing the location information of indoor environments. In addition, the rapid
increase of mobile device users and associated information technologies in recent years also makes indoor
positioning important [6]. However, current positioning systems cannot fully meet industrial requirements
regarding safety, accuracy, functionality and usability [7].

As shown in Figure 1, the operation of an indoor positioning system consists of several steps. First, tags or mobile
devices transmit the signals to sensors or receiving nodes, then data collected at sensors or receiving nodes is
transmitted to a central data station, which calculates the locations of devices or tags using geolocation methods
and algorithms, and finally the calculated location (x, y) along with its coordinates on a map in the user interface

8.
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@

1.
Tags Sensor Central Data User
or or Station Interface
Mobile Device Signals Receiver Node
J

Position Detection
Methods and
Algorithms

Figure 1. Indoor localization steps

In the field of indoor positioning, many different technologies such as Bluetooth, WiFi, RFID, Ultra-Wideband,
Ultrasound and ZigBee, which are among the wireless communication technologies, are used and many different
studies have been carried out in the field of indoor positioning with using these technologies in recent years [9],
[10], [11].

In addition to the development of various technologies for indoor positioning, various methods have been
extensively researched in the last two decades and a series of approaches have been developed [12]. Received
Signal Strength Indicator (RSSI) determines the location according to the signal level reaching the receiver [13],
Fingerprinting determines the location with the previously collected signal information [14], Angle of Arrival
(AoA) determines the position by using the angle of arrival of the signals reaching the receiver [15], Time of Arrival
(ToA) determines location using the signal propagation time [16], Time Difference of Arrival (TDoA) determines
the location by using the difference between the arrival time of the emitted signals [17] and Triangulation uses the
radial distance of the signal received from three different reference points [18] to determine the position.

When the literature is reviewed, it is seen that a great effort has been made to provide reliable and precise indoor
positioning and a lot of research has been done.

Malavalli et al. [19] developed a Wi-Fi based indoor positioning system using RSSI information with fingerprint
method and machine learning. The system estimates with the Bayesian model and tests are carried out in two
different environments. In the first test, f-score of the machine learning model was 0.893 in a corridor with 14
reference points and in the second test, f-score of the machine learning model was 0.994 in a 6-room house.
Mascharka et al. [20] aimed to find the best algorithm for indoor positioning by testing machine learning
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algorithms with data from embedded sensors. They tested the data set consisting of 3110 data obtained from the
real environment with 20 machine learning algorithms and found that the K * algorithm gave the best result with
average error margin of 0.76 m. Salamah et al. [21] aimed to reduce computation time and increase performance
of Wi-Fi based indoor location systems using machine learning approach in their study. They tested the
performance of the system they proposed with k-Nearest Neighbor, Decision Tree, Random Forest and Support
Vector Machine algorithms. The computation of the system reduced by 70% with Random Forest and 33% with k-
Nearest Neighbor. Hsieh et al. [22] used Bluetooth technology and Android-based smart device in their machine
learning approach system. They aimed to achieve a more successful result in indoor positioning by applying
Kalman Filter algorithm to the RSSI information of the signals from the Bluetooth transmitters. They tested the
system they developed with k-Nearest Neighbor, Support Vector Machines and Random Forest algorithms, and
the model trained with k-Nearest Neighbor algorithm gave the most successful result. AlHajri et al. [23] developed
a system based on two-step machine learning model to achieve higher accuracy position detection for indoor
positioning. In the first step, the k-Nearest Neighbor algorithm was used to recognize the environment type, and
in the second stage, the most appropriate combination of radio frequency properties was determined according
to the defined environment type. In the study, real data obtained from the measured signals were used and the
accuracy rate in position detection increased between 50% and 70%. Teran et al. [24] developed an indoor
positioning system in which WiFi and Bluetooth technologies are used jointly within the framework of IoT. With
the machine learning approach in the system, the location is determined by using the signal / noise ratio, RSSI
information and fingerprint method. 4 Bluetooth transmitters and 5 WiFi access points were used in the system,
and the accuracy rate in location detection increased by 75% with the k-Nearest Neighbor algorithm.

This study aims to develop an indoor positioning system that can learn the environmental situation from limited
training data and provide accuracy close to existing indoor positioning systems, with less cost and shorter training
time, using a machine learning approach and the Internet of Things. A model was developed using ANFIS algorithm
with RSSI information of the signals received from Bluetooth transmitters in the simulation environment. The
following parts of the study are presented as follows: Section 2 consists of the methodology used in the developed
closed environment positioning system. Section 3 consists of developed models’ results obtained. In Chapter 4, the
study was concluded by discussing the results.

2. Material and Method
2.1. Fingerprinting

The fingerprinting method serves as a technique for ascertaining the location of an object or an individual by
utilizing pre-acquired signal data. As shown in Figure 2, this method comprises two essential phases: the offline
phase, which involves training, and the online phase, responsible for testing and location detection.

During the offline phase, signals from transmitters are gathered, and their Received Signal Strength Indicator
(RSSI) information is recorded in vectors [25]. Each RSSI vector corresponds to a known location and is stored in
a database for future reference during the online phase [18].

During the online phase, the individual or item of interest sends their RSSI data to a server. The server utilizes a
positioning algorithm to gauge the location of the target by comparing the RSSI vector of the target with vectors
stored in the database, using particular similarity metrics. Following this, the database provides the position that
displays the greatest correlation with the vector transmitted by the server [18].
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Figure 2. Fingerprinting method
2.2. Bluetooth

Bluetooth is a technology developed for wireless and short range transmission of voice and data between different
fixed or mobile devices based on the IEEE 802.11.5 standard. Known as the newest version of Bluetooth
technology, Bluetooth Low Energy (BLE) is a very suitable technology for indoor location determination, with a
24 Mbps data rate and 70-100 meters coverage area with higher energy efficiency compared to previous versions.
In addition, diversity, low cost and energy efficiency are the advantages of BLE technology. The infrastructure of
BLE technology generally consists of 1 type of device; BLE Beacon. The task of the beacons is to announce their
presence periodically. BLE Beacons periodically emit a signal that all BLE supporting devices can receive. The
content of this signal includes identification information (ID) and RSSI information.

2.3. ANFIS

The Adaptive Network-Based Fuzzy Inference System (ANFIS) represents a class of artificial neural network
systems founded on the principles of the Takagi-Sugeno fuzzy inference system. It was initially conceived by Jang
in the early 1990s and gained recognition for its efficacy in modeling nonlinear functions and forecasting chaotic
time series [26], [27].

The ANFIS network structure is characterized by the assembly of nodes, with each node assigned a specific
function, and these nodes are distributed across various layers [28]. ANFIS methodology operates as a hybrid
system that integrates fuzzy logic and artificial neural networks [29].

Within ANFIS, the framework encompasses If-Then rules and input-output information pairs inherent to the fuzzy
inference system. Nevertheless, training and system control leverages learning algorithms associated with
artificial neural networks [26], [30]. If x and y are input and z are taken as output, the basic rule structure of ANFIS
is written as follows:

If xeA;andy € B; Then z; = p;x+ q;y+ n;

In this context, Ai and Bi serve as labels for the sets that partition the x and y variable space into fuzzy subspaces.
Meanwhile, pi, i and ri represent the design parameters that are established through the training process. The
variable zi denotes the output value of a specific rule, and it is contingent on the input variables. Consequently, for
any given input pair of x and y, the resultant output value is computed as the weighted average of zi, which
represents the output values generated by all the rules [31]. Based on the first order fuzzy Takagi-Sugeno model,
ANFIS model is created based on the following two rules. In these rules pj, qi and ri are equation constants for each
rule [32].

B; Then f; = (pyx+ quy+ 1)
B, Then f, = (p,x+ g,y + 13)

Ifx = A;and y
Ifx = A,andy

ANFIS architecture created using the above rules is shown in Figure 3 and consists of 5 layers. In the first layer,
fuzzyfing layer, fuzzification occurs, where membership functions are applied to the input data. This step
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transforms the crisp input values into fuzzy values. The second layer, implication layer, is responsible for
generating rules based on the principles of fuzzy logic inference. These rules dictate how the input variables relate
to the output. In the third layer, normalization layer, a normalization process involving weighted averaging is
applied to each node that originates from the rule layer. This step helps balance and normalize the information.
The fourth layer, defuzzyfing layer, serves to convert the fuzzy results obtained from the previous layers into
numerical values. This is a crucial step in making the results suitable for further processing. In the fifth and final
layer, combining layer, the output values from all nodes are combined or added together, resulting in a single
output value for the ANFIS system. This aggregated value represents the system's output based on the input data
and the fuzzy logic rules.

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
Xy
A _
/ W
X I W) N 1 iTT: Jf}
A
z f
B,
TF} f;
y IT e N =
B> -
Xy

J

Figure 3. Adaptive network-based fuzzy inference system
2.4. Proposed Methodology

In this study, it is aimed to make a more successful positioning by using machine learning for a system that makes
indoor positioning based on the RSSI information received from Bluetooth transmitters by fingerprint method.
The model developed in this study consists of three parts. The first part is the preparation of the data set with the
RSSI information of the Bluetooth transmitters using Fingerprint method, the second part is the development of
machine learning models using ANFIS models and the third part is testing of the developed models and measuring
their success. Proposed method is shown in Figure 4.

With the Fingerprint method, RSSI values from each transmitter (five transmitters) were recorded at (x-
coordinate, y-coordinate) points of RSSI information received from Bluetooth transmitters in the study area. The
fingerprinting method was chosen because it is a reliable method for indoor environments [33], does not require
any license fee to read wireless signals traveling in the air, can be easily adjusted according to the desired situation,
and can be used with a combination of other wireless technologies. The second part of the system aims to design
an indoor positioning system using the ANFIS approach. The reasons for choosing the ANFIS method can be
summarized as follows: It exhibits rapid convergence during the training phase, demonstrates a strong resistance
to uncertainty, effectively extracts numerical models from numerical data, and allows for effortless expansion of
the knowledge base through the incorporation of new rules.

Dataset Splitting

Calculate
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Measure the
MSE, MAPE and RZ

closest
metrics

distances

%70 Train ANFIS
Creating Dataset Models
%15 Validation Training

%15 Test

Trained ANFIS
Models
‘ ||HHHH|HHHHHHH|I

Figure 4. Proposed method

As shown in Figure 5, data was generated in the simulation environment with the "NAVINDOOR" [34] application
to build and test the ANFIS model. Black lines represent the simulated existing walls. Red dots mark the locations
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where measurements were taken in (x, y) coordinates. The placement of beacons (RSSI data signal emitters) at
five different points is shown. By taking measurements on constantly changing routes, the distribution of the data
set within the data set is diversified. Thus, it is predicted that the model to be developed will behave sensitively
according to these changes. RSSI values of five beacons were generated from approximately 1050 locations and
stored in the dataset. Table 1 shows sample RSSI values at some locations.

Measurement Areas

¥ coodinates (m)

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
X coordinates (m)

Figure 5. Divided working area

Table 1. An example of RSSI (dBm) data series taken from transmitters at the working area

A
(x coorre;acoor) Beaconl Beacon2 Beacon3 Beacon4 Beacon5

(9,2) -73.3 -66.2 -64.8 -65.3 -68.5
(20,2) -69.1 -68.5 -64.5 -65.2 -68.7
(39,2) -66.7 -73.6 -65.5 -64.7 -67.5
(41,6) -66.6 -73.0 -65.7 -64.9 -67.5
(23,6) -68.1 -67.3 -65.5 -66.1 -68.8
(22,6) -68.8 -68.0 -65.4 -65.4 -68.8

2.4.1. Development of the ANFIS Models

In this proposed work, an approach using the ANFIS model is tested by presenting not only RSSI values but also x
and y coordinates values from which these values are obtained as input data Figure 3. Assume that at any time t,
the receiver node at any (x, y) location receives RSSI values of the signals detected by the receiver node. At instant
t at this point;

(X1,y1)t; = [RSSI1y RSSI2y; RSSI3,, ... RSSIS,]

signals will be collected. The coordinates (x1, y1) serve as factors influencing the distance to the signal sources
generating these signals in relation to both the x and y coordinates. As Equation 1 indicates, the RSSI value is
directly linked to the distance, and any alterations in the (x, y) coordinate values, either horizontally or vertically,
will result in variations in the signal values.

Po-p, d
d=dyx 10T ) < P(d) =P, —10n log10(- (1)
0

With this assumption, the coordinate values of the (X, y) point have an effect on the system as individual input
parameters. An ANFIS model that predicts the node value (x1, y1) according to the RSSI signal values cannot
simultaneously use the x or y coordinate values at this point as both input and output to the system. The solution
is pursued by adopting an approach that involves creating two distinct models from the same dataset. A system is
then developed to identify the node point, which is essentially the same but is generated differently based on the
outputs of these two models. The effectiveness of ANFIS is evaluated within this framework.
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In Table 2, two different models, named ANFIS Model 1 and ANFIS Model 2, were created using the same training
data sets, the same parametric values and different input and output parameters.

Table 2. ANFIS models input-output parameters
Model’s Name Inputs Outputs
ANFIS Model 1  x coordinate, RSSI1, RSSI2, RSSI3, RSSI4, RSSI5  y coordinate
ANFIS Model 2y coordinate, RSSI1, RSSI2, RSSI3, RSSI4, RSSI5  x coordinate

A point in 2D space is composed of two different components, x and y, and the combination of these two values
represents the position information. RSSI values vary with distance, and all (x, y) points in the area of interest are
matched in the fingerprint database and hold point location information according to their RSSI values. Here, the
main determinants of the object's distance to be located to the beacons (hence the measured RSSI value) are the
individual x and y points and must be provided as input data to the system for training the models. This assumption
clearly explains the reason for using two different models. The general operation of the system will be discussed
through the steps of the setup and the architecture summarized in Figure 6.

y position
training Model 1

|

; ' Determine
RSSI; - RSSI, | —> p":;;tign"
ANFIS _pestmen best
Model 1
— positions
e ™ from
RSSI, - RSSI, | —> P":;gignx Model 1
ANFIS P ,
Model 2 and
N N

!

X position
training Model 2

Figure 6. Schematic overview of the system
3. Results
3.1. Training and testing of the ANFIS_1
ANFIS_1 model is defined as the model in which the x value is presented as input with RSSI values (x1, RSSI1, ...

RSSI5) and the possible y'1 values will be calculated with reference to the y coordinate value. The input parameters
of the model and the output parameters produced by the model are shown below.

X1
X2
X3

V'
[RSS1 ... RSS5] — ANFIS_1 = ly’z]
V'3

ANFIS models were trained using the data measured on the routes shown in Figure 7 and summarized in Table 1
(Training Dataset). However, the success of the trained model was demonstrated with test data generated on 3
different route scenarios in Figure 7. In these figures, the blue dots constitute the sample route scenario where
RSSI values are detected. According to the x values of these points, the accuracy of the y' values generated by
ANFIS_1 according to the y reference values were checked. Three test data sets at different points, which were not
used in the training of the system, were generated by the data generation program. The results of these sets were
evaluated in the trained ANFIS models, and the performance was confirmed.

To ensure that the ANFIS model accurately reflects the pattern structure of the dataset it's trained on, it is essential
to determine the parameters and membership functions to reflect the effects on the model. For five inputs is shown
in Table 2, the combinations of the membership functions used extensively in the literature were tested and
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determined to produce the best model for the five inputs [35]. For each input {'pimf' 'gauss2mf" 'gauss2mf'
'gauss2mf' 'gauss2mf’ 'gauss2mf 'gauss2mf} membership functions were determined as a result of the
experiments and used in training the models. During this phase, statistical metrics, including Mean Absolute Error
(MAE), Root Mean Squared Error (RMSE), Mean Absolute Percentage Error (MAPE), and R-Squared (R2) [36],
were employed to evaluate the results generated by the ANFIS models trained using various combinations of
membership functions.
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Figure 7. Test dataset 1, 2 and 3

To train and evaluate ANFIS models correctly, the data set is divided into three basic parts. These three parts are
training data (80%), validation data (10%) and test data (10%). The training data is used for optimization of
weight and parameter settings. The validation data is used to monitor the model's performance during training
and to detect overfitting problems. Test data is used to evaluate how the model performs in the real world. These
three separate datasets allow an ANFIS model to be trained and evaluated reliably and effectively. While these
results obtained using the Datasets are subjected to analysis using statistical metrics, and the primary factor for
determining the most effective ANFIS models is the outcomes on the Test Dataset, primarily relying on the R-
Squared (R?) value.

The values of all data sets used in ANFIS_1 model training are shown in Table 3. In addition, the statistical values
produced according to the results of the test data sets created to test the success of ANFIS_1 model are presented
in Table 3.

Table 3. Result values of ANFIS_1 model
Metrics Dataset Training Validation  Test Test1 Test2  Test3
R2 0.9879  0.9925 0.9711 0.9675 0.9567 0.7977 0.9294
RMSE 1.6760 1.3196 2.6074 27111 3.4095 3.7682 3.6791
MAPE  0.0941 0.0712 0.1452 0.2262 0.2651 0.1207 0.1395
MAE 1.1758  0.9773 1.8359 21015 2.3453 2.6171 2.2164

The variation of the actual locations (x, y) of the Test Datasets produced by the trained ANFIS_1 model and the (x,
y') locations produced by ANFIS_1 model is shown in Figure 8.
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Figure 8. ANFIS_1 test dataset 1, 2 and 3 results

The error plots between the actual y coordinate values and the y' coordinate value generated by the ANFIS_1 model
with x coordinate and RSSI values are shown in Figure 9 in descending order.
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Figure 9. ANFIS_1 test dataset error graph

3.2. Training and testing of the ANFIS_2

In the same way as the ANFIS_1 model, ANFIS_2 model is defined as the model in which the coordinate data y is
presented as input with RSSI values (y1, RSS1..RSS5), and the possible x'1 values will be calculated with reference

to the x coordinate value. The following figure shows the input parameters of the model and the output parameters
produced by the model.
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The values of all data sets used in ANFIS_2 model training are shown in Table 4. In addition, the statistical values
produced according to the results of the test data sets created to test the success of the ANFIS_2 model are
presented in Table 4.

Table 4. Result values of ANFIS_2 model
Metrics Dataset Training Validation  Test Testl Test2  Test3
R2 0.9811  0.9912 0.9486 0.9398 0.9627 0.7772 0.9585
RMSE 19673  1.3277 3.4314 3.5784 25537 5.7589 3.0462
MAPE 0.1194 0.0677 0.4049 0.2474 0.5883 0.2287 0.2224
MAE 1.2825  1.0052 2.3818 2.3990 1.8217 3.3821 1.9636

The variation of the actual locations (%, y) of the Test Datasets generated by the trained ANFIS_2 model and the (X,
y') locations generated by ANFIS_2 model is shown in Figure 10.
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Figure 10. ANFIS_2 test dataset 1, 2 and 3 results

The error plots between the actual y coordinate values and the y' coordinate value generated by the ANFIS_2 model
with x coordinate and RSSI values are shown in Figure 11 in descending order.
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Figure 11. ANFIS_2 test dataset error graph

3.3. Position detection model

ANFIS_1 and ANFIS_2 are developed with the logic that x and y coordinates are separate inputs and outputs. The
object at any (X, y) point detects the values between RSSI1-RSSI5, and the main idea of this study is to find the
unknown x,y values from these data with minimum deviation. The flow of the computational steps of the proposed
new model is shown step by step in Table 5. In summary, the dataset used to train the ANFIS model is acquired
through a hardware setup in the workspace and stored in a database table. This dataset is then partitioned into
training, testing, and validation subsets. Following the allocation of values to these subsets, the models are trained
using the training data. The post-training ANFIS models consist of two separate models, both employing the same
dataset and parameters but different inputs. The first model is designed to generate y'-coordinate information as
output for each x-coordinate data, using the RSSI information from the training dataset and the corresponding x-
coordinate information as input. The second model is configured to take the nine RSSIs from the training dataset
and the associated y-coordinate data as input, producing x'-coordinate information as output for each y-coordinate
data. The goal is to find a point that corresponds to the [(x, y')] matrix produced by the first model and the [(X, y)]
matrices produced by the second model, aiming to locate the same point.

Table 5. Proposed System Process Steps
Proposed System

¢ ANFIS_1 Input — [x, RSSI1-5], Output — [y]

o ANFIS_2 Input = [y, RSSI1-5], Output — [x]
» The environment (represented by "T") where position sensing is to be performed is divided into grids with x and y
coordinates at 0.5-meter intervals.
x—[0.5,1,15,2,..50]
y—[0.5,1,1.5,2,..50]
» The sample object to be located (represented by "0") is at an unknown point (%, y) in the environment T.
» The RSSI=[RSSI1, RSSI2, RSSI3, RSSI4, RSSI5] values received by O at this point are read.
¢ ANFIS_1 Model: Calculates [y'] values for each x grid value within the [RSSI] vector and the [x] vector.
o [x] ANFIS_1 [RSSI] — generates the vector [y’].
o ANFIS_2 Model: Calculates [x'] values for each y grid value within the [RSSI] vector and the [y] vector.
o [yl ANFIS_1 [RSSI] — generates the vector [X'].
* Two different possible location maps are created, represented by ([x, y']) and ([x', y]) matrices, trained with different
input and output parameters. Here, the study is finalized by searching for the points where the [RSSI] vectors form a
similar pattern in both matrices and determining the point that is closest to each other as the location point of O.

3.4. Testing the system developed for positioning

The test of the success of the proposed system can be examined by following the steps summarized in Table 5 on
a sample point taken from the Test Datasets. The model is tested by selecting the measurement data of any point
produced in "Test Dataset 1", shown in Table 6.
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Table 6. Proposed System Process Steps

X

RSSI Values

42

17 -658 703 -67.7 -65.7

-69.1

As shown in Figure 12, RSSI values and x were presented to the model one by one by increasing x by 0.5 m intervals,
and y' values were calculated. With the same approach, as shown in Figure 12, RSSI values and y were incremented
by 0.5 m intervals and presented to the model one by one, and x' values were calculated. When the representative
positioning graphs of all values produced by the ANFIS models are examined, it is seen that some values are out of
interest or even unacceptable values. As shown in Figure 13, when the outputs produced by the two ANFIS models
are combined in a graph, it is easily understood that the unknown (x, y) position values of the searched object are
actually the same point calculated separately by both models.

ANFIS 1 Results

v ANFIS Values

0 10 20

0]

y Grid Values [0,0.5,1,15, ......5

40 50 L0 7

x Grid Values [ 0, 0.5, 1, 1,5, ......,50]
Figure 12. ANFIS_1 and ANFIS_2 model results

ANFIS 2 Results
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As shown in Figure 13, the desired set of location values consists of coordinate values where the results generated
by ANFIS_1 (blue circles) and ANFIS_2 (orange circles) intersect or are in close proximity. To pinpoint the precise
point, the distances between the points produced by the two models are computed, and only points that are within
a specific tolerance are further examined, while those outside this tolerance are excluded from the analysis. In this
process, the emphasis is placed on the Region of Interest (ROI) area, where the points calculated differently by the
two models are in close proximity to each other.
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The distances of the points (%, y') and (x', y) are calculated by the equation given below, similar to the Euclidean

formula.

d(x,y) = (x; — y1)2+(x; — ¥,)?

(2)

As shown in Figure 12, close points are identified as ROIs, and examinations are continued on the calculated values.

As can be understood, the number of points, initially 50x50, is reduced to 4 points in this example.
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As shown in Figure 12, A1 and A2 correspond to points generated by ANFIS_1, while B1 and B2 represent points
generated by ANFIS_2. Itis assumed that the point pairs in groups A and B actually correspond to the same location,
as intended during model creation. Consequently, we aim to identify which pairs represent the same points by
assessing the proximity between A1l and B1 or A2 and B2. If we reduce the tolerance value applied for the test to
4 points, the number of points in various scenarios may increase. Hence, the same relationship, as described
earlier, should be extended to include these points. Table 7 provides a summary of this process. The primary goal
of this procedure is to determine the desired location information, which is calculated by Model 1 and Model 2
using different parameters but represents the coordinates of the same point within the measurement area. The
proximity of the points plays a crucial role, effectively employing a small clustering method.

Table 7. Algorithm of Choosing the Best Point
Choosing Best Point
e Calculate distances between points calculated by ANFIS_1 and ANFIS_2 models (pairs A and B)
o Al- (xa1,ya1) A2- (Xaz, yaz)
o B1- (xB1,ys1) B2— (xs2, y82)
o Al-BlandA2- B2
« [dentify the smallest distance between these pairs of points
o Distance between Al and B1 - d1
o Distance between A2 and B2 — d2
¢ Combine coordinates in short-distance pairs
o Ifd1 <d2, the searched position = (xa1, ys1)
o Ifd2 <dl, the searched position = (xaz, ys2)

Table 8 shows the implementation of the algorithm summarized in Table 7 on the sample test data.

Table 8. Developed Model Point Calculation Values
Model Point Calculation Values

y coor. | X coor.
Al 17.5 42.81
Coordinates of Reducing Points | A2 17 43.71
B1 | 17.31 43
B2 17.34 44.5

Distances Between Points Al > Bl Al B2
1 Wi 1
0.34 0.86
. X COOT. y coor.
Sought Point
Hgnt ol 4281 1731
. X COOT. y coor.
Test Point
42 17

To examine the results of the model's success, the data calculating the distances (errors) between the point values
produced by the model for 2 different points selected from each test set are listed in Table 9.

Table 9. Outputs of Test Data
Item No x Coordinate Test y Coordinate Test x Coordinate ANFIS Model y Coordinate ANFIS Model

Test 1 1 27 29 27.74 26.94
Test 2 2 34 24 33.45 25.13
Test 3 3 4 20 3.3422 19.45
Test 1 4 30 21 31.03 21.73
Test 2 5 31 4 31.65 4.873
Test 3 6 14 18 13.237 16.93

Avisual comparison of the test data generated by the ANFIS system, which has never been presented to this system
before, is shown in Figure 14.
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Figure 14. Visual comparison of test data and ANFIS data
4. Discussion and Conclusion

The importance of indoor positioning technologies and methods is constantly increasing due to the high number
of applications developed on the concept and its wide range of applications. Moreover, the increasing prevalence
of the Internet of Things (IoT) serves as another factor that elevates the significance of indoor positioning. In this
context, achieving the most precise and consistent indoor positioning is a pivotal stride toward establishing an
efficient indoor positioning system. Extensive research has been conducted at both academic and industry levels
to attain this objective. Differing from its counterparts in the existing literature, this study endeavors to design an
indoor positioning system utilizing the ANFIS model, aiming to enhance its performance. While "RSSI-based
technologies offer advantages such as simplicity of use, easy installation, no requirement for specialized
equipment, cost-effectiveness, high energy efficiency, and seamless integration into numerous ecosystems, the
"Fingerprint" method presents advantages in terms of being cost-free, flexible, and compatible with a wide range
of devices and environments. An enhanced model is introduced, rooted in the ANFIS theory, which is one of the
machine learning methodologies.

To determine the unknown locations of the objects in the ROI area, RSSI values and possible location (x, y) values
are presented to the system separately for ANFIS training. With two different ANFIS models, the location
information was generated by determining the closest ones to the solution from the x' and y' location information
produced by these inputs.

The dataset shown in Figure 5 was created not by measuring the entire indoor environment where the
measurements were made very precisely but by measuring more superficial and intermittent measurements. The
aim here is to demonstrate the success of the proposed model in such an environment by using a dataset that does
not represent the environment very well. As shown in Table 7 and Figure 14, the model produced good
performance despite this disadvantage of the data set. With this study, a different approach has been used that will
shed light on similar studies in the literature, and an acceptable improvement has been achieved.

The results obtained in this study also provide information about the design and installation of the system in an
indoor environment. To achieve a satisfactory success rate, parameters such as the number and placement of
access points in the system, the number of data, and the data collection method should be well determined. In
future studies, the system's success can be increased by determining these parameters more optimally. A machine
learning approach can be used for better placement of access points and a better balance between cost and
accuracy. Considering the importance of correctly training machine learning models for the system's success, the
system can be trained with more training data.
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Anahtar Kelimeler Oz: Arazi kullanim1 ve arazi értiisii yapis1 hizla artan niifus, degisen teknoloji,
Arazi Kullanimy, ekonomik etkiler sebebiyle degisime ugramaktadir. Bu degisimleri incelemek, daha
Arazi Ortiisd, planli alanlar olusturma istegi ve gelecekte nasil bir noktaya gelinecegi meraki
Uzaktan Algilama,

degisim analizi ve gelecege yonelik model olusturma tekniklerini kullanma
calismalar1 yapmaya tesvik etmektedir. Bu ¢alisma 2000-2020 yillari1 arasinda
Melikgazi ilgesindeki arazi ortiisi ve arazi kullamim degisimleri cografi bilgi
sistemleri ve uzaktan algilama yontemleri kullanilarak incelenmistir. Landsat ETM
ve Landsat 8 uydu goriintiileri kullanilarak kontrollii siniflandirma yéntemlerinden
biri olan Maksimum Olabilirlik Yontemi kullanilarak arazi kullanim haritalar:
olusturulmus ve bu haritalar incelenerek degisim analizleri yapilmistir. 2000
yilindan 2020 yilina gelene kadar ozellikle yerlesim alanlarinda %143°liikk bir
biiylime goriilmiistiir. En ¢ok degisimin yerlesim alanlarinda yasandig1 tespit
edilmistir. Bu asamadan sonra 2030 ve 2040 yillar i¢in simiilasyon modelleri
olusturulmustur. Simiilasyon modelini olusturmak icin Yapay Sinir Aglar1 ve
Hiicresel Otomat yontemlerinin entegre sekilde kullanildig1 bir modelleme yontemi
tercih edilmistir. Gelecekte de yerlesim alanlarinda artisin devam edecegi
gozlemlenmistir.

Cografi Bilgi Sitemleri,
Hiicresel Otomat,
Yapay Sinir Aglar1

Land Use and Land Cover Change Analysis and Future Simulation Model, Kayseri

Melikgazi Case
Keywords Abstract: Land use and land cover structure are changing due to rapidly increasing
Land Use, population, changing technology and economic impacts. The desire to examine
Land Cover, these changes, the desire to create more planned areas and the curiosity of how to

Remote Sensing,

GIS,

Cellular Automata,
Artifical Neural Networks

reach a point in the future encourage studies to use change analysis and future
modeling techniques. In this study, land cover and land use changes in Melikgazi
district between 2000-2020 were analysed using geographic information systems
and remote sensing methods. Using Landsat ETM and Landsat 8 satellite images,
land use maps were created using the Maximum Likelihood Method, one of the
controlled classification methods, and these maps were examined and change
analyses were made. From 2000 to 2020, a 143% growth was observed, especially
in residential areas. It was determined that the most change was experienced in
residential areas. After this stage, simulation models were created for the years
2030 and 2040. In order to create the simulation model, a modelling method in
which Artificial Neural Networks and Cellular Automata methods are used in an
integrated manner was preferred. It has been observed that the increase in
settlement areas will continue in the future.
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1. Giris

Arazi ortiisti ve arazi kullanimindaki degisimler her ne kadar dogal olaylarla gelisen bir siire¢ olarak bilinse de
insanlarin ihtiyaglarindan ve yasam bicimlerinden de énemli oranda etkilenmektedir. Arazi kullanimi ve arazi
ortiisiindeki bu degisimler ekosistemler ve biyocesitlilik, insan saghigi, gida giivenligi, iklim degisikligi, toprak ve
suyun bozulmasinda dnemli bir etkisi vardir [1]. Artan niifusla beraber yerlesim alani ihtiyacinin dogmasi tarim,
orman ve yesil alan gibi ekosisteme katki saglayan bolgelerin tahribatina sebep olmaktadir.

Birlesmis Milletler (BM) verilerine gére 1950’de niifusun ticte biri kentlerde yasarken 2050 yilinda bu oranin iicte
ikiye yiikselmesi bekleniyor [2]. Bugiin ise Diinya niifusunun yarisi sehirlerde yasamaktadir. Kentlerde artan
niifusla birlikte arazi kullanim yapisinda da degisimler yasanmaya baslanmistir. Bu degisimler ise siirdiiriilebilir
kalkinma, stirdiiriilebilir sehirler kurma hedeflerini tehdit etmektedir.

Hizli niifus artisiyla beraber gelen, insanlarin daha iyi kosullarda yasama istegi, sanayi alanlarinin artmasiyla
birlikte is imkanlarinin ¢ogalmasi, daha iyi egitim alabilmek gibi nedenler kent alanlarinda yasami popiiler hale
getirmistir. Artan kentsel niifus 6zellikle sehir merkezlerinin biiyliyiip, genislemesine ve tarim alani, orman
alanlar, yesil alanlar gibi arazi kullanim alanlarinin isgal edilmesine sebep olmaktadir.

Artan nitfusla birlikte arazi kullaniminda yasanan degisimlerin etkisi sebebiyle, arastirmacilar tarafindan izleme,
degerlendirme, haritalama ve gelecege doniik modeller olusturma konusunda ¢alismalar yapilmaktadir [3].
Uzaktan algilama yardimiyla elde edilen uydu goriintiilerini, cografi bilgi sistemlerinin analiz etme ve yorumlama
glciiyle birlestirerek arazi ortiisii ve arazi kullanimindaki degisimleri inceleme konusunda kolay ve giivenilir bir
yol olarak tercih edilmektedir [3,4]. Uzaktan algilama sistemleriyle saglanan uydu goriintiileri arazi ortiisii ve arazi
kullanimi verileri olusturmakta ve anlaml bilgilere ulasilmasini saglamaktadir. Cografi bilgi sistemleri ise bu
verilerin depolanmasi, analiz edilmesi, yorumlanmasi ve planlama yapma asamasinda kullanilmaktadir.

Arazi kullannmi ve arazi ortiisii degisiminin incelenmesi ve gelecege yonelik simiilasyon modellerinin
olusturulmasi alaninda literatiirde pek ¢ok ¢alisma bulunmaktadir. Tawfeeq ve Kurban [4] 2002-2018 yillar1
arasindaki arazi kullanim/arazi ortisi degisikliklerini incelemislerdir. Calismada siniflandirma yontemi olarak
Maksimum Olabilirlik Yontemi kullanilmistir. Siniflandirilmis verileri ile Terrset yaziliminda bulunan Land Change
Modeler (LCM) araci kullanilarak 2030 ve 2035 yillarina ait simiilasyon verileri iiretilmisledir. Hiicresel otomat ve
Markov Zincirleri yontemini entegre sekilde kullanmislardir. Bolat ve Dogan [15] kontrolsiiz siniflandirma
yontemlerini kullanarak Golciik ilcesine ait 1984-2020 yillarina ait uydu goériintiilerini siniflandirmislardir. Bu
yillar arasindaki arazi kullanim/arazi ortiisi degisimlerini incelemislerdir. QGIS igerisinde bulunan MOLUSCE
eklentisini kullanarak 2035 yilina ait simiilasyon modeli olusturmuslardir. Simiilasyon yéntemi olarak Yapay Sinir
Ag1 modelini kullanmiglardir. Modellemenin olusturulmasi icin siniflandirilan gériintiiler disinda yiikseklik, egim,
baki, akarsuya uzaklk ve karayoluna uzaklik verilerini kullanmiglardir. Karip ve Géksel [16] igneada koruma
alaninin arazi kullanim ve arazi ortiisii degisimlerini incelemis ve 2030 yii i¢in tahmin simiilasyonu
olusturmuslardir. Arazi kullanim ve arazi ortiisii haritalar1 olustururken kontrollii siniflandirma yontemini
kullanmislardir. Markov Zincirlerine dayali Stokastik Markov modeli, Hiicresel Otomat Markov modeli ve Cok
Tabanli Algilayic1 Yapay Sinir Agiyla ¢alisan Markov modeli yontemlerini kullanarak 2030 yili i¢in simiilasyon
modelleri olusturmuslardir. Kafy ve arkadaslar1 [17] Banglades’te 2012-2018 yillar1 arasindaki arazi kullanim ve
arazi ortiisii haritalarini Destek Vektéor Makinesi smiflandirma ydntemini kullanarak olusturmuslardir. Elde
ettikleri arazi kullanim haritalar1 ve yollara uzaklik, suya uzaklik, yerlesim alani, egim gibi bagimsiz verileri de
kullanarak 2025 yili i¢in simiilasyon modeli olusturmuslardir. Simiilasyon modeli icin QGIS yazilimi igerisinde
bulunan MOLUSCE kullanilmis ve Yapay Sinir Aglar1 Hiicresel Otomat algoritmasini kullanarak tahmin modellerini
olusturmuslardir. Canpolat ve Dagli [18] Elazig ilinin arazi kullanim ve arazi ortiisi degisimlerini inceleyip
gelecege doniik simiilasyon modeli olusturmuslardir. Simiilasyon c¢alismasi i¢in Terrset ve Geosos-Flus
yazilimlarini kullanmiglardir. Calismalar1 sonucunda bitki ortiisii, mera ve su alanlarinin azalacagini, orman, ¢ali
ve yerlesim alanlarinin artacagini tespit etmislerdir. Aydin [19] Ankara ili i¢in Hiicresel Otomat tabanl bir
simiilasyon yaklasimi kullanmistir. Calismasinda 1942-2020 yillar1 arasindaki degisimleri incelemis elde ettigi
analiz verilerinden yola ¢ikarak 2032 yilinda Ankara ilinin arazi kullaniminda ne gibi degisimler yasanacagiyla
ilgili simiilasyon modeli olusturmustur. Blissag, Yebdri ve Kessar [21] Hodna havzasinin 2000 ve 2020 yillarn
arasindaki arazi kullanim degisimlerini incelemis ve 2050 yili i¢in bir simiilasyon modeli olusturmuslardir.
Calismalarin her 5 yillik periyot icin arazi kullanim haritalar1 olusturmuslardir, arazi kullanim haritalarin
siiflandirirken Maksimum Olabilirlik Yonteminden faydalanmislardir. 2050 yili i¢in olusturduklari simiilasyon
haritas1 i¢in QGIS yazilimi icerisinde bulunan MOLUSCE eklentisini kullanmislardir. YSA-HO algoritmalarim
kullandiklar1 ¢alismalarinda girdi verisi olarak yiikseklik, egim, baki, akarsuya uzaklik, yollara uzaklik ve yerlesim
alanina uzaklik verilerini kullanmiglardir.
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Bu calismada Kayseri ili Melikgazi ilgesinin 2000-2020 yillar1 arasindaki arazi ortiisii ve arazi kullanimi
degisimlerini tespit etmek i¢in uzaktan algilama ve cografi bilgi sistemleri ydontemlerinden yararlanilmistir. Ayrica
2030 ve 2040 yillarma ait tahmin modelleri olusturabilmek ve gelecekte ne gibi degisimler olacagini
gozlemleyebilmek icin Yapay Sinir Aglar1 ve Hiicresel Otomat yontemleri entegre bir sekilde kullanilarak tahmin
modelleri olusturulmustur. Daha 6nce Kayseri 6zelinde yapilmis calismalar bulanmaktadir fakat bunlar
¢ogunlukla Kayseri merkez lizerinde yapilmis ¢alismalardir. Arastirmalar sonucunda Melikgazi ilcesi 6zelinde
yapilmis bir ¢alismaya rastlanmamistir. Bu calisma Kayseri'nin niifus olarak en kalabalik olan il¢esi Melikgazi i¢in
hem literatiire hem de ilgenin yerel yonetimine buiyiik katki sunmay1 amag¢lamaktadir.

Bu makale Melikgazi ilgesinin arazi kullanim ve arazi ortiisii degisimlerinin incelenmesi ve gelecege yonelik
simiilasyon modeli olusturulmasi asamalarini icermektedir. Makalenin 2.béliimiinde kullanilan veriler ve
yontemler agiklanmis ve 5 ana basliga ayrilarak konular detaylandirilmistir. 3.béliimde ¢alisma sonucunda elde
edilen bulgular agiklanmis ve ¢alisma tizerine tartisilmistir. 4. b6liim sonugtur ve makalenin son bélimudur.

2. Materyal ve Metot

Bu calismada goriintii 6n islemeleri ve goriintii siniflandirma islemi icin ENVI 5.3 yazilimi, degisiklik tespit
stiregleri ve simiilasyon girdi verilerinin olusturulmasi i¢in ArcGIS 10.4 yazilimi ve gelecekteki arazi kullanim
tahmin modelinin olusturulmasi i¢in QGIS 2.18 yazilimi icerisindeki MOLUSCE eklentisi kullanilmistir. Calismada
kullanilan goriintiiler USGS Earth Explorer tarafindan saglanan uydu goriintiileridir.

Calismada 2000, 2010 ve 2020 yillarina ait uydu gorintiileri kullanilmistir. Arazi ortiisii ve arazi kullanim
haritalarinin olusturulabilmesi i¢in Landsat uydu sistemine ait olan Landsat ETM (16 Agustos 2000 ve 20 Agustos
2010) ve Landsat 8 (15 Agustos 2020) uydu goriintiileri kullanilmistir. Ozellikle ¢alisilan 3 yil icin Austos ayinin
tercih edilmesinin nedeni goriintiilerdeki bulutluluk oraninin az olmasindan kaynaklanmaktadir. Calisma alani
icin elde edilen her bir uydu goriintiisti ayr1 bantlar halinde elde edilmistir ve her yil i¢in bant birlestirme islemi
uygulanmistir. Bant birlestirme islemi ENVI 5.3 yazilimi icerisinde bulunan Layer Stack arac ile
gerceklestirilmistir. Arazi kullanim haritalarini olusturabilmek icin ENVI yaziliminda diizenlenen uydu
goriintiilerine siniflandirma islemi uygulanmistir. Arazi kullanim ve arazi ortisi 5 sinifa ayrilmistir. Bu siiflar;
yerlesim alany, yesil alan, su alani, tarim alani ve ¢iplak alandir.

Calismada oncelikle elde edilen uydu goriintileri kontrollii siniflandirma metotlarindan Maksimum Olabilirlik
Yontemi ile siniflandirilmistir. Maksimum Olabilirlik Yonteminin kullanilmasinin en 6nemli nedenlerinden biri
diger kontrollii siniflandirma yontemlerine goére yerlesim alanina ait siniflar1 yiiksek dogruluk oranlariyla
siniflandirabilmesidir. Ayni zamanda Maksimum Olabilirlik Yontemi siniflandirma ¢alismalarinda basit ve giiglii
bir yaklasim olarak kabul edilmektedir. Siniflandirilmig biitiin goriintiilerin dogruluk analizi, rastgele belirlenen
300’tn tzerindeki kontrol noktasinin yiiksek ¢oziintirlikli uydu goriintiileri ile karsilastirilmasi sonucu elde
edilmistir. Dogruluk analizi sonucunda arazi kullanim ve arazi 6rtiisti haritalarinin her bir sinif i¢in alansal olarak
degisimleri hesaplanmistir. Hesaplanan degisimler sonucu degisim matrisi tiretilmistir. Degisim matrisi calisma
alanindaki temel degisim alanlar1 hakkinda bilgi vermektedir.
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Sekil 1. Yontem Akis Semasi

YSA-HO modeli gelecekteki arazi kullanim degisikliklerini tahmin etmek igin uygulanmistir. Modellemenin
olusturulabilmesi icin gerekli olan girdi verileri, daha 6nceden yapilmis ¢alismalardan yola ¢ikilarak ytkseklik,
egim, akarsuya uzaklik, kara yoluna uzaklik ve yerlesim alanina uzaklik olarak belirlenmistir. Calismada girdi
verisi olarak kullanilacak sayisal yiikseklik modeli USGS Earth Explorer sitesinden indirilmistir. Elde edilen sayisal
yukseklik modeli kullanilarak ArcGIS 10.4 yaziliminda bir diger girdi verisi olan egim haritasi tiretilmistir. Akarsu
verisi Copernicus Land Monitoring Service sitesinden ve kara yolu verisi Open Street Map (OSM) sitesinden elde
edilmistir. Akarsu ve kara yolu verilerini ArcGIS 10.4 yazilimi icinde bulunan Oklid Mesafe Yéntemini kullanarak
uzaklik verileri elde edilmistir. Yerlesim alani verileri ise kontrollii siniflandirma yoéntemi kullanilarak
smiflandiriimis 2020 yili yerlesim alani sinifindan maskelenerek ¢ikarilmigtir. Onceki arazi kullanim durumlari da
referans alinarak gelecekteki arazi kullanim durumlari modellenmistir. 2000-2010 yillarindaki veriler
kullanilarak 2020 yihi i¢in simiilasyon modeli olusturulmus ve kullanilan simiilasyon modelinin dogrulugunu,
dogrulma dogrulugunu temsil eden kappa istatistikleri (standart kappa, kappa histogram ve kappa location) ile
dogrulanmistir. Modelin dogrulugu kanitlandiktan sonra 2030 ve 2040 yillarina ait tahmin modelleri simiile

edilmistir. Sekil 1’de yontem akis semasi gosterilmektedir.

2.1. Calisma Alam

Melikgazi ilcesi I¢ Anadolu Bblgesinde bulunan Kayseri ilinde yer almaktadir. Kayseri ili 372 45’ ile 382 18’ kuzey
enlemleri ve 342 56’ ile 362 58’ dogu boylamlari arasinda bulunmaktadir. Kayseri ili icerisinde bulunan Melikgazi
ilgesi ilin en biiyiik ilcelerinden biridir. ilgenin yiizél¢iimii 440 km®dir ve niifusu 594.344 kisidir [20] (Sekil 2).
Melikgazi ilcesi merkez sehrin biiyiik bir béliimiinii kapsamaktadir ve ilgenin batisinda incesu, Hacilar ve
Kocasinan il¢esinin bir kismi, dogusunda Biinyan, giineyinde Talas ve kuzeyinde Kocasinan ilgesi yer almaktadir.
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Sekil 2. Calisma Alani

2.2. Smiflandirma

Siniflandirma ham halde bulunan uydu goriintiilerinin tizerindeki cisimlerin farkli spektral yansitim degerlerini
esas alarak goriintiideki her elemanin ait oldugu simf 6zelliklerine atanmasi islemidir. islenmemis uydu
goriintiilerini yorumlanabilir verilere doniistiirmek i¢in kullanilan bir tekniktir. Siniflandirma yéntemleri nesne
tabanli ve piksel tabanli olmak iizere iki ana bolime ayrilir. Piksel tabanli siniflandirma yontemlerinde
goriintiideki piksel degerleri kullanilirken, nesne tabanli siniflandirma yéntemlerinde ise yalnizca piksel degerleri
degil piksellerin komsuluk 6zelliklerini yansitan bilgileri de kullanan bir yontemdir [5]. Bu calismada piksel tabanl
yontemlerden kontrolli siniflandirma metotlarindan biri olan Maksimum Olabilirlik Yontemi kullanilmistir.
Kontrolli smiflandirma yontemi kullanicinin bilgi ve deneyimini modele aktarabildigi icin 6zellikle saghkli
sonuglar elde edebilmek icin kullanilmistir. Maksimum Olabilirlik Yontemi ise literatiirde en sik kullanilan
siniflandirma ydntemidir.

Bu ¢alismada arazi kullanim ve arazi 6rtiisii haritalarini olusturabilmek i¢in test verileri 5 sinifa ayrilmistir. Bu
siniflar; yerlesim alani, yesil alan, su alani, tarim alani ve ¢iplak alandir.

2.3. Dogruluk Analizi

Dogruluk analizi siniflandirma sonucu elde edilen verilerin piksellerinin ait olduklari siniflara atanip atanmadigini
tespit eden analiz yontemidir. Piksellerin yanlis siniflara atanmasi simiflandirma hatasidir [5]. Dogruluk analizinde
simiflandirilan gorintiiler ile gercek gorintiiler karsilastirilmaktadir. Calisma alanina ait gercek degerler hava
fotograflari, uydu goriintiileri, saha ¢alismalari ve topografya goriintiilerinden elde edilebilmektedir. Dogruluk
analizi icin her siifa ait referans verileri belirlenir ve bu referans verileri siniflandirilmis goriintiiler ile
karsilastirilarak hata matrisi olusturulur [5]. Hata matrisinden elde edilen verilerle genel dogruluk ve Kappa
Istatistigi degeri iiretilir.

Genel dogruluk hata matrisindeki toplam piksel sayisinin dogru sayisina boéliinmesi ile hesaplanir [12]. Esitlik 1'de
genel dogruluk formiilii gosterilmektedir.
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XA
o = | — 1
Genel Dogruluk (ZB x100 (1)

Esitlikte A, ait olduklar1 dogru sinifa atanan toplam piksel sayisini, B ise gercekten bu siniflara ait olan toplam
piksel sayisini ifade etmektedir. Bir sinifa ait dogru piksellerin sayisi, bulundugu siitundaki tiim piksellere
béliintirse kullanici dogrulugu; bir sinif icindeki tiim piksellerin sayis1 bulundugu satirdaki tiim piksellerin sayisina
béliintirse tiretici dogrulugu elde edilmis olur [13].

Dogruluk analizinde kullanilan bir diger 6l¢iit Kappa katsayisidir. Kappa katsayisi hesaplanirken hata matrisinin
tlim elemanlar1 kullanilir. Esitlik 2’de Kappa katsayisi formiilii gosterilmektedir.

N Yo xi — Ziea (i) x ()]

K =N 3 ()

(2)

Esitlikte;

K: Kappa Katsayisi

r: Hata matrisindeki satir sayisi

xii: Satir (i.) ve Siitundaki (i.) toplam 6rnek sayisi
xi+: i. satirin toplam degeri

x+i: i. slitunun toplam degeri

N: Matristeki toplam 6rnek sayisidir.

Genel dogruluk oraninin %80’den ve Kappa Istatistigi degerinin 0.8'den biiyiik olmasi durumunda dogruluk analizi
basarili kabul edilir yani yapilmis olan siniflandirma dogru kabul edilir [6].

2.3.1. Simiilasyon Modeli Dogruluk Analizi

Simiilasyon modeli dogruluk analizi Hiicresel Otomat ile olusturulmus simiilasyon goériintiilerinin sonuglarinin
dogrulanmasini saglar. Simiilasyonu olusturulan arazi kullanim haritasinin dogrulugunu dogrulamak i¢in
siniflandirilmis arazi kullanim haritalarini temsil eden referans verilerin kullanilmasiyla olusturulur [21].
Simiilasyonun bagimli degiskenleri olarak da bilinen siniflandirilmis (t1) ve (t2) zaman dilimindeki arazi kullanim
haritalar tarafindan kontrol edilir. (t2) zamaninda siiflandirilan arazi kullanim haritasi ile MOLUSCE tarafindan
simiile edilen (t2") zamaninin karsilagtirilmasi ile dogruluk analizi gergeklestirilir.

Dogrulama sonuglari; kappa histogrami, yerel kappa ve 0-1 araliginda degerler alan genel kappa olmak iizere
istatistiksel katsayilarla ifade edilir. p;;, degeri rastgele bir grid tablosunun i, j’inci hiicresi, p;;, degeri i’ inci grid
satirindaki tiim hiicrelerin toplami, p.;, degeri j' inci grid stitunundaki tiim hiicrelerin toplami ve c raster
kategorilerinin sayisini temsil etmektedir [21]. Kappa katsayilar1 asagidaki esitliklerdeki gibi hesaplanmaktadir:

P(A) = Z Pij (3)
P(E) = Zpupt,- 4)
Prax = min (pipe;) (5)
Kioe = % (7
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Pmax _P(E)

1-P(E) (8)

Khise =

2.4. Degisim Analizi

Degisim analizi farkli zamanlarda ayni bolgeye ait olan iki ya da daha fazla goriintiiniin ¢evresel degisimlerinin
incelenmesi teknigidir [7]. Arazi kullanim ve arazi ortiisii dogal ve yapay etkenlerden dolay: siirekli degisim ve
gelisim icerisindedir. Degisim bilgilerinin elde edilebilmesi ve ileriye déniik tahmin modelleri olusturulabilmesi
icin bu degisimlerin izlenmesi 6nemlidir [8].

2.5. Simiilasyon Yontemleri

Simiilasyon modelleri kirsal ve kentsel alanlardaki degisimlerin incelenmesi ve planl calismalar yapilmasi
konusunda 6nemli faydalar saglamaktadir [9]. Karmasik kent yapisinin modellenmesinde kullanilan ¢6ziimii zor
olan simtlasyon hesaplamalar1 gelisen teknoloji ile birlikte bilgisayar ortaminda yapilabilmesi biiyiik kolaylik
saglamaktadir [10]. Simiilasyon modelleri siirdiiriilebilir kalkinma hedeflerinin olusturulmasinda, gelecege
yonelik planlamalarin yapilmasinda ve degerlendirilmesinde biiyiik rol oynamaktadir.

Simiilasyon yontemlerinde gilincel veri elde etme konusunda uzaktan algillama teknikleri biiyiik katki
saglamaktadir. Farkli ¢oziiniirliiklerde, farkli zamanlara ait veriler elde edilebilmesi ve verileri isleme konusunda
sagladig: kolayliklar ile simiilasyon yontemlerinin 6nemli bir parcasini olusturmaktadir. Cografi bilgi sistemleri
ise glicli analitik becerilerle mevcut durumu incelemek ve planlama calismalarina yonelik 6nemli araglar
saglamaktadir [11]. Simiilasyon yontemleri ise bu iki teknikten elde edilen verilerle gelecekte olabilecek
degisimleri modelleyerek etkin planlama ¢alismalar1 olusturulmasina katki saglar.

Simiilasyon yoéntemleri iki bashkta ele alnir. ilki kentsel biiyiime modelleri; Von Thiinen Modeli, Es Merkezli
Bélgeleme Teorisi, Merkez Alan Teorisi ve Sektér Teorisidir. Ikincisi ise giiniimiizde ise kentsel biiyiime, arazi
kullanimi ve arazi ortiisii degisimlerinin modellenebilmesi i¢in; Hiicresel Otomat (HO), Yapay Sinir Aglar1 (YSA),
Markov Zincirleri, SLEUTH Modeli gibi bir¢ok simiilasyon yontemi ortaya ¢ikmistir [11].

Bu ¢alisma kapsaminda Yapay Sinir Aglar1 ve Hiicresel Otomat yonteminin entegre bir sekilde kullanildig1 QGIS
yaziliminin MOLUSCE eklentisi kullanilmistir.

2.5.1. Yapay Sinir Aglari

Yapay Sinir Aglar1 insan beyninin yapisini esas alarak, bilgisayar ortamina bu modeli aktaran ve dogal ortami
matematiksel temellere dayali bir sekilde taklit eden modellerdir [9]. Yapay Sinir Aglan giris, gizli katman ve ¢ikis
olmak tlizere li¢ katmandan olusan néron yapilarindan meydana gelmektedir. Néronlardan olusan bu katmanlar
birbirlerine agirlik baglantilari ile baghdirlar [9]. Birbirlerine hiyerarsik bir sekilde baglanan girdi katmani, gizli
katman ve ¢ikti katmani sinir ag1 modelini olusturmaktadir. Yapay sinir aglar1 girdi degerlerini alir ve bu girdi
degerlerini agirliklarla ¢arparak bir fonksiyona sokar ve ¢ikt1 degerini liretir.

Yapay sinir aglarinin egitimi genellikle geri yayilim algoritmasi kullanilarak yapilir. Agin ciktilar ile beklenen
¢iktilarin karsilastirilmasiyla baslar ve bu hatalarin agdaki her bir baglantiya geriye dogru yayilmasini saglar. Bu
sayede agdaki baglantilarin agirliklar egitim verisiyle uyumlu hale getirilir. Yapay Sinir Aglar1 gegmis ile gelecek
arasindaki iliskileri tahmin ederek gelecek hakkinda tahmin haritalar1 olusturabilmektedir. Model veri setleriyle
egitilerek, yeni siniflar olusturarak farkli siniflara ait arazi kullanim ve arazi értiisii haritalar iiretebilmektedir [9].

2.5.2. Hiicresel Otomat

Otomat kavrami ilk olarak 1930’lu yillarda bilgisayarin temel ¢alisma prensiplerini belirleyen Evrensel Turing
Makinesi, Alan M. Turing’e atfedilerek ortaya cikmistir. Ilerleyen asamada John von Neumann ve Stanislaw Ulam
ile birlikte Hiicresel Otomat’it bulmustur. 1970 yilinda John Horton Conway “Hayat Oyunu (Game of Life)” olarak
isimlendirdigi genis c¢apta bilinen Hiicresel Otomat’1 gelistirmistir [10]. Hayat oyununun evreni, sonsuz ve iki
boyutlu gridin olusturdugu 6li veya diri hiicrelerdir. Her hiicre yatay, dikey veya capraz olarak bitisik sekiz
komsusuyla direkt olarak etkilesimde bulunmaktadir. Model iginde bulunan bir hiicrenin durumunu belirlemek
icin komsu sekiz hiicreden bilgi alinir. Herhangi bir hiicre i¢in, her asamada asagidaki degisikliklerden biri
gerceklesmektedir [10]. Bir canli hiicrenin, iki ya da {i¢ canli komsusu varsa degismeden bir sonraki nesle kalir,

1. Bir canli hiicrenin, iicten daha fazla canli komsusu varsa kalabaliklagsma nedeniyle 6liir,
2. Bir canli hiicrenin, ikiden daha az canli komsusu varsa yalnizlik nedeniyle 6liir,
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3. Bir olii hiicrenin tam olarak ii¢ canli komsusu varsa canlanir.

Her bir hiicrenin gelisimi ¢evresindeki hiicrelere baglidir ve Hiicresel Otomat yontemi ile her bir hiicrenin ileriye
yonelik mekansal gelisimi cevresindeki hiicreler ile tahmin edilebilmektedir. Hiicresel Otomat yodntemi
mekansaldir ve basit kurallar sayesinde karmasik modeller iiretebilmektedir bu 6zelliklerinden dolay1 kentsel
biiytime simiilasyonlarinda etkin bir sekilde kullanilabilmektedir.

2.5.3. Yapay Sinir Aglari ve Hiicresel Otomat

Yapay sinir aglar1 ve hiicresel otomat, kentsel biiylime simiilasyon modellerinde birbirleriyle entegre bir sekilde
kullanildiginda, birbirlerinin avantajlarini birlestirerek daha giiclii ve etkili bir model olusturmaktadir. Yapay sinir
aglar1 dogrusal olmayan problemlerin ¢6ziimiinde en sik kullanilan yontemlerden biridir. Model yapay sinir
aglarini kullanarak insan ve doga arasindaki karmasik yapiy1 ¢6ztimleyerek gelisim olasiliklarini hesaplar [14].
Simiilasyon ¢alismalarinda hiicresel otomatin entegrasyonu son yillarda 6zellikle kentsel biliyiime alaninda artis
gostermistir [9]. Hiicresel otomatlar kent dokusu, arazi kullanimi ve kentsel gelisim gibi faktorleri modellemek
icin kullanilmaktadir. Her hiicre ¢evresindeki hiicrelerin durumunu dikkate alarak kent icindeki biiyiime ve
gelisimi simiile edebilirler.

Yapar sinir aglar1 ve hiicresel otomat yonteminin birlikte kullanimi, kent planlamasi a¢isindan dogru, etkili ve
surdiiriilebilir kararlar alinmasina yardimci olabilirler. Bu iki yontemin entegre bir sekilde kullanilmasi 6zellikle
kentsel alanlarin gelecekte gelisiminin daha iyi anlasilmasina ve siirdiiriilebilir sehirler olusturulmasi i¢in uygun
stratejiler gelistirilmesine olanak tanimaktadir.

3. Bulgular ve Tartisma

3.1.Arazi Kullanimi ve Arazi Ortiisii Degisiklik Tespiti

2000, 2010 ve 2020 yilina ait arazi kullanim ve arazi ortiisii haritalar1 Landsat uydu goriintiileri kullanilarak,
kontrolli siniflandirma metotlarindan Maksimum Olabilirlik Yontemi ile siniflandirilmislardir. Siniflandirilmis
goriintiler Sekil 3.’te sirasiyla gosterilmektedir. Siniflandirilmis goriintiileri kullanabilmek i¢in dogruluk belirleme
isleminin yapilmasi gerekmektedir.

115



Arazi Kullanimi ve Arazi Ortiisii Degisim Analizi ve Gelecege Yonelik Simiilasyon Modeli, Kayseri Melikgazi Ornegi

2000 Y1l1 Arazi Kullanim Haritas1 2010 Y1l1 Arazi Kullanim Haritas1
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Sekil 3. 2000, 2010 ve 2020 Yili Arazi Kullanim Haritasi

2000, 2010 ve 2020 yillarina ait dogruluk tespiti icin iiretilen arazi kullanim haritalarindan 300’iin iizerinde
rastgele kontrol noktasi belirlenmistir ve her bir nokta Google Earth Pro yazilimi yardimiyla karsilastirilmistir.
Karsilastirmalar sonucunda hata matrisleri olusturularak dogruluk oranlari hesaplanmistir. 2000, 2010 ve 2020
yillarina ait genel dogruluk oranlari sirasiyla %91.32, %90.41 ve %91.16 olarak hesaplanmistir. Kappa katsayilari
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2000, 2010 ve 2020 yillar1 icin sirasiyla 0.86, 0.84 ve 0.87 olarak tespit edilmistir. Tablo 1’de yillara gére dogruluk
oranlar1 gosterilmektedir. Elde edilen dogruluk degerleri smiflandirma g¢alismasinin standartlara uygun
yapildigini géstermektedir.

Tablo 1. 2000,2010 ve 2020 Dogruluk Oranlar:

vil Genel Dogruluk (%)  Kappa
2000 91.32 0.86
2010 90.41 0.84
2020 91.16 0.87

Bu ¢alisma kapsaminda Melikgazi ilcesinde ge¢misten glintimiize (2000-2020) arazi kullanimi ve arazi értiisiinde
meydana gelen degisimler belirlenmistir. 20 yillik degisim analizi i¢cin ArcGIS yazilimi kullanilmistir. Tablo 1.'de
2000 yilindan, 2020 yilina kadar arazi kullanim ve arazi ortiisii degisim matrisi gosterilmektedir.

20 yillik siirecte 6nemli degisikliklerin gerceklestigini soylemek miimkiindiir. Yerlesim alan1 2000 yilinda 3599
hektar iken 2020 yilinda 8761 hektara ¢ikmistir. 20 yillik stiregte yerlesim alaninda %143°liik bir artis yasanmustir.
Bu artisin en 6nemli nedenlerinden biri Kayseri'nin bir sanayi sehri olmasidir ve sanayi bolgelerinin Melikgazi
ilcesi icerisinde yer almasidir. Ilgenin bat1 kesiminde yillar icinde gelisip biiyiiyen Kayseri Organize Sanayi Bolgesi
ve ilgenin giiney kesiminde yeni kurulan Mimar Sinan Organize Sanayi bélgesi yer almaktadir. Iki biiyiik sanayi
bolgesine ev sahipligi yapan ilge is imkanlarinin fazla olmasindan kaynakli ilce merkezi ve ¢evresinde yerlesim
alanlarinin artisina sebep olmustur.

Tablo incelendiginde yesil alanlarda artis gortilmektedir bunun en biiytik sebeplerinden biri Kayseri'de bag olarak
adlandirilan sayfiye alanlarinin artmasi ve mesire alanlarinda iyilestirilmeye gidilmesidir. Ozellikle yaz aylarinda
bag yerlesimlerinde artan ekim ve dikim faaliyetleriyle birlikte yesil alanlarda artisa neden olmustur. Melikgazi
ilgesi sinirlari igcinde bulunan Tekir Gélet’i ve Sarimsakli Baraji su alani sinifina dahil edilmistir. Su alanlarinda
gozlemlenen %7’lik azalisin 6nemli nedenlerinden biri ilce yerlesim alaninin hizl artisidir. Diger etken ise iklim
degisikligidir yazlarin ¢ok sicak ge¢mesiyle azalan su miktarinin, sonbahar ve kis aylarinin az yagish ve kisa
sirmesiyle yerine konulamamasi su alaninda azalisi tetiklemistir.

Tarim alanlarinda goriilen %13’lik azalisin bir kismi yerlesim alanlarina ge¢mis bir kismi ise ¢iplak alana
donlsmiistiir. Degisim matrisi incelendiginde yesil alana da ge¢is oldugu goriilmekte bunun nedeni tarim alanlari
ile yesil alanlarin piksel yansitim degerlerinin birbirlerine yakin olmasindan kaynaklanmaktadir. Ciplak alanlarda
ise %12’lik bir azalis tespit edilmistir.

2000,2010 ve 2020 Yili Arazi Kullanim Degisimleri
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Sekil 4. 2000, 2010 ve 2020 Yili Arazi Kullanim Degisimleri [ha]
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Tablo 2. 2000 ve 2020 Yili Degisim Matrisi

2000 Yilh
Yerlesim  Yesil Su Tarim Ciplak
Alani Alan Alan1  Alam Alan Toplam
Yerlesim Alan1  2091.08 56392 11946 1900.68 4086.54 8761.67
Yesil Alan 316.91 3677.65 1566 1321.53  2389.51 7721.27
Su Alani 13.43 10.19 110.95 34091 84.54 254.01
2020 Tarim Alani 703.27 528.81 15.62 10377.84 4095.21 15720.74
Yil  Ciplak Alan 474.54 1105.05 11.64 4534.45 25178.17 31303.84
Toplam 3599.22 5885.62 273.32 18169.40 35833.97 63761.53
Goriinti Fark:
(ha) 5162.45 1835.65 -19.31 -2448.66 -4530.13 0.00
Goruntii Farki
(%) 143.43 31.19 -7.06 -13.48 -12.64

3.2. Arazi Kullanim Simiilasyonu

Gelecege yonelik tahmin modelinin olusturulabilmesi i¢in daha 6nce hazirlanmis olan 2000, 2010 ve 2020 yillarina
ait arazi kullanim haritalar1 ve girdi verileri olan ytikseklik, egim, yola uzaklik, akarsu uzaklif1 ve yerlesim
alanlarina uzaklik verileri kullanilmistir (Sekil 4.). Simiillasyon modeli olusturmak icin pek ¢ok modiil
bulunmaktadir ve bu ¢alismada QGIS yazilimi icerisinde bulunan MOLUSCE eklentisi kullanilmistir. MOLUSCE
Yapay Sinir Aglar1 ve Hiicresel Otomat yontemini birlikte kullanarak daha saglikli simiilasyon verileri elde

edilmesini saglamaktadir.

Akarsu Uzaklik Haritasi 't

Lejant Lejant
Value Value

Yol Uzaklik Haritasi

4

Lejont

Value
— 160363

Egim Haritasi

-

Yerlesim Uzakhk Haritasi

Lejant
Value

. Hgh 36552

Yiikseklik Haritas: J:

|

Lejant

B %
-

Sekil 5. Simiilasyon girdi verileri
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Melikgazi ilgesine ait 2030 ve 2040 yillarina ait tahmin modellerini olusturabilmek icin 6ncelikle 2000, 2010 ve
2020 yih arazi kullanim haritalar1 kullanilarak model dogrulama ¢alismasi yapilmistir. 2000 ve 2010 yili
verilerinden yola ¢ikarak 2020 yil1 i¢in bir simiilasyon modeli gelistirilmistir. Modellemesi yapilan 2020 yil1 arazi
kullanim haritasi ile 2020 y1l1 gergek arazi kullanim haritasi karsilastirilmistir. Karsilastirma sonucunda 2020 y1ili
arazi kullanim simiilasyonuna ait Kappa istatistigi degeri 0.86 olarak hesaplanmistir. Simiilasyon modeli icin genel
dogruluk orani %91.13 olarak gerceklesmistir. Bu sonuglar gelecege yonelik modelle olusturulabilmesinin uygun
oldugunu gostermektedir. Tablo 2.’de degerlendirme oranlar1 gosterilmektedir.

Tablo 3. Simiilasyon Dogruluk Degerlendirmesi

2020 Yil1 Arazi Kullanim Simiilasyon Modeli Olciitleri Degerler
Dogruluk Yiizdesi (%) 91.13
Kappa (overall) 0.81
Kappa (histogram) 0.93
Kappa (location) 0.86

2000, 2010 ve 2020 yillarina ait arazi kullanim haritalar1 kullanilarak 2030 ve 2040 yillar1 icin simtlasyon
modelleri olusturulmustur. Sekil 3."te simiilasyon modelleri gosterilmektedir. Modelleme sonuglarinda yerlesim
alanlarinda artisin devam edecegi gozlemlenmistir. 2020 yilinda %13’lik bir yer kaplayan yerlesim alan1 2030
yilinda %14, 2040 yilinda %15°lik bir alan kaplayacagl tahmin edilmistir. 2020 yilinda 15727 hektarlik alani
kaplayan tarim alanlar1 2030 yilinda 15398 hektara ve 2040 yilinda 15100 hektara diismektedir. Burada yasanan
azalisim yerlesim alanlarina doniistiigii tahmin edilmektedir. Her yil oldugu gibi 2030 ve 2040 yillarinda da su
alanlarinda azalis olacagli modellenmistir. Tablo 4.’te 2020, 2030 ve 2040 yillar1 arasindaki arazi kullanim degisim
degerleri gosterilmistir.

Tablo 4. 2020, 2030 ve 2040 Y1l Arasindaki Degisim

2020 Y11 Arazi Kullanim 2030 Y11 Simiilasyon 2040 Y11 Simiilasyon

Siniflar ha % ha % ha %
Yerlesim Alani 8769.98 13.74 9069.98 14.21 10069.98 15.75
Yesil Alan 7727.31 12.11 7546.60 11.83 7046.66 11.04
Su Alani 254.06 0.4 236.42 0.37 218.60 0.34
Tarim Alani 15727.59 24.65 15398.69 24.13 15100.35 23.67
Ciplak Alan 31316.15 49.09 31543.40 49.44 31359.51 49.16

2020, 2030 ve 2040 Yili Arazi Kullanim Degisimleri
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Sekil 6. 2020, 2030 ve 2040 Y1l Arazi Kullanim Degisimleri [ha]
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4. Sonug¢

Gelisen ve degisen yasam kosullariyla birlikte artan niifus ve hizli kentlesme gibi etkenler, arazi kullanim ve arazi
ortiist yapisinda 6nemli degisimlere sebep olmaktadir. Yerlesme alanlarinda yasanan artis, ekonomik biiyiime ve
sanayi alanlarinin artmasi dogal ekosistemleri olumsuz etkilemektedir. Arazi kullanimindaki degisimler yalnizca
fiziki degil sosyal, kiiltiirel etmenleri de biiytik 6l¢iide etkilemektedir. Stirdiiriilebilir kentlere sahip olabilmek i¢in
daha planl ¢alismalar yapilmali ve arazi kullaniminda meydana gelen degisimler tespit edilmelidir. Bunlardan yola
¢ikarak Melikgazi ilgesinin arazi kullanim degisimleri analiz edilmis ve gelecege yonelik tahmin modelleri
olusturulmustur.

Melikgazi ilgesinde 2000 yilindan bu yana yerlesim alanlarinda biiyiik oranda artis yasanmistir. Ozellikle sanayi
bolgelerinin hizla gelismesi ve is imkanlarinin artisi ilgenin hizli bir sekilde gelisip, degistigini gostermektedir.
Olusturulan simiilasyon modellerinde bu artisin devam edecegi goériilmiistiir. ilce merkezinde olusan niifus
baskisiyla beraber yerlesim alanlarinin merkezden ¢evreye yayilmasi sonucunda tarim alanlarinda azalis
yasandig1 gorilmistiir ve elde edilen simiilasyon modellerinde ise ayni durumun devam edecegi tahmin edilmistir.

Bu calisma arazi ortiisii ve arazi kullanimi ile ilgili gelecege yonelik planlama ¢alismalar1 yapilirken nasil
ilerlenmesi gerektigiyle ilgili 6nemli bilgiler vermektedir. Gelecege yonelik simiilasyon modelleriyle ile ilgili farkli
modelleri entegre ederek yapilmis ¢alismalar bulunmaktadir. Ancak Yapay Sinir Aglar1 ve Hiicresel Otomat
yonteminin bir arada kullanildig1 ¢ok az ¢alisma vardir. Ozellikle QGIS yaziliminin MOLUSCE eklentisi ¢calismalarda
yeni yeni kullanilmaya baslamistir. Hizli ve etkili sonuglar elde etmeye yarayan bu eklenti planlama ¢alismalari
icin buyiikk bir potansiyele sahiptir. Melikgazi ilcesi 6zelinde bdyle bir ¢alismaya arastirmalar sonucunda
rastlanmamistir ve ilgce icinde 6nemli bir veri kaynagidir.

Kaynak¢a

[1] Perovi¢, V., Jaksi¢, D., Jaramaz, D., Kokovi¢, N.,, Cakmak, D., Mitrovié, M., & Pavlovi¢, P., 2018. Spatio-temporal
analysis of land use/land cover change and its effects on soil erosion (Case study in the Oplenac wine-
producing area, Serbia). Environ Monit Assess (2018)190, 675.

[2] United Nations, 2018. Urbanization.
https://www.un.org/development/desa/pd/content/urbanization-0 (Erisim Tarihi: 20.12.2023)

[3] Bolat, S., Dogan, M., 2022. Uzun Dénemli (1984-2020) Arazi Kullanimi Degisiminin Tespiti ve Modellemesi
(2035): Gélciik flcesi’'nin Analizi, Cografya Dergisi, 44: 169-181.

[4] Tawfeeq, A., F., Kurban, T., 2022. Hiicresel Otomata markov zincir yontemi ile kentsel yayilmanin
modellenmesi: Kerkiik ili 6rnegi, Geomatik Dergisi, 7 (1): 58-70.

[5] Sunar, F., Ozkan, C., Osmanoglu, B., 2018. Uzaktan Algilama. Anadolu Universitesi, Eskisehir. 220 s.

[6] Karayol, O., 2012. Uzaktan Algilama ve Cografi Bilgi Sistemleri Kullanilarak Arazi Kullamim Degisimlerinin
izlenmesi: Konya Grnegi. Erciyes Universitesi, Fen Bilimleri Enstitiisii, Yiiksek Lisans Tezi, 105s, Kayseri.

[7] Kayman, O., 2015. Spektral indekslerin Arazi Ortiisii/Arazi Kullanimi Siniflandirmasina Etkisi: Istanbul,
Beylikdiizii Il(;esi, Arazi Kullanimi Degisimi, istanbul Teknik Universitesi, Fen Bilimleri Enstitiisii, Yiiksek
Lisans Tezi, 123 s, Istanbul.

[8] Baysal, D., 2006. Eskisehir Kentsel Yerlesim Alaninin Farkl Yillara Ait Fiziksel Degisiminin Uzaktan Algilama
Yontemi ile Degerlendirilmesi, Anadolu Universitesi, Fen Bilimleri Enstitiisii, Yiiksek Lisans Tezi, 89 s,
Eskisehir.

[9] Caghyan, A., Dagly, D., 2014. Arazi Kullaniminda Simiilasyon Modelleri ve Entegre Kullanimlari, TUCAUM VIII.
Cografya Sempozyumu, Ekim 2014, Ankara.

[10] Ayazl, i, E, Batuk F., Demir, H., 2011. Kentsel Yayilma Simiilasyon Modelleri ve Hiicresel Otomat, 13. Tiirkiye
Harita Bilimsel ve Teknik Kurultayi, 18-22 Nisan 2011, Ankara.

[11] Yazicy, A, D., Oztiirk, D., Ayazly, I, E., 2019. Kentsel Bilyiimenin Modellenmesi ve Simiilasyon Modelleri,
International Journal of Multidisciplinary Studies an Inovative Technologies, 3 (1): 44 - 47.

[12] Kilar, H., 2012. Antalya Kiyilar1 ve Cevresinin Zamansal Degisiminin Uzaktan Algilama ve Cografi Bilgi
Sistemleri ile Analizi, Sakarya Universitesi Sosyal Bilimler Enstitiisii, Yiiksek Lisans Tezi, 101 s, Sakarya.

[13] Kaya, M., 2020. Gediz Deltas1 ve Yakin Cevresinde Zamansal Degisimin Uzaktan Algilama ve Cografi Bilgi
Sistemleri ile Analizi, Marmara Universitesi, Sosyal Bilimler Enstitiisii, Yiiksek Lisans Tezi, 121 s., Istanbul.

[14] Sahin, E., 2021. Kentsel Biiylime Simiilasyon Modelleri, International Geoinformatics Student Symposium, 28-
29 Haziran 2021, Mersin.

[15] Bolat, S., Dogan, M., 2022. Uzun Donemli (1984-2020) Arazi Kullanimi1 Degisiminin Tespiti ve Modellemesi
(2035): Gélciik flcesi’'nin Analizi, Cografya Dergisi, (44): 169-181.

[16] Karip, G., Goksel, C., 2017. igneada koruma alaninin arazi értiisii/arazi kullaniminin zamana bagh degisiminin
markov zincirleri ile modellenmesi, Geomatik Dergisi, 2 (2): 94-105.

121


https://www.un.org/development/desa/pd/content/urbanization-0

Arazi Kullanimi ve Arazi Ortiisii Degisim Analizi ve Gelecege Yonelik Simiilasyon Modeli, Kayseri Melikgazi Ornegi

[17] Kafy, A., Naim, H., Subramanyam, G., Faisal, A., Ahmed, N., U,, Rakip, A., Kona, M., A, Sattar, G., S., 2021. Cellular
Automata Aprroach in Dynamic Modelling of Land Cover Changes Using RapidEye Images in Dhaka,
Bangladesh, Environmental Challengs, 4, 1-15.

[18] Canpolat, F., A, Dagl, D., 2020. Elaz1g ili'nde Arazi Kullanim Degisimi (2006-2018) ve Simiilasyonu (2030),
International Journal of Geography and Geography Education, 42: 702-723.

[19] Aydin, 0., 2011. CBS Temelli Hiicresel Otomata Yontemiyle Kentsel Biiyiime Modeli: Ankara Ornegi, Cografi
Bilimler Dergisi, 9 (2): 135-157.

[20] Anonim, Kayseri il Kiiltiir ve Turizm Midiirliigii web sitesi. https://kayseri.ktb.gov.tr/ (Erisim Tarihi:
20.12.2023)

[21] Blissag, B., Yebdri, D., Kessar, C., 2024. Spatiotemporal Change Analysis of LULC Using Remote Sensing and
CA-ANN Approach in the Hodna Basin, NE of Algeria, Physics and Chemistry of the Earth, 133: 1-13.

122


https://kayseri.ktb.gov.tr/

Erciyes Universitesi Erciyes University
Fen Bilimleri Enstitiisii Dergisi Journal of Institue Of Science and Technology
Cilt 40, Say1 1, 2024 Volume 40, Issue 1, 2024

Detection of Retinal Diseases from Fundus Images Using Deep Learning and Adaptive
Histogram Equality

Ali Emre Gok+ "' , Sakir Tasdemir

*1 Nevsehir Haci Bektas Veli University, Faculty of Engineering and Architecture, Computer Engineering,
NEVSEHIR
2 Selcuk University, Faculty of Technology, Computer Engineering, KONYA

(Almnis / Received: 29.01.2024, Kabul / Accepted: 01.04.2024, Online Yayinlanma / Published Online: 30.04.2024)

Keywords Abstract: Recently, various eye diseases such as cataracts, diabetic retinopathy,

Deep Learning, glaucoma, macular edema, myopia, and astigmatism have been seen frequently.

CDlatlbetlct Retinopathy, Cataracts, diabetic retinopathy, and glaucoma cause blurred vision, loss of vision,
ataracts,

and blindness in cases where they are left untreated and undiagnosed. Lack of
experts and equipment, hardware problems, and erroneous decisions made by
experts cause problems in the diagnosis process. Because of these reasons,
computer-aided diagnosis systems that can diagnose accurately are required. Deep
learning algorithms performed well in the field of health, recently. These results
show that deep learning algorithms can be used in the diagnosis of eye diseases. In
this study, various CNN models were used for classifying eye diseases such as
cataracts, diabetic retinopathy, and glaucoma from fundus images. In the image
preprocessing stage, the Contrast Limited Adaptive Histogram Equalization method
was used. Experimental results demonstrate that VGG16 was the most successful
model among the evaluated models in this study and the Contrast Limited Adaptive
Histogram Equalization method increased the performance.

Glaucoma,
Image Classification

Derin Ogrenme ve Adaptif Histogram Esitleme Kullanarak Retinal Hastaliklarin Fundus
Goriintillerinden Tespiti

Anahtar Kelimeler 0z: Giiniimiizde, katarakt, diyabetik retinopati, glokom, makiiler 6dem, miyop ve
Derin 6grenme, astigmat gibi ¢esitli goz hastaliklar1 sikhikla goriilmektedir. Bu hastaliklardan
Diyabetik retinopati, katarakt, diyabetik retinopati ve glokom, teshis ve tedavi edilmedikleri durumlarda,
gf‘;ig?rlf’t' bulanik gérmeye, gérme kaybina ve hatta korliige neden olmaktadir. Uzman ve

donanim eksikligi, donanimsal problemler ve uzmanlarca verilen hatali kararlar gibi
cesitli nedenlerle, teshis asamasinda sorunlarla karsilasilmaktadir. Bu nedenlerden
dolayi, Bilgisayar Destekli Teshis sistemlerine ihtiyac duyulmaktadir. Son
zamanlarda, derin 6grenme algoritmalariyla gerceklestirilen ¢alismalarda, basarili
sonuglar elde edilmistir. Bu basarili sonuglar, derin 6grenmenin, géz hastaliklarinin
teshisinde kullanilabilecegini géstermektedir. Bu ¢alismada, ¢esitli CNN modelleri
kullanilarak, fundus goriintiileri tizerinden, katarakt, diyabetik retinopati ve glokom
gibi goéz hastaliklarinin  siniflandirilmas1  gergeklestirilmistir. ~ Fundus
gorilntiilerinde, Kontrast Sinirli Adaptif Histogram Esitleme yontemi kullanilmistir.
Deneysel sonuglar, VGG16 modelinin, bu {ic model arasinda en basarili model
oldugunu ve Kontrast Sinirli Adaptif Histogram Esitleme yonteminin de
performansi arttirdigini goéstermektedir.

Goriinti siniflandirma
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1. Introduction

Diabetes is an increasingly common disease today that poses a risk, especially for people between the ages of 40-
59. It is a disorder caused by irregular changes in the amount of glucose in the blood, which provides energy for
the activities in the body. The disease affects every individual in developed or developing countries with various
levels of healthcare. It is estimated that the number of diabetic patients will reach 629 million around the world
by 2045. High levels of blood sugar cause this excess glucose to accumulate in the vessels and block blood flow to
the organs and result in various diseases [1].

Diabetic retinopathy (DR) is one of the diseases caused by diabetes and is becoming common day by day [1, 2]. It
is estimated that DR, which is among the most important eye diseases causing visual impairment, will be seen in
two hundred million people in 2040 [3, 4]. DR, a microvascular disease that develops over time [2, 5], is seen in
people who have had diabetes for at least 10 years and have not had a proper eye examination during this period
[1]- DR results from the loss of function of the cells in the back of the eye, which are responsible for sensing light
and sending signals to the brain, due to damage to the blood vessels in that area because of diabetes [6-8]. In
general, the vessels become occluded and become abnormally visible on the retina, while conditions like swelling
or leakage of damaged vessels are seen in large cases [7]. Depending on the damage, visual disturbances or loss of
vision are experienced [6, 7]. The most obvious and general symptoms used in the diagnosis of DR are exudates.
Exudate is secreted at the points where bleeding occurs due to damage to the vessels. The size, shape, etc.
characteristics of these secreted exudates indicate the stage of DR [7]. Fundus images of DR and healthy eyes are
shown in Figure 1.

(a) (b)
Figure 1. Fundus images of healthy (a) and DR (b) eyes [9]

Cataracts is the most common eye disease causing vision loss and it is estimated that forty million people will lose
their vision due to cataracts by 2025 [10, 11]. The lens in the eye, consisting of water, protein, and ectodermal
tissue, allows the light to fall onto the retina thanks to its transparent structure and shape. The loss of the
transparency of the lens due to several reasons, preventing the passage of light to the retina is called cataracts [12-
14]. Cataracts, which mostly occurs due to age [15], is also caused by other diseases like diabetes, trauma,
congenital factors, and smoking [13, 16]. In addition to the most common type of cataracts, nuclear cataracts, there
are also cortical and posterior types. These species may be seen separately or together [12, 13]. Fundus images of
cataracts patients and healthy eyes are given in Figure 2.

@) (b)
Figure 2. Fundus images of cataracts (a) and healthy (b) eyes [17]

Another important eye disorder, glaucoma is a disease that causes loss of vision because of severe damage to
optical nerves. Since the disease is asymptomatic until it progresses, it is called silent vision thief [18-20].
Glaucoma is an irreversible discomfort due to the damage it causes to the OD and nerves. Although there is no cure
for glaucoma, in cases of early diagnosis, its progression can be slowed down by various methods and serious
consequences such as blindness can be prevented [18, 20, 21]. Figure 3 shows the fundus images of glaucoma and
healthy eyes.
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(a) (b)
Figure 3. Fundus images of glaucoma (a) and healthy (b) [19]

Diagnosis of various eye diseases is made by ophthalmologists by inspecting the fundus images. In rural areas,
number of experts is insufficient. Besides, intense workloads or lack of expertise caused ophthalmologists to make
misdiagnoses. In addition, ophthalmologists with different experiences may make different diagnoses on the same
fundus images. Because of these reasons, subjective results are obtained. Therefore, Computer Aided Diagnosis
systems are needed for fast and accurate diagnosis. Various approaches have been used for diagnosing diseases
from fundus images in the literature.

In a study conducted by B. Tymchenko et al. in 2020, a deep learning (DL) method that performs DR diagnosis on
fundus images was proposed. In the proposed system created by EfficientNet-B4, EfficientNet-B5, and SE-
ResNetXt50 models, several datasets are used together: EyePACs 2015 dataset, which is an open-source dataset
that contains 35126 fundus images, IDRiD dataset with 413 fundus images, and Messidor dataset contains 1200
fundus images. At the end of the study, 98% accurate results were obtained [22]. In another study by S. Alrajjou et
al.in 2022, it was aimed to diagnose DR by combining DL approaches. In the system using an improved PSO-NDAE-
based CNN classifier, fundus images of 35126 healthy and DR patients obtained from the Kaggle database were
used. According to the results of the study, it was observed the suggested system had the highest accuracy rate of
85.78% in comparison with other algorithms [23]. A DL model aimed at DR diagnosis via fundus images was
proposed by A. Ayala et al. in 2021. The model was created using DenseNet121 architecture and transfer learning
methodology. At the end of the study performed with the APTOS dataset with 5590 fundus images and the
Messidor dataset with 1744 fundus images, it was observed that the proposed model produced 97.78% accurate
results [24].

In a study performed by E. Acar et al. in 2021, cataracts diagnosis on fundus images was aimed. 548 cataracts and
5535 healthy images were selected from the dataset which contains 6392 fundus photographs in total, belonging
to five thousand different patients, taken from the Kaggle Ocular Disease Recognition Database. At the end of the
study that was carried out using VGGNet and DenseNet models, results with an accuracy of 97.94% were obtained
[25]. In another study conducted by B. Kalyani et al. in 2023, a system for diagnosing cataracts disease was
proposed using a combination of CNN and LTSM models. It was observed that the proposed system produced 98%
correct results at the end of the study, which was carried out on a dataset consisting of UMN, WEB data, and data
from the internet and containing a total of 4630 fundus images, including 2615 cataracts and 2015 healthy images
[26]. In 2021, M. S. Junayed et al. proposed a DL network named CataractNet that aimed to diagnose cataracts
through fundus images. To reduce running cost and average runtime, loss and activation functions are arranged
to train the network with small kernels, fewer training layers, and parameters. According to the results of the
study, which was performed using 2679 cataracts and 2067 healthy fundus images, the proposed CataractNet
produced 99.13% accurate results. The obtained results showed that the proposed system is more successful than
other developed cataracts detection systems [27]. In 2020, a study by F. Li et al. aimed to diagnose glaucoma with
a DL approach based on ResNet101. A total of 34279 fundus images were used, of which 12618 were glaucoma,
1114 were suspicious, and 12853 were healthy, labeled by eight different glaucoma experts. Independently of this
dataset, 3481 fundus images (1524 healthy, 1442 glaucoma, 515 suspected) were used to evaluate the proposed
model. At the end of the study, accuracy, sensitivity, and specificity rates were observed as 95% [28].

In another study carried out by M. N. Bajwa et al. in 2019, a 2-stage system was proposed for glaucoma diagnosis.
In the first stage of the proposed system, the CNN model was used, and optical disc detection was performed. In
the second stage, glaucoma diagnosis was made using a deep CNN model. At the end of the study, performed on
seven different datasets, namely ORIGA, HRF, OCT&CFI, DIARETDB1, DRIVE, DRIONS-DB, and Messidor, it was
observed that the algorithm developed for OD detection produced better results in different datasets than its
counterparts. In the diagnosis of glaucoma which was performed in the second stage of the system, it was observed
that 79.67% correct results were produced [29]. In a study in 2019 by M. Kim et al. a DL system was proposed for
diagnosing glaucoma using fundus images. Using the CNN and gradient-weighted class activation mapping (Grad-
CAM) models results with 96% accuracy, 96% sensitivity, and 100% specificity were produced in the study, which
was carried out with the Dataset-Optic-Disc dataset containing 1903 fundus images [30].
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In 2019, Hongyan Zhang et al. developed an algorithm for automatically diagnosing and grading cataracts using
fundus images. ResNet18 and gray-level co-occurrence matrix were used for feature extraction, while two support
vector machines and a fully connected neural network were used for cataracts detection. A total of 1352 fundus
images with images of various levels of cataracts were used in the study. Results of the study showed that the
proposed algorithm has 92.66% accuracy for six-level grading and 94.75% for four-level grading for cataracts [31].
In another study performed in 2019, Tao Li et al. collected 13673 fundus images to evaluate DL models’
performance in clinical applications for DR diagnosis. Various models were used in the study for DR grading, lesion
segmentation, and lesion detection. From the results of the study, 0.83% accurate results were obtained for DR
classification. On the other hand, the models used performed poorly in segmentation and detection operations [9].
Table 1 shows the summary of the literature.

Table 1. Summary of the literature

Study
Author(s) Year Focus Method/Model Used Datasets Used Accuracy
EfficientNet-B4,
B. Tymchenko EfficientNet-B5, SE- EyePACs 2015, IDRID,
etal. 2020 DR Diagnosis ResNetXt50 Messidor 98%
S. Alrajjou et Kaggle (35,126  fundus
al. 2022 DR Diagnosis PSO-NDAE-based CNN images) 85.78%
DenseNet121, Transfer
A. Ayalaetal. 2021 DR Diagnosis Learning APTOS, Messidor 97.78%
Cataracts Kaggle Ocular Disease
E.Acaretal. 2021 Diagnosis VGGNet, DenseNet Recognition Database 97.94%
B. Kalyani et Cataracts
al. 2023 Diagnosis CNN, LTSM UMN, WEB, Internet Data 98%
M. S. Junayed Cataracts 2,679 cataracts and 2,067
etal. 2021 Diagnosis CataractNet healthy images 99.13%
34,279 images (12,618
Glaucoma glaucoma, 1,114 suspicious,
F.Lietal. 2020 Diagnosis ResNet101 12,853 healthy) 95%
ORIGA, HRF, OCT&CF],
M. N. Bajwa et Glaucoma CNN (2-stage system for OD DIARETDB1, DRIVE, DRIONS-
al. 2019 Diagnosis detection and diagnosis) DB, Messidor 79.67%
Glaucoma Dataset-Optic-Disc (1,903
M.Kim etal. 2019 Diagnosis CNN, Grad-CAM fundus images) 96%
ResNet18, gray-level co-
Hongyan Cataracts occurrence matrix, SVMs, 92.66%-
Zhangetal. 2019 Grading FCNN 1,352 fundus images 94.75%
Various DL models for
DR Diagnosis grading, segmentation,
TaoLietal. 2019 & Grading detection 13,673 fundus images 0.83%

Although reliable results are obtained from current studies in the literature, this field is still an active research
topic. Considering the pros and cons of the current studies in the literature, we proposed a robust approach for
detecting diseases from fundus images to evaluate the effects of the CLAHE method with models consist different
blocks of varied sizes. Firstly, we used the Contrast Limited Adaptive Histogram Equality (CLAHE) method to
improve histogram levels of fundus images. Then we used VGG16, MobileNet, and DenseNet169 models as
classifiers. The main reason we selected these models is that the number of parameters is small, medium, and large
scale. In addition, the VGG model uses stack convolution, the MobileNet model uses residual blocks and the
DenseNet169 model uses densely connected blocks. Thus, different CNN models which use various blocks of varied
sizes have been evaluated. The comparison in this study is based on the performance of these three models.
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2. Material and Method
2.1. Dataset

There are 1038 cataracts, 1098 DR, 1007 glaucoma, and 1074 healthy fundus images in the dataset consisting of
4217 images in total. Images in the dataset were obtained from various sources such as IDRiD, Oculur recognition,
and HRF [17]. For the training of DL models used, the dataset was divided into 8:1:1 ratio. 80% of data was used
in training process and 10% was used for cross validation during this process. The test process was conducted
with the data that was not used in the training process. The number of fundus images for each class is given in
Table 2. Examples of fundus images from each class are also given in Figure 4.

Table 2. Number of fundus images

Class Number of Fundus Images
Cataracts 1038
Diabetic Retinopathy 1098
Glaucoma 1007
Healthy 1074
Total 4217

Figure 4. Cataracts (a), DR (b), Glaucoma (c) and Healthy (d) fundus images [17]
2.2. Convolutional Neural Networks

Deep learning is a type of multi-layered artificial neural network that enables computers to learn and operate on
their own, similar to the human way of thinking. The concept of DL aims to enable computers to learn complex
models in large datasets and to produce desired results when necessary [32, 33]. Computers have difficulties
processing data when raw data is presented as input. DL eliminates this problem by dividing the data to process it
in different layers [33]. DL, which has developed rapidly in recent years, owes this development to the software
libraries developed, the increasing datasets, and the ease of access to these sets. Additionally, the ability to design
deeper and more complex artificial neural networks with the developing technology has also contributed to the
development of DL [34].

Convolutional Neural Networks (CNN) is the most widely used DL architecture. CNN has the ability to learn
features on images without any feature extraction preprocess. CNN consists of three main layers: convolutional,
pooling, and fully connected. The convolutional layer uses filters of varied sizes for feature extraction from images.
Filter matrices are used over the images for the convolution process and to produce feature maps. The pooling
layer makes the larger feature maps smaller to produce new and small feature maps while keeping the dominant
features unchanged. There are some kinds of pooling methods such as tree pooling, average poling, max pooling,
global average pooling (GAP), etc. The third of the main layers of CNN is a fully connected layer. This layer is placed
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as the last layer and produces the output of the system. Every neuron in the fully connected layer is connected to
the previous layer [35-38]. CNN architecture is given in Figure 5.
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Figure 5. Image classification example with CNN architecture [35]

In this study, three different DL models were trained separately, and their performances were compared. The GAP
layer was added to the last layer of the models and the Dense layer consisting of 128, 256, and 512 neurons,
respectively, was added to the continuation. The first model of these models is the MobileNet model. This model
was developed by Google based on deeply separable filters. MobileNet is faster and smaller in size than other
models. It was developed to perform DL applications on mobile devices [39]. Another model used in the study is
the VGG16 model. This model consists of a total of sixteen layers, 13 convolutional and 3 fully connected layers.
VGG16 is used in image classification and object recognition applications [40]. VGG16 architecture is given in
Figure 6.

224x224x3 224x 224 x 64

112x 128

Jlux 56 % 256
4 28 x 28 % 512 _TxTx512
H P L 1x1x4096 1x1x1000

Eﬁ convolution+ReL.U
) max pooling
fully connected+ReLU

softmax

Figure 6. Architecture of VGG16 [41]

The third and last DL model used in this study is the DenseNet169 model. This model was first announced by Gao
et al. in the article “Densely Connected Convolutional Networks”. Each layer of this model is connected to the
previous layer and thanks to this connection, each layer can also use the information of the previous layers. In this
way, the network shows better learning performance. DenseNet169 model is used for image classification, object
detection, and face recognition [42]. An example of DenseNet169 architecture is given in Figure 7.

Figure 7. DenseNet169 with 5 blocks [42]

128



Detection of Retinal Diseases from Fundus Images Using Deep Learning and Adaptive Histogram Equality
2.3. Adaptive Histogram Equalization with Contrast Limit

Contrast Limited Adaptive Histogram Equalization is a histogram equalization technique used in visual analysis. It
is used to improve the contrast and highlight the details in the image. Histogram equalization changes the pixel
density values of an image to make it more evenly distributed in terms of contrast. However, classical histogram
equalization techniques sometimes over-amplify and generate noise. CLAHE divides the image into small regions
and performs separate histogram equalization in each region to fix this problem. The CLAHE technique is used in
applications where details such as retinal diseases are important, especially in areas such as medical imaging.
Within the scope of this study, the training process was conducted by applying the CLAHE method to all images in
the dataset.

3. Experimental Setup

CNN models were trained for 50 epochs using a batch size of thirty-two and a binary cross entropy loss function.
The optimization algorithm was executed for fifty iterations. The computer used in the study had 128 GB of RAM
and a 3060 Ti GPU. The Python programming language was used with the Keras and Scikit-learn libraries.

3.1. Performance Metrics

In this study, the results of each model were compared using four different performance evaluation metrics:
accuracy, precision, recall, and F1l-score. Equations of the metrics are given in Table 3. In the equations, TP
represents true positive, TN represents true negative, FP represents false positive, and FN represents false
negative. The accuracy is the ratio of the correctly predicted examples to all the examples. The precision indicates
ratio of positive estimations to all positive examples. The recall shows the ratio of positive estimations to real
positive samples. Finally, harmonic mean of the precision and the recall is called F1-score [43].

Table 3. Performance evaluation metrics

Metric Mathematical Expression
TP +TN
Accuracy
TP +TN + FN + FP

. TP
Precision (P) S —
TP + FP

TP
Recall (R) —_—
TP +FN
2XPXR
F1-Score _

P+R

4, Results

The results obtained from each model are arranged as tables. The accuracy, precision, recall, and F1-score values
of the MobileNet model are given in Table 4. The accuracy of the MobileNet model was calculated as 92.5%.

Table 4. Performance of the MobileNet Model in Disease Classification

Class Precision Recall F1-Score
Cataracts 0.917 0.943 0.930
DR 0.991 1 0.996
Glaucoma 0.880 0.863 0.871
Healthy 0.905 0.889 0.897
Weighted Average 0.924 0.925 0.925
Standard Deviation 0.041 0.052 0.039

The results and values of the VGG16 model, which is another model in the study, are given in Table 5. The results
obtained have an accuracy rate of 91%.
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Table 5. Performance of the VGG16 Model in Disease Classification

Class Precision Recall F1-Score
Cataracts 0.949 0.886 0916
DR 1 1 1
Glaucoma 0.793 0.902 0.844
Healthy 0911 0.852 0.880
Weighted Average 0.915 0.911 0.912
Standard Deviation 0.092 0.055 0.058

Finally, the results and values of the DenseNet169 model are given in Table 6. The results of this model are 91.7%
accurate.

Table 6. Performance of the DenseNet169 Model in Disease Classification

Class Precision Recall F1-Score
Cataracts 0.917 0.943 0.930
DR 1 0.991 0.995
Glaucoma 0.952 0.784 0.860
Healthy 0.823 0.944 0.879
Weighted Average 0.923 0.918 0.917
Standard Deviation 0.065 0.078 0.052

The results of the study showed that the precision, recall, and F1-score values for cataracts diagnosis were 91.7%,
94.3%, and 93% for MobileNet, 94.9%, 88.6%, and 91.6% for VGG16 model, and 91.7%, 94.3%, and 93% for
DenseNet169 model, respectively. These values showed that the DenseNet169 and MobileNet models were more
successful than the VGG16 model in diagnosing cataracts.

When the performances of the models in DR diagnosis were examined, precision, recall, and F1-score values of the
MobileNet model were measured as 99.1%, 100%, and 99.6%, respectively. The VGG16 model’s values were
measured as 100% for all three metrics. The DenseNet169 model had values of 100%, 99.1%, and 99.5%,
respectively. The results showed that the VGG16 model was more successful than the MobileNet and DenseNet169
models in diagnosing DR.

The accuracy, recall, and F1-score values for glaucoma diagnosis were 88%, 86.3%, and 87.1% for the MobileNet
model, 79.3%, 90.2%, and 84.4% for the VGG16 model, and 95.2%, 78.4%, and 86% for the DenseNet169 model,
respectively. According to these values, it can be said that the MobileNet model may be a better choice for diagnosis
of glaucoma.

Finally, the performances of the models in classifying healthy fundus images were examined. According to the
results, the precision, recall, and F1-score values of the MobileNet model were measured as 90.5%, 88.9%, and
89.7%, the values of the VGG16 model were measured as 91.1%, 85.2%, and 88% and the values of the
DenseNet169 model were measured as 82.3%, 94.4%, and 87.9%, respectively. These values indicated that the
MobileNet model was more performant than the other models when it comes to classifying healthy fundus images.

5. Discussion

The confusion matrices, accuracy graphs, and loss graphs of the specified models are given in Figures 8-13. When
Figure 8 is examined, it is seen that 9 data in total belonging to the healthy class were predicted to be glaucoma by
the MobileNet model. When it comes to the VGG16 model, in Figure 10, out of a total of 14 data from the healthy
class, 14 were predicted to be in the glaucoma class. Finally, in Figure 12, it is seen that 16 of the glaucoma images
were predicted as healthy. These three common eye diseases are often confused with each other in terms of
symptoms, each one has vision blur or loss, risk factors such as age, diabetes, or genetics, and being asymptomatic
until the progress.
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Figure 8. Confusion matrix derived from the classification of diseases with the MobileNet
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Figure 9. Accuracy and loss graphs of the MobileNet
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Figure 10. Confusion matrix derived from the classification of diseases with the VGG16
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Figure 12. Confusion matrix derived from the classification of diseases with the DenseNet169
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Figure 13. Accuracy and loss graphs of the DenseNet169
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Results obtained in this study and literature are given in Table 7. When the values in the table are inspected, the
results of this study are better than some other studies in the literature. T. Li et al used various models for DR
detection and obtained an accuracy value of 82.84% while S. Alrajjou et al obtained results with an accuracy of
85.78%. The accuracy rates for the four classes obtained from this study is 92.5% with the MobileNet, 91% with
the VGG16 and 91.7% with the DenseNet169. In another study carried out by M. N. Bajwa et al, accuracy rates up
to 79.67% were obtained for glaucoma diagnosis while we obtained higher accuracy values. When it comes to the
studies performed with the same dataset used in this study, D. Jose et al obtained a maximum accuracy value of
87.3% while B. Sener and E. Stimer achieved accuracy rates of 98.47%, 85.85%, and 80.7% with EfficientNetBO,
VGG16, and VGG19 models, respectively. Our VGG16 model has an average accuracy rate of 91% outperforming
their VGG16 model. This difference may result from using the CLAHE method.

Table 7. Performance comparison with other studies in literature

Reference Year  Authors Models Dataset Results
VGG16, ResNet-18, A new dataset
. GoogLeNet, consisting of 13673 82.84% accuracy for DR
[9] 2019 T.Lietal. DenseNet-121, SE-BN fundus images of detection
Inception various levels of DR
Kaggle dataset
) J48, KNN, Random including a tqtal of Proposgd enhanced CNN
23] 2022 S. Alrajjou Forest Enhanced 10024 fundus images  has achieved an accuracy
etal. ’CNN belonging to healthy rate of 85.78% for DR
and four different detection
grades of DR
o .
_ ORIGA, HRF,0CT &  67%accuracy with
CNN with random random training and
[29] 2019 M.N. training and cross CF1, DIARETDRI, 79.39% with cross
Bajwa et al. § an¢ DRIVE, DRIONS-DB, T
validation . validation for glaucoma
Messidor . .
diagnosis
A total of 4217 87.3% accuracy with
fundus images LeNet, 59.91% accuracy
[44] 2023 b. ]Zfe et LeNelt;[;):;l:lel\lI\Ieit and belonging Cataracts, with DenseNet and
) DR, Glaucoma and 80.7% accuracy with
Healthy classes ManualNet
A total of 4217 Accuracy rates 0f 98.47%
B. Sener - fundus images with EfficientNetBO,
[45] 2023  andE. vgéf;%ear;deszt(;BG()i o,  belonging Cataracts,  85.85% with VGG16 and
Stimer DR, Glaucoma and 92.6% with VGG19 for
Healthy classes four different classes
A total of 4217 92.5% with MobileNet,
. MobileNet, VGG16 fundus images 91% with VGG16 and
This study

and DenseNet169 91.7% with DenseNet169

for four different classes

belonging four
different classes

6. Conclusion

In conclusion, this study, it was aimed to compare the performances of MobileNet, VGG16, and DenseNet169
models in classifying fundus images and to determine the best-performed model. The study was conducted with a
dataset consisting of 224x224x3 pixels, and 4217 fundus images including images belonging to these four classes:
glaucoma, cataracts, DR, and healthy. In the models used, the epoch and batch size values were 50 and 32,
respectively. 80% of the dataset was used as training set, 10% as the test set, and the rest for cross-validation.
According to the results obtained from this study, the VGG16 and MobileNet models were more performant than
the DenseNet169 model by a small margin when it comes to the diagnosis of DR. The MobileNet model was more
successful in classification of all four classes than the other two models. The results of the study demonstrate that
using DL models such as VGG16, MobileNet, and DenseNet169 with the CLAHE method may help ophthalmologists
diagnose cataracts, DR, and glaucoma with lower error rates in less time.
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Keywords Abstract: A green campus is one of the important aspects of an ecological city. Setting and
Keywords 1, infrastructure, energy and climate change, waste, water, transportation, and education are
Rainwater

major elements of a green campus. This study focuses on water consumption and savings,
Keywords 2 which generally involves a rainwater harvesting system. Erciyes University became the third
University C'ampus, environmentally sensitive university in Turkey according to the UI GreenMetric 2020-2021
Keywords 3, UI ranking. While Erciyes University was ranked 142nd in the world in 2020, with a total score
GreenMetric of 7175, it rose to 99th place in 2021, with 7775 points. According to Ul GreenMetric Erciyes
University was ranked 85nd in the world in 2023. This paper investigates and describes a
rainwater harvesting method for Erciyes University. The total harvestable water was
calculated as the roof surface area x the average annual rainfall x the loss coefficient. The loss
coefficient was set as 0.75 considering the differences in roof forms. The rainwater harvesting
calculations were computed based on the building floor areas because of the differences in
roof forms. The total harvestable water was calculated to be 64,635.432 m? from the roofs
(floor area) in the campus area of Erciyes University. Accordingly, it is possible to save
approximately 7.55% of the annual water consumption, saving 1,066,477 TL and supplying
water to 7,181 people per year by harvesting rainwater from the roofs at Erciyes University.
It is concluded that the proposed rainwater harvesting method help Erciyes University rank
higher in the Ul GreenMetric ranking, contribute to the eco-city approach, and enhance
campus sustainability.

Harvesting,

Erciyes Universitesi Yagmur Suyu Potansiyelinin UI GreenMetric Siralamasi Baglaminda
Arastirillmasi

Anahtar Kelimeler  (z: Yesil kampiis, ekolojik sehrin énemli unsurlarindan biridir. Yerlesim ve altyapi, enerji ve
Anahtar Kelime 1, iklim degisikligi, atik, su, ulasim ve egitim yesil bir kampiisiin baglica 6geleridir. Bu ¢alisma,
Yagmur Suyu yagmur suyu toplama sistemini igeren su tiiketimi ve tasarrufuna odaklanmaktadir. Erciyes

Hasad, . Universitesi, Ul GreenMetric 2020-2021 siralamasina gore Tiirkiye'de ¢evreye duyarl liglincii
Anahtar Kelime 2, . . . o o -

Universite iiniversite olmustur. Erciyes Universitesi 2020 yilinda toplam 7175 puanla diinyada 142.
Kampiisii sirada yer alirken, 2021 yilinda 7775 puanla 99. siraya yiikselmistir. Ul GreenMetric
Anahtar Kelime 3, siralamasina gore Erciyes Universitesi 2023 yilinda diinyada 85. sirada yer almistir. Bu
UI GreenMetric makalede, Erciyes Universitesi i¢in yagmur suyu hasadi yontemi kullanilmistir. Toplam hasat

edilebilir su miktari, ¢at1 ylizey alam x yillik ortalama yagis miktar1 x kayip katsayis1 hesabi
esas alinarak hesaplanmistir. Kayip katsayisi, ¢ati formlarindaki farkliliklar géz oniinde
bulundurularak 0,75 olarak belirlenmistir. Hesaplamada cati farkliliklari nedeniyle bina taban
alanlar1 esas alimmustir. Erciyes Universitesi kampiis alanindaki catilardan toplam hasat
edilebilir su miktar1 64.635,432 m? olarak hesaplanmistir. Buna gore, Erciyes Universitesi'nde
catilardan yagmur suyu hasadi yapilarak yillik su tiiketiminin yaklasik %7,55'inden tasarruf
edilmesi, 1.066.477 TL tasarruf saglanmasi ve yilda 7.181 kisiye su temin edilmesi
miimkiindiir. Onerilen yagmur suyu hasadi yénteminin, Erciyes Universitesi'ni Ul GreenMetric
siralamasinda daha iist siralara tasiyacagi, eko-kent yaklasimina katkida bulunacag ve
kampiis stirdiiriilebilirligini gelistirmesine yardimci olacagi sonucuna varilmistir.

*{lgili Yazar, email: zeynepergen@erciyes.edu.tr
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1. Introduction

Considering various criteria, ranking tables have been created for universities since 1983 when the annual
America’s Best Colleges Review was first published [1, 2]. Within the scope of this issue, many universities have
been conducting studies worldwide on sustainability and green university rankings [3, 4, 5]. With the Talloires
Declaration published in 1990, 40 different countries and nearly 300 universities have prioritized sustainable
development in education, research, information exchange, policy-making, and practices, and accordingly, the
concept of the sustainable campus has started to gain prominence [4, 6, 7]. Consequently, sustainable campuses
have become a global area of interest for planners and university administrations [6]. Starting in the 2000s, and
especially after 2010, the concepts of green universities and green campuses have gained attention as a part of
environmental sustainability, not only in scientific research but also in campus infrastructure and environmentally
friendly practices [3]. Created in 2010 at Universitas Indonesia, Ul GreenMetric is one of the university rankings
used to measure green campus practices on a global scale and evaluate the efforts of universities for sustainability
[3, 4, 5, 8]. Ul GreenMetric helps clarify multiple definitions of green campuses and is used to evaluate the
sustainability efforts of university campuses [1, 9]. Specifically, the Ul GreenMetric rating addresses universities'
practices and performances in six categories: infrastructure, energy and climate change, waste, water, transport,
and education and research [10].

This study examined the rainwater harvesting potential at Erciyes University, categorized under the water heading
of the Ul GreenMetric sustainable campus performance.

1. 1. Erciyes University: Ul GreenMetric

Erciyes University is located in the city of Kayseri. Figure 1 depicts the location of Kayseri province in Turkey, as
well as the city and Erciyes University. Erciyes University is one of the 10 research universities established in
Turkey in 2017 [11]. Today, there are 20 research universities in Turkey, and Erciyes University ranks 8th among
them [12]. Erciyes University has a total of 49,721 students, and among them, 2,377 are associate degree students,
38,011 are undergraduates, 6,935 are graduates, and 2,398 are doctoral students in 2021-2022 academic year. In
addition, 2,218 academics work at the university [13].

Province Boarder of Kayseri

Figure 1. Location of Kayseri in Tirkiye

Figure 2 shows the central campus of Erciyes University, where the buildings shown in blue are used in the
rainwater harvesting calculation. In this study, the buildings under construction were not considered. The total
floor area of the buildings used in the study is 219,289 m? The implementation-zoning plan was based on
determining the campus area boundary. According to the implementation-zoning plan, the total area of the
university is 3,092,585.274 m? (309.26 hectares). Erciyes University’s 2019 sustainability report states that 39%
of the total area is covered with vegetation [14]. Erciyes University’s 2021 Sustainability report states that the
proportion of cultivated areas in the total area is 24.38% [14]. The university not only provides green space for
students with its campus area but also for the city of Kayseri.
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Figure 3 shows implementation-zoning plan around Erciyes University campus. When the implementation-zoning
plan is examined to understand the urban development around the Erciyes University campus, it is seen that the
city of Kayseri and the Erciyes University campus are integrated with linear green spaces. In this case, the Erciyes
University campus area contributes to the urban ecosystem and offers green spaces that integrate with other green
spaces in the city, contributing significantly to the overall urban sustainability. According to the implementation-
zoning plan, the built environment around the Erciyes University campus area will intensify in the future. The
Erciyes University campus has a high green space potential within the city because of its low building density and
valuable open space where water can be collected through rain harvesting.
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Figure 3. Ikmplement'ation-zoning plan around Erciyes University campus

Water is stored in an artificial pond at Erciyes University, and the needs of plants are met using water from this
pond during dry periods. In addition, rainwater harvesting is conducted over an area of 71,000 m? at the Erciyes
University Technopark [15]. Examining the Ul GreenMetric studies of Erciyes University, important steps have
been taken to attain the goal of campus sustainability. Table 1 shows the performance of Erciyes University in the
2017-2023 annual rankings of Ul GreenMetric. There was a decrease in the water score in 2018; however, a 3-fold
increase occurred in 2019 compared with 2018. In 2020, the same performance was observed as that in 2019.
Although there was an increase of 50 points in 2021, the same score was received in 2022 as thatin 2021. In 2023,
the total score increased; however, the impact of water remained stable over the last three years. Notably, the
water criterion has the lowest score among the sustainability criteria in the performance table of Erciyes
University.

Table 1 Erciyes University Ul GreenMetric Performance (2017-2023)

Year Insf:;tsi::fl 2:1ucl‘e Energ;(r:la:::g(;limate Waste Water Transportation Education ::::;

| 2023 || 13.50 I 16.10 | 1425 || 800 | 16.00 | 1675 | 8460 |
| 2022 || 13.25 I 1535 | 1425 || 800 | 16.00 | 1575 || 8260 |
| 2021 || 12.25 I 14.00 | 1350 || 800 || 14.25 | 1575 || 7775 |
| 2020 || 11.00 I 12.50 | 1200 || 750 || 13.75 | 1500 | 7175 |
| 2019 || 11.00 I 12.00 | 900 || 750 | 11.75 | 1425 | 6550 |
| 2018 || 12.50 I 10.75 | 600 | 250 | 9.50 | 1250 | 5375 |
| 2017 || 9.50 I 877 | 573 || 441 || 9.13 | 756 | 4510 |

Source: [16]

Table 2 shows Erciyes University’s performance based on the proportions of their scores in Setting and
Infrastructure, Energy and Climate Change, Waste, Water, Transportation, and Education from the Ul GreenMetric
criteria between 2017 and 2023. Considering the change in the percentage ratios of the performance data over the
years, there has been a gradual increase in the waste heading, and the largest decrease was experienced in the
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performance of Setting and Infrastructure. When the change is analyzed in terms of percentages, there isa 0.23%
decrease in the water in 2023 compared with the previous year. There has been a decrease in the water topic in
terms of percentage change over the last four years.

Table 2 Percentage Changes of Ul GreenMetric Criteria (2017-2023)

Year lnsff—;tsi::—i 2&1‘3 El:;;—i);i‘: ‘ Waste | Water Transportation Education g:ot:;
Change
2023 15.96 19,03 16.84 9.46 1891 19,8 100.00
2022 16.04 18.58 17.25 9.69 19.37 19.07 100.00
2021 15.76 18.01 17.36 10.29 18.33 20.26 100.00
2020 15.33 17.42 16.72 10.45 19.16 2091 100.00
2019 16.79 18.32 13.74 11.45 17.94 21.76 100.00
2018 23.26 20.00 11.16 4.65 17.67 23.26 100.00
2017 21.06 19.45 12.71 9.78 20.24 16.76 100.00

Source: [17]

As seen in Table 2, Erciyes University received the lowest score for the water criterion. For this reason, the water
score requires attention and should be strengthened.

Table 3 shows the annual water consumption of Erciyes University. Accordingly, 975,320 m® of water was
consumed in 2018, 963,500 m?® in 2019, and 790,329 m? in 2020. The decrease in the amount of water used in
2020 was due to the COVID-19 measures that included first stopping education for three weeks, then completing
that semester by switching to distance education and providing 40% of education through distance education in
September in2020. Looking at the amount of water consumed in 2021 and 2022, there was a positive change in
water savings after 2020. Approximately 855,282 m® of average water is consumed annually at Erciyes University.

Table 3 Amount of water used at Erciyes University (2018-2021)

Years Amount of water (m?)
2018 975,320
2019 963,500
2020 790,329
2021 754,900
2022 792,362

Sources: [18, 19]

Overall, it is clear that the annual water consumption of Erciyes University is considerably high. In this context,
water harvesting is necessary to support the efficient use of water resources and contribute to the campus’s
sustainability.

1. 2. Kayseri and Precipitation

According to the climate data obtained from the Turkey General Directorate of Meteorological Affairs for the years
1970-2013, the average precipitation in Kayseri city center was 393 mm, and the average number of rainy days
was 109.6 (Kayseri Province Clean Air Action Plan Report). Table 4 shows the monthly average rainfall and
number of rainy days. Precipitation is typically the highest in April and May. In addition, the driest month is August,
although July, August, and September are also relatively dry.

Table 4 Monthly Distribution of Precipitation and Average Number of Rainy Days in Kayseri City Center (1970-

2013)
Average amount of precipitation Average number of rain days
(mm)
January 33.1 12
February 33.1 11
March 42.2 12
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April 55.9 138
May 54.3 135
June 38.6 8
July 11.4 2
August 5.8 18
September 11.3 37
October 33.3 8
November 35.5 9
December 38.5 118

Source: [20]

Thornthwaite developed a method to calculate the evapotranspiration potential based on the relationship
between temperature, average precipitation, and humidity [21, 22, 23]. Figure 4 shows the climate characteristics
in Turkey according to Thornwaite's climate classification. According to this classification, Kayseri has a semi-arid
to less humid climate where high levels of evaporation may occur, implying that water resources are generally
insufficient, increasing the importance of supplemental methods such as rainwater harvesting.

Thornthwaite iklim Siniflandirma Yéntemine Gére Tiirkiye iklimi
Tiirkiye’s Climate According to Thornthwaite Climate Classification
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Figure 4. The climate in Kayseri according to Thornthwalte s climate classification, Source: [24]

In an analysis using the Mann-Kendall method and considering annual average precipitation, the average annual
precipitation increased slightly between 1960 and 2005, but the change was not significant [25]. Unliikara et al.
investigated drought considering annual precipitation changes between 1975 and 2010 and reported that mostly
mild droughts occurred in Kayseri, although severe and moderate droughts also occurred between these years
[26]. The limits of water resources were taxed during periods of sudden precipitation changes and drought in
Kayseri [25]. Figure 5 displays a map depicting the average annual precipitation in Turkey, showing that Kayseri
city center receives less than 400 mm of precipitation.
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Figure 5. Average annual precipitation in Turkey (1981-2010), Source: [27]

Owing to the semi-arid climate and precipitation of less than 400 mm, it is important to use rainwater efficiently
in Kayseri. Regardless, water should be prioritized in sustainable practices and green campus design.

2. Material and Method

Rainwater harvesting is the process of collecting and storing rainwater for later use [28, 29]. Rainwater collected
by rainwater harvesting can be recharged to the groundwater [30] or collected in man-made tanks [31]. Rainwater
harvesting is predominantly and most commonly harvested from roofs but can also be collected from impermeable
surfaces where rainwater often accumulates, such as roads and rock surfaces. Rainwater harvesting is a simple
and inexpensive but effective method for obtaining usable water considering diminishing water resources [29, 32,
33]. Rainwater harvesting involves the collection of rainwater from the catchment surface through pipes, which is
stored in natural ponds or artificial tanks, and typically filtered [29, 32, 33, 34]. Rainwater harvesting is effective
in reducing the use of municipal water, reducing water costs for users, protecting the soil from erosion by reducing
the risk of flooding. Additionally, recharging/replenishing the water collected using this method to groundwater
and aquifers helps to protect existing water sources [33, 34].

In recent years, rainwater harvesting has become increasingly important in sustainable campus practices and has
been discussed in scientific research [35, 36, 37, 38].

Rainwater harvesting is recognized as one of the most effective methods for creating water resources [31] and
promises to make a significant contribution to addressing water scarcity in the future [28]. It is not possible to use
the water obtained from rainwater harvesting directly as drinking water because it contains microbial pathogens,
waste from urban dwellers, traffic emissions, and industrial pollutants. Thus, chemical or biological treatment is
needed before using it as drinking water [39].

Collecting water through rainwater harvesting is theoretically directly proportional to the amount of rainfall and
the water collection surface area. However, the storage tank capacity is also very important because it is not
possible to store the precipitation that continues to fall after the water tank is full. In addition, the intensity of the
rainfall and wind during precipitation, the rate of evaporation, and the structure of the collection surface are
among the factors affecting storage [29, 39]. In this study, it was assumed that rainwater was harvested from all
buildings on the Erciyes University campus and that rainwater can be collected effectively from all surfaces and
all rainwater can be stored.

Rainwater harvesting potential (Pw), catchment area (total roof area) (A), runoff coefficient (C), and rainfall (R)
values were used in the calculation.

Pw = Potential of rainwater harvesting (m?)
A = Area of catchment (total roof area) (m?)
C = Runoff coefficient

R = Amount of Rainfall (mm)
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The runoff coefficient can be defined as the ratio of rainwater drained during rainfall to the total surface runoff
[40,41]. The occurrence and volume of the runoff are affected by rainfall characteristics such as intensity, duration
[42, 43], catchment material [44], distribution, and some physical characteristics of watersheds [40]. The runoff
coefficient for rain collection from roofs varies depending on factors such as the roof form, materials, rainfall
intensity, and wind speed; however, it is generally accepted to be in the range of 0.75-0.95 [45, 46]. A minimum
value (0.75) was used herein because of the differences in roof forms among the campus buildings.

The water collection area is defined as the area where rain falls and water is collected. In this study, the water
collection area was determined by the roof surfaces. Roof form, surface material, and slope are important factors
in rain harvesting. Owing to the variation in roof forms and the difficulties in calculating roof surface area, the
rainwater harvesting calculations were computed based on the building floor areas.

Rainfall is based on the average annual rainfall amount. Monthly rainfall data are necessary to calculate how much
water can be collected during the wet and dry seasons, which helps to determine the appropriate storage volume.
In this study, these values were considered, and the following formula was applied [28, 29, 30, 47].

Pw=AxCxR

The total floor area of all buildings in Erciyes University is 219,289 m?. According to the meteorological station
data in Kayseri city center where Erciyes University is located, the average annual rainfall is 393 mm. Considering
the differences in roof surface material and roof form, the runoff coefficient was assumed to be 0.75, as shown
below.

219,289 x 393 x 0.75 = 64,635.432 m®

As aresult, the amount of water savings that can be obtained only using all the roof surfaces is 64,635.432 m? if all
the rainwater is harvested.

The months of July, August, and September coincide with the academic holiday period. For this reason, it is
important to calculate the rainwater harvesting potential on a monthly basis in terms of water collected by
rainwater harvesting and water consumption. An examination of Table 5 indicates that there is not enough rainfall
in July, August and September, and the average precipitation is low, so it is necessary to use water economically.

Table 5 The average monthly roof water harvesting potential of Erciyes University

Average amount of Roof surface Runoff coefficient Monthly rainwater
precipitation (mm) (m?) harvesting
potential (m?)
January 33.1 219,289 0.75 544,385
February 33.1 219,289 0.75 544,385
March 42.2 219,289 0.75 694,050
April 55.9 219,289 0.75 919,369
May 54.3 219,289 0.75 893,054
June 38.6 219,289 0.75 634,842
July 11.4 219,289 0.75 187,492
August 5.8 219,289 0.75 95,391
September 11.3 219,289 0.75 185,847
October 33.3 219,289 0.75 547,674
November 355 219,289 0.75 583,857
December 38.5 219,289 0.75 633,197

3. Results

Under the heading of water, Ul GreenMetric gives scores based on the water savings program and implementation
(WR 1), implementation of water recycling program (WR 2), water-saving device usage (WR 3), consumption of
treated water (WR 4), and water pollution control in the campus area (WR 5). If rainwater is harvested from the
roof surfaces of all buildings on the campus and the harvested rainwater is treated and recycled as domestic water,
full scores can be obtained for WR1, WR 2, WR 4, and WR 5. In addition, the water obtained by rainwater harvesting
can be used for irrigation of the existing cultivated vegetation in the campus area, and the use of rainwater
harvested in afforested areas can help increase the total area covered with forest vegetation on the campus. The
use of harvested water for irrigation in cultivated and vegetation areas can also help Erciyes University rank higher
in the Ul GreenMetric ranking.
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The average monthly water consumption of a student in vocational schools and higher education institutions on
the Warsaw University campus is 0.8 m® per month in departments with laboratories and 0.45 m*® per month in
departments without laboratories [48]. Assuming that there is an equal number of students in the departments
with and without laboratories, the average monthly water consumption of a person in the campus area can be
considered as 0.625 m>. According to this calculation, the average annual water consumption of a student is 7.5
m3. Another study reports that the daily water consumption per person at Al-Quds University is 25 liters [49].
Considering this study, the total annual water consumption of a person is approximately 9.125 m?. Thus, the water
consumption of a person on campus varies between 7.5 and 9 m3. When the amount of water consumption per
person in campus areas is considered as 9 m*, which is the highest value in the literature, it is possible to meet the
annual water needs of approximately 7,181 people using the rainwater harvested from the roof surfaces at Erciyes
University. There are 49,721 students studying at Erciyes University, as well as 2,218 academics and
approximately 4,000 administrative staff. It is possible to meet the annual water use needs of 7,181 of the 56,000
people, meeting the water consumption of approximately 13% of the total university population. In terms of
economic evaluation, the unit price per m*® of water in Kayseri was 16.5 TRY as of July 2023. If rainwater is
harvested from all roof surfaces at Erciyes University and the water obtained by harvesting is used as domestic
water on the campus, it is possible to save approximately 1,066,477 & (US $ 39,527 according to dollar exchange
rate in July 2023) per year.

4., Discussion

University campuses resemble small cities owing to their large size, the substantial number of students and
teaching staff, and the accommodation of different activities [6, 50, 51, 52]. As an important element of cities, the
sustainability of campus areas significantly contributes to urban sustainability. Furthermore, campuses are
important elements of the urban ecosystem. They add positive value to the urban ecosystem with their
environment, particularly their open areas and green spaces. Similarly, Erciyes University has the potential to
significantly contribute to the urban ecosystem with its open areas, vegetation, and green spaces suitable for
various environmental interactions.

Nature-friendly, ecological designs and studies to be carried out in universities will be role models for ecological
and nature-friendly designs and applications that will be conducted in other areas of the city and thus contribute
to the protection of the environment.

The importance of water management is increasing, especially today when the effects of global climate change are
felt. At Erciyes University, it is possible to collect approximately 64,635.432 m® of water annually through
rainwater harvesting. The average annual water consumption of Erciyes University is approximately 855,282 m?>.
Considering that a large amount of the water is used for irrigation of the green area in the dry period, along with
the gray water system, it is possible to save a significant amount of water by simply catching rainwater.
Considering that Erciyes University achieved its score from water criterion in the [U GreenMetric ranking due to
its water saving in 2019, rainwater harvesting will make a significant contribution to the university's goal of
becoming a sustainable campus.

5. Conclusion

The sustainability of campus areas is gaining more importance day by day in the world. The IU GreenMetric
ranking is a valuable approach in the assessment of a sustainable campus. Erciyes University has taken major
steps, such as installing a gray water treatment facility, adding water sensors in restrooms, and using drip
irrigation systems for plants, to achieve a sustainable campus area. Moreover, water management is becoming
increasingly important considering the changing climate conditions, and Kayseri has a semi-arid and less humid
climate, which may suffer from droughts more in the coming years. From the potential 64,635.432 m? of rainwater
harvested annually, the university can reduce 7.55% of its annual water consumption. This can considerably
enhance the campus and urban sustainability, ultimately increasing their IU GreenMetric score. The effects of
global warming have been felt more and more in years. One of the most important problems that can emerge in
provinces in semi-arid climates like Kayseri is water scarcity. Considering this issue, it is clear that every step
toward rainwater harvesting can actually contribute to the sustainability of the Kayseri University campus and
thus to urban sustainability.
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Keywords Abstract: Seismically active regions are always prone to be subjected to earthquake
Seismic intensity level, events and their eventual damages to urban areas. Liquefaction is 6ne of the
Standard penetration test, earthquake related incidents occurring within soil bodies during or after

Liquefaction potential index,
Liquefaction severity index,
Liquefaction potential

earthquake excitations. Gaining the knowledge of liquefaction potential for a site is
exceedingly crucial in view of seismic risk mitigation, earthquake hazard
assessments and future planning of urban areas. This study evaluates the

mappiie liquefaction potential of Igdir city located in the eastern-side of Tiirkiye, having
borderlines with three other seismically active countries in the region, Armenia,
Nakhichevan and Iran. Soil data (i.e., Standard Penetration Test values, water table,
water content, unit weight, grain size distribution and Atterberg limits) at the
considered areas within the city is gathered from 85 boreholes. After investigating
the faultlines around the city, the two possible maximum peak ground accelerations
involved in this study are determined to be 0.393g and 0.225g. Liquefaction
susceptibility maps of the areas at the two peak ground acceleration levels are
designated in regard to liquefaction potential index and liquefaction severity index
methods. The studied areas in the city exhibit various levels of liquefaction
susceptibility as the severity is observed to be greater under the larger peak ground
acceleration.
Igdir ilinde Sivilagsma Tehlikesi Degerlendirmesi (Tiirkiye)
Anahtar Kelimeler 0z: Sismik olarak aktif bélgeler her zaman deprem olaylarina ve bunlarin kentsel
Sismik siddet seviyesi, alanlara nihai zararlarina maruz kalmaya egilimlidir. Sivilasma, deprem uyarimlari
Standard Penetrasyon sirasinda veya sonrasinda zemin igerisinde meydana gelen olaylardan biridir. Bir
deneyi, sahanin sivilasma potansiyeli hakkinda bilgi edinmek, sismik riskin azaltilmasi,
Swvilagsma potansiyel deprem tehlikesi degerlendirmeleri ve kentsel alanlarin gelecekteki planlamasi
indeksi, acisindan son derece 6nemlidir. Bu ¢alisma, Tiirkiye'nin dogusunda yer alan ve
Sivilasma siddet indeksi, bélgedeki diger ii¢ sismik olarak aktif iilke olan Ermenistan, Nahgivan ve iran ile
Sivilagma potansiyel sinir1 bulunan Igdir sehrinin sivilasma potansiyelini degerlendirmektedir. Sehir
haritasi icinde ele alinan alanlardaki zemin verileri (Standart Penetrasyon Testi degerleri,

su tablasy, su igerigi, birim hacim agirlik, tane boyutu dagilimi ve Atterberg limitleri)
85 sondaj kuyusundan toplanmistir. Sehir ¢evresindeki fay hatlar1 incelendikten
sonra, bu ¢alismada yer alan iki olas1 maksimum yer ivmesi 0.393g ve 0.225g olarak
belirlenmistir. En biiyik iki yer ivmeleri altinda ¢alisma sahalarinin sivilasma
duyarhilik haritalari, sivilasma potansiyel indeksi ve sivilasma siddet indeksi
yontemlerine gore belirlenmistir. Sehirde incelenen alanlar, maksimum yer ivmesi
altinda siddetin daha fazla oldugu gézlemlendiginden, gesitli seviyelerde sivilasma
duyarlilig1 sergilemektedir.
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Liquefaction Hazard Assessments in Igdir City (Tirkiye)
1. Introduction

Liquefaction is known as one of the earthquake triggered phenomena attributed to stress and stiffness losses due
to increase of pore water pressure within saturated granular soil bodies. When soil layers no longer possess
enough strength characteristics during earthquake excitations, the soil behaves as a viscous liquid [1]. This makes
the ground surface structures to endure, to some extent, varied types of damages that burden great level of
economic costs and, probably and most importantly, human casualties. Slope failures, earth dam failures, building
and bridge foundation failures and damages to the pavement and buried infrastructures (i.e. gas, electric, and
water pipelines) are the main consequences of liquefaction phenomenon [2]. Such types of damages were
observed early in 1964 during and after the Good Friday earthquake in Alaska and the Niigata earthquake in Japan
[3]- Moreover, relatively recently occurred the Duzce earthquake in 1999 [4], the Christchurch earthquake in 2010
[5], the Emilia earthquake in 2012 [6], the Japan earthquake in 2011 [7] and Indonesia earthquake in 2018 [8] led
to liquefaction related failures and damages to urban areas. Lastly, the twin Maras earthquake events on the 6t of
March 2023 caused liquefaction related building failures in many affected areas, especially in Golbas1 (Adiyaman)
and Iskenderun (Hatay) districts [9, 10].

Occurrences of earthquake events featured by aleatory uncertainty are sudden and unforeseen, therefore the
liquefaction triggering at any site [11]. However, this random uncertain natural event and, specifically, its cause
of liquefaction, at a specific site should have to be determined in order to; (1) mitigate such effect on mainly
buildings, bridges, roads and buried pipelines, (2) realise seismic hazard risks and (3) planning of the urban areas
[12]. Hence, characterisations of sites regarding the liquefaction potential under possible earthquake events
gained great interest of geotechnical and geological engineering communities.

Liquefaction potential of a given site can often be determined based on laboratory and field tests. Laboratory test
results are always regarded as sceptical since taking samples from the soil ground, transporting to the laboratories
and placing the samples to the test machines may disturb the original soil structures [13, 14]. In contrast, field
tests produce relatively more sustainable soil data free from the issues confronted in laboratory tests [2]. Hence,
field tests have seen as better choice over the laboratory tests. Common field tests practised with the aim of
delineating liquefaction potential of soil layers are Cone Penetration Test (CPT), Standard Penetration Test (SPT)
and Becker Penetration Test along with the shear wave velocity (Vs) measurement techniques. When CPT test and
Vs measurement can still convey the liquefaction potential of the soils [15-16], SPT based liquefaction assessments
are overwhelmingly applied in geotechnical and geological engineering studies [18-20]. In this regard, the study
conducted by [2] presented the liquefaction potential in the Kahramanmaras city situated on the East Anatolian
and Dead Sea Faults. They used 238 geotechnical boreholes to analyze and map the liquefaction risk over the city.
In addition, the city of Erzincan was also studied for the liquefaction potential under different seismic intensities
[21]. Since the city is positioned close to the both main fault lines (North Anatolian and East Anatolian fault lines),
the study clearly indicated the liquefaction potential by utilizing the SPT data. Moreover, the liquefaction potential
of Battalgazi region (in the Malatya city sitting nearby the East Anatolian Fault) was evaluated, along with the site
amplification, based on the measured SPT values [22]. The Vs and SPT based liquefaction assessments were also
made for Ercis (Van) as the liquefaction cases were observed during the October 23, 2011, Van earthquake [23].
The predictions of the study were shown to represent the actual scenarios.

Specific focus of this study is an urban area of Igdir province in the eastern Anatolian region of Tiirkiye. It aims to
map the liquefaction potential of the location based on in-situ test results. The area falls within the Ararat Basin,
which was created by the geological shifts of the Eurasian and Arabian plate boundaries, along with other nearby
basins such as Rioni, Kura, Mid-Araks, and Nakhichevan [24]. The Ararat Basin is bordered to the northwest by the
Aragats and Gegham volcanic formations and to the south by the volcanic Mount Ararat. The area is located on
quaternary alluvium and surrounded by sedimentary rocks (i.e., slope debris, alluvial fan deposits, and moraines)
as well as clastic rocks. Moreover, volcanic rocks such as basalt and andesite are present towards Mount Ararat.
Since the province neighbors with Armenia in the north-east, Nakhichevan in the south-east and Iran in the south,
its location is one of the unique geographical locations in the world. The province is also growing in terms of
population, as at the beginning of the century, it has 174 285 population and in 2022 the population reaches to
203 594 by almost %17 of increase [25]. Due to its distinctive position suitable for trade and therefore for
industrial developments, the growing population is likely to rise even more rapidly. Thus, mapping the liquefaction
of the three different parts of the city, which has not been conducted before, can be beneficial in mitigating seismic
effect of possible future earthquake events, depicting seismic hazard risks and for future planning. The geological
maps presented throughout the paper are produced by means of geographic information systems (GIS) software.
The paper carries on with describing the location and its seismicity in details. In addition, the locations of SPT
boreholes are illustrated. Subsequently, the methods used to delineate the liquefaction potential of the site are
presented. Lastly, the liquefaction maps of the studied area are interpreted with some comparisons.
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2. Location of Igdir province

The Igdir province is positioned in between approximately 390- 410 latitude northerly and 439-459 longitude
easterly [26]. The considered study site is the urban area of the Igdir province covering the city centre as shown
in Figure 1. The province consist of mostly mountainous fields, but almost %30 of the area formed by plain land,
so called Igdir plain. The population, including the main city, has largely been settling in the plain area. The plain
remains between Mount Ararat and the Caucasus Mountains causing the plain to be featured with the bowl-shape
structure [27].

The soil of the plain region is characterised substantially by quaternary alluvial soils covering a land of around 922
kmZ. The alluvial soil is formed over time by the depressions of Aras river connected with various straits. In fact,
Aras River is accepted as border between Tiirkiye and Armenia and is the main cause of recent soil formations in
Igdir plain at the Tirkiye side, and Revan plain at the Armenian side, with almost equal sizes. These two plain areas
are sit on top of Surmeli and Sahat concavities at the Tiirkiye and Armenian sides, respectively [28].
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Figure 1. Elevation model for the Igdir province demonstrating the mountanious and plain areas
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3. Seismicity of the Site

Tirkiye is known as one of the seismically active countries in the world, as it sits on top of mostly Anatolian and
partially Arabian and Eurasian plates. As a result of relative movement of Arabian plate toward northwards with
arate of 6-10 mm per year, Anatolian plate is pushed to the westwards with a rate of 18.7- 21.5 mm per year [29,
30]. The contrast between these three plates create two main fault lines, recognised as North Anatolian Fault Zone
(NAFZ) and East Anatolian Fault Zone (EAFZ). Moreover, these tectonic plates are the causes of many fault lines
formed over the countries of Tiirkiye, Greece, Armenia and Iran.

Within 100 km distance in radius from the Igdir city center, there has been, in total, 89 earthquake events recorded
with magnitudes greater than or equal to 4.00 [31]. The epicenter of the events are illustrated in Figure 2. The
number of earthquake events taken place within the scale at different magnitude ranges is presented in Table 1. It
is clear that, as the magnitude range increases, the occurrence of such event reduces. For instance, at 4-4.50 and
4.50-5.00 magnitude ranges, 45 and 20 earthquake events have been recorded when only 9 and 5 records are
available at 5.00-5.50 and higher than 5.50, accordingly. In other words, the small magnitude earthquake events
are frequent and but less destructive, while the big earthquake events are relatively rare but more destructive and
pertinent.
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Figure 2. Location of past earthquake events taken place around the area of interest including the circle centered by 100 km
in radius from the Igdir city center

Table 1. Number of past earthquake events at various magnitude ranges occurred within the 100 km radius around the Igdir

city center
Magnitude 4.50- 5.00-
range 4.00-4.50 5.00 5.50 >5.50
Number of 45 20 9 5
event

Several active earthquake fault lines surrounding Igdir city are demonstrated in Figure 3. It is important to stress
here that only active faultlines in the Tiirkiye side, which have relatively recently been updated by Emre etal. [32],
is considered as can be depicted from the figure. Active fault lines in the Armenia, Nakhcivan and Iran sides
neighboring the Igdir province are not presented since up-to-date active fault lines are not available. In fact, an
extensive study carried out in 2004 by Karakhanian et al. [33] focused on fault lines and past earthquake events
occurred over those lines in Armenia, eastern Tiirkiye and northwestern Iran. However, the presented fault lines
in the aforementioned study, in the eastern Tiirkiye covering the study area, were significantly changed when
compared with the active fault lines presented in Figure 3. Such changes may also be conceivable for the active
faults in the neighboring countries. Therefore, the fault lines at the neighboring countries and hence any likely
possible earthquake events are not taken into consideration in this study.
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Figure 3. Active fault lines around the studied area of Igdir [25]

The nearest fault line called Igdir Fault Zone with ID of 263, is just about 7.40 km distance to the area of interest.
In addition, there are other active fault lines whose locations are shown in Figure 3 which may trigger earthquake
events that may cause some level of hazards in the study area. General properties of the fault lines are given in
Table 2. In order to determine largest earthquake event likely to occur at the active fault lines, the equation
proposed by Wells and Coppersmith [34] is applied. The equation depicts the moment magnitude (Mw) by relying
on the surface rupture length (SRL).

M,, = 5.08 + 1.16log (SRL) (1)

Based on this equation, it is clear that magnitude of an earthquake event to be happened over the faultline depends
on its length. Therefore, the highest magnitude earthquake event is likely to occur in the Perilidag Section with Mw
of 6.83, followed by Tirso Goli Section with Mw of 6.80 and Igdir Fault Zone with Mw of 6.78 for the faultline lengths
of 32 km, 30 km and 29 km, respectively. Magnitudes of potential earthquake events at the other fault lines are
included in Table 2.

Table 2. Active fault lines around the studied area and the largest possible earthquake events possible to take place along
these faults

Fault Distance to the study PGA (g)
Name area (km)
ID Type | Length Mw
Igdir FZ 263 RL 29 6.78 7.40 0.393
Dogubeyazit F 264 RL 20 6.60 28.85 0.126
262-3 NN 11 6.30 17.00 0.225
Agr EF 262-1 NN 8 6.13 32.74 0.140
262-2 NN 9 6.19 41.40 0.122
Candervis S 265-1 RL 25 6.70 35.80 0.200
E Perilidag S 265-2 RL 32 6.83 41.40 0.194
ED Kovancik S 265-3 RL 10 6.24 43.73 0.120
Es Tirso Golu S 265-4 RL 30 6.80 49.90 0.160
Yeni Cadir S 265-5 RL 17 6.50 38.50 0.163
Cetenli S 265-6 RL 18 6.54 38.83 0.166
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FZ; Fault Zone, F; Fault, EF; Extentional fissure, S; Segment, RL; Right Lateral, NN; Normal

The peak ground accelerations (PGA or amax) likely to be experienced at the studied area due to the predicted
earthquake events should be determined. This is because of the fact that the magnitude of an earthquake event
can demonstrate its energy level, but cannot give any indication of its hazards to the considered area. In contrast,
PGA can better illustrate the impact level of such event. In particular, the prediction of PGA is necessary to
represent the liquefaction potential of the area. While there are several ground motion attenuation equations
proposed to predict PGA, this study utilised the one developed by Ulusay, Tuncay [35] based on the local-based
(Tirkiye) earthquake data. The associated ground motion prediction equation is given belove.

PGA = 2.18¢0-0218(33.3My—Re+7.842754+18.92825p) (2)

in which, Sa=0, Sg= 0 for rock, Sa=1, Sg= 0 for stiff soil and Sa=0, Sg= 1 for loose soil. Re is a distance measured from
the closest point of the fault line to the area of interest. In this sense, considering the magnitude level of a potential
earthquake event at the Igdir Fault Zone and its closeness to the study area with just about 7.5 km, it may causes
the largest PGA, that is equal to 0.393g, at the site. Second largest PGA of 0.225g may be recorded, when an
earthquake event is triggered at the Agri Extension Fissure (fault ID of 262-3), as tabulated in Table 2. This is
followed by the any likely earthquake event at the two sections of the Balikgolii Fault Zone (i.e. Candervis Section
with fault ID of 265-1 and Perilidag Section with fault ID of 265-2) resulting in PGA of 0.20g and 0.194g at the site,
respectively. Other potential PGA at the study area under forseable earthquake events at the regarded fault lines
are given in Table 2. Important to note here that the maximum probable PGA in 475 years of return period (%10
probalility of exceedance in 50 years) is given as, on average, around 0.25g for the studied area (Ministry of Disaster and
Emergency Management Presidency (AFAD) [31]), which is distinctively lower than the maximum PGA predicted from
the deterministic approach. Therefore, this study considers only first two highest possible PGA values that are
0.393g and 0.225g calculated based on the above deterministic approach. Considering the fault lines around the
study area from Tiirkiye side as well as from Armenian side, adapting deterministic approach may be more
reliable in assessing the liquefaction potential.

4. Study Areas and Geotechnical Features

In this study, three separate regions called as Area_1, Area_2 and Area_3 at Igdir city are taken into consideration,
as highlighted in Figure 4. While the Area_1 involves only Yeni Mahalle district, the Area_2 and the Area_3 consist
of Konakli, 7 Kasim, Ozgur, Konakli and Karaagac districts and Emekli, Alikemerli and Hakveyis districts,
respectively. The studied Area_1 covers approximately 1.00 km?, the Area_2 and the Area_3 occupy lands of 4.50
km? and 3.40 km?, accordingly. As the geotechnical data is attained from the local municipality (Igdir), the data is
esteemed to be reliable to conduct this study.

In total, 85 boreholes were opened to investigate the geotechnical characteristics of the areas. 68 boreholes were
explored until the depth of 15 m, when only 17 boreholes extent to the depth of 20 m. Mainly, grain-size
distribution, Atterberg limits, unit weight, ground water levels and Standard Penetration Test values (SPT-N) were
determined. The soils were classified in compliance with the Unified Soil Classification System (USCS). From the
sieve analysis, the soil layers are characterised by mostly fine grained soils comprising %75 of the total soil bodies
and partially by coarse grained soils encompassing %25 of the total soil bodies. Fine grained soil layers are made
of low or high plastic clay and silt with the inclusions of gravel and sand soils. Similarly, coarse grained soil layers
include mainly sand and occasionally gravel involving silt and clay materials. The maximum-minimum plastic limit
(PL) and liquid limit (LL) values available for the characterised soils equal to 77.9-26.2 (%) and 42.1-12.4 (%),
respectively. The water content of the soils at the site ranges from 1.7 (%), realised above the water table to 57
(%) as maximum available below the water table. The soil densities measured were varied between 17.7 KN/m3
and 19.2 kN/m3.

The water levels at the boreholes get mostly as low as to 1.5 m from the ground surface, and reaches to 5 m at
several locations. Water table distributions within the studied areas are illustrated in Figure 5. It is clear that the
water table measured at all boreholes within the Area_1 varies only between 1.5 m and 2.00 m (Figure 5a), while,
within the Area_2, it ranges from 1.50 m to 2.00 m (Figure 5b). The water levels at the Area_3 are mostly varies
between 4.00 m to 5.00 m, as seen in Figure 5c, when only 3, 1 and 2 boreholes kept water tables at 1.50-2.00 m,
2.00-3.00 m and 3.00-4.00 m depth ranges. The measured SPT-N values at the boreholes extended from 3 to 51. In
general, the SPT-N values increased with depth, but fluctuate at some boreholes as encountered with relatively
softer soil layers. Three SPT-N profiles (one borehole in each area) and their changes through the borehole depths
are demonstrated as an example along with the correlated shear wave velocity (Vs) values in Figure 6. The recent
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study conducted by Guzel [36] provides correlation between SPT-N and shear wave velocity (Vs) values for the
area, as such:

V, = 199N00626 (3)
The average Vs values at the associated boreholes are 243. 35 m/s, 244 m/s and 230 m/s, respectively.
44: E 44: E 44; E 44: E 44: E
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Figure 4. (a) Borders and Locations of the studied areas within the Igdir city, (b) positions of the boreholes within the
Area_1, (c) positions of the boreholes within the Area_2 and (d) positions of the boreholes within the Area_3
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Figure 5. Water level distributions over the studied Area_1 (a), Area_2 (b) and Area_3 (c) based on the measured water levels
at the associated boreholes
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Figure 6. Three exemplary SPT-N profiles and correlated Vs values located in; (a) Area_1 (BH-7), (b) Area_2 (BH-28) and (c)
Area_3 (BH_82)
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5. SPT Based Liquefaction Assessment Methods

The liquefaction potential of a soil layer can be assessed through laboratory testing or on-site test methods, as well
as through empirical techniques. Empirical methods, which rely on on-site penetration testing, are commonly
utilized because of the challenges of obtaining appropriate soil samples testing on laboratory environments. The
Standard Penetration Test (SPT) is a popular in situ test choice for evaluating the risk of liquefaction, and is widely
used in many countries, including Tiirkiye. In this study, the potential for liquefaction was analyzed using the
simplified SPT-based method introduced by Seed and Idriss [37] and Seed et al. [38]. The modifications suggested
by Youd et al. [19] were also considered. The corrected SPT-N values were calculated using the equation provided
by Liao and Whitman [39]. The cyclic stress ratio (CSR), defined as the amount of cyclic shear stress needed to
cause liquefaction, was first proposed by Seed and Idriss [18]. Youd et al. [19] made a slight modification to the
calculation of CSR. Seed et al. in 1985 presented an empirical correlation between corrected SPT(N1)es0 and CSR.
The empirical correlation curves, which are the same as the liquefaction triggering curves, depict the capacity of
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soil to resist liquefaction, referred to as the cyclic resistance ratio (CRR). Youd et al. [19] modified the CRR curves
from Seed et al. [38], including those for clean sands and magnitude 7.5 earthquakes. The CRR curves provide the
limiting conditions for determining if liquefaction will occur for a magnitude 7.5 earthquake. Moreover, CRR
curves were developed for granular soils with fine contents of %5 or less, %15, and %35 [19].

In this study, the Cyclic Resistance Ratio (CRR) equation proposed by Youd et al. [19] was used. To evaluate the
risk of liquefaction, a factor of safety (Fs) equation was developed, which considers CRR7s, Cyclic Stress Ratio
(CSR), and Maximum Scaling Factor (MSF) as represented by the following formula:

Fs = (CRR; s /CSR)MSF (3)

The Magnitude Scaling Factor (MSF) was utilized as described in Eq. 4 [19].

102.24
MSF = 15z (4)
CRR and CSR were calculated based on the equations originally given by Seed et al. [38]:
I B G 50 1
75 = 34— (Np)eo | 135 ' [10(N;)eq + 452 _ 200 ()
_ a o
CSR = 0.65( max/g)( ”"/aéo)rd (6)

In which, a,,,, is the maximum ground acceleration, g is the acceleration of gravity, g,,and o, are total and
effective overburden stresses and r,; is the stress reduction coefficient. The value of r; is computed from the
following depth- dependent equations:

ry =1—0.00765z for z < 9.15m
1y = 1.174 - 0.0267z for9.15m <z <23 m (6)

(N;)go in the Equation 5 is the corrected SPT-N (N3,) and obtained by using;

(N1)6o = N CyCgCCrCs (7)

In which, N,,: the measured standard penetration counts, Cy: normalization of N,, with respect to the reference
overburden pressure, Cz: hammer energy efficiency level, Cy: rod length dependent correction factor, Cs: borehole
sampler correction. The overburden pressure correction factor, Cy, is calculated regarding the equation proposed
by Liao and Whitman [39]:

Cy = (P“ )0 (8)

Tvo
Where, P, is an atmospheric pressure of 100 kPa (1 atm) and o, is the effective overburden pressure. This value

cannot exceed 1.70. Besides, since the amount of fine content involved in clean sand is shown to alter the
liquefaction resistance of the soil, following fine content (FC) corrections are recommended.

(N1eocs = a + B(Ny)6o 9)

In which, @ and f coefficients are determined regarding the extent of fine content inclusions, as:

FC < %5, a=0and =1
%5 < FC < %35, , a = exp [1.76 _ (190/FCZ)] and B = [0.99 + (F61-5/1000)] (10)
FC = %35, a=5and ff =1.2

In the literature, the susceptibility of loose sand layers to liquefaction has been investigated up to a depth of 20
meters from the surface [37-42]. According to various studies, liquefaction occurs when the factor of safety is less
than 1.0. Additionally, it is stated that the factor of safety ranging from 1.0 to 1.2 defines the liquefaction as
marginally liquefiable, but no liquefaction will occur when the factor of safety is above 1.2 [42-44]. However, Seed
and Idriss [46] noted that the acceptable factor of safety value for the liquefaction phenomenon is between 1.25
and 1.5.
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Iwasaki et al. [47] introduced a liquefaction potential index (LPI) to overcome the limitations of the factor of safety
(Fs). The LPI is divided into four categories of liquefaction potential, including very low, low, high, and very high,
and is calculated using the following equations (Egs. 11a, b, ¢, d and e).

LPI = [ F(2)W(2)dz, (11a)
F(z) =1—F, for F, < 1.0, (11b)
F(z) = 0forF, = 1.0, (11c)
W(z) = 10 — 0.5z for z < 20m, (11d)
W(z) =0 forz =20m (11e)

The depth of the soil layer is represented by z, measured in meters, and FL represents the factor of safety against
liquefaction and equals to Fs. The classification of liquefaction potential is defined by the boundary values of the
liquefaction potential index (LPI) which are presented in Table 3 along with the liquefaction susceptibility
descriptions.

Table 3. Liquefaction potential classification suggested by Iwasaki et al. [47]

Liquefaction index (LPI) Description

0 Very Low

0<LPIs<5 Low

5<LPI<15 High

15>LPI Very high
F(z) =0forF, = 1.2, (12a)
F(z) = 2 X 10%~18427FL for 1.2 > F, < 0.95, (12b)
F(z) =1—F, for F, <0.95 (12¢)

The probability of soil liquefaction (PL) depends on the value of F. Sonmez and Gokceoglu [48] proposed the
liquefaction severity index (Ls), and they preferred to use the PL value in this index equation. According to Sonmez
and Gokceoglu [48], it is believed that the use of a liquefaction probability equation in the calculation of a
liquefaction index will provide more consistency. The liquefaction severity index (Ls) is calculated using the

following equations (Eqgs. 133, b, ¢, d and e).

L=, P@W(@)dz, (13a)
PL = W fOI‘ FL S 1411, (13b)
P.(z) =0 for F, > 1411, (13¢)
W(z) = 10 — 0.5z for z < 20m, (13d)
W(z) =0forz = 20m (13e)

The depth of the midpoint of the soil layer is represented by z and the factor of safety against liquefaction is
represented by FL in Eq. (13) for the calculation of the liquefaction severity index (Ls). The boundary values for Ls,
along with descriptions of liquefaction susceptibility, are presented in Table 4.

Table 4. Liquefaction severity index value ranges

Liquefaction severity (Ls) Description
85<Ls<100 Very High
65<Ls<85 High

35<Ls<65 Moderate
15<Ls<35 Low

0<Ls<15 Very Low

Ls=0 Non-Liquefiable

6. Results and Discussions

6.1. SPT versus Cyclic Stress Ratio

The corrected SPT(N1)eo values and corresponding CSR values at 0.393g and 0.225g seismic intensity levels are
plotted in Figure 7 along with the modified CRR curves given by Youd et al. [19]. The boundary CRR curves in
Figure 7 are determined by the fine content of the granular soil (i.e. being higher than 35%, between 35% and 5%
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and less than 5%) and, therefore, separates the graph into three regions. The curves are developed based on
historical cases. For the PGA level of 0.393g, out of the 46 data, 17 of them fall into the liquefaction region, over the
%35 fine content CRR curve. Only 3 of the soil data are between %35 and %15 fine content CRR curves and 12 of
them are represented between %15 and %5 fine content CRR curves. For the lower PGA level (i.e.,, 0.225g), the
number of soil data likely to experience liquefaction is reduced. For instance, only the 5 soil data are over the %35
fine content CRR curve and only the 10 soil data are fitted between the CRR curves. This is obviously due to the
fact that the stress on soil induced by the 0.393g seismic intensity is greater than the stress caused by the 0.225g
seismic intensity.

0.6

Fine Content (%) 35 15 <P

0.5

o
~

o
V)

Cyclic Stress Ratio, CSR
o
w

o
-

No liquefaction

® (0.393g
s 0225g

0

0 10 20 30 40

Corrected Blow Count, (N4)g0

Figure 7. Computed cyclic stress ratio (CSR) with the measured SPT(N1)eo values at the 0.393g and 0.225g seismic intensity
levels and cyclic resistance ratio (CRR) based on Youd et al. [19]

6.2. Liquefaction potential in regard to fine content

Additionally, hydrometer and Atterberg limits experiments were conducted on 288 soil samples obtained from
various depths of 85 boreholes in alluvial deposit areas. The liquefaction potential of these soils (specifically in fin-
grained soil layers) was also assessed using the method proposed by Seed et al. [41] (as shown in Figure 8). It is
clear from the figure that the low-plastic silt soils (and also low-plastic silt soils with clay) are regarded to be
susceptible to liquefaction. On the contrary, low- and high-plastic clay soils and high-plastic silt layers are unlikely
to liquefy. Based on this method, 24 samples were classified into region A and 87 samples were classified into
region B (as seen in Figure 8). Therefore, the fine-grained soil layers exist in the area also hold liquefaction
potential.
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Figure 8. Liquefaction potential silty soil layers at the studied boreholes as described by Seed et al. [41]
6.3. Mapping of liquefaction potential

Liquefaction potential of the studied areas are assessed with respect to the two methods described in the previous
section (LPI and Ls), mentioned in the previous section, suggested by Iwasaki et. al. [47] and Sonmez and Gokceoglu
[48]. The two highest PGA values of 0.393g and 0.225g that can be recorded at the site in future are regarded when
the liquefaction potentials are mapped. The maps presented in this section are produced by means of geographic
information systems (GIS) software. The computed LPI and Ls at SPT locations are interpolated with inverse
distance weight (IDW) method. The interpolation method estimates the desired values at a location from the
measured values at known certain locations by allocating weight values based on their distances to the location of
estimate.

Based on the LPI values, likelihood of liquefaction occurrence within the Area_1 can be categorized as high, as
demonstrated in Figure 9a. Only at three boreholes (BH-1, BH-5 and BH-9) the liquefaction potential is low as exact
LPI values are 4.67, 4.54 and 4.19, respectively (as presented in Table 5). It is very high at only BH-7 with exact
LPI value of 16.50. Besides, most part of the Area_2 is likely to experience liquefaction at very high or high levels,
when the area is shaken by an earthquake event with PGA level of 0.393g (Figure 9b). The liquefaction potential
is seen as low at 5 boreholes (BH-21, BH-23, BH-34, BH-35 and BH-36) in the same area since the computed LPI
values are lower than 5, as seen in Figure 9b and Table 5. In contrast, in the north-west side of the city (Area_3),
the liquefaction potential is very low, as LPI values obtained at all of the boreholes are equal to 0 or less than 5.00
(shown in Figure 9c and Table 5).

The liquefaction assessments of the areas with respect to the Ls values express less degree of liquefaction
occurrence when compared with the LPI based assessment method under the same seismic intensity level. More
specifically, the Area_1, in contrast to the liquefaction potential being high with respect to the LPI values, is
characterized by low liquefaction severity (Figure 10a). The Area_3 is symbolized by non-liquefiable or very low
liquefaction potential (Figure 10c), as in the case of LPI based methodThe Area_2, though, is very likely to
encounter liquefaction effect extending from mostly high level to moderate level, as can be depicted from Figure
10b. The liquefaction potential at the remaining area is dominantly low and only very low at 5 boreholes (BH-21,
BH-23, BH-34, BH-35 and BH-36). However, most of the Area_2 is at very high level of liquefaction potential risk
when the LPI values are regarded.

159



Liquefaction Hazard Assessments in Igdir City (Tirkiye)

(b)
(a)

Area_3
Liquefaction Potential Index (LPI)

I 0.00-5.00
[ ]s00-1500

I 1500
(c)

Figure 9. Liquefaction Potential Index (LPI) of the studied areas when 0.393g peak ground acceleration is considered
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Figure 10. Liquefaction Severity Index (Ls) of the studied areas when 0.393g peak ground acceleration is considered

In the case of implementing the second largest possible peak ground acceleration, the investigated areas are less
likely to experience liquefaction at the greater extent as the examined PGA reduces from 0.393g to 0.225g.
Specifically, the Area_1, Area_3 and most part of the Area_2 own very low level of LPI values being 0 or less than 5
(can be seen in Figures 11a-c and Table 5). In the area_2, only at 7 boreholes (BH-72, BH-75, BH-77, BH-80, BH-84
and BH-85) possess high level of liquefaction which can be observed from Figure 11b and Table 5. The LPI values
at these boreholes are 6.03, 8.31, 5.65, 11.98, 5.21 and 7.05, respectively. In the same way, the Ls values for the
Area_1 and Area_3 suggestvery low liquefaction severity (Figures 12a, c). However, at the large parts of the Area_2,
there is still moderate and low levels of liquefaction severity since the Ls values extend from 15 to 65 while the
remaining part of the area is very low level of liquefaction potential (Figure 12b). It is clear from Figure 11b and
Figure 12b that the same part of the Area_2 expresses greater level of liquefaction potential in terms of than the
remaining part. This implies that although the LPI and Ls based liquefaction evaluation methods are different,
they can still leads to similar liquefaction potential indication, hence, in a way validate each other.
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Figure 11. Liquefaction Potential Index (LPI) of the studied areas when 0.225g peak ground acceleration is considered
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Figure 12. Liquefaction Severity Index (Ls) of the studied areas when 0.225g peak ground acceleration is considered

Table 5. Locations and liquefaction potentials at the boreholes in terms of LPI and LS values

coordinates

Borehole_no | easting northing | LPI Describ. Ls Describ. LPI Describ. | Ls Describ.
BH-1 423135.1 | 4419672 | 4.67 | Low 17.47 | Low 0.00 | Low 345 | Verylow
BH -2 423514.3 | 4419534 | 7.71 High 25.06 | Low 0.36 Low 6.97 | Verylow
BH -3 423689.4 | 4419468 | 6.73 High 17.75 | Low 0.64 Low 7.30 | Verylow
BH -4 423361.2 | 4419891 | 12.69 | High 53.38 | Moderate | 1.65 | Low 9.72 | Verylow
BH -5 423452.3 | 4419754 | 4.54 Low 7.16 Low 0.00 Low 3.90 Very low
BH -6 423701.5 | 4420054 | 8.40 | High 35.72 | Moderate | 2.01 | Low 8.96 | Verylow
BH -7 4239415 | 4420087 | 16.50 | Very high | 43.01 | Moderate | 2.30 Low 16.49 | Low

BH -8 423934.5 | 4419991 | 6.38 | High 1328 | Verylow | 0.36 | Low 6.97 | Verylow
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BH -9 424082.5 | 4419909 | 4.19 | Low 11.49 | Verylow | 0.00 | Low 347 | Verylow
BH -10 423611.3 | 4420069 | 5.22 High 16.99 | Low 0.00 Low 4.88 Very low
BH -11 423583.3 | 4419719 | 6.30 High 19.62 | Low 0.00 Low 5.43 Very low
BH -12 424256.6 | 4419802 | 7.04 | High 28.69 | Low 0.64 | Low 7.30 | Verylow
BH -13 424071.5 | 4419556 | 6.79 High 14.82 | Verylow | 0.08 Low 6.64 Very low
BH -14 4238714 | 4419328 | 6.49 | High 21.34 | Low 0.36 | Low 6.97 | Verylow
BH -15 423967.5 | 4419697 | 11.28 | High 39.85 | Moderate | 1.48 Low 8.30 Very low
BH -16 420033.9 | 4417335 | 9.81 | High 29.33 | Low 0.00 | Low 8.92 | Verylow
BH -17 420234 4417898 | 9.11 | High 36.07 | Moderate | 0.64 | Low 7.30 | Verylow
BH -18 420472.1 | 4418059 | 8.90 High 20.83 | Low 4.07 Low 11.36 | Very low
BH -19 420746.2 | 4418082 | 599 | High 17.97 | Low 0.00 | Low 543 | Verylow
BH -20 420153 4416584 | 8.59 High 19.82 | Low 0.00 Low 7.34 Very low
BH -21 420220 4416737 | 0.00 Low 11.93 | Verylow | 0.00 Low 0.00 Very low
BH -22 419975.2 | 4416911 | 6.86 High 26.32 | Low 1.20 Low 7.96 Very low
BH -23 420377.8 | 4416778 | 4.88 Low 7.55 Very low | 0.00 Low 4.36 Very low
BH -24 420136 4416957 | 4.88 Low 12.16 | Verylow | 0.00 Low 436 | Verylow
BH -25 420132.9 | 4417156 | 5.89 High 17.15 | Low 0.00 Low 6.02 Very low
BH -26 420465.1 | 4417700 | 6.05 High 18.61 | Low 0.00 Low 6.33 | Verylow
BH -27 420838.3 | 4417739 | 13.25 | High 49.30 | Moderate | 0.64 Low 14.74 | Very low
BH -28 420228 4417361 | 8.64 High 43.65 | Moderate | 0.64 Low 7.30 | Verylow
BH -29 420312 4418018 | 6.79 High 36.72 | Moderate | 0.00 Low 5.73 | Very low
BH -30 420132 4417887 | 5.98 High 15.15 | Low 0.00 Low 6.18 Very low
BH -31 420066 4417202 | 5.05 High 25.36 | Low 0.00 Low 461 | Verylow
BH -32 419946.8 | 4417397 | 6.57 High 32.06 | Low 0.00 Low 5.15 Very low
BH -33 419501.7 | 4417523 | 1.14 Low 15.06 | Low 0.00 Low 0.00 Very low
BH -34 419426.9 | 4417387 | 0.00 Low 4.13 Very low | 0.00 Low 0.00 Very low
BH -35 419142.7 | 4417518 | 0.00 Low 7.38 Very low | 0.00 Low 0.00 Very low
BH -36 419463.7 | 4417598 | 0.00 Low 2.82 | Verylow | 0.00 Low 0.00 | Verylow
BH -37 414438.1 | 4422272 | 0.24 Low 16.02 | Low 0.00 Low 0.00 Very low
BH -38 4144715 | 4422043 | 0.00 Low 12.56 | Verylow | 0.00 Low 0.00 | Verylow
BH -39 414785.9 | 4422158 | 0.00 Low 11.60 | Verylow | 0.00 Low 0.00 Very low
BH -40 414785.4 | 4422400 | 0.35 Low 9.76 | Verylow | 0.00 Low 0.00 | Verylow
BH -41 415094 4423149 | 0.00 Low 3.11 | Verylow | 0.00 Low 0.00 | Verylow
BH -42 414826.9 | 4423451 | 0.00 Low 4.41 Very low | 0.00 Low 0.00 Very low
BH -43 4144255 | 4423649 | 0.00 Low 9.52 | Verylow | 0.00 Low 0.00 | Verylow
BH -44 414046.9 | 4423173 | 0.00 Low 4.77 Very low | 0.00 Low 0.00 Very low
BH -45 414083 4423536 | 0.02 Low 9.95 Very low | 0.00 Low 0.00 Very low
BH -46 413568.4 | 4423843 | 2.31 Low 17.28 | Low 0.00 Low 142 Very low
BH -47 414611.8 | 4423512 | 0.00 Low 0.00 Very low | 0.00 Low 0.00 Very low
BH -48 4144915 | 4423519 | 0.00 Low 0.15 Very low | 0.00 Low 0.00 Very low
BH -49 414801.9 | 4423327 | 0.00 Low 3.71 Very low | 0.00 Low 0.00 Very low
BH -50 413855.6 | 4424058 | 0.00 Low 2.46 Very low | 0.00 Low 0.00 Very low
BH -51 414073.3 | 4423864 | 0.00 Low 1.53 Very low | 0.00 Low 0.00 Very low
BH -52 414281 4423344 | 0.00 Low 0.71 Very low | 0.00 Low 0.00 Very low
BH -53 414364.6 | 4423695 | 0.00 Low 0.00 Very low | 0.00 Low 0.00 Very low
BH -54 414587.7 | 4423714 | 0.00 Low 0.31 Very low | 0.00 Low 0.00 Very low
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BH -55 414598.8 | 4423922 | 0.00 | Low 0.00 | Verylow | 0.00 | Low 0.00 | Verylow
BH -56 414899.2 | 4423194 | 0.00 Low 5.82 Very low | 0.00 Low 0.00 Very low
BH -57 414605.1 | 4423086 | 0.00 Low 5.29 Very low | 0.00 Low 0.00 Very low
BH -58 416304.5 | 424021.6 | 0.00 Low 1.13 Very low | 0.00 Low 0.00 Very low
BH -59 416423.6 | 4423805 | 0.00 Low 5.00 Very low | 0.00 Low 0.00 Very low
BH -60 416244.2 | 4423548 | 0.00 Low 1.66 Very low | 0.00 Low 0.00 Very low
BH -61 416032.8 | 4423386 | 0.37 Low 5.11 Very low | 0.00 Low 0.00 Very low
BH -62 416142 4423618 | 0.00 Low 391 Very low | 0.00 Low 0.00 Very low
BH -63 416207.3 | 4423403 | 0.00 Low 3.64 | Verylow | 0.00 Low 0.00 Very low
BH -64 416087.4 | 4423155 | 0.00 Low 6.66 Very low | 0.00 Low 0.00 Very low
BH -65 415913.3 | 4423693 | 0.00 Low 12.00 | Verylow | 0.00 Low 0.00 Very low
BH -66 416419.3 | 4423516 | 0.00 Low 1.55 Very low | 0.00 Low 0.00 Very low
BH -67 416011.7 | 4423560 | 0.00 Low 3.53 Very low | 0.00 Low 0.00 Very low
BH -68 416508 4423607 | 0.00 | Low 0.00 | Verylow | 0.00 | Low 0.00 | Verylow
BH -69 419682.1 | 4417474 | 16.23 | Very high | 63.33 | High 0.00 Low 10.19 | Very low
BH -70 419719.9 | 4417094 | 28.98 | Very high | 75.00 | High 1.50 Low 27.07 | Low
BH -71 419767 4416291 | 20.26 | Very high | 74.01 | High 2.36 Low 2249 | Low
BH -72 419333.3 | 4416396 | 29.43 | Very high | 63.54 | Moderate | 6.03 High 30.09 | Low
BH -73 419191.7 | 4416756 | 25.10 | Very high | 77.03 | High 1.22 Low 25.69 | Low
BH -74 419450.2 | 4416972 | 37.97 | Very high | 86.03 | Very high | 4.95 Low 41.40 | Moderate
BH -75 419324 | 4417227 | 30.25 | Very high | 68.28 | High 8.31 | High 3254 | Low
BH -76 418959.9 | 4416782 | 33.42 | Veryhigh | 71.82 | High 3.84 Low 33.89 | Low
BH -77 418903.1 | 4417062 | 31.93 | Very high | 84.10 | High 5.65 High 36.28 | Moderate
BH -78 418661.5 | 4416847 | 27.34 | Very high | 70.38 | High 2.56 Low 24.63 | Low
BH -79 419105.6 | 4416342 | 23.92 | Veryhigh | 72.44 | High 6.16 | High 25.90 | Low
BH -80 418554.4 | 4417218 | 40.75 | Very high | 88.01 | Very high | 11.98 | High 48.68 | Moderate
BH -81 418567.4 | 4416515 | 27.59 | Very high | 78.56 | High 321 Low 25.96 | Low
BH -82 418124.3 | 4417014 | 33.12 | Very high | 82.24 | High 4.18 Low 37.62 | Moderate
BH -83 417962.2 | 4415532 | 21.49 | Very high | 74.68 | High 2.34 Low 20.92 | Low
BH -84 417531 4417914 | 17.78 | Very high | 51.66 | Moderate | 5.21 High 20.61 | Low
BH -85 416822.7 | 4418631 | 31.58 | Very high | 81.63 | High 7.05 High 35.14 | moderate

7. Conclusions

This study deals with the liquefaction potentials of several districts, comprising Area_1, Area_2 and Area_3, in Igdir
city located in the eastern side of Tiirkiye. The city borders with three seismically active countries (i.e. Armenia,
Nakhicivan and Iran) is located in a plain land and sits on Quaternary alluvial deposits, likewise the studied areas.
Moreover, the site has been surrounded by several fault lines with potentially high magnitude earthquake
triggering capabilities which may influence the city with as large as 0.393g and subsequently with 0.225g input
motions. Due to these reasons, the study maps the liquefaction potential of the aforementioned areas within the
city by considering soil data from 85 boreholes in total. The liquefaction potential is assessed at 0.393g and 0.225g
seismic intensity levels with respect to two methods; (i) Liquefaction Potential Index (LPI) and (ii) Liquefaction

Severity Index (Ls). The outcomes of the study can be listed as follows:

Based on LPI and Ls criteria, the Area_1 located in the south-east side of the city is particularly prone to
liquefaction as most part of the area is categorized by very high (LPI) and high (Ls) liquefaction probability

under PGA of 0.393g.

The Area_2 positioned on the north-west side of the city may also endure liquefaction effect with high to

very high extents (LPI) or with low to high extents (Ls).
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e Subsequently, in the south part of the city (Area_3), the liquefaction phenomena is expected to be
recognized as very low by both LPI and Ls methods.

e As anticipated, when the city is hit by an input motion with PGA of 0.225g, liquefaction potential or
severity stretch down to the lower categories. In particular, the Area_1 and the Area_3 are depicted to be
non-liquefiable or very low liquefaction susceptibility. The Area_2 falls into, mostly, very low to low and,
partially, high categories with respect to LPI criteria and low and very low (most proportion of the area)
and moderate concerning Ls criteria.

o Finally, the studied areas at Igdir city are likely to persist liquefaction with varied degrees of severity. This
study expresses the liquefaction potential at the city that may be benefitted for seismic risk mitigation,
earthquake hazard assessments and urban planning policies.
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