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Betonarme Cercevelerde Yumusak Kat Etkilerinin Yeni Nesil Dolgu Duvarlar
ile Azaltilmasi

Reducing Soft-Story Effects in Reinforced Concrete Frames with New
Generation Infill Walls
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0z

Cesitli amaclarla 6zellikle zemin kat dolgu duvarlari kaldirilmis ¢ok sayida binanin depremler sirasinda bu katta artan yanal
deplasman talebiyle yumusak kat/zayif kat mekanizmalar1 sergiledigi ve binanin bu kat iizerine ¢oktiigii ge¢mis depremlerden
bilinmektedir. Sunulan ¢alismanin amaci, 2018 Tiirkiye Bina Deprem Yoénetmeligi'nde de kabul goéren yeni nesil dolgu duvarlarin
betonarme cercevelerde yumusak kat olusumunu azaltmadaki etkilerini arastirmaktir. Calisma kapsaminda dolgulu betonarme
cerceve modelleri tizerinde dogrusal olmayan analizler gerceklestirilmis, g6z 6niine alinan ¢ok katli diizlemsel ¢ercevelerde yumusak
kat etkilerinin belirgin hale gelmesi i¢cin modellerde yalnizca tist katlarin agikliklarinda dolgu duvar etkisi dikkate alinmistir. Analizde
kullanilan ¢ergeve ve dolgu duvar parametreleri, dolgu duvarli ve dolgu duvarsiz diizlemsel betonarme gerceveler tizerinde daha énce
yuritilen yari statik testlerden elde edilmistir. Simiilasyonlar, geleneksel dolgu duvar durumuna kiyasla yeni nesil duvar
kullaniminin, ilk katlar1 dolgusuz binalarda bile yumusak/zayif kat olusumunu azaltma potansiyeline sahip oldugunu géstermektedir.

Anahtar Kelimeler: Dolgulu betonarme cerceveler, deprem giivenligi, yumusak kat diizensizligi, yeni nesil dolgu duvarlar, esnek duvar

Abstract

Past earthquakes have shown that many buildings with infill walls, especially due to the walls being removed for various purposes on
the first floor, exhibit soft-story/weak story mechanisms due to increased lateral displacement demand during earthquakes and
building collapse on that floor. The aim of the present study is to investigate the effect of new generation infill walls, introduced as a
new concept in the Turkish Building Earthquake Code-2018, in reducing the soft story formation in reinforced concrete frames. Within
the scope of the study, nonlinear analyses were performed on numerical models of reinforced concrete frames with only the upper
stories infilled in order to force the models to exibit soft-story irregularities. The frame and infill wall parameters used in the analysis
were obtained from the quasi-static tests on planar reinforced concrete frames with and without infill walls. Numerical simulations
showed that the use of new generation infill walls has the potential to reduce the soft story formation even in the buildings with
unfilled first stories, compared to fully infilled model cases.

Keywords: Infilled reinforced concrete frames, earthquake safety, soft storey irregularity, new generation infill walls, flexible wall

EXTENDED ABSTRACT

Introduction

The conventional practice of neglecting the stifness and strength
properties of infill walls in structural design for reinforced
concrete structures overlooks their significant impact on the
structural behavior. Recent studies have highlighted this effect,
emphasizing the need for attention to infill walls. Moreover,
irregular layout of infill walls between adjecent floors introduces
variations in stiffness, potentially leading to undesirable collapse
mechanisms. To address these concerns, some novel infill wall
designs have been proposed based on experimental research such as
Misir et al. (2012) and Preti et al (2012). The proposed designs
minimized the panel action of the walls by using horizontal sliding
joints on some or each morterless bed joints between the brick layers.
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Materials and Methods

Misir et al. (2015) constructed and analyzed Finite Element (FE)
models representing the test specimens. Calibration parameters
derived from the simulations of the numerical models were then
utilized to construct multi-story frame models. These models
investigated the impact of using sliding walls on the soft story
mechanism. Furthermore, nonlinear two-dimensional FE models
were constructed to represent the previously tested infilled
frame specimens. Numerical model parameters were calibrated
using experimental data. Subsequent numerical analyses
simulated damage distribution, load-displacement envelope
curves, and experimental outcomes with acceptable accuracy.
Three-story frame models, with varying infill conditions, were
examined using the damage patterns.
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Conclusion

In the analyzed configurations, the ground floors were
constructed without infill walls, aligning with common practices
in our region and neighboring areas, while infill walls were
integrated into the upper floors. It was observed that traditional
brick wall usage on the ground floor led to an increase in
displacement demand and facilitated the formation of the soft
story mechanism. Upon analysis, it was evident that the ground
floor of traditional infilled models exhibited significantly higher

deformation demands compared to both empty frame and sliding
infill frame models. Similarly, in three-story models equipped
with sliding infill walls, which possess lower in-plane stiffness,
deformations closely resembled those of frames without infill for
all floors. Importantly, noninfilled ground floor in this model
helped to mitigate the adverse effects and minimized the
potential for soft story formation.

1. Giris

Betonarme yapilar, sagladig esnek tasarim olanaklari ve yapim
kolaylig1 nedeniyle olduk¢a sik tercih edilmektedir. Genellikle
betonarme yapilarin insasinda, i¢ mekani disaridan izole etmek
ve bolmek icin, betonarme cergeveler arasina dolgu duvarlar insa
edilir. Boéylece dolgu duvar ve betonarme c¢ergevelerin
birlesiminden dogan daha karmasik bir kompozit yapi
olusturulur. Betonarme binalarda kullanilan yatay delikli
donatisiz yigma duvarlarin yapinin cesitli yiiklemeler altindaki
davranisini 6nemli 6l¢iide degistirebilecegi bilinmesine ragmen
giincel sartnamelerde yapisal olmayan eleman kategorisinde ele
alinmaktadir. Bu nedenle yeni binalarin tasariminda ve mevcut
binalarin degerlendirilmesinde dolgu duvarlarin yapisal
davranis lizerindeki etkileri goz ardi edilir [1, 2]. Ayrica, dolgu
duvarli betonarme (BA) cerceve sistemler iizerine yapilan
arastirmalarda dolgu duvarlarin varligimin yapisal sistem
davranisina etkisi enerji tiiketim iligkileri ve 6telenme limitleri
acisindan tam olarak belirlenememistir [3]. Deprem etkisi
altindaki dolgu duvarli betonarme gergevelerin irdelendigi bir
diger ¢calismada [4], dolgu duvarli yap1 hasarinin, dolgu duvar ve
cerceve arasindaki etkilesim nedeniyle bos cerceve yapidan
acikea farkl oldugu gosterilmistir. Dolgu duvar yapisal olmayan
bir eleman olarak dikkate alinmasina ragmen, deprem etkileri
alinda yapisal sistemin mekanik davranisi ve deprem
performansi lizerinde 6nemli bir etkiye sahiptir [5, 6]. Negro ve
Verzeletti [7] tarafindan yapilan ¢alismalarda da yigma duvar
kullaniminin ana yapinin dis ytikler altindaki davranigini 6nemli
olciide etkiledigini belirtmektedir. Genel olarak, yapisal olmayan
duvar panellerinin varligi, yapinin yatay yiik tasima kapasitesini
onemli 6lgiide arttirdigy i¢in faydal bir etkiye sahiptir. Bunun
yaninda, yapinin baslangi¢ rijitligini artirarak serbest titresim
periyodunun azalmasina sebep olur. Dolgu duvarlar ¢ergevenin

degisikliklere neden olmakta ve degisikliklerin etkisi duvarin
gocme moduna bagl olarak avantajli veya dezavantajli
olabilmektedir. Dolgu duvar, yapinin baslangig rijitligini ve statik
yukler altindaki dayanimini artirmasina ragmen, arastirmalar,
yigma dolgu duvar varliginin yapinin dinamik yiikler altindaki
davranisini olumsuz etkileyerek, dayanim, rijitlik ve enerji
tilketme kapasitesinde ani kayiplara neden oldugunu
gostermistir [8, 9]. Ayrica, yigma dolgu duvarlarin kontrolsiiz
kullanimi yumusak kat mekanizmalar1 ve kisa kolon davranisi
gibi baz1 istenmeyen durumlara neden olmaktadir. Gegmis
depremlerde yasanan can kayiplari, ¢cogunlukla dolgu duvarlarin
bilingsizce  kullanimindan  dogan ani  gbo¢meler ile
iliskilendirilmistir [16]. Depremlerde can kaybina sebep
olabilecek bu tiir go¢me mekanizmalar: gerceklesmesi kullanilan
dolgu duvar malzemesinin ve derz 6zelliklerinin (harg¢h derz,
kuru derz) mekanik 6zellikleri ile yakindan iligkilidir. Cogunlukla
har¢ derzinin mekanik 6zellikleri ve daha &zel olarak kesme
davranisi, yigma yapilarin zayif noktalarina karsilik geldikleri ve
dogrusal olmayan davranisi domine ettikleri i¢in duvar
davranisinda baskin bir rol oynar [10]. Bir¢ok tilkede, 6ncelikle

bir park yeri veya magaza olusturmak i¢in, dolgu duvarli BA
cerceve binalarin ilk katinin ac¢ik birakilmasi yaygindir. Bu
binalarda ilk kat disindaki tiim katlarda yigma dolgu duvarlar
mevcuttur [11, 12, 13, 14]. Bu, yumusak kat mekanizmasi olarak
bilinen depremlerdeki en yaygin gé¢me nedenlerinden birine
onciiliik eder.

Yeni yapilacak binalarin tasariminda ve mevcut binalarin
degerlendirilmesinde yapisal olmayan dolgu duvarlarin kendi
deprem performansi ve i¢inde bulundugu yapinin deprem
performansina etkisi ayr1 ayr1 dneme sahiptir. Bu nedenle,
yapisal davranisin iyilestirilmesine katki saglayacak yeni nesil
yigma dolgu duvar yapim tekniklerinin  gelistirilmesi
siirdiiriilebilir kentler olusturabilmek icin 6nemli bir konu haline
gelmistir. Bu teknikler ¢ogunlukla yigma birim, harg¢, donaty,
baglanti elemanlar1 vb. gibi malzemelerin gelistirilmesi tizerinde
yogunlasmistir. Gelistirilen yeni teknikler ile deprem hasari ve
gocme riskini azaltacak, gerekli fonksiyonel (termal, akustik ve
deformasyon) dayanikliligi karsilayacak duvar tasarimlari
hedeflenmektedir. Bu amagla Misir vd. [12] tarafindan yapilan
arastirmada dolgu duvar hasarinin siinek gé¢gme modlar ile
gerceklestigi bir yapim teknigi onerilmistir. Bu ¢alismada iist
ylzilinde uzunlamasina bir ray ve alt yiiziinde uzunlamasina bir
oluk bulunan yatay delikli “kilitli” kil tuglalardan yapilmis dolgu
duvarlarin performansini betonarme c¢erceveler icinde test
edilmistir. Ardisik  tugla siralari, hargsiz olarak
yerlestirildiginden dolgu duvarin diizlem i¢i yonde hareketi
serbest hale getirilmistir. 150 mm genisliginde geleneksel tugla
ve hargsiz kilitli tugla kullanilan iki adet dolgulu cerceve ve bir
adet bos cerceve olmak iizere toplam ii¢ adet tek agiklikli tek kath
BA ¢erceve numunesi %3,5 dtelenme oranina kadar ¢evrimsel
yik altinda test edilmistir. Yapilan testlerde geleneksel dolgu
duvar ile tiretilen numuneye kiyasla kilitli dolgu duvar ile insa
edilen cerceve numunesinin ¢ergevenin yanal yiik direncine
katkisi belirgin derecede diisiik kalmistir. Kilitli duvar bloklari
+%3,5 otelenme oranlarinda dahi neredeyse hasar almadan
cerceve ile birlikte deforme olabilmistir. Bu ¢alisma kapsaminda,
bahsi gecen deneysel ¢alismadaki test numunelerinin FE
modelleri analiz edilerek sonuglar degerlendirilmistir. Bu
referans numuneleri benzestiren sayisal modellerin analizinden
elde edilen kalibrasyon parametreleri kullanilarak c¢ok kath
cerceve modelleri kurulmus ve kayar tugla duvar kullaniminin
yumusak kat mekanizmasi tizerindeki etkisi incelenmistir.

2. Amag

Genellikle yap1 elemanlarinin veya sistemlerinin yapisal
davranisinin incelenebilmesi i¢in laboratuvar testlerine ihtiyac
duyulmaktadir. Ne var ki maliyet, zaman ve fiziksel kisitlar yeterli
cesitlilikte laboratuvar testinin yapilmasinin éniinde bir engeldir.
Bu nedenle deneysel ¢alismalarin planlama asamasinda, numune
ve deney diizeneginin tasarimi siireglerinde ve deneyi
yapillamayan bilylik boyutlu numunelerin davranisinin
irdelenebilmesi amaciyla sayisal model ¢alismalarina ihtiyag
duyulmaktadir. Ancak insaat mihendisligi malzemelerinin ve
yapilarinin sahip oldugu belirsizlikler nedeniyle numunelerin
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gercekei sonuglar verecek sayisal modellerinin kurulmasi kolay
degildir. Bu nedenle sayisal model sonuglarinin deneysel
verilerle kalibre edilmesi ve belirsiz model parametrelerinin
tespit edilmesi gerekmektedir. Boylece kalibre edilmis model
parametreleri kullanilarak parametrik analizler yiiriitmek ve
bulgular1 genellestirmek miimkiin hale gelmektedir. Bu calisma
kapsaminda, bahsi gegen referans dolgulu betonarme cerceve
numunelerinin sayisal modelleri kurulmus, deney sonuglariyla
kalibre model parametreleri elde edilmistir. Elde edilen
kalibrasyon parametrelerini kullanarak deprem etkisi altindaki
cok kath ¢ergeve yapilarinda kayar tugla kullaniminin yumusak
kat mekanizmasi lizerindeki etkisini irdelemek amaglanmstir.

3. Sayisal Modeller ve Model Kalibrasyonu

Kalibrasyon parametrelerin elde edilmesi amaciyla Misir vd. [12]
tarafindan test edilen iki adet dolgulu ve bir adet dolgusuz
cerceve numunesinin sayisal modelleri hazirlanmistir. Deney
numuneleri ve test diizenegine iliskin detayll bilgiler ilgili
makalede yer almaktadir. Sayisal modellerin olusturulmasi
sirasinda dikkate alinan numune geometrisi ve tugla birimlere ait
goriintiiler Sekil 3’te sunulmustur.

Kalibrasyon icin yapilan analizlerde deney numuneleri ile ayni
geometrik dzelliklere sahip sayisal modeller kullanilmistir (Sekil
4). Sayisal modeller DIANA FEA v10.3 [15] yaziliminda iki
boyutlu olarak hazirlanmis, referans olarak dikkate alinan deney
numunelerin donati konfigiirasyonu ve malzeme karakteristigi
dikkate alinarak gerekli tanimlamalar modele eklenmistir.
Modeller iki boyutlu olarak tasarlandig i¢in kolon ve kiris
elemanlarda enine donatilar nedeniyle olusan sargi etkisi
Maekawa Concrete [17] beton modeli kullanilarak sargili betonun
mekanik  oOzellikleri elde edilmis ve sayisal modele
tanimlanmistir. Dikkate alinan beton modeline ait histeretik
ylklemeler altindaki gerilme-birim sekil degistirme egrisi Sekil
1’de verilmistir. Donat1 ¢eligi icin Menegotto-Pinto [19] modeli
dikkate alinmistir (Sekil 2). Yigma duvar birimleri ise kayar tugla
ozelliklerini de dikkate alabilmek i¢in mezo modelleme teknigi
esas alinarak hazirlanmistir.

Hazirlanan sayisal modeller referans numunelerin deney
diizenegine uygun olarak (Sekil 5) yiliklenmis ve elde edilen
niimerik sonuglar deney sonuglar1 ile kiyaslanarak gerekli
kalibrasyon yapilmistir. Kalibrasyon parametresi olarak yigma
duvar biriminin elastisite modiilii dikkate alinmistir. Kalibrasyon
sonucunda duvar biriminin elastisite modiilii 1100 MPa olarak
dikkate alinmistir. Bu kapsamda normal tugla duvar (SBF), ilgili
calismada onerilen kayar tugla duvar (LBF) ve dolgu duvarsiz
(BaF) hazirlanmis cerceve sistemler analiz edilmistir. Yapilan
analizler sonucunda SBF ve LBF modellerinin %0,20; %0,62;
%2,00 ve %3,00 6telenme oranina karsilik gelen hasar gorselleri
sirasiyla Sekil 6 ve Sekil 7’de sunulmugtur. ilgili gérsellerde
bulunan Ecw degerleri 6telenme seviyelerindeki catlak genisligine
karsilik gelmektedir. Yapilan sayisal ¢alismalarda ileri dtelenme
seviyelerinde kayar tugla duvarli numunenin geleneksel tugla
duvarli numuneye kiyasla daha az hasara ugradigl
gozlemlenmistir. Bu gbzlem referans deney sonuglari ile uyumlu
oldugu goriilmiistiir.

Araytiz, beton ve duvar birimleri i¢in kalibre edilen parametreler
sirasl ile Tablo 1-3’te sunulmustur. Kayar tugla duvarlar arasinda
harg birimlerinin bulunmamasi nedeniyle duvar-duvar araytizii
yalnizca stirtiinme etkileri dikkate alinarak tanimlanmaistir.
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Sekil 1. Maekeva beton modeli histeretik gerilme birim sekil
degistirme egrisi [18]

Figure 1. The hysteresis stress-strain curve of the Maekeva
concrete model [18]

Sekil 2. Menegotto-Pinto modeli
degistirme egrisi [18]

gerilme- birim sekil

Figure 2. The stress strain curve of Menegotto-Pinto model
(18]

Referans numunelere uygulanan ¢evrimsel yiikleme ile uyumlu
sekil degistirme kontrollii yari-statik yliklemeye maruz birakilan
sayisal modellerin analizi sonucunda, kurulan sayisal modellerin
Otelenme seviyeleri ve dayanim agisindan olduk¢a uyumlu
oldugu goriilmiistiir. Buna karsilik kullanilan malzemelerin sahip

acisinda deney numuneleri ve sayisal modeller arasinda bir fark
meydana gelmektedir. Deneysel ve sayisal tepe yiikii-kat
otelenme orani grafikleri Sekil 8’de verilmistir.
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Sekil 3. (a) Deney elemanlarinin geometrik 6zellikleri, (b) kayar duvar imalat asamasi, (c) kilitli tugla birimleri ve (d) standart
tugla birimi [13].

Figure 3. (a) The geometric properties of test specimens, (b) construction stage of the sliding wall, (c) interlocking brick units,
and (d) standard brick unit [13].
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Sekil 4. (a) Sayisal modellere ait (a) donati ve yilikleme semasi ve (b) sonlu eleman ag1

Figure 4. (a) Reinforcement and loading diagram of the numerical models, and (b) the finite element mesh
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Sekil 5. (a) Yiikleme sistemi ve (b) yiikleme ge¢cmisi
Figure 5. (a) Loading system and (b) loading history
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(b)

(d)
Sekil 6. SBF ve LBF'nin % 0,20 (a, b) ve % 0,62 (c, d) 6telenme orani i¢in hasar dagilimi
Figure 6. Damage distribution of SBF and LBF for 0.20% (a, b) and 0.62% (c, d) drift ratio.

(© o ©
Sekil 7. SBF ve LBF'nin %2,0 (a, b) ve %3,0 (c, d) dtelenme orani i¢in ¢atlak genisligi cinsinden hasar dagilimi

Figure 7. Damage distribution of SBF and LBF in terms of crack width for 2.0% (a, b) and 3.0% (c, d) drift ratio

Tablo 1. Duvar-Duvar arayiizii (Coulomb Siirtiinme Modeli) i¢cin model parametreleri

Table 1. Model parameters for Wall-Wall interface (Coulomb Friction Model)

Y yonii X yonii
Normal Rijitlik (N/mm3) 6000 30
Kayma Rijitligi (N/mm3) 30 6000
Siirtiinme Agisi 300 30°
Genisleme Agisi 0 0
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Sekil 8. Sayisal ve deneysel zarf egrilerinin karsilastirilmasi

Figure 8. Comparison of numerical and experimental envelope
curves

4. UgKath Cerceve Modellerinin Analizleri

Elde edilen kalibre edilmis model parametreleri kullanilarak ayni
cerceve aciklifina ve kat yiiksekligine sahip ti¢ kath tek aciklikli
betonarme ¢erceve modelleri (a) dolgusuz (BaF3), (b) yalnizca 2.
ve 3. kat1 geleneksel dolgu duvarl (SBF3) ve (c) yalnizca 2. ve 3.
kat1 kayar dolgu duvarli (LBF3) olmak tizere ti¢ farkli dolgu duvar
diizeninde kurulmus (Sekil 9) ve analiz edilmistir. U¢ kath
cerceve modellerinde tiim kolonlarin tist ucundan eksenel yiik
kapasitelerinin %10’u mertebesinde eksenel basing kuvveti
uygulanmistir. Ayrica kat hizalarindan uygulanan 1. mod sekliyle
uyumlu yanal yer degistirme yiikleri altinda dogrusal olmayan
analizler tamamlanmis ve analiz sonucunda elde edilen hasar
dagilimlar Sekil 10’da sunulmustur. Gergeklestirilen dogrusal
olmayan analizler kapsaminda ikinci mertebe etkileri dikkate
alinmistir. Analizler sonucunda ti¢ kath her bir cerceve model i¢cin
elde edilen kapasite egrileri Sekil 11’de verilmistir. Bu sonuglara
gore zemin kat1 bos birakilan geleneksel dolgulu {i¢ katli model
(SBF3) hasarin zemin katta yogunlasarak yumusak Kkat
mekanizmasina eristigi goriilmiistiir. Geleneksel dolgulu model
kayar duvar ozellikleri tanimlanmis modele (LBF3) kiyasla
belirgin olarak daha yiiksek sekil degistirmeler ve dolayisiyla
hasar gostermistir. Kayar duvarli LBF3 modeliyle elde edilen
sekil degistirmeler tiim katlar1 bos ¢ercevenin sonuglarina yakin
olarak elde edilmis, LBF3 modelinde zemin katin dolgusuz
birakilmasinin olumsuz etkisinin siirh kaldiglr goériilmiistiir.
Boylece onerilen yapim tekniginin kullanimi ile yumusak kat
mekanizmasinin olumsuz etkilerinin ortadan kaldirilabilecegi
gorilmustir.

Tablo 2. Beton malzemesi model parametreleri

Table 2. Concrete material model parameters

Concrete Total Crack Strain Model (TCSM) [20]

Elastisite Modiili 28000 MPa
Poisson Orani 0,2
Yogunluk 2400kg/m3
Catlak Oryantasyonu Rotation
Catlak Bant Genisligi Rots
Cekme Davranisi/CEB FIB MODEL Code 2010
[21]
Cekme Dayanimi 2,21 MPa
Mode-I kirllma enerjisi 125,17 N/m

Basing Davranisi: Maekawa Concrete Model

Basing Dayanimi 20 MPa

[ 7

Sekil 9. (a) Dolgusuz (BaF3), (b) 2. ve 3. katlar1 geleneksel dolgu duvarli (SBF3) ve (c) 2. ve 3. katlar1 kayar dolgu duvarli (LBF3)

cerceve modelleri

Figure 9. Frame models with (a) unfilled (BaF3), (b) conventional infill walls (SBF3) on the 2nd and 3rd floors, and (c) sliding infill

walls (LBF3) on the 2nd and 3rd floors
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Sekil 10. (a) BaF3, (b) SBF3 ve (c) LBF3 modellerine ait ¢atlak genisligi cinsinden hasar dagilimlar
Figure 10. Damage distributions in terms of crack width for (a) BaF3, (b) SBF3, and (c) LBF3 models
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Sekil 11. Ug katli dolgu duvarsiz cerceve (BAF), standart dolgu duvarh cergeve (SBF) ve kayar dolgu duvarh gerceve (LBF3)

modellerinin kapasite egrileri

Figure 11. Capacity curves of three-storey frame without infill walls (BAF3), frame with standard infill walls (SBF), and frame with

sliding infill walls (LBF3)

Tablo 3. Tugla birimlerin model parametreleri

Table 3. Model parameters of brick units
Concrete Total Crack Strain Model (TCSM)

Elastisite Modiili 1100 MPa
Poisson Oram 0,2
Yogunluk 1800kg/m?3
Catlak Oryantasyonu Rotating
Catlak Bant Genisligi Rots

Cekme Davranisi/CEB FIB MODEL Code 2010

Cekme Dayanimi 0,2 MPa

Mode-I kirllma enerjisi 0,02 N/m

Basing Davranisi: Maekawa Concrete Model

Basing Dayanimi 1,1 MPa

5. Sonug

Bu ¢alismada daha 6nce test edilen dolgulu ve dolgusuz ¢ergeve
numunelerini temsil eden dogrusal olmayan iki boyutlu sonlu
elemanlar modelleri hazirlanmis ve deneysel sonuglar
kullanilarak sayisal modellerin parametreleri kalibre edilmistir.
Sayisal analizler sonucunda elde edilen hasar dagilimi, yiik-
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otelenme zarf egrileri ve deney sonuglar1 kabul edilebilir
yakinlikta simiile edilmistir. Elde edilen model kalibrasyon
parametreleri kullanilarak farkli dolgu durumlarina sahip ti¢ kath
cerceveler analiz edilmistir. Bu ¢erceve modelleri iilkemizde ve
komsu lilkelerde siklikla karsilagildigi gibi zemin kati dolgu
duvarsiz, list katlar1 ise dolgu duvarli olacak sekilde kurulmustur.
Bu durum geleneksel tugla duvar kullanilmasi halinde zemin
katin dtelenme talebini artirmakta ve yumusak kat mekanizmasi
olusma potansiyelini artirmaktadir. Nitekim yapilan sayisal
analizler sonucunda elde edilen hasar dagilimlarinda zemin kati
bos geleneksel dolgulu modelde bos ¢erceve ve kayar dolgulu
cerceve modellerine gore belirgin sekilde daha yiiksek sekil
degistirme talepleri olusmustur. Benzer sekilde diizlem ici

edilen ii¢ kath modellerde ise sekil degistirmeler tiim katlari
dolgusuz gergevenin sonuglarina yakin elde edilmis, bu modelde
zemin katin dolgusuz birakilmasinin olumsuz etkisinin sinirl
kaldigt ve yumusak kat olusma potansiyelini azalttig
gorilmistiir.

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

Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar ¢atismasi
bulunmamaktadir.
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0z

“Is yerinde refah” terimi, yillar igerisinde literatiirde yaygin olarak kullanilmaktadir ve hem iscilerin sagligi hem de isin verimliligi ve
karhhig1 agisindan ¢ok etkili oldugu konusunda genis bir tan1 vardir. Isyeri Refahi; calisma ortaminin, fiziksel ortamin Kkalitesi ve
giivenliginden, ¢alisanlarin islerini nasil hissettikleri, calisma ortamlari, ¢alisma ortami ve is organizasyonu ile ilgili tiim yonleriyle
ilgilidir. Isyerinde refah igin alinacak énlemlerin amaci, iscilerin giivenli, saglikli, memnun ve is ile mesgul olmalarini saglamak icin
iSG 6nlemlerini tamamlamaktir. Bu calismanin amaci, petrokimya iiriinleri iireten bir fabrikada calisan iscilere yénelik calisma refahi
ile ilgili farkindalig1 arttirmak amaciyla yapilmustir. izmir ili Aliaga ilgesinde bulunan petrokimya iireten fabrikada calisan tiim beyaz
yakali ¢alisanlarin evreni temsil ettigi varsayilmaktadir. Arastirmada veriler goriisme formunda bulunan sorularin
cevaplandirilmasiyla toplanmistir. Calisanlarin bu sorulara dogru cevap verdigi varsayillmistir. Toplam 50 kisi ile calisma
tamamlanmistir. Yapilan ¢alisma sonucunda odaklanilmasi gereken en onemli li¢c ¢calisma refahi konusu sirasiyla stres (%45,5),
ergonomi (%37,3) ve saglikli calisma ortami (%31) olarak tespit edilmistir.

Anahtar Kelimeler: [s sagligi, Calisma Refah, Is Giivenligi

Abstract

The term of wellbeing has been used extensively in the literature over the years, and there is a broad diagnosis that it is very effective
in terms of both the health of workers and the productivity and profitability of the work. Workplace wellbeing concerns all aspects of
the work environment such as safety&healty working environment, how employees feel their work, and the work organization. The
aim of the measures to be taken for wellbeing in the workplace is to complete OHS measures to ensure that workers are safe, healthy,
satisfied and engaged in the work. The aim of this study was to raise awareness about working welfare for workers working in a
petrochemical factory. It is assumed that all white-collar employees working in the petrochemical factory in Aliaga, izmir represent
the universe. In the research, data were collected by answering the questions in the interview form. It is assumed that the employees
answered these questions correctly. The study was completed with a total of 50 people. As a result of the study, the three most
important work well-being issues to focus on were determined as stress (45.5%), ergonomics (37.3%) and a healthy working
environment (31%), respectively.

Keywords: Occupational health, Work Welfare, Occupational Safety

EXTENDED ABSTRACT

Introduction

Well-being is a multifaceted phenomenon that is examined in
many different disciplines and therefore defined in many
different ways. Due to the plurality of definitions, well-being is
often defined as the "catch-all category.” This means that well-
being encompasses not only material wealth or physical health
but also includes spiritual, emotional, social, and many other
dimensions. Thus, a holistic approach is needed to fully
understand well-being. Workplace Well-being encompasses all
aspects of working life, from the quality and safety of the physical
environment to how employees feel about their jobs, their
workspaces, the climate within the workplace, and the
organization of work. The purpose of measures aimed at
workplace well-being is to complement occupational health and
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safety measures to ensure that employees feel secure, healthy,
satisfied, and committed to their work. The well-being of
employees is a significant factor in determining the long-term
effectiveness of an organization.

According to Gallup's extensive Employee Engagement Survey
conducted in the United States, individuals who are highly
committed to their jobs have been found to have better health
and are less likely to develop chronic illnesses compared to
others. Implementing an effective Well-being Program in the
company reduces absenteeism and inefficiency by approximately
one-third.
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In this study, a detailed field research has been conducted on
increasing awareness of workplace well-being and developing
strategies. The results have been shared.

Materials and Methods

This study, which aimed at increasing awareness of workplace
well-being among workers in a petrochemical factory, is a
descriptive study. Researchers utilized a survey form developed
by them to collect data for the research. The first section of the
survey includes demographic questions aimed at determining the
age, education level, gender, and marital status of the workers.
The data in the study were collected by answering the questions
in the interview form. It was assumed that the employees
answered these questions correctly. Frequency, percentage, and
chi-square analysis were used in analyzing the data within the
scope of the research. SPSS28 software was utilized for data
analysis.

Results and Discussion

The most crucial aspect of workplace well-being lies in stress
management, which is achieved through a combination of flexible
working hours and location, a pleasant working environment,
and effective workload planning. Further development of studies
in this area is necessary to enhance coping mechanisms with
stress. As the second aspect of workplace well-being, in addition

to existing studies in ergonomics, providing height-adjustable
desks is recommended, along with conducting comprehensive
risk assessments and organizing awareness training on
ergonomics for all employees. The third aspect of workplace well-
being focuses on creating a healthy working environment, which
includes considerations for ventilation, noise, lighting, and
thermal comfort. To reduce noise levels, suggestions include
providing quiet rooms, small conversation areas, rest zones, and
informal meeting spaces. As for the other aspect of workplace
well-being, it encompasses promoting health through healthy
eating, physical activity, smoking cessation, and social
interaction.

Regarding healthy eating, it is recommended to provide a variety
of light and nutritious food options and develop menus that
support healthy eating habits. For physical activity, suggestions
include establishing an onsite gym, organizing sports group
activities and training sessions, and providing gym memberships.

Conclusion
The following results were obtained from the study:

The most critical three aspects of workplace well-being that need
to be focused on, in order of importance, are stress (45.5%),
ergonomics (37.3%), and a healthy working environment (31%).

1. Giris

Iyi olus, birgok farkh disiplinde incelenen ve bu nedenle birgok
farkli sekilde tanimlanan ¢ok yonlii bir olgudur. Tanimlarin
cokluguna bagli olarak refah; “hepsini yakalama kategorisi”
olarak tanimlanmistir [1].

Iyi olma halinin tanimlanmasinda bir baslangi¢c noktas: olarak
“saghk” kullanilmasi yaygin hale gelmistir. Diinya Saghk
Orgiiti'niin “Saglik, fiziksel, zihinsel ve sosyal refah ve degil
sadece hastalik veya sakatligin olmamas1” olarak tanimlamistir.
Bununla birlikte, taniminda belirsiz olan “iyi olus” kavramini
kullandi81 ve zaman zaman {itopik olarak elestirilmis oldugu i¢in
sagligin tanimi da oldukg¢a karmasiktir [2].

Refah iizerine bagka bir yaklasim, Galvin ve Todres tarafindan
sunulmustur. lyi olusun -saglik ve hastaliktan bagimsiz olarak-
mekansal, zamansal, kisiler arasi, bedensel, ruh hali ve kisisel
deneyim agisindan deneyimlenebilecegini belirten “Konut-
hareket kafesi”’nden olusan kavramsal ¢ergeveleri icermektedir.
Refahin sagliktan daha karmasik oldugunu ve herhangi bir ortam
veya rolle, 6rnegin is yeri refahi veya 6grenci olmanin rolii ile
sinirll olmadigini gosteren belirtirler, tanimi refahin 6ziine
odaklamaktadir [3].

Iyi olusu “bireyin kendi saghgiyla ilgili deneyimi” olarak
tanimlayan Medin ve Alexanderson (2001)[4] tanimi baslangi¢
noktasini olusturmustur.

Harvard Business Review’da 2010 yilinda “Wellbeing at Work”
kavramini: “Calisanlarin (ve kimi zaman ailelerinin) saghk
risklerini azaltip hayat kalitelerini ylikseltmelerini destekleyen,
kisisel verimliliklerini arttiran ve firmanin karliligin1 pozitif
etkileyen davranislar1 benimseyip korumalarini destekleyen,
organize ve isveren sponsorlugunda gergeklesen programlarin
biitiini” olarak tanimlamaktadir

Arastirma Sirketi Gallup’un ABD’de yaptig1 ¢ok genis kapsamli
Calisan Baghligi Arastirmasi’na gore, islerine baghliklar yiiksek
olan Kkisilerin saghklarinin digerlerine gore daha iyi ve kronik
hastaliklara yakalanma olasiliklarinin da daha diisiik oldugu

belirlenmistir. Etkili bir Wellbeing Programinin sirkette
uygulanmasi, ise gelinmeyen giinleri ve verimsizligi yaklasik 1/3
oraninda azaltmaktadir.

Isyeri Refahi, fiziksel ortamin Kalitesi ve giivenli§inden,
calisanlarin isleri, ¢calisma ortamlari, isyerindeki iklim ve is
organizasyonu hakkinda nasil hissettiklerine kadar c¢alisma
yagaminin tiim yénleriyle ilgilidir. Isyeri refahina yénelik
onlemlerin amaci, ¢alisanlarin giivenli, saghkli, memnun ve ise
bagh olmalarim saglamak icin iSG énlemlerini tamamlamaktir.
Calisanlarin refahi, bir kurulusun uzun vadeli etkinligini
belirlemede 6nemli bir faktordir. Bircok calisma, iliretkenlik
seviyeleri ile isgiicliniin genel saglik ve esenligi arasinda
dogrudan bir baglant1 oldugunu géstermektedir [5].

Isyeri refahi, is maruziyetinin calisanlar iizerindeki etkileri
(meslek hastaliklar1) hakkinda ilk yazanlardan biri olduguna
inanilan ve ¢alisan refahini artirmak icin 6nleyici tedbirler alma
olasiliklar ile ilgilenen italyan Doktor Bernardini Ramazzini
(1633-1714) ile baslamaktadir. Ramazzini'nin 6liimiinden sonra
Sanayi Devrimi ile bir¢ok yeni saglik sorunu ve is kazalarininin
baslamasi, isin yeniden bicimlendirilmesi ve sistematik hale
getirilmesini olanak saglamistir.

1810 yilinda Welsh sosyal reformcusu Robert Marcus Owen,
isglictiniin refahin1 korumaya yardimci olmak i¢in 10 saatlik bir
is giinli 6nermistir. 1817'de 8 saatlik isgiinii i¢in daha agresif bir
onlem aldi ve “sekiz saatlik emek, sekiz saatlik kendine vakit
ayirma, sekiz saatlik dinlenme” ifadesini kullanmistir. [6].

1832 yilinda Charles Turner Thackrah, sanayi ¢alisanlarinin
saglik sorunlarim1 ilk defa kaleme almistir. Buna gore,
Thackrah’in kitabi, ¢alisanlarin refahini artirma arayisinda 6ncii
bir c¢alisma olarak goriilmektedir. Thackrah kitabinda,
“Istihdamin kétiiliigii tesadiifi bir asiriliklardan biridir” [7].

Bu kayda deger kilometre taslarina ragmen, isyerinde refah,
sirketlerin o6ncelikle alkolizm ve zihinsel saglik sorunlarina
odaklanan refah miidahaleleri sunmaya basladigi 1950'lerde
Calisan Yardim Programlarinin (EAP) ortaya ¢ikmasina kadar
genellikle kuruluslar i¢in bir diisiincedir [8].
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Reardon'a (1998) gore, gercek isyeri refah programlari gercekte
1970'lerin ortasina kadar literatiirde bulunmamaktaydi. Bu stire
zarfinda, saglik hizmetlerinden mali sorumlulukta, hiikkiimetten
isverene dogru algilanan bir degisim olmustur. Santiye refahinin
gelisimi  oncelikle maliyet kontroliiyle desteklenmeye
baslanmistir [9].

Ayn1 zamanda, 1970'lerin sonunda gelisen is saglig1 ve glivenligi
hareketi ve santiye saghigini gelistirme hareketinin faaliyetleri ile
de iligkili olmaktadir [10].

Greiner [11] (1987), bu donemde santiyede saglikli yasamin
ortaya cikmasinin arkasindaki nedenleri belirtmektedir:

Zindeligi destekleyen genel bir kiiltiir degisimi

Calisanlarin sagliksiz aligkanliklarinin maliyetini gosteren
yeni arastirma bulgulari

Washington Saglhk ve Amerika Saghk Konseyleri Is Grubu gibi
yeni kurulan isyeri sagligini gelistirme gruplari.

Ayrica, 1974 yilinda, ¢alisan saghigl icin artan endisenin bir baska
gostergesi olan Calisan Emeklilik Gelir Giivenligi Yasas1 (ERISA)
kurulmustur. Bu planlardaki bireylere koruma saglamak i¢in 6zel
sektorde en goniilli olarak belirlenen emeklilik ve saglk
hizmetleri planlari i¢in minimum standartlar1 belirlenmektedir
[12].

Biiyiikk kurumsal santiye saglik programlarinin prototipi olarak
bilinen Johnson'n Yasam I¢in Yasam programi 1979'da
baslatildi. Program, her bir kisinin aktivite diizeyleri ve viicut
yaglar1 hakkinda bilgi toplamak amaciyla bir anket ve fiziksel bir
degerlendirme icermektedir. Sirket daha sonra risk
davranmiglarin1 kontrol etmeye destek vermistir. Ornegin; kilo
kontrolii, beslenme ve stres yonetimi konularinda farkindalik
projeleri diizenlemistir [13].

1980 y1linda, ABD'ye yeni bir siyasi yonetimin gelmesiyle birlikte,
sagligi gelistirme odag1 federal diizeyde kaybedilmistir [11].

Bununla birlikte, isyerinde saglik programlar1 1980'lerin basinda
akademik literatiirde goriinmeye baslamistir. Bu zamanin
arastirmalar1 esas olarak fiziksel uygunluk ¢abalarinin isgilerin
saglig1 ve performansi tizerindeki etkilerinin tartisiimasidir (12).
1982 yilinda s Saghig Dergisi, isyerinde saglik programlarinin,
devamsizhgr ve hastalikla ilgili diger maliyetleri nasil
azaltabilecegine dair arastirmalar ve fitness merkezlerinin
potansiyel olarak en iyi yetenekleri nasil g¢ekebilecegini
tartismaktadir [12].

Calisan yardim programlarinin disinda, 1980'lerde Amerika
Birlesik Devletleri'ndeki isyeri saglik programlari, diger saghk
boyutlarini géz ardi ederken oncelikle saghgin fiziksel yoniine
odaklanmis gibi goriinmektedir. 1980'lerin sonunda sirketler,
daha kapsayici bir isyeri saglik stratejisinin bir parcgasi olarak
psikolojik iyi olma konularini ele almaya baslamislardir ve
calisanlarin ruh saglhigini vurgulayan bir girisim baslatilmistir.
Amacq, isle ilgili akil saghig1 bozukluklar (6zellikle stresle iliskili
hastaliklara odaklanmig) konusunu ele almaktidir. Bunu 1991
yilinda Ulusal Ruh Saglig1 Enstitiisii tarafindan baslatilan baska
bir girisim olan Isyerinde Depresyonu Yénetmek izlemistir [9].

1990'larda federal hiikiimet, Saglikh insanlar 2000 adh bir
girisim baslatmistir ve 50 ya da daha fazla ¢alisan1 olan
isverenlerin %75'inin saghga fayda saglamasi i¢in sagligl
gelistirme hizmetleri sunmasini 6nermistir [9].

Santiyedeki saglikl yasamin avantajlarina dair kanitlar az sayida
bulunmaktadir; bununla birlikte, isyerinde saghigin tesviki ve
gelistirilmesinin ¢alisanlar iizerinde olumlu bir etki yaratarak bir
sirkete fayda sagladig1 inanci, bu programlar: daha genis ¢apta
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desteklemeye baslayan yoneticiler arasinda popiiler bir kavram
haline gelmistir. Bu dénemde, saglikli yasam ve saglig1 gelistirme
programlari genellikle ii¢ seviyeye ayrilmistir [13]:

* Birinci seviye, farkindaliga yonelik uygulamalar (6rn. Siniflar,

posterler, saglik fuarlari)

o lkinci seviye, yasam tarz1 ve davrams degisikligi ile ilgili
(aliskanlik degisimini destekleyecek egitim - bu programlar

genellikle 12 haftaya kadar stirdii) programlar,

o Uciincii seviye, cevreyi hedefleyen c¢alismalar (bu
programlarin zaman sinir1 yoktu ve ¢alisma ortamini drgiitsel

yap1 ve artan bilgi yoluyla degisiklikleri desteklemeye tesvik etti)

1996 yilinda Pender’in Saghigini Gelistirme Modeli, santiye saglik
programlarinin gelistirilmesine rehberlik etmistir [9]. Pender
Modeli, bireyin biitiinsel bir goriisiinii benimsemis ve saghgin
fiziksel boyutunun 6tesine ge¢mistir. Tersinir davraniglar: hedef
aldi ve kuruluslara birlikte c¢alisacaklar1 bir c¢erceve
olusturmustur.

2000 yilinda, ABD Saglik ve Insan Hizmetleri Bakanligi, Saglikl
Insanlar 2000 - Saglikh insanlar 2010 programinin yeni bir
versiyonunu yayinlamistir. Yeni program, onciiliine benzer bir
hedefe sahiptir: 50 veya daha fazla ¢alisani olan santiyelerin
%75'ini hedeflemistir. 5 temel unsurdan olusan kapsamli bir
saglhgl gelistirme planina sahip olup; (a) saglhk egitimi, (b)
destekleyici sosyal ve fiziksel ¢alisma ortami, (c) programin
entegrasyonu idari yapy, (d) ilgili programlar (6rnegin isciler i¢in
yardim) ve (e) tarama programlarindan olusmaktadir [14].

Son on bes y1l icinde isyerlerinde saglikli yasam programlari éne
cikmaktadir. Bu programlar, saglk bilgilerini, danismanlk ve
fitness hizmetlerini sunarak, c¢alisanlarin iyi kalmasini tesvik
etmek i¢in para dédiilleri kullanilmistir [15].

Ozellikle, ABD calisanlarin refahini saglamak icin énemli adimlar
atmistir. Maruziyetteki bu artisla birlikte, bliyiik isletmelerin
saglik programlarinin etkinligi ve maliyet etkinligine verdigi ilgi
artmistir. Ancak kiiciik ve orta 0Olgekli isletmeler icin ¢ok az
arastirma bulunmaktadir. Ne yazik ki, biiytlik 6l¢cekli kuruluslarin
isyerinde saglikla ilgili verilerinin ¢ogu, KOBI'lerin daha kiigiik
biitceleri, farkli is stratejileri ve farkli calisan degerlendirmeleri
nedeniyle KOBi'lere genellestirilememistir [14].

Ayrica, KOBI'lerin bu tiir programlari sunabilmeleri icin hala
engeller bulunmaktadir. Kii¢iik sirketlerin o6zellikle saghk
programlarini sunmakta zorlandig1 goriilmektedir [16]. Bir
arastirmaya gore, Kkiiciik isletmelerin%?7'sinden az1 saghk
programlari sunmaktadir [17].

Hughes vd, (2011) [14] kiigiik ve orta 6lgekli sirketlerde saghigi
gelistirme  programlarim1  engelleyen  ¢esitli  faktorleri
tanimlamaktadir. Birincisi, bu tiir programlarin bir sirkete zaten
finansal olarak asir1 yliklenmis olabilecek ek maliyeti vardir.
Zorunlu saghk ve gilivenlik diizenlemeleri genellikle gontlli
saglig1 gelistirme programlarina gore onceliklidir ve bu nedenle
katilimer isyeri saglik programlari ile ilgili tiim fikirler ortadan
kalkmaktadir. Kiigiik sirketler genellikle bir¢ok biiyiik sirkette
isyeri saglik programlarini baslatan bir saghk ve giivenlik
departmanindan yoksun bulunmaktadir. Diger bir faktor, kiiglik
sirketlerin genellikle Onleyici programlar i¢in motivasyon
olabilecek saglik sigortasi ve c¢alisanlara saglanan faydalari
sunamayacagi olmasidir [14].

Burke (2006) [18] ayrica, kii¢iik sirketlerde santiyedeki saglikli
yasam konusunda genellikle farkindalik ve anlayis eksikligi
oldugunu ileri stirmektedir.

Bununla birlikte, Kkiiciik isletmelerde saghkhh  yasam
programlarinin olusturulmasi, biiyiik sirketlerde oldugundan
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daha kolay hale getiren baska ozellikler de bulunmaktadir.
Bunlar arasinda saghg gelistirme saglayicilarina daha kolay
erisim saglayan biirokratik taleplerin azaltilmasi; yonetim ve
isciler arasinda daha iyi baglantilar, daha kolay iletisim ve
“ailenin bir pargas1” olarak goriilen iscilere karsi daha fazla
empati ile yaklasimin bulunmasindan kaynaklanmaktadir [19-
20].

2. Materyal ve Metot

Petrokimya tireten bir fabrikada ¢alisan iscilere yonelik calisma
refahi ile ilgili farkindalig1 arttirmak amaciyla yapilan bu ¢alisma,
tanimlayici bir ¢alismadir.

izmir ili Aliaga ilgesinde bulunan petrokimya iireten fabrikada
calisan tiim beyaz yakali c¢alisanlarin evreni temsil ettigi
varsayllmaktadir. Goniilliik esasina gore calismaya toplam 50 kisi
katilmis ve 50 kisi ile ¢alisma ytriitiilmiistiir. Arastirmaya katilan
calisanlarin 35'i erkek, 15’i kadindir. Bir diger anlatimda grubun
yaklasik olarak %70'i erkeklerden, %30'u kadinlardan
olusmaktadir.

Medeni duruma gore ¢alisanlarin %601 (n=30) evli, %401 (n=
20) bekardir. Calisanlarin yasi, boyu, kilosu ve Beden Kitle
indeksi degerleri icin ortalamalan sirasiyla 34.16, 174.42, 76.90
ve 25.07°dir.

Arastirmada veri toplamak amaciyla arastirmacilar tarafindan
gelistirilen bir anket formu kullanilmistir. Anketin ilk béliimiinde
demografik sorulara yer verilmistir. Bu sorularda ¢alisanlarin yas
diizeyi, 6grenim diizeyi, cinsiyetleri ve medeni durumlarini
belirlemek amaciyla yapilmistir. Anketin ikinci béliimiinde ise
calisanlarin refah diizeyini belirlemek amaciyla asagidaki
sorulara yer verilmistir.

Arastirma Sorulary;
1. Katihmacilar ¢alisan refahu ile ilgili ne diistinmektedirler?

2. Katilimcilarin ¢alisan refahi ile ilgili goriisleri cinsiyetlerine
gore anlaml farklilik géstermekte midir?

3. Katilimcilarin ¢alisan refahi ile ilgili goriisleri medeni
durumlarina gore anlamli farkhilik géstermekte midir?

2.1. Verilerin Toplanmasi ve Céziimlenmesi

Arastirmada veriler gorlisme formunda bulunan sorularin
cevaplandirilmasiyla toplanmistir. Calisanlarin bu sorulara
dogru cevap verdigi varsayilmistir. Arastirma kapsaminda
verileri analiz etmede frekans, ylizde ve ki-kare analizi
kullanilmistir.  Verilerin  analizinde SPSS28 yazilimindan
yararlanilmistir.

3. Bulgular

Bu béliimde c¢alisanlarin ¢alisan refahi ile ilgili diisiincelerine,
calisan refahi ile ilgili goriisleri cinsiyetlerine gére anlamh
farkliliklarinin incelenmesi ve ¢alisan refahi ile ilgili goriisleri
medeni durumlarina gore anlaml farkliliklar1 incelenmistir.

3.1. Calisanlarin Calisma Refahi Diisiinceleri

Katilimcilarin ¢alisan refahi ile ilgili ne diisiinceleri Tablo 1'de
verilmistir.

Tablo 1 incelendiginde B9 ve B23 (%100) sorularina ¢alisanlarin
tamami evet yanitini vermistir. B3, B5, B6, B7, B10, B14 ve B24
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sorularina ¢alisanlarin ¢ogunlugu (%50 ve tizeri) hayir yanitini
verdigi gorillmektedir. B1 sorusuna calisanlarin ¢ogu (%42)
bilmedigini ifade etmistir. B2, B4, B8, B11, B12, B13, B15, B16,
B17, B18, B19, B20, B21, B22, B25 sorularina ¢alisanlarin
cogunlugu (%50 ve lizeri) evet yanit1 verdigi gériilmektedir.

3.2. Katilimcilarin ¢alisan refah ile ilgili goriislerinin
cinsiyetlerine gore incelenmesi

Katilimcilarin ¢alisan refahi ile ilgili goriislerinin cinsiyetlerine
gore incelenmesi Tablo 2’de verilmistir.

Arastirmaya katilan c¢alisanlarin cinsiyetlerine gore calisma
refahi sorularina verilen cevaplar1 Tablo 2’'de yer verilmistir.
Kadin ve Erkek ¢alisanlarin tamami (%100) B9 ve B23 sorularina
evet yanitini vermistir. Kadin ve Erkek ¢alisanlarin B1 sorusunda
%40 lizeri bilmedigini ifade etmistir. Arastirmada yer alan B2, B4,
B8,B11,B12,B13,B15,B16,B17,B18,B19, B20, B21, B22 ve B25
sorularina hem kadinlar hem erkeklerin ¢ogunlugu (%50 ve
lizeri) evet yanitini vermistir. Arastirmada yer alan B3, B5, B6, B7,
B10, B14, B24 sorularina hem kadinlar hem erkeklerin cogunlugu
(%50 ve tizeri ) hayir yanitini vermistir. Beklenen degeri 5’ten
kiigiik hiicre sayis1 %20’den fazla oldugu i¢in ki-kare p degeri
yorumlanamamuistir.

3.3. Katilimcilarin ¢alisan refahu ile ilgili goriislerinin
medeni durumlarina gore incelenmesi

Katilimcilarin ¢alisan refahi ile ilgili goriislerinin medeni
durumlarina goére incelenmesi Tablo 3’de verilmistir.

Arastirmaya katilan c¢alisanlarin medeni durumlarina gore
calisma refah1 sorularina verilen cevaplar1 Tablo 3’'de yer
verilmistir. Bekar ve evli ¢alisanlarin tamami (%100) B9 ve B23
sorularina evet yanitini vermistir. Arastirmada yer alan B2, B4,
B8, B11, B12, B13, B15, B16, B18, B19, B20, B21, B22 ve B25
sorularina hem bekarlar hem evli ¢alisanlarin ¢ogunlugu (%50 ve
lizeri ) evet yanitinl vermistir. Arastirmada yer alan B3, B5, B6,
B7, B10, B24 sorularina hem bekar hem evli ¢alisanlarin
cogunlugu (%50 ve lizeri ) hayir yanitini vermistir. B1 sorusu igin
calismaya Kkatilan c¢alisanlardan bekarlarin %20’sinin evet,
%?25’inin hayir, %55’inin bilmiyorum; evlilerin ise %30’unun
evet, %36,7’sinin hayir, %33,3’lnlin bilmiyorum olarak
yanitladiklar1 goériilmektedir. G6zlenen bu farklarin anlaml olup
olmadigini incelemek amaciyla ki-kare testi yapilmistir. Analiz
sonucunda anlaml farklilik olmadigi bulunmustur (p> 0.05).

B17 sorusu icin ¢alismaya katilan calisanlardan bekarlarin
%>55’inin evet, %25’inin hayir, %20’sinin bilmiyorum; evlilerin
ise %56,7’sinin evet, %13.3’liniin hayir, %30’unun bilmiyorum
olarak yanitladiklar1 goriilmektedir. Gozlenen bu farklarin
anlamli olup olmadigini incelemek amaciyla ki-kare testi

yapilmistir. Analiz sonucunda anlamli farkhilik olmadig
bulunmustur (p> 0,05).
B14 sorusu i¢in ¢alismaya katilan c¢alisanlardan bekarlarin

%?25’inin evet, %65’inin hayir, %10’unun bilmiyorum; evlilerin
ise %53.3’liniin evet, %46,7’sinin hayir olarak yanitladiklari
goriilmektedir. Beklenen degeri 5’ten kiiglik hiicre sayisi
%?20’den fazla oldugu icin ki-kare p degeri yorumlanamamustir.
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Tablo 1. Katiimcilarin ¢alisan refahi ile ilgili diisiinceleri

Table 1. Participants' thoughts on employee welfare

q Evet Hayir  [Bilmiyorum
Madde |Ifadel
adeter n % n % n %
B1 Ulkenizde psikososyal sorunlari (stres) yonetmek igin yasal bir gereklilik var mu?| 13 | 26 | 16 | 32 | 21 42
B2 Fabrikada galiganlarin stres diizeylerini azaltmak igin esnek galigma veya sosyal 20 | 0 9 18 1 2
etkinlikler diizenlendi mi? (Ornegin; piknik, tiyatro, iftar yemegi vb.)
B3 Fabrikada g:ahs_a_lnlarip stres diizeylerini belirlemek amaciyla girisimlerde 19 | 38 | 26 | 52 5 10
bulunuldu mu? (Ornegin: anket caligmasi)
B4 Fabrikada, ga11§a.r_11ar1{1- stres duzeylenn-l azal-tmalanna yardimci olacak olanaklar 27 | 54 | 18 | 36 5 10
bulunuyor mu? (Ornegin: damigsmanlik hizmeti, afig, poster)
B5 ;al?;lkada ¢aliganlarin diizenli egzersiz konusunda farkindalik egitimleri yapiliyor 12 | 24 | 34 | 68 | 4 8
- PP - ~ PN
B6 Fabrikada Qallsanlar.lg:m diizenli egzersiz programi sagliyor mu? (Ornegin: 6glen 0 0 49 | o8 1 2
arasinda kosu, aerobik... vb.)
B7 Fabrikada calisanlarin saglikli beslenme konusunda farkindalik egitimleri 13126135170 | 2 4
yaptliyor mu?
B8 Fabrikanin yemekhanesinde ¢ikan yemekler saglikli mi1? 33 | 66 4 8 13 26
B9 Fabrikada, yemeklerde meyve ¢ikiyor mu? 50 | 100 | O 0 0 0
B10 Fabrikada sigara kullamimini azaltmak amaciyla yapilan bir etkinlik oldu mu? 2 4 43 | 86 5 10
B11 Sirketinizde 6zel giinlerinize deger veriliyor mu? (Ornegin; yas giinii, dogum vb.) | 43 | 86 6 12 1 2
B12 Sirketiniz, aydinlatma diizeylerini diizenli olarak test ediyor mu? 29 | 58 4 8 17 34
B13 Fabrikanizda yeterli havalandirma yapiliyor mu? 34 | 68 | 11 | 22 5 10
B14 Fabrikanizda bulundugunuz yerde asir1 sicak ve soguk ile ilgili sorun yasiyor 21 | a2 | 27 | 54 2 4
musunuz?
B15 Fabrikanizda is saglig1 ve giivenligi hakkinda farkindalik egitimleri yapiliyor mu? | 48 | 96 1 2 1 2
B16 Fabrikanizda ergonomi hakkinda ¢alismalar yapiliyor mu? 41 | 82 6 12 3 6
B17 Ilj“na:’)rlkamzm ¢alisma alanlar1 i¢in ergonomik risk degerlendirilmesi yapiliyor 28 | 56 9 18 | 13 2
- — - - — 5
B18 S}‘rketlvr'nzde Qallsll:ken 1bt}yag duyu[an ergonomik ekipmanlar saglantyor mu? 44 | 88 6 12 0 0
(Ornegin; Laptop yiikseltici, bel yastig1 vb.)
B19 Yasal olar'ak vgerekll olanlara ek olarak, fabrikamz tiim g¢aliganlar i¢in saglik a6 | 92 1 ) 3 6
kontrolleri sagliyor mu?
- — - ~ - — P
B20 fabrlka?lzda. harici bir sirkete tibbi / saglik hizmetleri sagliyor mu? (Ornegin; 48 | 96 0 0 2 4
6zel saglik sigortas1 vb)
B21 Fabrika ¢aliganlarina diizenli odyometrik testler uygulaniyor mu? 47 | 94 0 0 3 6
B22 Fabrika calﬂlsan]arma, yiiksek diizeyde giiriiltiiye ma[uz kalan ¢aliganlara igitme 49 | o8 0 0 1 9
korumasi (6rn. Kulak tikact, kulak koruyucusu vb.) sagliyor mu?
B23 Fabrlk‘amzda tibbi / saglik hizmetleri sunmak igin ¢alisan Hemsire veya Doktor 50 | 100 | o 0 0 0
var mi?
B24 Saglikli yasam i¢in kampanya diizenleniyor mu? 7 14 | 38 | 76 5 10
B25 Fabrikanizda koruyucu saglik hizmeti olarak as1 uygulamasi yapiliyor mu? 38 | 76 5 10 7 14
Tablo 2. Katilimcilarin ¢alisan refahi ile ilgili goriislerinin cinsiyetlerine gore incelenmesi
Table 2. Examining participants' views on employee welfare based on their genders
Kadin Erkek p
Madde
n % n %
B1
Evet 5 33,3 8 22,9 -
Hayir 4 26,7 12 34,3
Bilmiyorum 6 40 15 42,9
B2
Evet 12 80 28 80 -
Hayir 3 20 6 17,1
Bilmiyorum 0 0 2,9
B3
Evet 6 40 13 37,1 -
Hayir 8 53,3 18 51,4
Bilmiyorum 1 6,7 4 11,4
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Tablo 2. Katilimcilarin ¢alisan refahi ile ilgili goériislerinin cinsiyetlerine gore incelenmesi (devam)

Table 2. Examining participants' views on employee welfare based on their genders (cont.)

B4

Evet 53,3 19 54,3

Hayir 40 12 34,3

Bilmiyorum 6,7 4 11,4
B5

Evet 3 20 9 25,7

Hayir 11 73,3 23 65,7

Bilmiyorum 1 6,7 3 8,6
B6

Evet 0 0 0 0

Hayir 15 100 34 97,1

Bilmiyorum 0 0 1 2,9
B7

Evet 5 333 8 229

Hayir 9 60 26 74,3

Bilmiyorum 1 6,7 1 2,9
B8

Evet 9 60 24 68,6

Hayir 2 13,3 5,7

Bilmiyorum 4 26,7 25,7
B9

Evet 15 100 35 100

Hayir 0 0

Bilmiyorum 0 0
B10

Evet 0 0 2 5,7

Hayir 14 93,3 29 82,9

Bilmiyorum 1 6,7 4 11,4
B11

Evet 13 86,7 30 85,7

Hayir 13,3 4 11,4

Bilmiyorum 0 1 2,9
B12

Evet 60 20 57,1

Hayir 6,7 3 8,6

Bilmiyorum 33,3 12 34,3
B13

Evet 10 66,7 24 68,6

Hayir 20 8 22,8

Bilmiyorum 13,3 3 8,6
B14

Evet 6 40 15 429

Hayir 8 53,3 19 54,3

Bilmiyorum 6,7 1 2,9
B15

Evet 13 86,7 35 100

Hayir 6,7 0

Bilmiyorum 6,7 0
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Tablo 2. Katilimcilarin ¢alisan refahi ile ilgili goériislerinin cinsiyetlerine gore incelenmesi (devam)

Table 2. Examining participants' views on employee welfare based on their genders (cont.)

B16

Evet 10 66,7 31 88,6

Hayir 4 26,7 5,7

Bilmiyorum 1 6,7 57
B17

Evet 53,3 20 57,1

Hayir 33,3 4 11,4

Bilmiyorum 13,3 11 31,4
B18

Evet 13 86,7 31 88,6

Hayir 13,3 4 11,4

Bilmiyorum 0 0 0
B19

Evet 14 93,3 32 91,4

Hayir 0 0 2,9

Bilmiyorum 1 6,7 5,7
B20

Evet 13 86,7 35 100

Hayir 0 0

Bilmiyorum 13,3 0
B21

Evet 13 86,7 34 97,1

Hayir 0 0

Bilmiyorum 13,3 2,9
B22

Evet 15 100 34 97,1

Hayir 0 0

Bilmiyorum 0 2,9
B23

Evet 15 100 35 100

Hayir 0 0

Bilmiyorum 0 0
B24

Evet 2 13,3 5 14,3

Hayir 12 80 26 74,3

Bilmiyorum 1 6,7 4 11,4
B25

Evet 11 73,3 27 77,1

Hayir 13,3 8,6

Bilmiyorum 13,3 14,3
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Madde Bekar Evli p
n % n %
B1
Evet 4 20 9 30 0,315
Hayir 5 25 11 36,7
Bilmiyorum 11 55 10 33,3
B2
Evet 15 75 25 83,3 -
Hayir 4 20 16,7
Bilmiyorum 1 5 0
B3
Evet 8 40 11 36,7 -
Hayir 9 45 17 56,7
Bilmiyorum 3 15 2 6,7
B4
Evet 11 55 16 53,3 -
Hayir 35 11 36,7
Bilmiyorum 10 3 10
B5
Evet 4 20 8 26,7 -
Hayir 14 70 20 66,7
Bilmiyorum 2 10 2 6,7
B6
Evet 0 0 0 0 -
Hayir 19 95 30 100
Bilmiyorum 1 5 0 0
B7
Evet 7 35 6 20 -
Hayir 12 60 23 76,7
Bilmiyorum 1 5 1 33
B8
Evet 14 70 19 63,3 -
Hayir 15 1 3,3
Bilmiyorum 15 10 33,3
B9
Evet 20 100 30 100 -
Hayir 0 0
Bilmiyorum 0 0
B10
Evet 0 0 2 6,7 -
Hayir 17 85 26 86,7
Bilmiyorum 3 15 2 6,7
B11
Evet 19 95 24 80 -
Hayir 5 5 16,7
Bilmiyorum 0 0 1 3,3
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Tablo 3. Katiimcilarin ¢alisan refahi ile ilgili goriislerinin medeni durumlarina gore incelenmesi (devam)

Table 3. Examining participants' views on employee welfare based on their marital status (cont.)

B12
Evet 12 60 17 56,7 -
Hayir 1 5 3 10
Bilmiyorum 7 35 10 33,3

B13
Evet 15 75 19 63,3 -
Hayir 3 15 8 26,7
Bilmiyorum 2 10 3 10

B14
Evet 5 25 16 53,3 -
Hayir 13 65 14 46,7
Bilmiyorum 2 10 0 0

B15
Evet 18 90 30 100 -
Hayir 1 5 0 0
Bilmiyorum 1 5 0 0

B16
Evet 16 80 25 83,3 -
Hayir 3 15 3 10
Bilmiyorum 1 5 2 6,7

B17
Evet 11 55 17 56,7 0,503
Hayir 5 25 4 13,3
Bilmiyorum 4 20 9 30

B18
Evet 18 90 26 86,7 -
Hayir 2 10 4 13,3
Bilmiyorum 0 0 0 0

B19
Evet 18 90 28 93,3 -
Hayir 0 0 1 3,3
Bilmiyorum 2 10 1 3,3

B20
Evet 18 90 30 100 -
Hayir 0 0 0 0
Bilmiyorum 2 10 0 0

B21
Evet 17 85 30 100 -
Hayir 0 0 0 0
Bilmiyorum 3 15 0 0

B22
Evet 20 100 29 96,7 -
Hayir 0 0 0 0
Bilmiyorum 0 0 1 3,3

B23
Evet 20 100 30 100 -
Hayir 0 0 0 0
Bilmiyorum 0 0 0 0
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Tablo 3. Katiimcilarin ¢alisan refahi ile ilgili goriislerinin medeni durumlarina gore incelenmesi (devam)

Table 3. Examining participants' views on employee welfare based on their marital status (cont.)

B24
Evet 2 10 5 16,7 -
Hayir 16 80 22 73,3
Bilmiyorum 2 10 3 10

B25
Evet 16 80 22 73,3 -
Hayir 10 10
Bilmiyorum 10 16,7

4. Tartisma ve Sonug

Yapilan c¢alisma sonucunda asagidaki sonug¢ elde edilmistir.
Odaklanilmas1 gereken en 6nemli ii¢ ¢alisma refahi konusu
sirastyla stres (%45,5), ergonomi (%37,3) ve saghkl calisma
ortami (%31) olarak tespit edilmistir.

ERGONOMi

I 31,3

I SAGLIGH | 10,28

SAGLIKLI CALISMA ORTAMI - | 31

SOSYAL ETKILESIM - I 14

SIGARA KULLANIMI N 14

SAGLIKLIBESLENME NN 21,33

Eczersz N 1/

STRES . 5,5

0 5 10 15 20 25 30 35 40 45 50

Sekil 1. Arastirma Sonucunda Calisma Refahi ile {lgili
Odaklanilmasi Gereken Konular

Figure 1. Key Areas of Focus Regarding Employee Welfare Based
on Research Findings

En 6nemli calisma refahi konusu olarak stres yonetiminde esnek
calisma zamani ve yeri, giizel bir ¢alisma ortami ve iyi bir is ytki
planlamasinin kombinasyonu, stresle bas etmenin anahtari olup
bu alanda yapilan calismalarin gelistirilmesi gereklidir. ikinci
calisma refah1 konusu olarak ergonomi alaninda var olan
calismalara ilave olarak dikey hareketli calisma masalari
saglanmali ayrica daha kapsamli risk degerlendirmesi yapilarak
tim c¢alisanlara ergonomi hakkinda farkindalhk egitimleri
diizenlenmesi 6nerilmektedir. Ugiincii ¢alisma refahi konusu
olarak saglikl c¢alisma ortaminmi isyerindeki havalandirma,
giriiltli, aydinlatma ve termal konfor konularii icermektedir.
Giraltiyld azaltmak igin sessiz odalar, kiiciik sohbet odalari,
dinlenme alanlar1 ve resmi olmayan toplanti alanlar1 saglanilmasi
onerilmektedir.

Diger ¢alisma refahi konusu olarak is saghigini saglikli beslenme,
fiziksel aktivite, sigara kullanimi ve sosyal etkilesim konularini
icermektedir. Saghikli beslenme konusunda daha gesitli, hafif
yiyecekler ve saglikli beslenmeyi destekleyecek menii olusumlari
saglanmalidir. Fiziksel Aktivite agisindan isyerinde spor salonu,
spor grubu aktiviteleri ve egitimleri, spor salonu iiyeligi
saglanmasi dnerilmektedir.
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0z

Atik depolama alanlar1 ve enerji geo-yapilarinda gecirimsiz miihendislik bariyeri olarak kullanilan bentonit igerikli karigimlar
zamanla termal etkiler altinda degisimlere maruz kalabilirler. Zeminlerin, bu termal degisimler altinda miihendislik 6zelliklerinin
bozulmadan uzun siire korunmasi enerji geo-yapisinin performansi ve ¢evre ve insan sagligi icin olduk¢a 6nemlidir. Bu ¢alisma
kapsaminda, sicakligin (25 ve 80 °C) ve sicaklik dongiilerinin sikistirilmis kum-bentonit ve zeolit-bentonit karisimlarinin kayma
dayanimi davranisi iizerindeki etkisi arastirilmistir. Ayrica sicakliga karsi direnci yiiksek bir bor minerali olan tinkal, karisimlara ilave
edilmis ve bu katkinin yiiksek sicakliklarda karisimlarin kayma davranisina etkisi incelenmistir. Karisimlarin kayma dayanimi genel
olarak artan sicaklikla %5-%15 araliginda artis gostermistir. Ayrica tinkal ilavesi 6zellikle kum-bentonit karisimlari i¢in kayma
dayanimi acgisindan faydali bulunmustur.

Anahtar Kelimeler: Bentonit, Tinkal, Kesme kutusu, Kayma dayanimi, Yiiksek sicaklik

Abstract

Bentonite-containing mixtures, which are used as an impermeable engineering barrier in waste disposal facilities and energy geo-
structures, are exposed to thermal changes over time. It is very important for the performance of energy geo-structures and
environment and human health that the soils are maintained for a long time without deterioration of their engineering properties
under these thermal changes. In this study, the effects of temperature (20 and 80 °C) and temperature cycles on the shear strength
behavior of compacted sand-bentonite and zeolite-bentonite mixtures were investigated. In addition, tincal, which is a boron mineral
and has high temperature resistance, was added to these mixtures and its effect on the shear behavior of these mixtures at high
temperatures was investigated. The shear strength of the mixtures generally increased between 5% and 15% with increasing
temperature. In addition, the addition of tincal was found to be beneficial in terms of shear strength, especially for sand-bentonite
mixtures.

Keywords: Bentonite, Tincal, Shear box, Shear strength, High temperature

EXTENDED ABSTRACT

Introduction

Engineering barriers are used to prevent leachate from landfills
or radionuclides from nuclear waste repositories from entering
groundwater. Bentonite, a montmorillonitic clay, is generally
preferred as a barrier material due to its low permeability, good
water retention capacity, and high swelling potential [1, 2, 3, 4].
In the Swiss concept for the disposal of low- and medium-level
nuclear waste, sand-bentonite mixtures with 20-30% bentonite
content were selected as possible backfill materials due to their
low water permeability, good water retention capacity, and
swelling potential [5].

Zeolites are aluminosilicate minerals formed by alteration of
volcanic material under various geochemical conditions [7].
Zeolite-bentonite mixtures are recommended as an alternative to
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sand-bentonite mixtures because they are not affected by water
content changes and have low hydraulic conductivity [9].

In order to maintain the long-term stability of energy geo-
structures, it is very important to investigate the effect of
temperature changes on the mechanical and hydraulic behavior
of barrier materials to prevent undesirable conditions such as
settlement, shear failure, and increased hydraulic conductivity.

According to the results of triaxial compression tests performed
at high temperature for normally consolidated kaolin clay, it was
reported that the shear strength at the critical state was
independent of temperature, but the peak shear strength
increased with increasing temperature [13]. Lahoori et al. [16]
reported that no significant change was observed in the shear
strength parameters of compacted sandy clay when the
temperature was increased from 20 °C to 50 °C and temperature
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cycles were applied. Zheng et al. [17] investigated the effect of
high temperatures (100 °C and 200 °C) on bentonite backfill and
clay bedrock in a radioactive waste disposal repository. In
general, it was reported that the illitization of bentonite increased
with increasing temperature. However, De Bruyn and Thimus
[19] reported that the mechanical strength of Boom clay
decreased when the temperature increased up to 80 °C. In
another study, it was observed that the strength of the buffer
material (sand-bentonite) decreased when the temperature was
increased to 100 °C [20].

The soil surrounding the energy geo-structures undergo thermal
changes due to high temperatures, which can cause damage to
these structures, the environment, and human health. Therefore,
it is necessary to maintain the properties of the barrier material
at high temperatures. Additives with low thermal expansion such
as boron may be used to increase the thermal resistance of the
buffer material.

In this study, the shear strength behavior of compacted sand-
bentonite (SB) and zeolite-bentonite (ZB) mixtures in the
presence of tincal additive was investigated under high
temperature and thermal cycles.

Materials and Methods

In this study, sand, sodium (Na)-bentonite, zeolite and tincal
were used. Sand-bentonite (SB) and zeolite-bentonite (ZB)
mixtures were mixed at a ratio of 80:20 and 10% tincal was
added to these mixtures. Sand and bentonite were classified as
well-graded sand (SW) and high-plasticity clay (CH), respectively
[23]. Some physico-chemical properties of the materials are given
in Table 1.

Bentonite and zeolite were then sieved through No.200 sieve
(0.075 mm) and sand through No.6 sieve (3.35 mm). The tincal
particles were less than 0.425 mm in diameter. The mixtures
were named using the initials of the materials. For example, SBT
refers to tincal-added sand-bentonite mixture. The shear box
tests were performed in accordance with ASTM D3080 [25]. The
mixtures were compacted in three layers according to the
compaction parameters (Table 2) and placed in a shear mold (6
cm X 6 cm). The prepared samples were submerged in water for
24 h to get saturation. Three different normal stresses (49, 98,
196 kPa) were applied in the tests and the samples were
consolidated under these stresses.

The shear box tests were performed under three different
conditions: room temperature, 80 °C and thermal cycle (20-80-
20 °C). The conventional shear box device was modified to
perform the tests at high temperatures (Figure 1). The modified
experimental system consists of a conventional shear box, heat
rod, thermostat, and K-type thermocouple. The heat rod was
placed inside the cell and indirectly heated the sample by heating
the water. The thermostat kept the temperature constant at 80 °C
and continuous temperature recording was provided by K-type
thermocouples connected to a digital thermometer.

For the tests performed under thermal cycling, the samples were
consolidated at a normal stress of 196 kPa for 24 h. At this stage,
the specimen was exposed to 80 °C for 8 h, followed by 16 h at 20
°C. Thus, the sample was subjected to one thermal cycle, then the
test was conducted at room temperature in the saturated state.

Results and Discussion

The variation of shear stress versus horizontal displacement of
SB and ZB mixtures at room temperature, 80 °C and after
exposure to one thermal cycle for on'=196 kPa was investigated.
The shear strength of SB mixtures increased in the presence of
tincal at both temperatures (Figure 2a). There was a slight

increase in the peak and residual shear strength for both SB and
SBT when the temperature was increased to 80 °C. However, the
temperature increase did not have a significant effect on the
stress-displacement range in which the soil showed elastic
deformation.

The shear stress values of ZB mixtures decreased at both
temperatures in the presence of tincal, in contrast to SB mixtures
(Figure 2b). In addition, the residual and peak shear strengths of
ZB and ZBT increased with increasing temperature. The positive
effect of high temperature on shear stress was more pronounced
in ZB mixtures. As the temperature increases, the smectite
mineral transforms into a more stable silicate phase by
cementation and illitization [14]. As a result, the water retention
capacity of the clay decreases. When the water retention capacity
of clay (smectite) decreases, its strength is expected to increase.
Wang et al. [28] reported that under the same consolidation
stress, the viscosity of adsorbed water decreases as the
temperature increases and the porosity decreases accordingly.
Thermal contraction of the soil at high temperatures leads to an
increase in shear strength [29]. In addition, it was reported that
the clay showed hardening behavior as temperature increased
[30]. When the temperature was increased, the shear strength of
ZB mixtures showed a higher increase compared to SB mixtures.
This is because the shrinkage behavior of zeolite is more
pronounced with increasing temperature. A large part of the
zeolite skeleton shows a shrinkage of its cellular dimensions in
the presence of high temperatures [31].

The shear strength of SB increased with the tincal addition under
both temperatures. Boron minerals are strongly held by the
aluminum or silicon tetrahedron present in the bentonite
structure [32]. As aresult of boron adsorption, the shear strength
of the SB mixtures increased. Another reason for this may be the
material replacement. Because the sand-bentonite ratio was
reduced as much as the tincal added to the mixture. Bentonite is
a material with low strength and high swelling potential. By
reducing the bentonite ratio in the mixture and adding tincal with
low swelling potential instead, the strength may increase.

In general, the internal friction angles of ZB mixtures were higher
than SB mixtures at both temperatures. Temperature increase
and tincal addition generally decreased the c' values of the
mixtures (Table 3). For example, the c' value of SBT, which was
32.9 kPa at room temperature, decreased to 10.1 kPa when the
temperature was increased. Similarly, it was reported in previous
studies that the cohesion decreased linearly with increasing
temperatures (20-60 °C) [33]. The shear box tests of SB and ZB
mixtures under 196 kPa vertical stress were performed after a
thermal cycle (20-80-20 °C). The maximum shear stress of SB
after one thermal cycling was determined as 192.8 kPa (Table 4).
The maximum shear stress of the ZB after one thermal cycling
was 130.1 kPa. The shear strength values of the samples
subjected to the thermal cycle were significantly higher
compared to the shear strength of the specimens tested at room
temperature and 80 °C. The strength of the additive-free SB
increased up to three times. This is due to both the exposure of
the specimens to higher temperatures and the reduction of the
shear rate by up to 100 times. With the reduced shear rate, the
pore water pressures were allowed to be fully drained. It is
expected that the strength of the drained specimen would
increase. It is thought that the amount of plastic shrinkage in the
soil increased with the increase of the exposure time to
temperature up to 10 times.
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Conclusion

According to the shear box test results, the residual and peak
shear strengths for all mixtures increased with increasing
temperature. Tincal additive had an increasing effect on the shear
strength of SB at both temperatures (20 and 80 °C), but decreased
the shear strength of ZB mixtures.

As the temperature of all mixtures was increased to 80 °C, the
internal friction angles increased and cohesion values decreased.
The addition of tincal under thermal cycle had a decreasing effect
on the shear strength. However, tincal addition was found to be
beneficial in terms of shear strength at 80 °C, especially for SB
mixtures.

1. Giris

Atik depolama alanlarindaki sizinti sularinin veya niikleer atik
depolarindaki radyoniiklitlerin yer alti suyuna karigsmasini
onlemek i¢cin mithendislik bariyerleri kullanilir. Montmorillonitik
bir kil olan bentonit, gecirgenliginin diisik ve sisme
potansiyelinin yiiksek olmasi nedeniyle genellikle bariyer
malzemesi olarak tercih edilmektedir [1, 2, 3, 4]. Sikistirilmis
bentonitin su igeriginin azalmasi durumunda ¢atlaklar
olusabilmekte ve bu durum bariyerin uzun vadeli performansini
olumsuz etkilemektedir. Diisiik ve orta seviyeli niikleer atiklarin
bertarafi icin, diisiik su gecirgenlikleri, iyi su tutma kapasiteleri
ve sisme potansiyelleri nedeniyle %20-30 bentonit icerigine
sahip kum-bentonit karisimlar1 olas1 dolgu malzemeleri olarak
secilmistir [5]. Bu nedenle farkli oranlarda kum ve bentonit
iceren kum-bentonit karisimlari bariyer malzemesi olarak tercih
edilmektedir [6].

Zeolitler, tektosilikatlar sinifina ait, ¢esitli jeokimyasal kosullar
altinda volkanik malzemenin degismesiyle olusan aliiminosilikat
minerallerdir [7]. Zeolitik tiifler genellikle yumusak, ufalanabilir
ve hafiftir ve genellikle %50-95 oraninda reaksiyona girmemis
volkanik cam ve kuvars, K-feldspat, kalsit ve jips gibi diger
mineral fazlar ile bir arada var olabilen bir veya daha fazla zeolit
icerir [8]. Zeolit yapis1 SiO4 ve AlO4 tetrahedronlarindan olusan
cerceveden olusur. Zeolitin yapisinda bulunan Al3*'nin Si4* ile yer
degistirmesi, zeolitlerin yiizeyinin genellikle negatif yikli
olmasina neden olur. Zeolit, diisiik hacimsel biiziilme potansiyeli
nedeniyle atik depolama alanlarinda bir bariyer malzemesi
olarak kabul edilir. Zeolit-bentonit karisimlari, su igerigi
degisimlerinden etkilenmedigi ve hidrolik iletkenligi diisiik
oldugu icin kum-bentonit karisimlarina alternatif olarak
onerilmektedir [9]. Zeolitin hidrolik iletkenlik degerinin atik
depolama alanlarinda ortii uygulamalar i¢in yeterli oldugu
bildirilmistir [10].

Niikleer atik depolama alanlarinda kimyasal ve radyoaktif
bozunma sebebiyle meydana gelen termal degisimler, anakaya
iizerinde termal gerilmelere neden olabilir. Bu nedenle anakaya
ylzeylerindeki sicaklik her zaman 100 °C'nin altinda olmaldir.
Yiiksek sicakliklara maruz kalan zeminler ve gecirimsiz
mithendislik bariyeri uygulamalarinda kullanilan tampon
malzemeler (kat1 atik ve niikleer atik depolama alanlari, enerji
kaziklari, 1s1 depolama tesisleri vb.) miihendislik 6zelliklerini
uzun slire boyunca degismeden muhafaza etmelidir. Zeminin
mithendislik 6zelliklerinin yiiksek sicakliklarda degisiklik
gosterdigi onceki ¢alismalardan bilinmektedir [11, 12]. Enerji
yapilarinin uzun dénemli stabilitesini koruyabilmek i¢in oturma,
kayma goc¢mesi, hidrolik iletkenligin artmasi gibi istenmeyen
durumlarin 6nlenmesi i¢in sicaklik degisimlerinin bariyer
malzemelerinin mekanik ve hidrolik davranislarina etkisinin
arastirilmasi olduk¢a énemlidir.

Normal konsolide kaolin kili icin yliksek sicaklikta
gerceklestirilen ti¢ eksenli basing deneyi sonuglarina gore, kritik
durumdaki kayma dayaniminin sicakliktan bagimsiz oldugu
ancak artan sicaklikla pik kayma dayaniminin arttigl
bildirilmistir [13]. Normal konsolide yumusak Bangkok kili i¢in

de benzer sonuglar elde edilmistir [14]. Normal konsolide
yumusak Bangkok kili tzerinde 90 °C sicakliga kadar
gerceklestirilen li¢ eksenli deneyler sonucunda, daha yiiksek
sicakliklarda daha yiliksek pik deviator gerilmeler rapor
edilmistir. Normal konsolide kaolinin yiiksek sicaklikta (22-60
°C) hem kritik hem de pik kayma dayaniminin artan sicaklikla
birlikte arttigi bulgulanmistir [15]. Lahoori vd. [16], sicaklik
degisimleri altinda sikistirllmis kumlu kilin kayma dayanimi
parametrelerinde sicaklik 20 °C'den 50 °C'ye arttirildiginda ve
sicaklik doéngileri uygulandiginda o6nemli bir degisiklik
gozlenmedigini bildirmistir. Zheng vd. [17], ytliksek sicakliklarin
(100 °C ve 200 °C) bir radyoaktif atik bertaraf deposundaki
bentonit dolgu ve kil anakaya tlizerindeki etkisini aragtirmistir.
Genel olarak sicaklik arttikca bentonitin illitlesmesinin arttig1
gozlenmistir. Bununla birlikte; yiiksek sicakligin kalkerli ve
kuvars kumunun kayma mukavemeti iizerindeki etkisini
arastirmak icin drenajli kesme deneyleri yapilmistir [18]. Sicaklik
artis;, kumun maksimum igsel siirtiinme agisini azaltici yonde
etki gostermistir. De Bruyn ve Thimus [19], sicaklik 80 °C'ye
kadar arttiginda Boom kilinin mekanik dayaniminin azaldigini
bildirmislerdir. Baska bir c¢alismada, sicakllk 100 °C'ye
cikarildiginda tampon malzemenin (kum-bentonit)
mukavemetinin azaldig1 goriilmiistiir [20]. Killi zemin iizerinde
yapilan bir c¢alismada, sicaklik 50 °C'ye arttirilldiginda Kkilli
zeminin yapisal dayanimi azalmis ve 1sitma sonrasi zeminde
termal yumusama davranisi gozlenmistir [21]. Ayrica 1sitma-
sogutma donglsii  (20-30-40-50-40-30-20°C)  sonrasinda
zeminin mukavemetinde iyilesme rapor edilmistir.

Enerji yapilarini ¢evreleyen zeminlerde yiiksek sicaklik etkisiyle
yapilarin performansini diisiirecek degisimler olusabilir ve bu
durum enerji yapisina, ¢evreye ve insan sagligina zarar verebilir.
Bu nedenle bariyer malzemesinin miihendislik 6zelliklerinin
yiiksek sicakliklarda korunmasi gerekmektedir. Tampon
malzemenin termal dayanikliligini arttirmak i¢in bor gibi termal
genlesmesi diisiik katki malzemeleri kullanilabilir. Bor, farkh
oranlarda bor oksit iceren dogal bir bilesiktir. Borun erime
noktas1 2190+20 °C, kaynama noktasi ise 2250 °C'dir. Endiistride
en ¢ok kullanilan bor minerallerinden bazilari tinkal, kolemanit
ve ileksittir. Bor mineralleri, kil yapisindaki aliiminyum veya
silikon tetrahedron tarafindan giiglii bir sekilde tutulur [22].

Bu calismada, sikistirillmis kum-bentonit (SB) ve zeolit bentonit
(ZB) karisimlarinin tinkal katkisi varliginda kayma dayanimi
davranislart ytliksek sicaklik ve termal dongiler altinda
incelenmisgtir.

2. Materyal ve Metot

2.1. Malzeme karakterizasyonu

Bu c¢alisma kapsaminda zemin olarak kum, sodyum (Na)-
bentonit, zeolit ve katki malzemesi olarak da bir bor minerali olan
tinkal kullanilmistir. Kum-bentonit (SB) ve zeolit-bentonit (ZB)
karisimlar1 80:20 oraninda karistirilmis ve bu karisimlara %10
tinkal katkisi ilave edilmistir. Kum, zeolit ve bentonit yerel
sirketlerden tedarik edilmistir. Tinkal, Tirkiye Eti Madencilik
Midirliigii'nden temin edilmistir. Kum ve bentonit sirasiyla iyi
derecelenmis kum (SW) ve yliksek plastisiteli kil (CH) olarak
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siiflandirilmistir [23]. Kullanilan malzemelerin bazi fiziko-
kimyasal 6zellikleri Tablo 1'de verilmektedir.

Tablo 1. Malzemelerin fiziko-kimyasal 6zellikleri

Table 1. Physico-chemical properties of the materials

Kum Zeolit Bentonit Tinkal
(")zgiil agirhk 2,63 2,30 2,70 1,67
Likit limit(%) 476,0 61,0
Plastik limit(%) NP* 70,1 43,0
-N0.200(%) 0,4 100,0 100,0 91,3
pH 8,50 9,50 9,12

*NP: Plastiklik 6zelligi géstermeyen

Kum, zeolit ve bentonit, deneylerde kullanilmadan 6nce etiivde
(105 °C) 24 saat boyunca kurutulmustur. Daha sonra bentonit ve
zeolit No.200 elekten (0,075 mm) ve kum No.6 elekten (3,35 mm)
elenerek kullanilmistir. Tinkal mineralinin, yiiksek sicaklikta
yapisi degistigi icin kurutma islemi uygulanmamistir. Bu yiizden
deneylerden o6nce tinkalin dogal su icerigi belirlenmis ve
karisimlar hazirlanirken yapilan hesaplamalarda dikkate
alinmistir. Calismada kullanilan en biiyiik tinkal ¢ap1 0,425 mm
olarak belirlenmistir. Numuneler, Standart Proctor deneyinden
[24] elde edilen kompaksiyon parametrelerine gore
sikistirlmistir ~ (Tablo  2).  Karisgimlar  adlandirilirken
malzemelerin Ingilizce isimlerinin bas harfleri kullanilmistir.
Buna gore bentonit B, kum S, zeolit Z, tinkal T olarak
kisaltilmistir. Ornegin SBT tinkal katkili kum-bentonit karisimini
ifade etmektedir.

Tablo 2. Karisimlarin kompaksiyon parametreleri

Table 2. Compaction parameters of the mixtures

Karisim Ydmax (KN/m3) Wopt (%)

SB 15.89 16.8

SBT 15.79 18.5

ZB 10.20 42.0

ZBT 10.79 43.5

2.2. Kesme kutusu deneyi

Kesme kutusu deneyleri ASTM D3080 [25] standartina uygun
olarak gerceklestirilmistir. Karisimlar kompaksiyon

parametrelerine uygun olarak li¢ tabaka halinde sikistirilmis ve 2
cm yiiksekliginde kare (6 cm x 6 cm) bir kesme kalibina
yerlestirilmistir. Hazirlanan numuneler, doygun hale gelmesi i¢in
24 saat boyunca suya batik durumda bekletilmistir. Kesme
kutusu deneylerinde ii¢ farkli normal gerilme (49, 98, 196 kPa)
uygulanmis ve numuneler bu gerilmeler altinda konsolide
edilmistir.

Deneylerde kesme hiz1 0,5 mm/dk olarak uygulanmistir. Kesme
kutusu deneyleri oda sicakligi, 80 °C ve termal déngii (20-80-
20°C) altinda olmak f{zere 1{i¢ ayr1 termal kosulda
gerceklestirilmistir. Deneylerin ytiksek sicaklikta yapilabilmesi
icin geleneksel kesme kutusu cihazi modifiye edilmistir. Modifiye
edilmis deneysel sistem, geleneksel bir kesme kutusu, 1s1 gubugu,
termostat ve K tipi termokupldan olusur. Is1 ¢ubugu hiicrenin
icine yerlestirilerek hiicre suyunu 1sitarak dolayli olarak
numuneyi isitmistir. Termostat, sicakligi 80 °C'de sabit tutmustur
ve dijital termometreye bagh K tipi termokupllar ile siirekli
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sicaklik kaydi saglanmistir. Yiiksek sicaklik icin kesme kutusu
deney diizenegi Sekil 1'de gosterilmektedir.

Termal dongii altinda gergeklestirilen kesme kutusu deneyleri
icin numuneler 24 saat boyunca 196 kPa normal gerilme altinda
su altinda konsolide edilmistir. Bu asamada numune 8 saat
boyunca 80 °C sicakliga maruz birakilmis, ardindan 16 saat
boyunca 20 °C’de bekletilmistir. Béylece numune bir termal
dongiiye maruz birakilmis olup, ardindan deney doygun
durumda, oda sicakliginda gergeklestirilmistir. Termal dongiiye
maruz kalan numunelerden kum igeren karisimlar 0,004 mm/dk,
zeolit iceren karisimlar ise 0,02 mm/dk kesme hizi ile kesilmistir
[26].

3.

SB, SBT, ZB ve ZBT karisimlarinin oda sicakligi, 80 °C ve termal
dongii (20-80-20 °C) altinda yapilan kesme kutusu deneylerinin
sonuglar1 bu béliimde verilmistir. SB ve ZB karisimlarinin oda
sicakliginda ve 80 °C'de on'=196 kPa i¢in yatay yer degistirmesine
(deplasmanina) karsi kayma gerilmesinin degisimi Sekil 2’de
gosterilmektedir.

Bulgular ve Tartisma

Her iki sicaklikta da tinkal katkis1 varliginda SB karisimlarinin
kayma dayanimi artmistir (Sekil 2a). Tinkal katkis1 varliginda
ayni kayma gerilmesine karsilik gelen kayma yer degistirmesi
azalmistir. Sicaklik, oda sicakligindan 80 °C'ye yiikseltildiginde
hem SB hem de SBT i¢in pik ve rezidiiel kayma dayaniminda hafif
bir artis olmustur. SB karisiminin pik kayma dayanimi oda
sicakliginda 63,1 kPa iken 80 °C'de 65,6 kPa degerine
ylkselmistir. SBT karisiminin kayma gerilmesi ise sicaklik
artisiyla birlikte yaklasik %8 artarak 102,6 kPa degerine
ulagsmistir. Bununla birlikte, sicaklik artisinin, zeminin elastik
deformasyon gosterdigi gerilme-yer degistirme aralif1 tizerinde
o6nemli bir etkisi olmamigstir.

ZB karisimlarinin kayma gerilmesi degerleri, SB karisimlarinin
aksine, tinkal varliginda her iki sicaklikta da azalmistir. Ek olarak,
ZB ve ZBT karisimlarinin rezidiiel ve pik kayma dayanimlari
sicakligin artmasiyla birlikte artmistir. Ornegin ZB karisiminin
maksimum kayma gerilmesi artan sicaklikla birlikte 103,7 kPa
degerinden 118,5 kPa degerine %14 oraninda artis géstermistir.
Yiiksek sicakligin kayma gerilmesi lizerindeki olumlu etkisi ZB
karisimlarinda daha belirgin olmustur. Ayrica ZB karisimlarinda
gocme daha kiiciik kayma yer degistirmesi degerlerinde
meydana gelmistir (Sekil 2b).

Sicaklik arttirildiginda tiim karisimlarin kayma dayanimlari
artmistir. Sicaklik arttikga smektit minerali ¢imentolasma ve
illitizasyon ile daha kararhh olan silikat fazina doniisiir [14].
Bunun sonucunda kilin su tutma kapasitesi azalir. Kilin (simektit)
su tutma kapasitesi azaldiginda dayaniminin artmasi beklenir.
Wang vd. [28] yaptiklari calismada ayni1 konsolidasyon gerilmesi
altinda sicaklik arttikca adsorbe edilen suyun viskozitesinin
azaldigin1 ve buna bagl olarak da porozitenin azaldigini rapor
etmislerdir. Yiiksek sicaklikta zeminde meydana gelen termal
biiziilme sonucunda kayma dayaniminda artis olmaktadir [29].
Ayrica artan sicaklikta kilin kayma gerilmesi incelendiginde kilin
peklesme davranisi gosterdigi bildirilmistir [30].

Sicaklik arttirildig zaman ZB karisimlarinin kayma dayanimlari,
SB karisimlarina kiyasla daha yiiksek artis géstermistir. Bunun
nedeni, zeolitin artan sicaklikla biizilme davranisinin daha
belirgin olmasidir. Zeolit iskeletinin biiyliik bir kismi, yiiksek
sicaklik varliginda hiicresel boyutlarinda bir biiziilme gosterir
[31].

SB karisiminin kayma dayanimi tinkal ilavesiyle hem oda
sicakliginda hem de yiiksek sicaklikta artmistir. Bor mineralleri,
bentonit yapisinda bulunan aliiminyum veya silikon tetrahedron
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tarafindan giiclii bir sekilde tutulur [32]. Bor adsorpsiyonunun  degisimi olabilir. Ciinkii karisima eklenen tinkal minerali kadar
bir sonucu olarak, kum-bentonit karisiminin kesme dayanimi  kum-bentonit orani azaltilmistir.

o NN

‘ K-tipi termokupl

Dijital
termometre

Termostat

Sekil 1. Modifiye edilmis deney diizenegi (1: 1s1 gubugu, 2: termostat, 3: termostat kutusu, 4: dijital termometre, 5: K-tipi termokupl)

Figure 1. Modified experimental set-up (1: heat rod, 2: thermostat, 3: thermostat box, 4: digital thermometer, 5: K-type
thermocouple)
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Sekil 2. Yiiksek sicakligin kayma gerilmesi-yer degistirme iizerindeki etkisi a) SB, b) ZB karisimlar1
Figure 2. Effect of high temperature on the shear stress-horizontal displacement a) SB, b) ZB mixtures

Bentonit, diisiik dayanima ve yiiksek sisme potansiyeline sahip
bir malzemedir. Karisimdaki bentonit oraninin diisiiriilmesi ve
onun yerine sisme potansiyeli diisiik olan tinkal ilavesi ile
dayanim artabilir. SB ve ZB karisimlarinin oda sicakligi ve 80
°C'de kayma gerilmesi-normal gerilme grafikleri Sekil 3’te
gosterilmektedir. Ayrica Sekil 3'ten elde edilen kayma dayanimi
parametreleri Tablo 3'te verilmistir.

Genel olarak ZB karisimlarinin igsel siirtlinme agilar1 her iki
sicaklikta da SB karisimlarindan daha ytiksek elde edilmistir. SB
karisimina oda sicakliginda ve 80 °C'de tinkal ilave edildiginde
icsel siirttinme agisi (¢') artarken kohezyon (c') degeri azalmistir.
Tinkal katkisi ile i¢sel stirtlinme agis1 oda sicakliginda ve 80 °C'de
yaklasik iki kat artarak sirasiyla 17,4° ve 25,6° degerlerine
ylkselmistir.

Tablo 3. Karisimlarin OS ve 80 °C'deki kayma dayanimi

parametreleri ZB karisimlarinin ¢' degerleri tinkal katkis1 varlifinda her iki

sicaklikta da bir miktar azalmistir. Ancak her bir karisim igin ¢’
Table 3. Shear strength parameters of the mixtures at RT and 80  degerleri, sicakhk 80 °C'ye arttinildiginda %25’e kadar artis

°C gostermistir. Karigimlar arasinda her iki termal kosul i¢in de en
0da sicakhign 80°C yliksek ¢' degeri (27,8°) 80 °C'de ZB karigimi i¢in elde edilmistir.

Karisim Sicakhk artis1 ve tinkal ilavesi genel olarak karigimlarin c'
Q) ¢' (kPa) o' (9) ¢' (kPa) degerlerini azaltic1 etki yapmistir. Ornegin SBT karisiminin oda
sicakliginda 32,9 kPa olan c' degeri, sicaklik arttirildiginda 10,1

SB 7,1 38,5 13,5 20,0 kPa degerine azalmistir. Daha dnce yapilan ¢alismalarda benzer

olarak artan sicakliklarla (20-60 °C) kohezyonun lineer olarak

SBT 17,4 329 25,6 10,1 azaldigy bildirilmistir [33]. Ayrica hem yiiksek sicaklik hem de
tinkal katkisinin SB'nin kayma dayamimi parametreleri
ZB 22,4 24,1 2 17,2
’ ’ 78 7 tizerindeki etkisi ZB'ye kiyasla ¢ok daha belirgin olmustur.
ZBT 20,2 23,0 22,4 21,2
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Sekil 3. Oda sicakligi ve 80 °C’de kayma gerilmesi-normal gerilme grafikleri a) SB, b) ZB karisimlari

Figure 3. Shear stress against effective normal stress at RT and 80 °C a) SB, b) ZB mixtures

SB ve ZB karisimlarinin 196 kPa diisey gerilme altinda, bir termal
dongii (20-80-20 °C) uygulandiktan sonra kesme kutusu
deneyleri gerceklestirilmistir. Termal dongii asamasinda zemin 8
saat 80 °C'ye maruz birakilmis, daha sonra sicaklik oda
sicakligina azaltilarak 16 saat bekletilmistir. SB karigimlarinin
termal dongii altinda kayma gerilmesi-sekil degisimi grafigi Sekil
4’te verilmistir.
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Sekil 4. Tinkal katkil1 kum-bentonit karisimlarinin termal dongii
altinda kayma gerilmesi-sekil degisimi grafigi

Figure 4. Shear stress-strain of tincal added sand-bentonite
mixtures under thermal cycle

SB karisiminin maksimum kayma gerilmesi 192,8 kPa olarak
belirlenmistir. SB karisimimin maksimum ve rezidiiel kayma
dayanimi tinkal katkisiyla %30 oraninda azalmistir. Bununla
birlikte, tinkal katkili karisim pik kayma dayanimina daha distik
sekil degisiminde ulagsmistir. ZB karisiminin bir termal dongiiye
maruz birakildiktan sonra maksimum kayma gerilmesi 130,1 kPa
olarak belirlenmistir.

Ayrica tim karisimlarin oda sicakligl, 80 °C ve termal dongii
altinda maksimum kayma gerilmesi degerleri Tablo 4'te
sunulmaktadir. Termal déngiiye maruz kalmis numunelerin
kayma dayanimlari, oda sicakligt ve 80 °C'de deneyleri
gerceklestirilmis numunelerin kayma dayanimlarina kiyasla
onemli derecede yliksek elde edilmistir.

Katkisiz SB karisiminda dayanim ii¢ kata kadar artmistir. Bunun
sebebi hem numunelerin daha fazla yiiksek sicakliga maruz
birakilmasi hem de kesme hizinin 100 kata kadar azalmasidur.
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Azalan kesme hiziyla Dbirlikte zemindeki bosluk suyu

basinglarinin tamamen séniimlenmesine izin verilmistir. Drene
olan numunenin dayaniminin artmasi beklenen bir durumdur.
Sicakliga maruz kalma siiresinin de 10 kata kadar artmasiyla
zeminin plastik biiziilme miktarinin arttig1 diistiniilmektedir.

Tablo 4. Tiim karisimlarin oda sicakligl, 80 °C ve termal dongii
altinda maksimum kayma gerilmesi

Table 4. Maximum shear stress of all mixtures at room
temperature, 80 °C and thermal cycle

Kayma Dayanimy, t (kPa)

Karisim 0Oda sicakhig 80°C  Termal déngii (20-80-20°C)
ov=196,1kPa

SB 63,1 65,6 192,8

SBT 95,4 102,5 148,3

7ZB 103,8 118,5 130,1

ZBT 94,1 100,4 160,2

4. Sonucglar

Kum-bentonit (SB) ve zeolit-bentonit (ZB) karisimlarinin tinkal
katkis1 varliginda kesme kutusu deneyleri oda sicakligi ve yiiksek
sicaklik (80 °C) altinda gerceklestirilerek, kesme dayanimi
parametreleri elde edilmistir. Ayrica termal déngiiler (20-80-20
°C) altinda karisimlarin 196 kPa diisey gerilme altinda kayma
gerilmeleri belirlenmistir. Deney sonuglarina dayanarak katki
malzemesi ve sicaklik degisimlerinin kayma dayanimi davranisi
tizerine etkileri incelenmistir.

Kesme kutusu deney sonuglarina gore, artan sicaklikla birlikte
tiim karisimlar i¢in rezidiiel ve pik kayma dayanimlar1 artmistir.
Tinkal katki maddesinin her iki sicaklikta da (20 ve 80 °C) SB
karisiminin kayma dayanimi lizerinde arttirict etkisi vardir,
ancak; ZB karisimlarinin kayma dayanimini azaltmistir. Kum-
bentonit karisimlarina tinkal ilavesi oda sicaklifindaki ve 80
°C’deki i¢sel siirtiinme agilarini arttirirken, kohezyon degerlerini
azaltici olarak etkide bulunmustur.

Tim karisimlarin sicakligin 80 °C’ye arttirilmasiyla birlikte igsel
slirtinme agilar1 artmis, kohezyon degerleri azalmistir. Termal
dongi altinda kayma dayanimlari, oda sicakligi ve 80 °C’de elde
edilen degerlere gore oldukca yliksek bulunmustur. Termal
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dongiiler altinda tinkal katkisi ise kayma dayanimini azaltici
yonde etki etmistir. Ancak tinkal ilavesi 6zellikle kum-bentonit
karisimlart i¢in 80 °C’de kayma dayanimi agisindan faydali
bulunmustur.

Etik kurul onay1 ve cikar catismasi beyani

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

The crust structure of the region from the west of Italy to the east of the Caspian Sea was examined within the scope of this study. In
addition, the effect of both the shallow and deep structure were revealed by calculating the gravity tensors of the region in different
degrees. For this purpose, the spherical free air gravity anomaly of the region was first calculated. The combination of EGM2008 and
GOCE DIR R4 models were used for this calculation. Then the gravity tensors of the region were calculated separately using only
EGM2008 model and only GOCE DIR R4. The spherical free air anomaly of the region was calculated using the topographic model.
The spherical Bouguer anomaly of the region was obtained by subtracting the anomaly obtained from this topographic model from
the spherical free air anomaly obtained from GOCE DIR R4 + EGM2008 combined model. The radial averaged power spectrum of the
spherical Bouguer anomaly was taken and the anomaly thought to be caused by Moho was filtered out. Moho depth map of the
whole region was obtained by applying the Parker-Oldenburg inversion to the filtered anomaly. The obtained values were
compared with previous studies and found to be compatible.

Keywords: Tensor, GOCE, EGM2008, Bouguer, Moho.

0z

ftalya'nin batisindan Hazar Denizi'nin dogusuna kadar olan bélgenin kabuk yapisi bu calisma kapsaminda incelenmistir. Ayrica
bolgenin farkli derecelerdeki gravite tensorleri hesaplanarak hem si1g hem de derin yapinin etkisi ortaya konulmustur. Bu amagla
oncelikle bolgenin kiiresel serbest hava gravite anomalisi hesaplanmistir. Bu hesaplama icin EGM2008 ve GOCE DIR R4
modellerinin kombinasyonu kullanilmistir. Daha sonra sadece EGM2008 modeli ve sadece GOCE DIR R4 modeli kullanilarak
bolgenin gravite tensdrleri ayri ayr1 hesaplanmistir. Topografik model kullanilarak bélgenin kiiresel serbest hava anomalisi
hesaplanmistir. Bu topografik modelden elde edilen anomalinin GOCE DIR R4 + EGM2008 birlesik modelinden elde edilen kiiresel
serbest hava anomalisinden ¢ikarilmasiyla bélgenin kiiresel Bouguer anomalisi elde edilmistir. Kiiresel Bouguer anomalisinin radyal
ortalamali gii¢ spektrumu alinmis ve Moho'nun neden oldugu diisiiniilen anomali filtrelenmistir. Bu Moho'nun neden oldugu
diistiniilen anomaliye ters ¢6ziim uygulanarak tiim boélgeye ait Moho derinlik haritasi elde edilmistir. Elde edilen degerler 6nceki
calismalarla karsilastirilmis ve uyumlu oldugu gorilmiustiir.

Anahtar Kelimeler: Tensér, GOCE, EGM2008, Bouguer, Moho.

1. Introduction suture zone extending to Iran and the Dead Sea fault in the

In the study area as shown in Figure 1, there are large tectonic
lines and local kinematic structures created by these tectonic
lines. The region under the influence of the Alpine Himalayan
belt from west to east consists of terrestrial and marine parts
[1-3]. The Hellenic arc is in a very active region especially in the
marine part [4-6]. The western extension tectonics throughout
Anatolia, the North Anatolian Fault Zone in the north, the East
Anatolian Fault Zone in the southerneast, the Bitlis Zagros
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south are the characteristic tectonic elements of the region.
Within the scope of this study, the aim is to examine the
continuity of the structures by looking at the area in Figure 1
from a wider perspective. To this end, data gathered from
satellite-based gravity models were used.
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Figure 1. Tectonic framework of the study area (AFS:Apennines Fault System; AIFS: Alborz Fault System; BZSZ: Bitlis Zagros Suture
Zone; DFZ: Dinarides Fault System; DSFS: Dead Sea Fault System; EAF: Eastern Anatolia Fault; HASZ: Hellenic Arc Subduction Zone;
NAF: North Anatolian Fault) (Global active faults are taken from [7]).

The comparison of satellite based gravity anomaly and
terrestrial gravity anomaly at the same elevation was made for
the Aegean Sea and western Anatolia by the study of Dogru et
al,, [8]. In this study, the results show that the lowest root mean
square error between satellite based gravity anomaly and
terrestrial data was obtained from the combination of GOCE
Direct Release 4 [9] and Earth Gravitational Model 2008
(EGM2008) [10]. Therefore, a combination of GOCE Direct
Release 4 [9] and Earth Gravitational Model 2008 (EGM2008)
[10] models were selected and used to calculate the free air
gravity data of the region. Anomaly between the degree of 2-
2190 was obtained by calculating the GOCE model up to degree
of 240 and using EGM2008 up to the degree of 241-2190.
Afterwards, the free air gravity anomaly of the region was
calculated from the dV_ELL_Earth2014_plusGRS80 [11]
topographic model. Then, topographic free air gravity anomaly
was extracted from the spherical free gravity anomaly
calculated from GOCE DIR R4 + EGM2008 model. Thus, the
spherical Bouguer gravity anomaly of the region was obtained.
Finally, the gravity tensors and Moho depth values of the region
were obtained. In addition, tensor analysis of EGM2008 and
GOCE DIR R4 data was performed and the results were
examined among themselves. As a result, the variations in Moho
depths and tensor values determined in this study were
evaluated together with regional tectonic elements.

2. Materials and Method

2.1. Spherical gravity anomaly calculation

In this study, free air gravity anomalies are calculated using the
following equations [12]:

aT(r,p,x) 2
Agsa(rpx) = ————— =T, ¢»)
Nmax n
i (R)n n-1) Z (ac
=— —] (n— n,mCOSM
r N=Nmin r m=0

N +AS,, msinm 2 ) B, (sing)

€y
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In this formula, r, ¢ and N are spherical radius, latitude and
longitude; n, m are spherical harmonic degrees and order; n,,;,
and n,,,, are the degree of minimum and maximum spherical
harmonic  expansion; B, ,(sing)is the 4m complete
normalization associated with the Legendre function; GM and r
represent the gravity constant of the geocentric and the radius
of the reference sphere. Cn, and S, are the 4m fully
normalized spherical harmonic coefficients, AC,,, and AS,,,
represent the difference between the harmonic coefficients in
the gravity model and the harmonic coefficients of the normal
gravity field. GrafLab (Gravity field laboratory), which is a
MATLAB-based program, was used in the calculation of
anomalies [12].

2.2. Tensors of spherical gravity anomalies

Gravity tensors are calculated as shown below [12]:

Tyx Txy Ty,
Tr,o)=|Tyx Tyy Ty 2
Tyx sz T,,

Calculation formulas of gravity tensors are given in the
supplementary file.

2.3. Radial Averaged Power Spectrum

The most important feature of the radial averaged power
spectrum is that it shows the correct changes at different slopes
in different radial wave number patterns. Generally, small radial
wave numbers are represented by deeper, medium wave
numbers by shallow sources and high wave numbers by noise in
the data [13-15]. The depth of each equivalent layer is
calculated as follows:

_ B(kry) — B(kry)

" 4n(kr, — kry) ®
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Here; kr; and kr, are the starting and ending radial wave
numbers of the overlapping line, B(kr;) and B(kr,) are the
radial averaged natural logarithmic power spectrum values
corresponding to these wave numbers [16]. The radial
amplitude (A) is calculated as the averaged of the 2D Fourier

amplitude spectrum (F) with radius kr = [k2 + k;]l/zcentered
at the starting point and expressed as A = |F| = [Re(F)? +
Im(F)?]*/? [17-18].

2.4. Parker-Oldenburg inversion

Parker-Oldenburg algorithm was applied to the spherical
Bouguer anomaly obtained as a result of bandpass filter by
using kr values in the previous application [19-20]. The Fourier
transform of spherical Bouguer gravity anomalies (4gga) is
obtained using the equation proposed by Parker [19]:

k‘n—l
= [T

n

§(8gsa) = ~2nGpe k) ) @)
n=1

Here, §(Agga) represents the Fourier transform of the gravity
anomaly, G universal gravitational constant, p density contrast,
k wave number, h"(x) downward continuation depth and z,
mean depth. Oldenburg [20] rearranged equation (4) to
determine the depth of the structure from the gravity anomaly
iteratively:

o

2,

n=2
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2.5. Upward continuation

Upward continuation is a method that transforms anomalies
measured on one surface into those that would have been
measured on some higher surface. The upward-continued
anomalies do not provide direct information about the source,
but they can be instructive nonetheless. In particular, the
process of upward continuation tends to attenuate anomalies
caused by local, near-surface sources relative to anomalies
caused by deeper, more profound sources. The potential data at

=200 -150 -100 -50

0

two observation heights are related by the upward continuation
operation [21],

Ty (x,y,Ah)
1 T,(x',y', Ah)

= dx'dv' 6
2m f f [ =02+ (' — )2 + ARz Y (6)

where T,(x,y) and T,(x,y, h)) are respectively the potential data
at two observation heights separated by a vertical distance Ah.
Applying a two-dimensional Fourier transform to equation (6)
yields a simpler form in which the Fourier transforms of the two
quantities are related to each other by a simple upward
continuation operator,

Th(wy, 0y, AR) = e72Mr Ty (wy, wy)

@)

Where T,(w,,wy,) denotes the Fourier transform of T,(x,y),
(wy, wy) are wavenumbers in x and y direction and w;

= ’w§+w§ is the radial wavenumber. The upward

continuation operator attenuates with height the high frequency
content of a potential anomaly.

3. Results

First of all, the spherical free air anomaly of the area in Figure 1
was calculated (Figure 2) and then the Bouguer anomaly was
calculated using the topography model (Figure 3). The
topographic elevation values of the region reach up to 5000
meters. Spherical free air anomaly values vary between 250
mGal and -200 mGal. It is seen that spherical free air anomalies
were obtained positive high values especially in the Caucasus
where the topographic height is high, along the Iran-Caspian Sea
coast and in the vicinity of Cyprus. Spherical free air anomalies
were observed negatively in the sea areas as expected. Spherical
Bouguer gravity anomaly values vary between 280 mGal and -
200 mGal. Contrary to spherical free air anomalies, positive high
values were observed in seas and negative anomalies were
observed in lands.

- mGal

50 100 150 200 250

45
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= 40

£ 351
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Figure 2. Spherical

free air gravity anomaly with the
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combination of EGM2008 and GOCE DIR R4 model
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Figure 3. Spherical Bouguer gravity anomaly of the study area.

Afterwards, the difference between EGM2008 and GOCE DIR R4 40 and +30 in eastern Egypt and in southwest Israel but when
models up to 240 degrees/order (2 to 240) was calculated for  this anomaly was eliminated values are between approximately
the whole region (Figure 4). It is seen that values are between - -18 and +18 in the rest of the region.

mGal

Latitude (WGS 84)

Latitude (WGS 84)

Longitude (WGS 84)

Figure 4. a) The difference between EGM2008 and GOCE DIR R4 (up to degree/order 2 to 240) and b) maximum value area middle
in the South is blanked to show maximum and minimum difference of the whole area.

Gravity tensors were first calculated from the satellite model of  degree/order 2 to 240 (Figures 5c, 6¢, 7c, 8c, 9c and 10c). In this
EGM2008 (Figures 5a, 6a, 7a, 8a, 9a and 10a). In addition, = way, both tensors of deep structure effects originating from low
upward extension was applied to the EGM2008 tensor data  frequency and wide wavelength and tensors of shallow
(Figures 5b, 6b, 7b, 8b, 9b and 10b). In addition, tensors have  structure effects originating from high frequencies and short
been calculated from GOCE Direct model (Release 4) up to  wavelengths were obtained.
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Figure 5. a) Txx tensor of EGM2008 up to degree 2190, b) Upward continuation of Txx tensor of EGM2008 and c) Txx tensor of GOCE
DIR R4 up to degree 240.
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Figure 6. a) Txy tensor of EGM2008 up to degree 2190, b) Upward continuation of Txy tensor of EGM2008 and c) Txy tensor of
GOCE DIR R4 up to degree 240.
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Figure 7. a) Txz tensor of EGM2008 up to degree 2190, b) Upward continuation of Txz tensor of EGM2008 and c) Txz tensor of GOCE
DIR R4 up to degree 240.
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Figure 8. a) Tyy tensor of EGM2008 up to degree 2190, b) Upward continuation of Tyy tensor of EGM2008 and c) Tyy tensor of
GOCE DIR R4 up to degree 240.
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Figure 9. a) Tyz tensor of EGM2008 up to degree 2190, b) Upward continuation of Tyz tensor of EGM2008 and c) Tyz tensor of GOCE
DIR R4 up to degree 240.
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Figure 10. a) Tzz tensor of EGM2008 up to degree 2190, b) Upward continuation of Tzz tensor of EGM2008 and c) Tzz tensor of

GOCE DIR R4 up to degree 240.

The initial mean depth value is needed for the inversion
application of the Moho calculation. The radial averaged power
spectrum method was applied in order to obtain the Moho
anomaly to be used in the inversion. Critical wave numbers are
important in determining bandpass limits and defined as points
where the slope of the lines changes. This wave numbers are
respectively, kr1 = 0,025 km'1 (A1 = 21 / krz = 251 km) and krz =
0,106 km'! (A2 = 2m / krz = 59 km). From the slopes of these
lines, the average depths of the interface boundaries were
calculated as z1=135 km (LAS), z2=35 km, respectively (Figure
11).

After the power spectrum analysis of the spherical Bouguer
gravity anomaly and decomposing the anomaly originating from
Moho, then Moho depth map was obtained after inversion of
this anomaly. The mean depth (zo) approximately as 35 km
obtained from the power spectrum analysis is used for the
calculation of Moho depth in the 3DINVER program [22]. The

program needs an initial knowledge of two parameters which
are density contrast of the interface and the mean depth.
Density contrast which is mantle density minus crust density
was taken fixed as 0.4 g/cm3. Earth’s curvature was ignored as a
parameter in the inversion formula for big area calculations but
spherical approximation of gravity calculation could be an
advantage because the spherical version uses a spherical shell of
thickness equal to the orthometric height of the topography at
the point of interest [23]. Moho depths were found at an average
of 30 km in Western Anatolia, between 20-35 km in the Aegean
Sea, between 35-45 km in Eastern Anatolia and between 10-20
km in Cyprus and its surroundings (Figure 12). The Moho
variation between the depths of 40-50 km in the southeast of
the study area and the Moho depth values of approximately 45
km in the Caucasus are quite compatible with the results of the
studies of Lii et al, [24]. Lii et al, [24] obtained Moho depths
with Pn seismic wave tomography method in their study. In
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addition, the results of the continental crustal thickness in
Turkey and its vicinity in the studies of Kayhan and Giilen [25]
are in good agreement with the values obtained in this study.
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Figure 11. Radial power spectrum of Spherical Bouguer gravity
anomaly.

The results are coherent with the Moho depth studies which
was made in the eastern Anatolia by Pamukgeu et al., [26]; in the
western Anatolia by Pamuk¢u and Yurdakul [27] and in the
eastern part of Mediterranean Sea by Dogru et al, [8]. In
addition, Bilim et al., [28] obtained the crustal results for the
Black Sea and the results of this study are compatible with their
results. In addition, Moho depths from the GOCE Exploitation for
Moho Modelling and Applications Project (GEMMA) [29] which
has generated the first global high-resolution map of the
boundary between Earth’s crust and mantle based on data from
the only GOCE satellite and An Updated Global Model of Earth's
Crust (CRUST1.0) [30] model which has calculated from active
source seismic studies on a 1-degree grid were shown in Figure
12. Although the data acquisitions are completely different, it is
noticed that there is more coherence between the Moho depth
of CRUST1.0 model and Moho depth obtained in this study
especially in the marine areas. It can be said that the Moho
depth result of GEMMA model presents best fit for marine areas
but the results of Moho depth obtained in this study offers more
relevant results especially eastern of Turkey with CRUST1.0
model.
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Figure 12. Moho depth variations of the study area from this study and other Moho models: a) Moho depth variation from this study,
b) Moho depth from GEMMA model and c) Moho depth from CRUST1.0 model.
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4. Conclusions

Within the scope of this study, the spherical free air gravity
anomaly of the area was first calculated using satellite models.
The combination of EGM2008 and GOCE DIR R4 models were
used to calculate the spherical free air gravity anomaly.
Afterwards, the spherical Bouguer gravity anomaly of the region
was calculated with the help of the topography model. In
addition, the gravity tensors of the region were calculated with
only GOCE DIR R4 model (n: 240) and only EGM2008 (n: 2190)
model. Thus, the effect of both deep structures and shallow
structures could be observed. The Moho depth map of the study
area from the west of Italy to the east of the Caspian Sea was
obtained. Moho depth values of the region were obtained
between 10 and 50 km. Moho depth values were observed to be
compatible with the results of previous studies. Moho values
were obtained in the range of 45 km in the Eastern Anatolia
Region, around 30 km in the Western Anatolia, ~20 km around
Cyprus, and 45-50 km in the south of the Caucasus and Iran
(Figure 1).

A significant north-south anomaly variation was obtained
especially along the Dead Sea fault, at upward continuation of
Tyz and Tyy tensor of EGM2008 (Figures 8 and 9) and Tyz and
Tyy tensor of GOCE DIR R4 up to degree 240 (Figures 8 and 9).
Although this tectonic element has a predominantly lateral
change, it is clear that there is a continuity of mass change in the
vertical direction due to the change in the Tyz component.

An anomaly with a sharp positive-negative change in the
direction of approximately northwest-southeast draws attention
in the results of EGM2008 up to degree 2190, upward
continuation of Txx, Txy, Txz, Tzz tensors of EGM2008 and Tzz
tensor of GOCE DIR R4 up to degree 240 in Figures 5, 6, 7 and 10
between 350-55° longitudes throughout the Caucasus (Figure 1).
There is both a lateral and a vertical continuation of change
along this one line in this area. The line of anomalies changing as
smoothly as possible was observed throughout northernwest to
southerneast trending and even to the Hellenic arc between 10°-
250 longitudes in the results of EGM2008 up to degree 2190,
upward continuation of Txy, Txz, Tzz tensors of EGM2008 and
Tzz tensor of GOCE DIR R4 up to degree 240 in Figures 6, 7 and
10. This line also has the character of lateral and vertical change.
However, the difference between this place and the Caucasus is
that the positive-negative anomaly transition is not sharp.

In addition, negative amplitude changes in a wide area along the
Hellenic arc in Figures 7 and 10 was observed in the results of
EGM2008 up to degree 2190, upward continuation of Txz, Tzz
tensors of EGM2008 and Txz, Tzz tensors of GOCE DIR R4 up to
degree 240. The vertical continuity of the main character here
reflects the subduction characteristics of the region very well.
From this point of view, it is observed in Figures 7 and 10 that
the line on which this tectonic element extending has continuity
along the Mediterranean in the south of Anatolia. In fact, the
anomaly amplitude value of this line increases in the positive
direction and joins with the Bitlis Suture zone in the east in
Figure 7.

Additionally, when Figure 5b is carefully examined the linear
line with an average amplitude of 20 Eotvos coming from the
10° longitude west follows the Hellenic arc again merging with
the Bitlis Thrust zone in the east and continues in the east.
While Tzz and accordingly Txz variation in the vertical direction
from the Hellenic arc is very dominant, the dominance of this
line in Tzz in the vertical component cannot be observed when it
approaches the Bitlis thrust in the east. Again, it is observed that
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there are parallel but same character changes towards Africa,
especially around Cyprus in the south of this line (Figure 7).
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Abstract

Local and regional networks are needed to better examine the regions with complex tectonism, such as western Anatolia. Local seismic
networks may provide critical data to both scientists and local authorities. They are also required as a base for future early warning
systems which Izmir, the largest city in the western Anatolia, does not have one. With the support of Dokuz Eylul University,
Engineering Faculty and the Department of Geophysical Engineering the installation of a new local network DEUNET established on
February 15, 2019, to obtain new and detailed information about Izmir and its surroundings by observing microearthquake activity
as well as major and damaging earthquakes in the region. The obtained maps indicate that the network in this period has the capability
to detect and locate local, regional and teleseismic earthquakes occurred. According to the results, an intense seismic activity was
observed in the northeast and southwest of the station network from its establishment to the present. These recent active areas
affected by two large earthquakes which one is called Aegean Sea - Samos earthquake and the other is Manisa earthquake occurred
and affected Izmir City and its surroundings. We also examined the focal mechanism solutions of some recorded earthquakes in this
paper. In addition, the ground characteristics of the station locations were examined using the recorded earthquakes. Since D okuz
Eylul University is the only university in Western Anatolia that offers seismology education, this network will also provide significant
benefits for seismology education.

Keywords: DEUNET, seismic network, earthquake, seismotectonic, seismic activity

0z

Yerel ve bolgesel sismik aglar, Bat1 Anadolu gibi karmasik tektonizmaya sahip bolgeleri daha iyi incelemek icin gereklidir. Yerel sismik
aglar, hem bilim insanlarina hem de ilgili makamlara kritik veriler saglamaktadir. Ayrica, Bati Anadolu'nun en biiylik sehri olan
izmir'de olmasi gereken erken uyari sistemleri icin bir temel olarak da degerlendirilmektedir. 15 Subat 2019'da yeni bir yerel ag olan
DEUNET, Dokuz Eyliil Universitesi Miihendislik Fakiiltesi ve Jeofizik Mithendisligi Béliimii'nde, biiyiik depremlerin yani sira mikro
deprem aktivitelerini de gézlemlemek, izmir ve cevresi hakkinda yeni ve ayrintil bilgiler elde etmek icin kuruldu. DEUNET deprem
gozlem agindan elde edilen sonuglar, bu dénemde meydana gelen yerel, bolgesel ve telesismik depremleri tespit etme ve
konumlandirma yetenegine sahip oldugunu géstermektedir. Yapilan degerlendirmelere gére DEUNET istasyon aginin kurulumundan
giintimiize, izmir Il'inin 6zellikle kuzeydogu ve giineybatisinda yogun bir sismik aktivite gézlenmistir. Gézlemledigimiz yogun sismik
aktivitenin nedeni de; Ege Denizi-Sisam ve Manisa depremlerinden dolay1 meydana gelen yogun art¢1 aktivitesidir. Bu depremler
izmir II'i ve cevresini etkilemistir. Bu calisma kapsaminda istasyon ag1 tarafindan kaydedilen depremlerin odak mekanizmasi
¢ozlimleri de incelenmistir. Ayrica kaydedilen depremler kullanilarak istasyon lokasyonlarinin zemin 6zellikleri arastirilmistir. Bati
Anadolu bélgesinde sismoloji egitimi veren tek iiniversite Dokuz Eyliil Universitesi oldugundan, bu agin sismoloji egitiminde de
onemli katkilar1 olmaktadir.

Anahtar Kelimeler: DEUNET, sismik ag, deprem, sismotektonik, sismik aktivite

1. Introduction moved westward at a velocity of 2 cm per year due to the
convergence of the African and Eurasian plates. Izmir located in
the western part of Anatolia contains basin and corresponds
approximately to the zone limited by grabens. Due to these
movements of Western Anatolia, large and microearthquakes
have occurred in Izmir and its surroundings throughout
historical and modern time. [1-5]. Many researchers also
investigated the seismic activity, tectonism and stress field

The neotectonism of the western Anatolia is generally explained
by the movement of the Anatolian block to the west with respect
to the Eurasian plate, and counterclockwise rotation along the
Aegean Sea while overlapping it on the Aegean Arc in the
southwest direction (Figure 1). The Aegean region has been
under a N-S extensional regime since the Miocene while it has
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around the Aegean Sea and Western Anatolia [6-15]. In Western
Anatolia, grabens extending in the E-W direction are limited by
normal faults, and the current deformation and related seismicity
in the region are controlled by active faults. The magnitudes of
earthquakes clustering type in time and space are small and
medium [16]. Focal mechanism solutions are also compatible
with important geological structures [17-18].

Over a period of about 27 years (Figure 1), the earthquakes in
Izmir and its surroundings mostly occur around gulf of Izmir,
Aegean Sea, northwest of Izmir and grabens.

Based on the need to observe the microearthquakes occurring in
Izmir and its surroundings, the faults threatening the city and to
detect the events of the Aegean Sea, the establishment of a local
station network was planned in the region. After the installation
of the five stations, several large earthquakes, such as 22.01.2020
Manisa-Akhisar earthquake Mwb5.4, 26.06.2020 Manisa-
Saruhanli earthquake Mw5.5 and 30.10.2(())20 Aegean Sea-Samos
6" 27" a) 28"

39"

38']

MG M M SM6 GeMT

28"

earthquake Mw6.9 [20] occurred. Izmir was affected by these
earthquakes, and particularly Aegean Sea - Samos earthquake
brought about fear and panics, as well as caused damage in some
districts of Izmir. These events also proved that it was important
to monitor seismicity in the region. Therefore, we installed a
permanent five-station real-time broadband seismic network
named DEUNET (The Dokuz Eylul University Seismological
Observation Network) on February 15, 2019. The aims of the
network can be categorized as scientific and educational. On the
one hand, the data generated by this network will be used to
better identify the seismogenic areas within the region and
characterize the seismic sources originated in this area, as well as
to study the propagation of seismic waves in Izmir. From the
educational point of view, training students by using real
earthquake data will be an essential purpose of DEUNET.

Figure 1. Recorded seismicity and topographic map of the investigated area (a) earthquake epicenters proportionally between 1992
and early 2019 from AFAD database. (b) locations of the DEUNET stations. Faults are simplified from tectonic map of MTA [19]. The
top right corner and the bottom right corner of the inset maps show the study area in Turkey and tectonism of the Anatolian Plate [21],

respectively.
2. Material and Method

Installation and maintenance of seismic networks are costly. For
this reason, we wanted to provide a seismic network to our
university by repairing some idle seismometers previously used
in portable studies. Instrumentation consists basically CMG-6TD
Guralp 30s seismometers. Digitation is obtained through a 24-bit
A/D converter, which gives an effective dynamic range of 130 dB
for Guralp. In the case of stations equipped with Guralp sensors,
their output voltage is proportional to the ground velocity, with
flat response between 0.0167 and 50 Hz. To obtain these
responses, the signals are sampled continuously at 0.01 Hz, with
continuous recording at 100 Hz. The instruments are protected
from the environment through a cabin and wire mash (Figure 2).
The sensors are placed on a concrete block, isolated from the
environment, and built on bedrock.

To place the stations on a solid ground was our priority. We also
considered it best to confine the network within the boundaries
of Izmir so that we can observe the earthquakes occurring at the
Aegean Sea (Table 1). Considering that the city is under high
seismic risk, the locations of the stations were chosen to cover a
large part of Izmir Metropolitan.

Figure 2. Instruments of the DEUNET seismic network (station
installation).

Associated with the sensors, there is an electronic set composed
of solar energy control module with solar panels, battery
chargers, port server for modem communication and GPS
antennas, digitizer CMG-EAM and protectors for both high
voltage and lightning. Data are sent with internet (3G/4G) in real
time by router to server and workstation in Seismology
Laboratory of the Department of Geophysical Engineering
(Figure 3). Phase picking, computing magnitude and the location
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of the earthquakes were managed by careful inspection with
SEISAN software [22].

The DEUNET database includes continuous data with the raw
data of gcf format and archived by a server during real-time data
acquisition. We also use SAC, ASCII formats to analyze the data
for different studies. The continuous data are also displayed on
the web page of our department as drumplots
(http://jeofizik.deu.edu.tr/en/deunet/).

Table 1. Geographic coordinates and elevations of the DEUNET
stations and the sensor type.

Sensor

Code Type

Province Elevation (m) Latitude (°N) Longitude (°E)

DCES Cesme 38.279266 26.233676 30s-100Hz

DDKL Dikili 122.6 39.206848 26.823387 30s-100Hz

DEUN Buca 236.3 38.369015 27.214154 30s-100Hz

DKRZ Kiraz 782.4 38.124343 28.426597 30s-100Hz

DSLC Selcuk 204.5 37.845751 27.386309 30s-100Hz

Automatic processing is in the stage of the integration with
SEISCOMP 4 to analysis our real time data and alert phase of the
DEUNET network (Figure 3,[23]).
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' () =
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Figure 3. Schematic view of data flow of the DEUNET and real
time data acquisition from five stations to the Seismological
Laboratory of the Department of Geophysical Engineering

The quality of data is the main concern. In general, the records
from at least five stations are used to provide an accurate location
of an earthquake. When this requirement is not met, the errors
will be numerous. For this reason, we make calculations based on
atleast five stations to minimize RMS. The data is exchanged with
national seismic network AFAD [20] via a protocol. We are also
willing to work with international seismic networks.

The network’s detection capability of local and teleseismic events
is illustrated in Figure 4. The first event is the north Karaburun
earthquake with a local magnitude of M1.3.6, and the second one
is the Jamaica earthquake which is a teleseismic earthquake with
magnitude Mw7.7 occurred in NNW of Lucea, Jamaica.

—

Figure 4. (a) 19.05.2019 M.3.6 North Karaburun (South of Lesbos Island) earthquake (b) 28.01.2020, Mw7.7 teleseismic earthquake

NNW of Lucea, Jamaica

In this study, we investigated site properties of station locations
using local earthquakes recorded by DEUNET to ensure the
location of the stations and reveal the quality of data. We
analyzed site transfer functions of the stations using the
horizontal-to-vertical spectral ratio (H/V) method. We selected
the S-wave phase from three-component earthquake records
with the appropriate azimuthal distribution, and then computed
the Fourier amplitude spectra. The magnitudes (M.) and
epicenter distances of 53 earthquakes recorded in the network
vary between 4.0 and 5.3, and 20 and 300 km, respectively. We
observed different amplifications according to the site
characteristics and illustrated these amplifications for different
selected frequencies. Site function estimates reveal that there are
significant amplifications in specific frequency ranges at some
investigated sites.

3. Results

Since the installation of the DEUNET, many earthquakes have
been recorded. The whole dataset is composed of 1136 events
with the magnitudes ranging from 0.9 to 7.7 for local and distant
earthquakes. Without the DEUNET it would not be possible to
record the local seismicity of low magnitude (0.9 <M < 3) in the

Izmir Metropolitan area. As a result of the restriction of at least
five station readings, the locations of 665 earthquakes recorded
were characterized by an RMS of less than 0.2 s (Figure 5).

We have added the five AFAD stations to our local network to
improve our solutions from February 2021 as seen on the Figure
5 with gray triangles. Seismicity recorded by DEUNET has
illuminated major seismic areas inside the study area. These
major seismic areas are Manisa and Aegean Sea - Samos
earthquakes and their aftershocks. These two earthquakes
strongly dominate the seismicity shown in this figure. After a five-
month earthquake sequence in Manisa, an earthquake occurred
in the north of the island of Samos which is devastating for Izmir.
On October 30, 2020 at 11:51 UTC, a Mw 6.9 earthquake struck
Izmir, starting a sequence that is still ongoing while we are
preparing this paper.

Figure 6 shows the record of this earthquake, with the epicenter
off the coast of Kusadasi. It was also recorded by several national
stations including AFAD (Republic of Turkey Ministry of Interior
Affairs Disaster and Emergency Management) and KOERI
(Kandilli Observatory and Earthquake Research Institute)
(http://www.koeri.boun.edu.tr/scripts/Ist8.asp). Our network
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has been clipped because we are very close to the earthquake, we
only have the image of it as drumplots (Figure 6).

10

20

30

Figure 5. Seismicity recorded by DEUNET along the period of
February 2019- August 2022 with longitude and latitude depth
sections.

psLc

Figure 6. DEUNET drumplots of the 30 October 2020 11:51 UTC
Aegean Sea - Samos earthquake

The Aegean Sea-Samos earthquake is thought to be caused by 30
km rupture on the Samos Fault. 117 citizens lost their lives and,
1032 were injured in a densely populated neighborhood in
Bayrakli district due to the damage and the collapsing of the
buildings by earthquake-related ground motions. The most
remarkable features of this earthquake are the destruction it has
caused at a location approximately 70 km far away from the
earthquake epicenter, and the damages by the earthquake-
induced tsunami waves along the shoreline of Seferihisar district,
as reported by national agencies [20].

5099 aftershocks over a period of 41 days after the earthquake
were reported by national institutes. The aftershock
distributions indicate that there are some diffused seismic
activities in the region (Figure 5). The focal depths of the
aftershocks are observed down to about 15 km. This distribution
of the aftershocks implies that the source was an E-W trending
normal fault. At the easternmost of the island with a normal fault,
depth of the events reach about 15 km. Earthquake distributions
were also present on the right-lateral fault, but the large amount
of the aftershocks occurred at the west of the Samos Fault.

There are also some diffused seismic activity inner and outer Bay
of Izmir, north of the Karaburun Peninsula and Cesme area. We
also observed some activity north of the study area and around
Izmir City center. The seismic activity of the southwest of the
Mytilene Island is also possible the ongoing movement of the
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aftershocks of Mw6.2 Mytilene earthquake that occurred on June
12,2017.

Based on the latitude and longitude depth sections, it is possible
to limit the depths of the earthquakes occurring in the region to
the first 30 km of the earth’s crust. The events concentrated in the
south of the Izmir and north-east of the study area have focal
depth estimations less than 10 km. Two clusters are observed at
the depth sections: (1) NE of the Izmir City; this activity is related
with the Manisa earthquakes, and its aftershocks are
concentrated with point-source model at depths mostly to 10 km
and (2) activity of south of Izmir, that is north of the Samos Island;
related with the Aegean Sea - Samos earthquake. The
hypocenters of this cluster are diffused compared to the seismic
activity of Manisa could be related to the Samos Fault.

To examine the seismic movements affecting the study area in
more detail, the focal mechanism solutions of earthquakes with a
GAP < 2000 were calculated. The seismotectonic of the region
were investigated by including AFAD stations to our solutions,
using the FOCMEC algorithm [24] with polarity and amplitude
ratios. We used the FOCMEC to find best-fit focal mechanisms,
with calculated the double couple earthquake focal mechanisms
using polarities and amplitude ratios. With this method, we tried
to overcome the multi-solution problem caused by our small
number of stations.

We determined that most of the seismicity in the region tends to
concentrate near the normal faults. In addition to normal faulting
systems, we detected strike-slip faults and small amount of
reverse-slip fault mechanism. In Figure 7, the red line shows the
focal mechanism of the Samos earthquake, the other two gray line
next to red line are the focal mechanisms of the two large
aftershocks that occurred after the main shock that three
solutions of them are taken from the AFAD. Focal mechanism
solutions of other earthquakes that occurred in the north and east
of Samos Island. The other aftershocks located to the east of the
main shock have analyzed with DEUNET stations that normal and
reverse fault mechanisms with strike-slip component are
observed in and around Kusadasi Bay.

Results of 30 October 2020 11:51 UTC Aegean Sea - Samos
earthquake (Mw6.9) and its aftershocks from analysis DEUNET
stations. The focal mechanism solutions of the mainshock and
two biggest aftershocks illustrated from report of AFAD 2020.
Faults lines are shown from GEM fault database [28]. Red line
triangles show DEUNET stations, while gray triangles show AFAD
stations.

Earthquakes that are located in the south of the Mytilene Island
were also evaluated and focal mechanism solutions indicated in
Figure 7. These earthquakes with different mechanisms were
detected because of the earthquake activity that occurred on
February 1, 2021, in the nearby location of the Mytilene
earthquake with a magnitude of Mw6.2 in 2017. While three of
these are normal faults with strike-slip component, two of them
are reverse faults with strike-slip component.

The site characterization estimations made using 53 earthquakes
selected in DEUNET database reveal that there are significant
amplifications in certain frequency ranges in the DCES station. In
general, although there are slight differences between the results
of the shapes of the transfer functions in all cases. An increase in
amplitude was observed at high frequencies the DEUN station. In
this study, amplitude increases were not observed in the other
stations (DKRZ, DSLC and DDKL). However, after that first peak,
the amplitude of the noise HVSR decreases and no information is
retrieved for amplification observed at higher frequencies in the
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earthquake data (Figure 8). This problem had been already
signaled in [29].

25 26 27 28 29

Figure 7. Representation of the focal mechanism solutions of 26
earthquakes with magnitudes ranging from 2.3=M=>7 [25-27].
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Figure 8. Site functions obtained by the horizontal-vertical
spectral ratio method. The gray lines show the horizontal-vertical
spectral ratio of each earthquake, and the red lines show the
average H/V functions.

4. Discussion and Conclusion

A new Seismological Network (DEUNET) installed in February
2019 and started to record events, drastically improved seismic
monitoring in Izmir as well as in Western Anatolia. Firstly, it
supplies continuous earthquake records with high-quality data,
thus it creates new understandings into the regional and local
seismic activity. It allows us to determine the earthquake
parameters of each event (location, focal mechanism, magnitude
and depth) more accurately. In addition, the new network will
provide an efficient tool for seismic analysis and crustal
investigations. This network enabled us to obtain more accurate

information about the mantle and crustal structures of the Izmir
and its surroundings and to investigate the mechanism of the
formation of the Western Anatolia.

The seismicity recorded by the network was analyzed to
preliminarily results the seismic activity of the region. Our
findings indicate a steady rate of seismicity up to the destructive
event. The resulted seismicity maps show that the network can
cover most of Izmir and Aegean Sea, in accordance with the
purpose of establishing the DEUNET. Also, the network in the
examined period has the capability to detect and/or locate local
and teleseismic earthquakes. It also records microseismic
activity, particularly magnitudes less than 3, which is not
observed by the national stations in the area. Compared to other
national networks, we focus more on the seismic activity of the
region as we are a local seismic network. While doing this, unlike
others, we do not fix our earthquake depths and we do it using a
velocity model belonging to our region [30]. In addition, we keep
the RMS of our earthquakes below 0.2 s compared to other
institutions.

Since the installation of DEUNET Seismological Observation
Network, we have been able to observe the destructive and
intense earthquake activity in Izmir and its surroundings. Despite
clipping our stations due to proximity to the earthquake we
couldn’t analyze the main shock and two major aftershocks, we
reviewed other aftershocks and tried to learn about the
mechanism of the earthquake. The distribution of aftershocks has
progressed towards the east of Samos Island in time and
continues around the Kusadasi Bay. Depth sections of longitude
and latitude also gave results supporting the east-west extension
of the Samos fault.

Western Anatolia has the potential to produce destructive
earthquakes, exclusively in Izmir and its surroundings. With the
help of DEUNET, we can present and contribute concrete data
about the seismicity of the region. Our results enable more
precise hypocentral locations in assigning zones of active
tectonics. On the other hand, especially considering the
differences in focal mechanisms in the offshore earthquakes,
seismological studies that will be carried out integrated with
marine seismic studies will reveal the unknown about the
submarine fault structure.

The site transfer functions obtained by the H/V method reveal
that there are different amplifications at different frequency
values. It is thought that this situation changes depending on the
ground characteristics of the station locations. However, to reach
the actual amounts of these amplification values, it is necessary
to investigate and develop the results with different methods. We
plan to improve our site effect estimates and the site
amplification functions determined more directly applicable for
earthquake engineering applications, such as PSV
(pseudospectral velocity) and intensity. This will allow us to
predict ground motion in Izmir for a possible big earthquake and
be useful for planning hazard mitigation and urban development
studies for the future earthquakes close to the city.

Finally, we give some indications on the evolution and the future
prospect for our seismic network. In the near future, DEUNET
will be developed by the number of the station and merged data
from our stations and other permanent national stations to
obtain more accurate seismic activities and produce detailed
models of crustal and mantle structures in this area. These will
increase the performance of the network, improve the data
quality, reduce the processing time, and help us in our
development of an early warning system for Izmir. It has also
been continued to determine more focal mechanisms of
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earthquakes of such a low magnitude that it would have been
improbable to calculate it without this local network. Also, it can
be concluded that the DEUNET will have an important place in
helping the authorities to reduce earthquake risk in Izmir.
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0z

Makine 6grenmesinin bir kolu olan denetimsiz 6grenme problemlerinde kullanilan kiimeleme algoritmalari, veri noktalarini benzer
ozelliklere sahip olan gruplara ayirmak i¢in veri noktalar1 arasindaki uzakliklari 6l¢en bir uzaklik fonksiyonu kullanir, ve bu, standart
durumda Oklid uzaklhigidir. Bununla birlikte en sik kullanilan kiimeleme algoritmalarindan k-ortalamalar (k-means) kiimeleme
algoritmasinda Oklid uzaklig1 yerine farkh uzakhk fonksiyonlar1 kullanilarak elde edilen sonuglarin karsilastirildigi [1],[2] gibi
calismalar mevcuttur. Bu calismada ise Spektral kiimeleme algoritmasi farklh uzaklik fonksiyonlar: ile ele alinarak sonuglar
degerlendirilmistir. K-ortalamalar algoritmasinin basarili sekilde ayiramadigi veri kiimeleri tercih edilmis ve spektral kiimeleme
algoritmasinda Oklid uzakhiginin yani sira farkh uzaklik fonksiyonlari da kullanarak daha iyi bir kiimeleme yapilip yapilmayacagi
incelenmistir.

Anahtar Kelimeler: Denetimsiz Ogrenme, Spektral Kiimeleme, Uzaklik Fonksiyonlari

Abstract

Clustering algorithms used in unsupervised learning problems, which is a branch of machine learning, use a distance function that
measures the distances between data points to separate data points into groups with similar characteristics, and this is known as the
Euclidean distance in the standard case. However, there are studies such as [1] and [2] in which the results obtained by using different
distance functions instead of Euclidean distance in the K-means clustering algorithm, which is one of the most frequently used
clustering algorithms, are compared. In this study, the Spectral clustering algorithm is handled with different distance functions and
its results are evaluated. The datasets that the k-means algorithm could not separate successfully were preferred and it was examined
whether a better clustering could be made by using different distance functions in addition to the Euclidean distance in the spectral
clustering algorithm.

Keywords: Unsupervised Learning, Spectral Clustering, Distance Functions

EXTENDED ABSTRACT

Introduction Spectral Clustering algorithms and six different distance

Spectral Clustering is a method used to categorize points with functions.

similar characteristics on a graph. This technique relies on
mathematical concepts such as graph theory and linear algebra
to sort points based on their proximity relationships in the graph.

The Spectral clustering method utilizes a Laplacian operator to
determine the positions of points in a graph. This operator
examines relationships among points and represents them as a
matrix. Subsequently, the eigenvectors corresponding to the
smallest eigenvalues of this matrix are calculated, and these
eigenvectors are employed to partition the points in the graph
into groups with similar characteristics.

Materials and Methods

In this study, the impact of different distance functions on
Spectral Clustering is explored by considering three different
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Spectral Clustering Algorithms:

Three algorithms were employed: the unnormalized Spectral
Clustering Algorithm,” "Shi & Malik's" normalized Spectral
Clustering algorithm, and "Ng, Jordan & Weiss's" normalized
Spectral Clustering algorithm. The difference between these
algorithms lies in the Laplacian matrices used. The Laplacian
matrices used in these algorithms are given as follows:

L=D-W 1
Ly = DL =1-D'Ww )
Lsym = D™Y/2LD~1/2 3)

The steps of the algorithms to be used are as follows [3]:
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Input: Similarity matrix S € R™", number k of clusters to
construct.

Step 1. Construct a similarity graph

Step 2. Compute the Laplacian matrix

Step 3. Compute the first k eigenvectors uq,u, ...,u; (the
eigenvectors corresponding to the smallest k eigenvalues).

Step 4. Let U be the matrix containing the vectors uy, u,, ..., uy as
columns.

Step 5.Fori = 1, ...,nlet y; € R* be the vector corresponding to
the i -th row of U. Cluster the points (y;);=1., with the k-
means algorithm into clusters C;, C,, ..., Cy

Output: Clusters 4y, ..., A, with 4; = {j | y; € C;}
Distance Functions:

The study employs six different distance functions:

Euclidean Distance, Manhattan Distance (Cityblock), Chebyshev
Distance, Canberra Distance, Cosine Distance, Bray-Curtis
Distance.

Results

Six distinct distance functions, as defined in section 2.2, are
employed to assess clustering performance. The "Silhouette

score," rooted in [4], evaluates the adequacy of clustered data
within clusters, with a score ranging from -1 to +1.

A score close to 1 signifies well-clustered data. Results reveal that
the Canberra distance function produced the lowest score across
all three datasets, while the Manhattan (Cityblock) distance
function consistently achieved the highest clustering success.

Conclusion

This study explores the consequences of employing different
distance functions, departing from the standard Euclidean metric
in spectral clustering, on clustering across three datasets and six
distance functions. While the Canberra distance function resulted
in the lowest score, the Manhattan (Cityblock) distance function
consistently achieved the highest clustering success.

To provide a more comprehensive perspective, expanding the
comparison to include additional distance functions and datasets
is recommended. Furthermore, a detailed exploration into the
theoretical reasons behind the superior or inferior performance
of various distance functions would significantly contribute to
advancing this field.

1. Giris

Spektral kiimeleme, bir grafikteki noktalar1 benzer o6zelliklere
sahip gruplara ayirmak i¢in kullanilan bir ydntemdir.

Bu yontem, grafikteki noktalarin komsuluk iligkilerine gore
gruplandirilmasin1 saglar ve bu gruplara ayirma islemini
gerceklestirilirken, graf teorisi ve lineer cebir gibi matematiksel
kavramlar1 kullanilir.

Spektral kiimeleme yontemi, grafikteki noktalarin konumlarini
belirlemek i¢in bir Laplasyen operatdrii kullanir. Bu operator,
noktalar arasindaki iligkileri inceler ve bunlar1 bir matris olarak
gosterir. Daha sonra, bu matrisin en kiiciik 6zdegerlerine karsilik
gelen 6zvektorler hesaplanir ve bu 6zvektorler, graftaki noktalari
benzer 6zellikleri olan gruplara ayirmak i¢in kullanilir.

2. Materyal ve Metot

Bu c¢alismada farkli uzaklik fonksiyonlarinin spektral
kiimelemeye etkisi incelenirken ii¢ farkli spektral kiimeleme
algoritmasi ve 6 farkl uzaklik fonksiyonu ele alinmistir.

2.1. Spektral Kiimeleme Algoritmalari

Bu ii¢ veri kiimesi ve farkli uzaklik fonksiyonlar1 kullanilarak,
“Normalize Edilmemis Spektral Kiimeleme Algoritmasi” ile “Shi &
Malik'in” ve “Ng, Jordan & Weiss'in” normalize edilmis spektral
kiimeleme algoritmalar1 olmak iizere ii¢ farkli algoritma ile
kiimelenerek sonuglar karsilastirilmistir. Bu algoritmalar
arasindaki fark kullanilan Laplasyen matrislerin farkli olmasidir.
Bu algoritmalarda kullanilan Laplasyen matrisler sirasiyla
asagida verilmistir;

L=D-W (1)
Ly = DL =1—-D'w (2)
Lsym = D™Y2LD™1/2 (3)

Burada W agirlik matrisi, D derece matrisidir.

Kullanilacak algoritmalarin adimlar ise su sekildedir [3]:
Girdi: S € R™ " benzerlik matrisi, k kiime sayisi olsun.

1. Adim: Benzerlik grafini olusturma

N

Adim: Laplasyen matrisini hesaplama

3. Adim: Laplasyen matrisin en kii¢iik ilk k 6zdegerine karsilik
gelen uq, u, ..., u; 6zvektorlerini hesaplama

4. Adim: Siitunlari uy, ..., u, olan U € R™¥ matrisini olusturma.

5. Adm:i=1,..,n i¢in y; € R¥, U matrisinin i.satira denk

Cy, Cy, ..., C biciminde kiimeleme.
Gikti: Ay, ..., Ay kiimeleri dyle ki 4; = {j | y; € C;}
2.2. Uzaklik Fonksiyonlari
Calismada kullanilan 6 farkhh uzaklik fonksiyonu asagida

verilmistir:

x,y € R™ i¢in Oklid (Euclidean) uzakhg:

n
d00y) = | (= y)? @
i=1
x,y € R™ icin Manhattan uzaklig1 (Cityblock):
n
d0ey) = ) ki =y ®)
i=1
x,y € R™ i¢in Chebyshev Uzakhig:
dur (3, ) = maxlx; - yil ©)
x,y € R™ icin Canberra uzaklig:
—yn oyl
dcan (x, y) = 4i=1 i+ vl (7)
x,y € R™ icin Cosine uzaklig:
n
deos(x,y) =1— o1 T (8
1, g xf 4’ e vE
x,y € R" i¢in Bray-Curtis uzakhg:
Yiza 1% — il
diray (6,Y) = S0 ©)

m, G +y)
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3. Bulgular

Bu kisimda tg¢ veri kiimesi 2.1.'de agiklanan ti¢ Laplasyen matris
(L, Lsym, Lyw) kullanilarak spektral kiimeleme algoritmasi ile
kiimelenirken 2.2’de tanimlanmis olan 6 farkhh uzaklik
fonksiyonu kullanilmistir. Kiimeleme basarisini dlgmek icin,
kiimelenen verilerin bulundugu kiimedeki uygunlugunu bulmak
icin gelistirilen ve temeli [4] makalesine dayanan "Silhoutte
skoru” kullanilmistir. Bu deger, -1 ile +1 arasinda degismekte
olup degerinin 1'e yakin olmasi verilerin iyi kiimelenmis
oldugunu gosterir.

3.1. Noisy Moons Veri Kiimesi:

Bu veri kiimesi i¢ ice iki ay seklinden olusmaktadir. K-means
algoritmasi bu kiimeyi asagidaki gibi kiimelemektedir:

190

Le 65

Sekil 1. Noisy moons veri kiimesinin k-means ile kimelenmesi
(Silhoutte skoru: 0.481737)

Figure 1. Clustering of noisy moons dataset with k-means
(Silhoutte score: 0.481737)

Bu veri kiimesi i¢in en kotii sonucu veren kombinasyon Canberra
- L kombinasyonu olmustur;

Figure 3. Cityblock - Lgy,, combination for the noisy moons
dataset (Silhoutte score: 0.99999)

3.2. icice Cember Veri Kiimesi:

i ice iki cemberden olusan bu veri setini k-means algoritmasi
asagidaki gibi kiimelemektedir:

| ¥& e
. gﬂ/;ﬁo il
B e ,...'_'

.9 o‘-'.“\'\

Sekil 4. i¢c ice cemberler veri kiimesinin k-means ile
kiimelenmesi (Silhoutte skoru: 0.291660)

Figure 4. K-means result on the nested circles dataset
(Silhoutte score: 0.291660)

Goriildigi gibi k-means ile kiimeleme yapildiginda iki cember iki
ayr1 kiime olarak kiimelenmemistir.

Spektral kiimeleme kullanildiginda ise asagidaki sonuglara
ulasilmistir:

En kot sonucu veren kombinasyon Canberra -
L, kombinasyonu olmustur;
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Sekil 2. Noisy moons veri kiimesi L

kombinasyonu (Silhoutte skoru: 0.81479)

icin Canberra

Figure 2. Canberra - L combination for the noisy moons dataset
(Silhoutte score: 0.81479)

En iyi sonucu veren kombinasyon ise Cityblock
kombinasyonu olmustur:

Lsym

oon %0008,

Sekil 3. Noisy moons veri kiimesi icin Cityblock - Lgy,n,
kombinasyonu (Silhoutte skoru: 0.99999)
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Sekil 5. I¢c ice cemberler veri kiimesi icin Canberra - L,,
kombinasyonu (Silhoutte skoru: 0.658868)

Figure 5. Canberra - L,,, combination for the dataset of nested
circles (Silhoutte score: 0.658868)

En iyi sonucu veren kombinasyon ise Cityblock Lyw
kombinasyonu olmustur:
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Sekil 6. I¢c ice cemberler veri kiimesi icin Cityblock - Ly,
kombinasyonu (Silhoutte skoru: 0.99999)

Figure 6. Cityblock - L,.,, combination for the dataset of nested
circles (Silhoutte score: 0.99999)
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3.3. Giilen Yiiz Veri Kiimesi:

Bu veri kiimesini k-means algoritmasi asagidaki gibi
kiimelemektedir:

ey ot
P rrasennstt

a8 a6 4 02 an 02 Y] 3 [

Sekil 7. Giilen yiliz veri kiimesinin k-means ile kiimelenmesi
(Silhoutte skoru: 0.8605798)

Figure 7. Clustering of smiley face dataset with k-means
(Silhoutte score: 0.8605798)

Bu veri kiimesi icin en kotii sonucu veren kombinasyon Canberra
- Lgym kombinasyonu olmustur;
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Sekil 8. Gillen yiiz veri kiimesi i¢in Canberra
kombinasyonu (Silhoutte skoru: 0.7969235)

Lsym

Figure 8. Canberra - Ly, combination for the smiley face dataset
(Silhoutte score: 0.7969235)

En iyi sonucu veren kombinasyon ise Cityblock Ly
kombinasyonu olmustur:
1] 'W“
"t -

Sekil 9. Giilen yiiz kiimesi icin Cityblock - L,,, kombinasyonu
(Silhoutte skoru: 1.0)

Figure 9. Cityblock - L,, combination for smiley face dataset
(Silhoutte score: 1.0)

Sonug olarak spektral kiimeleme algoritmasi kullanilarak yapilan
kiimelemede Canberra uzaklik fonksiyonu ti¢ veri kiimesinde de
en kotii skoru vermis, Manhattan (Cityblock) uzaklik fonksiyonu
ise ii¢ veri kiimesinde de en iyi kiimeleme basarisina ulagsmistir.

Bu ii¢ veri setinin ii¢ Laplasyen matrisi ve 6 uzaklik fonksiyonu
kullanilarak kiimelenmesi sonucunda elde edilen kiimelenmis
verinin Silhoutte skorlar1 toplu olarak asagidaki tablolarda
verilmistir:

Tablo 1. Noisy moons veri kiimesi i¢in elde edilen sonuglar (Silhoutte skorlar)

Table 1. Results obtained for the noisy moons dataset (Silhoutte scores)

Uzaklik Fonksiyonu L Lsym Ly
Bray Curtis 0.9831515545901125 0.9663808194002818 0.9831515545902012
Canberra 0.8147888416594591 0.8262316211390218 0.8315216020471056
Chebyshev 0.9783271990057654 0.980107386167194 0.9783271990057086
Cityblock 0.9756451258744877 0.9999999999999978 0.9756451258744733
Cosine 0.9589796777387939 0.9498972746091934 0.9155276577911508
Euclidean 0.9999999971441901 0.9999999964387821 0.9999999974217948
Tablo 2. i¢ ice cemberler veri kiimesi i¢in elde edilen sonuglar (Silhoutte skorlari)
Table 2. Results obtained for the nested circles dataset (Silhoutte scores)
Uzaklik Fonksiyonu L Lsym Ly
Bray Curtis 0.9999999999999009 0.8384318920094864 0.9999999999999247
Canberra 0.6887746900032858 0.6712992342698152 0.6588678674039116
Chebyshev 0.9999999999999787 0.9999999999904378 0.9999999999999604
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Cityblock 0.9999999999999719 0.9999999999999792 0.9999999999999989
Cosine 0.997592801363221 0.9774739853603731 0.9822451540571193
Euclidean 0.9999999964142926 0.9999999977729033 0.9999999963393109
Tablo 3. Giilen yiiz veri kiimesi i¢in elde edilen sonuglar (Silhoutte skorlar1)
Table 3. Results obtained for the smiley face dataset (Silhoutte scores)
Uzaklik Fonksiyonu L Leym Ly
Bray Curtis 0.9999999999999711 0.9999999999999964 0.9999999999999972
Canberra 0.8031440281569725 0.7969235362610836 0.8081768659048145
Chebyshev 0.9999999999999962 0.9999999999999966 0.9999999999999974
Cityblock 0.9999999999999987 0.9999999999999964 1.0
Cosine 0.9914484450993188 0.9901801064498377 0.9901801064498377
Euclidean 0.9999999984402748 0.9999999976211893 0.9999999975880882
4. Sonuclar Kaynaklar

Bu calismada spektral kiimelemede standart olarak kullanilan
Oklid metrigi yerine farkli uzaklik fonksiyonlarinin alinmasinin
kiimelemeyi nasil etkiledigi li¢ veri seti ve 6 uzaklik fonksiyonu
lizerinden incelenmistir.

Canberra uzaklik fonksiyonu ti¢ veri kiimesinde de en kotii skoru
vermis, Manhattan (Cityblock) uzaklik fonksiyonu ise ti¢ veri
kiimesinde de en iyi kiimeleme basarisina ulasmistir.

Karsilastirilan uzaklik fonksiyonlarinin ve veri setlerinin sayisi
arttirillarak daha iyi bir bakis acgis1 kazanilabilecektir. Farkl
uzaklik fonksiyonlarinin neden daha iyi ya da daha kotii sonug
verdiginin teorik olarak agiklanmasi ise bu alana biiyiik katki
saglayacaktir.

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

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

Yazar katkilarinin beyani

Bu c¢alisma birinci yazarin danismanligindaki ikinci yazarin
“Spektral Kiimeleme ve Farkli Uzaklik Fonksiyonlarinin Spektral
Kiimelemeye Etkisinin incelenmesi” bashkl yiiksek lisans
tezinden tretilmistir.

Fikir olusturma ve teorik alt yapinin kurulmasinda 1. yazar,
Python ile analizlerin gergeklestirilmesi ise 2. yazar tarafindan
gerceklestirilmistir. Bu baglamda yazarlar c¢alismaya farkl
yonlerden esit oranda katki saglamislardir.
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Abstract

While ensuring a more sustainable production, because of reduced chemical usage it is more complicated to control plant pests,
diseases and weeds in smart agriculture. For this reason, it is of great importance to detect pests, diseases and weeds at the earliest
stage. It is important that both farmers and the artificial intelligence applications developed for agricultural control should be able to
detect these organisms and to know the agricultural control methods. Semantic technologies and ontologies provide machine
interpretable information and solutions for heterogeneity. This study presents the Turkish Agricultural Control Ontology (TACO),
which is built in Turkish and contains information about plant pests, diseases and weeds common in Turkey. The contributions of the
study are that it is the first Turkish ontology built in this field and that the methods of agricultural control are included within the
scope of the ontology. According to the commonly used ontology evaluation metrics, TACO is predominantly characterized as a deep
classification taxonomy. In addition, it was concluded that the classes in the ontology have an evenly distributed and sufficient number
of class individuals.

Keywords: ontology, artificial intelligence, agricultural control, plant pests, plant diseases, weeds

Oz

Akilll tarimda daha siirdiiriilebilir bir tiretim saglanirken, kimyasal kullaniminin azalmasi nedeniyle bitki zararhlari, hastaliklar1 ve
yabanci ot kontrolii daha karmasik hale gelmektedir. Bu nedenle zararly, hastalik ve yabanci otlarin erken asamada tespit edilmesi
biiyiik 6nem tagimaktadir. Hem ciftgilerin hem de tarimsal miicadele icin gelistirilen yapay zeka uygulamalarinin bu organizmalari
tespit edebilmesi ve tarimsal miicadele yontemlerini bilmesi 6nemlidir. Semantik teknolojiler ve ontolojiler, makine tarafindan
yorumlanabilir bilgiler ve heterojenlik i¢in ¢oziimler saglar. Bu ¢alismada Tiirkiye'de yaygin olarak goriilen bitki zararllari,
hastaliklar1 ve yabanci otlar hakkinda bilgiler iceren Tiirk¢e olarak olusturulmus Tiirk Tarimsal Kontrol Ontolojisi (TACO)
sunulmaktadir. Calismanin katkilari, bu alanda yapilan ilk Tiirk ontolojisi olmasi ve tarimsal miicadele yontemlerinin ontoloji
kapsaminda yer almasidir. Sik¢a kullanilan ontoloji degerlendirme metriklerine gére TACO, agirlikli olarak derin bir siniflandirma
taksonomisi olarak nitelendirilmistir. Ayrica ontolojideki siniflarin esit olarak dagilim gosteren, yeterli sayida siif 6rnegine sahip
oldugu sonucuna varilmistir.

Anahtar Kelimeler: ontoloji, yapay zeka, tarimsal kontrol, bitki zararllari, bitki hastaliklari, yabani otlar

1. Introduction A number of dictionaries and ontologies have been defined for
different purposes for the agricultural community, most of which
are hosted in the AgroPortal ontology repository [2]. Some
important ontologies related to this work, both in the AgroPortal

and in other sources, are listed below;

Today, with the increasing world population, smart agriculture
applications that increase productivity and reduce resource
consumption is gaining attention. There are many ongoing
studies in this field. This subject has also been studied intensively

in Turkey recently [1]. Smart agriculture practices aim yield
increase; reduced chemical usage; disease, pest and health status
monitoring and automated agricultural production. One of the
challenges in implementation of smart farming practices is to
provide the necessary information needed by the applications.

There are huge amounts of heterogeneous, unstructured and
non-machine interpretable data, which are presented to third
parties in various formats. Ontologies and semantic technologies
are useful tools to integrate and harmonize data from different
sources.

DOI1:10.21205/deufmd.2024267707

Atif sekli / How to cite:

Plant Ontology (PO) [3]: An ontology collection developed by the
Plant Ontology Consortium. These ontologies describes the
anatomical structures, growth and development stages of the
organisms in the Viridiplantae group. PO is designed for use in
multiple applications, including genetics, genomics, phenomics,
developmental biology, taxonomy and systematic studies,
semantic applications and education.

Plant Trait Ontology (PTO) [4]: An ontology that describes
phenotypic characters in plants. Each phenotypic character is a
distinguishable feature, characteristic, quality or phenotypic
characteristic of a developing or mature plant.
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Plant Experimental Conditions Ontology (PECO) [5]: a structured,
controlled vocabulary describing treatments, growing
conditions, and/or types of studies used in plant biology
experiments.

Plant Stress Ontology (PSO) [6]: describes the biotic and abiotic
stresses that a plant may encounter.

IDOPlant Ontology [7]: an ontology of infectious plant diseases.

Agronomy Ontology [8]: provides terms from the agronomy
domain that are semantically organized and can facilitate the
collection, storage and use of agronomic data.

AGROVOC [9]: a Linked Open Data Set about agricultural
concepts, terms, definitions and relationships.

CropPestO [10]: an ontology covering crops, related pests and
diseases, their associated symptoms, and suggested control
methods. The ontology has been built in English and labelled in
Spanish.

Ontology of Crop Pest Control [11]: defines a general model of
crop pest control that contains related datasets on crops, pests
and pest control measures.

Plant-Pathogen Interactions Ontology (PPIO) [12]: an ontology
describing plant-pathogen interactions.

Pests in Crops and their Treatments Ontology (PCT-0) [13]: an
ontology developed to explain the relationship between crops,
pests and treatments. It contains 462 products, 549 pests and
42397 treatments.

PestOn [14]: an ontology for the domain of pesticide products so
that their characteristics and features can be easily accessed,
interoperable, and jointly usable by food system stakeholders.

The ontology in this study presents crops, associated pests
(insects, diseases, weeds, nematodes, and mammals) and pest

Table 1. Comparison of ontologies for the agricultural community.

management. Table 1 compares ontologies in the agricultural
field. IDOPlant, Agrovoc, PCT-O, CropPestO and Ontology of Crop
Pest Control are ontologies that describe plant pests. However,
the gaps of these ontologies can be listed as follows:

- None of these ontologies includes information about weeds.
- There is no Turkish language support other than Agrovoc.

- They contain no or very limited information on crop pest
control, other than PCT-0 or Crop Pest Control Ontology.

The ontology that is closest to the presented ontology is Crop-
Pest Ontology [10]. However, Crop-Pest Ontology does not
provide Turkish language support. TACO has been defined in
Turkish Language and contains information about diseases,
pests, weeds especially seen in Turkey. Another similar and
comprehensive study is the AGROVOC dictionary [9]. AGROVOC
offers Turkish support. However, TACO also includes pest control
methods. TACO also has a richer pesticide and weed content and
the Turkish equivalents of the terms are based on expert
opinions. However, in the tables and figures in the article, we
used the English equivalents of the Turkish terms in the ontology
to provide readability for non-Turkish readers of the article.

At this point, it would be appropriate to remind that the content
of the ontology was created entirely by utilizing and adhering to
the technical instructions published by the Turkish Ministry of
Food, Agriculture and Livestock [15].

The next section describes the method followed and the materials
used by this study. It contains the following subsections; ontology
reuse, classes and class hierarchy, properties and instances.
Section 3 presents the results and discussion. It contains the
following two subsections: ontology statistics and experimental
evaluation of the ontology. Finally, section four concludes the
article with some useful recommendations.

ontology # entities  scope language
PO 2018 plant anatomical entities, plant structure development stages English
PTO 5260 phenotypic traits in plants English
PECO 3119 treatments, growing conditions, and/or study types used in plant biology experiments  English
PSO 3762 major types of plant stress English
IDOPlant 660 infectious plant diseases English
Agronomy Ontology 3736 practices, techniques, and variables used in agronomic experiments English
Agrovoc 41016 all areas of interest to FAO 42 languages
CropPestO 12404 plant pests and diseases Spanish, English
Ontology of Crop Pest Control 1151 crop pest control English
PPIO 2508 plant-pathogen interactions English
PCT-0 43408 pests and suitable treatments English
PestOn 16000 pesticide product information English
TACO 1036 plant diseases, pests and weeds Turkish

2. Material and Method AGROVOC TACO

TACO ontology was built using OWL ontology language and
Protégé Ontology Editor [16].

2.1. Ontology Reuse

It is planned to publish the TACO ontology in the Linked Open
Data Cloud (LOD) [17] after obtaining the necessary permissions
from TAGEM. In accordance with Linked Open Data standards,
the terms in the TACO will be matched with those in AGROVOC,
which is a standard vocabulary that provides information about
organisms, plants and their products.

The matching process (Figure 1) is carried out by mapping the
equivalent classes wusing "owl:equivalentClass" construct
provided by the OWL ontology modeling language [18].
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Figure 1. Mapping AGROVOC and TACO.
2.2. Classes and Class Hierarchy

To build the class hierarchy of the TACO ontology, first the
common terms in the domain are listed. Then draft of the
hierarchy is completed by adding concepts that are more specific.
Figure 2 depicts the partial class hierarchy of TACO and the
individual counts of the classes shown. The total count of the



DEU FMD 26(77) (2024) 242-247

classes in the ontology is 133 and there are 131 “sublassOf”
relations between these classes.

v
v

owl:Thing
Bitki_Hastalik_Zararl (s&2)
Bitki_Hastah

- () Baf_Hastalii (10
Endiistri_Bitkisi_Hastah@ (13}
Sebze_Hastahin (ss)
Sert_Kabuklu_Meyve_Hastalii (s
Subtropik_Bitki_Hastalijn (20)
Siis_Bitkisi_Hastahg (7)
Tahil_Hastaliii (20}
Yumugak_ve_Sert_Cekirdekli_Meyve_Hastahi (30
Gilek_ve_Uzimsii_Meyve_Hastahi ()

Bitki_Zararhs:
- () Bafi_Zararlis1 (17}
Bitkilerde_Zararl_Olan_Nematod [15)
Depolanmig_Uriin_Zararhisi (23]
Endiistri_Bitkisi_Zararhsi (42)
Sebze Zararlisi (50}
Sert_Kabuklu_Meyve_Zararlis: (27)
Subtropik_Bitki_Zararhs: (43]
Siis_Bitkisi_Zararlisi (18]
Tahil_Zararhsi (20}
Yem_Bitkisi_Zararlisi (3)
> Yumugak_ve_Sert_Cekirdekli_Meyve_Zararlisi (2]
B0 Gilek_Zararhisi (3)
Yabanci_Ot (320)

Partial hierarchy of TACO.
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Figure 2.

.

2.3. Properties
Table 2. Data properties defined in TACO.

The data properties (between the classes and the literals) and the
assertions of these properties are depicted in Table 2. There are
9 data properties and 3677 assertions of these properties in total.

2.4. Instances

891 individuals are defined in TACO. Figure 3 shows an example
class individual and its attribute values. Table 3 depicts the
individual examples of the some important classes in the
ontology.

Sciarotinia linhartiana

Description ayva_moniyasi

Yumugak_ve_Sert_Cekirdekih_Meyvelerde_Fungal Hastakk

Property assertions- ayva_monilyasi

= kimyasal_miscadede “a) Askospor uguglanmin saptandid yerlerde:
Askospor c
topl

meyveler yerlestiriir. Subat

sonun
‘spotesyum olusumu gozienir

ve b

incelenmesiyle askospor ugus baglangict saptan.
1. Baglama: Askospor ugugu bagladinga,
2. ve dijer flagiamalor: Kullandan preparab etki siresine gore dodada
asKkospor UGS Sana erinceye Kadar yapemandir.
b) Askospor ugus baslangicinin saptanamaduy yerterde:
1. aglama: igeklerin %51 agbgmdo.
2 Baglama: Cigekierin %50'si agupmaa,
3. daglama: Tam cigeklenme daneminde yapimadir.”
= kaitirel_mucadele “iikbaharda enfektell yaprak, gicek ve surpunler Kesilerek

= uitirel_milcadele eler

Imha ediimeNair.”

Figure 3. An example class individual.

owl:DataProperty rdfs:domain rdfs:range  #assertions

v~ warfare Plant_Disease_Pest U Weed  xsd:string
biological_warfare Plant_Disease_Pest U Weed  xsd:string 128
biotechnological_warfare Plant_Disease_Pest U Weed xsd:string 16
physical_warfare Plant_Disease_Pest U Weed  xsd:string 21
physical_and_chemical_warfare_combination = Plant_Disease_Pest U Weed xsd:string 6
quarantine_measure Plant_Disease_Pest U Weed  xsd:string 41
chemical_warfare Plant_Disease_Pest U Weed xsd:string 570
conventional_warfare Plant_Disease_Pest U Weed  xsd:string 1922
mechanical_warfare Plant_Disease_Pest U Weed xsd:string 70

scientific_name Plant_Disease_Pest U Weed  xsd:string 893

3. Results

3.1. Ontology Metrics

The TACO ontology defines a total of 133 classes, 891 individuals
and 7324 axioms. Figure 4 shows the statistical information of
TACO obtained from the Protégé Ontology Editor.

Ontology metrics:

Metrics
Axiom 7324
Logical axiom count 5035
Declaration axioms count 1034
Class count 133
Data property count 9
Individual count 891
Annotation Property count 3

Class axioms
SubClassOf 131

Figure 4. The statistical information of TACO.
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3.2. Experimental Evaluation of the Ontology

In this section, TACO ontology is evaluated using the metrics from
OntoQA framework [19], which is one of the most used ontology
evaluation tools. QntoQA metrics are classified as schema and
knowledge base metrics.

Within the scope of this study, relationship diversity (RD),
attribute richness (AR) and schema deepness (SD) metrics from
schema metrics and class utilization (CU), class connectivity (CC),
class importance (CI), relationship utilization (RU), relationship
importance (RI) and average population (AP) from knowledge
base metrics are used.

Relationship Diversity (RD): shows the percentage ratio of rich
relations between classes to all relations between classes. Rich
relations are obtained by excluding hierarchical (subClassOf)
relationships. The RD value for TACO was calculated as 0 because
there are not any relationships between classes (except
subClassOf) in TACO. Attribute Richness (AR): indicates the
number of attributes per class. For TACO, this metric is calculated
as 9/133~0,067.



Table 3. Individuals defined in TACO.
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Class

Examples of Instances

Vineyard_Disease
Vineyard_Pest
Plant_Pest_Nematode
Stored_Product_Pest
Industrial_Plant_Disease
Industrial_Plant_Pest
Vegetable_Disease
Vegetable_Pest
Hard_Shelled_Fruit_Disease
Hard_Shelled_Fruit_Pest
Subtropical_Plant_Disease
Subtropical_Plant_Pest
Ornamental_Plant_Disease
Ornamental_Plant_Pest
Grain_Disease

Grain_Pest
Feed_Crop_Pest
Soft_and_Hard_Fruit_Disease
Soft_and_Hard_Fruit_Pest
Berry_Fruit_Disease
Strawberry_Pest

Weed

vineyard_anthracnose, esca, vineyard_powdery_mildew, vineyard_downy_mildew...
vineyard_cicada, vineyard_thrips, vine_leafroller_tortrix, june_beetle...
wheat_gall_nematode, dagger_nematode, potato_cyst_nematode...
angoumois_grain_moth, mill_moth, khapra_beetle, flour_mite...
cercospora_leaf spot, late_leaf_spot...

anise_moth, black_bean_aphid, pink_bollworm...

potato_late_blight_fungus, bean_rust...

artichoke_moth, carrot_fly, psychid_moth, colorado_potato_beetle...
leaf_spot_of_pistachio, almond_canker, walnut_anthracnose...

twig_borer_moth, almond_seed_wasp, pear_blight_beetle, european_fruit_lecanium...
blue_mold_rot, citrus_storage_moulds...

cottony_cushion_scale, florida_wax_scale, olive_moth, cottony_camellia_scale...
begonia_mildew, rose_rust...

rose_shoot_sawfly, european_brown_scale...

stinking_smut, barley_smut, corn_smut, wheat_yellow_rust, rice_blast_disease...
european_rabbit, italian_tree_cricket, wheat_thrips, italian_locust, sunn_pest...
six_belted_clearwing, alfalfa_weevil...

honey_fungus, quince_monilia, crown_gall...

hawthorn_mite, brown_tail_moth, apple_rust_mite...

raspberry_spur_blight, strawberry_powdery_mildew, common_spot_of _strawberry...
two_spotted_red_spider, carmine_spider_mite...

garden_vetch, clovegrass, cockspur, cornflower, johnsongrass, deathcap...

As the number of attributes per class increases, the quality of the
modeled ontology also increases. A decrease in the number
indicates that the number of attributes belonging to the classes is
low and the classes are not extensively modeled.

Schema Depth (SD): shows the average number of subclasses per
class. The SD value for TACO is calculated as 131/133 ~ 0.984.
The interpretation of the result is highly dependent on the
structure of the ontology. While the schema depth is expected to
be low in ontologies modeling a very specific field, the schema
depth of the ontology generally increases as the modeled field
expands.

Class Usage (CU): shows the number of instantiated classes
divided by the number of all classes. The CU value for TACO is
calculated as 133/133=1.

Class Connectivity (CC): shows the total number of relationship
instances of the class with other class instances. The CC values for
TACO is 0 because there are not any relations between instances
of classes.

Class Importance (CI): It shows the ratio of the number of
samples belonging to the class and its subclasses to the total
number of samples. The CI values for some classes in TACO were
calculated as follows: Plant_Disease (=0,209), Plant_Pest
(»0,421), Vineyard_Disease (=0,11), Weed (»0,37),
Subtropical_Fruit_Pest (=0,055), Grain_Disease (=0,22). This
metric, along with class connectivity, serves to understand the
important classes in the ontology.

Relationship Usage (RU): shows the ratio of the number of
relationships used by instances of a class to the number of
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relationships defined for the class. The RU value is calculated as
1 for all classes in TACO. In other words, all relations defined for
the class were used by the instances of the class. If the result is
low, it means the relations are not used enough at the instance
level. A higher value of this metric (closer to 1) means that
relationships defined at the schema level are also used at the
instance level.

Relationship Importance (RI): shows the ratio of the number of
instances of a relationship to all relationship instances in the
ontology. The Rl values for relationships in TACO were calculated
as follows: biological_warfare (=0,035),
biotechnological warfare (x0,004), physical_warfare (x0,006),
physical_and_chemical_warfare_combination (=0,002),
quarantine_measure (x0,011), chemical warfare (x0,155),
conventional_warfare (x0,523), mechanical_warfare (x0,019),
scientific_name (x0,243).

Average Population (AP): is obtained by dividing the number of
class individuals in the knowledge base by the number of classes.
This metric indicates whether the instance count is sufficient to
represent all of the knowledge in the schema. The AP value for
TACO was calculated as =6,67.

These metrics were evaluated with the methodology presented
in [20]. The percentage of the important metrics selected
according to this methodology were scored as shown in Table 4.
Table 5 shows the selected OntoQA metrics and their values for
TACO (in percentage format).

According to the evaluation results, the RD value was calculated
as 1. This result shows that “rich relationships” in ontology are
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not modeled as comprehensively as “hierarchical relationships”.
Considering that TACO is a biological classification taxonomy,
this can be considered an expected result.

The SD value was calculated as 5. The result is high as expected.
TACO models plant diseases, pests and weeds. This extensive
domain knowledge results in the formation of a deep ontology
taxonomy.

AR value was calculated as 1. This result indicates that the
number of attributes per class is not high. Since ontology focuses
Table 4. Evaluation Scale of the Ontology Metrics.

on classes and class instances, this can be considered as an
expected result.

The CU value was calculated as 5. This result states that all classes
defined in the schema are used at the individual level. Finally, the
average Cl value of 1 indicates that all classes in the ontology have
approximately equal importance. When the TACO ontology is
examined, it will be seen that the distribution of class samples is
roughly equal. This low average value of Cl is due to the nature of
the ontology.

Scale 1 2 3 4 5
Score [0-20]% [20-40]% [40-60]% [60-80]% [80-100]%
Tablo 5. Scoring the metric values of TACO.
Metric Value Scale
RD %0 1
SD %98 5
AR %7 1
CuU %100 5
Clavg %2 1
4. Results and Discussion [1] Tarnm ve Orman Bakanlig, 2019. Akillh Tarim Platformu.

This article presents an ontology, namely TACO for plant
diseases, pests and weeds, especially common in Turkey. Thus, a
knowledge base that can be used in artificial intelligence-based
smart agriculture applications has been built. TACO has been
evaluated using OntoQA which is one of the most widely used
ontology evaluation tools.

There is a need for the increase and development of smart
computer solutions aiming disease, pest and weed control. In this
sense, the contributions of the study to the research area can be
summarized as follows:

A fundamental study has been carried out on the
increase of Turkish agricultural databases and their
linking with other data sources,

Studies on the compatibility and economic efficiency of
the pesticides for disease, pest and weed control are
gaining importance. The creation of relevant extensions
of the presented ontology is critical for these studies,
The ontology-based data will facilitate the integration of
software systems on agribusiness with information in
the field of disease, pest and weed control.

TACO is the first ontology on pest and weed control in Turkish. In
addition to pest control, it provides information on weed control
and provides a complementary study of agricultural control.

As a future work, it is planned to expand the TACO ontology
according to the evaluation results. In addition, it is intended to
extend the ontology with the images of class instances. Another
future work is to make the ontology accessible on the LOD cloud
via the REST APL It is also planned to add the multi-language
support feature so that the widespread impact of the work will be
increased.
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Abstract

In this study, mechanical behavior of HY 80 steel in various mediums such as solutions of HCI, H2S04 and NaOH has been investigated
experimentally. The plate specimens, tensile specimens and V-notched specimens are immersed in solutions of HCI, H2S04 and NaOH.
Mass losses of immersed HY 80 flat plate specimens are measured after 1 week, 2 weeks and 4 weeks for each H2S04, NaOH and HCl
solutions to determine the aggressivity of the corrosive medium to surface of HY 80 steel. Also, tensile specimens and V-notched
specimens are immersed for 1, 2 and 4 weeks to study on the effect of corrosive medium on fracture toughness and yielding behavior
of HY 80 steels. The results show that however, yielding strength and ultimate tensile strength of HY 80 steel have reduced after
immersed in acidic solutions of HCl and H2S04, are stable after immersed in solution of NaOH. Furthermore, effect of acidic medium
lower the fracture toughness of HY 80 steel.

Keywords: HY 80 steel, corrosion, fracture, yield strength, elongation, impact

0z

Bu calismada, HY 80 celiginin, HCI, H2S04+ ve NaOH c¢ozeltileri gibi cesitli ortamlardaki mekanik davranisi deneysel olarak
incelenmistir. Plaka numuneleri, gekme numuneleri ve V ¢entikli numuneler, HCl, H2S04 and NaOH ¢o6zeltilerine daldirilmistir. HY 80
celiginin yiizeyinde korozif ortamin agresifligini belirlemek i¢in her bir H2S04, NaOH ve HCI ¢6zeltileri i¢cin daldirilan HY 80 yassi levha
numunelerinin kiitle kayiplari 1 hafta, 2 hafta ve 4 hafta sonra 6l¢iilmiistiir. Ayrica, gekme numuneleri ve V ¢entikli numuneler, korozif
ortamin HY 80 ¢eliklerinin kirillma toklugu ve akma davranisi tizerindeki etkisini incelemek i¢in 1, 2 ve 4 hafta boyunca daldirilmistir.
Sonuglar, HY 80 ¢eliginin akma dayanimi ve nihai gekme dayanimi, HCl ve H2S04'lin asidik ¢6zeltilerine daldirildiktan sonra azaldigini
gostermesine ragmen, NaOH ¢ozeltisine daldirildiktan sonra degiskenlik gdstermemistir. Ayrica asidik ortamin etkisi HY 80 geliginin
kirilma toklugunu diistirmiistiir.

Anahtar Kelimeler: HY 80 celigi, korozyon, kirllma, akma dayanimi, uzama, darbe

Rajput and Paik focused on 3 types of structural steels such as
grade A mild steel, AH 32 steel and DH 32 steel. Tensile specimens
were kept in seawater, freshwater and in the air at temperatures
of 18°C, 0°Cand -10°C during the 12 month-period. Yield strength
and ultimate tensile strength of corroded specimens was not
changed in dry and water-immersed solutions [28]. Rudomilova
used dual phase steels to study the corrosion induced hydrogen

1. Introduction

Corrosion is an electrochemical reaction causing to degrade
material from the surface [1]. Corrosion phenomena is seen in
many fields such as marine applications [2], industrial areas [3]
and in environment [4, 5]. Corrosion is also formed in different
types such as uniform [6] and pitting [5,7].

Tensile strength [8], yielding strength [9], crack propagation [10,
11, 12], fatigue life [13,14,15] are main mechanical properties
that is affect by corrosion when the materials are exposed to
aggressive mediums such as acidic [16] and saline [7, 17].
Corrosion effect on mechanical behavior of materials were
studied experimentally [18] and/or numerically [19]. Also,
materials work at operating conditions where both stress and
corrosion are active [20, 21]. Many researches focused on the
corrosion effect on mechanical character of materials such as
steels [22], aluminum [23,24], copper alloys [25], zinc-
magnesium alloys [4] and welded joints [26,27] at different
mediums and conditions.
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effect with NaCl deposit in humid air. In the study, Rudomilova
observed that dual phase steel demonstrated a reduction in
properties of tensile strength and elongation because corrosion
caused a decrease in cross-sectional area of the specimens and
pitting was formed. On the other hand, Rudomilova
demonstrated that hydrogen absorption for 27 days is
inadequate to affect the mechanical properties [8]. Li et al.
investigated corrosion effect on G250 mild steel used in bridge
under stressed and non-stressed cases. The specimens are
immersed in HCl solution having 2 different pH values such as 2.5
and 5, respectively. It is claimed that mass loss was drastically
increased at stressed case for pH value of 2.5 and at stressed
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conditions there is a higher decrease in ultimate and yield
strength of the steel than at non-stressed cases for both pH values
in 28 day-tests [16]. Mishra analyzed the fatigue life of aluminum
alloy 8011 after immersing in NaCl solutions having percentages
of 3.5%, 4%, 4.5% and 5% for a week. Elongation of aluminum
alloy 8011 is lowered from 16% to 10%. Failure occurred after
1.2x107 cycles and 6x10¢ cycles for uncorroded and corroded
specimens for load of 4 kg and bending stress of 120.32MPa,
respectively [29]. Garbatov et al. studied on box girder steel
corroded in seawater. After a 20% degradation, corrosion effect
becomes dominant on the mechanical character of the steel. It
was found that there is nonlinear decrease in yield strength
whereas linear decrease in tensile strength was observed [30].
Hamidah et al. used copper alloys in various solutions such as
KOH, NaOH, NaCl and HCI to research corrosive effect of the
mediums to mechanical properties. It was observed that increase
in the concentration of electrolytes increases the corrosion rate.
As the corrosion rate is lowered, the mean decrease in ultimate
and yield strength lower for all solutions. It was also found that
NaCl and HCI electrolytes are more dominant and effective on
tensile strength and yield strength of copper rather than alkaline
solutions [25].

HY-80 steel shows high strength, ductility, impact toughness [31].
Besides that, HY 80 has a great resistance in corrosive medium
[32]. It is high strength steel to provide mechanical properties
needed in many Navy fields, such as ship and submarine hulls
[33]. Thus, the interested material in the work is chosen as HY-80

Table 1. Chemical Composition of HY 80 steel.

steel. The novelty of the study is that mechanical properties of HY
80 steel such as tensile strength, yielding strength, impact energy,
fracture (rupture) elongation have not been investigated in
corrosive mediums. HCl, H2SO4 and NaOH solutions have been
prepared and the HY 80 steel specimens have been immersed in
the solutions to determine the effect of aggressive mediums.

2. Materials and Methods
2.1. Material and Chemical Composition

HY 80 steel is a high yield steel and commonly used in fields of
submarine. Chemical composition of HY 80 Steel is given table 1.
As shown in Figure 1, Tensile and V-notched specimens are
prepared according to TS EN ISO 6892-1 [34] and TS EN ISO 148-
1 standards, respectively [35] and metal flat plates are
manufactured to be used to measure the mass loss of HY 80 steel
for 7, 14 and 28 days and all specimens immersed in alkaline and
acidic solutions. For Charpy impact and tensile test, two V-
notched specimen and tensile specimen were submerged for
each period of 7, 14, 28 days and then, average of yield Charpy-
impact test to compare the mechanical behavior for each medium
in the strength value, ultimate tensile strength value, fracture
elongation and fracture energy of specimens were found in
tensile test and study. For mass loss calculations, three flat metals
were used for 7,14 and 28 day-measurement in each solution.
The tensile specimens were covered with two elastic resistant
bands to avoid corrosion in solutions at regions where the grips
of tensile test machine hold.

Element C Cr Cu Mn Mo Ni P Si Ti S \"/
Content 0.12- 1.00- Max 0.10- 0.20- 2.00- Max 0.15- 0.02 Max 0.03
% 0.18 1.8 0.25 0.40 0.60 3.25 0.025 0.35 0.025

¢ 15 mm
a) b)  10mm 2
2}l e I
£ "
3| BIES
o
8|2 : g
o 10 mm = i £
B - £
£
£ =
'3

20mm 5mm

Figure 1. a) Tensile test specimen, b) Charpy-impact test specimen, c) flat plate

2.2. Solution Types and Preparation

To understand the corrosion effect on mass loss, mechanical
behavior of HY 80 steel, the steel specimens were kept in
different aggressive mediums. In the experiments, three different
solutions such as sulfuric acid, hydrochloric acid, sodium
hydroxide were prepared at different percentages. pH values of
solutions measured by pH meter were given in Table 2.

Table 2. pH values of solutions

Solution Types pH
Sulfuric Acid (H2S04) 0.4
Hydrochloric Acid (HCI) 0.7

Sodium Hydroxide (NaOH) 13.7
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Corrosion mechanism is a made up of oxygen reduction (Eq. 1
and Eq. 2) and hydrogen evolution reaction (Eq. 3 and Eq. 4) [36,
37].

Oxygen Reduction Reaction:

>0, + 2H;0* + 2¢ - 3H,0 Acid m
%02 + H,0 + 2e — 20H™ Neutral Alkaline (2)
Hydrogen Evolution Reaction:

H30++e—>§H2+H20 acid 3)
H,0 + e - > H, + OH~ Neutral Alkaline (4)
3. Results and Discussion

3.1. Mass Loss Calculation of HY 80 steels
The mass loss was calculated by equation 5,
AM = Mip; — Mg (5)

Where Mini (g) the mass at the beginning before it is corroded. Min
(g) is the measured final mass after immersed in aggressive
medium.

Submerged HY 80 plates in H2S04 solutions loss highest mass in
all. There is a quite increase in mass loss during 28 days for H2S04
solution. Mass loss in percentage reaches to approximately 16%
of initial mass for 28 days. Mass loss in submerged HY 80 plates
in HCI solutions slightly increases to approximately 2.5 % of
initial mass. The mass loss for NaOH solution is too low, almost
zero as depicted in Figure 2. So, because of corrosion mechanism,
material loss increased in different aggressive solutions in a
certain period.

Time (days)
B H2504

Figure 2. Mass loss of HY 80 plate steel
3.2. Tensile Test of HY 80 Steels

In an engineering tension test, the engineering stress and strain
are expressed as g,y and €.,y respectively, are calculated by
measuring load and deflection using the original specimens
having a cross-sectional area of Ai and a length of Li as written in
Egs.6and 7.

F

Oeng = A_x (6)
L—L;

Eeng = L_l (7)

To calculate true tensile stress, A is denoted as real cross-
sectional area and continuously reduces during test until the
specimens is fractured and the elongation is measured
instantaneously to have true stress-strain curve [38]. The true
tensile stress and strain are expressed in Eqs. 8 and 9.

F

Or = — =
L

~(1+e)=0.(1+¢) ®8)

9

3.3. Effect of Corrosive Mediums on Yielding Strength,
Ultimate Strength, Rupture Elongation and Impact
Energy of HY 80 steels

HY 80 tensile samples prepared in different corrosive
environments are tested. Average yield strength, ultimate
strength and fracture elongation of non-corroded specimen are
founded as 630.2 MPa, 765.5MPa and 27.5 % respectively as
depicted in Figure 3, 5 and 7. The yield and ultimate strength
slightly decrease during 28 day-period. Yield strength drops to
618.1MPa, 606.5 MPa and 619.9 MPa for 7 day-test in HCI, H2S04
and NaOH solutions respectively and 573.9MPa, 592.4MPa and
629.9 MPa for 14 day-test in HCl, H2SO4 and NaOH solutions
respectively as illustrated in Figure 3. Ultimate strength lowers
to 746.7 MPa, 714.2 MPa and 733.4 MPa for 7 day-test in HCI,
H2S04 and NaOH solutions respectively and 730.6MPa, 711.7 MPa
for 14 day-test in HCI, H2S04 respectively as shown in Figure 5.

7 14 28

Time [day]
# HCL mH2S04 :: NAOH

er = fLLO%dL = lnLL—0=ln (1+e,)

gth [MPa]

Yield Strength

Figure 3. Yield strength of HY 80 steel immersed in different
solutions

HCI and H2S0a solutions are more dominant in reduction of yield
and ultimate strength. NaOH solution is not effective to lower the
yield and ultimate strength. Reduction in yield and ultimate
strength reaches up to 9.28 % and 14.11 % for aggressive
medium of H2S04 solution respectively as illustrated in Figure 4
and 6. Reduction in yield strength of HY 80 steel immersed in
solution of H2S04 shows a decreasingly increase character as
depicted in Figure 4.

For HY 80 steel samples immersed in NaOH preserve the yield
strength as shown in Figure 4. It is seen in Figure 4 that HCI
solution causes reduction in yield strength of immersed HY 80
steels.

W HCL
A H2504

® NAOH

Reduction in Yield Strength [%]

L]
10 15

Time [days]

Figure 4. Yield strength reduction versus time

As shown in Figure 5 and 6, ultimate strength of immersed HY 80
steel samples in solution of HCI is decreased, the reduction in
ultimate strength shows a decreasingly increase character.
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Besides, H2SO04 solution effect ultimate strength of immersed
samples and decrease the strength of the samples in 28 day-test
period drastically as illustrated in Figure 6.

Ultimate strength of immersed HY 80 steel samples in solution of
NaOH does not show a remarkable change as shown in Figure 5

and 6.
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Figure 5. Ultimate strength of HY 80 steel immersed in different
solutions
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Figure 6. Ultimate Strength Reduction versus time

Especially, by the help of mass losing of specimens yield and
ultimate strength of HY 80 steel have a tendency to reduce in
acidic environment.

Fracture elongation defines the highest percentage permanent
extension amount that occurs in the length of the tensile sample.
This shows the ductility of the material. The more ductile the
material, the more the deformation will occur [39].

Furthermore, fracture elongation is 26.2 %, 26.9 % and 26.4 %
for 7 day-test in HCI, H2SO4+ and NaOH solutions respectively,
Fracture elongation drops to 26%, 26.2% and 24.5 % for 14 day-
test in HCl, H2SO4 and NaOH solutions respectively and 23.85%,
25.7% and 23.8 % for 28 day-test in HCl, H2SO+ and NaOH
solutions respectively as illustrated in Figure 7. Thus, HY 80 steel
becomes less ductile as being submerged in corrosive mediums
where corrosion reactions in Egs. 3 and 4 take places. Also,
corrosive medium affects the fracture toughness of HY 80 steel.
HCl solution lowers impact energy to 220.5 ] and 210.5 for 7 day-
test and 14 day-test as depicted in Figure 8. Also, H2SO4
aggressive medium reduce impact energy to 210 ] and 197 ] for 7
day-test and 14 day-test. Furthermore, NaOH medium reduce
impact energy to 212.5 J and 207 ] for 7 day-test and 14 day-test.
As shown in Figure 9, For all immersed HY 80 steel samples, the
reduction in impact energy of HY 80 steels shows a decreasingly
increase character in solutions of HCI, H2SO4 and NaOH. H2S04
solution is the most effective solution in all to reduce the impact

energy of HY 80 steel. Maximum reduction in impact energy was
observed for 14 day-tested specimens in H2SOs solution as
depicted in Figure 9. So, the impact strength of HY 80 steel
lowered due to H evolution reactions realized in acidic and salty
solutions in Egs. 3 and 4.

ation [%]

g

Fracture Elon,

14
Time [day]

% HCL mH2504 m NAOH

Figure 7. Fracture Elongation of HY 80 steel immersed in
different solutions
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Figure 8. Impact Energy of V-notched HY 80 steel
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Figure 9. Impact energy reduction versus time

3.4. Fracture surface of specimens after Charpy-Impact
Test

To characterize rupture surface 1 week-fractured V-notched and
4 week-fracture V-notched specimens were photographed for
HCl, H2SO4 and NaOH solutions as shown in Figure 10. It is
observed that the bright field on the fractured surface slightly
increases when 1-week corroded fractured V-notched specimens
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is compared to 4-week corroded fractured V-notched specimens
for H2S04 solutions as depicted in Figure 10.

3.5. Fracture surface of specimens after Tensile Test

To investigate the effect of corrosive mediums on the fractured
surface of tensile specimens, the fractured surface of specimens
are photographed in high definition and compared to each other.
For non-corroded HY 80 specimens, the fractured surface shows
ductile behaviour and have a cup and cone geometry as depicted
in Figure 11. For HCI solutions, the cup and cone geometry of the
fractured specimens is detetoriated after 28-day submerge. Also,
especially, brittle mechanism is dominant on the fractured
surface of HY 80 specimens in H2504 solutions after submerged
in 28 days as shown in Figure 11.

Prepared V-notched specimen
before test

7 days-in H2504 solution 28 days-in H2S04 solution

28 days-in NaCl solution

7 days-in NaCl solution

Figure 10. Fractured surface of V-notch Specimens

4. Conclusions

The specimens were immersed in acidic, alkaline solutions and
mechanical properties such as yielding behavior and fracture
toughness of HY 80 steels were investigated by applying tensile
test, Charpy-impact test, measuring mass loss of HY 80 steel
specimens. In the work, the yield strength of HY 80 steel reduces
by 3.88 %, where as in the study of Li et al. there is a reduction of
4.08 % in yield strength of 250 mild steel [16]. In addition, the
ultimate strength of aluminum alloy 8011 in NaCl solution
reduces by 4.39% in the study of Mishra et al [29] while 4.87 %
reduction was observed in the study for HY 80 steel for 28 days’
immersion.

There was a 9.29 % decrease in fracture toughness of Q235 steel
in soil solution for a 90 days’ immersion period in the work of
Hou et al. [9] while in the study for the case of immersion of HY
80 steel in H2S04 solution, there is 27.44 % reduction in impact
energy.

When the fracture surfaces are examined, a matte surface is
observed in the 2-week-old sample, and the amount of bright
fracture surface is higher in the 4-week-old sample. In the HCI

1

Prepared Tensile specimens before test

8 iaysn HCl solution

28 days-in H2504 solution

0 day-no corrosive medium

7 days-in HCl solution

7 days-in H2504 solution

$

7 days-in NaCl solution

8 days-in NaCl solution

Figure 11. Fractured surface of tensile specimens

solution, the fracture surfaces are lipped. Ductile fracture has
occurred. Fracture surfaces were observed to be similar to each
other at 2 and 4 weeks of age. Fracture toughness energies were
close to each other for 1 and 2 week immersed notched samples
kept in NaOH solution. In the immersion process, hydrogen
atoms were allowed to enter the sample. A slight decrease was
observed in the fracture toughness of the samples in HCI and
H2S04 solutions. It was observed that the ductility of the samples
in the immersed HCl and H2SOs solutions decreased and the
brittleness increased. The increase in brittleness causes the
samples to break and damage suddenly without showing any
symptoms. It was observed that the effect of corrosion on yield
and tensile strength was limited, on the other hand, it affected the
decrease in material ductility.

The results show that in aggressive environment such as H2S04
and acidic medium of HCI, there is a certain corrosive effect in
reduction of yield, ultimate strength and impact energy of HY 80
steel. So, much more resistive coatings can be applied on HY80
steel to minimize the corrosive effect on yield, ultimate strength
and impact energy. However, in salty medium, for HY 80 steel,
there is no notable effect in reduction of yield, ultimate strength,
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NaCl solution has an effect in reduction of impact energy of HY 80
samples. Hence, in short term periods, HY 80 preserve its
stability against corrosion in terms of yield and ultimate strength
at salty medium, but for long term periods, it may require to be
coated by an alternative resistive material.

In future studies, the corrosion behavior under stress can be
investigated. With stress corrosion, many more hydrogen atoms
can be allowed to penetrate the part during the same period.
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Nomenclature

F = force (N)

A; = initial cross sectional area ( m™')

A, = original cross sectional area (m™1)
Oeng = engineering stress (N m~?2)

€eng = engineering strain (mm mm™1)

or = true stress (N m~2)

er = true strain (mm mm™1)

L; = initial length (m)

Lo
Mini
Mfin

original length (m)

initial mass (g)

final mass (g)
Am = mass difference (g)
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Abstract

The flotation of sulfide minerals mostly depends on electrochemical reactions occurring on the mineral surfaces. Understanding the
interaction mechanisms in the pulp is crucial for explaining the effects of different flotation chemicals on flotation performance. For
this purpose, electrochemical techniques are used in the flotation of sulfide minerals by utilizing the semiconductor properties of
these minerals. In this study, three non-destructive electrochemical measurements - open circuit potential (OCP), cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS) - were used to assess the electrochemical reactivity of the locked and
liberated sulfide particles. Various combinations of mineral electrodes - Galena/Pyrite (0.52 cm?), Galena/Sphalerite (0.35 cm2), pure
Galena (0.20 cm2), pure Sphalerite (0.80 cm?2) and pure Pyrite (0.18 cm?) - were tested. A three-electrode electrochemical cell
configuration was set up to investigate the electrochemical responses of the prepared electrodes. The changes in the surface chemistry
of the mineral electrodes, in the presence (1x10-* M NaEX) and absence of a collector were compared in detail. During the process,
charge transitions occurred between the minerals in the locked particle mineral electrode due to galvanic interactions regardless of
the surface area. Thus, the flotation behavior of the minerals changed by reducing and oxidizing each other. The present study suggests
that the electrochemical methods may be an alternative technique to the conventional batch scale flotation tests as they can easily
monitor the effect of any flotation reagents in the system causing possible reactions that may occur on sulfide mineral surfaces.
Keywords: Sulfide Minerals, Surface Chemistry, NaEX, Cyclic Voltammetry, Electrochemical Impedance Spectroscopy

Oz

Silfirlii cevher flotasyonu c¢ogunlukla, mineral yiizeyinde olusan elektrokimyasal tepkimelere baghdir. Cesitli flotasyon
kimyasallarinin flotasyon verimine etkisini anlamak ag¢isindan, palp igerisindeki karsilikli tepki mekanizmalarini agiklayabilmek
onemlidir. Silfiirlii minerallerin yari iletken ozelliklerinden yararlanilarak kullanilan elektrokimyasal yontemler ile flotasyon
uygulamalarinda bu mekanizmalar ortaya konabilmektedir. Yapilan bu ¢calismada, ti¢ farkl tahribatsiz elektrokimyasal yontem - A¢ik
Devre Potansiyeli (OCP), Déntistimlii Voltametri (CV) ve Elektriksel Empedans Spektroskopisi (EIS) - kullanilarak bagh ve serbest
tanelerin elektrokimyasal tepkiselligini ortaya koymak hedeflenmistir. Deneysel calismalarda kullanilmak iizere gesitli mineral
elektrotlar1 - Galen/Pirit (0,52 cm?), Galen/Sfalerit (0,35 cm2), saf Galen (0,20 cm?), saf Sfalerit (0,80 cm2) ve saf Pirit (0,18 cm?) -
hazirlanmistir. Ug elektrotlu elektrokimyasal hiicre diizenegi kurularak, hazirlanan mineral elektrotlariyla deneysel calismalar
yapimistir. Mineral elektrotlarin yiizey kimyasindaki degisimler toplayicili (1x10-4 M NaEX) ve toplayicisiz ortamda denenerek
kiyaslanmistir. Bagh tane mineral elektrotundaki 6l¢iimler sirasinda ortaya ¢ikan galvanik etkilesim sebebiyle, minerallerin yiizey
alanindan bagimsiz olarak yiik gecislerinin oldugu tespit edilmistir. Minerallerin birbirlerini indirgeyip yiikseltgemeleri, flotasyon
davranimlarinin da degismesine sebep olmustur. Mevcut ¢alismada kullanilan yéntemler, ortamdaki herhangi bir flotasyon
reaktifinin siilfiirlii mineral yiizeyinde meydana gelebilecek olasi tepkimelere neden olan etkisini kolayca 6lgebilmektedir. Bu sebeple
elektrokimyasal 6l¢iimlerin, kesikli laboratuvar flotasyon testlerine alternatif bir yéntem olabilecegi diisiiniilmektedir.

Anahtar Kelimeler: Siilfiirlii Mineraller, Yiizey Kimyasi, NaEX, Doniistimlii Voltametri, Elektriksel Empedans Spektroskopisi

1. Introduction electrochemical techniques can easily be applied to these

Electrochemistry is one of the tools used for the surface
characterization of sulfide minerals and the assessment of the
adsorption mechanisms of flotation reagents on sulfide minerals.
Most sulfide minerals have semiconducting properties. Thus,
surface changes and reagent adsorption occur mainly through
electrochemical mechanisms [1]. The electrochemical properties
of these minerals enable their use as electrodes [2]; therefore,
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minerals.

A comprehensive understanding of mineral surface chemistry is
crucial for explaining the flotation processes. Various factors,
including reagent types (collectors, depressants, and activators),
pH levels, and dissolved oxygen content, can significantly
influence the surface reactions of minerals. To explain these
reactions, several techniques have been employed, such as
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contact angle measurements, surface analytical techniques such
as X-ray Photoelectron Spectroscopy (XPS), Time-of-Flight
Secondary lIon Mass Spectrometry (TOF-SIMS), Raman
Spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR),
and electrochemical techniques [3-5]. While XPS provides
valuable information about changes in the oxidation state of
chemical elements on mineral surfaces, it is a costly and complex
technique that requires extensive data processing. Simpler
surface characterization methods, such as zeta potential and
contact angle measurements, are also utilized for studying
surface chemistry. However, it is essential to combine these
techniques with other surface analytical methods to understand
the interactions and species present on mineral surfaces in detail.
Therefore, many researchers prefer electrochemical tools for the
surface characterization of sulfide minerals, as they offer
sensitivity, reproducibility, and high accuracy, enabling the in
situ detection of surface layer formation on mineral electrodes.
Surface responses of the minerals and problems in processes can
be identified faster with electrochemical methods, which are also
low cost compared to other techniques.

Some of the most common electrochemical techniques used in
sulfide minerals are open circuit potential (OCP), cyclic
voltammetry (CV), and electrochemical impedance spectroscopy
(EIS) [4,6]. The most beneficial part of the electrochemical
method is being an alternative technique to the conventional
batch-scale flotation tests for pre-screening of various flotation
reagents.

OCP is an electrochemical technique often used to evaluate the
resting potential of a system. This technique involves cathodic
reduction of dissolved oxygen and oxidation of sulfide minerals
[7]. In sulfide mineral flotation, OCP measurements are useful for
monitoring changes either in the liquid phase or at the
mineral/solution interface.

Electrochemical reactions at sulfide mineral surfaces are
frequently investigated because the potential of a mineral is not
always at an equilibrium state. In order to study such a dynamic
state, it is necessary to follow the changes occurring when a
certain amount of anodic or cathodic current has passed through
the system. CV is a commonly used electrochemical technique to
determine the reactions on the surface of sulfide minerals. In this
technique, the potential of the mineral electrode is varied linearly
at the desired rate using a potentiostat. When a current peak is
observed during potential scanning, it can be used to identify the
undergoing reaction.

EIS is based on the measurement of resistance and capacitance at
the electrode surface and can be used to determine the species
formed on mineral surfaces, regardless of the reaction type [8].
This analysis provides quantitative information about the
conductance, dielectric coefficient, static properties of the
interfaces of a system, and its dynamic change due to the
adsorption mechanism, leading to the characterization of
solid/liquid interfaces. As the formation of a non-conductive
layer of oxides, hydroxides, elemental sulfur, or collector
reagents causes an increase in resistance, EIS can be combined
with the floatability of sulfide minerals.

Since the mineral-collector interaction is electrochemical, a
sulfide mineral can be measured using the above-mentioned
electrochemical techniques. Electrochemical methods can only
be used successfully if there is measurable electron transfer due
to the adsorption of collector molecules at the mineral electrode
surface. EIS can be successfully used to measure the adsorption
of different types of collectors on mineral electrode surfaces.

The effects of locked particles on flotation are thought to depend
on the surface area of the mineral to be recovered [9]. However,
galvanic interactions between minerals are observed in locked
particles, regardless of the area [10]. Due to galvanic interactions,
charge transitions between minerals have been observed [11].
Therefore, they reduce and oxidize each other, resulting in a
change in the flotation behavior [12]. Investigation of the galvanic
interactions of sulfide minerals by electrochemical techniques
has been well documented by many researchers [13-15].
However, studies on the in situ electrochemical characteristics of
sulfide minerals during galvanic reactions are limited, and
further studies are required [7]. To our knowledge, the effect of
the collector (NaEX) on frequently used sulfide minerals (pure
Galena, pure Sphalerite, and pure Pyrite) and their locked particle
(Galena/Pyrite, Galena/Sphalerite) behavior by simple, in situ
process has not been presented by using electrochemical
measurements so far.

The present study suggests a simple in situ method to understand
the possible reactions occurring on the surface of sulfide minerals
interacting with a collector using non-destructive
electrochemical techniques. In this study, OCP, CV, and EIS
techniques were performed in an alkaline solution (pH 9.2),
where Galena, Pyrite, and Sphalerite electrodes were used to
simulate free particles. Galvanic interactions occurring between
the minerals and their effects on the surface chemistry were also
investigated by simulating locked particle behavior. For this
purpose, Galena/Pyrite and Galena/Sphalerite mineral pieces
were paired to be in contact with each other and prepared
binary-bounded mineral electrodes. The effects of sodium ethyl
xanthate (NaEX) on the possible surface reactions were also
studied.

A previous study [16] reported the surface changes in galena and
pyrite minerals using electrochemical methods. In this work, in
addition to these minerals, a pure sphalerite mineral and a binary
bounded sphalerite mineral with galena were studied. The
information gathered was then used to predict the equivalent
circuit model.

2. Materials and Methods

According to their natural semiconductor properties, sulfide ores
are adequate for obtaining reasonable electrochemical
responses. For better electrochemical responses, the sulfide
content of a mineral sample should be high. For this purpose,
mineral electrodes composed of high purity sulfide ore samples
(pure Galena, pure Sphalerite, and pure Pyrite) were tested to
investigate the surface characteristics in this study.

Mineral electrodes were prepared as working electrodes by
cutting a rectangular cross-section of the minerals (0.18-0.80 cm?
geometric surface area) from a massive mineral specimen,
mounting the mineral piece into an electrochemically inert epoxy
resin, and placing it in a glass tube. The connection of the mineral
electrode to the potentiostat/galvanostat was achieved using a
copper wire.

In addition to the single use of mineral pieces in a mineral
electrode, two sulfide minerals were also adhered to one another
to simulate the locked particle behavior. For this purpose,
Galena/Sphalerite and Galena/Pyrite mineral electrodes were
also prepared. The mineral percentages present in the mineral
electrodes are listed in Table 1.

After each experiment, the surfaces of the mineral electrodes
were polished with alumina paste to remove any contaminants
for the next electrochemical process. After polishing the surface,
the electrode was rinsed with distilled water and immediately
transferred to a cell.
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Table 1. Mineral content and geometric surface areas of the mineral electrodes.

Electrodes Galena (%) Pyrite (%) Sphalerite (%) Surface Areas (cm?)
Galena 100 - - 0.20
Pyrite - 100 - 0.18
Sphalerite - - 100 0.80
Galena/Pyrite 50 50 - 0.52
Galena/Sphalerite 50 - 50 0.35

Gamry Reference 600 model potentiostat/galvanostat was
preferred to perform electrochemical techniques in this work. To
isolate the system from external noise, the potentiostat was
placed in a Faraday cage._\A ‘conventional
=l

|

three-electrode

electrochemical cell was used for electrochemical measurements.
The experimental setup of the electrochemical studies is shown
in Figure 1.

Figure 1. Experimental set-up of the studies (a); a conventional three-electrode cell (b)

A saturated calomel electrode (SCE) as a reference electrode, a
platinum plate electrode with a 1 c¢cm? area as the counter
electrode, and mineral electrodes (Galena, Sphalerite, Pyrite,
Galena/Pyrite, Galena/Sphalerite) were used in the
electrochemical cell.

The choice of pH for the buffer solution in electrochemical
processes involving sulfide minerals is typically determined
based on the collecting ability of the chemical, surface chemistry
of the minerals, and stability of the collectors. Adjusting the
solution pH to a specific range can also help control the activation
or depression of unwanted minerals or impurities. For NaEX and
other xanthate collectors commonly used for sulfide minerals, a
pH of approximately 9-10 is often preferred. In this pH range, the
collector molecules are ionized, and their hydrophobic
properties are enhanced, allowing them to adsorb onto the
sulfide mineral surfaces more effectively [17]. Thus, sulfide
minerals exhibit maximum floatability or optimal charge
conditions. In this investigation, a buffer solution (pH 9.2) of
sodium tetraborate decahydrate (0.05 M Naz2B4+07-10H20, Merck
299.5%) atroom temperature (~25 °C) was used to maintain the
pH value at the same level during the measurements and to
prevent possible pH changes as a result of the reactions between
the minerals and the solution. The pH of the buffer solution was
determined to be 9.2, and all electrochemical experiments were
performed only at this pH.

Before each run for 15 minutes, high-purity nitrogen gas was
introduced into the cell for intensive bubbling through the buffer
solution to eliminate fluctuations during measurements due to
oxygen present in the system. During the electrochemical
measurements, the nitrogen flow was stopped, and the cell was
completely sealed to prevent the diffusion of atmospheric oxygen
into the system.

Xanthate collectors have found widespread application in the
flotation processes of valuable minerals, particularly in the
recovery of base metal sulfides [18]. It has been reported in the
literature that xanthates have the highest rate of adsorption on
pyrite samples compared to other types of collectors [19]. In
electrochemical techniques, NaEX is commonly preferred for
sulfide minerals because of its selectivity, stability, and low cost
[20]. In this study, NaEX (CH3CH20CS2Na, Metsop = 90%) was
selected as the collector to gain insight into the specific reactions
that may occur on the surface of sulfide minerals during their
interaction with the collector.

To investigate the possible electrochemical reactions upon
adsorption and oxidation of the collector on the mineral surfaces,
electrochemical methods were studied in the absence and
presence of a certain amount of collector. The NaEX
concentration was adjusted to 1x10-4 M since this concentration
has been commonly employed in flotation studies and has
widespread applications in the literature [21-23].

In this study, electrochemical techniques such as OCP, CV, and EIS
methods were performed to investigate the changes in the
surface characteristics of the locked and liberated particles. The
OCP values of the mineral electrodes were recorded continuously
for 30 min at pH 9.2. The CV was scanned through three cycles at
a scan rate of 20 mV/s. EIS experiments were performed in the
frequency range of 1x105 to 1x10-2 Hz. The obtained EIS data of
the prepared mineral electrodes in the absence and presence of
NaEX were fitted to an equivalent electrical circuit model using
Gamry Echem Analyst software. The design of each mineral
electrode is illustrated together with the fitted equivalent circuit
model given in Figure 2.
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Figure 2. The equivalent circuit model for modeling the EIS data of the mineral electrodes and schematic representation of the

mineral electrodes
3. Results and Discussion

The electrochemical responses of the mineral electrodes (Galena,
Pyrite, Sphalerite) were studied in the absence and presence of
1x10* M NaEX using three methods: OCP, CV, and EIS
measurements. To observe oxidation/reduction reactions
between the locked particles and their possible galvanic
interactions, two mineral pieces were glued together to produce
two more electrodes (Galena/Pyrite and Galena/Sphalerite). The
adsorption of the 1x10-4 M NaEX collector was also investigated
in all the above-mentioned mineral electrodes using the same
electrochemical techniques.

3.1. Electrochemical responses of the
electrodes in terms of the OCP technique

mineral

The OCP values of the mineral electrodes (Galena, Pyrite, and
Sphalerite) and those coupled with the galena electrodes
(Galena/Pyrite, Galena/Sphalerite) were recorded as a function
of time, as shown in Figure 3. The OCP measurements of the
samples were performed to compare their electrochemical
reactivities in the absence (Figure 3a) and presence (Figure 3b)
of the collector. The absence of a collector during the experiments
is denoted as "Nil" in the figures.
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Figure 3. Open Circuit Potential measurements of the mineral electrodes in the absence (a), presence of the collector (NaEX) (b), and
graphical comparison of the OCP results (c); Nil: absence of collector; NaEX: presence of collector

According to the OCP results, all mineral electrodes showed less
variation in potential value after initiation for approximately ten
minutes. This indicates that a passive film spontaneously formed
on its surface. Galena electrodes had lower OCP values than other
mineral electrodes under both collector adsorption and
collectorless conditions. When the Galena electrode was coupled
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with Pyrite and Sphalerite electrodes, the OCP values were
between those of Galena and their coupled electrodes. The
obtained results are in good agreement with the mixed potential
theory. Liu et al. (2018) have obtained a similar potential time
profile when the chalcopyrite electrode was coupled with the
pyrite electrode [7]. However, the voltage values decreased
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regardless of the mineral type when a collector was present in the
system (Figure 3c). However, the Sphalerite electrode showed a
different response. Additionally, this electrode had much higher
voltage values than any other mineral electrode in both
experiments. This indicates that the Sphalerite electrode is more
electrochemically reactive than the other tested mineral
electrodes, thus eliminating the individual usage of Sphalerite in
the upcoming tests. Instead, only those locked with galena were
chosen for further study. Further tests to reveal the surface
characteristics of the other mineral electrodes were performed
based on the CV and EIS test results.

3.2. Electrochemical responses of the
electrodes in terms of the CV technique

mineral

Comparative voltammetric studies were performed to identify
galvanic interactions. All CV measurements were taken in three
cycles, and the scan rate was determined to be 20 mV/s. All
potential values reported in this study were converted to the
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standard hydrogen electrode (SHE) scale by adding 245 mV to
the saturated calomel electrode (SCE) readings [24]. Figure 4
represents the voltammograms of the mineral electrodes in the
absence of any collector and in the presence of 1x10-4 M NaEX. In
the cyclic voltammogram obtained without collector addition,
Galena (collectorless) had a very narrow response interval in
terms of current density over the whole potential range (-0.80 V
to + 0.40 V vs SHE).

When the scanning potential was initiated in the positive
direction in the presence of the collector, an oxidation process
where one small peak that begins near 0.20 V was observed
(Figure 4a). This indicates the oxidation of Galena to form PbX. In
the cyclic voltammograms of the Pyrite electrode, as the scanning
potential became negative, a reduction peak was observed at
nearly -0.450 V both in the presence and absence of a collector. A
more apparent peak in the oxidation phase was observed at -
0.365 V in the presence of the collector (Figure 4b).
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Figure 4. Cyclic voltammograms of Galena (a), Pyrite (b), Galena/Pyrite (c), and Galena/Sphalerite (d) minerals in the presence and
absence of the collector (NaEX); Nil: absence of collector; NaEX: presence of collector

It is known that galena is thermodynamically unstable, and it
reduces to the metallic form according to the galvanic interaction
model shown in Figure 5. The reactions are as follows:

PbS + H20 + 2e-<Pb? + HS- + OH-
HS--S0 + 2H+ + 2e-

Therefore, the peak of the oxidation reaction almost disappeared
and was barely detectable. In addition, S° is not stable at high
potential values, and oxidation causes the formation of porous
thiosulfate and sulfates [25].

To identify the different processes in the locked particles
involved in galena oxidation, voltammetric studies were carried
out using Galena/Pyrite and Galena/Sphalerite mineral
electrodes. Typical voltammograms of the positive scans on these
electrodes are shown in Figure 4c and 5d. Peaks in the
Galena/Pyrite and Galena/Sphalerite electrodes are related to
the formation of PbX on the electrode surface by anodic oxidation
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of the galena surface in the presence of the collector. The analysis
of the voltammograms obtained in those conditions showed that
the galena oxidation was associated with peaks at 0.20 'V, 1.20 V,
and 0 V in the mineral electrodes of Galena, Galena/Pyrite, and
Galena/Sphalerite, respectively.

Pb2*

Fe?*

Figure 5. The galvanic interaction model for the pyrite-galena
locked particle during flotation
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3.3. Electrochemical responses of the mineral

electrodes in terms of the EIS technique

The differences between the surface characteristics of the studied
mineral electrodes were also indicated by EIS measurements.
The EIS test results for the different mineral samples are
presented as Bode diagrams (in the form of Bode-Magnitude and
Bode-Phase Angle) and Nyquist plots in the presence and absence
of the collector, as shown in Figure 6. When the Bode diagrams
were evaluated at the lowest frequency (0.01 Hz), the Galena
electrode exhibited the highest Zmod value among the other
electrodes, indicating the lowest rate of adsorption. The Nyquist
plot in Figure 6 exhibits a semicircular shape that is not fully
formed. This incomplete semicircle suggests that the processes of
mineral electrode oxidation and NaEX adsorption are primarily
influenced by the charge transfer mechanism [26]. This EIS result
is also compatible with the obtained OCP and CV results and
shows a slightly inferior electrochemical reactivity compared to
the other mineral electrodes.

There were significant differences when the collector was absent
or present in the system, especially in the Galena and
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Galena/Sphalerite electrodes. The results also help interpret the
collector adsorption mechanisms, as at low frequencies, high
phase angle values imply that the adsorption rates are low and
diffusion-controlled [19]. This effect is more evident in the
Nyquist plot for the Galena/Sphalerite electrode, where the
radius of the semicircle curve of the electrode is notably greater
in the presence of NaEX than in its absence.

The adsorption mechanisms of various reagents on sulfide
minerals via electrochemical techniques have been investigated
by many researchers [27-31]. To explain the surface
characteristics of mineral electrodes, different equivalent circuit
models can be used to describe the processes occurring on the
electrode surfaces (mineral/collector/electrolyte junction). The
Zmod values at higher frequencies were typically low and mostly
constant, reflecting the solution resistance. At medium
frequencies, the relationships between Zmod and the frequencies
were linear. This explains the capacitive behavior caused by the
electrical double layer at the mineral/solution interface and
adsorption of NaEX [32].
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Figure 6. EIS results of all the studied minerals in the absence (a, b) and presence (c, d) of NaEX as Bode diagrams and in the absence

(e) and presence (f) of NaEX as Nyquist diagrams
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In this study, the equivalent electrical circuit model (Figure 2)  To compare the collector adsorption behavior of the prepared
with the smallest chi-square (x2) value (< 1.09x10-3) was chosen, electrodes, the EIS spectrum of each experiment was fitted to the
as given in Table 2. Hence, the minimum errors of each element  equivalent electrical circuit model, and their fitted
parameter were obtained. This equivalent model consists of a  electrochemical impedance element parameters are summarized
solution resistance (Rs), double-layer capacitance (Qi,2), charge  in Table 2. The net rates of the electrochemical reactions on the
transfer resistance (Ri2), and Warburg (W) element. Q is electrode surfaces are represented by R« and are inversely
represented in terms of a constant phase element (CPE) that proportional to the adsorption capacity of the collector [33]. The
indicates a nonhomogeneous surface [4]. The charge transfer  calculated Rce values, which were compared to explain the
reactions are related to the electrochemical process, which  mineral behavior in the absence and presence of the collector, are
occurs on the electrode surface and helps explain the adsorption  given in Figure 7.

of the collector. This is represented by Rc, which explains the

formation of the collector layer.

Table 2. Fitted electrochemical impedance element parameters for the prepared mineral electrodes. (The equivalent electrical circuits
used for modelling the EIS data are presented in Figure 2.)

Rs R1 Q1 Q2 Rz w
Electrodes ni n Chi-squared/ x?
Q*cm? Q*cm?  S*cm2 *s S*cm2 *g™n Q*cm?  Q*SY/2*cm2
Collectorless
Galena 2.52x10! 6.67 x102 1.81x10> 0.86 2.54x10> 0.57 1.57x105 3.93x103 5.26 x10*

Galena/Sphalerite 1.15x102 6.41x103 1.31x105 0.72 9.29x10°¢ 0.81 5.43x103  7.43 x10¢ 2.21x103
Galena/Pyrite 8.77 x101 1.22x103 4.52x105 0.82 7.94x105 0.69 6.24x10* 2.06x1073 2.18 x10
Pyrite 2.39x10' 2.57 x10! 9.22x105 0.81 2.55x10-1° 0.98 9.92x10* 5.14 x10 1.09 x10-3

1x10*M NaEX

Galena 2.99x10! 2.10x10* 2.50x105 0.77 3.21x10'2 0.86 5.25x101 3.05x10° 2.22 x103
Galena/Sphalerite 1.02 x102 2.72x103 6.43x10¢ 0.78 2.32x10° 0.61 2.42x103 9.03x10° 1.39 x10-3
Galena/Pyrite 6.91x10' 1.46x103 3.08x10° 0.80 5.40x10-> 0.70 7.80x10* 4.21x10* 4.33 x10*
Pyrite 2.12x10' 2.51x10! 6.94x105 0.80 3.93x10° 0.83 7.04x10* 5.89x10* 2.08 x10-*

According to the Ret values calculated in Figure 7a, the interaction ~ Galena/Sphalerite mineral electrode. In addition, the Rct values of
between the Galena/Sphalerite mineral electrode and NaEX has  the pure Galena and Pyrite electrodes decreased with the
the lowest R, which indicates a higher rate of adsorption of the  addition of NaEX, indicating the occurrence of collector
collector. In other words, it was less resistive and more capacitive ~ adsorption. However, the Galena/Pyrite electrode showed a
than the other mineral electrodes. The EIS analysis results are ~ completely different adsorption behavior in the presence of
compatible with the results of OCP and CV, which confirm that = NaEX.

NaEX adsorption occurred at a much faster rate with the
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Figure 7. Comparison of the total resistance (Rct) values (a) and their differences in Ret (ARct) values (b) of the collector (NaEX) tested
with the different mineral electrodes at pH 9.2; Nil: absence of collector; NaEX: presence of collector

The difference in Ret of “Nil” and “NaEX” (ARct) was calculated to  has a positive value, except for the Galena/Pyrite electrode. This
better comparison of the rate of adsorption of NaEX, given in  also shows that the collector molecules could adsorb onto the
Figure 7b. It can be seen that the AR« of the prepared electrodes  surface. The reason for the different behavior of the
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Galena/Pyrite electrode may be the galvanic effect. Liu et al.
(2018) demonstrated that galvanic interaction occurs when
pyrite and galena are present together, and galena with a lower
OCP value dissolves anodically [10]. On the other hand, better
adsorption of NaEX on galena together with sphalerite can be
attributed to the galvanic protection offered by sphalerite on
galena, thereby avoiding its free oxidation [12]. It could be
concluded that higher adsorption of NaEX is reached in the
presence of the Galena/Sphalerite electrode, while Galena/Pyrite
shows less adsorption behavior due to the galvanic interaction.

4. Discussion

Electrochemical methods are important for controlling the
flotation Kkinetics of sulfide minerals. Methods such as OCP, CV,
and EIS help to gain an understanding of the relevance of galvanic
interactions between locked particles, as it is an extensive
consideration in assessing interactions between different sulfide
minerals.

The presence of minerals, mineral associations, or chemicals in
the process can change the electrochemical conditions in the
pulp, which affects the flotation kinetics.

For example, the presence of galena in the system allows the
observation of sphalerite oxidation, which cannot be observed
with pure sphalerite alone.

It was revealed that the electrochemical reactivity of sulfide
minerals and galvanic interactions favor the oxidation of
electrochemically reactive minerals over other minerals in
sulfide mineral flotation. The electrode potentials also indicate a
decrease or increase in the reactivity of the minerals.

The use of electrochemical measurements in sulfide flotation can
be described as a simple and feasible way to present the change
in surface properties while changing the chemical conditions in
the pulp.

5. Conclusions

The surface changes of the pure mineral electrodes (Galena,
Pyrite, Sphalerite) and locked-particle electrodes (Galena/Pyrite,
Galena/Sphalerite) were observed using OCP, CV, and EIS
methods.

Galvanic interactions play a major role in the locked-particle
electrode surfaces and completely change the surface properties.
When two sulfide minerals interacted with each other in the bulk
solution as locked-particle electrodes, it was observed from the
measured electrochemical techniques that their responses
changed compared to the liberated pure mineral electrode
responses.

The collector (NaEX) adsorption efficiencies and adsorption rates
on the electrode surfaces were evaluated as a result of the
electrochemical responses obtained from the measurement
techniques. Despite the higher adsorption rate of NaEX on the
Galena/Sphalerite electrode, less collector adsorption behavior
was observed on the Galena/Pyrite electrode surface. This
behavior indicates that the presence of pyrite in the system
caused a decrease in galena reactivity. This was attributed to
galvanic interactions on the mineral surfaces, thereby avoiding
free oxidation.

Consequently, this study showed that EIS is a very promising
technique to understand the possible reactions occurring on the
surface of sulfide minerals interacting with flotation reagents.
This method can be used as an alternative to conventional batch-
scale flotation tests for monitoring instant changes at the
mineral/solution interface. Further in situ electrochemical
studies can be performed using various flotation reagents

(collectors, activators, depressants, and/or their mixtures) on
different sulfide mineral electrodes.
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0z

Bu calismada diizenli atik depolama sahalari altinda gegirimsiz tabaka olarak da kullanilan kum-bentonit karisimlarinin sizinti suyu
karsisindaki gecirimsizlik davranisi incelenmistir. Bu amagla kum-bentonit karisimi icerisinden sizinti suyunun gecirildigi esnek
duvarl hidrolik iletkenlik deneyine tabi tutulmustur. Literatiirde genel olarak musluk suyu ya da yapay kirleticiler ile gerceklestirilen
hidrolik iletkenlik deneyleri, bu ¢alismada orijinal s1zint1 suyu ile gerceklestirilmistir. Sizint1 suyu olarak da Ege Bolgesinden secilen
bir kat1 atik depolama sahasindan elde edilen sizint1 sular1 kullanilmistir. Kum-bentonit karisiminin orani kuru agirlikca %10 bentonit
icerecek sekilde hazirlanmistir. Deney esnasinda sizinti suyunun giris ve ¢ikis sivilarinin bazi kimyasal analizleri de
gerceklestirilmistir. Olgiilen hidrolik iletkenlik degerlerinin sinir kosullara yakin olmak kaydi ile, kriterleri sagladig belirlenmistir.
Bununla beraber, musluk suyu sonug¢larina gore artis goriildiigii de dikkati ¢ekmistir. Ortam pH’1 tiim deneylerde bazik olarak
Ol¢iilmiistiir. S1izint1 suyuna ait giris sivisinin elektriksel iletkenliginin, tiim 6rneklerin ¢ikis sivilarinin elektriksel iletkenligine orani
1’in altinda kalmistir. Bu durum deneyin sonlandirildigi anda katyon degisimlerinin sonlanmadigini isaret etmektedir. Son olarak da
giris ve ¢ikis sivilarindaki bazi alkali ve toprak alkali metali iyonlarindaki degisimler dlciilmiis, karisimdaki kilin sizinti suyu
maruziyeti altinda mineral yapisindaki degisimler belirlenmis ve hidrolik iletkenlige etkisi de tartisilarak sunulmustur.

Anahtar Kelimeler: Gegirimsiz Tabaka, Kum Kil Karisimlari, Sizint1 Suyu, Hidrolik Iletkenlik

Abstract

The permeability behavior of sand-bentonite mixtures which are used as liner, was investigated by using original leachate. In this
regard, the flexible wall hydraulic conductivity tests were performed. In literature, the conventional test procedures generally
comprise the permeability values of the liners by using tap water, this study suggested determining the hydraulic conductivities under
the effect of leachate. Thus, leachate samples were taken from a municipal solid waste site located in the Aegean region. The selected
proportion is 10% bentonite as the dry weight for a sand-bentonite mixture. Some chemical analyses were also done for the inlet and
outlet leachate samples. It is found that the mixture ensures the hydraulic conductivity criteria for landfill liners while it approaches
the critical value. Also, it should be noted that the hydraulic conductivity with leachate was found to be more than that of with tap
water. The pH of the environment for each test was found to be basic. The electrical conductivity values for each test were found to
be under 1. This situation implies that the cation exchange process was not completed. Finally, some alkaline and alkaline earth metals
were measured in both inlet and outlet fluids, changes in the mineral structure of the clay in the mixture under leachate exposure
were determined and their effect on the hydraulic conductivity was discussed.

Keywords: Landfill Liner, Sand-Bentonite Mixtures, Leachate, Hydraulic Conductivity

EXTENDED ABSTRACT

Introduction cracks are formed in the impermeable material and therefore
engineering parameters are far from the desired level. Since clays
do not give the desired results under the influence of
temperature and water content changes, the idea of mixing them
with sands has been proposed [10]. As a result, bentonite, which
has the lowest hydraulic conductivity among the clay types, was
mixed with sand. The sand-bentonite mixture (SBM) gave the
desired result and no cracks were observed after temperature
and water content changes. Hydraulic conductivity studies of
liner materials in landfills are usually carried out using tap water.
Values obtained using tap water can only provide a baseline, a
reference value and cannot explain the behavior under the
influence of leachate in the field. When the adsorption studies

Many studies have been conducted on impervious layer or
barrier applications and filtration studies in landfills [1-9].
According to the data obtained from the studies to date, the
desired properties of liners are low hydraulic conductivity, high
adsorption capacity, resistance to changes in temperature and
water content, suitable mechanical properties to ensure
continuity during and after the construction phase, low cost and
abundant availability. Clays are the first liner material that comes
to mind with their low hydraulic conductivity and high
adsorption capacity. However, studies have shown that clays are
highly affected by temperature and water content changes;
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carried out to determine the behavior of liners against the
pollutants are examined, it is seen that pollutants are generally
used individually or in controlled synthetic mixtures in
experiments conducted in laboratories [11-13]. This situation in
laboratory research is far from reflecting the real conditions in
the field. On the other hand, it is very difficult to determine the
adsorption and retention behavior of the liner exposed to such a
complex chemical mixture. In most of the studies conducted with
original leachate, differences in the chemical diversity and
characteristics of leachate have been presented and have been
reported to have a strong influence on soil chemistry and
properties [14, 15]. In this study, a SBM sample was tested in the
presence of selected leachate and the hydraulic conductivity
value was determined under the influence of contaminants in the
original leachate mixture.

Materials and Methods

The mixture was obtained by mixing the sand material sieved
under No.10 sieve with powdered bentonite passed from No.200
sieve. Some basic geotechnical properties of the soils used in this
study are presented in Table 1 below. Leachate from Harmandali
(H) Solid Waste Landfill selected from the Aegean region was
used as leachate. The leachate from this landfill was chemically
analyzed by inductively coupled argon plasma (ICP-OES) and
presented in Table 2. After the hydraulic conductivity test with
this leachate, which was used as inlet fluid, the effluent fluid were
also analyzed and compared with the same method. Hydraulic
conductivity test was conducted according to ASTM D5084. In
addition, to monitor the changes in the mineralogical structure of
the clay in the mixture, XRD analysis of the clay was performed
before and after the experiments.

Results and Discussion

During the flexible-wall hydraulic conductivity experiments with
SBM-H, outlet fluid was collected and pH and electrical
conductivity (EC) were measured both initially and at different
times. The pH value of the effluents indicated that the
environment was basic. The pH values measured in this study are
higher than the most efficient pH values for the adsorption
mechanism reported in the literature. The pH values of the
effluents of the SBM-H sample were higher than 8 and sometimes
even exceeded 9. When the ratio of the outlet EC values to the
inlet EC values is analysed, an increase for equilibration after a
sudden decrease was seen as expected. A ratio less than 1
indicates that the cation exchange has not yet been completed at
the time the experiment was terminated.

According to the average of the last 5 experimental data, the
hydraulic conductivity value of the SBM-H sample was measured
as 5.10-19 m/s (Figure 4). Although the measured value is below
the limit value of 109 m/s, it can be said that it is at the critical
stage. Looking at the hydraulic conductivity values determined
with tap water presented in Figure 1, it is seen that the values
measured for 10% SBM samples vary between 2.10-1° m/s and
3.10-12 m/s. It was determined that the hydraulic conductivity
values measured with leachate found to be more than that for tap
water. It was stated that the chemistry of the leachate caused an
increase in the hydraulic conductivity. When the effluent of 10%
SBM-H sample is compared and evaluated with the initial
leachate, it is observed that alkali and alkaline earth metals
except Ca decreased until approximately 0.6 pore volumes of flow
(Figure 5). Ca ion showed a significant increase up to 0.6 pore

volumes of flow and then tended to decrease rapidly. In other
words, the 10% SBM-H sample released the Ca element from the
beginning to the middle of the experiment and then this process
was reversed. Considering that the hydraulic conductivity value
determined with tap water for samples with the same
compaction parameters as in this study was in the order of 10-12
m/s, it is seen that the hydraulic conductivity value increased
almost for three magnitudes for SBM-H. One reason for this may
be the replacement of Ca*? with Na* ions. If the hydraulic
conductivity graph (Figure 4) of this sample is examined, it can
be seen that the hydraulic conductivity value, which tends to
decrease until approximately 0.6 pore volumes of flow, increases
after 0.6 pore volumes of flow. However, considering the complex
chemistry of leachate, this cannot be shown as the only reason.
Nevertheless, it has been shown in other studies that hydraulic
conductivity increases with increasing ion concentration [27-29].
In addition, when the pH exceeds 9, it suggests that the
mineralogical structure of the clay in the mixture may have been
affected. Therefore, XRD analyses were performed to determine
the state of the clay in the mixture before and after leachate
percolation and the results are presented in Figure 6.

The most interesting point in Figure 6 is the decrease in
montmorillonite peaks. It was even observed that some peaks
disappeared. It can be clearly seen from the XRD graphs that the
leachate chemistry has changed the clay mineralogy. Many
factors such as mineral arrangement in clays and even surface
position affect XRD results [30], but in terms of preliminary
findings, it is seen that the structure of montmorillonite mineral
exposed to leachate has changed. This also contributes to the
explanation of the increase in the hydraulic conductivity value in
the leachate-exposed sample. However, it is clear that a detailed
study on the subject is also needed.

Conclusion
The main findings of the study are summarized below.

o Leachate from a solid waste landfill was investigated and some
chemical properties were presented.

The hydraulic conductivity value for 10% SBM-H was 5.10-10
m/s. During this process, such changes in the mineralogical
structure of the clay were detected.

The pH values of the inlet fluids of the leachate are found to be
basic. The pH values of the effluents increased and exceeded 9
for such measurements. This pH environment is far from the
adsorption environment suitable for a clayey soil. In addition,
Na* and Ca*2 ions were found to be exchanged.

The hydraulic conductivity experiments were terminated after
reaching one pore volumes of flow, so the results do not include
a long-term evaluation.

No bacterial growth was observed in the samples during the
experimental period, and a decrease in hydraulic conductivity
values can be expected with bacterial growth in long-term
analysis. Long-term hydraulic conductivity values can be
investigated in future studies.

For future studies, it is strongly recommended to investigate
under which conditions and how the leachate affect on the
mineralogical structure in detail.
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1. Giris

Diizenli atik depolama sahalarinda gecirimsiz tabaka ya da
bariyer uygulamalar: ve filtreleme ¢alismalar ile ilgili bir¢ok
arastirma  yapumistir [1-9]. Giinlimiize kadar yapilan
calismalardan elde edilen verilere gore gecirimsiz tabakalarda
olmas1 istenen ozellikler; diisiik hidrolik iletkenlik, yiliksek
adsorpsiyon kapasitesi, sicaklik ve su icerigindeki degisimlere
kars1 dayaniklilik, insaat asamasinda ve sonrasinda siireklilik
saglayacak uygun mekanik o6zelikler, ucuz maliyet ve bol
miktarlarda bulunabilirliktir. Killer, diisiik hidrolik iletkenlikleri
ve yiiksek adsorpsiyon kapasiteleri ile akla ilk gelen gecirimsiz
tabaka malzemesidir. Bununla beraber, yapilan arastirmalar
gostermistir ki; killer sicaklik ve su igerigi degisimlerinden
oldukca fazla etkilenmekte; gecirimsiz malzemede catlaklar
olusmakta ve dolayisiyla miithendislik parametreleri de istenilen

degisimleri etkisinde arzu edilen sonucu vermemesi iizerine,
kumlarla karistirilmasi fikri 6ne siirtilmiistiir [10]. Sonug olarak
kil cesitlerinin arasindan en diisiik hidrolik iletkenlige sahip olan
bentonit ile kum karistirilarak kullanilmistir. Kum-bentonit
karisimi (KBK) istenilen sonucu vermis; ayrica sicaklik ve su
icerigi degisiminden sonra c¢atlaklar da gozlenmemistir. Bu
uygulamanin Onciileri olarak Kleppe ve Olson (1985)
gosterilmektedir [10]. Diizenli atik depolama sahalarinda
gecirimsiz ~ tabaka  malzemelerinin  hidrolik  iletkenlik
arastirmalari genellikle musluk suyu kullanilarak
gerceklestirilmektedir. Literatiirdeki KBK’lara ait musluk suyu ile
yapilmis bazi hidrolik iletkenlik deneylerinin sonuglari Sekil 1'de
sunulmustur. Bu ¢alismalar farkl bentonit oranlarinda ve yine
farkli kompaksiyon su igeriklerinde gergeklestirilmistir.
Gecirimsiz tabakalar i¢cin saglanmasi istenen smir deger olan 10-
9 m/s degerinin tiim deney 6rneklerce saglandigi gérilmektedir.

Oren et al. (2014)

Oren et al. (2011)

Haug and Wong (1992)
Kraus et al. (1997)

Gleason et al. (1997)

Stern and Shackelford (1998)
Tay et al. (2001)

Komine (2004)
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Sekil 1. Kum-bentonit karisimlarinin musluk suyu ile elde edilen hidrolik iletkenlik degerleri

Figure 1. Hydraulic conductivity of sand-bentonite mixtures with tap water

Musluk suyu kullanarak elde edilen degerler ancak bir temel,
referans deger olusturup sahada kirletici suyu etkisi altindaki
davranisi aciklayamazlar. Gegirimsiz tabakalarin diizenli atik
depolama sahalarinda maruz kalacaklar1 kirleticilere karsi
davraniglarini tespit etmek iizere gergeklestirilen adsorpsiyon
calismalar1 incelendiginde ise laboratuvarlarda yapilan
deneylerde genelde kirleticilerin tek tek ya da kontrollii sentetik
karisimlar halinde kullanildig gériilmektedir [11-13]. Bradshaw
ve Benson (2013) geosentetik Kkiller icin gerceklestirdikleri
deneylerde ana inorganik katyon konsantrasyonlarinin, gercek
sizintl suyunu temsil ettigi anda olgiilen hidrolik iletkenlik
degerinin kabul edilebilir diizeyde oldugunu belirtmislerdir [12].
Oysa Kirleticiler diizenli atik depolama sahalarinda serbest bir
karisim halinde bulunmaktadirlar ve kompleks bir kimyasal
diizen igerisindedirler. Laboratuvar arastirmalarindaki bu
durum sahadaki gercek kosullar1 yansitmaktan uzaktadir.
Bununla beraber, bu kadar karmasik bir kimyasal karisima
maruz kalan gecirimsiz tabakanin adsorpsiyon ve tutulum
davranisini belirlemek de oldukga giictiir. Orijinal s1zint1 suyu ile
yapilan c¢alismalarin ¢ogunda ise sizinti sularinin kimyasal
cesitlilikleri ve karakteristiklerindeki farkliliklar sunulmus ve
zemin kimyasini ve oOzelliklerini de olduk¢a etkiledigi
belirtilmistir [14, 15]. Kuvvetli asidik ve bazik 6zellikler (pH<3 ve
pH>11) tasiyan sizinti sularinin ise kil minerallerini
¢6ziindiirdiigli de ortaya konmustur [16-18]. Bununla beraber,
uzun dénem etkisi olarak biyolojik etkenler de dikkati ¢cekmis ve
bakteri olusumunun hidrolik iletkenligi diisiirdiigii belirtilmistir
[19, 20]. Abdellah vd. (2020) ¢alismalarinda kil minerallerinin
s1zint1 suyu karsisinda degisimini X-1s1n1 kirinim yéntemi (XRD)
kullanarak incelemis ve kilin kimyasal yapisinda farklilagmalar

s6z konusu oldugunu belirtmistir [18]. Buna gore, sizint1 suyuna
maruz kalan Kkilin kristobalit ve montmorillonit oraninda bir
azalma tespit etmislerdir. Benzer bir tespit Xiang vd. (2019)
tarafindan da yapilmis olup yiiksek alkali ¢ozeltilerin gegirildigi
zeminlerde  bentonit miktarinda azalma  oldugundan
bahsedilmistir [17]. Ek olarak, zeminin ¢6zeltiye maruz kaldigi
siire uzadik¢a azalmanin da arttig belirtilmistir. S1izint1 suyunun
gecirimsiz tabakalarin hidrolik iletkenligine olan etkisi {izerine
kapsamli bir aragtirma (Ozgoban vd. 2022) caligmalarin genel
olarak kil tabakalar1 ve geosentetik killerden olustugunu
gostermistir [21].

Bu ¢alismada ise KBK o6rnekleri, secilen sizinti suyu varliginda
teste tabi tutulmus ve hidrolik iletkenlik degeri orijinal sizinti
suyu karisimindaki kirleticilerin etkisi altinda belirlenmistir.
Oldukeca karisik bir kimyasal icerigi olan sizinti sulari zemin
orneklerinden gecirildiginde, davranisi hem tahmin etmek hem
de takip etmek olduk¢a zordur. Bununla beraber, yeralti
suyundaki en 6nemli katyon degisimlerinin alkali ve toprak alkali
elementleri arasinda gergeklestigi bilinmektedir. Bu kapsamda,
hidrolik iletkenlik deneyinin 6ncesinde ve sonrasinda giris ve
cikis sivilarindan drnekler alinmis ve hedeflenen bazi alkali ve
toprak alkali metallerindeki degisimler olciilmiistiir. Kumun
herhangi bir adsorpsiyon kapasitesinin olmadig1
diistiniildiigiinde kimyasal reaksiyonlarin sadece kil zeminde
gerceklesecegi bilinmektedir ve killerdeki alkali ve toprak alkali
elementlere karsi adsorpsiyon ilgisi ise asagidaki gibidir [22].

Cs*>Rb*>K+*>Na*>Li* ve Ba*2>Sr2>(Ca*2> Mg+2
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Genel anlamda 2 degerlikli iyonlarin adsorpsiyon ilgisi tek
degerlikli iyonlardan biiyiiktiir. Bununla beraber, Na* ve Ca*2
iyonlarinin degisim reaksiyonunun bentonitler (smektit grubu)
icin sisme kapasitesi ve gecirimliligi direkt olarak etkilemesi
sebebi ile ayr1 bir énemi de bulunmaktadir. Na* ve Ca*Z'nin
hidratlasmis iyon ¢aplari; iki hidratlasmis Na* bir Ca*2’den daha
fazla alan gerektirecek sekildedir. Bu nedenle, degisim
alanlarinda Ca*Znin Na* ile yer degistirmesi kilin kristal kafes
boyutlarinda biiyimeye neden olmaktadir. Bunun bir sonucu
olarak da gecirgenlikte bir azalma meydana gelmektedir. Dolayisi
ile zemin 6rnegindeki Na* ve Ca*2 adsorpsiyonu ya da degisimi
hidrolik iletkenliginin degisimini a¢iklamakta olduk¢a tutarh
sonuglar vermektedir. Bu ¢alisma kapsaminda da giris ve ¢ikis
konsantrasyonlariin 6l¢iimi ve karsilastirmasi amaci ile Ca+?,
Na*, Mg*2 ve K+ iyonlar1 secilmistir. Bununla beraber, karisimin
icindeki bentonitin s1zint1 suyuna maruz kalmasi ile mineralojik
yapisinda bir degisim olup olmadig1 da XRD arastirmalar ile
incelenmistir.

2. Materyal ve Metot

Calismada malzeme olarak dogal zeminler ve bir kati atik
depolama sahasindan elde edilen sizinti sular1 kullanilmistir.
Graniiler zeminlerden kum (K), Aydinlar Kum (Turgutlu-Manisa)
sirketinden saglanmistir. Kil olarak ise montmorillonit minerali
agirlikli bir bentonit (B) secilmis olup Karakaya Bentonit
(Ankara) firmasindan elde edilmistir, bu malzemedeki kil orani
hidrometre ile belirlenmistir. Karisimlar ise No.10 elegin altinda
kalacak sekilde elenen kum malzemenin No.200 elegin altindaki
toz bentonit ile karistirilmasi ile elde edilmistir. Hidrolik
iletkenlik deneylerine tabi tutulacak zemin karisimlarinda
kullanilacak olan malzemelerin bazi temel geoteknik dzellikleri
de belirlenmis ve asagida Tablo 1'de sunulmustur. Zemin
orneklerindeki kum orani toplam agirligin %90’1 olacak sekilde
hazirlanmistir. Diger bir deyisle %10 KBK dendiginde toplam
kuru agirhgin %10’unun bentonit ve %90’'min da kum
olusturmaktadir.

Standart Proctor enerjisi ile karisimlarin sikisma parametreleri
(optimum su igerigi ve maksimum kuru birim hacim agirlik)
belirlenmis ve secilen sikisma parametreleri ile sikistirilip
hazirlanan zemin o6rnekleri hidrolik iletkenlik testine tabi
tutulmus ve direkt yoldan permeabilite degerlerine ulasilmistir.

Tablo 1. Zeminlerin bazi geoteknik 6zellikleri

Table 1. Some geotechnical properties of soils

Ozellikler Bentonit Kum
Smektit Kuvars
Mineraloji Kristabolit
Kuvars
Dane Cap1
Kum %4 %100
Silt %21 %0
0, 0,
Kil %75 %0
Kivam Limitleri
Likit limit %405
Plastik limit %57 NP*
Plastisite Indisi %348
Ozgiil Agirhk 2,71 2,65

*NP: Non-plastik

Hidrolik iletkenlik deneyi ASTM D5084’e gore ylritiilmiistir
[23]. Hidrolik iletkenlik deneyleri akis bosluk hacminin 1’e
ulasmasi ve giris-¢ikis sivilarinin oraninin en ¢ok +%25 degerine
sahip olmasi kosulu iizerine sonlandirilmistir. Deney siireleri 2-3

ay sirmigstiir. Standart Proctor kompaksiyon enerjisi ile
sikistirillarak hazirlanan 6rneklere ait sikisma egrisi ve hidrolik
iletkenlik deneyine tabi tutulmak iizere secilen ikili deger Sekil
2’de sunulmustur.

Cop alanlar1 ve atiklar sosyo-ekonomik diizeylere gore cesitlilik
gostermektedirler. Ulkeler ve hatta sehirler arasinda oldukea
belirgin farkliliklar olusmaktadir. Bu yiizden her bdlgenin
atiklarindan meydana gelen sizinti sulart da farklhilhik
gostermektedir. Sizint1 sularinin karakterizasyonu, bariyer ya da
filtre malzemesi se¢iminde birincil derecede o6nem arz
etmektedir. Bu ¢calismada Ege bolgesinden secilen Harmandali
(H) Kat1 Atik Sahalarindan elde edilen sizinti sular1 incelenmistir.
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Sekil 2. Deneylerde kullanilan karisimlarin sikistirma

parametreleri
Figure 2. Compaction parameters of soil in this study

Harmandal sizint1 suyu gegirilen zemin 6rnegi de KBK-H olarak
isimlendirilmistir. Bu kat1 atik depolama sahasindan elde edilen
sizint1 sularinin indiktif eslesmis argon plazma (ICP-OES) ile
kimyasal analizi yapilmistir. ICP-OES analizlerinde Agilent-5110
tip cihaz kullanilmistir. Giris sivis1 olarak kullanilacak olan bu
sizinti sular1 ile hidrolik iletkenlik deneyi sonrasinda ayni
yontemlerle ¢ikis sular1 da analiz edilmis ve karsilastirilmistir.
Sizinti sularinin bazi kimyasal analiz sonuglar1 Tablo 2’de
verilmistir.

Tablo 2. Sizint1 sular1 kimyasal analizi

Table 2. Chemical analyses of leachate

icerik Miktar

pH 8,60

EC* 32600 uS/cm
KOi* 5600 mg/L
BOI* 4000 mg/L
TOM* % 0,43
Sertlik (CaCO3) 1740 mg/L
NH3-N 2254 mg/L
Al 0,19 mg/L
As 0,37 mg/L
Fe 12,7 mg/L
Mn 0,067 mg/L
Ca 24,8 mg/L
Mg 403 mg/L
Na 2832 mg/L
K 1193 mg/L
Ni 0,71 mg/L
Zn 0,17 mg/L
Pb, Cu, Hg <0,01 mg/L
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*EC elektriksel iletkenlik, KOI kimyasal oksijen ihtiyaci, BOI
biyolojik oksijen ihtiyact ve TOM ise total organik madde
anlamina gelmektedir.

Karisimdaki kilin kristal yapisindaki degisimlerin izlenmesi
amaci ile de deneylerden 6nce ve sonra kile ait XRD incelemesi
gerceklestirilmistir. Oncesinde kullanilan toz bentonit hazir
olarak mevcutken deney sonrast igin hidrolik iletkenlik
deneyinde kullanilan numune pargalanarak No.200 elekten
gecirilmis ince daneli malzeme kullanilmistir. XRD dedektorii
olarak PIXcel 1D sistemi ve anod malzemesi olarak bakir (Cu) X-
ray kaynagi bulunurken, degerlendirmelerde de PANalytical
X'Pert HighScore kullanilmigtir.

3. Bulgular ve Tartisma

KBK-H ile gerceklestirilen esnek duvarli hidrolik iletkenlik
deneyleri sirasinda zemin érneklerinden gecirilen sizinti sulari
toplanmis ve hem baslangicta hem de farkli zamanlarda pH ve
elektriksel iletkenlikleri (EC) élgiilmistiir. Ilgili degerler akis
bosluk hacmine (pore volumes of flow - PVF) gore sunulmustur.
Cikis swilarinin  pH degerlerindeki degisim baslangi¢
durumundan itibaren sirasi ile ve EC degerlerindeki degisim ise
cikis sivilarinin EC degerinin baslangi¢c EC degerine orani olarak
Sekil 3’'te sunulmustur. Zemin o6rneklerinden elde edilen ¢ikis
sularinin pH’lar1 degerlendirildiginde, zemin 6rneginde sizinti
swilari icin 6nce bir artis ardindan azalma goriilmektedir. Cikis

swvilarinin pH degeri ortamin bazik olduguna isaret etmektedir.
Literatlir ¢alismalarinda bentonit i¢cin Cr elementi hari¢ agir
metaller icin en iyi adsorpsiyon ortam pH degeri genelde 6 olarak
gosterilmekte ve 8'den yiiksek pH seviyelerinde metal
adsorpsiyonunun azaldig1 belirtilmektedir [24]. Cr elementinin
adsorpsiyonu i¢in ise en elverisli ortamin daha asidik kosullarda
olustugu pH'in 2-4 arasinda olmasinin en uygun kosullar oldugu
belirtilmistir. Bununla beraber, Abollino vd. (2003)'nin
calismasinda montmorillonit i¢in gerceklestirilen deneylerde Cr,
Ni, Mn ve Zn icin diisiik asidik pH’larda adsorpsiyonun %80
oraninda gergeklestigi; Cd, Pb ve Cu icinse bu degerlere
ulasabilmek icin pH degerinin 5'ten yiiksek olmasi gerektigi
belirtilmistir [25]. Bu ¢alismada 6l¢iilen pH degerleri, literatiirde
bildirilen adsorpsiyon mekanizmasi1 i¢in en verimli pH
degerlerinden yiiksektir. KBK-H 6rnegine ait ¢ikis sivilarinin pH
degerleri 8’den ytliksektir hatta bazen 9’u gectigi goriilmektedir.
Bu durum, metaller icin ¢okelmenin gerceklestigi pH ortamina
denk gelindigi ve adsorpsiyon mekanizmasi i¢in ¢ok da verimli
olmayan bir ortama girildigini isaret etmektedir.

Cikis swvilariin EC degerlerinin baslangi¢ sivisinin EC degerine
orani incelendiginde ise, tiim 6rneklerde beklendigi lizere ani bir
diisiis sonrasi dengelenme belirten bir artis gézlenmektedir.
Oranin 1'den kiiciik olmasi ise deneyin sonlandirildigi anda
katyon degisiminin heniiz tamamlanmadigina isaret etmektedir.
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Sekil 3. KBK drneklerinin ¢ikis sivilarimin Akis bosluk Hacmine gére Elektrik fletkenlik ve pH degerleri

Figure 3. Electrical conductivity and pH values of the outlet fluid of SBM with respect to pore volumes of flow

Hidrolik iletkenlik deney sonuglari ise Sekil 4’te sunulmustur.
Sizinti suyu ile gerceklesen deneyin baslarinda bir azalis
gorlilmiis olup ilerleyen zamanlarda dengeye geldigi
belirlenmistir. Son 5 deney verisinin ortalamasina gére KBK-H
orneginin hidrolik iletkenlik degeri 5.10-10 m/s olarak
Olclilmiistiir. Belirlenen deger, smir deger olan 109 m/s
degerinin altinda olsa da kritik asamada oldugu s6ylenebilir. Giris
boéliimiinde Sekil 1’de sunulmus olan musluk suyu ile belirlenmis
hidrolik iletkenlik degerlerine bakildiginda %10 KBK 6rnekleri
icin Olciilen degerlerin 2.10-1© m/s ile 3.10-12 m/s arasinda
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degistigi  goriilmektedir.  Olgiilen degerlerdeki farklilik,
malzemelerin farkliliginin yani sira ayni malzeme ve farkl
baslangi¢c kompaksiyon su iceriklerinden de kaynaklanmaktadir.
Bu calismadaki malzeme ve baslangi¢ kompaksiyon su igerigi
(optimumun 1slak tarafi) ile benzer olan veri sonucu [26]
karsilastirlldiginda sizinti suyu ile gergeklestirilen hidrolik
iletkenlik deney sonucunda 6lgiilen degerlerin musluk suyu ile
Olciilene gore artis gosterdigi belirlenmistir. Sizint1 sularinin
kimyasinin hidrolik iletkenligi arttirdig1 gériilmiistiir
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Sekil 4. Hidrolik iletkenlik deney sonuglari

Figure4. Hydraulic conductivity test results
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Sekil 5. Giris ve ¢ikis sivilarinda bazi alkali ve toprak alkali metalleri konsantrasyonlarinin orani

Figure 5. Ratio of the outlet and inlet fluids concentrations for some alkali and alkaline earth elements

Harmandal sizinti1 suyu gecirilmis %10 KBK 6érnegine ait ¢cikis
swvis1 baslangig si1zint1 suyu ile karsilastirilip degerlendirildiginde
yaklasik 0,6 akis bosluk hacmine kadar Ca hari¢ diger alkali ve
toprak alkali metallerin azaldigy, diger bir degisle KBK-H’'nin bu
iyonlar1 biinyesinde tuttugu ve Ca iyonunu ise biraktig
goriilmektedir (Sekil 5). Ca iyonu 0,6 akis bosluk hacmine kadar
ciddi bir artis gostermis ardindan da hizli bir azalma egilimde
olmustur. Diger iyonlar i¢in de 0,6 akis bosluk hacmine kadar, Ca
iyonuna ters sekilde, bir azalma s6z konusu iken bu orandan
sonra artis gézlenmeye baslamistir. Diger bir deyisle %10 KBK-H
ornegi deneyin basindan ortalarina kadar biinyesindeki Ca
elementini birakmis, sonrasinda ise bu islem tersine dénmiistir.
KBK o6rneginin 6nceki ¢alismalarda musluk suyu ile belirlenen
hidrolik iletkenlik degerlerine bakildiginda (Sekil 1) ortalama 10-
11 m/s civarinda oldugu goériilmektedir, bu ¢alisma ile aym su
icerigi ve sikisma parametreleri ile sikistirilmis 6rneklerde ise
musluk suyu ile belirlenmis hidrolik iletkenlik degerinin 10-12
m/s degerine kadar distiigii gorilmektedir. Sizinti suyu
gecirilmis ayni baslangi¢ kosullarina sahip KBK-H’da ise hidrolik
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iletkenlik degerinin artis gostererek 10° m/s mertebelerine
yaklastig1 goriilmektedir. Bunun bir sebebi olarak yukarida bahsi
gecen Ca*? ile Na* iyonlarinin yer degistirmesi gosterilebilir. Bu
ornegin hidrolik iletkenlik grafigine (Sekil 4) bakilacak olursa
yaklasik 0,6 akis bosluk hacmine kadar azalma egiliminde olan
hidrolik iletkenlik degerinin 0,6 akis bosluk hacminden sonra
arttigl goriilecektir. Bu durum, sizint1 sularinin karisik kimyasi
g6z oOniine alindiginda elbette ki tek sebep olarak gosterilemez.
Bununla beraber, iyon konsantrasyonun artmasi ile hidrolik
iletkenligin de artmas diger ¢alismalarda da gosterilmistir [27-
29]. Bunlara ek olarak pH 9 degerini gectiginde karisimdaki kilin
mineralojik yapisinin etkilenmis olabilecegini de
diisiindiirmektedir. Dolayis1 ile, karisimin igerisindeki kilin
sizinti suyu gecirilmeden oOnceki ve sonraki mineralojik
durumunu belirlemek tizere XRD analizi gerceklestirilmis ve
sonuclar Sekil 6’da sunulmustur.  Sekil 6’daki Bentonit etiketli
grafik, kullanilan kile ait baslangi¢ kosulunu anlatmakta iken
KBK-H etiketli grafik ise sizint1 suyu geg¢irilmis 6rnekten elenen
kile ait durumu anlatmaktadir.
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Sekil 6. Baslangic ve hidrolik iletkenlik deneyi sonrasindaki kile ait XRD grafikleri

Figure 6. The XRD graphics of clay before and after the hydraulic conductivitiy test

Sekil 6’da en ¢ok dikkat ¢eken unsur montmorillonit piklerindeki
azalis olmustur. Hatta bazi piklerin yok oldugu da gozlenmistir.
Sizinti suyu kimyasinin kil mineralojisini degistirdigi XRD
grafiklerinden agik¢a goriilebilmektedir. XRD grafiklerindeki
pikleri degerlendirirken, XRD i¢in ¢6ziim yapilan sistemin
kiitiiphanesindeki mevcut kayith bilgilere gore de degisiklik
gosterebilecegi unutulmamalidir. K harfi ile gésterilen mineraller
genel olarak kristabolit, kuvars ve SiOz icerigidir ve bu icerikteki
piklerde ciddi miktarda artis gézlenmistir. KBK-H sonuglarinda
illit mineralinin artis1 da dikkat cekicidir. Killerdeki mineral
yerlesimi, yiizey pozisyonu gibi pek ¢ok etken XRD sonuglarini
etkilemektedir [30] fakat ilk bulgular a¢isindan sizint1 suyuna
maruz kalan montmorillonit mineralinin yapisinin degistigi
goriilmektedir. Bu durum, sizinti suyu gecirilen 6rnekteki
hidrolik iletkenlik degeri artisinin ac¢iklanmasina da katkida
bulunmaktadir. Bununla beraber, konu iizerine ayrintili
calismaya da ihtiya¢ oldugu agiktir.

Sonug olarak, ¢alismanin amaci olan KBK 6rneklerinin sizinti
suyu etkisi altinda hidrolik iletkenlikleri tespit edilmis ek olarak
da bazi alkali ve toprak alkali metallerinin degisimi ve sizinti
suyunun kil minerallerinin yapisina etkisi incelenmistir. KBK'nin
gecirimsiz tabaka olarak kullaniminin bu ¢alismada kullanilan
s1zint1 suyu icin uygun oldugu gorilmistiir.

4. Sonuglar

Kum bentonit karisimi lizerinde yakin yorelerden elde edilmis bir
sizinti suyu icin gergeklestirilen hidrolik iletkenlik deney
sonuglarl sunulmustur. Sizinti sularinin zemin ile etkilesimi
sonucunda farkl kimyasal sonuclarin elde edilmesi, her diizenli
atik depolama sahasindaki karakteristik sizinti suyuna gore
gecirimsiz tabaka malzemesi se¢iminin O6nemini
vurgulamaktadir. Musluk suyu ile gergeklestirilen deneylerin bir
referans noktasi oldugu unutulmamali ve her uygulamaya 6zel
gecirimsiz tabaka i¢in 6nerilen malzemeler o boélgeye ait sizint1
suyu ile test edilmelidir. Pek ¢ok saha uygulamasinda kriter
olarak musluk suyu ile gerceklestirilen degerlerin alinmasi,
kirleticiye maruz kaldiginda o6zelligini kaybeden ya da kismi
olarak yitiren malzemeler i¢in oldukga tehlikeli cevresel
sonuglarin dogurabilecegini géstermektedir.

Calisma sonucunda elde edilen baslica bulgular asagida maddeler
halinde 6zetlenmistir.

e Ege Bolgesi'ndeki bir kat1 atik deposuna ait sizinti sulari
incelenmis ve bazi kimyasal 6zellikleri sunulmustur.

KBK'nin sizinti suyu etkisi altindaki hidrolik iletkenlik
degerleri, gecirimsiz tabakalar icin kriter olan 10-° m/s

degerini saglamistir. %10 KBK-H icin final hidrolik iletkenlik
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degeri 5.10-10 m/s olmustur. Bu siire¢ icinde de kilin
mineralojik yapisinda degisiklikler tespit edilmistir.

Sizint1 sularinin giris sivilarinin pH degerleri baziktir. Cikis
swvilarinin pH degerleri ise artarak yer yer 9'u gecmistir. Bu
pH ortami kil zemin i¢in uygun olan adsorpsiyon ortamina
uzaktir. Bununla beraber, Na* ve Ca*? iyonlarinin yer
degistirigi belirlenmistir.

Hidrolik iletkenlik deneyleri bir akis bosluk hacmine ulasinca
sonlandirilmistir dolayist ile verilen sonuglar uzun dénem
degerlendirmesini icermemektedir.

Deney siiresinde  Orneklerde  bakteriyel olusuma
rastlanmamistir, uzun dénem analizlerinde bakteri olusmasi
ile hidrolik iletkenlik degerlerinde bir azalma beklenebilir.
Gelecek c¢alismalarda uzun doénem hidrolik iletkenlik
degerleri arastirilabilir.

Gelecek calismalar igin sizinti suyunun bentonite olan
mineralojik etkisinin hangi kosullarda ve nasil gerceklestigi
konusunun ayrintih olarak arastirilmast da kuvvetle
onerilmektedir.

Etik kurul onay1 ve cikar catismasi beyani

Hazirlanan makalede etik kurul izni alinmasina gerek yoktur.

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

TesekKiir

Bu calisma kismen Celal Bayar Universitesi Bilimsel Arastirma
Projeleri Koordinasyon Birimi tarafindan desteklenmistir. Proje
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Abstract

The combination of the L-moment approach and multiple regression offers an attractive solution to provide flood estimation at
ungauged sites within the Gorganrood and Ghare-sou river basins in the north of Iran. This research has two main goals including
regionalization by cluster analysis and regional estimation of flood quantile at the site of interest. After data analysis regarding
climatic and hydrologic data series, hierarchical approach was carried out to identify homogeneous regions. The homogeneity test
was done by H-Statistic, a testing method based on L-moments. The results showed that a subdivision of selected watersheds into
homogenous groups is necessary; therefore, two homogenous regions were formed. In the present study, five three-parameter
distributions were fitted to the homogeneous regions and the best-fit one was identified using the L-moments approach. The results
of the goodness-of-fit analysis for the two regions introduced the Generalized Pareto (GPA) distribution for both regions as
acceptably close fits to the regional average L-moments. Besides, multiple regression was applied to diagnose the effective
independent parameters on discharge value. The results reported percent of permeable formations, average annual precipitation,
and stream slope as the most effective variables.

Keywords: Clustering, Gorganrood and Ghare-sou, L-moments, Principal component analysis, Regional flood frequency analyses, Regionalization

0z

L-moment yaklagimi ve ¢oklu regresyonun kombinasyonu, iran'in kuzeyindeki Gorganrood ve Ghare-sou nehri havzalarindaki l¢iim
olmayan alanlarda taskini tahmin etmek i¢in cazip bir ¢6ziim sunmaktadir. Bu arastirma, kiimeleme analizi ile ¢alisma alaninin
bolgesellestirilmesi ve tagkin kuantillerinin bélgesel tahmini olmak tizere iki ana amaca yoneliktir. Verilerin analizinden sonra
homojen bélgeleri belirlemek i¢in hiyerarsik bir yaklasim gergeklestirilmistir. Homojenlik testi, L-momentlerine dayali bir test
yontemi olan H-Statistic ile yapilmistir. Sonuglar, segilen havzalarin homojen gruplara béliinmesinin gerekli oldugunu gostermistir;
dolayisiyla iki homojen bdlge olugsmustur. Bu ¢alismada, homojen bdlgelerde bes adet li¢ parametreli dagilimin uyumlulugu
incelenmis ve en uygun dagihm L-momentler yaklasimi kullanilarak belirlenmistir. iki bélge icin uyumluluk analizinin sonuglari, her
iki bolge icin de Generalized Pareto (GPA) dagilimini, bolgesel ortalama L-momentlerine kabul edilebilir 6l¢ciide yakin oldugunu

gostermistir. Ayrica debi tlizerindeki etkili bagimsiz degiskenlerin tespiti i¢in ¢oklu regresyon uygulanmistir. Sonuglar gecirgen
formasyonlarin ytizdesi, yillik ortalama sicaklik ve akarsu egiminin en etkili degiskenler oldugunu géstermektedir.

Anahtar Kelimeler: Kiimelendirme, Gorganrood ve Ghare-suo, L-moments, Temel bilesenler Analizi, Bolgesel taskin frekansi analizi, Bolgesellestirme

1. Introduction On the other hand, geomorphologic and hydrologic parameters
with characteristics of the watersheds are necessary to enable
better planning and conducting the proper strategies for
management practices [5]. Developed strategies could be
implemented in a prioritized manner, due to the involvement of
huge investment. Toward this aim, it is expected to rehabilitate
the watershed (s) systematically and sustainably [6]. Scholars in
related fields have claimed that regionalization of watersheds is
essential to develop regional flood flow equations which would
be used to estimate the magnitudes of flood at locations that
suffer from actual flood data shortage. Regional flood frequency
analysis provides a solution to such a problem and has widely
been used [4, 7-11]. The analysis uses spatial data to compensate
for the lack of temporal data, accomplished in a region with
similar flood behavior. The background assumption is that flood
data regarding the homogeneous region without considering a
scaling factor are calculated from the same frequency
distribution. The method involves two major steps; the first one
is the identification of homogeneous watersheds from the

Flood frequency analysis performs the estimation of the return
period and flood magnitude [1]. This process is often essential for
the design of hydraulic structures such as dams and bridges, and
for hydrological applications such as dam safety analyses and
reservoir management. This information is required at
watersheds where stream flow measurements are not long
enough to provide a precise calculation of the flood magnitude,
frequency distribution, and the long return periods estimation of
flood, or where there is no data at all [2]. In arid and semi-arid
regions flood frequency analysis is encountering data and
information shortage issues. Especially, in these regions, the
reliable estimate is not possible due to short records [3]. Arid and
semi-arid climatic condition covers more than 75% of Iran where
despite the low annual precipitation, large floods occur
sometimes. Using records from a similar region regarding flood
behavior is an important and practical way to provide more
information, rather than only at-site data [4].
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hydrological perspective, which is performable by selecting
gauging stations that constitute a region with sufficient
homogeneity of flow characteristics. The second step forms
calculating regional equations for each group ([12]. The
homogeneous regions were simply defined according to the
geographic proximity of the different watersheds. A significant
necessity for regional flood frequency analysis is the delineation
of the region used for the flow information transfer. A region, in
this perspective, is considered a collection of watersheds that are
similar in terms of watersheds hydrologic behavior, not
necessarily geographically adjacent. This step is the most
challenging but important step in regional flood frequency
analysis. Various regionalization techniques have been
developed by researchers for the determination of homogeneous
regions [7, 13-21]. Hierarchical Agglomerative Clustering has
become a popular tool for regional distribution identification,
and testing of outlier stations [22-27]. Tasker and Thomas (1978)
applied geographical regionalization method in Arkansas [22].
Regional equations regarding 4 regions have been presented.
Acreman and Sinclair (1986) used Ward's method for the
selection of parent distribution to fit extreme streamflow data of
some sites in Scotland [23]. Between five homogeneous regions
just one group could not show the discharge variations. Stamy
and Hess (1993) carried out a regional flow frequency analysis in
Florida and Georgia in America using Ward's method [24]. They
classified the study area in four groups. All four groups have
presented significant results. Kjeldsen and Smithers (2002) also
investigated the spatial variation and regional frequency
distribution for KwaZulu-Natal provinces, South Africa, using the
index-flood method. According to the results, two clusters were
distinguished [25]. Farsadnia et al. (2014) applied a two-level
Self-Organization Feature Map (SOM) and three clustering
methods (fuzzy c-mean, K-mean, and Ward’s Agglomerative
hierarchical clustering) to identify hydrologically homogeneous
regions in Mazandaran province of Iran [26]. Unified distance
matrix algorithm and mentioned clustering methods formed
regions for flood frequency analysis. Four regions were achieved
using a heterogeneity test. The results suggested that the
combination of SOM and Ward is much better than the
combination of either SOM or fuzzy c-mean and K-mean.
Calegario et al. (2020) conducted regionalization to identify
Hydrologically Homogeneous Regions (HHRs) in the Doce River
basin [27]. Grouping was done based on geographical
convenience methods and cluster analysis. Six statistical indices
were used to assess regionalized flows. It was concluded that
such a physical analysis reduced the subjectivity in the
identification of HHRs.

The essence of the regionalization process is to define similar
watersheds to ensure extreme flow information transfer of sites
within the region. The main objectives of this paper are
summarized in three steps, the first one is to determine the
homogeneous regions, the second one is to estimate regionalized
parameters, and the last one is calculating the best equations for
each region in different period return time in Gorganrood and
Ghare-sou watersheds, Golestan province of Iran.

2. Material and Method

This phase involves four main stages: (i). screening the data and
determining the main site and at-site characteristics that affect
the flood magnitude and applying them in the regionalization of
the study area, (ii). identifying homogeneous regions by cluster
analysis and region of-influence methods, testing the
homogeneity of regions, (iii). investigating the best-fit
distribution for the study area based on L-moments approaches

and (iv). calculating estimation equations for each region by
multiple regression.

2.1. Study area

The Gorganrood and Ghare-sou Rivers originate from the Gorgan
plate and flow into the Khazar Sea. The rivers have a drainage
area of 11786 km?, and a mean annual temperature of 17° C. Most
of the basin’s area is humid or semi-humid with a mean annual
precipitation of 750 mm. The length of the Ghare-Sou and
Gorganrood rivers are 160 and 300 km, respectively. All streams
flowing through study watersheds have a constant regime. The
mean annual discharge of the streams ranges among 0.32-12.54
m3/s. Figure 1 represents the location of the study area and flow
gauging stations.

2.2. Selection of the stations

Some important criteria named record length, number of missing
data, location of the station, watershed size, and regulation level
were considered for station selection. Data series were screened
to ensure they include no more missing data. Stations on sub-
watersheds with major dams or reservoirs were excluded since
discharge magnitude can be greatly affected by regulation in
rivers [28-29]. All 17 selected hydrometric stations have 24
years or more of discharge data and are appropriate for study.
Daily discharge series measured at the gauging stations were
used for this study. In cases with abnormal data, they were
supposed outliers, and Grubbs-Beck method was applied to
verify them (30). Besides, regression method was used to fill in
missing data in the time series of selected watersheds. Some
statistical features related to study sub-watersheds discharge
values are summarized in Table 1.

Table 1. Statistical features of study station's discharge

= =
2 £ g o TE g5

= E E g S8 EE
a2 E 5 = 83 g3

2 = = 2= w8
Tangrah 0.31 10.39 1.94 1.93 3.88
Tamar 0.81 391 1.67 0.66 2.08
Galikesh 1.31 3.95 2.48 0.75 0.38
Gonbad 2.58 14.48 7.36 3.17 0.71
Lazoureh 1.01 3.96 2.09 0.69 0.90
Araz kouse 2.26 9.08 5.46 1.60 0.44
Bagh Salian 0.23 6.90 3.00 1.79 0.61
Taghi-Abad 0.09 0.85 0.43 0.19 0.30
Agh Qala 0.68 23.03 11.73 6.62 0.27
Naharkhoran 0.13 0.71 0.32 0.15 1.00
Siah-Ab 0.21 4.75 2.03 1.01 0.58
Pole-Ordougah 0.17 0.90 0.49 0.20 0.22
Sarmou 0.36 2.48 1.11 0.58 0.94

2.3. Independent parameters

A Geographical Information System (GIS) database was created
to retrieve land cover, topography, soil types, and land use,
deposition of sediments, and water resources. Watershed
attributes were chosen based on their availability and the
previous studies on national projects (31-32). These attributes
could facilitate the deterioration of the watershed, if do not have
a suitable level [30]. Several layers of spatial information about
elevation, land cover, soil type, and climate were integrated to
retrieve watershed characteristics. Some small watersheds that
were not included in these reference layers were manually
delineated using a Digital Elevation Model (DEM) at a small scale.
DEM at a resolution of 5 meters was used for elevation and slope
data. Climate data were obtained from synoptic stations’
measured data.
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Figurel. The geographical location of Gorganrood and Ghare-sou watersheds Golestan province, Iran

Synoptic stations with 30 years (or more) of data were selected.
Several climate parameters such as De-Martonne coefficient,
mean annual precipitation and mean annual temperature were
computed. All casework parameters (taken from the Natural
Resource Administration of Gorgan) are arranged in Table 2.

2.4. Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is a multivariate technique
that contains approaches that consider all the variables at the
same time. Such approaches focus on the relationships among
variables with the individual characteristics of each one [33-34].
PCA was used to treat stream discharge data from 17 stations
analyzed for 30 variables in the Gorganrood and Ghare-sou
watersheds, North of Iran. The results have identified the
effective parameters on stream flow peaks and the variables that
were not contributing to these streams’ discharge.

In the first step, the covariance matrix is calculated. If X in a
matrix format is the original dataset, which embraces m rows
(different measurements of a specific attribute) and n columns
(which represent the attributes), the covariance matrix Cx will be:

1 1)

Cx =—XXT
X n

Where XT is a transpose matrix of X. Afterward, eigenvectors and
eigenvalues are computed. The eigenvector ¥ is defined as:

(2)

274

Where 1is a scalar value, i.e, the eigenvalue. The below
equations clarify the steps to solve for eigenvalue and
eigenvector:

Cx¥— AW =0 (3)
V(Cy—2AD) =0 4)
Det(Cy — AI) = 0 (5)

Where I is the identity matrix of the same dimension as Cy.
Consequently, each eigenvector is produced by each A times
¥ which is called the principal component. The dimension of the
dataset is equal to the number of principal components. The
number of PCs is usually based on the number of eigenvalues
greater than 1. The ratio between the sum of the eigenvalues and
the eigenvalue of a component shows the percent of the variance
in the original dataset represented by that component [35].

2.5. Regionalization method

Cluster Analysis (CA) assembles objects based on their
characteristics and contains a group of multivariate techniques
whose primary purpose is to find out objects' common features
[36]. Cluster analysis classifies objects based on similarity among
them based on a predetermined selection criterion. The final
groups should contain objects with high internal homogeneity
and high external heterogeneity. Hierarchical agglomerative
clustering is known as the most popular method and acts in a
manner to find intuitive similarity relations among a single
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sample and whole data set, and provides a dendrogram (tree
diagram) [37]. Cluster analysis performs in two ways: model-
oriented and distance-oriented [38]. Presently, distance-oriented
methods are preferred because unlike the model-based methods,
these methods do not take into account the statistical distribution
of the data and also do not estimate the parameters of the
statistical distribution along with the hidden variable (which is
used as the label of the clusters in the introduced model). They
are also easy to use and precious in clustering. These methods

themselves are classified into two groups: chance models and
ordinal ones. Ordinal models are frequently used in comparison
with chance models. Ordinal models start with groups whose
number is equal to the number of parameters. In other words,
there is only one parameter in every single group. In the next
step, the more similar groups join together. In the following, these
groups join other similar groups. Finally, only one group exists
that includes all parameters [39]. In the present study Ward's
method as one of the hierarchical clustering approaches is used.

Table 2. Independent parameters of Gorganrood and Ghare-sou watersheds in Golestan province, Iran

i = < s = g 8 = g
Sub-watersheds % § % % éﬁ :: % E % S E é g E
T & 3 " & & % E ' & £ 3
= ® S <
Min-e (m) -54 -80 200 0 17 100 38 0 -93 -52 80 500 17
Max-e (m) 2538 70 2500 3100 52 1800 -94 3000 85 2612 670 3600 2878
L (km) 34.38 35.28 26.73 41.76 4.89 29.87 12.72 3591 32.56 39.59 21.88 29.69 47.28
P (km) 127.14 14716 86.26 14521 14.97 87.96 3439 12925 8729 16481 58.24 87.96 205.53
A (km?) 19413 264.81 260.80 21515 9535 30555 119.6 212.88 45893 34576 122.75 302.40 78.1
G-co 0.092 0.078 0.047 0.09 0.2 0.04 0.1 0.085 0.026 0.066 0.066 0.12 0.05
S-L (km) 34.98 36.21 25.77 35.15 5.11 34.22 12.82 44.04 37.15 43.5 17.59 28.4 78.5
S-S (%) 6.22 0.12 5.9 7.93 0.14 1.33 0.19 7.66 0.05 4.2 1.00 10.92 4.84
Tc(h) 2.98 13.96 241 6.32 291 5.32 5.25 3.29 19.98 411 3.54 2.05 6.13
V (m/s) 3.26 0.72 2.97 0.66 0.49 1.79 0.68 3.72 0.52 2.94 1.38 3.85 3.56
B-S (%) 21.38 3.31 37.6 55.85 9.04 9.09 3.82 13.46 1.37 4.42 5.71 18.95 30.65
P-A (km?) 5231 151.78 7272 7246 6.15 128,66 14.52  66.71 453.38 133.58 47.17 7.24 35.75
N-A (km?) 56 37.15 62.2 0 1.24 73.02 11.51  55.69 1.2 67.78  29.21 31 6.29
S-A (km?) 13.47 2891 49.56 31.8 0.88 17.95 9.65 55.72 0.01 57.62 15.59 6.49 13.59
E-A (km?) 7.11 32.21 39 53.34 1.01 57.05 8.77 21.01 0.001 39.86 22.42 45.89 18.93
W-A (km?) 65.91 14.42 31.17 55.74 0.25 16.16 3.4 10.39 5.51 133.58 8.36 17.4 36.33
D-d1 (km/km?) 0.34 0.27 0.23 0.26 0.19 0.3 0 0.32 0.29 0.4 0.62 0.56 0.12
D-d2 (km/km?) 0.26 0.16 0 0.11 0.69 0.14 0 0.14 0.15 0.15 0.32 0.32 0
D-d3 (km/km?) 0.06 0.05 0 0.06 0.23 0.03 0 0.17 0.08 0.09 0.19 0.14 0
D-d4 (km/km?) 0.01 0 0 0 0.05 0.05 0 0 0 0.03 0.05 0.11 0
TD_d (km/km?) 0.66 0.49 0.23 0.42 1.17 0.52 0.07 0.64 0.52 0.66 1.17 1.13 0.12
F (km) 1.69 166.82 4.16 0.42 1.2 1.07 1.33 25 12.66 7.14 7.56 10 6.38
Ra (km) 80.39 0.5 10932  46.68 8.34 11589 42.57 221 332.62 24487 107.66 42 189.2
Ag (km) 0 97.49 0.2 0 0 0 3.95 14 113.66 0.16 4.79 0.15 132.43
OT (km) 112.05 0 142.26 168.05 0 188.6 0 150 0 93.53 2.74 50 249.69
P-F (%) 4.34 5.47 1.82 42.65 3.48 0.29 10.94 13.57 53.99 2.35 8.92 0.25 3.93
C-F (%) 4.37 27.08 4.76 2.24 339 1.44 7.14 8.75 10.85 0.21 29.44 36.92 17.98
D-C 8.62 7.13 5.55 6.04 7 6 8.21 8.26 9.2 9.68 6 5.4 6.00
A-T (°c) 16 17 13 13 17 15 17 15 17 17 17 9 13
A-P (mm) 580.11 815.08 873.35 37036 456.82 77254 379.04 743.56 41894 539.34 58242 77893 449.99

Min-e: minimum elevation, Max-e: maximum elevation, L: length, P: perimeter, A: area, G-co: Gravelius coefficient, S-L: stream's length, S-S: stream slope, Tc:

concentration time, V: velocity of flow, B-S: basin's slope, P-A: area of the pediment, N-A: north land's area, S-A: south land's area, E-A: eastland's area, W-A: west
land's area, D-d1,2,3,4:1,2,3 and 4 ranked stream's density. TD-d: total density drainage, F: forest's area, Ra: ranches' area, Ag: agriculture field's area, OT: other
land uses area, P-F: Percentage of permeable formations, C-F: carbonic bed rocks (namely percentage of impermeable formations), D-C: Demarten coefficient, A-
T: annual average temperature, A-P: average annual precipitation.
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Based on the rules of mentioned method, grouping is done based
on intra-group minimum and inter-group maximum variance
[40-41]. Ward’s algorithm [42] is one of the common
regionalization techniques in climatology and hydrology fields
[16, 23, 43-47]. This method acts based on the assumption that
information loss or alteration of the value of the objective
function that occurs in cluster merging depends only on the
relationship between the two merged clusters and is
independent of the relationships with any other clusters.

2.6. Cluster validation indices

There are several methods to determine the heterogeneity in
cluster analysis; one of them is L-moment. Hosking (1990)
introduced L-moments, which are linear combinations of
Probability Weighted Moments (PWMs) and can be directly
interpreted as the shape of probability distributions and scale
measures [48]. Vogel and Fennessey (1993) clarified the
advantages of L-moments compared with conventional moments
[49]. L-moments and L-moment ratios are the basic concepts for
all L-moments steps such as; the homogeneity test,
discrimination of heterogeneous regions (discordancy test), best
distribution determination for each cluster, and the estimation of
parameters (location (n), scale (r), and shape (k)) for selected
distributions [4]. According to Hosking and Wallis (1997), if a
region has N watersheds, for basin i, D; as the measure of
discordancy is computable as the following equation [16]:

D =3 Naw — )" 4 (uy— ) ©

Where ui is a vector containing the L-moment ratios for basin i, &
is the unweighted regional average for ui and A is the matrix of
sums of squares and cross products. For each data set is
determined critical value. If the Di value regarding any station
placed in the cluster is less than the critical value, the cluster is
homogeneous, otherwise, the heterogeneous stations should be
removed from the cluster.

2.7. Best-fit distribution

Statistical tests are required to confirm the appropriateness of
the chosen distribution which provides a certain degree of
confidence. A test based on the Monte Carlo simulation described
by Hosking and Wallis (1993, 1997) is used for this aim [16, 50].
Five statistical distributions are used that include Gen. logistic
(GLO), Gen. Extreme value (GEV), Gen. Normal (GNO), Pearson
type Il (PE3), and Gen. Pareto (GPA). The goodness-of-fit
measure for each distribution is given by:

ZPT = (2T — 1§ + By)/04 (7)
Where 1257 is the theoretical L-Kurtosis coefficient of the
candidate probability distribution. ¥ is the L-moment ratio and
B4 is the bias of 7§ and g, is the standard deviation of £. A

distribution could be declared as fitting satisfactorily if |Z2/ST| <
1.64 [50].

2.8. Multiple regression method

The most commonly used relation between the flow statistics
(represented here by the flood-quantile Qr of return period T
years) and the watershed characteristics (A, B, . . . M) is the
power-form function [48]. The multiple regression model can be
expressed in the following form:

Qr=aAaBbCe.. Mm (8)

Where ais the regression constantand a, b, ¢, ..., m are regression
coefficients described by regression analysis. linear regression
resulting from the logarithms of the variables provides multiple
regression. Final multiple regression was applied to estimate
flood discharge for given frequencies and watershed
characteristics in relation to the homogeneous regions. The
multiple regression technique facilitates flood peak magnitude
determination in ungauged locations by transferring flood
characteristics from similar sites where measured data are
available. The relation is presented by flood-frequency equations
[52]. The regression equations try to connect the most
impressive watershed characteristics (independent variables) to
flood characteristics (dependent variables; Q2, Q5, ..., Q200).

3. Results and discussion

3.1. Determination of effective

parameters

independent

Due to the fact that the first stage of regional frequency analysis
is a close inspection of the data, statistical analysis seems
essential. Gross errors and inconsistencies should be eliminated.
Toward this aim, a check was accomplished, and based on the
results the data were homogeneous (stationary) over time. All 17
sub-basins of the Gorganrood and Ghare-sou watersheds have
been tested with different indices. Among them, one stations’
data showed autocorrelation detected by the Autocorrelation
Function Test (ACF). Additionally, three series failed Kendal's
test. 13 sub-watersheds have remained for classification. 30
independent parameters were calculated and screened with PCA.
All parameters are placed in 6 components that have similar
effects on stream discharge. In each group, the most important
one was selected as a component representative according to its
variance (Red circles in Table 3). The results are arranged in
Table 3. The six components allocated 91.87% of the total
variance to themselves so all of them were used to determine
effective variables.

3.2. Identification of homogeneous regions

Cluster analysis is a standard method of statistical multivariate
analysis for dividing a data set into groups and has been
frequently used to unify regions for regional analysis context.
Regionalization methods such as cluster analysis need to select
effective variables through similarity definition (or dissimilarity)
for the watersheds [15]. Hosking and Wallis (1997)
recommended methods that use watershed characteristics only
for homogeneous region identification. Consequently, the use of
watershed characteristics to conduct independent tests of the
proposed regions is asked [16]. They believe Ward’s method as a
kind of hierarchical clustering method due to minimizing the
Euclidean distance of characteristics space in each cluster is a
powerful approach. In this study, Ward’s clustering method was
chosen for homogeneous regions determination (Fig. 2). At the
next step, the L-moment test was accomplished to test the
heterogeneity of the clusters.

The total area of 13 selected sites is 4784.663 kmZ2. The identified
homogeneous regions (1) and (2) include 2673.81 and 302.4 km?,
respectively. All of the sub-basins except Sarmou located in
region (1), and region (2) included just the Sarmou sub-basin.
Among the 13 studied sub-watersheds, Sarmou sub-basin has the
highest elevation values (minimum elevation of 500 meters and
maximum elevation of 3600 meters). On the other hand, the
mentioned area has the highest slope of the main stream, i.e.
10.92%. Due to its high elevation and slope magnitude, it has the
lowest concentration time of 2.05 hours and has the highest flow
speed of 3.85 m/s. The obvious difference between this sub-
watershed and the other studied sub-watersheds in terms of
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topography and geology (possess the lowest percentage of

permeable formations that is 0.25%) is the main reason for being
heterogenous and forming a separate cluster

Table 3. The result of the Principal Component Analysis

lst an 3rd 4th 5th 6th

Parameters Component Component Component Component Component Component
Min-e -0.1 -0.24 0.13 -0.2 0.17 -0.08
Max-e 0.41 0.07 0.65 -0.41 -0.12 0.09
L 0.45 0.12 0.23 0.18 -0.33 -0.17
P 0.46 0.08 0.04 -0.10 -0.20 0.07
A -0.47 -0.14 0.10 0.3 -0.03 -0.03
G-c -0.44 0.36 -0.06 -0.55 0.54 0.35
S-L -0.4 -0.28 0.18 0.02 0.09 -0.20
S-S 0.57 0.21 0.46 0.01 -0.08 0.15
Tc -0.37 0.39 -0.05 -0.35 -0.17 -0.03
\' 0.45 0.03 0.36 -0.42 -0.13 0.09
B-S 0.05 -0.41 0.36 -0.1 0.37 -0.30
P-A 0.52 -0.03 -0.34 0.55 -0.32 -0.31
N-A 0.4 0.09 -0.27 -0.2 0.16 0.22
S-A 0.28 0.35 0.49 0.12 -0.08 -0.27
E-A 0.34 -0.13 -0.23 -0.01 -0.07 0.09
W-A 0.12 -0.45 0.78 -0.04 0.15 0.19
D-d1 -0.24 0.18 0.08 -0.10 0.56 0.24
D-d2 -0.36 0.23 0.12 -0.02 0.53 0.26
D-d3 -0.08 -0.18 0.08 -0.14 0.51 -0.29
D-d4 -0.32 -0.2 0.52 -0.16 0.56 -0.07
TD-d 0.28 0.07 -0.38 0.15 -0.30 :0.64
P-F 0.19 0.19 0.33 :0.56 -0.06 -0.32
C-F -0.43 :0.43 -0.42 0.31 0.21 0.02
F -0.41 -0.41 0.19 0.15 -0.62 -0.19
Ra 0.12 0.12 -0.01 0.12 0.05 -0.41
Ag -0.10 -0.10 -0.21 -0.34 -0.43 0.23
oT 0.4 0.4 0.24 0.49 0.1 -0.18
A-T -0.17 -0.17 -0.93 0.21 0.11 -0.08
D-C -0.13 -0.13 -0.65 -0.18 0.05 0.45
A-P -0.02 -0.02 0.50 0.39 -0.31 0.27
Eigenvalue 3.79 2.37 191 1.55 0.85 0.56
% of variance 31.56 19.73 15.88 12.96 7.05 4.68
Cum. % of variance 31.56 51.29 67.19 80.13 87.19 91.87

Min-e: minimum elevation, Max-e: maximum elevation, L: length, P: perimeter, A: area, G-co: Gravelius coefficient, S-L: stream's length, S-S: stream slope, Tc:
concentration time, V: velocity of flow, B-S: basin's slope, P-A: area of the pediment, N-A: north land's area, S-A: south land's area, E-A: east land's area, W-A:
west land's area, D-d1,2,3,4:1,2,3 and 4 ranked stream's density. TD-d: total density drainage, F: forest's area, Ra: ranches' area, Ag: agriculture field's area,
OT: other land uses area, P-F: Percentage of permeable formations, C-F: carbonic bed rocks (namely percentage of impermeable formations), D-C: Demarten
coefficient, A-T: annual average temperature, A-D: average annual discharge A-P: average annual precipitation.

3.3. Homogeneity of the clusters

As mentioned in the methodology section, L-moment is used to
determine the homogeneity of groups. In the current study,
discordancy values were measured and H was used to determine
the heterogeneity. H-statistic is a statistical test based on L-
moment ratios. H < 1 indicates that the region is acceptably
homogeneous; 1 < H < 2 means possibly heterogeneous, and H >2
emphasizes definitely heterogeneous situations. The results
show that the absolute values of the H-statistic for both clusters
are less than 1, and these regions are acceptably homogeneous.

The discordancy values regarding study clusters are presented in
Table 4.

3.4. Identification of the best-fit distribution

This section includes the results of parameter estimation and the
best-fit distribution test. In the L-moments approach, the
location, scale, and shape parameters of five commonly used
distributions in regional flood frequency analysis are calculated
by the averages of the L-moments and L-moment ratios in
homogeneous regions. The Z-statistic as a goodness-of-fit index
was used for the identification of regional distribution applied in
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each region. As it is obvious in Table 5 the GPA presents the best
goodness-of-fit at regions (1) and (2).

clustering

1. Taghi-Abad
S 2.Galikesh
3.Lazoureh

4. Pole-Ordougah
5.Gonbad
6.Tangrah
7.Bagh Salian
B. Naharkhoran
0. Agh Qala

10. Siah-Ab
11.Tamar

12. Sarmou
13. Araz kouse

eight
0 100 200 300 400 £CC 800 700

st st
helust (%, “complete”)

Figure 2. Dendrogram of clustered watersheds using Ward'’s
method

Table 4. The discordancy values regarding study clusters

Threshold
Cluster  Sub-watersheds Dlscor:d.ancy limit of . H-Statictic
Coefficient heterogeneity
coefficient
Galikesh 1.01
Tamar 1.30
Gonbad 1.10
Bagh Salian 0.80
Agh Qala 1.20
Araz kouse 0.89
1 Naharkhoran 1.09 3.00 0.98
Taghi-Abad 0.94
Siah-Ab 1.78
Lazoureh 0.85
Pole-Ordougah 1.00
Tangrah 1.00
2 Sarmou 1.33 0.73

The Z value of this distribution is the lowest value of the Z-
statistic (less than 1.64), as a result, the GPA could be introduced
as the best-fit distribution for the flood analysis at the region (1)
and (2). The values of the Z-statistic indicate that the GPA for the
regions (1) and (2) gives close fits to the L-moments' regional
average. The results are shown in Table 5.

Table 5. Goodness-of-fit analysis (ZDIST) for five different
frequency distributions in the homogeneous regions.

Homogenous region

Distribution
Cluster 1 Cluster 2
GLO 0.25 1.51
GEV -1.55 0.68
GPA -5.39 -1.1
GNO -1.63 0.64
PE3 -2.04 0.45

3.5. Multiple-regression results

The aim is to achieve a relationship between the dependent
variable (QT) and independent variables (watershed
characteristics) in each homogeneous region. The parameters of
GPA distribution i.e. location (n), scale (a), and shape (k) were
calculated for each homogeneous region by direct use of the data.
Mentioned parameters are essential for QT estimation. The
predicted flood values of the 2, 5, 10, 25, 50, 100, and 200 years
were calculated for each site. The results are presented in Tables
6and 7.

Table 6. The predicted flood magnitudes (m3/s) by GPA in the
cluster (1)

Sub- .
watershed Return period (T), year
2 5 10 25 50 100 200
Sarmou 1.134 1483 1.660 1.818 1.899 1956 1.996

Table 7. The predicted flood magnitudes (m3/s) by GPA in the
cluster (2)

Return Period (T), year

Sub- watersheds

2 5 10 25 50 100 200

Tangrah 1.79 2.69 3.15 3.55 3.76 391 4.01
Tamar 1.54 231 2.70 3.05 3.23 3.36 3.45
Galikesh 2.29 3.45 4.03 4.55 4.82 5.00 5.14
Gonbad 6.81 10.23 1196 13.50 1429 14.84 15.24
Lazoureh 1.93 2.90 3.40 384 4.06 4.22 4.33
Araz kouse 5.05 7.59 887 10.02 10.60 11.02 11.31
Bagh Salian 2.78 417 4.88 5.51 5.83 6.06 6.22
Taghi-Abad 0.39 0.59 0.69 0.78 0.83 0.86 0.89
Agh Qala 10.87 16.31 19.08 21.54 22.79 23.68 24.31
Naharkhoran 0.30 0.45 0.52 0.59 0.62 0.653 0.67
Siah-Ab 1.88  2.82 3.30 3.73 394 410 4.21
Pole-Ordougah  0.45 0.68 0.79 0.89 0.95 0.98 1.01

The relation among discharges of selected recurrence intervals
of the basin and independent parameters is determined by
multiple-regression method. Output variables from PCA are
entered into the multivariate regression model, but only several
variables will be entered in the text of the final model. The
coefficient related to each variable expresses the intensity of its
effect on the discharge magnitude of the corresponding cluster.
The most common method of estimating the regression model is
the stepwise method (53). In this method, first, the variable that
has the highest normal correlation coefficient with the dependent
variable, if its F statistic is greater than the predetermined F (F
entry), is entered into the equation. The next variables are also
entered in the model in the same way, but simultaneously with
the entry of each new variable, all the variables in the equation
are examined (their partial F is calculated) and if each of them has
lost its significance level, they will be removed from the process.
This operation is repeated and at the end of it, no variable with a
significant level lower than the determined level will be present
in the equation. Mentioned process started with A-T (Annual
Temperature) with 0.93 of negative correlation. It was followed
by TD_d (Total drainage density), F (Forest's area), S-S (Stream
Slope), P-F (Permeable Formation percentage), and C-F
(Carbonic Formation percentage). In the following, to check the
final formula of regional discharge estimation, for validation,
regression was first performed in 10 stations. According to the
results, the value of significance F for the measured flow rate and
six independent variables is 0.03. Considering the confidence
factor of 95% and the low value of Significance F (less than 0.05),
the regression is acceptable. According to the Table 8, the P
values for three independent variables were lower or very close
to 0.05, so these three independent variables determine the
major part of the flow rate changes.
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Table 8. The results of regression among six independent
variables and discharge values in 10 sub-watersheds.

R2 R2adj F Significance
Regression 0.96 0.88 0.032
Variables S-S P-F A-T Intersection
P-Value 0.049 0.007 0.064 0.050
Coefficient -0.859 0.16 -1.08 20.98

The resulting relation will be as follows:

Qr=aS—S)+BP-F)+yA-T)+z (9)

Where Qr is the discharge magnitude for T-year return period in
m3/s. S-S, P-F, and A-T are stream slope, permeable formation
percentage, and average annual temperature, respectively. The
coefficients of the regression equation are also given in Table 8.
The slope of the main stream has a negative effect on the
magnitude of discharge. For a certain amount of precipitation, the
slope of the stream will cause the quick exit of the discharge.
Therefore, the retention of rain in the sub-watershed is short and
the discharge will not affect the following days much. Therefore,
the steep slope of the stream will decrease the average annual
discharge. On the other hand, the percentage of permeable
formations has been introduced as the second influencing
variable with a positive effect on the flow rate. The high
infiltration of rainfall and runoff in the watershed slows down
and reduces the amount of water reaching the river and finally to
the outlet of the watershed. But in the watersheds near the sea,
due to the saturation of the aquifers, sometimes it is not possible
for water to penetrate. Therefore, the precipitation flows quickly
and turns into discharge. In the studied watersheds, the rate of
water infiltration in impermeable carbonate formations is much
higher than in other formations due to deep and large fractures.
The third variable affecting the discharge rate is the average
annual temperature with a negative impress.

In the next step the final relation was validated in three sub-
watersheds that were not included in the regression. The results
are summarized in Table 9.

Table 9. The results of equation validation in three sub-
watersheds (Gonbad, Naharkhoran and Lazoureh)

Observed (m3/s)

Sub-watershed Estimated (m3/s)

Gonbad 2.09 3.05
Naharkhoran 0.43 0.44
Lazoureh 2.48 2.21

Based on the validation estimations, the regional model could be
acceptable.

4. Conclusion

The present study reports a regional analysis carried out in the
north of Iran, with the aim of L-moments approach evaluation for
predicting flood discharge at different return periods. An
accurate data screen of about 13 sub-watershed gauging stations
was accomplished with the help of existing flood data for regional
flood frequency analysis. Firstly, the whole study area was
analyzed and then was categorized as two sub-regions defined by
cluster analysis technique. In conditions with short data records,
the application of probability distributions for predicting the
flood magnitude in different return periods does not seem
rational. However, the application of the L-moments technique
facilitates increasing the data length at regional flood frequency
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analysis. The L-moments approach simultaneously uses several
homogeneous watershed data during a hydrologic analysis.

The results of the PCA technique for the determination of the
main variables showed that the 30 independent variables could
be summarized into six components. The mean annual
temperature, total drainage density, forest's area, stream slope,
permeable formation percentage, and carbonic formation
percentage of sub-watersheds were identified as the most
important variables of the six components. Mentioned variables
as representatives of six components carry the variation of
discharge magnitude (91.87% of total variance).

The Ward’s method as a hierarchical clustering method is a
proper approach for regionalization in hydrology studies. The
results of homogeneity test based on L-moments approach at the
whole study area indicated the study area should be divided into
two homogeneous sub-regions. The least number of series to
calculate regional equations is 5 and because of inadequate data
series having an equation for the region (2) with one sub-basin
was not possible. So the whole case study has been considered as
one homogeneous region. The results of the L-moment ratios and
the Z-statistic criteria identified GPA distribution as the fittest
distribution among five candidates for all the proposed clusters
of the study area.

Finally, based on the results of clustering and stepwise
regression, only three variables defining flood discharge
magnitude were considered. In general, it can be said that due to
the fact that the synoptic stations with more than 30 years of data
series as well as reliable statistical tests have been used for data
analysis, the regional estimation of discharge with the used
methods can be accepted with great confidence. This regional
model can be used to estimate discharge in areas with similar
climatic and hydrological conditions where measured data are
not available.
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0z

Ulkemizde 6zellikle son yillarda sanayilesmenin ve hizh niifus artisinin getirisi olarak artan gevre kirlilikleri, gecen y1l yasanan yangin
ve bu yil devam eden deprem ve sel felaketleri gibi dogal afetlerin hizli artisi, Covid-19 gibi salgin hastaliklarin soniimlenmeden
devam etmesi durumu sebebiyle siirdiiriilebilir kentlere olan ihtiya¢ giderek daha ciddi bir boyuta ulasti1 gézlemlenmektedir.
Siirdiiriilebilir kentlerin tasarlanmasindaki kritik fenomenlerden birisi de kentsel aktif yesil alanlarin mevcudiyeti ve mekansal olarak
tasarlanmasidir. Arazi kullaniminda yapilan halihazirdaki yanlhs planlamalar, 6zellikle siirekli yapilasma faaliyetleri, kentsel yesil
alanlarin mevcudiyeti ve yeterliligini giderek azalttig1 gézlemlenmektedir. Bu calismada, Nigde kent merkezi 6rneginde aktif yesil alan
olarak tanimlanan Cocuk Oyun Alanlar1 (COA), Semt/Mahalle Park Alanlar1 (SPA) ve Spor Alanlar1 (SA) i¢in mekansal yeterlilik ve
erisilebilirlik analizleri gerceklestirilmistir. Bu analizler i¢in 14.06.2014 tarih, 29030 sayili Resmi Gazetede yayimlanan Mekansal
Planlar Yapim Yonetmeligindeki kriterler esas alinmistir. Mekansal yeterlilik analizi sonucunda Nigde kent merkezinde bulunan 26
adet mahalle i¢cerisindeki 24 adet mahallenin aktif yesil alanlarin yetersiz diizeyde oldugu sadece 2 adet mahallenin yonetmelikteki
standartlara uygunluk gosterdigi tespit edilmistir. Yasal yonetmelikte yer alan kisi bas1 10m2/kisi standardinin yakalanmamasi
hazirlanan imar planlarinin aktif yesil alanlar iizerindeki planlamalarin yetersizligini aciga ¢ikarmistir. Calismada mekansal
erisilebilirlik degerlendirmesi icin Buffer ve Network analiz yontemleri kullanilmis ve yontemler birbiri ile karsilastirilmistir. Yontem
karsilastirmasinda ise Network analiz tekniginin Buffer analiz teknigine kiyasla ¢oklu girdi parametresi kullanilmasi sebebiyle daha
kapsamli ve gercekei sonug liriin sundugu tespit edilmistir.

Anahtar Kelimeler: Aktif Yesil Alan, Buffer Analizi, Erisilebilirlik, Mekdansal Yeterlilik, Network Analizi

Abstract

Due to the increasing industrialization and rapid population growth in our country, as well as the rapid increase in natural disasters
such as last year's fire and this year's ongoing earthquake and flood disasters, and the continuation of pandemic diseases such as
Covid-19, the need for sustainable cities has become increasingly compelling. One of the critical phenomena in designing sustainable
cities is the existence and spatial design of urban active green spaces. The current incorrect planning in land use, especially the
continuous construction activities, has been observed to reduce the existence and adequacy of urban green areas gradually. In this
study, spatial adequacy and accessibility analyses were conducted for active green spaces defined as children's playgrounds,
neighborhood/park areas, and sports areas in the Nigde city center example. The criteria in the Spatial Plans Construction Regulation
published in the Official Gazette dated 14.06.2014 and numbered 29030 were taken as the basis for these analyses. As a result of the
spatial adequacy analysis, it was found that in the 26 neighborhoods in Nigde city center, only 2 neighborhoods met the standards in
the regulations, and 24 neighborhoods had insufficient active green areas. The failure to meet the standard of 10m?2/person per the
legal regulations revealed the inadequacy of the planning on active green areas in the prepared zoning plans. Buffer and Network
analysis methods were used for spatial accessibility evaluation in the study, and the methods were compared with each other. In the
method comparison, it was determined that the Network analysis technique provided more comprehensive and realistic results by
using multiple input parameters compared to the Buffer analysis technique.

Keywords: Active Green Space, Buffer Analysis, Accessibility, Spatial Adequacy, Network Analysis

EXTENDED ABSTRACT

Introduction in activities in the physical environment, while accessibility
defines access to resources based on various factors. There are
various studies in the literature on the accessibility of green
spaces in cities. These studies encompass various methods, from

In this text, the importance of urban active green spaces is
emphasized, and the concepts of spatial adequacy and
accessibility are discussed. Spatial adequacy affects participation
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modeling the accessibility of parks in cities to developing
accessibility indices for green spaces and measuring accessibility
to green spaces using buffer analysis and network analysis
methods [19-29]. These studies in the literature highlight the
need to address green spaces within the framework of policies
and emphasize the importance of measuring accessibility
through multiple analyses. Additionally, it is noted that open and
green spaces have a positive impact on social rehabilitation
processes and public health [30]. Therefore, green spaces need to
be addressed in a sustainable manner through goals, planning
approaches, and legal regulations.

In this study, the spatial adequacy and accessibility levels of
existing active green spaces within the widely accepted Nigde city
center in a medium-scale urban area are analyzed. For this
purpose, the input parameter set consists of active green spaces
in the city center, namely Children's Play Areas (CPA), Sports
Areas (SA), and Neighborhood Park Areas (NPA). All data related
to active green spaces were provided by the Nigde Municipality
Parks and Gardens Directorate. Spatial accessibility analyses
were performed using Buffer and Network analysis methods
separately, and the results of all methods were compared to
present conclusions and interpretations.

Materials and Methods

Study Area and Geographic Characteristics: Nigde city center is
located in the Central Anatolian region of Turkey, situated within
six different districts administratively. This settlement, known as
the Cappadocia region, is geographically located between
38.654°N, 37.154°E, 35.761°S, and 33.644°W coordinates. Nigde
has a land area of 7,312.00 km?, and its elevation is 1,229 m. It
has a typical Central Anatolian continental climate, with hot and
dry summers and cold and rainy winters.

Population and Neighborhood Distribution: According to the
TURKSTAT data as of December 31, 2021, Nigde's total
population is 363,725, with the city center's population being
166,511. Nigde city center consists of 26 neighborhoods, with
Asagl Kayabasi being the most populous neighborhood.
Population density is an important factor for understanding the
distribution of populations in geographical regions. Sahsiileyman
Neighborhood stands out as the most densely populated, while
Hamamli Neighborhood has the least population density.

Green Space and Data Acquisition: According to the data provided
by the Nigde Municipality Parks and Gardens Directorate, the
focal point of the study is the neighborhoods within the municipal
boundaries of Nigde. The green space data used in the study were
obtained in Excel format. Neighborhood boundaries and base
orthophoto maps were obtained from the Nigde Municipality
Planning and Urbanization Directorate.

Spatial Adequacy and Accessibility Analysis: Spatial adequacy
analyses for urban active green spaces were first performed on
the digitized data substrate using ArcGIS 10.8.2 software. The
distribution of active green space per person was determined for
each neighborhood, and spatial accessibility levels were later
analyzed using Buffer and Network analysis methods. The impact
areas of active green spaces were compared comparatively with
these analyses.

Results and Discussion

Spatial adequacy analyses of active green spaces in the 26
neighborhoods of Nigde city center were performed using ArcGIS
10.8.2 software. With data obtained from the Nigde Municipality
Parks and Gardens Directorate, a total area of 954,134 m? was
evaluated, covering Children's Play Areas (CPA), Sports Areas

(SA), and Neighborhood Park Areas (NPA). The neighborhoods
with the most Children's Play Areas are ilhanhi and Asagi
Kayabasi, while some neighborhoods have no Children's Play
Areas. In terms of sports areas, Asag1 Kayabasi, {lhanli, and
Efendibey neighborhoods have the largest areas. According to
spatial standards updated in 2014, the minimum green area per
person was determined as 10 m2. Minimum green area standards
and impact areas for different population groups were also
determined and presented in tables. In the study, spatial
adequacy and accessibility analyses of active green spaces in the
26 neighborhoods of Nigde city center were conducted. Spatial
adequacy analyses revealed that only Kale and Cayir
neighborhoods comply with the green area standards specified in
the regulations. It was determined that the remaining 24
neighborhoods fall below the standards. Green space density was
mapped into three classes, low, medium, and high density, using
ArcGIS software. According to this analysis, it was evaluated that
11 neighborhoods are high-density, and 15 neighborhoods are
low-density.

In the second part of the study, spatial accessibility analyses of
active green spaces in Nigde city center were conducted. In this
analysis, a total of 242 green space data points for 26
neighborhoods were used, and the impact areas of these spaces
were determined using Buffer and Network analysis techniques.
The analysis results were used to evaluate the impact areas
determined for different types of green spaces. According to the
impact areas determined by Buffer analysis, it was found that 11
neighborhoods have high density, and 15 neighborhoods have
low density. Additionally, in the analyses conducted using the
Network analysis technique, spatial accessibility was evaluated
with more complex planning. In this analysis, walking times for
individuals at different speeds to access green spaces were
determined using road network data. When the results of the two
analysis techniques were compared, it was found that the
Network analysis provides more comprehensive and realistic
results. Network analysis stands out as a preferred method
because it can evaluate environmental factors in more detail and
produce visually more accurate results.

Conclusion

This study emphasizes the critical role of the presence and spatial
design of active green spaces in sustainable urban planning. The
analysis results indicate that active green spaces are insufficient
in many neighborhoods in Nigde city center, and the legally
specified standard of 10 m? per person cannot be achieved.
Supporting this situation, green area studies in Nigde state that
structural areas have doubled and green area quantities have
halved over a 10-year period [37]. It is also noted that the
continuous expansion of the city center with the increase in
population adversely affects active green spaces and causes
significant damage to the ecosystem [39]. A noteworthy feature
of this study is the use of Buffer and Network analysis methods
for spatial accessibility assessment. The comparison of these
methods reveals that the Network analysis technique provides
more detailed and realistic results. This demonstrates that the
examination of spatial adequacy analyses with different
methodologies enhances the reliability of the study.

The results of the study serve as an important reference for urban
planning and management. It emphasizes the necessity of
considering critical elements such as the existence of urban green
spaces and their effective planning in the design of sustainable
cities. The study clearly illustrates how these critical phenomena
are applied in the example of Nigde city center.
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1. Giris

Acik alan tanimi dahilinde degerlendirilen yesil alanlar, miilkiyet
ve kullanim durumuna goére farkliliklar gosterir. Yesil alanlar,
miilkiyet 6zelinde degerlendirildiginde, kamusal ve 6zel yesil
alanlar olarak, kullanim ozellikleri hususunda
degerlendirildiginde ise aktif ve pasif yesil alanlar olarak
kategorize edilmektedirler. Kullanim 6zellikleri bakimindan pasif
yesil alanlar, mezarlik, askeri yesil alanlar, tarimsal yesil alanlar,
korular, trafik alanlar1 gibi toplumun dogrudan kullanimina agik
olmayan, genellikle ¢evre sagligi, peyzaj, koruma altina alinmis ya
da estetik amach diizenlenen alanlar olarak tanimlanmaktadir
[1,2]. Aktif yesil alanlar ise, insanlarin dogal ortamda fiziksel
aktivite yapabilmeleri, dinlenebilmeleri ve sosyallesebilmeleri
icin tasarlanmis, toplumun dogrudan erisimine ve kullanimina
actk hava alanlaridir. Bu alanlar, insan sagligina, sosyal ve
ekonomik refaha, dogal ¢evrenin korunmasina ve siirdiriilebilir
kentlerin olusmasina katki saglar [3,4]. Aktif yesil alanlar, agik
hava spor aktiviteleri i¢in uygun alanlar, yiiriiyiis ve bisiklet
yollari, yesil alanlar, oyun alanlari, parklar, bahgeler, su kenarlari
gibi cesitli tiplerde olabilirler. Bu alanlar, ayn1 zamanda dogal
habitatlarin korunmasina ve biyogesitliligin artirilmasina da
katki saglayabilirler.

Siirdiiriilebilir planlamada, aktif yesil alanlarin planlanmasi ve
yonetimi, dogal kaynaklarin korunmasi, iklim degisikligiyle
miicadele, enerji tasarrufu, cevresel strdirilebilirlik ve
mekansal erisilebilirlik gibi konularin ele alinmasini gerektirir.
Ozellikle kent merkezlerinde mevcudiyetini gosteren niifus
baskisina paralel olarak siirekli yapilasma faaliyetleri, karbon
salinimlar1 sebebiyle kentsel 1s1 adalar1 olusmakta ve
cevresindeki yesil alanlara oranla yaklasik 1,3-3,42C [5] fazla 1s1
degerleri gozlemlenmektedir [6]. Bu sebeple kentsel alanlarda
aktif yesil alanlarin varhgi, toplumun yasam Kkalitesi i¢in oldukca
dikkat cekilmesi gereken bir odaktir. Dolayisiyla aktif yesil
alanlarin tasarimi ve yonetimi, dogru materyallerin kullanilmasi,
su yonetimi, atik yonetimi, enerji tasarrufu ve karbon saliniminin

azaltilmas1 gibi siirdiirilebilirlik ilkelerine dayali olarak
uygulanmalidir.

Aktif yesil alanlar, insanlarin dogayla baglantilarini
giclendirerek  saghk ve refahlarimi artirirken, c¢evre

stirdiiriilebilirligi ve toplumsal fayda konularinda da katki ve
hizmet saglayan ¢ok boyutlu bir aractir (Tablo 1). Bu nedenle
kentsel aktif yesil alanlarin yeterliliginin arastirilmas1 ve
erisilebilirlik diizeylerinin sorgulanmasi, stirdiriilebilir kent
tasarimi kapsaminda ele alinmasi gereken iki 6énemli odak
konusunu olusturur.

Mekansal yeterlilik kavrami, bir kisinin fiziksel ¢evresindeki
aktivitelere katilimini etkileyen faktorlerin bir o6l¢iistidiir.
Mekansal yeterlilik, bir kisinin  fiziksel  aktiviteleri
gerceklestirebilmek icin erisebilir, giivenli ve uygun bir ¢evreye
sahip olup olmadigini belirleyen bir kavramdir. Mekansal
yeterlilik, cesitli faktorlerden etkilenir. Bunlar arasinda bélgenin
yuriylise ve bisiklete binmeye uygun olmasi, uygun yaya
yollarinin ve bisiklet yollarinin varligl, engelli erisiminin
kolayligi, ulasim segenekleri ve cevresel faktorler (6rnegin, su
kalitesi, hava kirliligi) yer alir. Mekansal yeterlilik, bir kisinin
fiziksel aktivitelerini gerceklestirmesine yardimci olan énemli bir
faktordiir. Bu nedenle, saglikli bir yasam tarzinin siirdiiriilmesi
icin mekansal yeterliligin artirilmasi 6nemlidir.

Mekansal erisilebilirlik kavrami ise, bir kisinin fiziksel
cevresindeki kaynaklara (is yeri, okul, hastane, alisveris merkezi,
park, vb.) erisebilme yetenegi veya firsati olarak
tanimlanmaktadir. Ciinkii bir kentin daha yasanabilir ve

erisilebilir olma hususu 6ncelikli olarak mekansal erisilebilirlik

diizeyi ile dogru orantilidir [18]. Bu, kisinin konutuna, ¢alisma
saatlerine, sosyal durumuna, ulasim imkanlarina, fiziksel
engellerine ve diger faktorlere baghdir. Mekansal erisilebilirlik,
toplumsal katilim ve sosyal esitligi saglamak i¢in 6nemlidir.
Engelli bireyler, yaslilar, cocuklar, yoksullar ve diger dezavantajl
gruplar gibi baz1 kisiler, fiziksel engeller nedeniyle mekanlara
erisimde zorluklar yasayabilirler. Bu kisilerin engelleri
asmalarina yardimc1 olmak igin, erisilebilirlik standartlar1 ve
politikalarina uygun standartlarda yesil alan olusumlari
yapilmalidir.

Tablo 1. Aktif yesil alanlarin farkli boyuttaki katkilari [7-17].

Table 1. Contributions of active green areas in different
dimensions [7-17].

EKOLOJIK SOSYO- EKONOM MEKANSA  FiZEKSEL
KULTUREL IK LVE VE ESTETIK
YAPISAL

e Kent o Saghkli e Uretim ¢ Kentsel o Kitle etkisi
milrokli yasam tarzi islevi yaplyl ve yapar.
masi olusturur. vardir. karakter e Yénlendir
olusturur e Rekreasyon e Istihda ini meyi
ve etkinlik m islevi olusturu saglar.
iyilestirir imkani gorir. rve e Mekanlari
. sunar. ¢ Rekabe tammlar. siirlar ve

e Biyocesit e Kiiltiirel tei o Kentsel ayurir.
liligi deger deger doku e Landmark
artirir. olusturur. olugtur olusturu etkisi

e Kentsel e Egitsel ur. I. yapar.

151 islevi e Kentsel o Kentsel e Perspektif
adalarini vardir. turizm kimligi ve
azaltir. e Dogave degerin olusturu derinlik

e Karbonu cevre iartirr. r. kazandirir
tutar ve koruma o isgiicii e Mekan .
depolar. farkindaligt ve kullanim e Vurgu

e Kent ve verimi lar1 arasi etkisi
topragin bilinglendir artirir. tampon yaratir.
daki su meyi saglar. e Enerji islevi o Hareketli
kapasites e Stresi verimlil gordr. renkli ve
ini azaltir. igi e Kentsel 151kl1 bir
artirir. e Terapotik saglar. mekanla ortam

e Hava islev goriir. e Bulund r saglar.
kirliligini e Sosyal ugu arasinda e Is181
emer. kaynasmay1 cevred organik elimine

e Tozve saglar. e miilk baglanti eder.
partikiill e Sosyal degerin olusturu o Giriltiyi
eri tutar. iletisimi ve iartirir. I, azaltir.

o Havanin, etkilesimi * Kentin o Gizlilik ve
topragin artirir. monoton mahremli
vesuyun e Topluma geometri k saglar.
korunma huzur ve sini e Kentsel
sim1 rahatlik azaltir. alan
saglar. saglar. * Yapi icerisinde

e Topragin e Fiziksel ve enerji ki kotii
verimlilig zihinsel maliyetl goriintiile
ini saglar. saglik erini ri kamufle

o Giriltiid sorunlarini diigirir. eder.
en onarir ve * Kentsel
kaynakl iyilestirir. yag
kirliligi o Gelisim kitlesi
onler becerilerim olgegini

i ve bilissel insan
yetenekleri olgegine
icerir. indirger.

Aktif ve yesil alanlarin mekéansal yeterliligi ve erisilebilirligi
konusunda literatiirde bir¢ok ¢alisma mevcuttur. Bu ¢alismalar,
kentlerdeki parklarin erisilebilirligini modellenmesinden, yesil
alanlar icin erisilebilirlik endeksleri gelistirmeye, tampon analizi
ve ag analiz yontemlerini kullanarak yesil alanlara erisilebilirligi
O0lgmeye kadar cesitli yontemleri icermektedir.

Ornegin, [19], kent ceperindeki parklarin erisilebilirligi icin bir
model gelistirmis ve parkin kapasitesini, talep niifusunu,
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mesafeyi, yol kosullarini ve ulasim modlarin1 dikkate almistir.
[20], kentsel yesil alanlarin hiyerarsik diizeylerinde
erisilebilirligini degerlendirmek icin CBS tabanhh analiz
yontemlerinden ag ve tampon analizini karsilastirmali olarak
kullanmistir. [21], Sangay oOrneginde yesil alanlar igin
erisilebilirlik endeksi gelistirmis ve [22], tampon analizi
yontemini kullanarak mekansal planlamanin zorluklarini ortaya
koymustur. [23] ise zaman analizi kullanarak kentsel parklara
erisilebilirligi tahmin etmistir.

Ulkemizde de benzer calismalar yapilmaktadir. Ornegin, Usak
kentindeki yesil alanlarin erisilebilirligi icin tampon analiz
yontemi kullanilmistir [24,25]. Ayrica Usak kentinde kentsel
yayllma baglaminda ag¢ik ve yesil alanlarin stratejileri
belirlenmistir [26]. [27], Erzurum kentindeki li¢ mahallenin yesil
alanlar ile ¢ocuk oyun alanlarinin tampon erisilebilirlik analizini
yapmislardir. [28], izmit sehri yesil alan yeterliligi ve
erisilebilirlik diizeyi analiz edilmis ve Ag analiz yontemi ile
ylurime mesafelerine dayali olarak yesil alanlarin hizmet
alanlarinin haritalanmas1 yoluyla erisilebilirlik analizlerini
gerceklestirmislerdir. [29], calismasinda yesil alanlarin ekolojik
baglantiiginin mekansal zamansal agidan degerlendirmis ve
baglanti haritalarinin  olusturulmasinda ve baglantiiligin
yorumlanmasinda morfolojik mekansal patern analizi ve
network analizi kullanilmistir.

Literatiirdeki bu ¢alismalar, yesil alanlarin politika cercevesinde
ele alinmasi gerektigini ve erisilebilirligin coklu analizlerle
Olciilmesinin 6nemini vurgulamaktadir. Ayrica, acik ve yesil
alanlarin toplumsal rehabilitasyon siireglerine ve halk sagligina
olumlu yonde etki ettigi de belirtilmektedir [30]. Bu nedenle,
yesil alanlarin stirdiiriilebilir hedefler, planlama yaklasimlari ve
yasal diizenlemelerle ele alinmasi gerekmektedir.

Bu c¢alismada, orta dlgekli bir kent uzaminda kabul goren Nigde
kent merkezi icerisinde mevcut olarak bulunan aktif yesil
alanlarin mekansal olarak yeterliligi ve erisilebilirlik diizeyleri
analiz edilmistir. Bu kapsamda aktif yesil alan olarak kent
merkezinde bulunan Cocuk oyun alanlar1 (COA), Spor alanlari
(SA) ve Semt/Mabhalle park alanlar1 (SPA) girdi parametre setini
olusturmustur. Aktif yesil alanlara yonelik tiim veriler Nigde

Merkez Mahalle Adlar

No Merkez Mahalle Adlan  No

Belediyesi Park ve Bahge Miidiirliigii'nce temin edilmistir.
Calismada mekansal erisilebilirlik analizinde Buffer ve Network
analiz metotlar1 ayr1 ayr1 kullanilmis ve tiim metotlarin sonuglari
birbiri ile karsilastirilarak sonug ve yorumlar sunulmustur.

2. Materyal ve Metot
2.1. Calisma alani

Orta Olgekli bir kent olan Nigde kent merkezi (merkez
mahalleleri) ¢alisma alani olarak belirlenmistir. Tiirkiye'nin i¢
Anadolu bélgesinin Orta Kizilirmak Boéliimiinde konumlanan,
Kapadokya bolgesi olarak anilan ve idari sinir1 igerisinde 6 farkl
ilceye (Bor, Merkez, Altunhisar, Ulukisla, Ciftlik, Camardi) ayrilan
bir yerlesimdir (Sekil 1). 38.654°K, 37.154°G, 35.761°D ve
33.644°B koordinatlar1 arasinda yer alan Nigde kentinin
yluzolglimi 7.312,00 km2 olmakla birlikte kent rakimi 1.229
m’dir. Nigde iklimi I¢ Anadolu’'nun tipik karasal iklimi 6zelligine
hakimdir. Bolgede yaz mevsimleri sicak ve kurak, kis mevsimi ise
soguk ve yagishdir.

31 Aralik 2021 Tiirkiye Istatistik Kurumu (TUIK) verilerine gore
Kent niifusu 363.725 kisi olup kentin il merkezinin toplam niifusu
ise 166.511 kisidir [31]. Nigde ili bu haliyle orta 6l¢ekli bir kent
ozelligindedir. Bu ¢alismada yesil alan yeterlilik ve erisilebilirlik
durumunu analiz etmek icin Nigde Belediyesi miicavir alan sinir1
calisma alan sinir1 olarak belirlenmistir. Nigde il merkezinde
toplam 26 mahalle mevcuttur. 36.761 Kkisi ile en fazla niifusu olan
mahalle Asag1 Kayabasi Mahallesidir. 23.989 kisi ile Efendibey
Mahallesi, 21.837 kisi ile Selcuk Mahallesi ve 21.675 Kkisi ile
ilhanli Mahallesi onu takip eder. Niifusu en az olan mahalle ise 51
kisi ile Alaaddin Mahallesi’dir. Bu mahalleyi 142 kisi ile Kale
Mahallesi ve 191 kisi ile Hamamli Mahallesi takip eder. Niifus
yogunlugu, cografi boélgelerin niifus dagiliminmi anlamak igin
kullanilir. Ayrica, ekonomik ve sosyal kalkinma planlamasi, niifus
kontroli, ¢evre yonetimi ve ulasim planlamasi gibi alanlarda da
o6nemli bir faktordiir. Sekil 2’de gosterilen il merkez mahalle
niifus yogunluguna bakildiginda ise 265.24 (kisi/ha) orani ile en
yogun mahallenin Sahsiileyman Mahallesi oldugu, 5.11 (kisi/ha)
orani ile de en az yogunluk gosteren mahallenin Hamamh
Mahallesi oldugu gozlemlenmistir.

1 AppKayabasiMah 14 Nar Mah.
2 Kumiuca Mah. 15 Eskisaray Mah.
3 FertokMah. 16 Ahipasa Mah.
4 Dere Mah. 17 Cayir Mah.
5 Hamami Mah. 18 SialiMah.
6 Sahinali Mah. 19 Yenice Mah.
7 Sehitler Mah, 20 EsenbeyMah. D Uygulama siniri
8  inond Mah. 21 Burhan Mah
9 ilhanh Mah. 22 Aaaddin Mah. Mahalle siniri
10 Efendibey Man, 23 Balhasan Mah.
1 YukanKayabasiMah. 24 KaleMah, Nigde Merkez
12 Selguk Mah. 25 Saruhan Mah, RGB
13 26 Songur Mah.
- Red: Red
g o - Green: Green
_:4Km Il se: Ble

Sekil 1. Calisma alani konumu ve mahalle sinirlarinin gésterimi

Figure 1. Study area location and neighbourhood boundaries
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Sekil 2. Nigde ili merkez mahalleleri niifus yogunluk haritasi

Figure 2. Nigde city centre neighbourhoods population density
map

Calisma alanina ait yesil alan verilerinin tamami Nigde Belediyesi
Park ve Bahgeler Midirliigii'nce excel formatinda temin
edilmistir. Calismada kullanilan mahalle smirlar1 ve althk
ortofoto haritalar ise Nigde Belediyesi Imar ve Sehircilik
Miidirligi'nce temin edilmistir. Bolgeye ait tiim veriler ArcGIS
10.8 yazilimi kullanilarak sayisallastirilmigtir. Olusturulan veri
altligi ile 6ncelikle kentsel aktif yesil alanlar (Cocuk oyun alanlari,
Spor alanlar1 ve Semt/Mahalle parklari) icin mekansal yeterlilik
analizleri gerceklestirilmis, her mahalle i¢in ayr1 ayri kisi basina
diisen aktif yesil alan dagilimi belirlenmis ve daha sonra ise
Buffer ve Network analiz yontemleri ile mekansal erisilebilirlik
diizeyleri analiz edilerek aktif yesil alanlar1 etki alanlar
karsilastirmali olarak degerlendirilmistir.

2.2. Buffer (Tampon) analizi

Bir noktadan, ¢izgiden veya alan 6zelliklerinden belirli bir mesafe
veya tampon mesafesi icinde kalan alanlar1 hesaplayan bir
cografi islemdir [32]. Bu islem, ozellikle arazi kullanim
planlamasi, gevre planlamasi ve yol ag1 planlamasi gibi alanlarda
kullanilir. Yesil alan erisilebilirlik ¢alismalarinda tampon analizi,
yesil alanlarin belirli bir mesafede hangi noktalara ve alanlara
erisilebilir oldugunu belirlemek i¢in kullanilir. Bu analiz,
insanlarin yesil alanlara erisebilme kapasitelerinin artirilmasina
yonelik politika ve stratejilerin olusturulmasina yardimci olur.
Buffer analizinde kullanilan formiil, tampon mesafesi (d) ve veri
katmanindaki o6zelliklerin geometrisine bagh olarak farkh
sekillerde hesaplanir. Ornegin, bir nokta veri kiimesi icin tampon
analizi yaparken, tampon alani dairesel bir sekilde hesaplanir
[33] ve asagidaki formiil kullanilir (Esitlik 1):
A=mx*d"2 D
Burada, A tampon alanini ve d tampon mesafesini temsil eder.
Bagka bir 6rnek olarak, bir cizgi veri kiimesi i¢in tampon analizi
yaparken, tampon alani ¢izginin sag ve solundaki alani
kapsayacak sekilde hesaplanir ve asagidaki formil kullanilir
(Esitlik 2):

A=(dx*2)*L (2)

Burada, A tampon alanini, d tampon mesafesini ve L ¢izginin
uzunlugunu temsil eder.

Yontemin kullanimi ve uygulanisinin basit olmasi en temel
avantajidir.  Yerlesim planlamalarinda, bir yerin ideal
konumunun belirlenmesi veya mevcut bir yerlesim yerinin
genisletilmesi gibi uygulamalarda kullanilmasinda ya da belirli
bir konumun ¢evre alanlarina erisilebilirligini degerlendirilmesi
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gibi planlama, karar verme ve erisilebilirlik analizlerinde siklikla
tercih edilen kullanish bir yéntemdir. Yontem, basit modelleme
teknigi kullandigindan, analiz uygulanirken yerlesim yeri ve
alanlarin karmasiklhigi dikkate alinmaz. Arazi topografyasi, yol
kalitesi, trafik kogsullar1 gibi temel etkilerden bagimsiz olarak
analiz edildiginden yontem tek boyutludur. Bu anlamda da
yotem, kullaniciya bazi dezavantajlar sunmaktadir.

2.3. Network (Ag) Analizi

Cografi veriler lizerinde yerel ve uzak alanlardaki yollar, yliriiyiis
yollari, tren hatlari, vb. Gibi ulasim aglarini analiz etmek igin
kullanilan bir islemdir. Bu islem, 6zellikle lojistik yonetimi, arag
rotalama, acil durum hizmetleri, servis ag1 hizmetleri ve askeri
planlama gibi birgok farkl disiplinde kullanilan ¢ok yoénli bir
aractir [34]. Bir ag {Uzerindeki yollarin ve baglantilarin
hesaplanmasini igerir ve buradaki diigiimler ve aralarindaki
baglantilar arasindaki iliskileri inceleyen bir yéntemdir. Bu
iliskileri gorsellestirme ve nicel olarak analiz etme yoluyla, agin
yapisi ve davranisi hakkinda bilgi edinilebilir.

Network analizi i¢in kullanilan en temel formiil, diigiim derecesi
(node degree) formiiliidiir (Esitlik 3). Bu formiil, bir digimiin
diger diigiimlerle kag¢ kez baglanti kurdugunu hesaplamak i¢in
kullanilir. Eger bir digiimin k baglantis1 varsa, o diiglimiin
derecesi k olarak tamimlanir. Matematiksel olarak, digim
derecesi formiilii su sekildedir [35]:
ki=Yjalij (3)
Burada k i, i. diiglimiin derecesidir, a_ij ise i. ve j. digiimlerinin
baglantili olup olmadigini gésteren bir 0-1 matris elemanidir. };
sembolii toplama islemini ifade eder ve j, tim diger digiimleri
temsil eder.

Bu formiil sayesinde, agda bulunan her bir diigiimiin derecesi
hesaplanabilmektedir. Derece, bir diigiimiin énemini belirlemek
icin kullanilan bir 8lgiittiir. Ornegin, daha yiiksek dereceli
diigiimler agda daha merkezi bir konumda yer alirlar ve
dolayisiyla daha énemli bir rol oynarlar. Ayrica, diisiik dereceli
digiimler daha ¢ok agin cevresinde bulunur ve agin genel
biitiinliigline daha az katki saglamaktadirlar. Buffer analizi ve
Network analizi arasindaki en temel fark, Buffer analizinde
ozelliklerin bir mesafeye gore genisletilmesi ve alanlarin
belirlenmesi, Network analizinde ise yol aginin optimize edilmesi
ve ulasim planlamasinin yapilmis olmasidir. Ancak bazi
durumlarda, tampon analizi ve ag analizi birlikte kullanilarak,
ornegin bir yoldan Dbelirli bir mesafedeki alanlarin
ulasilabilirliginin belirlenmesi gibi analizler yapilabilir. Her iki
analiz tiirlinde de ana girdi parametresi mesafedir.

Network analizi, karmasik iliskileri ve etkilesimleri anlamamiza
yardimcl olan gii¢lii bir aragtir, ancak dogru veri, modelleme
yetenekleri ve analitik becerilere sahip olunmasi gerekmektedir.
Analiz siireci Buffer analizine gére daha karmasiktir. Bu sebeple,
analizin tiim hatlariyla incenip, dikkatli bir sekilde uygulanmasi
ve sonuglarinin yorumlanmasi gerekmektedir.

3. Bulgular ve Tartisma

Bu calismada oncelikle aktif yesil alanlar i¢cin mekansal yeterlilik
analizleri gerceklestirilmis-tir. Bu kapsamda Nigde kent
merkezine ait 26 adet mahalle icerisindeki aktif yesil alanlar
sayisallagtirilarak ArcGIS 10.8 yazilimi kullanilarak islenmistir.
Aktif yesil alan olarak SA, COA ve SPA kullanilmistir. Aktif yesil
alan verilerinin tamami Nigde Belediyesi Park Bahcge
Midirligi'nce temin edilmistir (Tablo 2). Mekansal yeterlilik
analizleri i¢cin mahalle alani (mZ?), mahalle niifus verileri ve
mevcut aktif yesil alanlarin yiizél¢glimleri oranlanarak mahalle



DEU FMD 26(77) (2024) 281-290

basina diisen yesil alan miktarlar1 tespit edilmistir. Bu sayede
aktif yesil alanlarin yonetmelikte yer alan standartlara uygunlugu
ve mekansal yeterlilikleri belirlenmistir.

Aktif yesil alan tanim igerisinde kullanilan SA, COA ve SPA
uygulama alan smir1 igerisinde toplam 954.134 m?’lik bir alana
sahiptir. Toplam 26 mahalle igerisinde 118 adet COA, 117 adet
SA, 4 adet SP, 1 adet Kent Ormani (KO) ve 2 adet Millet Parki (MP)
bulunmaktadir. Kentte en fazla COA sahip mahalle 24 ve 20 adet
cocuk oyun alani ile ilhanli ve Asagikayabasi mahalleleridir.
Kentin bazi mahallelerinde (Esenbey, Sirali, Songur, Sehitler,
Ahipasa, Alaaddin ve Balhasan Mabhallesi) hi¢ COA
bulunmamaktadir. Spor alani bakimindan toplam 20 adet (spor
aleti ve spor sahasi) ile en fazla alana sahip olan mahalleler
Asagikayabagsi, ilhanli ve Efendibey Mahalleridir (Sekil 3).

Tablo 2. Mevcut aktif yesil alan verileri

Table 2. Existing active green area data

VUKARI KAYABAS!
vENICE

SENITLER

SELGUK
SARUHAN

NAR
KUMLUCA

DERE
cani

oine
AHIPASA

5 10 a

Sekil 3. Nigde ili kent merkez mahallelerinde bulunan aktif ve
yesil alan sayilarinin grafiksel gosterimi

1 20 23 10 a0 s0

Figure 3. Graphical representation of the number of active and
green areas in the central neighbourhoods of Nigde province

No Mabhalle ad1 Mahalle Alam  Niifus Verisi Mevcut aktif yesil alanlar Toplam Mahalle Kisi basina
o ; .
(m?) Mahalle/ Cocuk Spor Alani Ye%:::)lan d..b 21“;1 il (tl::;n
Semt Parki Oyun Alani (Adet) :lsan (% )S
(Adet) ( Adet) o
1 Ahipasa 23591.30 255,00 _ _ _ _ _ _
2 Alaaddin 38543.48 51,00 _ _ _ _ _ _
3 Asagi Kayabas1 7610280.20 36,76 2 SP 20 12 SA 97,48 1.28 0.48
8SS
4 Balhasan 25068.03 237,00 _ _ _ _ _ _
5 Burhan 221699.00 1,49 _ 1 _ 3,91 1.76 0.67
6 Cayir 186017.45 1,31 _ 2 1SA 26,18 14.07 0.71
2SS
7 Dere 468456.79 6,82 _ 3 2SA 10,08 2.15 1.46
1SS
8 Efendibey 15125287.10 23,99 1MP 12 9SA 292,21 1.93 0.16
11SS
9 Esenbey 51422.87.00 930,00 _ _ _ _ _ _
10 Eskisaray 155787.79 2,51 _ 1 1SA 1,84 1.18 1.61
11 Fertek 19276522.20 8,87 1KO 4 4 SA 225,70 1.17 0.05
1SS
12 Hamaml 373442.95 191,00 _ 1 _ 340,00 0.09 0.05
13 ilhanh 35106167.60 21,67 _ 24 13 SA 77,94 0.22 0.06
7SS
14 inéni 1792459.35 6,86 _ 11 8 SA 43,00 2.40 0.38
3SS
15 Kale 56456.76 142,00 1SP 1 1SA 27,00 47.82 0.25
16 Kumluca 1571991.80 1,78 _ 3 3SA 5,94 0.38 0.11
2SS
17 Nar 425550.13 3,17 _ 4 3SA 14,27 3.35 0.74
3SS
18 Saruhan 61025.65 920,00 _ 1 1SA 1,33 2.18 1.51
19 Selguk 12737045.30 21,84 _ 12 8 SA 51,33 0.40 0.17
4SS
20 Sirali 63467.44 736,00 _ _ _ _ _ _
21 Songur 30827.59 420,00 _ _ _ _ - _
22 Sahinali 1378953.47 7,46 1SP 2 1SA 9,38 0.68 0.54
23 Sahsiileyman 154201.29 4,09 _ 1 1SA 2,35 1.53 2.65
24 Sehitler 208336.65 3,28 _ 4 _ 2,04 0.98 1.58
25 Yenice 299559.40 5,68 _ 4 2SA 10,40 3.47 1.90
26  Yukari Kayabasi 2605512.41 5,04 1MP 7 3SA 51,40 1.97 0.19
2SS
Toplam 100047674 166511 7 118 73 SA/44 SS 954134 0.95 5.3

SP:semt parki, MP: Millet parki, KO:kent ormani, SA:spor aleti, SS:spor sahast
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2014 yilinda yaymlanan 29030 sayili Mekansal Planlar Yapim
Yonetmeligi madde 11 ve Ek-2 tablosuna gore mekansal
standartlar giincellenerek kisi basina diisen aktif a¢ik yesil alan
miktar1 10 m? olarak yenilenmistir (Tablo 3). Farkli niifus
gruplarinda asgari sosyal ve teknik altyapi alanlarina iliskin
standartlar ve asgari alan biiyiikliikleri tablosunda gecen Cocuk
bahgesi, park, meydan, semt spor alanlari, botanik parklar,
mesire ve rekreasyon alanlar1 0-75.000 arasi niifusa sahip
yerlesim yerleri i¢in kisi basina diisen yesil alan miktar1 10 m2
olarak belirlenmistir. il sinir1 biitiiniinde yapilan planlamalarda
ise hayvanat bahgesi, kent ormani, agaglandirilacak alan, fuar,
panayir ve festival alanlar1 ve hipodromlar i¢in kisi basina diisen
acik ve yesil alan miktar1 ise 5 m? olarak belirlenmistir. Ayrica
yesil alanlar i¢in etki alaninin (erisilebilirlik mesafesi) 500 metre
ylrime mesafesi (yaya) oldugu belirtilmistir.

Yapilan analizler sonucunda 26 mabhalle igerisinde mekansal
yeterlilik bakimindan sadece 2 adet mahallenin y6netmelikte yer
alan yesil alan standartlarina uygun oldugu tespit edilmistir. Bu
mahalleler kisi basina diisen aktif yesil alan orani 47.82 ile Kale
Mahallesi ve 14.07 ile Cayir Mahallesi'dir. Geri kalan 24
mahallenin 4 mZ'nin altinda oldugu ve standart normunun ¢ok

Tablo 3. Mekéansal Planlar Yapim Yonetmeligi EK-2 tablo [36]
Table 3. Spatial Plans Construction Regulation Annex-2 table [36]

altinda kaldig1 gozlemlenmistir. Calismada yesil alan yogunlugu
ArcGIS 10.8 yazilmi  kullanilarak 3 temel sinifta
haritalandirilmistir (Sekil 4).

Haritaya gore 0.00-0.89 (kisi/ha) ‘Diisiik yogunluklu’, 0.90-2.44
(kisi/ha) ‘Orta yogunluklu’, 2.45 ve flizeri (kisi/ha) ‘Yiiksek
yogunluklu’ alanlar1 gostermektedir. Bu dagilima gore 11
mahallenin yiiksek yogunluklu alan oldugu ve kalan 15
mahallenin  ise  diisik  yogunluklu  mahalle oldugu
degerlendirilmistir.

Aktif yesil alanlarinda igerisinde bulundugu servis ya da hizmet
alanlari, ozellikle kamu hizmeti veren yerler, bir¢ok insanin
erisimine ac¢ik olan yerlerdir ve mekansal erisilebilirlik agisindan
ozellikle 6nemlidirler. Calismanin ikinci boliimiinde Nigde ili kent
merkezi icerisinde yer alan aktif yesil alanlarin mekansal
erisilebilirlik analizleri gergeklestirilmistir. Bu bélim icin
oncelikle tiim aktif yesil alan verisi sayisallastirilarak yazilimda
islenmistir (Sekil 5). Bu amagla 26 mahalleye ait 118 adet COA,
117 adet SA, 4 adet SPA, 1 adet KO ve 2 adet MP Alani olmak iizere
toplam 242 yesil alan verisi noktasal bigcimde vektor veri modeli
formatinda analize hazir hale getirilistir.

EK-2 TABLO FARKLINUFUS GRUPLARINDA ASGARI SOSYAL VE TEKNIK ALTYAPI ALANLARINA
ILISKIN STANDARTLAR VE ASGARI ALAN BUYUKLUKLERI TABLOSU
NUFUS GRUPLARI 0-75.000 75.001-150.000 150.001 - 500.000 501.000 +
Asgan Binm P\SQB[I Binm Asgarl Birm Asgarl Birnm
ALTYAPI ALANLARI mikisi | Alan(m?) |m?kisi| Alan(m?) |m?kisi| Alan(m?) |m?kisi| Alan(m?)
Gocuk Bahgesi
SOSYAL  |Park
ACIKVE  |Botanik Parki ‘ 10,00 10,00 10,00 10,00
YESIL Hayvanat Bahcesi
ALANLAR  |\esire Yeri
Rekreasyon

Yesil alan yogunlugu (kisifha)
0.00 - 0.39 (Diisiik Yogunluklu)
0.90 - 2.44 (Orta Yogunluklu)
I 245 > (vuksek Yogunlukiu)

D Uygulama alan siniri

Sekil 4. Yesil alan yogunlugu

Figure 4. Green area density

i&,
4,54

Kent Ormar;|
Mesire Alan|
Millet Parki
Semt Parki
Cocuk Oyun Alani (COA)
@® SporAlani (SA)

Sekil 5. Nigde ili kent merkezi icerisinde yer alan aktif yesil alan
verileri sayisal gosterimi

Figure 5. Numerical representation of active green area data in
the city centre of Nigde province
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Mekansal erisilebilirlik analizinde farkli analiz teknikleri
kullanilmistir. i1k olarak mesafe iizerinden analizler yapan Buffer
analizi uygulanmistir. Buffer analizi mekansal etki belirlemede
siklikla kullanilan diger analiz tiirlerine gore basit bir yontemdir.
Yontem bolgenin topografyasindan, arazi modelinden bagimsiz
olarak uygulanir. Calismada aktif yesil alanlarin hizmet eki alani
olarak Mekansal Planlar Yapim Yoénetmeligi Dordiincii Bolimde
yer alan Mekdnsal Planlarin Yapimina Dair Esaslar hususunda
Yiiriime mesafeleri , Madde 12(2)’ e gére “imar planlarinda;
cocuk bahgesi, oyun alani, acik semt spor alani, aile saghk
merkezi, kres, anaokulu ve ilkokul fonksiyonlar1 takriben 500
metre, ortaokullar takriben 1.000 metre, liseler ise takriben

2.500 metre mesafe dikkate alinarak yaya olarak ulasilmasi
gereken hizmet etki alaninda planlanabilir” [36] seklindedir.
Yasal standartlar geregi etki alaninin belirlenmesinde 500 metre
temel alinarak multiple buffer secenegi ile mesafeler 400 m, 500
m ve 600 m olarak secilmistir. Semt parklari, Kent orman ve
Millet Bahgelerinin yer aldigi Semt/Mahalle Parklari i¢in hizmet
alani ise 1000 m temel alinarak multiple buffer secenegi ile
mesafeler 800 m, 1000 m ve 1200 m olarak secilmistir. Yapilan
analiz sonuglari Sekil 6’da sunulmustur.

__

800 m 400 m
1000 m 500 m
1200 m 600 m

Km

Sekil 6. Buffer analizi sonuglar1 (SP:Semt parki, COA:Cocuk oyun alani, SA:Spor alani)

Figure 6. Buffer analysis results (SP: Neighbourhood park, COA: Children's playground, SA: Sports field)

Mekansal erisebilirlik analizlerinden ikinci yontem olarak
Network analizi teknigi kullanilmistir. Network analiz, bir ag
iizerindeki yollarin ve baglantilarin hesaplanmasini igerir ve
buradaki diglimler ve aralarindaki baglantilar arasindaki
iligkileri inceleyen bir yontemdir. Calismada analiz isleminde
kullanilacak éncelikli veri seti ag verilerinin olusturulmasidir. Bu
kapsamda ArcGIS 10.8 yazilimi kullanilarak Nigde kent
merkezine ait tiim yol ag1 sayisallastirilmistir. Olusturulan yol ag1
verileri bicimlendirilerek yol tiirii, kavsaklar, trafik akis yonleri,
hiz limitleri ve diger ag 6zellikleri veri setine entegre edilmistir.
Ag analizinde kullanilan ulasim agi, 1.derece, 2. Derece ve 3.
Derece olarak katagorilendirilmistir. Yol aglarina gére ortalama
hizlar sirasiyla 70 km/s, 50km/s ve 30 km/s olarak yol
derecesine uygun olarak atanmistir. Yaya yiiriime siireleri
belirlenirken ortalama hizlarina gore 3, 5, 10 ve 15 dakika olarak
kat edebilecegi mesafeler hesaplamalarda kullanilmistir.
Calismada kullanilan 3 tip yesil alan i¢in gergeklestirilen Network
analiz Sekil 7°de ki gibidir. Aktif yesil alanlar i¢in gerceklestirilen
mekansal erisilebilirlik analizlerini degerlendirmek adina iki
yontem sonuglari karsilastirmali olarak yorumlanmistir (Sekil 8).

Buffer analiz teknigi ile gerceklestirilen islemler, Network analiz
teknigine gore daha az veri seti kullanilmasi sebebiyle basit ve
sezgisel olarak gerceklestirilmistir. Bu teknikte bdlgenin
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topografik yapisi, yol mevcudiyeti gibi etkenler dikkate
alinmadan mesafeler belirlenmistir. Network analiz tekniginde
ise daha karmasik bir planlama s6z konusudur. Bélgenin cografi
sartlar, erisilecek yollarin yoni, serit sayisi, yliksekligi, hiz
faktorii gibi coklu girdi parametresini icermesi sebebiyle yapilan
analiz islemi daha karmasik ve nesnel bir analiz tiirtini
icermektedir. Buffer analizi sadece mesafelere dayali olmasi
sebebiyle veri toplama siireci ve islenmesi olduk¢a hizh
gerceklestirilir. Network analizinde ¢oklu girdi parametreleri
kullanilmasi sebebiyle bu analiz tiirii i¢in gerekli olan verilerin
toplanmas1 ve analizi daha zor ve zaman alica olarak
gerceklestirilmistir. Buffer analiz yonteminde, ¢evrilen alanlar
bir ¢ember seklinde, yol gibi arazinin topografik etmenlerinden
bagimsiz olarak belirlenmesi sebebiyle elde edilen sonuglarin
teknik ac¢idan yeterli dogrulugu yansitmadigi tespit edilmistir.
Gorsel teknigi de bu anlamda zayif kalmistir. Network analizinde
ise standart geometrik sekiller yerine ulasim agini1 ve bunun
parametrelerini baz alarak yol hatti boyunca analizler
gerceklestirilmistir. Gorsel acidan da daha dogru sonug triin
sunmaktadir.  Iki yéntem tiim yonleriyle kapsamli olarak
degerlendirildiginde ve sonu¢ {riinler Kkarsilastirildiginda
Network analiz tekniginin daha kapsamli ve gercekei sonuglar
sundugu tespit edilmistir.
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Sekil 7. Network analizi sonuglar1 (SP:Semt parki, COA:Cocuk oyun alani, SA:Spor alani)

Figure 7. Network analysis results (SP: Neighbourhood park, COA: Children's playground, SA: Sports field)
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Sekil 8. Analiz sonuglarinin karsilastirmasi, a;Buffer analiz sonuglar1 gosterimi, b;Network analiz sonuglari gosterimi

Figure 8. Comparison of analysis results, a;Buffer analysis results display, b;Network analysis results display

4. Sonuclar

Bu ¢alisma, Nigde kent merkezi 6rneginde siirdiiriilebilir bir kent
icin 6nemli olan aktif yesil alanlarin mevcudiyeti ve mekansal
olarak tasarlanmasinin 6nemine dikkat ¢ekmektedir. Analiz
sonuglari, kent merkezindeki cogu mahallede aktif yesil alanlarin
yetersiz oldugunu ve yasal yonetmelikte belirtilen kisi bas1 10
m2 /kisi standardinin yakalanamadigini géstermektedir.

Nigde kapsaminda yapilan yesil alan ¢alismalar1 da bulunan
sonucu desteklemektedir. [37], kent merkezinde yaptiklar: yesil
alan yeterliligi degerlendirmesinde 2009-2019 yillar1 arasinda
gecen 10 sene igerisinde yapay yiizey (yapi) alanlarinin 2 kat
arttiglt yesil alan miktarlarinin da yar1 yariya azaldigini
belirlemislerdir. [38], calismasinda orta dlgekli bir kent olan
Nigde kent merkezinin artan niifusa paralel olarak yeni
konutlarin  artmasi yerlesim alanim1  devamli  olarak
genisletmekte oldugunu, bu durumun aktif yesil alanlar1 olumsuz
etkiledigine hatta ekolojik yapiya da biiylik zarar verdigini
belirlemistir. [39], ¢alismalarinda kent merkezinin 589 276.01
m?lik alana sahip 177 adet aktif yesil alan oldugu ve kisi basina
4.09 m? aktif yesil alan distiigii belirlenmistir. Calisma
sonucunda kent merkezinde yer alan aktif yesil alanlarin yetersiz
oldugu tespit edilmis ve bu alandaki yesil alanlarin nicel olarak
artislarini saglamalari adina 6neriler gelistirmistir.

Bu calismanin 6nemli bir sonucu da mekénsal erisilebilirlik
degerlendirmesi icin Buffer ve Network analiz yontemlerinin
kullanilmasidir. Bu yo6ntemlerin karsilagtirmasi yapilmis ve
Network analiz tekniginin daha kapsamh ve gercekei sonuglar
sundugu tespit edilmistir. Gergeklestirilecek mekansal yeterlilik
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analizlerinin tek boyutta kalmadan farkli metotlarla incelenmesi
calismanin gercekligini artirmistir.

Bu ¢alismanin sonuglari, kent planlamasi ve yonetimi i¢in 6nemli
bir referans noktasi olusturmaktadir. Stirdiriilebilir kentlerin
tasarlanmasi icin, kentsel yesil alanlarin mevcudiyeti ve
mekansal olarak tasarlanmasi gibi kritik fenomenlerin dikkate
alinmasi gerekmektedir. Bu ¢alisma, bu fenomenlerin Nigde kent
merkezi 6rneginde nasil uygulandigini géstermektedir.

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

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

TesekKiir

Calismada kullanilan aktif yesil alan verilerinin tedariginde
yardimlarini esirgemeyen Nigde Belediyesi Park ve Bahgeler
Midiirliigii'ne, ayrica ¢alismada kullanilan mahalle sinirlar1 ve
altlik ortofoto haritalarin tedariginde ise Nigde Belediyesi imar
ve Sehircilik Miudirligi'ne yardimlar1 igin tesekkiirlerimizi
sunariz.

Yazar katkilarinin beyam

Yazar 1, elde edilen verilerin analizini gergeklestirmis ve
makalenin sonuglarina ulagmistir. Buffer ve network analizleri
tzerinden elde edilen sonuglar1 istatistiksel olarak
degerlendirmis, grafikler ve haritalar araciligiyla etkili bir sekilde
sunmustur. Ayrica, diger yazarlarin metinleri tizerinde elestirel
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bir inceleme yaparak, metodoloji, sonuglar ve onerilerle ilgili
herhangi bir tutarsizlik veya iyilestirme alanini belirlemistir.
Ayn1 zamanda, makalenin genel akisini ve anlatisini
gliclendirmek adina yazim siirecine de katkida bulunmustur.

Yazar 2, makalenin deney tasarimi ve veri toplama asamalarina
liderlik etmistir. Buffer ve network analiz tekniklerini kentsel
yesil alanlar icin uygulayabilmek adina uygun bir metodoloji
belirlemis ve bu metodoloji dogrultusunda saha ¢alismalarini
organize etmistir. Yesil alanlarin belirli 6zellikleri, kullanic
profilleri ve mekansal veriler bu asamada toplanmis, ayrica bu
verilerin nitel ve nicel analizleri i¢cin uygun yontemler
tasarlanmstir.

Yazar 3, makalenin temel fikirlerini olusturma asamasinda 6ne
cikmistir. Kentsel yesil alanlarin mekansal yeterlilik ve
erisilebilirlik analizi konseptini gelistirerek, literatiir taramasiyla
mevcut bilgileri degerlendirmistir. Bu asamada, kentsel
planlama, yesil alan tasarimi ve cografi bilgi sistemleri gibi farkl
disiplinlerden gelen literatiirii kapsayan bir genel bakis saglamis
ve calismanin temelini olusturmustur.
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Abstract

In this study, a filter has been incorporated to enhance the performance of the PID controller, which is commonly used for controlling
suspension systems. While designing this filter, the insipration has been the low-pass filter used in sliding mode controllers to prevent
chattering and uncertainties in system parameters, unlike conventional PID controller filters. Additionally, the filtered force value
was combined with the force value obtained from the PID controller using an equation based on a coefficient, and filter coefficients
were optimized through genetic algorithms. As a result of the optimization, the designed controller was simulated for various road
inputs that could be encountered, and results were obtained. By comparing the results obtained with a PID controller without a filter
and without a controller, the performance of the designed controller is clearly shown according to IAE and ISE criteria. Robustness of
the controller was evaluated under varying mass conditions and its performance was given as a table.

Keywords: Filter PID, Genetic Algorithm, Active Suspension Systems, Robust Control

0z

Bu calismada, slispansiyon sistemlerinin kontrolii icin yaygin olarak kullanilan PID kontrolciiniin performansini arttirmak igin bir
filtre eklenmistir. Bu filtre tasarlanirken, klasik PID kontrolcii filtrelerinden farkl olarak, kayan kipli kontrolciilerde ¢atirtiy1 ve sistem
parametrelerindeki belirsizlikleri 6nlemek i¢in kullanilan diisiik gecirgen filtreden esinlenilmistir. Ayrica filtrelenen kuvvet degeri,
katsayiya dayali bir denklem kullanilarak PID kontrolciiden elde edilen kuvvet degeri ile birlestirilmis ve filtre katsayilar1 genetik
algoritma araciligiyla optimize edilmistir. Yapilan optimizasyon sonucunda tasarlanan kontrolci, karsilasilabilecek gesitli yol girisleri
icin simule edilerek sonuglar elde edilmistir. Kontrolciisiiz ve filtresiz PID kontrolcii ile elde edilen sonuglar kiyaslanarak, tasarlanan
kontrolciiniin bagarimi IAE ve ISE kriterlerine goére acik¢a gosterilmistir. Kontrolciiniin giirbiizliigii degisen kiitle kosullar1 altinda
degerlendirilmis ve performansi tablo halinde verilmistir.

Anahtar Kelimeler: Filtreli PID, Genetik Algoritma, Aktif Siispansiyon Sistemleri, Giirbiiz Kontrol

1. Introduction experiences but are less energy-efficient than semi-active

Currently, the widespread use of automobiles has resulted in an systems [9].

increasing importance placed on suspension systems. A good suspension system should control both driving comfort

Suspension systems offer significant advantages in terms of both
road grip and vehicle comfort, thereby rendering their use
inevitable for automobiles [1]. This has led to the emergence of
new research areas aimed at optimizing and improving
suspension systems [2,3]

In general, suspension systems link the vehicle body and wheels,
allowing for relative movement between them [4]. Such systems
are classified into three categories in the literature: passive, semi-
active, and active suspension systems [5,6,7]. While passive
systems were utilized in earlier days, they have become
inadequate in terms of comfort with the advent of semi-active
and active systems [8]. Semi-active systems are more effective
than passive systems but consume less energy than active
systems. Active systems, on the other hand, offer superior driving
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and handling parameters in a balanced manner [10]. Hence, the
selected controller should be carefully chosen. Commonly known
controllers in the suspension field include Fuzzy Logic Controller
(FLC) and Proportional-Integral-Derivative (PID) controllers,
which can be applied in different fields [11,12]. In addition to
controller selection, optimization of the controller is also
essential. To achieve this, an optimization method suitable for the
model should be selected. The most common optimization
methods include Particle Swarm Optimization (PSO) and Genetic
Algorithm (GA) methods. Compared to PSO and GA, the Ziegler-
Nichols method is faster but experimental [13,14,15]. Apart from
driving safety and comfort, the applications of active control
systems in suspensions are also encountered in the defense
industry [16].
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Effective controller performance under changing and nonlinear
conditions is crucial in real-world applications [17]. The PID
controller's linear structure renders it non-robust, which is a
significant drawback. Robustness is a crucial characteristic of a
good controller because mass and force in the vehicle continually
vary due to the variable weight of passengers and acceleration in
the direction of gravity on bumps. As a result of the added filter
and optimizations, the PID controller's robustness feature was
enhanced, and its performance improved against varying mass,
effectively endowed the PID controller with enhanced
robustness, a vital attribute for its performance in the presence
of changing and dynamic conditions. Furthermore, when PID is
used alone, it achieves stability in a matter of seconds; however,
the addition of the filter has expedited this process significantly.
The introduction of the filter has not only reduced oscillations but
has also led to a faster stabilization.

The significance of this enhancement goes beyond the realm of
control theory. In the context of suspension systems, which play
a pivotal role in automotive engineering, this improved controller
performance carries substantial implications. Suspension
systems are responsible for maintaining vehicle stability,
comfort, and handling, especially when subjected to varying
loads and terrain conditions [18,19]. The ability of the PID
controller, bolstered by the added filter, to respond more
effectively to fluctuations in mass and external forces aligns with
the fundamental objectives of suspension systems. By achieving
a faster and more precise response to these variations, the
controller contributes to a smoother and safer ride, reducing
wear and tear on vehicle components and enhancing overall
driving experience. Thus, the enhanced robustness of the PID
controller holds great promise in advancing the field of
suspension system design and performance, offering potential
benefits for a wide range of automotive applications.

In this study, a quarter car model was utilized, and the active
suspension system was controlled by a PID controller
incorporating a low-pass filter. The PID controller coefficients
were determined using the Ziegler-Nichols method, and
optimization of the filter and adaptation part was carried out
using the Genetic Algorithm. The results indicate that the
performance of the PID controller was significantly enhanced
through the addition of the filter and adaptation parts.

2. Material and Method
2.1. Mathematical model

In vehicle modeling, three main models are typically used: the
quarter car, half car, and full car models. The quarter car model
was selected for this study to demonstrate the impact of the filter
in a straightforward, simplified, and easy-to-understand manner.

mg :s
ks é éll $ CS
Xy
my *
ku

Figure 1. Physical model of quarter car

mg¥s + c5 (ks — %) + ks (s — 2) = 1)
mujéu + Cs(xu - 5‘5) + ks(xu - xs) + ku(xu - xr) (2)
=-u

The physical model of a quarter car is shown in Figure 1. In this
figure; The unsprung mass is denoted by m,,, the sprung mass by
mg, the damping coefficient of the suspension system by c;, the
coefficient of wheel spring by k,, and the coefficient of
suspension spring by k. The specific values for these parameters
are provided in Table 1.

Table 1. Quarter car suspension parameters

Parameter Symbol Value (Unit)
Quarter body mass mg 290 (kg)
Suspension spring coefficient m, 16812 (N/m)
Damping coefficient Cs 1000 (Ns/m)
Wheel mass ky 59 (kg)

Wheel spring coefficient kg 190000 (N/m)

To simulate real-life scenarios as closely as possible, three
distinct types of road inputs were utilized in this study. In
addition to the continuous ISO input, step and bump inputs were
implemented to assess how the system responds to sudden
disturbances. This approach was employed to ensure that the
study accounted not only for permanent effects, but also for any
potential road irregularities that could arise. The ISO path used
in the study consists of 3 different qualities. The first quality is
the A-B quality highway, which is frequently used in cities. The
other two grades were chosen as B-C and C-D to test the study in
more demanding conditions.

-w
Ga(n) = Galno) * () 3)
Where, G is displacement PSD in m3, n is the spatial frequency,
ngy = 0.1 cycles/m in the reference spatial frequency and w is the
exponent of the fitted PSD.

Three different road qualities mentioned in Table 2 were applied
at 10 second intervals so that all of them could be tested. Thus,
the continuity on the road was not disturbed and three different
situations as road entrance were examined.

Table 2. ISO 8608 thresholds of the first three classes (A-C)
[21,22]

1SO 8608 class G4(n)(107¢ * m?)
A (very good) <32

B (good) 32-128

C (average) 128-512

Step and bump entrances, where we can examine possible
distortions on the road, unlike the continuous road, were also
examined. At the step entrance, the behavior of the vehicle after
climbing the 0.05m high step was observed. At the bump
entrance, two short-term impacts, the first of which is 0.035m
high and the second 0.025m high, were applied to the vehicle and
thus the resistance of the study to sudden impacts was also
tested.
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2.2. Control algorithm

To enhance the performance of the system, appropriate control
algorithms were chosen and optimized. A low-pass filter was
integrated into the PID controller, and this filter was optimized
using a genetic algorithm. Furthermore, the integration process
itself was optimized using a genetic algorithm as well.

Ziegler-Nichols

K T T Genetic
‘ ,‘ # Algorithm
— e —P PID ‘L
Upp: o Upp+
" (2-0) Urie u
Fier

Filter *

T

Algorithm
Figure 3. PID incorporated filter optimized GA

(4)

e =X, —Xs

Xspor = 0 (5)
Utilizing an adaptive a value in lieu of a constant integration of
the filter and PID controller enhanced the agility of the controller
and amplified its efficacy.
u=a*upp + (2 —a) * Upjiter (6)
The optimal value of the o was determined as 1.487 for the
current system through the utilization of a genetic algorithm.

PID controller is one of the most common controllers used in
suspension systems. It takes a selected parameter in the system
as an error and multiplies them with a proportional coefficient
after taking the error itself, its integral and its derivative. The
resulting force enters the system as an input and the error is tried
to be minimized. In this study, the position of the sprung mass
was taken as the error parameter.

de(t)
ac)

Uupip(t) = Ky % (e(t) + - [ e(t)dt + Ty 7

In this equation; K, represents proportional coefficient; T;
represents integral coefficient and T; represents derivative

coefficient. These coefficients should be chosen carefully to
minimize the error.

tis] tls]

(b)

#hye®aw

-

de(t)
Ta=5

Figure 4. The block diagram of PID controller

— Kp —»
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Figure 5. The block diagram of Ziegler-Nichols method

The Ziegler-Nichols method is a commonly preferred technique
in suspension systems for determining the optimal controller
parameters. This method involves subjecting the controller to
sustained oscillation at a non-zero reference level and
subsequently deriving the PID coefficients based on the resulting
amplitude and coefficients. In this study, the Ziegler-Nichols
method was employed to determine the optimal PID coefficients.

(8)

1
Upitter(5) = Toi1 WPID (s)

In signal processing, using an averaging filter, especially a low-
pass filter, is justified by the fact that the signal's fundamental
characteristics are determined by its low frequencies, whereas
high frequencies often reflect unaccounted dynamics.

To preserve the signal's slow component, the cutoff frequency of
the low-pass filter must be chosen to be large enough while still
removing high-frequency components. As a result, the filter's
output tends towards the equivalent control, ensuring system
stability. This approach eliminates the requirement for an
accurate mathematical model of the system, thereby increasing
the designed controller's practicality [23].

Unlike the empirical experimentation involved in the Ziegler-
Nichols method, the Genetic Algorithm method relies on
computational optimization to identify the optimal outcome
within a defined range. To achieve this, the Genetic Algorithm
establishes an objective function, which it endeavors to minimize
based on its own predetermined criteria. Establishing an
accurate goal function that aligns with the study is critical for
optimization studies, as it ensures that the optimized results are
aligned with the intended control objective.
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In this study, IAE (Integral Absolute Error) and ISE (Integral
Squared Error) criteria were used to determine the Objective
Function. Acceleration and position, which are the two most
important parameters for suspension systems, were chosen as
the parameters to be used in these two criteria. However, since
the values of the two parameters cannot be similar, a correction
coefficient is used to ensure that their effects are the same.

Gy = k * IAE, + IAE, 9)

G, = k= ISE, + ISE, (10)
G, and G, represent Goal Functions, k represents the correction
coefficient, IAE, and ISE, represents errors of position, IAE, and
ISE, represents errors of acceleration. In order to determine the
correction coefficient, the acceleration and position values
according to the ISO input were taken into account. Since the
distance between the extreme points is approximately 50 times,
the correction coefficient was determined as 50.

Upon establishing the objective function to be optimized, the
Filter and Adaptation coefficients were subsequently determined
via the Genetic Algorithm (GA). The GA is a heuristic search
algorithm inspired by the process of natural selection. In the
context of this study, it was employed to fine-tune the controller
parameters effectively.

The GA operates by creating a population of potential solutions,
where each solution represents a set of coefficients for the filter
and adaptation parts [24]. These coefficients are initially
generated as random numbers within predefined bounds,
effectively initializing the population [25]. Following this, the
algorithm iteratively evaluates the fitness of each solution by
assessing how well it aligns with the optimization objective. The
fitness is determined based on the performance of the PID
controller in reducing error and improving system response.

As the GA progresses through generations, it utilizes a
mechanism akin to natural selection. Solutions that exhibit
promising traits, i.e., coefficients that are closer to the desired
objective, are marked as genes and carried forward to
subsequent generations. This selective process helps refine the
coefficients towards optimal values. Conversely, solutions with
less favorable traits are discarded, ensuring that the algorithm
avoids getting stuck at local optima.

Furthermore, the GA introduces diversity into the population by
creating new individuals independently of the previous
generations. This diversity is essential to explore the search
space comprehensively, preventing premature convergence to
suboptimal solutions. The combination of selective retention of
promising coefficients and the introduction of novel solutions
allows the GA to iteratively refine the PID controller's
parameters, ultimately leading to the observed improvements in
controller performance.

In summary, the Genetic Algorithm played a crucial role in the
fine-tuning of the filter and adaptation coefficients, contributing
significantly to the enhanced robustness and performance of the
PID controller in the context of changing and dynamic conditions.
In light of these details, an explanatory Genetic Algorithm
flowchart is drawn in Figure 6.

In this study, the lower limit of the Filter coefficient T was
determined as 0 and the upper limit was determined as 4, the
lower limit of the adaptation coefficient @ was 0 and the upper
limit was 2, the population number was 100, and the mutation
rate was 20%. The optimal value of the t parameter was

294

determined as 0.149 for the current system through the

utilization of a genetic algorithm.

Population creation

'

Mutation Elimination of bad
individuals
Transfer of genes Best approach of
close to optimal this generation
result

No Optimal result

Yes

Figure 6. The flowchart of Genetic Algorithm

3. Results

According to the information presented, Table 3 displays the
values of objective functions corresponding to the ISO road input,
whereas Table 4 shows the same values for the step input, and
Table 5 displays the values for the bump input.

Table 3. G, and G, results according to ISO road input

G, G,
Passive 67.26 56.47
PID 33.73 64.21
Filter PID 30.43 53.72

Table 4. G, and G, results according to step entry

G, G,
Passive 2.731 4.317
PID 1.564 4.855
Filter PID 0.974 4.063

Table 5. G; and G, results according to bump entry

G, G,
Passive 3.456 1.989
PID 2.548 3.041
Filter PID 1.248 1.332

Upon analysis of the results obtained from the evaluation of the
goal functions, it was observed that the Filter PID method
exhibited superior performance compared to both the Passive
and PID-only approaches. This particular method displayed
enhanced responsiveness and dynamic behavior in the presence
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of abrupt load changes, such as Step and Bump inputs.
Additionally, it demonstrated high effectiveness in tasks
involving ISO road input.

Figure 7 presents the x; graph pertaining to the ISO path input,
while Figure 8 illustrates the acceleration of x, for each case. In
contrast, Figures 9 and 10 depict the graphs for the step input,

o1 T I

and Figures 11 and 12 display the behavior corresponding to the
bump entry.

The effectiveness of the Filter PID method is more clearly evident
in the position graphs of the spring-mass system as compared to
the passive and only PID cases.

Figure 7.
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Figure 8. The acceleration-time graph of all systems according to ISO path entry
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Figure 12. The position-time graph of all systems according to bump entry

To explain the relatively lesser control over acceleration values
compared to position values, it's essential to consider that the
optimizations were conducted with a goal function correction
value set at 50. Reducing this value would render the coefficients
more inclined towards enhancing acceleration. While Table 6
may not demonstrate substantial improvements for ISO input
values, Tables 7 and 8 reveal a more significant enhancement,
particularly for systems characterized by larger disparities
between position and acceleration.

Table 6. ISE, and IAE, results according to ISO path entry

I1AE, ISE,
Passive 28.84 56.18
PID 30.65 64.20
Filter PID 28.25 53.71
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Table 7. ISE, and IAE, results according to step entry

Table 9. /AEp results according to ISO path entry for mass change

IAE, ISE, Mass (kg) Passive PID Filter PID
Passive 1.61 4.29 290 0.7685 0.0617 0.0436
PID 1.39 4.85 319 0.7821 0.0649 0.0438
348 0.7930 0.0695 0.0443
Filter PID 0.90 4.06 377 0.8005 0.0761 0.0449
Table 8. ISE, and IAE, results according to bump entry 406 0.8047 0.0851 0.0456
435 0.8059 0.0995 0.0469

IAE, ISE,
Passive 1.95 1.97
PID 2.21 3.05
Filter PID 1.10 1.34

In order to evaluate the robustness of the system, 10%
increments are introduced to the mass of the spring-mass setup.
The results obtained from these tests are presented in Table 9,
Table 10, and Figure 13. Upon analysis of Table 9, it is observed
that the Filter PID method maintains consistent performance
even with an increase in mass, whereas the PID-only approach
displays decreased performance as it is highly susceptible to
changes in parameters. The passive system also experiences a
reduction in performance but to a lesser extent than the PID-only
method. Similarly, Table 10 reveals that although an increase in
mass results in an improvement in acceleration, the Filter PID
method continues to exhibit the highest performance.

Table 10. [AE, results according to ISO path entry for mass
change

Mass (kg) Passive PID Filter PID
290 28.81 30.65 28.25
319 26.72 28.68 25.84
348 24.97 27.45 23.90
377 23.45 26.94 22.30
406 22.18 26.75 20.99
435 21.03 27.65 19.91

Furthermore, Figure 13 depicts the position graph for the case
with a 50% mass increase, where it is evident that the Filter PID
method is unaffected by changes in mass. These results
demonstrate that the Filter PID method provides superior
robustness to the PID controller and effectively addresses one of
its major shortcomings, which is its dependence on system
parameters.
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Figure 13. The position-time graph for 50% mass increase according to ISO path entry

Table 11. G, results according to ISO path entry for damping
coefficient change

Table 12. G; results according to ISO path entry for spring
coefficient change

cs (Ns/m) Passive PID Filter PID ks (N/m) Passive PID Filter PID
1000 67.26 33.73 30.43 16812 67.26 33.73 30.43
900 67.25 32.27 28.97 15131 66.64 33.18 30.14
800 67.48 30.80 27.50 13450 65.83 32.68 29.90
700 68.04 29.34 26.02 11768 64.88 32.25 29.71
600 69.06 2791 24.54 10087 63.86 31.88 29.58
500 70.85 26.56 23.07 8406 62.92 31.59 29.50
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In order to further broaden the scope of the study, comparisons
have not been limited solely to mass; the spring coefficient k; and
damping coefficient ¢, have also been subjected to a 10%
variation. Despite these changes, Filtered PID has managed to
maintain its robustness. As can be seen in Tables 11, 12, 13 and
14, Filtered PID values are far from sudden changes.

4. Discussion and Conclusion

The current study utilized a quarter car model and employed a
PID controller incorporating a low-pass filter to control the active
suspension system. The Ziegler-Nichols method was employed to
determine the coefficients of the PID controller, and Genetic
Algorithm was utilized to optimize the filter and adaptation
components. The results obtained from this study suggest that
the incorporation of the filter and adaptation parts significantly
improves the performance of the PID controller.

The linear structure of the PID controller results in poor
performance when faced with changes in system parameters.
Consequently, these controllers often fail to meet the essential
evaluation criterion of robustness, which is a crucial
characteristic for effective controllers. Nevertheless, the present
study demonstrates that the integration of a filter with PID
controllers can enhance their robustness. Consequently, this
newly designed controller can be readily implemented in systems
with variable parameters, thereby addressing the issue of poor
performance associated with changes in system parameters.
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Abstract

EN 10346:2015 DX52D+Z steel is a low-carbon, zinc-coated steel suitable for cold forming, widely used in the automotive industry
due to its superior formability despite its low strength. Sheets produced in different sizes and forms are annealed by passing through
the continuous galvanizing line after cold rolling. In this study, fatigue properties of these steels which were joined by spot welding
with low welding current and high welding cycles, were measured and failure characterization was made, too. Tensile testing was
made using a number of lap joints with different parameters and the variation of hardness within the weld area was also investigated.
During the fatigue testing, crack initiation and propagation have been experimentally determined. A significant increase in hardness
was observed from the base metal to the weld nugget, and the welding process caused a 38% reduction in the strength of the base
material due to the heat affect from the joint. In the microhardness test, the highest hardness value was measured in the weld nugget
heat affected zone (228.4 HV), and the hardness of the base metal was 169.4 HV. It has been determined that welded joints have
infinite life below approximately 20% of the maximum tensile load.

Keywords: Low carbon steel, Spot welding, Low welding current, High welding cycles, Fatigue limit

Oz

EN 10346:2015 DX52D+Z, diisiitk mukavemetine ragmen istiin sekillendirilebilirligi nedeniyle otomotiv endiistrisinde yaygin olarak
kullanilan, diisiik karbonlu, soguk sekillendirmeye uygun ¢inko kapl bir ¢eliktir. Farkli ebat ve formlarda tiretilen saclar, soguk
haddeleme sonrasi stirekli galvanizleme hattindan gegirilerek tavlanmaktadir. Bu ¢alismada diisiik kaynak akimi ve ytliksek kaynak
cevrimi ile nokta kaynagl ile birlestirilen bu celiklerin yorulma 6zellikleri 6l¢iilerek hasar karakterizasyonlari da yapilmistir. Farkl
parametrelere sahip bir dizi bindirmeli baglanti kullanilarak ¢ekme testi yapilmis ve kaynak bdlgesindeki sertlik degisimi de
incelenmistir. Yorulma testi sirasinda c¢atlak baslangici ve ilerlemesi deneysel olarak belirlenmistir. Ana metalden kaynak ¢ekirdegine
kadar sertlikte 6nemli bir artis gozlenmis ve kaynak islemi, birlestirmeden gelen 1s1 etkisinden dolayr ana malzemenin
mukavemetinde %38'lik bir azalmaya neden olmustur. Mikrosertlik testinde en yiiksek sertlik degeri kaynak cekirdeginin 1sidan
etkilenen bolgesinde (228.4 HV) 6l¢iilmiistiir ve ana metalin sertligi 169.4 HV olmustur. Kaynakl baglantilarin maksimum ¢ekme
yukiiniin yaklasik %20'sinin altinda sonsuz 6mre sahip oldugu belirlenmistir.

Anahtar Kelimeler: Diisiik karbonlu celik, Nokta kaynagi, Diisiik kaynak akimi, Yiiksek kaynak déngiileri, Yorulma limiti

1. Introduction around 85% and an average of 3,000 to 5,000 spot welds are

Spot welding is the most important joining technique in the
production of basic parts of the vehicles, such as the chassis, it is
mostly associated with automotive manufacturing. In addition to
the developments on the spot welding method, other joining
methods are also in the process of making continuous progress in
the manufacture of the body and bodywork, such as laser spot
welding [1]. It is mostly significant in the automotive and white
goods sectors that studies on safety of passengers and the weight
reduction on the vehicle have led to the use of different materials
together and ultimately search for a different manufacturing
method. However, the most important joining method in the
manufacture of vehicles is still the electric resistance spot
welding method. Compared to other methods in production of
vehicles, the rate of use of spot welds in the vehicle body is
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made on the bodywork of the vehicles [2].

Many studies on issues such as eliminating the basic problems
encountered during the application of spot welding, obtaining
more effective results with changes in parameters, new
applications in spot welding techniques, etc. have continued to
advance from the first days until today [3-11]. Spot welding
problems such as welding spatters, the degradation of the
electrode tip causing short electrode life, a decrease in strength
due to misalignment, shunt current loss between welded points,
welding of more than two sheets, spot welding of different metals
such as aluminum and steel sheets, surface coatings, surface
oxides and surface contact resistance etc. problems have been
extensively studied [12- 20].
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Figure 1. a) Software interface, b) Tensile test specifications and c) Quasi-static tensile test machine

Table 1. Mechanical properties of EN 10346:2015 DX52D+Z steel

Holloman Plasticity

Johnson-Cook Plasticity Model

Model Coefficient Coefficient
Yield Strength (MPa)  Ultimate Strength(Mpa) Total Elongation (%) K n A B n
124,54 253,37 33,1 455,66 0,242 124,83 420,18 0,499
Table 2. Chemical composition of EN 10346:2015 DX52D+Z steel

Si% Mn% P% S% Cr% Mo% Ni% Nb%

0.050 <0.001 0.249 0.006 0.028 0.034 0.014 0.041 <0.002

Al% Cu% Co% B% Ti% V% W% Sn% Ca%

0.165 0.030 0.014 0.0074 0.001 0.003 0.006 0.006  0.0027

As% Mg% Ce% La% Pb% Sb% Te% Ir% Fe%

0.013 0.0006 0.021 0.012 0.003 <0.005 <0.001 <0.001 99.291

m

(@) (b)

©] (d)

Figure 2. Typical geometry of tensile shear spot welding samples including multi-points, a-Single point welded (OP), b-Welded from
two vertical points(TVP), c-Welded from two horizontal points(THP), d-Four point welded(FP).

Many studies have also been conducted on the fatigue behaviour
of different types of loading effects to evaluate the fatigue
strength of spot weld joints [21-23]. Many different methods
have also been proposed to estimate fatigue life of the spot-

welded joints [24-26]. Using fracture mechanics approach that

considers a nugget edge as a crack tip, the fatigue life of the joints
was evaluated on the local stress around weld nugget and local
strain in the vicinity of a weld nugget [27-32].
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The aim of this study is to experimentally investigate the fatigue
properties of plates joined to each other by spot welding of EN
10346:2015 DX52D+Z steel, which is preferred for its easy
formability in the automotive industry. First of all, by keeping the
other five important parameters (Electrode diameter, welding
time, squeeze time, holding time and electrode force) constant,
the welding current that creates the maximum tensile force was
determined. The lap joints were produced with a single and
multiple spot welds and tensile tested. The structure and size of
the weld nugget, fatigue crack initiation and propagation were
examined and fracture mechanisms related to the failure have
been discussed.

2. Materials and Methods

2.1. Materials and methods subheading

The basic mechanical properties and chemical composition of EN
10346:2015 DX52D+Z steel are shown in Table 1 and Table 2,
respectively. The tensile test samples (Fig. 1b) prepared
according to EN ISO 6892-1 standards were tensile tested with
the 8081-Instron universal servo-hydraulic testing machine (Fig.
1c) at a crosshead speed of 0.01 mm/s at room temperature in
accordance with the standards. Here, the data from ten samples
were calculated using software and the basic tensile test average
data were obtained (Fig. 1a).

A semi-automatic spot welder (SIMSEK 50KA) was used for the
welding process. Two sheets of 1 mm thickness were joined
under pre-set PLC control parameters. For this sheet metal
thickness, the recommended G-16 type copper alloy electrode
caps were used for all spot welds. The diameter of the caps is
16mm and the diameter of the welding contact surface is 6mm.
The overall dimensions of samples for fatigue tests are shown in
Figure 2. The sheets were prepared and tested according to EN
ISO 14273 (Specimen dimensions and procedure for shear
testing of resistance spot welds); the samples were in dimensions
of 45 x 105 mm and sliced parallel to rolling direction, and
welded according to the dimensions determined by the standard.
In specimens of shear type tensile fatigue test, two spacers of 45
mm length of the same thickness were mounted on the sample
ends in order to reduce the bending effect. The two sheets to be
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welded were mounted together with 35 mm long surfaces. As it
can be seen in Figure 2. that a combination of a single, double and
quadruple spot welds were used in the tests; spacing between the
spot welds and edges were determined with sufficient distance.

2.2. Optimal weld current procedure

Studies showed that the most important parameter for the
optimum quality, strength and fatigue life of the weld joint is the
form of the nugget that forms between the sheet metals during
the spot welding process. [23, 33-35]. There are many spot
welding parameters such as electrode diameter, current holding
time, clamping time, electrode force, welding current etc. for the
formation of the spot weld joint. The latter is the most significant
parameter compared to other process parameters that determine
the quality of the weld joint. If the welding current is too low, it is
impossible to have sufficient heat generated to form the weld
nugget and hence low mechanical properties are inevitable. Even
if a nugget is formed, it may cause a low strength because of spot
weld nugget considerably smaller than the minimum nugget
diameter [36, 37]. When the current is high, there is a risk of over
melting the entire weld nugget region and result in a decreased
thickness of nugget zone.

The basic principle in spot welding nugget formation is the
contact resistance at the electrode-sheet and the sheet-sheet
interfaces, playing a dominant role in the Joule heat generation
encountered by the welding current as it passes from one
electrode to the other. Hence, the heat is produced in proportion
to the contact resistance of the region formed by the electrodes
and plates [38], and the temperature increase in this region
causes an increase in the overall resistance of this region. Melting
in this zone firstly begins at the contact surface between the
sheets and spreads into the other parts of the both sheets, leaving
metallurgically affected base metal nearby nugget zone.

Electrode surface contact diameter was selected as a 6 mm and
30 cycles of weld time, 60 cycles of squeeze time, 30 cycles of
holding time, 260 kP of electrode force. By keeping these
parameters constant, an optimum the strength levels of the joints
were attempted to obtain with the changing welding current.
Tensile test of specimen joined with different welding currents
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Figure 3. Shear load vs. weld current plot for optimal welding parameters choice
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and consequent microscopic examination showed that 7.75 kA
gives the best optimal shear force value for samples spot welded

(Fig. 3).

The tensile shear test graph of three samples with different
numbers of spot-welding combination produced by using 7.75 kA
welding current is given in Figure 4; other parameters were kept
constant. In order to determine the force for fatigue test, which is
to be performed later, the shear force values were used by taking
the average of 20 shear force-extension tests for each test.

Load (kN)

When the stiffness exceeds the selected 25% value, the joint is
now considered to be failed [39]. The testing was carried out and
the results were calculated over the entire test values as in Figure
4 for a single weld point and for 33%-50%-66% of the average
maximum shear force. As seen in Figure 5, it was determined that
the stiffness value appeared from the upper value of 47% and
slowly progressed downwards throughout the entire test. A large
decrease was observed suddenly when the fatigue life reached
90-95% due to the growing fatigue cracks being unable to carry
the load.

Displacement (mm)

18 20 22 24 26 28

Figure 4. Shear load vs. weld current plot for optimal welding parameters choice

2.3. Fatigue test procedure

8801-Instron universal servo-hydraulic testing machine was
used to conduct fatigue test on lap joint and non-welded test
specimens. The spot-welded samples were subject to various
sinusoidal load by using SAX software preloaded on the universal
testing machine. Considering the sensitivity of the test device, R
= 0.1 for load ratio and a test loading frequency of 25 Hz were
used. In similar studies, the loading frequency was taken within
the range of 5-25 Hz [39, 40]. The weld stiffness behaviour during
fatigue loading test is observed in the force data obtained from
load cell and the displacement data measured with an
extensometer. For welded samples, the weld stiffness value is
taken as 25% as given in the literature [39]. The stiffness value is
the ratio of the differential force value to the displacement change
during the test, and the results were evaluated after the tests.

33%
50%

66%

1000

2.4. Microstructure, fracture morphology observation
and microhardness measurements

For microstructure and fracture morphology observation, all
welded samples were longitudinally sliced along the center of the
nugget. The cutting process was done manually on a Metkon
Metacut-M250 precision cutting machine at high speed.

The sample was mounted for polishing using a thermosetting
plastic compound. The cross-section of the samples was polished
using sand-paper to 1 micron and then etched by holding itin 3%
Nital etchant fluid for 3-3.5 seconds.

Number of Cycles

10000 100000 1000000

Figure 5. Stiffness ratio vs. number of cycles graphs for three fatigue load ratios
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(b)

()

Figure 6. (a) Macrostructure of weld nugget and zones(Base Metal (BM), Heat Affected Zone (HAZ), Fusion Zone (FZ)) (b)
Microhardness of weld nugget region, (c) Microstructure of weld nugget.

Vickers hardness tests were performed with a 100 g load using
Mikrobul low load Vicker hardness tester, on the surface of the
polished specimens. In addition, the measurement was made
along a line parallel to the sheet contact area and at a distance of
850 pum in order to make measurements in the base metal area
with localized microstructural changes took place in the weld
area in Figure 6; hardness values, microhardness indentations
and the distances between them is also given in Figure 6.

Half and symmetrical weld nugget is shown in Figure 6a. The
hardness values measured here are also symmetrical with other
side of the welding. The three typical microstructures in the
welded joint region are called base metal(BM), fusion zone (FZ)
and heat affected zone (HAZ) [Fig. 6a]. The heat affected zone
(HAZ) and the base metal (BM) are clearly separated and this
separation is clearly determined by the microhardness test. In
Figure 64, it can be seen that a hardness of approximately 152.8
HV-0.1 in the weld nugget and 169.4 HV-01 in the base metal
were measured, and hardness reaching the highest value in the
near region of the line separating the weld nugget and the base
metal with 228.4 HV-0.1.

The ferritic-martensitic structure seen in the welding nugget of
low carbon steels and the heterogeneous appearance in the HAZ,
which is also confirmed by hardness measurement, are given in
Figure 6b. In some studies, it has been determined that the
formation of martensite in the welding area of this type of steel is
due to the quenching effect of copper alloy electrodes and their
quenching effect, as well as the short welding cycle. In these FE
technique studies [41-44] in which the weld joint was modeled,
it was calculated that even the 1000 °C/s cooling rate required
for martensite formation was exceeded. As seen in Fig 6¢, as in
similar studies, the HAZ structure in the region close to the fusion
boundary consists of martensite, grain boundary ferrite and
Widmanstatten ferrite [45].

3.

The fatigue life curves of EN 10346:2015 DX52D+Z steel are
shown in Figure 7. Infinite life values for the spot-welded joints
(Fig. 7) are taken according to the maximum shear force (Figure
4). The % ratio of test results is given in Figure 8. The forces were
divided into ten equal parts and applied on the samples prepared
in accordance with the standard. It was assumed that it would
reach an infinite lifetime when the number of cycles exceeded
1E+7.

Results

Each data sets having different type or number weld point could
be characterized by similar smooth curves as in Fig. 7 and Fig. 8.
For test specimens with four different number of spot weld joints,
changes were observed according to the nature of the force
magnitude and the life limits were found to be similar based on
the load amplitude ratio %. As a result of the tests, it was
observed that the fatigue strength was approximately 20% of the
static joint strength. The static strength values used here were
obtained by averaging more than twenty quasi-static tensile
shear tests (Test speed=0.01 mm/s) for each sample containing
a different number of spot welds. The life curves found by the
least squares’ method, which can be defined by the exponential
equation, can be defined by the number of load cycles applied to
the sample up to the values above the life limit (Fig. 7). In the
equations obtained from the curve fitting, the average R-square
of the curve-fit procedure was calculated as 98.2%

Fatigue cracks are encountered in a circular geometry in the
sample around the weld at the sheet interface. This circular form
is one of the most obvious indicators of stress concentration.
Throughout the entire fatigue life, it is believed that the crack
path was determined by the stress distribution around the weld
as no preferred microstructural path was found [39]. Fatigue
strength depends on the nature of the load on the spot weld and
the stress concentration factor of the circumferential notch
around the weld [21].
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Figure 8. Fatigue load ratio vs. cycles-to-failure curves for the tensile-shear samples

Different types of failure modes can be associated with different
separation load type and direction. Naturally, a similar type of
failure mode was encountered in the tests. The samples exhibited
a fracture morphology where the weld button remained intact on
one sheet and separated from the other steel sheet. Fatigue crack
was measured to occur at a distance of approximately 0.75 mm

from the weld button. When a fatigue crack is first formed, the
crack propagates partially along the thickness of the sheet and
around the circumference of the weld button at a small angle.
Then crack continues to expand perpendicular to the direction of
pull as it propagates planarly along the plane towards the base
sheet (Fig. 9).

Figure 9. Development of crack propagation in %50 load amplitude ratio

304
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Figure 10. (a) Failure mode on one-spot welded joint; (b) Failure mode on four-spot welded joint

At this moment, the crack completely penetrates the thickness of
the sheet. Now that the crack has fully penetrated the sheet
thickness, the weld is further released and the tensile-shear
specimen tends to rotate due to the unbalanced load distribution
of the load. As a result, the specimen rotates slowly about an axis
parallel to the tensile plane of the tester jaws (Fig. 10a), except
for the four spot welded specimen by its nature (Fig. 10b).

Mag= HOX
EHT =20.00 V.

Zss,

Figure 11. Microstructure of the crack surface of the welded
joint with a squeeze time of 60 cycles and a welding current of
5.4 kA
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Fatigue increases the stress triaxiality at the crack tip, thus
further increasing the crack growth rate. The overall failure
occurs by tearing of the base material due to the fact that it can
no longer carry the increasing load with the effect of an additional
moment applied at the crack tip.

Microstructures and fatigue crack surface morphologies are
shown i Fig.10 and Fig. 11. As seen in Figure 11., both striation-
like characteristic structure and non-uniform dimple-like
structures were observed. This image suggests a ductile type of
failure. Coarse columnar dendritic crystals (Fig. 6), which can be
easily observed in the spot weld nugget, are surrounded by the
heat affected zone, which has a boundary with different
microhardness values from the base metal and weld nugget. After
the fatigue load, the stress concentration forms a crack. Crack
path is determined along the HAZ boundary, crack initiation and
propagation are probably due to the interaction between plastic
zone formation in this circumferential notch.

4. Discussion and Conclusion

An experimental investigation of the fatigue properties of EN
10346:2015 DX52D+Z steel spot welded samples led to the
following conclusions:

1. Microhardness tests showed that a hardness of
approximately 228.4 HV-0.1 in weld nugget boundary (HAZ),
169.4 HV-0.1 in base metal and 152.8 HV-0.1 in weld nugget.

2. The welding process caused a 38% decrease in the strength
of the base material due to the joining by applied heat and its
effect on the base metal, and it was observed that the fatigue
strength was approximately 20% of the static strength.

3. Fatigue crack was measured to occur at a distance of
approximately 0.75 mm from the weld button. When a fatigue
crack is first formed, the crack propagates partially along the
thickness of the sheet and around the circumference of the weld
button at a small angle. Then crack continues to expand
perpendicular to the direction of load as it propagates planarly
along the plane towards the base sheet.
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Siirdiiriilebilir bir gelecek i¢in temel bir unsur olan hidrojen, kiiresel enerji ve ¢evresel zorluklarda 6nemli bir rol oynamaktadir.
Hidrojen iiretimi icin 6ne ¢ikan yéntemlerden biri, yliksek verimlilik ve 6lgeklenebilirlik sunan hidrokarbonlardan buhar metan
reformasyonudur (BMR). Membran reaktorler (MR’ler), hidrojen tiretimini ve ayrilmasini tek bir iinite icinde entegre ederek BMR
siirecini gelistirmek i¢cin umut verici bir teknoloji olarak ortaya ¢ikmistir. Bu ¢alisma, bir MR icerisinde hem BMR ile hidrojen iiretimini
hem de membrandan gecemeyen gazlardan karbondioksit yakalanmasini igeren iki farkli prosesi icermektir ve bu MR’nin 1-boyutlu
matematiksel modeli olusturulmustur. iki énemli calisma parametresinin (reaksiyon sicaklig ve reaksiyon basinci) membran reaktér
performansi tizerindeki etkileri parametrik olarak incelenmistir. Temel simiilasyon kosullarinda (773 K ve 3 bar), metan dontsimii,
hidrojen geri kazanimi, karbondioksit geri kazanimi sirasiyla %32,43, %61,78 ve %15,69'a esittir.

Anahtar Kelimeler: Membran Reaktor, Hidrojen Uretimi, CO; Yakalama, Matematiksel Modelleme

Abstract

Hydrogen, an essential element for a sustainable future, plays an important role in the global energy and environmental challenges.
One of the prominent methods for hydrogen production is steam methane reforming (SMR) from hydrocarbons, which offers high
efficiency and scalability. Membrane reactors (MRs) have emerged as a promising technology for enhancing the SMR process by
integrating hydrogen production and separation within a single unit. The novelty of this study deals with the application and
mathematical modeling for the first time of both hydrogen production via steam methane reforming, and carbon dioxide capture in
the same MR. The effects of two important operating parameters (reaction temperature and reaction pressure) on the MR
performance are investigated parametrically. At the baseline simulation conditions (773 K and 3 bar), methane conversion, hydrogen
recovery, and carbon dioxide recovery are equal to 32.43%, 61.78%, and 15.69%, respectively.

Keywords: Membrane Reactor, Hydrogen Production, COz Capture, Mathematical Modeling

EXTENDED ABSTRACT

Introduction simultaneously with hydrogen production in MRs may be a

Hydrogen (H:2) production is important for sustainable energy sustainable and promising technology.

due to disadvantages such as increasing energy demand,
depletion of fossil fuels and climate change. Conventional
hydrogen production methods face some disadvatages, revealing
the need for new technologies. Membrane reactor (MR)
technologies provide a solution to improve hydrogen production
by combining thermochemical reaction and membrane
separation processes. MRs have many advantages over
conventional reactors, being more efficient, safe, simple, lower
operating temperature, and can increase reaction Kinetics.
Therefore, MRs have promising potential for sustainable energy
production. However, both MRs and conventional reactors
produce syngas containing CO and CO2, which requires
modification of the hydrogen production and energy processes to
comply with the goal of low/zero CO: emissions to the
atmosphere. In this context, in the future, CO2 capture processes
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Although there are a few studies in the literature on system-level
modeling of a Membrane Reactor (MR) that includes hydrogen
production and CO2z capture processes. However, there are no
studies on hydrogen production and separation and COz capture
at the same time in the same device. Therefore, in this study, a 1-
dimensional mathematical model of an MR that includes both
hydrogen production and COz capture processes was developed
using the MATLAB program. This study examined in detail the
effects of important parameters (such as reaction temperature
and pressure) on MR performance. This modeling study is cited
as a potential route for decarbonized hydrogen production, but
highlights the need for further research in this area.

Mathematical Modeling

A 1-dimensional mathematical model is developed using
MATLAB program under some fundamental assumptions (ideal
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gas, steady-state, no convection, constant pressure along the
reactor, and co-current flow) to investigate the effects of some
operating parameters (reaction temperature and reaction
pressure) on the membrane reactor performance (methane
conversion, Hz recovery, and COz recovery).

Results and Discussion

The main objective of this theoretical study was to develop a MR
to generate decarbonized hydrogen and to define the effect of
some parameters (reaction temperature and reaction pressure)
on the MR performance (methane conversion, hydrogen
recovery, and carbondioxide recovery). Thus, a 1-D model was
developed according to three sides (Reaction, Permeation-1, and
Permeation-2) for describing the behaviors of a membrane
reactor (distrubutions of temperatures and molar flow rates)
during methane steam reforming reaction.

When the change of temperetures on the all sides isinvestigated,
the temperature in the reaction side decreased from 773 K to 764
K along the length of the reactor. While the temperature should
increase again under normal conditions due to the chemical
reactions taking place in the reaction side, no temperature
increase was observed in the proposed MR because the produced
hydrogen and carbon dioxide were constantly leaving the
reaction side. It was observed that the temperature in
permeation side-1 decreased from 773 K to 770 K, and in
permeation side-2 the temperature remained constant at 773 K.

Conclusion
The main findings derived from this study are given as follows:

e  This theoretical investigation has validated the significance
of the reaction temperature as a crucial factor that directly
influences both the rate of reaction kinetics and the overall
performance of the membrane reactor. When the reaction
temperature increased from 723 K to 773 K, the methane
conversion, hydrogen recovery, and carbon dioxide
recovery were raised by 35%, 3%, and 70%, respectively.
By also examining the impact of increasing the reaction
pressure on the system, which is accountable for a favorable
effect on the reaction kinetics rate and the flux of hydrogen
permeation across the membrane, this theoretical
investigation conclusively established that increasing the
reaction pressure from 1 bar to 3 bar, the methane
conversion was decreased by 21%, whereas, the hydrogen
recovery and carbon dioxide recovery were increased by
60% and 100%, respectively.

At the baseline simulation conditions (773 K and 3 bar), the
methane conversion, hydrogen recovery, and carbon
dioxide recovery were calculated as 32.43%, 61.78%, and
15.69%, respectively.

1. Giris

Hidrojen (Hz2) lretimi, enerji talebindeki artis, fosil yakitlarin
tiilkenmesi ve dezavantajlar1 (kiiresel 1sinma ve karbondioksit
(CO2) emisyonlarinin neden oldugu iklim degisikligi) nedeniyle
gelecekte stirdiriilebilir enerji i¢in ¢ok 6nemlidir. Hidrojen
kullanim alanina goére temiz bir enerji tasiyicisi veya kaynagi
olarak kullanilabilmektedir [1, 2]. Giliniimiizde hidrojenin ¢ogu,
termokimyasal yontemler, 6zellikle bir buhar-déniistiiriict, iki
su-gaz-degisim reaktérii ve bir ayirma initesinden olusan
geleneksel reaktorler araciligiyla buharla doniistiirme islemi
kullanilarak ¢ogunlukla dogal gazdan tiretilmektedir [3, 4]. Ancak
geleneksel reaktorlerin hidrojen iiretim performansin etkileyen
baz1 dezavantajlar1 vardir. Bu dezavantajlar, karbon biriktirme,
iretilen hidrojenin ortamdan aninda ayrilmamasi nedeniyle
termodinamik denge sinirlamasi, yiliksek c¢alisma sicaklig
kosullar1 ve daha fazla komponent gereksinimidir. Bu
dezavantajlarin iistesinden gelmek icin yenilik¢i teknolojilerden
biri olan MR teknolojileri umut vadeden bir ¢ézliimdiir ¢iinkii
membran reaktorler, termokimyasal reaksiyon ve membran
ayirma islemlerini tek bir cihaz icinde birlestiren kimyasal
reaktorlerdir. Bu birlesim, geleneksel reaktorlere gore cesitli
avantajlar saglar [3, 4]. En dnemli avantaji, reaksiyon boélgesinde
katalizor varligl ile iretilen hidrojenin ayrilma bélgesine bir
hidrojen gecirgen membran vasitasiyla gecisi sebebiyle
reaksiyon kinetigini gelismesidir. Ayrica MR’ler, hidrojen
gecirgen membranlar ile ayirma ve saflastirma adimlarinin
basitlestirilmesini saglayarak proses yogunlasmasina yol agar ve
enerji tiiketimini azaltir. Genel olarak, MR’ler geleneksel
reaktorlerle karsilastirildiginda, daha az reaktan kullanimi,
gelistirilmis emniyet, basitlestirilmis proses, daha diisiik ¢calisma
sicakligl ve gelismis reaksiyon kinetigi gibi cesitli avantajlara
sahiptir.  Bu nedenle, MR’ler, proses verimliliginin ve
stirdiiriilebilirliginin iyilestirilmesi icin umut vadedici potansiyel
sunmaktadir [3-5]. Ancak hem MR’ler hem de konvansiyonel
reaktorler karbonmonoksit (CO) ve CO: iceren sentez gazi
iretmektedir, atmosfere diisiik/sifir COz emisyonu hedefine
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gore hidrojen iiretimi ve enerji siiregleri degistirilmesi
gerekmektedir. Bu nedenle, gelecekte, bir MR'de es zamanl
olarak hidrojen iiretimi ve CO:z yakalama prosesleri,
siirdiiriilebilir ve gelecek vaat eden teknolojilerden biri olabilir
[6, 7]

Matematiksel modelleme, dinamik veya kararli durum kosullari
altinda MR'lerin sistem davranisini tahmin etmek i¢in kullanilan
onemli bir yontemdir. ve bu sistemlerin yiiksek performansini
saglayan calisma ve tasarim kosullarinin se¢ilmesine yol agabilir.
Literatlirde cesitli yakitlardan hidrojen iiretimi i¢in kullanilan
MR’lerin matematiksel modellenmesi ile ilgili baz1 ¢alismalar
mevcuttur. Ornegin; Patel ve Sunol [8] {i¢ kanaldan olusan bir
MR’nin matematiksel modelini gelistirmistir ve kararli durum
icin kiitle ve enerji denge denklemlerini uygun sinir kosullarini
uygularak ¢ézmistiir. Bu model ile bazi 6nemli c¢alisma
parametrelerinin (yakitin konsantrasyonu, buhar-metan orani,
giristeki gaz sicakligl ve giristeki gaz hizi) MR performansi
(metan doniigimi ve hidrojen geri kazanimi) {zerindeki
etkilerini incelemistir. Di Marcoberardino vd. [9] bir MR'nin 1-
boyutlu modelini gelistirmistir ve bu modeli dogrulamak
amaciyla farkli ¢calisma sicakliklarinda (773, 823, 848 ve 873 K)
ve farkli basinglarda (400-700 kPa) MR performansi (hidrojen
geri kazanimi ve yakit doniisimil) tizerindeki etkilerini
belirlemek i¢in deneysel ¢alismalar da yapilmistir. En iyi ¢calisma
kosulu, %47,4 metan doniisiimii ve %28,1 hidrojen geri kazanim
faktori ile 873 K ve 500 kPa olarak belirlenmistir. Alavi vd. [10]
1-boyutlu MR modeli gelistirmistir ve dnceden yapmis oldugu
bagka bir model ile karsilastirmistir. Damkahler sayisi,
gecirgenlik sayis1 ve buhar/karbon orani gibi bazi parametrelerin
MR performansi (metan doéntisiimii, hidrojen geri kazanimi ve
hidrojen verimi) iizerindeki etkileri incelenmistir. Bu ¢alismada
hidrojen geri kazaniminin maksimum elde etmek ve reaksiyon
bolgelerinde kok olusumu minimuma indirmek amaciyla
optimizasyon c¢alismast da yapilmistir. Sonuglar, metan
déniisiimiiniin ve hidrojen geri kazaniminin sirasiyla % 19,8 ve%
6,8 oraninda arttigim gostermistir. Cruz ve Silva [11] hem
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geleneksel reaktér hemde MR’nin 2-boyutlu modellerini
gelistirmistir. Geleneksel reaktdrde 1250 K calisma sicakliginda
%97,21 metan doniisiimii gozlenirken; MR'de 923 K calisma
sicakliginda %99,79 metan donilisiimii goézlenmistir. Ayrica
hidrojen verimliligi geleneksel ve membran reaktorler igin
sirasiyla 2,154 ve 3,731 olarak bulunmustur. Ghasemzadeh vd.
[12], yogun bir Pd-Ag MR'nin ve esdeger bir geleneksel reaktoriin
performanslarini analiz etmek icin metanol buhar déniisiimii ile
hidrojen liretmek icin kullanilan tek boyutlu ve izotermal bir
model gelistirmistir. Hem MR hem de geleneksel reaktoriin
performanslar1 (metanol doéniisiimi ve hidrojen verimi) bazi
calisma parametrelerine (sliplirme faktori, basing ve gaz saatlik
uzay hizi) gore incelenmistir. Aynm1 kosullar altinda MR ve
geleneksel reaktor icin metanol doniisiimleri sirasiyla %100 ve
%91 olarak bulunmustur. Ayrica MR’de COx icermeyen hidrojen
tretimi %46 olarak hesaplanmistir.

MR’lerin, COz yakalama proses sistemleri ile biitiinlestirilmesi ile
ilgili olarak literatiirde farkli deneysel ve teorik calismalar
bulunmaktadir. Ornegin, Kian vd. [13], Pd bazh bir metalik MR
kullanarak CO2z yakalama ile diisiik karbonlu hidrojen tiretimini
deneysel olarak incelemistir ve 673 K ve 1-4 bar c¢alisma
kosullarinda MR performanslarini (metan déniisiimii, hidrojen
saflig1 ve geri kazanimi, CO ve COz'nin segicilikleri) arastirmistir.
Sonuclar, basing 1 bar'dan 4 bar'a yiikseldiginde metan
doniistimiiniin %23 'ten %42'ye ciktiginy; ayrica 4 bar'da hidrojen
geri kazanimi ve safligin >%99,999 olarak hesaplandigini
gostermektedir. Yakalanan COz, Zeolite 13X'in grami basina 5,96
mmol CO:z (262,25 mg/g) olarak bulunmustur, bu da iiretilen
CO2'nin %80'inin yakalanabilecegini gostermektedir. Shirasaki
vd. [14], Tokyo Gaz Sirketi'nde MR ve CO: yakalama sistemi ile
hidrojen tiretimi dahil olmak iizere biitiinlesik sistem ile ilgili bir
vaka calismas1 yiritmistir. Bu sirket, %90 yiiksek CO:
konsantrasyonuyla 40 Nm3/h yiiksek dereceli hidrojen tireten
biiyiik 6lcekli bir MR gelistirdi ve bir gaz-siv1 ayirici, bir gaz
kompresorii, bir tank ve bir gaz-sivi ayiricidan olusan bir CO2
yakalama aparati tasarlamistir. Sadece %3 enerji kaybi ile
hidrojen iiretim siirecinde, COz emisyonlart %50 oraninda
azaltildig1 gézlemlenmistir. Sonuglar, CO2 yakalama olmadan ve
CO2 yakalama ile hidrojen iiretmek icin sistem verimliliklerinin
sirasiyla %81,4 ve %78,6 olarak hesaplandigin1 géstermektedir.
Nalbant Atak vd. [15], dekarbonize hidrojen iiretmek i¢in bir MR
ve CO: yakalama sistemi iceren biitiinlesik bir sistemin
termodinamik analizlerini (enerji ve ekserji) iceren bir sistem
modeli gelistirmistir. Sistem performansi (termal verim, metan
doéniistimi, hidrojen verimi ve CO:z verimi) ve her bilesenin
ekserji yikimi iizerinde bazi ¢alisma parametrelerinin (¢alisma
sicakligl, basing ve buhar-karbon orani) etkilerini
arastirmislardir. Sonuglar, en iyi metan donilisiimiiniin, hidrojen
veriminin ve COz veriminin sirasiyla %51, %67 ve %22 olarak
hesaplandigini gostermektedir. Temel ¢alisma kosulunda (773 K
ve 9 bar) termal verim %51 olarak bulunmustur. Ovalle-Encinia
vd. [16] bir CO2 gecirgen MR'de es zamanh CO: giderimi ile
hidrojen {retimi i¢in metanin buhar reformasyonu (SRM)
deneysel olarak incelemis ve matematiksel bir modelle analiz
etmistir. Gelistirilen model deneysel veriler ile dogrulanmistir.
Yapilan simiilasyon sonuglarina goére, permeasyon sayisi (0) ve
Damkohler sayisinin (Da) (sirasiyla membran CO2z gegirgenligini
ve kimyasal reaksiyon hizim1 temsil eder) ve reaksiyon
tarafindaki besleme basincinin kimyasal reaksiyon performansi
tizerindeki etkileri sunulmustur. Bu c¢alismanin sonuglari, 5
atm'lik besleme basincinda ve MR’nin siiplirme tarafinda vakum
uygulandiginda, membran reaktdriiniin %99'un tizerinde CH4
doéniigiimi, Hz verimi ve CO2 geri kazanimi saglayabildigini ve
sifir CO ile esasen saf bir Hz akisi iiretebildigini géstermektedir.

Yukarida tartisilan literatiir aragtirmasina gore ve en iyi bilgimize
gore, bir MR’lerin CO2 yakalama sistemleri ile biitiinlesik olarak
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sistem diizeyinde modelleme iizerine birka¢ ¢alisma olmasina
ragmen, dekarbonize hidrojen tiretmek icin bir MR i¢inde hem
hidrojen tliretimi hemde CO2 yakalama proseslerini iceren sadece
bir modelleme ¢alismasi bulunmaktadir. Bu ¢alisma kapsaminda,
literatiirdeki ¢alismadan farkli olarak hem hidrojen iiretimi
hemde CO:2 yakalama proseslerini iceren bir MR’nin 1-boyutlu
matematiksel modeli MATLAB programi kullanilarak
gelistirilmigtir. ilaveten bazi énemli calisma parametrelerinin
(reaksiyon sicakligi ve reaksiyon basinci)) MR performansi
tizerindeki etkileri ayrintili olarak incelenmistir.

2. Matematiksel Model

Sekil 1’de bir MR’de hem hidrojenin tiretilip ayrilmasi hem de CO2
yakalanmas ile ilgili sematik verilmistir. Literatiirden farkli
olarak 6nerilen bu MR’de bir reaksiyon bolgesi iki ayrilma bolgesi
olmak tizere es merkezli tipler halinde tg¢ farkli bolge
bulunmaktadir. Reaksiyon boélgesine, metan (CH4) ve sudan
(H20) olusan bir besleme gazi gonderilir ve katalizor (Nikel-
bazli) varliginda Denklem (1)-(3)’te verilen buhar-metan
doniistiirme kimyasal reaksiyonlari meydana gelerek Hz, CO2, CO,
CHa4 ve H20 iceren bir karisim gazi elde edilir. Uretilen H2'nin bir
kismi, uygulanan hidrojen gecirgenligi itici kuvvetine bagh
olarak, Reaksiyon Bolgesi'nden Ayrilma Boélgesi-1'e hidrojen
gecirgen bir membran vasitasiyla gecerken, iiretilen CO:z ise
Reaksiyon Boélgesi'nden Ayrilma Boélgesi-2’'ye karbondioksit
gecirgen bir membran vasitasiyla gecer. Her iki membrandan da
gecemeyen gazlar ise reaksiyon bolgesinin ¢ikisindan ayrilir.
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Sekil 1. Bir MR’de hem hidrojenin tiretilip ayrilmasi hem de CO2
yakalanmasini gésteren sematik

Figure 1. The schematic of both the production and separation of
hydrogen and the COz capture in an MR

Bu béliimde, reaksiyon bolgesi ve ayrilma bdlgeleri icin ayrintili
kiitle ve enerji korunum denklemleri uygulanarak 1-boyutlu
matematiksel model gelistirilecektir. Sekil 2’de MR’deki her bir

bolge icin sonlu farklar elemanlarim1 goésteren sematik
gosterilmistir. Burada “dz”, kitle ve enerji korunum
denklemlerini tliretmek i¢in kullanilan akis yoniindeki

diferansiyel uzunlugu temsil etmektedir. MR boyunca tiirlerin
kompozisyonlarinin, sicakligin ve basincin sadece eksenel yonde
degistigi ve radyal yondeki degisimlere ilaveten eksenel
diftizyonun da ihmal edildigi varsayilarak, bir tapa akis varsayimi
kabul edilmistir. Tablo 1’de matematiksel modelde kullanilan
hem ¢alisma hem de geometrik parametreler verilmistir.

Modelde kullanilan temel varsayimlar asagidaki gibidir:

Eksenel difiizyon, ve radyal tasinim ihmal edilmistir.

Sicaklik degisimi sadece eksenel yonde dikkate alinmistir.

Hidrojen ve karbondioksit difiizyonu sadece radyal yonde
gerceklesir.

Tiim gazlar ve su buhari i¢in ideal gaz kanunu uygulanir.

Ayrilma boélgelerindeki basing sabittir.

Siipiirme gazi ve besleme gaz1 ayn1 yonde gonderilir (paralel
akim konfigiirasyonu).
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AYRILMA BOLGESI-2
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Sekil 2. (a) Kiitle ve enerji korunum denklemlerini ¢6zmek i¢in kullanilan sonlu farklar elemanlari; (a) reaksiyon bélgesi i¢in ve (b)

ayrilma bolgeleri i¢cin

Figure 2. (a) Finite difference elements used to solve mass and energy conservation equations; (a) for the reaction side and (b) for the

permeation side

Tablo 1. MR modelinde kullanilan ¢alisma ve geometrik
parametreler [10, 16]

Table 1. Operating and geometric parameters used in the MR
model [10, 16]

Parametre Deger
Reaktdr Uzunlugu, L 0,5m
Ayrilma Bolgesi-2 dis yarigapl, r's 0,012 m
Ayrilma Bélgesi-2 i¢ yarigapi, r4 0,00875 m
Reaksiyon Bolgesi-2 dis yarigap, r3 0,00775 m
Reaksiyon Bolgesi-2 i¢ yarigap, r2 0,0045 m
Ayrilma Bolgesi-1 dis yarigap, r1 0,0035 m
Katalizér yogunlugu, p 260 kg/m?3
Reaksiyon Bolgesinin giris basinci, Preak giris 3 bar
Ayrilma Bolgesi-1'in giris basincl, Payr 1,giris 1 bar
Ayrilma Bélgesi-2'nin giris basinci, Payr 2,giris 1 bar

Giris Calisma Sicakhig, Tgiris 773K
CH4'lin giris molar akis debisi, Fcua,in 0,005 kmol/h
H:z0 molar orani, Xuzo 0,73
CO2’nun molar orani, Xco2 0,01
CO’nun molar orani, Xco 0,002

Hz molar orani, Xu2 0,034
Buhar-karbon oran 2

Hidrojen gegirgen membrane kalinhgi, & 20 um
Karbondioksit ge¢irgen membrane kalinhgy, [ 150 pm

-6 B,
Hidrojen akisi formiiliindeki 6n tistel faktor, Bjj, 5,04x10°¢ kmol/(m

h-kPa®%)
Hidrojen akisi formiiliindeki aktivasyon enerjisi, E,, ~ 8700 kJ/kmol
Karbondioksit aki denkleminin iyonik iletim 0,26
parametresi, o
Karbondioksit aki denklemindeki kismi basinglarin 0,88

tistel kuvveti, n¢o,

2.1. Reaksiyon Kinetigi

Buhar-metan doniistirme islemi sirasinda meydana gelen
reaksiyon mekanizmasi asagida rapor edilmistir. Denklem (1)

buhar-metan doéniisimiinii, Denklem (2) su-gaz degisim
reaksiyonunu ve Denklem (3) toplam reaksiyonu
gostermektedir.

CH4 + H20 — CO+ 3H2 (1
CO + H20 - COz+ Hz (2)
CHa + 2H20 - CO2 + 4H> 3)

Denklem (1), (2) ve (3)'te verilen buhar-metan déniistiirme
reaksiyonlari i¢in reaksiyon hizlari asagidaki gibi hesaplanir:

_ 3
Ry = koexp () [pCH4pH20 - %]/ (p%° - DEN?) 4)
R, = ko,exp (;——iz) [pCOPHZO - m{,(ze—?]/(li’yz : DENZ) (5)
_ 4
R3 = kozexp (ﬁ_?) [pCH4pf2120 - %]/(PE{ZS : DENZ) (6)

burada kg, Kcq; ve E;, sirasiyla i reaksiyonu (1, 2, 3) icin lstel
faktor, denge sabiti ve aktivasyon enerjisidir ve bu degerler Tablo
2'de verilmistir. p;, her tiirtin (j: CHs, CO, Hz, COz, H20) kismi
basincin1 gostermektedir. Son olarak DEN, reaksiyona giren
tirlerin aktif katalizér alanlarina adsorpsiyon faktoridiir ve
asagidaki gibi hesaplanir:

)
DEN =1+ Kcy,pcn, + Kcobco + Ku,Pr, + Kn,o ;:D (7)
2

burada Kj, j tiiriiniin katalizér yiizeyindeki adsorpsiyon sabitidir
ve Tablo 3'te verilen parametreler kullanilarak Van't Hoff
denklemi ile hesaplanir.

K; = Kjo-exp (%TE") 8

burada Kj, 6n Ustel faktordiir. Ah;, i tiiriiniin adsorpsiyon 6zgiil
entalpisidir. R ve T sirasiyla evrensel gaz sabiti ve sicakliktir.
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Tablo 2. Reaksiyon hizi denklemindeki sabitler [17]

Table 2. Constants in the reaction rateequations [17]

Reak On iistel faktdr, Aktivasyon Denge Sabiti, K, ;
N?)a { ko (kmol/(kgea-  enerjisi,  E;
i h)) (k] /kmol)

exp((-

1 421x10%5 (bar®S) 240100 26830/ Tre)+30,114)
(bar?)

2 1,95x106 (-) 67130 E};p(M-‘LOO/ Tret)-4,036)

3 1,02x1015 (bar®s) 243900 Koga%Keq, (bar?)

Tablo 3. Van't Hoff denklemindeki sabitler [17]
Table 3. Constants in Van't Hoff equation [17]

On tistel faktor, K;o Adsorpsiyon 6zgiil enthalpi,

Tar AR, (k] /kmol)
CHs  6,65x10 (bar) -38280
co 8,23x105 (bar?) 70650
Haz 6,12x10- (bar-1) -82900
H0  1,77x105 (bar?) 88680
2.2. Kiitlenin Korunumu

Reaksiyon Bolgesi (Denklem (9), (10) ve (11)), Ayrilma Bolgesi-
1 (Denklem (12)) ve Ayrilma Bolgesi-2 (Denklem (13)) icin kiitle
korunum denklemleri asagida verilmistir.

dl';rjeak )
;Z = prA. 2?:1191',] R; (j =CH,,CO,H,0) 9
dF](eak _ 3 .
P PrAc i1 9 R; — Ju,(2mr;) (j = Hy)
(10)
di;r:eak 3 .
P PrA; i1 9 R — Jco,(2mr3) (j = €O,)
(11)
payr_1
Hp
0, = In,(2mry) (12)
dFayr,z
ZZZ = 1602(27'””3) (13)

Burada F] her tiirtin (CH4, H20, CO2, CO, Hz) icin molar akis hizidir,
dz reaktdriin diferansiyel uzunlugudur, p, Kkatalitik yatak
yogunlugudur, A, kesit alamdir, 9; ; i reaksiyonunda j bileseninin
stokiyometrik oramdir, R; reaksiyon hizidir, i reaksiyon
numarasidir (1, 2, 3), Jy, hidrojen ge¢irgen membrandan gegen
hidrojen akisidir, J¢o, karbondioksit gegirgen membrandan
(Samaryum Katkili Seryum (SDC)- Erimis Karbonat Membran)
gecen karbondioksit akisidir ve r membran yarigapidir. Hidrojen
gecirgen membrandan gecen hidrojen akisi Sieverts-Fick Yasasi
[3] kullanilarak Denklem (14)’teki gibi hesaplanirken,
karbondioksit gecirgen membrandan gecen karbondioksit akisi
[19, 20] Denklem (15)’teki gibi hesaplanir.

Bu, (0,5 0,5

]HZ = ) (pHZ,reak - pHZ,ayr,l) (14)
_ __RT Nco, _Mco,
]COZ - 4nc02F21 a [pCOZ,reak pcoz,ayr,zjl (15)

burada By, hidrojen gegirgenligidir (Denklem (16)), § membran
kalinhgidir, py, .. ve PH, ayr 4 sirasiyla Reaksiyon Bolgesi ve
Ayrilma Bblgesi-1’deki hidrojenin kismi basincidir. R evrensel

gaz sabitidir, T sicakhktir, pco, , ... V€ Pco, ayr2 sirasiyla Reaksiyon

Bolgesi ve Ayrilma Bolgesi-2'deki karbondioksitin  kismi
basincidir, F Faraday sabitidir, a karbondioksit aki denkleminin
iyonik iletim parametresidir (Denklem (17)) ve ngo, kismi
basinglarin tstel kuvvetidir.

By, = Bjj, "exp (%)

Burada 32,2 on istel faktordir ve E,, gecirgenlik icin aktivasyon
enerjisidir.

(16)

2.3. Enerjinin Korunumu

Bu modelde, Reaksiyon Bolgesi (Denklem (18)), Ayrilma Bolgesi-
1 (Denklem (19)) ve Ayrilma Bolgesi-2 (Denklem (20)) i¢in enerji
korunumu denklemleri asagida verilmistir.

3 AT eq
P yCyy —retk = pA Xi-1 9ijRi (-AH) +

21‘[[1‘3 Uayr_Z (Tayr_z - Treak) -T2 Uayr_l (Treak - Tayr_l)]
(18)

. dT gyr
Z}:lnjcp,j dz 1= 2nr, Uuyr,l (Treak - Tayr,l)
(19)
Y2 7,Cp; T2 = 211 [rsUayr 2 (T auvar — Tayr 2) —
j=1"j%pj - 5Yayr_2\* duvar ayr_2

r4-Ureak (Tayr_Z - Treak)] (ZOJ

burada Cp; her j tiriiniin 6zgil 1sisidir, AH; i reaksiyonunun
entalpisidir, U Reaksiyon Bolgesi, Ayrilma Bolgesi-1 ve Ayrilma
Bolgesi-2 icin hesaplanan 1s1 transfer katsayisidir ve T gy, p,q,- duvar
sicakhigidir ve 950 K'ye esittir.

2.4. Membran Reaktor Performansi

MR’nin performansi burada metan déntstimii (X¢p,, Denklem
(21)), hidrojen geri kazamimi (¢y, Denklem (22)) ve
karbondioksit geri kazanimi (Denklem (23)) olmak ftizere iki
farkl degisken ile tanimlanmaktadir.

)

)

burada Fey, giren Ve Fcn,ckan, besleme gazindaki metan giris
molar akis hiz1 ve gecemeyen gazlardaki metanin ¢ikis molar akis

~ayr_1 ireak . : 4
hizi olarak tanimlanir. Fp’ o, o ve Fiy oy o, Ayrilma Bolgesi-1'e

gecen hidrojenin ¢ikis molar akis hizi ve gecemeyen gazlardaki

hidrojenin ¢ikis molar akis hiz1 olarak tanimlanir. ngrz‘;kan

F;,‘;‘,‘;':kan, Ayrilma Bolgesi-2’ye gecen karbondioksit gazinin ¢ikis
molar hiz1 ve gecemeyen gazlardaki karbondioksit gazinin c¢ikis

molar akis hizi olarak tanimlanir.

3.

FCH4,yiren_FCH4,czkan

)

preak
+F| €03 ctkan

XCH4 = 100( (21)

Fchyin

payr_1
Hp,ctkan

(22)

payr 1
F Hpctkan

@y, =100 p—
z +F7}'Iez‘7§1kun

payr_2
€0y, ctkan

(23)

Rayr_2
F €03 ctkan

(pcoz =100 <

ve

Tartisma ve Bulgular

Bu boliimde, membran reaktdr uzunlugu boyunca her tiiriin
molar akis hizlarinin, reaksiyon ve ayrilma bélgelerindeki
sicakliklarin, metan dontistimiiniin, Hz2 geri kazaniminin ve CO2
geri kazaniminin degisimleri verilmektedir. {laveten baz1 6nemli
calisma parametrelerinin (reaksiyon sicakligi ve reaksiyon
basinc1) MR performansi lizerindeki etkileri parametrik olarak
incelenmistir. Tablo 4'te secilen parametrelerin aralig1 ve temel
simiilasyon i¢in alinan degerleri verilmistir.
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Tablo 4. Modelde secilen parametreler

Table 4. Parameters chosen in the model

Parametre Aralik Temel Simiilasyondaki Deger
Reaksiyon 723-773 K 773K

sicakligl, Treak

Reaksiyon 1-3 bar 3 bar

basinci, Preak

3.1. Reaktoér Uzunlugu Boyunca Sicaklik ve Molar Akis
Hizi Dagilimlan

Bu calismada gelistirilen 1-boyutlu MR modeli kullanilarak,
reaktor uzunlugu boyunca Reaksiyon Boélgesi, Ayrilma Bolgesi-1
ve Ayrilma Bolgesi-2’'deki sicaklik (Sekil 3) ve molar akis hizi
dagilimlar1 (Sekil 4) sunulmustur. Sekil 3’e gore, Reaksiyon
Bolgesindeki sicaklik, reaktor uzunlugu boyunca 773 K'den 764
K'e dismiistiir. Reaksiyon Bolgesinde gerceklesen kimyasal
reaksiyonlar sebebiyle normal sartlarda sicakligin tekrardan
artmasi gerekirken, oOnerilen MR’de iretilen hidrojen ve
karbondioksit siirekli bir sekilde Reaksiyon Bolgesinden ayrildig
icin sicaklik artis1 gozlemlenmemistir. Ayrilma Bolgesi-1'de
sicakligin 773 K'den 770 K'e diistiigii ve Ayrilma Bolgesi-2’de ise
sicakligin 773 K'de sabit kaldig1 gézlemlenmistir. Bunun sebebi
reaktor dis duvarina uygulanan ve reaksiyon sicakligindan daha
biiytik sicaklikta (950 K) sabit sicaklik varsayimi uygulanmasiyla
aciklanabilir. Ayrilma Bolgesi-2, sabit sicaklikta tutulan duvara
yakin bolgede olmasi sebebiyle, reaksiyon bélgesinde
gerceklesen endotermik kimyasal reaksiyonlar igin gerek 1s1
duvar sicakligindan saglanmaktadir, bu da Ayrilma Boélgesi-2'nin
reaktdor uzunlugu boyunca sicaklik degisiminin sabit olmasini
aciklamaktadir. MR i¢indeki 1s1 kaybi sirasiyla reaktér duvari ->
Ayrilma Boélgesi-2 -> Reaksiyon Bolgesi-> Ayrilma Bolgesi-1'ne
dogru gerceklesmektedir.

776
772
<
=t
= 768
=
=
w
764 ——Reaksiyon Bolgesi
Ayrilma Bilgesi-1
760 —— Ayrilma Bolgesi-2
0 0,1 0,2 0,3 0.4 0.5
Reaktér Uzunlugu (m)

Sekil 3. Reaktdér uzunlugu boyunca her boélgedeki sicaklik
dagilim

Figure 3. Temperature distribution in each region along the
reactor length

Sekil 4-(a) incelendiginde, Reaksiyon Bolgesinde, reaktor
uzunlugu boyunca buhar metan doniistirme reaksiyonu

nedeniyle CHs ve H20 molar akis hizlar1 yaklasik %7 oraninda
azalirken, su-gaz degisim reaksiyonu nedeniyle CO molar akis
hizindaki degisiklik ihmal edilebilir. ilaveten, CO2 ve Hz molar
akis hizlarinin kimyasal reaksiyonlara gore artmasi beklenirken,
onerilen membran reaktérde hem Hz hem de CO:z gazlarinin
siirekli Reaksiyon Bolgesinden ayrilmalar1 sebebiyle, H2 molar
akis hizinda once tretim kaynakli olarak 0,18 m reaktor
uzunluguna kadar %49 oraninda artis gézlemlenirken ardindan
memrandan Ayrilma-Bolgesi-1’e gecisi sebebiyle %22,44
oraninda azalis gozlemlenmistir. Reaksiyon boélgesinde, CO2
molar akis hizinda ise membrandan gecis miktarinin hidrojene
kiyasla daha az olmasi sebebiyle 0,03844 kmol/h’den 0,09364
kmol/h’ye artis gozlemlenmistir. Sekil 4-(b) incelendiginde,
Ayrilma Bélgesi-1 icin Hz gecisi incelendiginde molar akis hizi
0’dan 0,29 kmol/h’e yiikselirken, Ayrilma Bélgesi-2 i¢in CO:
gecisi incelendiginde ise molar akis hiz1 0’dan 0,02 kmol/h’ye
ylikselmistir.
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Sekil 4. Reaktor uzunlugu boyunca molar akis hiz1 dagihms; (a)
Reaksiyon Bélgesi ve (b) Ayrilma Bélgesi-1 i¢in Hz ve Ayrilma
Bolgesi-2 i¢in CO2

Figure 4. Molar flow rate distribution along the reactor length;
(a) Reaction Side and (b) Hz in Permeation Side-1 and CO: in
Permeation Side-2

3.2. Reaksiyon Sicakliginin Membran Reaktor

Performansi Uzerindeki Etkisi

Reaksiyon sicakligi, MR'nin performansini dogrudan etkileyen
kritik bir parametredir, ¢linkii MR’de kullanilan reaksiyon kinetik
denklemlerinin, membranlardan niifuz eden Hz ve CO2 aki
denklemleri biiyiik 6l¢iide calisma sicakligina baglidir. Genel
olarak, sicakligin artmasiyla, reaksiyon hizlar1 ve membrandan
gecen gaz akisi da artar. Ancak ¢alisma sicakligl, membranin 1sil
dayanikliligr dikkate alinarak ayarlanmalidir. Sekil 5 ve Sekil 6'da
reaksiyon basinci 3 bar’a esit iken reaksiyon sicakliginin metan
doéniisiimii ve hidrojen ve karbondioksit geri kazanimi tizerindeki
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etkileri verilmistir. Tablo 5’te sicaklifin degisimine gére metan
donilisimi, hidrojen geri kazanimi ve karbondioksit geri
kazanimi degerleri verilmistir. Sekil 5 incelendiginde, sicakligin
723 K'den 773 K’e yiikselirken, metan déniisiimiiniin yaklasik
%35 oraninda arttigl gézlemlenmistir. Ancak sicakligin 748 K ile
773 K arasinda metan déniisiimii lizerindeki etkisinin neredeyse
olmadigl gorilmistir. Bu durum metanin katalizor ile temasi
sonucunda dogrudan reaksiyonlarin baslamasi ve belirli bir
sicaklik iizerinde stabil kalmasi ile agiklanabilir. Sekil 6
incelendiginde, sicakligin 723 K'den 773 K’e artmast ile, Hz ve CO2
geri kazanimlar1 sirasiyla %3 ve %70 oraminda artis
gozlemlenmistir. Ancak, Hz geri kazanimimin sicakliga bagh
degisimi incelendiginde, 3 bar basincta ve reaktor uzunlugu 0,20
m oldugunda 723 K’'de %48,3 iken 748 K’'de %45,3 bulunmustur.
Bunun sebebi matematiksel modelde ele alinan membran tipi ve
bu membrana bagh Denklem 16’da verilen hidrojen gecirgenlik
parametrelerinden kaynakli olabilecegi diisiiniilmektedir. Genel
olarak membran reaktér c¢alismalar1 incelendiginde sicaklik
artisinin membran tiiriine bagh olarak belirli bir sicaklik

degerine artarken, H2 gecirgenliginin artmasl
gozlemlenmektedir.
30
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Sekil 5. Reaksiyon basinci 3 bar iken metan doéniisiimii tizerinde
sicakligin etkisi

Figure 5. Effect of temperature on methane conversion when the
reaction pressure is 3 bar
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Sekil 6. Reaksiyon basinci 3 bar iken hidrojen ve karbondioksit
geri kazanimlari tizerinde sicakligin etkisi

Figure 6. Effect of temperature on hydrogen and carbon dioxide
recoveries when the reaction pressure is 3 bar

Tablo 5. Sicakligin degisimine gore metan déniisiimii, hidrojen
geri kazanimi ve karbondioksit geri kazanimi degerleri

Table 5. Methane conversion, hydrogen recovery and carbon
dioxide recovery values according to temperature change

T (K) Xen, (%) ou, (%) ®co, (%)
723 19,72 16,59 72,49
748 26,04 19,18 71,12
773 26,75 28,45 74,75
3.3. Reaksiyon Basincinin Membran Reaktor

Performansi Uzerindeki Etkisi

Reaksiyon basinci, MR boyunca reaksiyon hizlarin1 ve
membranlardan hidrojen ve karbondioksit gecirgenlik akisini
(Denklem (14) ve Denklem (15)) etkileyen oOnemli bir
parametredir. Reaksiyon basinci yiikseldiginde, membrandan
hidrojen ve karbondioksit gecirgenligini saglayan itici giiclin
artmasi sonucu, gegirgenlik artar. Sekil 7 ve Sekil 8'de reaksiyon
sicakliginin 773 K oldugu durumda metan déniisiimi ve hidrojen
ve karbondioksit geri kazanimi lizerinde reaksiyon basincinin
etkileri gosterilmistir. Tablo 6’da basincin degisimine gére metan
doniisiimi, hidrojen geri kazamimi ve karbondioksit geri
kazanimi degerleri verilmistir. Sekil 7 incelendiginde, reaksiyon
basincinin 1 bardan 3 bara yilikselmesiyle metan doniisimiiniin
%21 oraninda diisiis gozlemlenmistir. 773 K ve 0,20 m reaktor
uzunlugunda, reaksiyon basinci 1 bar’dan 3 bar’a yiikseldiginde,
metan donisimi %22’den %11,56’'ya azalmistir. Sekil 8
incelendiginde ise, hidrojen ve karbondioksit geri kazaniminin
sirastyla %60 ve %100’iin tlizerinde bir artis gézlemlenmistir.
773 K ve 0,20 m reaktér uzunlugunda, reaksiyon basinci 1
bar’dan 3 bar’a yiikseldiginde, %23,84’ten %51,64’e artarken,
karbondioksit geri kazanimi %3,29'dan %14,84’e artmistir. Geri
kazanim degerlerinde artisin sebebi, reaksiyon basincinin
artmasi ile Reaksiyon Bolgesinden Ayrilma Bolgesi-1 ve Ayrilma
Bolgesi-2’ye gececek hidrojen ve karbondioksitin itici giicliniin
artmasi ile agiklanabilir. Reaksiyon basincinin artmasinin metan
doéniisiimii lizerinde olumsuz ancak hidrojen ve karbondioksit
geri kazanimlari tizerinde olumlu etkisi vardir. Bu durum reaktér
tasarimini dogrudan etkilemektedir. Gelecekteki calismalarda
reaktdr tasarlanacaginda bu performans degerleri (metan
doniisiimi, hidrojen ve karbondioksit geri kazanimlari) lizerinde
olumlu ydnde etkileyecek en uygun parametre degerleri
optimizasyon ¢alismalari ile belirlenecektir.

40
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Sekil 7. Reaksiyon sicakligt 773 K iken metan doniisiimii
iizerinde basincin etkisi

Figure 7. Effect of reaction pressure on methane conversion
when the reaction temperature is 773 K
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Sekil 8. Reaksiyon sicaklig1 773 K iken hidrojen ve karbondioksit
geri kazanimlari tizerinde basincin etkisi

Figure 8. Effect of reaction pressure on hydrogen and carbon
dioxide recoveries when the reaction temperature is 773 K

Tablo 6. Basincin degisimine gore metan doniistimi, hidrojen
geri kazanimi ve karbondioksit geri kazanimi degerleri

Table 6. Methane conversion, hydrogen recovery and carbon
dioxide recovery values according to pressure change

T (K) Xen, (%) Pu, (%) Pco, (%)
1 34,42 46,30 8,51
2 32,43 61,78 15,70
3 26,75 74,75 28,45
4. Sonuclar

Bu teorik ¢alismanin temel amaci, dekarbonize hidrojen tiretmek
icin bir MR gelistirmek ve bazi parametrelerin (reaksiyon
sicakligt ve reaksiyon basinci)) MR performansi (metan
doniistimi, hidrojen geri kazanimi, karbondioksit geri kazanimi)
izerindeki etkisini tanimlamaktir. Bdylece, bir membran
reaktoriin metan buhar1 reforming reaksiyonu sirasindaki
davranislarini (sicakliklarin ve molar akis hizlarinin dagilimlar)
aciklamak icin li¢ tarafa (Reaksiyon, Ayrilma-1 ve Ayrilma-2)
gore 1 boyutlu bir model gelistirilmistir. Bu ¢alismadan elde
edilen baslica bulgular su sekildedir:

e  Bu teorik arastirma, hem reaksiyon kinetik hizilarin1 hem
de MR’nin genel performansini dogrudan etkileyen ¢ok
o6nemli bir faktdér olarak reaksiyon sicakliginin énemini
dogrulamistir. Reaksiyon sicaklign 723 K'den 773 K'ye
ylkseldiginde metan déniisiimi, hidrojen geri kazanimi ve
karbon dioksit geri kazanimi sirasiyla %35, %3 ve %70
artti.

Reaksiyon kinetik hizi ve membran boyunca hidrojen
gecirgenligi akisi tizerinde olumlu bir etkiden sorumlu olan
sistem iizerindeki reaksiyon basincini artirmanin etkisini
de inceleyerek, bu teorik arastirma, reaksiyon basincini 1
bar'dan 3 bar'da metan doniisiimii %21 azalirken, hidrojen
geri kazanimi %60 ve karbondioksit geri kazanimi %100
artti.

Temel simiilasyon kosullarinda (773 K ve 3 bar), metan
doniigtimi, hidrojen geri kazanimi ve karbondioksit geri

314

kazanimi sirasiyla %32,43, %61,78 ve %15,69 olarak
hesaplanmistir.

Gelecekteki arastirma ¢alismalarinda, sicaklik ve basincin,
reaktor tasariminda ve calisma kosullarinin belirlenmesinde
onemli bir etkisi vardir. Metan doniisimi, hidrojen geri
kazanimi ve karbondioksit geri kazanimimi olumlu ydnde
etkileyecek en uygun parametre degerleri optimizasyon
calismalari ile belirlenebilir. flaveten, hidrojen iireten bir MR
sisteminin  bir = karbondioksit yakalama sistemi ile
birlestirilmesiyle elde edilen sistemin ayrintii ekonomik
analizleri gerceklestirilebilir ve bu ¢calismada 6nerilen yaklasim
ile karsilastirma ¢alismalar1 gergeklestirilebilir.

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

Hazirlanan makalede herhangi bir kisi/kurum ile ¢cikar catismasi
bulunmamaktadir.
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0z

Sunulan c¢alisma, esnek bir uydu kanadi i¢in dogrusal kuadratik regiilatéor (LQR) denetleyici parametrelerinin ¢ok amagh
optimizasyonunda Yapay Ar1 Kolonisi ve Guguk Kusu metasezgisel optimizasyon algoritmalarinin tasarimi ve performans analizi
hakkinda ayrintilar sunmaktadir. Kontrol yanitlarinin 6nemli parametreleri géz 6niinde bulundurularak yeni bir ¢oklu amag
fonksiyonu tasarlanmis ve Yapay Ar1 Kolonisi (ABC) ve Guguk Kusu (CS) metasezgisel algoritmalar1 ile optimize edilmistir.
Algoritmalarin baslangi¢ degerleri icin farkh farkl tiger konfigiirasyon belirlenerek bu konfigiirasyonlar ii¢ farkli (10,50 ve 100)
popiilasyon boyutu degerleri i¢in 100 iterasyonda simiilasyonlar yapilarak elde edilen sonuglar karsilastirilmistir. Daha basarili
kontrol yanitlarina ulasan konfigiirasyonlar ile literatiirde ayn1 diizenek ile yapilan bazi ¢alismalar karsilastirilmaktadir. Elde edilen
sonuglar literatiirde mevcut bulunan, PSO, m-PSO algoritmalar1 ve geleneksel tasarlanmis LQR denetleyici calismalari ile kiyaslanarak
onerilen yaklasimin etkinligi gosterilmistir. Onerilen ¢coklu amag fonksiyonu ve Guguk Kusu Algoritmasi, esnek uydu kanadi sapma
acisinda PSO algoritmasina kiyasla %37,56 ve m-PSO algoritmasi ile karsilastirildiginda ise %61,87 oraninda daha iistiin bir
performans gostermistir.

Anahtar Kelimeler: Uydu Esnek Kanadi, Cok Amach Optimizasyon, LQR, Yapay Ari1 Kolonisi, Guguk Kusu Algoritmasi

Abstract

The present study provides details on the design and performance analysis of the Artificial Bee Colony (ABC) and Cuckoo Search (CS)
metaheuristic optimization algorithms for the multi-objective optimization of linear quadratic regulator (LQR) controller parameters
for a flexible satellite wing. A novel multi-objective function was designed, taking into account significant parameters of control
responses, and was optimized using ABC and CS metaheuristic algorithms. Different initial configurations were determined for the
algorithms, and simulations were performed for 100 iterations for three different (10, 50, and 100) population sizes. The results
obtained were compared to identify the configurations that led to more successful control responses. These configurations were then
compared to some studies in the literature that used the same system. The obtained results were compared with the existing literature
on PSO, m-PSO algorithms, and traditionally designed LQR controller studies to demonstrate the effectiveness of the proposed
approach. The proposed multi-objective function and the Cuckoo Algorithm showed a superior performance of 37.56% compared to
the PSO algorithm and 61.87% compared to the m-PSO algorithm in flexible satellite wing angle.

Keywords: Flexible Satellite Wings, Multi-Objective Optimization, LQR, Artificial Bee Colony, Cuckoo Search

EXTENDED ABSTRACT

Introduction

Spacecraft design and development are of critical importance for
both military and civilian purposes. The utilization of flexible
wing structures and flexible linkage components provides
significant advantages for spacecraft in numerous space
missions. However, these flexible structures can reduce
performance due to residual vibrations emerging from their
motion and structure. In the presented study, a flexible link
manipulator developed by Quanser has been utilized as a
prototype for a flexible satellite wing. The LQR (Linear Quadratic
Regulator) control technique is used to eliminate the residual
vibrations of the system. Traditionally, LQR control weighting

DOI1:10.21205/deufmd.2024267716
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matrices are determined by expert designers. The aim is to
ensure that the flexible link manipulator system reaches the
desired angular position as soon as possible and to eliminate tip
deflections. A new multi-objective function has been designed by
considering the important parameters of control responses
suitable for this aim. It has been optimized using Artificial Bee
Colony (ABC) and Cuckoo Search (CS) metaheuristic optimization
algorithms.

The ABC and CS algorithms were examined in three different
population sizes (10, 50, and 100) and 100 iterations to
determine the optimal LQR control weighting matrices. The
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initial parameters of the algorithms were obtained through
simulation studies for three different configurations. To
demonstrate the effectiveness of the designed objective function
with the existing literature on PSO, m-PSO algorithms, and
traditionally designed LQR controller studies.

Materials and Methods

The mathematical model of the system has been obtained using
the Lagrange method, and the motion equations are presented in
Eq. 1 and Eq. 2, while the system parameter values are provided
in Table 1. These equations define the angular position and tip
angle in the system. LQR, one of the closed-loop control
approaches known for its stable structure and success in being
affected by disturbances, has been employed. LQR Weight
matrices are determined using Artificial Bee Colony (ABC) and
Cuckoo Search (CS) metaheuristic optimization algorithms. Both
algorithms aim to efficiently solve optimization problems based
on swarm intelligence.

In Chapter 2, the theoretical background of the motion equations,
control structure, designed multi-objective function, and
metaheuristic algorithms has been detailed.

Results and Discussion

The parameters for the initialization of the optimization
algorithms, specifically the discovery rate of foreign eggs (pa) and
the step size (alfa) for the Cuckoo Search Algorithm, were
selected as (0.2-0.2), (0.5-1), and (0.7-5), respectively, to create
three different configurations. The configurations and the
obtained results are shown in Table 3. Similarly, for the Artificial
Bee Colony algorithm, three configurations were determined for
the modification rate (mr) and termination criterion (A)
parameters as (0.3-600), (0.5-200), and (0.8-400), respectively.
These configurations are shown in Table 4. These configurations
were examined separately for population sizes of 10, 50, and 100,
each with 100 iterations, and the obtained results are presented
in tables and graphs. It has been observed that within the scope
of the study, the Artificial Bee Colony algorithm achieved the
lowest objective function value with Configuration-3 at a
population size of 100, while the Cuckoo Search algorithm
reached the lowest objective function value with Configuration-1
at a population size of 100.

Furthermore, the effectiveness of the designed structure is
demonstrated by comparing it with similar studies using the LQR
controller found in the literature. It has been observed that the
control responses obtained by the ABC and CS algorithms are

more successful compared to the compared studies, and they
enhance the control performance. Table 5 presents the Q (q1, q2,
g3, g4), R weighting, and gain (K) matrices used for comparison
with ABC, CS, and the studies in the literature. The results
obtained for the flexible wing tip angle and servo angle are
presented in Figure 7 and Figure 8, respectively.

As a result, it has been observed that the proposed multi-
objective function and the optimization algorithms used are
successful in satellite flexible wing vibration control, and better
results have been achieved compared to other studies examined
in the literature.

Conclusion

This paper presents the design and performance analysis of ABC,
and CS algorithms in optimizing the weighting matrices of the
LQR controller for a flexible satellite wing.The main control aim
is to suppress residual vibrations due to the system's movement
while reaching the desired angular reference as quickly as
possible.To address this problem and to provide a solution, a
multi-objective function is designed to account for important
parameters of the control response. The obtained results were
compared with the existing literature on PSO, m-PSO algorithms,
and traditionally designed LQR controller studies to demonstrate
the effectiveness of the proposed approach. The findings
obtained from the end of the study results are listed below;

e  The effectiveness of the designed objective function and
the CS and ABC algorithms has been demonstrated in
optimizing the LQR control weighting matrices and

controlling the vibrations of flexible space wings.

There is a difference of 0.0792% between the settling
times of servo angles for the CS and ABC algorithms. The
CS algorithm provides a more successful settling time.

When examining the settling times of servo angles, the
CS algorithm shows differences of 82.03% compared to
Traditional LQR, 49.80% compared to m-PSO, and
26.14% compared to PSO.

For the flexible wing structure, the best settling time
performance is provided by the Cuckoo Search
algorithm. The Cuckoo Search algorithm shows
differences of 37.56% compared to PSO, 61.87%
compared to m-PSO, and 161.28% compared to the
traditional method.

1. Giris

Askeri ve sivil amaglar i¢in kullanilan uzay araglarinin tasarimi ve
gelistirilmesi giincelligini koruyan ve arastirmacilarin iizerine
calistigi O6nemli konulardan birisidir. Uzay teknolojilerinin
gelismesiyle, gelistirilen hava tasitlarinin yapisinda bir¢ok
yenilik  lizerine  ¢alismalar yapilmaktadir [1]. Uzay
manipiilatorleri genellikle esnek baglantili bilesenler ve esnek
kanat yapilar1 icermektedir. Esnek baglantili sistemler, hafif
agirhiklary, diisiik ataletleri, disiik enerji tiiketimleri, yiiksek
manevra kabiliyetleri ve is verimlilikleri nedeniyle bir¢ok uzay
gorevinde kullanilabilmektedirler [2]. Esnek kanatlara sahip
uydularin hareketi sirasinda ve sonrasinda meydana gelen
titresimler, kanat yapilarinda deformasyona yol agabilir. Artik
titresimler uydunun manevra kabiliyetini, 6telenmesini ve
doénmesine sebep olabilmekte ve uydunun performansini

dogrudan etkilemektedir [1]. Bunedenle, s6z konusu sistemlerde
olusan artik titresimlerin etkin bir sekilde giderilmesi ve yliksek
maliyetli uzay gorevlerinin bagarili bir sekilde tamamlanabilmesi
icin kritik bir 6neme sahiptir.

Esnek sistemlerin artik titresimlerinin yok edilmesi i¢in birgok
kontrol teknigi gelistirilmis olup ilgili problemin ¢6zlimiine
yonelik calismalara devam edilmektedir. Temel olarak titresim
kontrolii i¢in agik ¢evrim (ileri beslemeli) ve kapali ¢evrim (geri
beslemeli) olmak tizere iki farkli kontrol yaklagimi
bulunmaktadir. A¢ik cevrim; sistem ¢iktisinin girdi sinyalinin
tizerinde etkisi bulunmadan, sisteme uygun kontrol sinyalinin
olusturulmasi ile yapilan kontrol yaklasimidir. Esnek sistemler
icin kullanilan ileri beslemeli kontrol uygulamalar: olarak girdi
sekillendirme calismalar1 [3,4] Onemli bir yer tutmaktadir.
Kapali ¢evrim kontrol yontemleri ise sistem ¢iktisinin, girdi
sinyali {izerinde etkisinin oldugu kontrol yaklasimlaridir.
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Literatlirde esnek yapili sistemlerin titresim kontrolii i¢in kayan
kipli kontrol [5], PID kontrol [6] gibi geri beslemeli kontrol
yaklasimlariyla yapilan calismalar mevcuttur. Esnek sistemlerin
titresim kontroliine akilli ¢éziimleri liretmek icin yapay sinir
aglar1 [7], bulanik mantik [8] gibi yapay zeka yontemleri
kullanilarak yapilan ¢alismalar bulunmaktadir. Ayrica kontrol
yaklasimlarinin  avantajlarindan  yararlamilarak  kontrol
performanslarini daha iyi noktalara tasimak i¢in en az iki
teknigin beraber kullanilarak yapildigi kayan kipli kontrol+ girdi
sekillendirici [9], bulanik mantik + PID [10], LQR+ metasezgisel
optimizasyon algoritmalar1 [11] gibi hibrit ydntemler ilgili
referanslarla sunulmaktadir.

Calisma kapsaminda geri beslemeli kontrol yaklasimi olan
dogrusal  kuadratik regiilator (LQR) kontrol teknigi
kullanilmaktadir [11-17]. Bu teknik, geleneksel olarak agirlik (Q
ve R) matrislerinin uzman tasarimci tarafindan belirlenmesi ile
yapilan bir kontrol yaklasimidir. Geleneksel yaklasim kontrol
tekniginin her zaman en iyi sonucu verecegini garanti
etmemektedir. Bu nedenle, LQR kontrol agirlik matrisleri, Yapay
Ar1 Kolonisi ve Guguk Kusu metasezgisel optimizasyon
algoritmalari ile belirlenmektedir.

Sunulan ¢alisma ile Quanser firmasi tarafindan gelistirilen esnek
kol sistemi bir uydu kanat prototipi olarak disiiniilerek titresim
kontrolii yapilmaktadir. ilgili diizenegin literatiirde uydu kanat
sistemlerinin incelenmesi i¢in kullanildig1 calismalar mevcuttur
[1,9,18]. Sistemin servo agisi istenilen konuma en hizl siirede
gelirken esnek uzuvda meydana gelecek artik titresimlerin
olabildigince hizli bastirlmasi i¢cin LQR kontrol teknigi
kullanilmistir. Kontrol tekniginin agirlik matrisleri yapay ari
kolonisi (ABC) ve Guguk Kusu (CS) siirii tabanli metasezgisel
optimizasyon algoritmalar1 (¢ farkli popiilasyon boyutu
degerinde (10-50-100) ve 100 iterasyonda incelenerek
belirlenmektedir. Algoritmalarin baslangi¢ parametreleri ise
belirlenmis ticer farkli konfigiirasyon icin benzetim g¢alismalari
sonucu elde edilmistir. Calisma ile uydu esnek kanat sistemin
ayrintilary, LQR teknigi ve optimizasyon algoritmalarin teorik
detaylar1 ve elde edilen kontrol sonuglar1 detayll olarak
sunulmaktadir. Ayrica LQR denetleyicinin geleneksel olarak [15],
pargacik siiri optimizasyonu (PSO) [16] ve modifiyeli parc¢acik
sirii optimizasyonu (m-PSO) [17] ile tasarlanan ¢ farkl
¢alismanin sonuglari ile karsilagtirilmistir.

2. Materyal ve Metot

Calisma kapsaminda uydu esnek kanadi prototipi olarak Quanser
tarafindan tasarlanmis bir esnek manipiilatér kullanilmaktadir.
Alt boliimlerde; kullanilan deney diizenegi, tasarlanan kontrol
yapis], kullanilan optimizasyon algoritmalar1 hakkinda teorik
detaylar sunulmaktadir.

2.1. Uydu Esnek Kanat Yapisi

Kullanilan prototip, DC servo motor tarafindan tahrik edilen
yatay diizlemde hareket eden esnek bir uzuvdan olusmaktadir.
Sistemde DC servo motorun agisal konumu (8) enkoder ile, esnek
uzvun u¢ agisini (a) gerinim olger ile 6l¢tilmektedir. Esnek kol
sisteminin ayrintilar1 ile sematik gosterimi Sekil 1 ile
sunulmaktadir [19].

» Esnck Uzuv

» Cerinir Olger

» Gerinim Qlger Devresi

» Ddner Taban

» Optik Enkader ve DC
Motar

Sekil 1. Uydu esnek kanat sisteminin a) sematik b) mekanik
model

Figure 1. a) Schematic illustration and b) Mechanical model of
the satellite flexible wing system

Kullanilan prototipin matematik modeli karmasik robotik
sistemlerinin modellemesinde iyi sonu¢ verdigi bilinen Lagrange
yontemi kullanilarak elde edilmistir. Hareket denklemlerinin
icerdigi ifadeler ve sayisal degerler Tablo 1 ile sunulmaktadir.
Hareket denklemlerinin tiretilmesine yonelik detaylara Quanser
tarafindan sunulan {riin katalogundan [19] ulasilabilmektedir.
Deney diizeneginin hareket denklemleri Es. 1 ve Es. 2 ile
sunulmaktadir.

Beg . K 1
b=—"20+"a+—1 €Y
]eq ]eq ]eq
Beq o <]link +]eq> 1
i=—-—20+K|(—)a-—1
eq s ]link]eq ]eq (2)

Tablo 1. Deney diizenegi parametreleri

Table 1. Experimental setup parameters

Sembol Aciklama Deger

Beg Disli esdeger viskoz s6niim 0.004 N.m.s/rad
orani

Jiink Ets;?t‘;%b;?;gl 0.0038 kg m2

Jea Bﬁyﬁk-D'isli esdeger atalet 0.0026 kg.m2
momenti

g Disli kutusu verimi 0.9

Nm Motor verimi 0.69

Rm Motor armatiir direnci 2.6 Q

K Esnek kol i¢in esneklik 1.3522
katsayisi

Km Z1t emk sabiti 0.00767 V/(rad/s)

Kt Motor tork sabiti 0.00767 N.m/A

K Planet disli kutusu orani 14:5

Vi Motor giris voltaji -

L1 Esnek uzvun uzunlugu 0419 m

Wn Dogal frekans 20,4

4 Sonlim orani 0,07
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Sekil 2. LQR kontrol parametreleri i¢in blok diyagrami

Figure 2. Block diagram for LQR control parameters

2.2. Dogrusal Kuadratik Regiilatér (LQR)

Dogrusal kuadratik regitilatér (LQR) kontrol teknigi kapali cevrim
kontrol sistemlerinden birisidir. Bir¢cok kullanim alani olan bu
yaklasimin kararli yapisi, bozuculardan etkilenme konusunda
basarili olmasi tercih edilmesinin sebeplerindendir[20].

Es. 3 ile tamimlanan bir sistem i¢in x durum vektorini, u ise
kontrol matrisini temsil etmektedir. 4, B ve C ise dinamik
sistemin matrisleri olarak gosterilmektedir.

x=Ax+Bu, y=~Cx (3)

ikinci dereceden maliyet fonksiyonu olan J, Es. 4 ile
gosterilmektedir. Denklemdeki Q, ve R simetrik ve pozitif agirlik
matrisleridir.

_ 1o T t
J= Efo (eTQe + utRu)dt (4)
Agirhlk matrisleri (Q ve R) ikinci dereceden maliyet
fonksiyonunun minimize edilmesinde kullanilmaktadir. Maliyet
fonksiyonunun minimize edilmesiyle u hesaplanir. u =
K (referans — x) seklinde gosterilmektedir. K, kazang vektoriinii
temsil eder Es. 5 ile gosterilmektedir.
K =R71BTP (5)
LQR kazang¢ matrisinin hesaplanmasinda pozitif taniml simetrik
matris olan P’ye ihtiya¢ duyulmaktadir. Bunun icin Es. 6 ile
gosterilen Ricatti denkleminin ¢éziimi kullanilmaktadir.
PA+ATP+Q—PBR1BTP =0 (6)
Ricatti denkleminin ¢6ziimii sonucu belirlenen P degeri
sayesinde sistemin kazanci bulunarak denetleyici
tasarlanmaktadir. Esitlikte bulunan, Q ve R matrisleri tasarlanan
LQR denetleyicinin performansini dogrudan etkileyen 6nemli
parametrelerdir [20]. Agirlik matrisleri Es. 7 ile gosterilmektedir.

qgu 0 0 0 n 0 0 O
0o ~ 0 0 0 -~ 0 O

?=lo o - 0\"?[0 0 - 0 (7)
0 0 0 g, 0 0 0 ny

Agirlik matrislerinin se¢imi sistem cevabini ve kontrol

performansini dogrudan etkilemektedir.
2.3. LQR Denetleyicinin Optimizasyonu

Geleneksel yontemler ile yapilacak olan tasarimlarin olugturdugu
dezavantajlarin giderilmesi i¢in agirhk matrislerinin (Q ve R)
slirii tabanli Yapay Ar1 Kolonisi (ABC) ve Guguk Kusu (CS)
metasezgisel optimizasyon algoritmalar1 ile belirlenmesi
hedeflenmektir. Algoritmalar 10, 50 ve 100 popiilasyon boyutu
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degerinde ve 100 iterasyonda incelenmistir.
algoritmalarin  baslangic parametreleri detaylh
calismalari ile belirlenmistir.

Ayrica
benzetim

Tablo 2. LQR denetleyici agirlik matrisleri alt ve iist sinirlari

Table 2. LQR controller weight matrices lower and upper
bounds

Q1 Q2 Q3 Q4 R1
Alt Simir 0.1 01 01 0.1 0.1
Ust Simir 2500 1000 10 10 10

Tablo 2 ile alt ve st sinirlar1 sunulan LQR denetleyicinin agirlik
matrislerinin (Q ve R) matrislerinin optimizasyonu i¢in amag
fonksiyonuna ihtiyag duyulmaktir. Calisma kapsaminda
gerceklestirilecek optimizasyonun amaci esnek uzvun istenilen
acisal referansa en hizli ulasirken sistemin hareketinden ve
yapisindan dolay1 olusacak artik titresimlerin tamamen yok
edilmesi veya en az seviyeye getirilmesidir. Sistemin zaman
cevabindan elde edilen tepe zamani (tp), yiikselme stiresi (t:),
yerlesme zamani (ts), kararli durum hatasi (ss) ve maksimum
asim (sp) parametrelerini en aza indirmek i¢in esnek kanat ug
acisini (a) ve servo motor acisini (0) icin tarafindan yeni bir
¢oklu amag fonksiyon tasarlanarak Es. 8 ile gosterilmektedir.
Onerilen amag¢ fonksiyonunun tasariminda literatiirdeki ilgili
[11,12,14] calismalar incelenerek sistemin kontrol yanitlarini
dikkate alan yeni bir yaklasim kullanilmistir.

J=Jo+Ja

Jo = (20¢,(6)) + (10¢,(8)) + (10£,(8)) +

(0.1|max sp|(9)) + (4.4 Imax s; — ref(9)) @)

Jo = (0.1norm(a)) + (4 ts(a)) + (100tp(a')) +
(O.8|max sp|(a)) + (1500 [max sg — refl(a))

2.4. Yapay Ari Kolonisi (Artificial Bee Colony -ABC)

Yapay ar1 kolonisi, arilarin dogadaki besin bulma
davranislarindan esinlenerek karmasik optimizasyon
problemlerini ¢6zmek icin 2005 yilinda Dervis Karaboga
tarafindan ortaya atilan siirii tabanli bir metasezgisel arama
algoritmasidir [21]. Algoritmada ¢ ¢esit (is¢i, kasif ve gozcii) ar1
tiiriinden olusmaktadir. Birinci grup bilinen kaynaktan nektar
tasiyan is¢i arilardir. Bu arilar dans ederek diger arilara nektarin
bulundugu yerin bilgisini bildirmektedir. ikinci ar1 cesidi ise
gozcii arilardir. Isci arilar tarafindan getirilen bilgiler sayesinde
nektarin bulundugu yere dogru yonelmektedirler. Koloninin
yarisl isci yarisi ise gdzcii arilardan olusmaktadir. Isci ve gozcii
arilar bulduklar1 nektar tiikendigi zaman birer Kkasif ariya
donmekte ve {igiincli grubu olusturmaktadir. Bu grup ise belli bir



DEU FMD 26(77) (2024) 316-324

bilgi olmadan kovanin etrafinda gelisiglizel dolasarak nektar
aramaktadirlar [21]. Yapay ar1 kolonisi algoritmasinin algoritma
akis semasi Sekil 3 ile sunulmaktadir.

Baglangi¢ besin
kaynagmin ve nektar
miktarimin

hesaplanmasi

anlarin besin
rina komgu l

Giivzcit anlar igin hesin
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kay

> TS
kaynaklarmn Gozet arilar igin ST
& 2 4 Lin ivi kaynaginin
belirlenmesi komsu besin kaynagi e g
2 £ hatizaya alinmasy
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Ncektar miktapnn

hesaplanmast

Hirakilacak kaynalarin
belirlenmesi

Birakilog besin
kaynaklarimin yerine
veni kaynaklarin
iiretilmesi

Nihai besin | VI
pozisyonlar

Sekil 3. Yapay ar1 kolonisi (ABC) algoritma akis semasi
Figure 3. Flowchart of the Artificial Bee Colony (ABC) algorithm
2.5. Guguk Kusu Algoritmasi (Cuckoo Search-CS)

Guguk kusu (CS) optimizasyon algoritmasi, Yang ve Deb
tarafindan, guguk kuslarinin davranislarindan esinlenerek, siirii
zekasina dayanan verimli bir metasezgisel optimizasyon
algoritmas1 olarak gelistirilmistir. Guguk kuslari, 6zel yasam
tarzlar1 ve agresif Ulreme stratejilerinden esinlenilerek
olusturulmustur [22]. Algoritmanin akis semas1 Sekil 4 ile
gosterilmektedir. Kendi yuvalar1 disindaki baska canlilarin
yuvalarinda yumurtlayabilen guguk kuslar1 yumurtladiklar
yuvadaki yavru c¢ikma olasiigl yiikksek yumurtalar1 yuvadan
atabilirler. Ayrica yuvanin sahibi de guguk kusunun yumurtasini
tanirsa yumurtayl atar veya o yuvayl terk etme davranisini
gostermektedir. Fakat yuva sahibi yumurtalar1 taniyamazsa
guguk kusunun yumurtalarina da kendi yumurtalar gibi tizerine
oturmaktadir. Bu durum kulugka parazitligi olarak tanimlanir ve
algoritma bunun tlizerine gelistirilmistir [22].

Baslangig degerlerinin
belirlenmesi ve
poplilasyonun rastgele
baslatiimasi

Ev Sahibi kuslar tarafindan yabanci
—» yumurtalarin kegfedilmesi ve yeni
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'
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uygulanmasi

Guguk kuglan
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degerlendirilmesi ve
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HAYIR

Sekil 4. Guguk kusu algoritmasi algoritma akis semasi
Figure 4. Flowchart of the Cuckoo Search (CS) algorithm
3. Bulgular ve Tartisma

Makale kapsaminda, stirii tabanli CS ve ABC algoritmalart i¢in li¢
farkli konfigiirasyon belirlenmistir. Bu konfigiirasyonlar 10, 50
ve 100 popiilasyon degerinde ayr1 ayr1 incelenmis ve elde edilen
sonuclar tablo ve grafikler ile sunulmustur. Guguk kusu
Algoritmasinin yabanci yumurtalarin kesif orani (pa) ve adim
boyutu (alfa) olan parametreleri sirasiyla (0.2-0.2), (0.5-1) ve
(0.7-5) olarak secilerek ti¢ farkh konfigiirasyon olusturulmustur.
Benzer bicimde yapay ar1 kolonisi i¢cin modifikasyon orani (mr)
ve durdurma Kriteri (A) parametreleri icin sirasiyla (0,3-600),

(0.5-200) ve (0.8-400) olacak sekilde ii¢ konfigiirasyon
belirlenmistir. Tim simiilasyon sonuglar1 100 iterasyonda elde
edilmistir. ~ Optimizasyon basarilarini  kiyaslamak ic¢in
kullanilacak en diisiik amag fonksiyonu degeri (J), optimizasyon
siireleri ve konfigiirasyonlarin baslangic parametreleri, her
algoritma i¢in ayr1 ayr1 gosterilmektedir.

Tablo 3. CS Algoritmasi i¢in konfiglirasyonlar
Table 3. Configurations for CS Algorithm

Popiilasyon 10 50 100

Parametreler

pa 0.2 0.2 0.2
-
80 alfa 0.2 0.2 0.2
z‘é
§ ] 38.333 36.3292 35.9657
Stire(sn) 207.008 970.0443 1.9140e+03
pa 0.5 0.5 0.5
N
80 alfa 1 1 1
z‘é
§ ] 36.7852 36.3094 36.0858
Stire(sn) 203.0523 974.8149 1.9253e+03
pa 0.7 0.7 0.7
o
80 alfa 5 5 5
g
§ ] 38.2188 36.1295 36.0953
Stire(sn) 202.4303 968.0658 1.9327e+03

Tablo 4. ABC Algoritmasi i¢in konfigiirasyonlar
Table 4. Configurations for ABC algorithm

Popiilasyon 10 50 100

Parametreler

mr 0.3 0.3 0.3
-
80 A 600 600 600
g
§ ] 38.7974 36.0367 36.0232
Stire(sn) 200.134 956.024 1.8946e+03
mr 0.5 0.5 0.5
\
o A 200 200 200
=
§ ] 38.2586 36.491 35.9907
Stire(sn) 198.7855 953.9476 1.8916e+03
mr 0.8 0.8 0.8
®
o A 400 400 400
=
§ ] 38.5493 36.6087 35.8305
Siire 199.6230 963.9631 1.9634e+03
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Tablo 3 ile gosterilen sonuclar incelendiginde her konfigiirasyon
icin 100 popiilasyon boyutu degerinde en diisiik amag fonksiyonu
degeri elde edildigi gorilmektedir. Bununla beraber islem
stirelerinin uzadigl sonucuna ulasilmaktadir. Tim sonuglar
incelendiginde ise guguk kusu algoritmasinin en diisiik amag
fonksiyonuna birinci konfigiirasyonda ve 100 popiilasyon boyutu
degerinde ulastigl gozlemlenmektedir. Popiilasyon sayisi arttikca
konfigiirasyonlardan bagimsiz olarak daha diisik amag
fonksiyonu degerlerine ulasilirken optimizasyon siireleri
artmistir.

Tablo 4 ile yapay ar1 kolonisi icin elde edilen simiilasyon
sonuglari gosterilmektedir. Optimizasyon sonuglar1
incelendiginde Konfig-3 ile en diisiik amag fonksiyonu degerine
ulasilmaktadir. Bu deger makale kapsaminda incelenen iki
algoritma ve lger konfigiirasyon i¢in en diisiik deger olarak
goriilmektedir. Ayn1 zaman da en uzun hesaplanma siiresine
sahiptir.

Calismanin kapsaminda elde edilen sonuglar, birbirine yakin
degerlere ulasmaktadir. Bu durumda, Onerilen amag
fonksiyonunun basarili sonuglar iirettigi gosterilmektedir. Genel
olarak popiilasyon biiytikligii ve optimizasyon basarisi birbiriyle
paralellik gostermektedir. Popiilasyon biiyikligi arttikea,
incelenen iki algoritmanin optimizasyon sonuglari da iyilestigi
ayni zamanda hesaplama siirelerinin uzadigl gorilmektedir.
Tablo 3 ve Tablo 4 incelendiginde guguk kusu algoritmasi
konfigiirasyonlarinin hesaplama siireleri ayni1 popiilasyon
boyutu degerindeki yapay ar1  kolonisi algoritmasi
konfigiirasyonlarindan daha uzun oldugu gériilmektedir.
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Sekil 5. CS algoritmasi simiilasyon sonuglar1

Figure 5. CS algorithm simulation results
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LQR agirlik matrislerinin Guguk kusu algoritmasi ile optimize
edilerek ulasilan sonuglarin uydu esnek kanat prototipine
uygulanmasi ile elde edilen simiilasyon sonuglari Sekil 5 ile
sunulmaktadir. Konfigilirasyonlar arasindaki farklar
gosterebilmek i¢in sunulan sekiller ile uydu kanadinin u¢ sapma
acis1 ve servo agisli grafikleri her popiilasyon boyutu degeri ayr1
ayri cizilmistir. 10 popiilasyon boyutu degerinde en ytiksek u¢
sapma genligi konfiglirasyon-2 olurken en disik genlik
konfigiirasyon-3 tarafindan ulasilmistir. Bununla beraber servo
acist en iyiden kotiiye dogru sirasiyla konfigiirasyon-2,
konfigiirasyon-1 ve konfigiirasyon-3 seklindedir. 50 popiilasyon
boyutu degeri incelendiginde ise konfigiirasyon-2 ve
konfigiirasyon-3 kanadinin u¢ sapma genlikleri birbirine ¢ok
yakin cikarken, konfigiirasyon-1 en ytiksek genlige sahiptir.
Servo acisinin istenilen konuma en hizhi konfigiirasyon-1 ile
ulastigl sonucuna ulasilmaktadir. 100 popiilasyon boyutu
degerinde elde edilen sonuglar incelendiginde ise tim
konfigiirasyonlar i¢in sonuglar birbirine ¢ok yakin ¢iktig
gorilmektedir. U¢ sapma genlikleri biiyiikten Kkiiciige
konfiglirasyon 1, 3 ve 2 seklinde siralanmaktadir. Ayrica
Konfigiirasyon-1 en diisiik amag¢ fonksiyonu degerine ulasan
algoritmadir.

Uydu esnek kanat prototipinin artik titresim kontrolii i¢in
tasarlanan LQR denetleyicinin agirlik matrislerinin ABC ile
optimize edilmesi sonucunda elde edilen Kol sapma agis1 ve Servo
acisi simiilasyon sonuglari Sekil 6 ile sunulmaktadir.
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Sekil 6. ABC algoritmasi simiilasyon sonuglari

Figure 6. ABC algorithm simulation results

Sekil 6 ile gosterilen sonuglar uydunun kanadinin u¢ sapma agisi
ve servo acisl olarak incelenmis ve yliksek popiilasyon biiytikligii
degerinde sonuglar birbirine ¢ok yakin ¢ikmistir. Bu durum,
onerilen amag fonksiyonunun basarili bir optimizasyon sonucu
elde ettigini gostermektedir. 10 popiilasyon boyutu degerinde en
diisiik u¢ sapma agis1 konfigiirasyon-2, 50 popiilasyon boyutu
degerinde ise konfigiirasyon-3 tarafindan elde edilmistir. 50
popiilasyon boyutu degerinde konfigiirasyon-1 en hizl referans
konuma ulasan algoritmadir. Ayrica konfigiirasyonlar 50 ve 100
popiilasyon boyutu degerinde referans konuma daha kisa siirede
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Konfiglirasyon-3

ulastiklar1 gézlemlenmektedir. Popiilasyon boyutunun artmasi
ile tiim konfigiirasyonlarin uydu esnek kanadi i¢in simiilasyon
sonuglarinin daha iyiye gittigi sonucuna ulasilmaktadir. Calisma
kapsaminda incelenen yapay ar1 kolonisinin 100 popiilasyon
boyutu degerinde konfiglirasyon-3 ile ve guguk Kkusu
algoritmasinin 100 popiilasyon boyutu degerinde konfigiirasyon-
1 ile en diisiik amac fonksiyonu degerine ulastiklar1 gorilmustiir.
Elde edilen sonuglar ile literatiirde esnek robot kol ve LQR ile
yapilan bazi ¢alismalar ile karsilastirilmistir.

Tablo 5. Karsilastirilan kontrol yapilarinin LQR denetleyici parametreleri

Table 5. LQR controller parameters of the compared control structures

Q1 Q2 Q3 Q4 R1 K
ABC 190.74 810.93 0.255 0.795 4.6181 ([)6141321? -8.1409 0.5209
cs 181.86 1000 1.040 2.236 2.60  [7.4002-11.005 0.6847 0.1757]
ikizoglu ve Giirisik (Geleneksel) 100 150 2 1 1 [10 -14.8249 1.6209 -0.7451]
Kumar ve Ohri (m-PS0O) 145 4.1 1.05 7.1 1 [12.0416 -37.3209 1.6291 -0.9073]
Dharavath ve Ohri (PSO) 56.8 50.6 0.01 0.5 1 [7.5366 -8.0217 0.5113 - 0.0109]
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Esnek Kanat Sapma Agisi [deg]

1
Zaman [s]

Sekil 7. Esnek Kanat ug acisi simiilasyon sonuglari

Figure 7. Simulation results of flexible wing tip deflection

Tablo 5 ile ABC, CS ve literatiirdeki karsilastirma i¢in kullanilan
karsilastirilan ¢alismalarin Q (q1, q2, g3, g4), R agirlik ve kazang
(K) matrisleri gosterilmektedir. ABC ve CS algoritmalarinin
agirlik matrisleri ¢alisma kapsamindaki amag fonksiyonu ve
baslangic degerleri ile elde edilen degerlerdir. ikizoglu ve Giirisik
tarafindan 2018 yilinda yapilan bir ¢alisma ile LQR kontrol ve
yeni bir hibrit yontem dnerilmistir [15]. Yapilan ¢alismanin LQR
agirlik ve kazan¢ matrisleri kullanilmistir. Dharavath ve Ohri
2021 yilinda benzer bir deney diizeneginin titresim kontroli icin
ITAE amac¢ fonksiyonu kullanarak yine siirii tabanli bir
metasezgisel optimizasyon algoritmas1 olan pargacik siiri
optimizasyon algoritmasi ile LQR parametrelerini
belirlemislerdir [16]. Kumar ve Ohri 2020 yilinda yaptiklar
calisma ile benzer bir kontrol problemi icin LQR kontrol
yonteminin  performansini  arttirmak ve Q matrisinin
belirlenmesi i¢in modifiyeli bir parcacik siirii optimizasyon (m-
PSO) kullanmiglardir [17]. Degerleri Tablo 4 ile sunulan bu
calismalarin karsilastirilmis hali Sekil 7 ve Sekil 8 ile
sunulmaktadir.

Esnek kanat yapisinin sapma agisinin sunuldugu Sekil 7
incelendiginde ABC ve CS algoritmalarinin birbirine ¢ok yakin
sonuglar gorilmektedir. Bununla beraber olusan artik
titresimlerin daha kisa siirede giderildigi sonucuna
ulasilmaktadir. ITAE amag¢ fonksiyonu ve PSO algoritmasi ile
yapilan kontrol ¢alismasinin artik titresimlerin giderilmesi ise
diger calismalara gore daha uzun siirdiigi gézlemlenmektedir.
Sekil 8 ile elde edilen kontrol yanitlarinin servo motor agisi igin
karsilastirllmasi gosterilmektedir. Sekil 7 ile benzer bicimde
calisma kapsaminda 100 popiilasyon boyutu degerinde incelenen
stirii tabanli ABC ve CS algoritmalari birbirine ¢ok yakin sonuglar
elde edilmistir. Bu durum makale kapsaminda yazilan yeni ¢ok
amagli fonksiyonun ve algoritmalarin basarisini géstermektedir.
Bu algoritmalar istenilen servo agisi referansina diger
calismalara gore hizi ulagsmislardir. Onerilen yaklasim ile

literatiirdeki c¢alismalardan daha iyi sonug¢ elde edildigi
goriilmektedir.
4. Sonuclar
Makale kapsaminda yapilan c¢alisma ile kullanilan deney

diizeneginin esnek kanatistenilen agisal referansa en hizl sekilde
ulasirken sistemin hareketinden dolay1 olusacak artik
titresimlerin bastirilmasi i¢cin LQR kontrol yapisi tasarlanmistir.
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algoritmalar1 ile belirlenmistir. Optimizasyon i¢in kontrol
amacina uygun ve sistemin kontrol yanitlari dikkate alinarak yeni
bir amag fonksiyonu énerilmistir. Onerilen yaklasimin etkinligi,
literatiirde bulunan agirhk matrislerinin PSO, m-PSO ve
geleneksel olarak Dbelirlendigi LQR denetleyiciler ile
karsilastirilarak énerilen yaklasimin iistiinligii gosterilmistir.

Calisma sonunda elde edilen sonuglar maddeler halinde
asagidaki sekliyle 6zetlenebilir;

e Elde edilen sonuglar, tasarlanan yeni amag¢ fonksiyonunu ve
kullanilan algoritmalarin etkinligini géstermektedir.

e CS ve ABC algoritmasi karsilastirilan diger algoritmalara gore
uydu kanadi ug acgisinda daha diistiik genlige sahiptir. Servo
acilarina bakildiginda ise, bu algoritmalarin istenilen agisal
referansa daha hizl ulastiklar gériilmektedir.

e Algoritmalarin  baslangic  parametrelerinin  belirlenmesi
optimizasyonun basarisini dogrudan etkilemektedir. Ozellikle
10-50 popiilasyon boyutu degerinde, konfigiirasyonlar
arasindaki farklar daha belirgindir.

o Algoritmalarin popiilasyon boyutu degeri arttik¢a hesaplama
stireleri artarken daha basarili sonuglar elde edilmektedir.

o CS ve ABC algoritmalarin servo agilarinin yerlesme zamanlari
arasinda %0,0792 fark bulunmaktadir. CS algoritmas: daha
basarili oturma stiresi sunmaktadir.

e Servo agilarinin yerlesme zamanlar1 incelendiginde, CS
algoritmas1 Geleneksel LQR arasinda %82,03, m-PSO ile
%49,80 ve PSO ile %26,14 fark bulunmaktadir.

¢ Esnek kanat yapisi i¢in en iyi yerlesme zamani performansin
Guguk Kusu algoritmasi vermektedir. Guguk Kusu algoritmasi
ile PSO arasinda %37,56, m-PSO ile %61,87 ve geleneksel
yonteme gore ise %161,28 fark bulunmaktadir.

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

Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar catismasi
bulunmamaktadir.
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0z

Elektrikli ara¢ teknolojisinin hayatimiza girmesi ile birlikte farklh tiirde elektrik motorlarinin gelisimi ve verimlilik hesaplamalari
arastirmacilar tarafindan ilgi gérmektedir. Kalici miknatislarin iiretim maliyetlerinin artmasi nedeni ile, yliksek hizli ¢alisan
sistemlerde kullanilmak tizere gesitli indiiksiyon motor tasarimlari mevcuttur. Kiitlesel rotorlu indiiksiyon motorlar1 (KRIM) basit
yapilari, tiretim kolaylig, yiiksek hizda titresimsiz ¢alismasi gibi nedenlerden dolay1 6ne ¢ikan motor tiirlerindendir. KRIM yapilarinin
optimizasyon siireclerinde analitik ¢oziimlerin elde edilebilmesi biiyiik 6nem tasimaktadir. Bu ¢alismada, KRIM tasarimlarinda,
agirlikh kalanlar yontemlerinden biri olan kollokasyon yonteminin kullanilabilirligi arastirilmistir. Calismada Maxwell denklemleri
farkli mertebede kollokasyon polinomlar: tarafindan modellenerek analitik ¢oziimler ile kiyaslanmistir. Calismada, kollokasyon
yonteminin elektromanyetik sistemlerin ¢6ziimii icin kullanish oldugu, 12 ve tzeri kollokasyon noktasi kullanilmasi1 durumunda
kabul edilebilir (RMSE<1e-5) sonuglarin elde edilebilecegi gosterilmistir.

Anahtar Kelimeler: Kiitlesel rotorlu indiiksiyon motoru, kollokasyon yéntemi, yaklasik ¢éziim, girdap akimlart

Abstract

With the integration of electric vehicle technology into our daily lives, researchers have increasingly focused on the development of
various electric motor types and efficiency calculations. Given the rising production costs of permanent magnets, researchers have
explored alternative induction motor designs suitable for high-speed systems. Solid rotor induction motors (SRIM) stand out due to
their simple structures, ease of production, and exceptional vibration-free operation at high speeds. It is crucial to derive analytical
solutions for optimizing Solid Rotor Induction Motor (SRIM) structures. This study explores the viability of utilizing the collocation
method, a type of weighted residuals approach, for the modeling of SRIM structures. Collocation polynomials of various orders were
employed to model the Maxwell equations, and the results were compared with analytical solutions. The findings demonstrate that
the collocation method effectively solves electromagnetic systems, and employing 12 or more collocation points yields results within
acceptable limits, with an RMSE of less than 1e-5.

Keywords: Solid rotor induction motor, collocation method, approximate solution, eddy currents.

EXTENDED ABSTRACT

Introduction Computer-aided analysis of electric motors typically employs
two main methods: numerical and analytical approaches [12, 13].
Numerical methods generally involve the creation of a geometric
model of the system, followed by computational analysis within a
computer environment [14, 15]. Owing to their ease of use and
reliability, commercially available finite element analysis (FEA)
software packages are often preferred over custom software
development. Among these, ANSYS Maxwell, COMSOL, and Finite
Element Method Magnetics (FEMM) are widely utilized for
electromagnetic system analysis. The versatility in handling
diverse geometries and the user-friendly interface contribute
significantly to the preference for FEA programs. In essence, the
computational domain is discretized into small elements, forming
a linear solution mesh. Solving this discretized domain
computationally often incurs high computational costs,
necessitating high-capacity computers.

In the literature, electric motors exhibit diverse structures and
characteristics aligned with their application areas. Permanent
magnet synchronous motors (PMSM) offer high torque density,
reliability, and system efficiency [4]. Induction motors remain
one of the most prevalent types today. Solid rotor induction
motors (SRIM) are favored in high-speed systems due to their
ease of manufacture, high strength, and safety [6]. The literature
presents various SRIM designs with differing rotor structures.
One of the most common types features axially sliced conductive
slots within the rotor body [7]. This axially slitted rotor structure
facilitates the reduction of air losses and enhances
electromagnetic performance [8]. The most commonly used
SRIM type employs solid steel cylinder rotors [9]. Typically, these
are constructed from low-carbon ferromagnetic steel, boasting
high mechanical strength and heat capacity [10].
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Solid rotor induction motor (SRIM) systems typically exhibit
homogeneous rotor structures with uniform geometries. This
characteristic facilitates analytical solutions for the governing
electromagnetic  interaction equations under specific
assumptions. Several studies exploring these analytical
computations exist within the literature [16-19]. Notably, solving
the electromagnetic equations in cylindrical geometries
commonly relies upon the symmetric solution of the Helmholtz
equation. However, solutions obtained under this cylindrical
symmetry assumption frequently include complex components
of Bessel and Modified Bessel functions. Consequently, the torque
and force components translate into highly intricate
mathematical formulations. This complexity ultimately hinders
the utilization of these equations for optimization and parametric
design applications.

Materials and Methods

Solving electromagnetic problems hinges on the solution of
Maxwell's equations. This system simplifies for electromagnetic
domains comprising linear, isotropic, and permeable conducting
materials. Equation 2 expresses the magnitudes of the magnetic
field (B) and electric field (E) in terms of the vector potential (A).
The rotor is a solid conductor of radius r1 and is magnetic. The
stator is assumed to generate a sinusoidal electric current across
the cylinder surface at position ro, with infinite magnetic
permeability. Equation 2 employs exponential collocation
functions. The rotating rotor region and the air gap between the
rotor and the stator are considered as two different regions.
Optimal collocation coefficients satisfying the boundary
conditions in both regions are determined, ultimately yielding
the solution.

Results and Discussion

This study investigates whether the collocation method, one of
the weighted residual methods, is suitable for the analytical
modeling of solid-state-rotor induction motors. Initially, partial
differential equations (Equation 8-9) and boundary conditions

(Equation 12-14) that need to be solved by decomposing
Maxwell's equations were simplified. For the application of the
collocation method, exponential functions (Equation 19) and a
polynomial family (Equation 21) that satisfy the boundary
conditions were defined. The results of the solutions, consisting
of 4, 8, 12, and 16 collocation points, are presented in Figures 2
and 3. It was shown that the errors decreased as the number of
collocation points increased, and precise solutions could be
obtained when a sufficient number of collocation points were
used.

An increase in the number of collocation points not only increases
the order of the selected polynomial but also improves the
function's behavior. Table 2 compares the magnetic vector
potential obtained from the collocation method with the results
of the analytical solution. For the solution with 12 collocation
points and a slip value of , the corresponding MAE, MSE, and
RMSE values are 0.00058, 3.30E-06, and 0.013, respectively. On
the other hand, for the solution with 8 collocation points and a
slip value of , the MAE, MSE, and RMSE values are found to be
0.00011, 3.16E-08, and 0.00235.

Conclusion

There are some articles available in the literature that investigate
the analytical solution of SRIM (Solid Rotor Induction Motor)
designs, similar to different electric motors [17-19]. These
studies typically involve single or double rotor layers. Few of
them included the investigation of stator structures. This
situation arises from the challenges encountered in solving the
Maxwell equations. There are not enough solutions for more
complex problems. It has been demonstrated that the proposed
collocation method eliminates the problems encountered in
solving the Maxwell equations. When a sufficient number of
collocation points are used, approximate solutions that can be
easily expressed using exponential or polynomial functions can
be obtained.

1. Giris

Son yillarda elektrik makinelerinin veriminin artmasi ile birlikte
elektrik  motorlarinin  ara¢  teknolojilerinde  kullanimi
yayginlasmistir. Elektrikli kara araglari, drone ve elektrikli
ucaklar, elektrikli denizalti ve elektrikli gemi sistemleri
giinlimiizde en ¢ok ¢alisilan konular arasindadir [1-3].

Elektrik motorlari, kullanim alanlarina gore farkli yap1 ve
ozelliklere sahiptir. Kalict miknatish senkron motorlar (KMSM)
(Permanent Magnet Synchronous Machines PMSM) yiiksek tork
yogunlugu, yiiksek giivenilirlik ve yiiksek sistem verimliligine
sahiptir [4]. Genellikle rotor icerisine farkl dizilimlerde
yerlestirilen miknatislar kullanilir. Topraktan elde edilen kalic
miknatis tedariginde yasanan sorunlar nedeni ile iiretim
maliyetleri her gegen giin artmaktadir [5].

indiiksiyon motorlar1 giiniimiizde yaygin olarak kullanilan bir
diger elektrik motoru tiiriidiir. Uretim kolaylig), yiiksek dayanimi
ve giivenli olmasi nedeni ile kiitlesel rotorlu indiiksiyon motorlar1
(KRIM) (Solid Rotor Induction Machine SRIM) yiiksek hiza ihtiyag
duyan sistemlerde tercih edilir [6]. Literatiirde farkli rotor
yapisina sahip KRIM tasarimlari mevcuttur. En yaygin olarak
kullanilan tiplerinden biri, rotor goévdesinde eksenel olarak
dilimlenmis iletken yariklara sahip rotordur [7]. Eksenel olarak
dilimlenmis rotor yapisi hava kayiplarinin azalmasina yardimci
olur ve elektromanyetik performansinin artmasini saglar [8]. En
yaygin olarak kullanilan KRIM tiirii ise yekpare celik silindir

rotorlu motorlardir [9]. Genellikle diisiik karbonlu ferromanyetik
celikten yapilirlar, mekanik dayanimlar1 ve 1s1 kapasiteleri
ylksektir [10].

Yiiksek hizli uygulamalarda c¢alisacak elektrik motorlarinin
yliksek performans, diisiik maliyet ve yiiksek dayanima sahip
olmasi i¢in elektromanyetik, mekanik ve termal etkilesimi
dikkate alinarak tasarlanmahdir [7,11].

Elektrik motorlarinin bilgisayar destekli analizinde genellikle
sayisal ve analitik olmak iizere iki yontem kullanilir [12-13].
Sayisal yontemler genel olarak sistemin geometrik modelinin
olusturularak bilgisayar ortaminda hesaplamalarin yapilmasina
dayanir [14,15]. Kullanim kolaylig1 ve giivenilir olmalar1 nedeni
ile 6zgiin yazilmlar gelistirmek yerine, genellikle iicretli sonlu
elemanlar (SEA)(finite element analysis (FEA)) paket
programlar1  tercih edilir. Literatiirde elektromanyetik
sistemlerin analizi i¢in ANSYS Maxwell, COMSOL ve Finite
Element Method Magnetics (FEMM) programlar1 yaygin olarak
kullanilan programlardir. SEA programlarinda ¢ok c¢esitli
geometrilerin olusturulabilmesi ve kullanici dostu araytizii tercih
edilme nedenlerinin basinda gelir. Temel olarak hesaplama alani
kiiglik elemanlara béliinerek dogrusal bir ¢6ziim ag1 yaratilir. Bu
alanin bilgisayar ortaminda ¢6ziimii genellikle hesaplama
maliyetinin yiliksek olmasina neden olur ve yliksek kapsaiteli
bilgisayarlar gerektirir. Elektromanyetik yapiy1 yoOneten
denklemlerin ¢dziilmesi ile, elde edilen denklemlerin yapisal ve
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1s1l incelemeler i¢in farkli program altyapilarina aktarilarak yeni
coziimler olusturulmasina ihtiya¢ duyulur.

KRIM sistemleri genellikle diizgiin geometriye sahip homojen
rotor yapilarindan olusur. Bu durum elektromanyetik etkilesimi
yoneten denklemlerin belli kabuller altinda analitik ¢dziimiiniin
yapilabilmesine olanak tanir. Guo vd. silindirik geometriye sahip
bir KRIM geometrisinin devre parametrelerini elde etmek i¢in
analitik bir ydntem 6nermistir. Calismada rotor iizerinde olusan
eddy akimlarini, rotor direnci ve karsilikl endiiktans katsayisini
analitik olarak veren formiiller tiiretilmistir [16]. Papini vd.
indiiksiyon motorlarinda olusan eddy akimlarini analitik olarak
elde etmis, analitik ¢6ziimleri kullanarak girdap akimlardan
kaynaklanan sicaklik degisimini bir boyutlu SEA yoéntemini
kullanarak modellemistir [17]. Ergene ve Ertugrul iki katmanl
rotor yapisina sahip bir KRIM modelini ve stator geometrisini
iceren elektromanyetik ¢oziimleri analitik olarak elde etmis ve
SEA programi sonuglari ile kiyaslamistir [18]. Chen vd. ¢ok fazh
kafes tipi indiiksiyon motorlarinda, stator {izerinde olusan
manyetik motor kuvvetlerini (MMK) analitik olarak incelemistir.
Rotor geometrisini dort farkli alan olarak ele almis, her bir
bolgede olusan MMK kuvvetlerinin, uzamsal harmonik ¢éziimler
olarak elde edilebilecegini gdstermistir [19].

Elektromanyetik denklemlerin silindirik geometride ¢6ziimi
genellikle Helmholtz denkleminin simetrik ¢dziimiine dayanir
[19]. Silindirik simetri kabulu altinda elde edilen ¢dziimler
genellikle Bessel ve Modifiye Bessel fonksiyonlarinin karmasik
bilesenlerini icermektedir. Bu nedenle tork ve kuvvet bilesenleri
olduk¢a karmasik matematiksel formiillere déniismektedir. Bu
durum elde edilen denklemlerin optimizasyon ve parametrik
tasarimlarda kullanimini zorlagtirmaktadir.

Calismada, kollokasyon yonteminin temel yapisi agiklanmis,
KRIM yapilari i¢in kollokasyon yontemi kullanilarak ¢éziim elde
edilmistir. Elde edilen ¢oziimler literatiirde yer alan analitik
formiiller ile kiyaslanarak gecerlilii gosterilmistir. Bir
problemde analitik ¢ézlim yapilabiliyor ise genellikle sayisal
yontemler ile ¢6zlim yapilmasina gereksinim duyulmaz.
Giinlimiizde ilgilenilen miihendislik problemlerinin biiyiik bir
¢ogunlugunda analitik ¢6ziime ulasilamaz. Kollokasyon yontemi,
analitik ¢6zlimii yapilamayan bu sistemlerin ¢6ziimii icin hizli ve
kullaniglh bir ¢6zliim yoéntemidir. Calisma, elektromanyetik
sistemlerin bilgisayar destekli analizi igin kollokasyon
yonteminin kullanimimi agiklamakta olup, KRIM modelinde
yeterli kollokasyon noktasi alindiginda, analitik ¢o6ziime
yeterince yakin sonuglar alinabilecegini gostermistir.

2. Materyal ve Metot

Dogrusal, izotropik gecirgen ve iletken malzemelerden olusan

elektromanyetik sistemler icin Maxwell denklemlerinin
diferansiyel formu Esitlik (1) ile verilmistir [20].
VeE=p
VeB=0
oB
VxE=—-—— 1
p 1)

oE
VxB=pud+ uo—
)+ o

Burada, ¢ ve 0, ortamin manyetik gecirgenlik sabiti ve dielektrik

gecirgenlik sabiti, p ve J ise serbest elektrik yiik yogunlugu ve
akim yogunlugudur. Akim yogunlugu terimi disaridan uygulanan
akimlari ve elektrik iletkenliginden olusan akimlari icermektedir.
Elektrik ve manyetik alanlar E ve B skaler ve vektor potansiyeli
¢ ve A cinsinden ifade edilebilir [21].

V=0

Boylece Esitlik (1) otomatik olarak sadelesir. Elektrik alan ve
manyetik alan ifadeleri A vektori tiiriinden asagida verilmistir
[22].

E=-iwA
B=VxA
2 O0°A
VA - uo pe =—1 (2)

Esitlik (2) iletken, homojen ve izentropik ortamlar icin gecerli
olup, sistemin genel elektromanyetik davranmisini veren
diferansiyel denklemdir.

2.1. Elektrik Model
Bircok ¢alismada KRIM i¢in asagida verilen basitlestirilmis model
kullanilir (Sekil 1) [16,17]. Rotor, I, yaricapina sahip bir
silindirden olusur. Stator, ro(r0>r1) yari¢apina sahip olup,

manyetik gecirgenligi sonsuz kabul edilir. Akim eksenel
dogrultuda bir yiizey boyunca akmaktadir. Motor eksenel
uzunlugu L olarak kabul edilir ve kenarlarda olusan ug etkileri
thmal edilir (r,/L<<1). Y4, ve p, sirasi ile havanin ve rotorun

manyetik  gecirgenligi, ¢ rotor malzemesinin elektrik
iletkenligidir.
Hava Stii’[()‘[‘ y 4

\

Rotor \
> :

W s ..
,,_,/ J = J®.e,
e Akim yiizeyi

Sekil 1. Problem geometrisi
Figure 1. Problem geometry

Stator akiminin agisal frekansi w, rotor iizerinde olusan akimin
acisal frekansisw ve s <1 kayma(slip) olarak tanimlanir. Bu
durumda mekanik agisal iz (@, ),

w,=0,—o, =(1-S)o (3)
P kutup sayisi (pole-pairs) olmak iizere yeniden tanimlanir.
@
oy =(1- S)E (4)

iki es merkezli silindirik koordinat sistemi tamimlanur: (r, 8, z) ve
(r,0', ). 0 sabitve stator lizerinde (stator frame) yer alan eksene
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gore acisal dénmeyi, 8’ rotor ilizerindedir ve doénen eksen
takimina gore donmeyi temsil eder. Bu durumda,

0=0+a,t (5)
Esitlik (4) kullanilarak,
ot — po =swt — po’ (6)

Akim yogunlugu (J), manyetik vektdr potansiyeli (A) ve
elektrik alan ( E) yalnmizca z dogrultusunda olusur. Manyetik
alan (B)r ve @ bilesenlerinden olusur.

J=J(6,1e,
A=A(r,0,t)e, %
E--A

ot

Deplasman akimlar1 ihmal edildiginde, Esitlik (2) yayilim
vektoriine dondsiir.

VA= ,ua%A (rotorda) (8)
V?A =0 (Hava boslugunda)
Sabit kordinat eksenine gore;
A 10A 1 °A oA
st——t S5 =uo— 9
o ror r°oe ot

Stator ylizey akimi kompleks uzayda tanimlanir (Esitlik 10).

J=1J,Refel
2mK I N

dp”p

m
zhy

(10)

Burada, m faz sayis;, K stator sargl faktorii, N bir fazda yer

dp
alan sargi sayisi, | faz akiminin rms degeridir [16,17]. Esitlik
(9)'un ¢oziimiinde degiskenlerine ayristirma yontemi kullanilir.
Bu durumda,

A(r,6,t) =Re{a(r)e’ "}
Dénen rotor ekseni i¢in Esitlik (6) kullanilir ise,
A(r,6',t) =Re{a(r)e’* "}
Coztim iki farkli alan tizerinde ayriklastirilarak elde edilir.

O<r<r, — A(r,0t)=Re{a®(r)e "}

n<r<n — A(rot= Re{a(z)(r)e“‘“”"")}

Boylece Esitlik (9) basitlesir.

2.(1) [ 2
diaz_'_}da - p—2+jsa)yo' a® =0
dr r dr r
2,(2) @ 2 1y
da® 1da® p° .o _,
ar> r dr r?

2.2. Elektrik model

Esitlik (11)'in ¢6ziimi i¢cin dort temel sinir sartina ihtiyag¢ vardir.
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Rotor ve stator ara kesitinde ( r =1, ) eksenel dogrultuda elektrik

alan ve manyetik alan bilesenleri siirekli olmalidir.

1da® 1 da®
odr g, dr

(12)

a® =a® (13)

Stator akim yiizeyinde manyetik aki yiizey akimlarina esit
olmalidir.

1 da®
;70 dr

m

(14)

Ayrica, rotor ve stator yapisi silindirik simetri kabulii altinda
¢oziildiigiinden rotor i¢ bolgesinde (r =0) A sonlu olacak sekilde
katsayilar secilmelidir.

2.3. Kollokasyon Yontemi

Miihendislik alaninda karsilasilan problemlerin analitik ¢6ziime
ulasmak genellikle ¢ok zor veya miimkiin degildir. Bu gibi
durumlarda genellikle baz1 kabuller yapilarak analitik ¢éziimii
elde edilebilen problemlere indirgenir. Ancak analitik ¢6ziimler
genellikle seri ¢oziimlerdir ve karmasik ifadelerden olusur. Bazi
durumlarda problemi temsil eden yaklasik ¢oziimler elde
edilebilir.  Kollokasyon  yontemi  ¢esitli ~ miihendislik
problemlerinin ¢6zlimi icin kullanilan bir yéntemdir. Kismi ve
adi diferansiyel denklemlerin ¢éziimiinde, integro diferansiyel
denklemlerin ¢6ziimiinde ve sayisal verilerin yorumlanmasinda
kullanilmaktadir [23-25]. Durak ¢alismasinda adi ve kismi
diferansiyel denklemlerin ¢6ztimiinde kollokasyon yonteminin
nasil uygulanacagini acgiklamistir  [23]. Arastirmacilar,
genellestirilmis  esit genislikli dalga denklemini farkh
kollokasyon ydntemlerini kullanarak sayisal ¢ozmiistiir [26,27].
Karako¢ vd. kollokasyon temelli sonlu elemanlar ydntemini
kullanarak Sawada-Kotera (S-K) denkleminin sayisal ¢dziimlerini
temsil eden bir matematiksel model incelenmistir [28]. Ak ve
Karako¢ degistirilmis Kawahara denkleminin septik B-spline
kollokasyon yontemi ile sayisal ¢6ziimiinii elde etmis, Von-
Neumann kararhilik analizi uygulayarak yoéntemin kosulsuz
olarak kararli oldugu gostermistir [29].

Genel formda bir diferansiyel denklem Esitlik (15) ve Esitlik (16)
formunda tanimlanabilir.

y(O) =Y
y(x) =Y (15)
y(L) =y,
L(y)=f(r)
(16)

J(r) =v(r)+ > (1)

Burada, L ; diferansiyel operator, f(r) ; homojenligi bozan terim,
y; yaklasik
¢oziim, Yy, ve Y, smr sartlar,, Y,; I noktasinda fonksiyonun

y; diferansiyel denklemin ¢oéziim fonksiyonu,

degeri, V ; problemin sinir sartlarini saglayan keyfi bir fonksiyon,
U, ; diferansiyel denklemi saglamak iizere onerilen polinom

ailesidir. R(r;) kalan (residual) olarak tanimlanir ve Esitlik (17)
ile hesaplanir. u;, polinom ailesi keyfi olarak secildiginden iistel,

trigonometrik veya polinom formunda olabilir. Polinom ailesi ne
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olursa olsun kalan R(r) 6nerilen polinom ailesinin katsayilarini

iceren bir matris olarak karsimizas c¢ikar ve ¢6ziimii halinde
yaklasik ¢6ziim elde edilir.

R(R) = f(r)-L[y(r)]= (17)
Esitlik (18) dikkate alindiginda, a® ve a®® fonksiyonlari icin a®
ve a® olmak iizere iki fonksiyonun yaklasik ¢oziimi elde
edilmelidir.

a®%r) =v®(r)+ Zn:ui‘”(r)
. (18)
a®(r)=v@(r)+ > u?(r)

go

ve V@ fonksiyonlar1 simir sartlarini saglamak tizere Esitlik

(19)’da verildigi formda segilir.

vO(r) = an” +a,n "

PO () =byr? +b,r? (19)

Esitlik (12-14) ile verilen sinir sartlar dikkate alinir ise a,=0 ve
Esitlik (20) elde edilir. Elde edilen denklemlerin ¢6ziimii a,,b;,b,

katsayilarini verir.
P P _
- blrl + bzrl =0

n n
—ar”t—— (@ —br ") =0
Mall ﬂo(bll 21 ) (20)

bzr{ pil) = _‘]m

L(blrlp -

Ho
Esitlik (19) ve Esitlik (11) géz oniine alindiginda v® 'nin verilen
kismi diferansiyel denklemi sagladig: goriiliir. Bu durumda yeni
bir polinom o&énermeye gerek kalmaz. Ancak v® fonksiyonu
Esitlik (11a) ile verilen adi diferansiyel denklemi (ADD)
saglamaz. Bu nedenle ADD nin ¢6ziimiinii elde etmek iizere u®

¢oziim ailesi Esitlik (21) ile verildigi iizere polinom olarak
secilebilir.

. n .
u®(ry=>cr
i=1

ul(lj — C,I’H

(21)

Burada n bir tamsayidir ve ¢6zliimiin mertebesini ifade

etmektedir. f(r)=0 olmak iizere;

) d(r"l) du
dr

n 2 I'
Zc, + Zc,

n
i= r|1
( 1

Esitlik (22)'nin farkh kollokasyon noktalar i¢in ¢éziimi ile c;

p? (22)
S+ Jsa),uo]

n

2er

=—jsouc(ar’)

katsayilar1 elde edilir. Esitlik (18a) ve elde edilen katsayilar
kullanilarak probleme ait yaklasik ¢oziimler elde edilir.

3.

Tablo 1 ile 6rnek bir KRIM parametreleri verilmistir. Esitlik (20)
fiziksel biiyiikliikler dikkate alinarak coziiliir ise a, =-26.9476,

Bulgular ve Tartisma

b, =-13.4918 ve b, =-154.9153elde edilir. Elde edilen sonuglar

literatiirde yer alan analitik ¢6ziimler ile kiyaslanarak gecerliligi
test edilecektir. Analitik ¢6ziim yontemi ve formiilasyonu
hakkinda daha detayl bilgi i¢in icin [18] ve [19] numaral
referanslar incelenebilir.

Tablo 1. Parametreler.

Table 1. Parameters.

Parametre Deger Aciklama

m 2 Faz say1s1

de 1.0 Sarg faktorii

I p (A) 8 Faz akimi (rms)

N 100 Seri bagh sarim sayisi

Iy (mm) 58.5 Stator i¢ ¢cap1

I, (mm) 58.3 Rotor dis yarigapi

p 2 Kutup sayisi

Hy 47107 Havanin manyetik gecirgenligi
A 750 k4, Rotor manyetik gecirgenligi
O (S/m) 5.55x10¢  Rotor iletkenlik katsayisi
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Sekil 2’de s=0.01 ve s=0.1 kayma degerine sahip KRIM nin 14
kollokasyon noktas1 i¢in analitik ¢6ziim ve yaklasik ¢6ziim
birlikte verilmistir. Sekilde goriilecegi lizere her iki ¢6ziimde de,
v(r) fonksiyonu analitik ¢6ziim ile problem simir sartlarin

saglayacak sekilde uyum saglamaktadir. u(r) fonksiyonu ise
sinirlar1 homojen olarak secilmis olup, problemin ¢6ziim
alaninda fonksiyonu gercek ¢oziime yaklastiracak sekilde deger
almaktadir. Iki fonksiyonun toplami ( y(r) =v(r)+u(r)) gergek

fonksiyon degerlerini saglamaktadir.

Sekil 3a ve Sekil 3b ile s=0.1 kayma degeri icin farkl kollokasyon
noktalarinda manyetik vektor potansiyeli A ve eddy akimlari J,
‘nin yarigap dogrultusunda degisimi analitik ¢6zlim ile birlikte
gosterilmektedir (J,=cE). Yaklasik ¢6zliimiin dogruluguy,
kollokasyon nokta sayisi ile dogru orantilidir. Her iki biytklik
icin de kollokasyon nokta sayis1 arttik¢a yaklasik ¢6ziim analitik
¢oziime yaklagsmaktadir. n>8 icin hata 10-3ten daha kiigiiktiir.
n=12 icin elde edilen yaklasik ¢oziim gercek ¢oziimi ¢ok iyi
temsil etmektedir.

Ortalama mutlak hata(Mean Absolute Error MAE), Ortalama kare
hata (Mean Square Error MSE) ve Ortalama kare hatanin
karekokil (Root Mean Square Error RMSE) iki serinin benzerlik
oraninl elde etmek ve seri benzerliginin bir o6l¢iisii olarak
kullanilan en yaygin parametrelerdir [30]. Burada gercek
(analitik) ¢oziim y, , yaklasik ¢dziim y, ve D oérnek sayisi olmak
tizere Esitlik (23-25) ile hesaplanir. s=0.1 ve s=0.01 degerleri

icin farkl kollokasyon noktalarinda hata degerleri hesaplanarak
Tablo 2 ile verilmistir.



DEU FMD 26(77) (2024) 325-332

Manyetik vektor potansiyeli s=0.01 (a)

0.05

) 10 20 30 40 50 60

r(mm)
0.1 Manyetik vektor potansiyeli s=0.1 (b)
0.051
<< 0 S —
— Vs T o,
0057 v )
u
u+y
-0.1
0 10 20 30 40 50 60
r(mm)

Sekil 2. 0.01 ve 0.1 kayma degerleri icin kollokasyon drnegi

Figure 2. Collocation example for 0.01 and 0.1 slip values

Manyetik vektor potansiyeli (s=0.1) (a]
D - - ! : ! j =. " 4
-0.02
-0.04
< —Ve
4
-0.06 __ .8
---12
-0.08
-—-16
0.1 ; . . : -
0 10 20 30 40 50 60
r(mm)
<107 Eddy akimi (s=0.1)
0fF—— ' T
-2
(]
- —VYe
4
4ll---8
—-—-12
-—-16
6 . . . . .
0 10 20 30 40 50 60
r(mm)

Sekil 3. Farkli kollokasyon nokta sayilarinda yakinsama. Farkl
kollokasyon noktalarinda A (a). Farkli kollokasyon noktalarinda
J (b).

Figure 3. Convergence at different numbers of collocation points.
A at different collocation points (a). J at different collocation
points (b).

1 D
MAE == Iy, = 9,| (23)
n=1
1L _\2
MSE=BZ(yn—yn) (24)
n=1
18 2
RMSE = [=2 (= Ya) (25)

n=1

Tablo 2. Vektor potansiyeli icin hata analizi tablosu.

Table 2. Error analysis table for vector potantial.

S n MAE MSE RMSE
4 0.00899 0.00027 0.2012
8 0.00115 7.65E-06 0.0257
0.1
12 0.00058 3.30E-06 0.013
16 7.24e-05 5.42E-08 0.0016
4 0.0029 1.76E-05 0.0644
8 0.00011 3.16E-08 0.00235
0.01
12 4.29e-07 5.80E-13 9.60E-06
16 5.03e-10 8.38E-19 1.13E-08

Tablo 2’de goriildigii lizere kayma arttikca rotor dis cap1
tizerinde manyetik etkiler biriktiginden hata degerleri s ile
dogru orantihidir. 12 ve 16 kollokasyon noktasina sahip
¢coziimlerin hata degerleri oldukea diisiiktiir.

Sekil4ile I ve @ dogrultularinda girdap akimlarinin s=0.01 ve
$=0.1 degerleri i¢in degisimi gosterilmistir. Goruldigl lizere
kayma degeri biiyiidiikce eddy akimlarinin derinligi diismekte ve
rotor cidarlarina yigilmaktadir.

4. Sonuglar

Bu calismada agirlikli kalanlar ydntemlerinden kollokasyon
yonteminin, kiitlesel rotorlu indiiksiyon motorlarinin analitik
modellenmesi i¢cin uygun olup olmadig1 arastirilmistir. Oncelikli
olarak Maxwell denklemlerinin ayristirilarak ¢oziilmesi gereken
kismi diferansiyel denklemler (Esitlik 8-9) ve smir sartlar
(Esitlik 12-14) elde edilerek sadelestirilmistir.

Kollokasyon yonteminin uygulanmasi i¢in sinir sartlarini
saglayan tistel fonksiyonlar (Esitlik 19) ve polinom ailesi (Esitlik
21) tanimlanmistir. 4, 8, 12 ve 16 kollokasyon noktasindan
olusan ¢oziimlerin sonuglar1 Sekil 2 ve Sekil 3 ile verilmistir.
Kollokasyon nokta sayisi arttiginda hatalarin distigi, yeterli
sayida kollokasyon noktasi alinmasi durumunda hassas
coziimlerin elde edilebilecegi goriilmiistiir. Kollokasyon nokta
sayisindaki artis se¢ilen polinomun mertebesini arttirdig1 gibi,
fonksiyon davranisini da diizeltmektedir. Tablo 2’'de kollokasyon
yontemi sonucu elde edilen manyetik vektér potansiyeli ile
analitik ¢6zlim sonuglari kiyaslanmistir. s =0.1 kayma degerinde
12 kollokasyon noktasina sahip ¢dziime ait MAE, MSE ve RMSE
degerleri sirasi ile 0.00058, 3.30E-06 ve 0.013’dir. s=0.01
kayma degerinde 8 kollokasyon noktasina sahip ¢éztime ait MAE,
MSE ve RMSE degerleri sirasi ile 0.00011, 3.16E-08 ve 0.00235
olarak bulunmustur. Kayma degieri diistiikge stator akimlari ile
rotor lizerinde olusan eddy akimlar1 arasinda ki senkronizasyon
artar. Bu nedenle kayma biiyiidiik¢e ¢6ziim zorlasir.
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Literatiirde farkl elektrik motorlarinda oldugu gibi KRIM
tasarimlarinin analitik ¢6zlimiinii arastiran makaleler mevcuttur
[17-19]. Calismalar genellikle bir veya iki rotor katmanini, ¢ok az1
ise stator yapisini da igerir. Bu durum Maxwell denklemlerinin
¢oziimiinde karsilagilan zorluklardan kaynaklanmaktadir. Daha
karmasik problemler i¢in ¢oziimler sinirhdir.

Onerilen kollokasyon yénteminin Maxwell denklemlerinin
¢oziimiinde karsilasilan problemleri ortadan kaldirdig, yeterli
kollkasyon noktasi alinir ise kolaylikla iistel veya polinomal
fonksiyonlar ile ifade edilebilecek yaklasik analitik ¢ozlimler
bulunabilecegini gosterilmistir.

$=0.01 (a) s=0.1 (b)
1
0.5
0
-0.5
-1
, ‘ -1.5
-50 0 50 %108 -50 0 50 x10®
X(mm) X(mm)
Sekil 4. Girdap akimlarinin diizlemsel degisimi
Figure 4. Planar variation of eddy currents
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Delik delmenin imalat sektorii icerisindeki yayginlig1 géz 6niinde bulunduruldugunda, delik delinen proseslerde takim asinmasini,
harcanan enerjiyi ve slireyi minimize ederek maliyeti diisirmek amaglanir. Bu da delik delmeye etki eden parametrelerin
optimizasyonu ile miimkiindiir. Bu ¢alisma kapsaminda havacilik ve uzay endiistrisinde oldukca fazla tercih edilen dolayisiyla
binlerce delik delme islemine tabi tutulan Al 2024 T351 alasimi kullanilarak delik delme deneyleri gergeklestirilmistir. Kesme
parametreleri olarak, kesme hizi (50, 70, 90 ve 110 m/dk) ve dis basi ilerleme miktar1 (0,06/0,08/0,1 ve 0,12 mm/dis) ele alinmistir.
Deneyler Taguchi L16(4"2) deney tasarimina gére 8 mm capl ¢ takim tiirii (HSS, HSSE-Co5, HSSE-Co5 TiAIN kaplamali) icin ayr1
ayr1 gergeklestirilmistir. Her bir delik icin isleme yoniindeki (z ekseni) maksimum kuvvetler tespit edilmistir. Tespit edilen bu
maksimum itme kuvvetleri kullanilarak Minitab 19 yazilimi yardimiyla Taguchi optimizasyonlar1 gergeklestirilmistir. Ayrica
maksimum itme kuvveti ve islem siiresini birlikte minimize eden kesme parametrelerinin ¢oklu yanit optimizasyonlar1 da
gerceklestirilmistir. U¢ takim tiirii icin de maksimum itme kuvvetleri acisindan parametrelerin optimum seviyeleri; kesme hiz1 icin
50 m/dk olarak, dis basi ilerleme miktari i¢in ise 0,06 mm/dis olarak Taguchi optimizasyonu ile tespit edilmistir. Maksimum itme
kuvveti ve islem stiresini birlikte minimize eden kesme parametrelerinin optimum seviyeleri, kesme hizi icin 110 m/dk olarak dis
basi ilerleme miktar1 i¢in ise 0,06 mm/dis olarak ¢oklu yanit optimizasyonu ile tespit edilmistir.

Anahtar Kelimeler: Aliiminyum 2024 T351, Delik delme, Itme Kuvveti, Islem Siiresi, Optimizasyon

Abstract

Considering the prevalence of hole drilling in the manufacturing sector, it is aimed to reduce the cost by minimizing tool wear, energy
consumption and time in hole drilling processes. This is possible by optimizing the parameters that affect the drilling. In this study,
hole drilling experiments were carried out using Al 2024 T351 alloy, which is highly preferred in the aerospace industry and therefore
subjected to thousands of hole drilling processes. Cutting speed (50, 70, 90 and 110 m/min) and feed rate (0.06/0.08/0.1 and 0.12
mm/tooth) were considered as cutting parameters. Experiments were performed separately for three tool types (HSS, HSSE-Co5,
HSSE-Co5 TiAIN coated) with 8 mm diameter according to Taguchi L16(4"2) experimental design. The maximum forces in the
machining direction (z-axis) were determined for each hole. Taguchi optimizations were carried out with the help of Minitab 19
software by using these determined maximum thrust forces. Also, multiple response optimizations (response surface method) of
cutting parameters, which minimize the maximum thrust force and processing time, were carried out. Optimum levels of parameters
in terms of maximum cutting force for all three tool types were determined by Taguchi optimization as 50 m/min for cutting speed
and 0,06 mm/tooth for feed rate. Optimum levels of cutting parameters that minimize the maximum cutting force and processing time
together were determined by multiple response optimization as 110 m/min for cutting speed and 0.06 mm/tooth for feed rate.

Keywords: Aluminum 2024 T351, Drilling, Thrust Force, Processing Time, Optimization

EXTENDED ABSTRACT

Introduction are that it provides good surface quality and dimensional

Machining removes unwanted parts, called chips, from the accuracy.

workpiece using various machines and tools to achieve the  Hole drilling is removing metal to create a cylindrical space on
desired geometry. The most important advantages of machining  the workpiece by making both progressive and rotational
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movements of the cutting tool (drill). It also includes methods
such as broaching, reaming, countersinking, and hole
enlargement. It constitutes 33% of all machining operations and
25% of the energy spent in all machining processes. Therefore, it
is one of the most important material removal methods. For this
reason, reducing the cost by minimizing tool wear, energy
consumed, and time in hole drilling operations is important. This
is possible by optimizing the parameters affecting drilling.

When the literature is examined, we see that many studies have
been carried out to conduct hole drilling operations under
optimum conditions.

Within the scope of this study, hole-drilling experiments were
carried out using Al 2024 T351 alloy, which is preferred in the
aviation and space industry and has been subjected to thousands
of hole-drilling processes. The liquid cooling method was used
while drilling the holes. Cutting speed (50, 70, 90, and 110
m/min) and feed per tooth (0.06/0.08/0.1 and 0.12 mm/tooth)
were considered cutting parameters. The experiments were
carried out separately for three tool types (HSS, HSSE-Co5, HSSE-
Co5 with TiAIN coating) with 8 mm diameter according to the
Taguchi L16(4”2) experimental design. The maximum force
(thrust force) in the machining direction (z-axis) was determined
in each experiment. Minimizing the thrust forces during drilling
reduces costs by minimizing tool wear and energy consumed.
However, it was observed that the manufacturing time increased
only when the maximum thrust force was tried to be minimized.
Since the increase in manufacturing time will negatively affect
operating costs, multiple response optimizations (response
surface method) of cutting parameters that minimize maximum
thrust force and processing time have also been carried out.

Materials and Methods

Aluminum 2024 T351 alloy is frequently used in the aviation and
space industry due to its lightness and good fatigue resistance.
Therefore, many holes are drilled on this material. The drilling
operations that will be applied in large numbers must be carried
out with maximum efficiency and quality.

Within the scope of this study, lower-cost HSS (high-speed tool
steel) drills were preferred compared to carbide drills. Ruko

brand 8 mm diameter HSS, HSSE-Co5, HSSE-Co5 (TiAIN coated)
drills were used.

The experiments were conducted in the Taksan TMC-700 V CNC
vertical machining center with FANUC (0-M Series) control panel
at Sakarya University Faculty of Engineering Mechanical
Engineering Laboratory. Force data was collected using ESIT AX3
load cell, NI 9237 module of NI cDAQ-9188 data acquisition unit,
and Flexlogger software.

Results and Discussion

Optimum levels of cutting parameters were determined by
Taguchi optimization. For all three drill types, the cutting speed
parameter's optimum level was 50 m/min, and the optimum level
of the feed rate per tooth was 0.06 mm/tooth.

Response Surface optimization was performed separately for
three drill types (HSS, HSSE-Co5, HSSE-Co5 with TiAIN coating).
The results were the same for all three drill types. The optimum
levels of the cutting parameters, which minimize the maximum
thrust force and processing time together, were determined as
110 m/min for the cutting speed and 0.06 mm/tooth for the feed
rate per tooth. Desirability function values of response surface
optimization findings It was found to be 0.8804 for the HSS drill,
0.8513 for the HSSE-Co5 drill, and 0.8750 for the HSSE-Co5
(TiAIN coated) drill. When the results obtained were examined, it
was concluded that the multiple response optimization was
statistically significant.

During the experiments, force measurements were made in all
three axes (FX, FY, FZ). In all experiments, it was determined that
the forces measured in the x and y axes were significantly lower
than those measured in the z axes. For this reason, within the
scope of this study, the forces in the z-axis were evaluated as
thrust forces and statistical analyses were made based on their
maximum values.

These results obtained from the drilling process of Al 2024 T351
alloy with 8 mm diameter HSS, HSSE-Co5, and HSSE-Co5 (TiAIN
coated) drills can be used in future academic studies and
industrial applications.

1. Giris

Talash imalat, istenen geometrinin saglanmasi i¢in ¢esitli tezgadh
ve cesitli takimlar aracilifiyla is pargasi iizerinden talas adi
verilen istenmeyen kisimlarin uzaklastirilmasi islemidir. Talagh
imalatin iyi bir ytlizey kalitesi ve boyut hassasiyeti saglamasi en
o6nemli avantajlarindandir.

Delik delme, kesici takimin (matkap) hem ilerleme hem dénme
hareketi yaparak is parcasi tizerinde silindirik bosluk olusturmak
icin talas kaldirmasi islemidir. Broslama, raybalama, havsa agma,
delik biiyiitme gibi yontemleri de kapsamaktadir [1]. Tiim talas
kaldirma operasyonlarinin %33’linii ve tiim talas kaldirma
proseslerinde harcanan enerjini %25’ini olusturmaktadir [2].
Dolayisiyla en 6nemli talas kaldirma yontemlerinden biridir. Bu
sebeple delik delme operasyonlarinda takim asinmasini,
harcanan enerjiyi ve slireyi minimize ederek maliyeti diisiirmek
onem arz etmektedir. Bu da delik delmeye etki eden
parametrelerin optimizasyonu ile miimkiindiir.

Literatiir incelendiginde delik delme operasyonlarinin optimum
sartlarda gergeklestirilmesi igcin bir¢ok ¢alisma yapildig:
goriilmektedir. Zhu ve arkadaslari [3], Al 2024 T351 alasimina ti¢
farkli sogutma kosulunda (kuru, hava ve minimum miktarda
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yaglama) delikler delmislerdir. Bu ii¢ sogutma kosulunu sicaklik
ve itme kuvveti acisindan kiyaslamiglardir. Kesme hizi
seviyelerini 60, 80, 100, 120 m/dk olarak, dis bas: ilerleme
seviyelerini ise 0,2/0,3/0,4/0,5 mm/dis olarak belirlemislerdir.
Sicakliginin, kesme hizina kiyasla dis basi ilerleme miktarindan
daha c¢ok etkilendigini saptamislardir. Minimum miktarda
yaglama (MMY) sogutma tekniginin kullanildig1 deneylerde, kuru
ve hava sogutmaya kiyasla matkap tizerindeki sicaklik farklarinin
daha diisiik oldugu sonucuna varmiglardir. Fakat itme kuvveti ve
sicaklik agisindan en iyi takim performansini hava sogutma
tekniginde elde ettiklerini ifade etmislerdir.

Bonhin ve arkadaglar1 [4], cam elyaf takviyeli Al 2024-T3
malzeme iizerinde delik delme deneyleri gerceklestirmislerdir.
Devir sayisi (4000 ve 8000 dev/dk) ve dis basi ilerleme miktari
(0,05/0,1 ve 0,2 mm/dis) parametrelerinin itme kuvveti ve talas
morfolojisi lizerindeki etkisini arastirmislardir. Deneyleri 4,8
mm ¢apli TiAIN kaplamali karbiir matkapla gergeklestirmislerdir.
Arastirmalar sonucunda itme kuvvetinin ve talas kalinliginin,
devir sayisina kiyasla dis basi ilerleme miktarindan daha fazla
etkilendigi sonucuna varmislardir.

Landon ve arkadaslari [5], Al 2024-T351 malzemenin delinmesi
isleminde ylizey durumunu ve yorulma mukavemetini
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arastirmislardir. Delikleri eksenel ve yoriingesel olarak iki farkl
sekilde delmislerdir. Yiizey durumunu; ylizey pirizlilik
Olglimleri, mikro yapi, sertlesme analizi ve artik gerilme
degerlendirilmesi kapsaminda incelemislerdir. Diistik
purtzlilik degerlerinde, delik pirizliligiinin  yorulma
mukavemetine etkisinin olmadigini belirtmislerdir. Geleneksel
eksenel delmenin, yodriingesel delmeye kiyasla artik gerilme
olusturabilecegini ifade etmislerdir.

Aamir ve arkadaslar1 [6], Al 2024 T3 alasiminin delinmesinde
devir sayist (1020, 2035 ve 3050 dev/dk), dis basi ilerleme
miktar1 (0,04/0,08 ve 0,14 mm/dis) ve matkap ¢ap1 (6 ve 10 mm)
parametrelerinin; itme kuvveti, delik kalitesi, talas morfolojisi ve
takim asinmasi lizerindeki etkilerinin arastirmislardir.
Deneylerde kullandiklar1 matkaplar1 kaplamasiz olarak tercih
etmislerdir. Varyans analizi sonug¢larina gore itme kuvvetinin dis
basi ilerleme miktar1 ve matkap c¢apindan biyiik Olgiide
etkilendigini tespit etmislerdir. Ayrica yiiksek devir sayilarinda
daha fazla ytizey piiriizliliigii olustugunu ve matkap cap1 arttik¢a
talas kalinliginin da arttigini ifade etmislerdir.

Saravanakumar ve arkadaslari [7], takviye ilave ettikleri Al 2219
alasimi tlzerinde delik delme deneyleri gerceklestirmislerdir.
Devir sayis1 (800 ve 1600 dev/dk), ilerleme hiz1 (75 ve 150
mm/dk), matkap cap1 (6 ve 10 mm) ve takviye tiirii (Grafit ve
MoS2) parametrelerinin yiizey piirizliligi tizerinde etkisini
arastirmislardir. Parametrelerin optimum seviyelerini; 1600
dev/dk devir sayisi, 75 mm/dk ilerleme hizi, 6 mm matkap ¢ap1
ve Grafit takviye olarak tespit etmislerdir. Parametreler arasinda
ylzey pirizliligi acisindan en énemli parametrenin takviye
tiirdi oldugunu ve Grafit takviyesinin MoS2 takviyesine gore daha
iyi sonuclar verdigini belirtmislerdir.

Dahnel ve arkadaslar1 [8], Al 7075 alasiminin delinmesinde
kesme hiz1 (22, 44 ve 66 m/dk) ve sogutma tiirii (kuru ve sivi
sogutma) parametrelerinin takim asinmasi ve talas yapisi
tizerindeki etkilerini arastirmislardir. Deneylerde, 6 mm c¢aph
matkap ve sabit dis basi ilerleme miktar1 (0,15 mm/dis)
kullanmiglardir. Kesme sivis1 kullanilan deneylerde kuru
delmeye kiyasla daha az takim asinmasi goriildiigiinii ve daha
kiiclik yapida talas olustugunu tespit etmislerdir. Sogutma sivisi
kullanilarak 44 m/dk kesme hizi ile delinen deliklerde en az
takim asinmasi goriildiigiinii de belirtmislerdir.

Korkmaz ve arkadaslar1 [9], Al 2014 alasiminin delinmesi
isleminde itme kuvvetlerini hem deneysel olarak hem de
bilgisayar destekli simiilasyon yardimiyla elde etmislerdir.
Deneylerde; kesme hiz1 i¢in 170, 200, 230 m/dk, dis bas1 ilerleme
icin ise 0,1/0,2/0,3 mm/dis seviye degerleri kullanilmistir. Sabit
dis basi ilerleme miktar: i¢in kesme hizinin artirilmasinin itme
kuvvetini diislirdiigiinii, sabit kesme hizi icin dis basi ilerleme
miktarinin artirilmasinin ise itme kuvvetini artirdigini tespit
etmislerdir. Deneysel ve simiilasyon ¢iktilarinin birbiri ile
benzerlik gosterdigini de belirtmislerdir.

Navaneethakrishnan ve arkadaslar: [10], aliiminyum alagiminin
(IS737.Gr19000) delinmesinde matkaba uygulanan kriyojenik
islemin etkisini arastirmislardir. Kriyojenik islemin etkisini; talas
boyutu, itme kuvveti, tork, ovalite ve yiizey piiriizliligi ¢iktilar
acisindan incelemislerdir. Deneylerde devir sayis1 (1860, 2270 ve
4540 dev/dk) ve dis bag1 ilerleme miktar1 (0,038/0,076 ve 0,203
mm/dis) parametrelerini dikkate almislardir. Kriyojenik islemin;
matkap asinmasi, ovalite, ylizey plrizliligi ve talas boyutu
tizerinde olumlu etkileri oldugunu belirtmislerdir.

Yasar [11], Al 7075 alasiminin delinmesi islemini hem deneysel
olarak hem de sonlu elemanlar metodu yardimiyla itme kuvveti
acisindan arastirmistir. Ayrica deneysel calismalarda ylizey
piriizliliigiini de incelemistir. Deneylerde; kesme hizi (40, 80 ve

335

120 m/dk), dis basi ilerleme miktar1 (0,05/0,1 ve 0,15 mm/dis),
matkap u¢ agist (120° 130° ve 140°) ve kaplama tiri
(kaplamali/kaplamasiz) parametrelerini dikkate almistir. Deney
ciktilar1 agisindan parametrelerin optimum seviyelerini; 40
m/dk kesme hizi, 0,05 dis basi ilerleme miktar1 ve kaplamali 140°
ug agisina sahip matkap olarak tespit etmistir.

Demir ve arkadaglar1 [12], 4 ve 6 mm kalinhklarindaki 6n
delinmis Al 7075 T651 is parcalarina HSS matkaplarla 8 ve 10
mm capli delikler delmislerdir. On delik capmin (1,5/2/2,5/3/3,5
ve 4 mm) ve derinliginin (1, 2, 3 ve 4 mm), delik ylizey
purizliligine ve delikte olusan kovan geometrisine etkisini
arastirmislardir. Olusan etkileri goéz oOniine alarak 8 mm
capindaki bir delik i¢in en uygun 6n delik ¢apinin 2,5-3 mm, 10
mm c¢apindaki bir delik i¢in en uygun 6n delik ¢apinin ise 3-3,5
mm oldugunu ve ideal 6n delik derinliginin 2-3 mm arasinda
oldugunu ifade etmislerdir.

Bu calisma kapsaminda da havacilik ve uzay endiistrisinde tercih
edilen dolayisiyla binlerce delik delme islemine tabi tutulan Al
2024 T351 alasimi kullanilarak delik delme deneyleri
gerceklestirilmistir. Deliklerin delinmesi sirasinda sivi sogutma
metodu kullanilmistir. Kesme parametreleri olarak, kesme hizi
(50, 70, 90 ve 110 m/dk) ve dis basi ilerleme miktari
(0,06/0,08/0,1 ve 0,12 mm/dis) ele alinmistir. Deneyler, Taguchi
L16(4"2) deney tasarimina gore 8 mm ¢apl t¢ takim tiira (HSS,
HSSE-Co5, HSSE-Co5 TiAIN kaplamali)) icin ayr1 ayn
gerceklestirilmistir. Her bir deneyde isleme yoniindeki (z ekseni)
maksimum kuvvet (itme kuvveti) saptanmistir. Isleme yéniinde
saptanan bu maksimum kuvvetler kullanilarak Minitab 19
yazilimi yardimiyla Taguchi optimizasyonlari
gerceklestirilmistir. Delik delme sirasinda olusan itme
kuvvetlerini minimize etmek takim asinmasimi ve harcanan
enerjiyi de minimuma indirerek maliyetleri diisiirmektedir.
Fakat sadece maksimum itme kuvveti minimize edilmeye
calisildiginda imalat siiresinin arttigl goriilmiistiir. imalat
stiresindeki artis isletme maliyetlerini olumsuz yo6nde
etkileyeceginden, maksimum itme kuvveti ve islem siiresini
birlikte minimize eden kesme parametrelerinin ¢oklu yanit
optimizasyonlari (yanit yiizey metodu) da gerceklestirilmistir.

2. Materyal ve Metot
2.1. Aliiminyum 2024 T351 alasim

Aliminyum alasimlari, kompozitlerin ve yeni hafif malzemelerin
gelistirilmesine ragmen basta havacilik ve uzay endiistrisi olmak
lizere otomotiv, ingaat, denizcilik endiistrileri gibi bir¢ok
sektorde tercih edilmektedir. Bu sebeple aliiminyum
alasimlarinin pazar payr her sene daha da artmaktadir.
Alliminyum alasimlarinin havacilik ve uzay endiistrisinde 6n
plana ¢ikmasi, bir¢ok percginli ve civatali baglantilarin
gerceklestirilmesi i¢in binlerce delik delme islemini beraberinde
getirir [13].

Aliminyum 2024 T351 alasimi hafiflik ve iyi yorulma direnci
sebebiyle havacilik ve wuzay endiistrisinde uzun siiredir
kullanilmaktadir [14]. Dolayisiyla bu malzeme iizerinde ¢ok
sayida delik delme islemi gergeklestirilir. Binlerce kez
uygulanacak delik delme islemlerinin, maksimum verimde ve
kalitede gerceklesmesi 6nem arz etmektedir.

2.2. Kesici takimlar (Matkaplar)

Bu calisma kapsaminda karbiir matkaplara goére daha disiik
maliyetli HSS (yiiksek hiz takim celigi) matkaplar tercih
edilmistir. Ruko markasina ait 8 mm capl HSS, HSSE-Co5, HSSE-
Co5 (TiAIN kaplamali) matkaplar kullanilmistir. Matkaplara ait
teknik bilgiler Tablo 1.’de verilmistir.
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Tablo 1. Kullanilan kesici takimlarin teknik 6zellikleri

Table 2. Technical specifications of the cutting tools

Toplam Kanal

Kesici uzunluk uzunlugu Tepe Helis agis1
takim (mm) (mm) ac1s1

HSS 117 75 118° 25-30°
HSSE-Co5 117 75 130° 36°
(Kaplamasiz)

HSSE-Co5 o o
(Kaplamali) 117 75 130 36

Sekil 1.de yukaridan asagiya dogru sirasiyla HSS, HSSE-Co5,
HSSE-Co5 (TiAIN kaplamali) matkaplar gosterilmistir.

= .9
.

Sekil 1. Kesici takimlar
Figure 2. Cutting tools
2.3. Deney diizenegi

Sekil 2’de deney diizenegi gosterilmistir. Deneyler, Sakarya
Universitesi Miihendislik Fakiiltesi Makine Miihendisligi
Laboratuvarr’ndaki FANUC (0-M Serisi) kontrol paneline sahip
Taksan TMC-700 V CNC dik isleme merkezinde
gerceklestirilmistir. Kuvvet verileri; ESIT AX3 yiik hiicresi, NI
cDAQ-9188 veri toplama iinitesinin NI 9237 modili ve
Flexlogger yazilimi kullanilarak toplanmistir.

Sekil 3. Deney diizenegi
Figure 4. The experimental setup
2.4. Taguchi Deney Tasarimi

Taguchi deney tasarimi, en az zaman kaybir ve maliyetle
deneylerin planlanmasini amaglar. Bu ¢alisma kapsaminda ele
alinan deney parametreleri ve seviyeleri Tablo 2’de ifade
edilmisgtir.

Tablo 3. Deney parametreleri ve seviyeleri

Table 4. Experimental parameters and levels

Deney Parametreleri Seviye 1 Seviye2 Seviye3 Seviye 4

336

Kesme Hizi

(m/dk) 50 70 90 110

Dis basi ilerleme (mm/dis) 0,06 0,08 0,1 0,12

Tablo 2’de belirtilen 2 parametre ve 4 seviye géz dniine alinarak
L16(4"2) ortogonal dizisi secilmistir. Secilen bu ortogonal diziye
gore planlanmis deney tasarimi Tablo 3.’te ifade edilmistir.

Tablo 5. Deney tasarimi

Table 6. Experimental design

Deney No. Kesme hiz1 Dis basl. ilerleme
(m/dk) (mm/dis)

1 50 0,06

2 50 0,08

3 50 0,1

4 50 0,12

5 70 0,06

6 70 0,08

7 70 0,1

8 70 0,12

9 90 0,06

10 90 0,08

11 90 0,1

12 90 0,12

13 110 0,06

14 110 0,08

15 110 0,1

16 110 0,12

2.5. Taguchi optimizasyonu

Taguchi optimizasyonunda, deney sonuglar1 degerlendirilerek en
uygun parametre seviyeleri tespit edilebilmektedir. Bu
degerlendirme islemi sinyal/giirtiltii oram (S/G) denilen bir
oranla gerceklestirilmektedir. Problemlerin hedefine gore
sinyal/giirtiltii orani hesaplamak i¢in kullanilacak denklem
degismektedir. Bu ¢alisma kapsaminda itme kuvvetinin disiik
tutulmas: istendiginden en Kkiiciik-en iyi hedefine uygun
sinyal/giirtiltii orant denklemi kullanimistir (Denklem 1).
Denklem 1’deki Y kalite degiskenini, n goézlem sayisini ifade
etmektedir [15]. Maksimum S/G oranini veren parametre
seviyesi optimum seviyedir.

5/G = ~10log Y (¥*)/n] (dB) (1)

Bu calisma kapsamindaki S/G orami hesaplar1 ve Taguchi
optimizasyonlar1 Minitab 19 yazilimi yardimiyla yapilmistir.

2.6. Yanit yiizey metodu ile optimizasyon

Yanit yiizey metodu, bir¢ok bilim dalinda ve ¢esitli endiistriyel
alanlarda kapsaml bir sekilde uygulanan yontemdir [16]. Yanit
ifadesi bagimhi degiskeni temsil etmektedir. Bu yontem yanit
tizerinde etkili olan parametreleri bulmak, bir veya daha fazla
yanit icin parametrelerin optimum seviyelerini belirlemek, yanit
ile bagimsiz degiskenler arasindaki iligkiyi temsil eden
matematiksel modelleri elde etmek gibi amaglarla kullanilir [17].
Bu amaglar dogrultusunda siireglerin veya problemlerin
optimize edilmesi saglanir.
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Yanit yiizey metodu kullanilarak bir yanit i¢in parametrelerin
optimum seviyelerinin belirlenmesine yanit optimizasyonu
denilmektedir. Eger yanit sayisi birden fazla ise gerceklestirilen
optimizasyon ¢oklu yanit optimizasyonudur. Coklu yanit veya
yanit optimizasyonlarinda parametrelerin optimum seviyelerini
tespit etmek i¢in desirability fonksiyonu kullanilir (denklem 3).
Desirability fonksiyonunun degeri (d;) 0 ile 1 arasindadir. Deger
1’e yaklastikca optimizasyon isleminin istatiksel olarak tutarlilig
artar. Denklem 3’teki T yanitin hedef degerini, y; yanit i¢in kabul
edilebilir alt sinir degerini, U yanit i¢in kabul edilebilir iist sinir1
ve W agirligi temsil etmektedir [18].

1U_yw yl.<T
di={(u T‘) T<y,<U (3)
0 - yl>U

Bu calisma kapsaminda Minitab 19 yazilimi yardimiyla ¢oklu
yanit optimizasyonlari gergeklestirilerek iki yaniti minimize eden
kesme parametrelerinin optimum seviyeleri tespit edilmistir.
Calismada ele alinan yanitlar, islem siiresi ve maksimum itme
kuvvetidir. Kullanilan her bir matkap (HSS, HSSE-Co5, HSSE-Co5
TiAIN kaplamali) i¢in ayr1 ayri ¢oklu yanmit optimizasyonu
gerceklestirilmistir. Elde edilen bulgularin desirability
fonksiyonu degerleri incelenmistir.

2.7. Ustel diizeltme metodu

Ustel diizeltme metodu, veri toplama sirasinda olusan ve giiriiltii
olarak tabir edilen sinyal sigcramalarini azaltan (yumusatan) bir
yontemdir. Sinyal giiriiltiileri neticesinde olusan verilerin yerine

yeni ongoriilerde bulunulur. Bu o6ngoriiler, denklem 4
kullanilarak elde edilir.
Zr=aZr1+ (1 —a)Sr (4)

Zr 6ngoriilen degeri, Zy_; ongorilen bir 6nceki degeri, Sy_1 bir
onceki gercek degeri ve a diizeltme katsayisini ifade etmektedir.
Bu calismadaki lstel diizeltme ydntemi hesaplamalar1 Excel
yaziliminda gerceklestirilmistir.

3.
Delik delme deneyleri, 8 mm capli her bir takim titirt (HSS, HSSE-

Deneysel Bulgular

Co5, HSSE-Co5 TiAIN kaplamali)) icin 60x70x20 mm
uzunluklarinda alliminyum 2024 T351 alasimi numune
kullanilarak ~ Tablo  3./teki deney tasarimmma  gore

gerceklestirilmistir. Kuvvet 6lgiimii ii¢ eksende (Fx, Fy ve Fz)
gerceklestirilmistir; fakat isleme yoniindeki (z ekseni)
maksimum kuvvetler baz alinarak optimizasyon calismalari
yapilmistir. Bunun sebebi x ve y eksenlerinde olusan kuvvetlerin
isleme yonii olan z eksenindeki kuvvetlere (itme kuvveti)
nazaran oldukga diisiik degerde olmasidir.

3.1. Maksimum itme kuvvetlerinin tespiti

Deneylerden elde edilen veriler kullanilarak Kuvvet-Derinlik
grafikleri olusturulmustur. Olusturulan veri grafiklerinde sinyal
giirtiltilerinin mevcut oldugu tespit edilmistir. Bu sebeple
verilere Excel yaziliminda istel diizeltme metodu uygulanarak
sinyal giiriiltiilerinin sebep oldugu anlam ifade etmeyen veriler
minimize edilmeye cahsilmistir.  Ustel diizeltme metodu
uygulanmis veriler lizerinden de maksimum kuvvetler tespit
edilmistir (Sekil 3.).

—— Ustel Diizeftme Metodu Uy golanmamiy Grafikc
——Ustel Diizeltme Metodu Uygulanmsy Grafilk

700

600

500

Kuvvet (N}

012345678 91011121314151617181920212223
Derinlik (mm)

Sekil 5. Ustel diizeltme metodunun sinyal giiriiltiileri iizerindeki
etkisi

Figure 6. Effect of exponential smoothing method on signal noise
3.2. Deney sonuglari

Tablo 4.te HSS, Tablo 5.'te HSSE-Co5 ve Tablo 6.da HSS Co5
TiAIN kaplamali matkaplarla delinen deliklere ait maksimum
itme kuvveti (Fzmaks) sonuglar1 ve islem stireleri belirtilmistir.
Kesme hiz1 (Vc) ve dis basina ilerleme miktar1 (fz) kesme
parametreleridir.

Tablo 7. HSS matkap ile delinen deliklere ait deney sonuglari
Table 8. Experimental results of holes drilled with HSS drill

Deney Ve f2 Stire Fz,maks
No (m/dk) (mm/dis) (s) )
1 50 0,06 11,29 306
2 50 0,08 8,45 351
3 50 0,1 6,75 450
4 50 0,12 5,62 498
5 70 0,06 8,05 306
6 70 0,08 6,03 402
7 70 0,1 4,82 471
8 70 0,12 4,02 525
9 90 0,06 6,25 333
10 90 0,08 4,70 498
11 90 0,1 3,75 531
12 90 0,12 3,13 567
13 110 0,06 511 349
14 110 0,08 3,84 451
15 110 0,1 3,07 526
16 110 0,12 2,56 633

Tablo 9. HSSE-Co5 matkap kullanilan deney sonuglari
Table 10. Experimental results using HSSE-Co5 drill

Deney Ve fz Stire Fz,maks
No (m/dk) (mm/dis) (s) (N)
1 50 0,06 11,03 285
2 50 0,08 8,25 352
3 50 0,1 6,59 438
4 50 0,12 5,49 544
5 70 0,06 7,86 300
6 70 0,08 5,88 383
7 70 0,1 4,70 455
8 70 0,12 3,93 549
9 90 0,06 6,10 332
10 90 0,08 4,59 446
11 90 0,1 3,67 531
12 90 0,12 3,05 585
13 110 0,06 4,99 348
14 110 0,08 3,75 468
15 110 0,1 3,00 516
16 110 0,12 2,50 582
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Tablo 11. HSSE-Co5 (TiAIN kaplamali) matkap kullanilan deney
sonugclar1

Table 12. Experimental results using HSSE-Co5 (TiAIN coated)
drill

Deney Ve fz Siire Fz,maks
No (m/dk) (mm/dis) (s) (N)
1 50 0,06 11,03 314
2 50 0,08 8,25 395
3 50 0,1 6,59 443
4 50 0,12 5,49 513
5 70 0,06 7,86 306
6 70 0,08 5,88 418
7 70 0,1 4,70 485
8 70 0,12 3,93 566
9 90 0,06 6,10 353
10 90 0,08 4,59 464
11 90 0,1 3,67 485
12 90 0,12 3,05 578
13 110 0,06 4,99 351
14 110 0,08 3,75 460
15 110 0,1 3,00 511
16 110 0,12 2,50 631

Sekil 4.'te 6rnek olarak HSSE-Co5 (TiAIN kaplamali) matkap ile
delik delinen numune gosterilmistir.

Sekil 7. HSSE-Co5 (TiAIN kaplamali) matkap ile delik delinen
numune

Sekil 8. The test sample drilled with a HSSE-Co5 (TiAIN coated)
drill

4. Optimizasyon
4.1. HSS matkap ile delinen deliklerin maksimum itme

kuvveti verilerine gore kesme parametrelerinin
Taguchi optimizasyonu

HSS matkap icin en kiiglik en iyi hedef tiiriine gére hesaplanan

kesme parametrelerin sinyal/giliriiltii oranlar1 Sekil 5.te
gosterilmistir.
Kesme hizi (m/dk) Dig bay ilerleme (mm/dis)

.

>‘=‘ 52

I

¢ .

£

Kesme parametrelerinin seviyeleri

Sekil 9. HSS matkap kullanilarak gerceklestirilen deney
parametrelerinin sinyal/giiriiltli orani grafikleri

Sekil 10. Signal/noise ratio graphs of experimental parameters
performed using HSS drill

HSS matkap kullanilarak gergeklestirilen deneylerin maksimum
itme kuvveti verilerine gore; kesme hizi (Vc) parametresinin
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optimum seviyesi 50 m/dk olarak, dis basi ilerleme miktari
parametresinin optimum seviyesi ise 0,06 mm/dis olarak
Taguchi optimizasyonu yardimiyla tespit edilmistir.

4.2, HSS matkap ile gerceklestirilen deneylerin
maksimum itme Kkuvveti ve siire verilerine gore
kesme parametrelerinin coklu yanit
optimizasyonu

HSS matkap kullanilan deneylerin verilerine gore gergeklestirilen
¢oklu yanit optimizasyonunun sonuglari Sekil 6.’da belirtilmistir.
Maksimum itme kuvveti ve islem siiresini birlikte minimize eden
kesme parametrelerinin optimum seviyeleri, kesme hizi i¢cin 110
m/dk olarak dis basi ilerleme miktar1 icin ise 0,06 mm/dis olarak
tespit edilmistir. Y degerleri, deney c¢iktilarinin optimize edilmis
degerleridir. itme kuvveti icin 355,8125 N, islem siiresi icin
5,1029 saniye optimum degerlerdir. Optimizasyonun desirability
fonksiyonu degeri 0,8804 olarak hesaplanmistir. Desirability
fonksiyonu degerinin 1’e yaklasmasi optimizasyonun istatiksel
olarak tutarlihigini artirmaktadir. Dolayisiyla gergeklestirilen
optimizasyonun istatiksel olarak tutarl oldugu ifade edilebilir.

Wi fz

High 1100 0120
cur 1110.0] 10.,060]
Low s0.0 0.060

Composits e )
Desirability ! ~
D: 0,8304

Sire
Minimum
¥ = 51020
d=gades e o

Kuvvet
Minimum
y = 35538125
d = 0,02069

Sekil 11. HSS matkap kullanilan deneylerin verilerine gore
gerceklestirilen ¢oklu yanit optimizasyonunun sonuglari

Sekil 12. Results of multiple response optimization based on data
from experiments using HSS drill

4.3. HSSE-Co5 matkap ile delinen deliklerin maksimum
itme kuvveti verilerine gore kesme
parametrelerinin Taguchi optimizasyonu

HSSE-Co5 matkap icin en kiiciik en iyi hedef tiiriine gore
hesaplanan kesme parametrelerin sinyal/giiriiltii oranlar: Sekil
7.'de gosterilmistir.

Kesme huz (m/dk) Dis bastilerleme (mmy/dis)

-50

Sinyal/Giiriiltii oran (dB)

s0 ™ 50 1o 005 008 o0 o1z
Kesme parametrelerinin seviyeleri

Sekil 13. HSSE-Co5 matkap kullanilarak gergeklestirilen deney
parametrelerinin sinyal/giiriiltii oran grafikleri

Sekil 14. Signal/noise ratio graphs of experimental parameters
performed using HSS-Co5 drill
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HSSE-Co5 matkap kullanilarak gerceklestirilen deneylerde;
kesme hizi (Vc) parametresinin optimum seviyesi 50 m/dk
olarak, dis basi ilerleme miktar1 parametresinin optimum
seviyesi ise 0,06 mm/dis olarak Taguchi optimizasyonu
yardimiyla tespit edilmistir.

4.4. HSSE-Co5 matkap ile gerceklestirilen deneylerin
maksimum itme Kkuvveti ve siire verilerine gore
kesme parametrelerinin ¢oklu yanit
optimizasyonu

HSSE-Co5 matkap kullanilan deneylerin verilerine goére
gerceklestirilen ¢oklu yanit optimizasyonunun sonuglar1 Sekil
8'de belirtilmistir. Maksimum itme kuvveti ve islem siiresini
birlikte minimize eden kesme parametrelerinin optimum
seviyeleri, kesme hiz1 icin 110 m/dk olarak dis basi ilerleme
miktari icin ise 0,06 mm/dis olarak tespit edilmistir. Y degerleri,
deney ciktilarinin optimize edilmis degerleridir. itme kuvveti i¢in
362,7250 N, islem stiresi i¢in 4,9840 saniye optimum degerlerdir.
Optimizasyonun desirability fonksiyonu degeri 0,8513 olarak
hesaplanmistir. Desirability fonksiyonu degerinin 1’'e yaklagsmasi
optimizasyonun istatiksel olarak tutarliligini artirmaktadir.
Dolayisiyla gergeklestirilen optimizasyonun istatiksel olarak
tutarh oldugu ifade edilebilir.

Kesme i
1100
[10.0]
500

Dis bas
0,120
[0,060]
0,060
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. 2]
D0ES13 oo
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Composite
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D:0.8513

Sdire
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¥ = 40840
d =0.84190

Kuwwet
Minimnum
y = 362,7250
d = 086077

Sekil 15. HSSE-Co5 matkap kullanilan deneylerin verilerine gére
gerceklestirilen ¢oklu yanit optimizasyonunun sonuglari

Sekil 16. Results of multiple response optimization based on data
from experiments using HSS-Co5 drill

4.5. HSSE-Co5 (TiAIN kaplamali) matkap ile delinen
deliklerin maksimum itme kuvveti verilerine gére
kesme parametrelerinin Taguchi optimizasyonu

HSSE-Co5 (TiAIN kaplamali) matkap i¢in en kii¢iik en iyi hedef
tiiriine gore hesaplanan kesme parametrelerin sinyal/glrilti
oranlar Sekil 9.’da gosterilmistir. HSSE-Co5 (TiAIN kaplamali)
matkap kullanilarak gergeklestirilen deneylerde; kesme hiz1 (V¢)
parametresinin optimum seviyesi 50 m/dk olarak, dis basi
ilerleme miktar1 parametresinin optimum seviyesi ise 0,06
mm/dis olarak Taguchi optimizasyonu yardimiyla tespit
edilmistir.
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Kesme huz (m/dk) Di bas ilerleme (mmy/dis)

Sinyal/Giiriiltii orani (dB)
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Kesme parametrelerinin seviyeleri

Sekil 17. HSSE-Co5 (TiAIN kaplamali) matkap kullamilarak
gerceklestirilen deney parametrelerinin sinyal/giiriilti oram
grafikleri

Sekil 18. Signal/noise ratio graphs of experimental parameters
performed using HSS-Co5 (TiAIN coated) drill

4.6. HSSE-Co5 (TiAIN kaplamali) matkap ile
gerceklestirilen deneylerin maksimum itme
kuvveti ve siire verilerine gore kesme

parametrelerinin ¢oklu yanit optimizasyonu

HSSE-Co5 (TiAIN kaplamali) matkap kullanilan deneylerin
verilerine gore gerceklestirilen ¢oklu yanit optimizasyonunun
sonuglar1 Sekil 10.’da belirtilmistir. Maksimum itme kuvveti ve
islem stiresini birlikte minimize eden kesme parametrelerinin
optimum seviyeleri, kesme hiz1 icin 110 m/dk olarak dis basi
ilerleme miktari icin ise 0,06 mm/dis olarak tespit edilmistir. Y
degerleri, deney c¢iktilarimin optimize edilmis degerleridir. itme
kuvveti icin 362,230 N, islem stiresi i¢in 4,9840 saniye optimum
degerlerdir. Optimizasyonun desirability fonksiyonu degeri
0,8750 olarak hesaplanmistir. Desirability fonksiyonu degerinin
1’e yaklasmas1 optimizasyonun istatiksel olarak tutarliligini
artirmaktadir. Dolayisiyla gergeklestirilen optimizasyonun
istatiksel olarak tutarli oldugu ifade edilebilir.
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Sekil 19. HSSE-Co5 (TiAIN kaplamali) matkap kullanilan
deneylerin verilerine goére gerceklestirilen ¢oklu yanit
optimizasyonunun sonuglari

Sekil 20. Results of multiple response optimization based on
data from experiments using HSS-Co5 (TiAIN coated) drill
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5. Sonuglar

[tme kuvvetini minimize eden kesme parametrelerin optimum
seviyeleri Taguchi optimizasyonu ile tespit edilmistir. U¢ matkap
tiirdi icin de kesme hizi parametresinin optimum seviyesi 50
m/dk olarak, dis basi ilerleme miktar1 parametresinin optimum
seviyesi ise 0,06 mm/dis olarak bulunmustur.

Coklu yanit optimizasyonu ii¢ matkap tiiri (HSS, HSSE-Co5,
HSSE-Co5 TiAIN kaplamali) icin ayr1 ayr gerceklestirilmistir.
Sonuglar ti¢ matkap tiird i¢in de ayn1 bulunmustur. Maksimum
itme kuvveti ve islem siiresini birlikte minimize eden kesme
parametrelerinin optimum seviyeleri, kesme hizi i¢in 110 m/dk
olarak dis basi ilerleme miktari icin ise 0,06 mm/dis olarak tespit
edilmistir. Coklu yanit optimizasyonu bulgularinin desirability
fonksiyonu degerleri; HSS matkap i¢in 0,8804, HSSE-Co5 matkap
icin 0,8513 ve HSSE-Co5 (TiAIN kaplamali) matkap i¢in 0,8750
olarak bulunmustur. Bulunan bu degerler degerlendirildiginde
yapilan ¢oklu yanit optimizasyonunun istatiksel olarak anlamli
oldugu sonucuna varilmistir.

Deneyler esnasinda ti¢ eksende de kuvvet (FX, FY, FZ) ol¢imii
gerceklestirilmistir. Gergeklestirilen tiim deneylerde, x ve y
ekseninde olgiilen kuvvetlerin z ekseninde ol¢iilen kuvvetlere
gore oldukca diisiik degerde oldugu tespit edilmistir. Bu sebeple
bu ¢alisma kapsaminda, z eksenindeki kuvvetler itme kuvveti
olarak degerlendirilip maksimum degerleri baz alinarak
istatiksel analizler yapilmistir.

Kuvvetlerin odlgiimii sirasinda sinyal giiriiltiileri neticesinde
olusan veriler tespit edilmistir. Elde edilen tiim deney verilerine,
Excel yaziliminda istel diizeltme veri ¢oziimleme metodu
uygulanarak sinyal giiriiltiilerinin neden oldugu anlam ifade
etmeyen veriler azaltilmaya ¢alisiimistir.

Al 2024 T351 alagiminin 8 mm ¢apli HSS, HSSE-Co5, HSSE-Co5
(TiAIN kaplamall) matkaplarla delinmesi isleminde elde edilen
bu sonuglar daha sonra yapilacak akademik ¢alismalarda ve
endiistriyel uygulamalarda kullanilabilir.

Etik kurul onay1 ve ¢ikar ¢catismasi beyani

Hazirlanan makalede etik kurul izni alinmasina gerek yoktur.
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Abstract

The objective of this study is to investigate and obtain an adjustable friction force between an elastic polymeric post with cavity and
a rigid, smooth, flat surface. Elastic cylindrical posts made of polymers are generally used as surface texturing components. In this
study, the friction force of the elastic cylindrical posts with a flat tip in contact with a smooth and rigid surface was adjusted by a
pneumatic-based actuation system. Finite-element based simulation was performed to adjust the friction force of the cylindrical posts
by pressurizing the inner cavity of the posts. The frictional contact between the elastic posts and the counter rigid surface was
modeled using the Amontons-Coulomb friction law, neglecting the adhesive contribution. The friction force amplitude was calculated
with different cavity dimensions of the elastic posts and different cavity pressure values. The results show that the presence of an
internal cavity reduces the friction force, and the cavity diameter has more influence on the reduction of the friction force than the
cavity height. In conclusion, regulating the cavity pressure was shown to be an effective method of adjusting the friction force.
Keywords: Friction, Adjustable Friction, Elastic Post, Pressurized Cavity, Bending Rigidity

Oz

Bu ¢alismanin amaci, polimerik malzemeden yapilmis kavite iceren elastik bir ¢ubuk ile sert, piirtizsiiz, diiz bir yiizey arasinda
ayarlanabilir bir siirtinme kuvvetinin arastirilmasi ve elde edilmesidir. Polimerlerden yapilan elastik silindirik cubuklar genellikle
ylizey desenleme bileseni olarak kullanilir. Bu calismada, diiz ve rijit bir ylizeyle temas halinde olan diiz uglu elastik silindirik
cubuklarin siirtiinme kuvveti pnématik tabanl eyleyici sistemi ile ayarlanmistir. Silindirik ¢ubuklarin siirtiinme kuvvetini ¢ubuklarin
i¢ kaviteye basing uygulayarak ayarlamak i¢in sonlu elemanlar tabanli simiilasyon gergeklestirilmistir. Elastik cubuklar ile karsit rijit
ylizey arasindaki siirtiinme kuvveti, adeziv katkis1 ihmal edilerek Amontons-Coulomb Siirtiinme Kanunu kullanilarak modellenmistir.
Siirtinme kuvvet genligi, elastik cubuklarin farkl kavite boyutlar: ve farkl kavite basin¢ degerleri ile hesaplanmigtir. Bulgular;
kaviteye sahip olmanin stirtlinme kuvvetini azalttigini, kavite ¢apinin siirtiinme kuvvetinin azalmasi lizerinde kavite uzunlugundan
daha fazla etkiye sahip oldugunu géstermektedir. Sonug olarak, kavite icindeki basinci diizenlemenin siirtiinme kuvvetini ayarlamak
icin etkili bir yontem oldugu gosterilmistir.

1. Introduction with the elastic posts physical and geometrical parameters such
as dimension, material etc. results in an adjustable contact
condition. This can be called a passive tuning strategy to adjust
the contact parameters. However, it is important to emphasize
that after the elastic posts are manufactured, it would be very
difficult to modify the structural and geometrical parameters of
the posts to adjust the contact parameters without external
actuation. Furthermore, it is necessary to provide a possible
external actuation mechanism to be able to alter the contact
parameters using elastic posts. In this case, the elastic posts
should be designed and manufactured in accordance with the
external actuation system.

Adjustable contact forces have been in favor for engineering
applications, where the contact forces can be altered by
modifying the contacting surfaces. One example of the surface
modification is surface texturing [1-7]. Depending on the
material of the surfaces, this method can be achieved by coating,
molding, classical machining, laser fabrication, and soft
lithography techniques. For soft contact with relatively low
Young's modulus (~3 MPa), elastic posts are the most used
structural component to texture the surfaces, where changing the
structural parameters of elastic posts leads to changing the
contact forces [8-12]. By using elastic posts mainly made of

polymeric material such as Polydimethylsiloxane, contact The friction force of elastic posts in contact with a smooth rigid

parameters (contact pressure, contact forces, contact area etc.)
are distributed to these elastic posts. This effect is called contact
splitting [13]. Therefore, different structural parameters of
elastic posts yield different contact parameters. Thus, playing
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body depends on the bending rigidity of the posts. In addition, it
has been shown that friction force amplitude can be
approximately calculated by using bending and axial rigidity of
the posts based on the assumption that the contact is partitioned
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into stiff components [14-16]. Furthermore, the friction force of
elastic posts in contact with a smooth rigid body can also be
altered by actively changing the dimensions of the posts
(effective height and orientation of the post tip with respect to
the friction direction) [17]. Here, changing the effective height
and tip orientation modifies the bending rigidity of the posts.
Therefore, modifying the bending rigidity of elastic posts would
lead to an adjustable friction force between the elastic posts and
smooth rigid body. The bending rigidity of mechanical systems
can be modified by using two main methods: 1- Playing with the
modulus of elasticity by making a composite material with two
different materials [18-20]; 2- External actuation mechanism
such as pneumatic [21], which is a simple way to modify the
bending rigidity of the elastic posts. In addition, to provide
pneumatic actuation, the elastic component must have some kind
of internal structure [21-25], where air could be supplied.
Related previous works have not investigated the effect of the
internal structure on the friction of elastic posts. Therefore, it is
necessary to investigate the effect of the internal structure
dimension on the friction force of elastic posts in contact with a
smooth rigid body.

In this study, the friction force of elastic posts in contact with a
smooth rigid body was investigated by using a finite-element
based engineering program. The elastic posts have an internal
cavity to which pressurized air could be supplied, where the
effect of internal cavity dimension and cavity pressure on the
friction force amplitude was investigated. In section two,

materials and method are described in detail. Section three
presents the results and discussion. Finally, in section four, the
conclusion is given.

2. Materials and Methods

The frictional dynamics between an elastic cylindrical post and a
rigid smooth and flat surface was simulated in a finite-element
based engineering program (COMSOL Multiphysics 5.3a). A two-
dimensional (2D) structural model of the posts was constructed
in the software. The friction law governing the frictional motion
between the elastic posts and the rigid counter surface was
modelled by using Amontons-Coulomb friction law with a single
coefficient. In another study, this friction model between an
elastic post and a rigid, flat body with a single coefficient were
shown to be in agreement with the experimental results in
[14,20]. The same procedure was adopted in this study.

2.1. Structure of the posts and simulation parameters

In the simulations, the elastic posts have same diameter and
height. Different diameters and different lengths are considered
for the internal cavity in the posts. The friction force between the
posts and the rigid counter surface was investigated under
different internal cavity pressures by keeping the diameter and
height of the inner cavity constant. The simulation sets formed by
varying the constructional parameters of the posts and the
simulation conditions are given in Table 1 and shown in Figure 1.
Here, D is post diameter, H is post height, d is cavity diameter, and
h is layer thickness over the cavity.

Table 1. The simulation sets and structural parameters of the posts used in the simulation sets.

Sets R:D/2 H d/R h P
Set-h 4 mm 24 mm 1 0.2:0.2:4 mm 0 bar
(Cavity height effect)
Set-d 4 mm 24 mm (0.2:0.2:1) 1 mm 0 bar
(Cavity diameter effect)
Set-P 4 mm 24 mm 1 2 mm 0.5:0.1:1 bar

(Cavity pressure effect)
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Figure 1. a) Design parameters of the elastic posts, b) Structure of the mesh in the simulations, c) Pressurized state and the resulting

von Mises stress in Pa
2.1.1. Physical parameters in the simulations and
the simulation procedure

The elastic material of the posts is Polymethylsiloxane (PDMS),
which has a Young Modulus of 2 MPa. The Young’s Modulus of the
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rigid counter surface is chosen to be 70 GPa. The viscoelastic
effects of the PDMS and the counter surface are neglected. The
friction model between the post and the counter surface is
defined by a single friction coefficient, which is 0.3. By keeping
this value constant, only the structural effects of the posts and the
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cavity pressure effect on the friction force were examined. A
typical time-contact force result and the simulation stages on the
finite-element based engineering software are depicted in Figure
2.
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Figure 2. Typical simulation result: a) Time-normal and time-
friction force results are presented, revealing the stages of
frictional motion. During these stages, the counter surface moves
in the direction indicated by the red arrow. b) Initially, there is no
contact between the post and the counter surface. c)
Subsequently, full contact is established under a certain preload
value. d) At this point, the counter surface is laterally displaced,
and the post and the counter surface are sticking. e) Once the
friction force reaches the threshold value [26], the post
transitions to full-sliding motion. f) Finally, the counter surface is
moved in the opposite direction to obtain the friction force-
displacement loop

e
=

2.1.2, Mesh convergency study

The Comsol Multiphysics software offers different predefined
mesh sizes from extremely coarse to extremely fine. Each
predefined mesh automatically generates the mesh model of the
structural components, resulting in a different number of
boundary and domain elements, and degrees of freedom. In our
study, six different predefined mesh sizes are selected and

compared with the results of the extremely fine mesh size for
friction force magnitudes in the sliding regime (e-f in Figure 2).
The relative error is defined as Err=1000*(E.F-M.S)/E.F. The
results are shown in Table 2. From the results, the most accurate
solution is the extremely fine mesh study. However, due to the
increased number of degrees of freedom and the closeness of the
results to the extremely fine mesh, the extra fine mesh is selected
for further simulations. For the selected mesh, the relative error
is around %0.02.

2.1.3. Simulation procedure for the frictional
motion without pressurizing cavity of the
posts

The stages of the frictional motion between the post and the
counter surface for the frictional motion given in the sets (Set-h
& Set-d) are as follows:

v' There is no contact between the opposite surface and the

post as depicted in Figure 2(b).

v" The post is compressed by applying uniaxial to the counter
surface. Then, the full contact is obtained between the post
and the counter surface with a desired preload value as
shown in Figure 2(c). The post s fixed from its backing layer.
Here, the preload value between the post and the counter

surface is selected as Fp=0.10, 0.25, 0.50, 0.75, 1.00 N.

After the desired preload value is achieved between the
counter surface and the post, the counter surface moves in
the lateral direction, and hence friction is attained between
the post and the counter surface as depicted in Figure 2(d).

When the friction force between the post and the counter
surface reaches the threshold value [26], the post goes into
full-sliding motion. The normal and friction forces remain
constant during the full sliding motion of the post as shown
in Figure 2(e). The friction force is at its maximum value at
this stage, and this value is considered in the next sections.

The friction force-displacement loop is obtained by moving
the counter surface in the opposite direction as given in
Figure 2(f).

Table 2. Mesh converge study for the constructed simulation model.

Predefined Mesh Sizes (M.S.) Coarse Normal Fine Finer Extra Fine Extremely Fine (E.F)
Domain Element Number 144 244 352 732 2254 8594
Boundary Element Number 88 102 112 156 284 566
Number of degrees of freedom 781 1249 1713 3357 9785 35889
Friction Force [mN] 9.9699 9.9684 9.9539 9.9524 9.9300 9.9271
Error (%) in Friction Force -%04.360  -%o04.311 -%02.700 -%02.549 -%00.292 -

2.1.4. Simulation procedure for the frictional
motion with pressurized cavity of the posts

The effect of the cavity pressure on the friction force was
investigated in two configurations. In the first configuration,
there is no contact between the post and the counter surface. The
cavity of the posts is pressurized prior the contact. In this
configuration, the normal force between the post and the counter
surface can be obtained at the desired value. This gives a friction
force result with pressurized cavity in pre-contact configuration.
In the second configuration, the posts and the counter surface are
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in full contact. Then, the cavity of the post is pressurized.
However, with the cavity pressurized, the normal force may differ
from the desired preload value. This configuration is also divided
into two parts. The first one is to obtain the friction force with the
pressure values specified in Table 1, and the second is to attain
the friction force by applying pressure to cavity for the desired
normal load. In the first configuration, the post and the counter
surface are not in contact. The post is pressurized prior to
contact. The simulation protocol is as follows:
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There is no contact between the post and the counter
surface. At this stage, the cavity of the post is pressurized as
depicted in Figure 3(c-ii).

The post is compressed by the counter surface until the
desired preload value is achieved between the post and the
counter surface. Meanwhile, the pressure in the post cavity
is kept constant as shown in Figure 3(c-iii).

As shown in Figure 3(c-ii), the desired preload value is
attained. The counter surface is moved laterally to obtain
friction force. A typical time-normal and friction force, time-

cavity pressure results are shown in Figure 3.
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Figure 3. Typical results with the pressurized cavity prior to
contact between the post and the counter surface; a) Cavity
pressure, normal load, b) Friction force-normal load; where the
black line represents the cavity pressure and the friction force,
the red line represents the normal force value. The preload value
is 1 N, and the cavity pressure value is 1 bar. c) The steps in the
simulations; i) There is no contact between the post and the
counter surface, ii) The cavity of the post is pressurized to a
desired value, iii) The post is compressed by the counter surface
until the normal force reaches the desired preload value, iv) The
friction force is obtained by moving the counter surface in the
lateral direction. The legend shows the von Mises stress in MPa

In the second configuration, there is a contact between the post
and the counter surface, the contact force is approximately 0 N.
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The cavity of the post is pressurized and as in the other stages,
when the desired pressure value is reached, the counter surface
moves in the lateral direction. Hence, the friction force is
obtained. There are two key points to mention. These are 1) the
deviation of the normal load value from the desired preload value
due to the desired pressurized cavity, 2) the adjustment of the
cavity pressure to obtain the desired preload value. The typical
result and the phases of the simulation are given in Figure 4. The
simulation procedure is as follows:

v" The counter surface is in contact with the post. The normal
force is approximately 0 N.

v’ By restricting the movement of the counter surface in

direction parallel to the cavity pressurized direction, it is
ensured that there is a contact between the counter surface
and the post at every simulation stages.

The cavity of the post is pressurized. Because of the
restricted movement of the counter surface, a normal force
is achieved between the post and the counter surface as
depicted in Figure 4, 1st Phase.

When the cavity pressure reaches the desired maximum
pressure value, the maximum normal force value is obtained
between the counter surface and the post, End of 1st Phase.
After this step, the counter surface moves laterally. Hence,
frictional motion is obtained, 2nd Phase. During this motion,
the cavity pressure is kept constant.
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Figure 4. The effect of cavity pressurization on the friction force
when the post is in contact with the counter surface. a) Typical
normal load-pressure-time and b) friction force-normal load-
time results and c) the phases in the simulation. i) The cavity of
the post is pressurized and at this time, the normal load between
the post and the counter surface increases, ii) The maximum
pressure value is reached, and the maximum normal load is
obtained. iii) The friction force is obtained by giving lateral
motion to the counter surface

3.

-

F N W R WO N®

Results and Discussion



DEU FMD 26(77) (2024) 341-349

3.1. Effect of layer thickness over the cavity on the
friction force

This section presents the results of the effect of the layer
thickness over the post cavity on the friction force amplitude are
given. The friction force amplitudes were obtained according to
five different preload force values (Fp: 0.10, 0.25, 0.50, 0.75 and
1.00 N). The friction force results were normalized with respect
to the results of the homogenous post (post without cavity). The
results are given in Figure 5.
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Figure 5. The effect of thickness of the layer on the normalized

friction force amplitude obtained under five different preload
values (0.1, 0.25,0.5,0.75 and 1 N)

As the diameter of the post cavity remains constant and the
thickness of the layer over the cavity increases, the frictional
force increases. The characteristic of the increase in friction force
is the same for all preload values. The change in friction force is
linear up to a layer thickness of 0.2 mm over the cavity. After the
0.2 value, the change in frictional force is different for different
preload values. This phenomenon can be explained by the fact
that when the layer thickness is thin, it behaves like a thin sheet
between the post sides. In this case, the elastic deformation of the
post tip changes with the layer thickness. The characteristic of
decreasing amount of elastic deformation changes with
increasing layer thickness. Thus, the effect of different layer
thickness on different change of friction force can be explained in
this way. Accordingly, Figure 6 and Figure 7 show the elastic
deformation and von Mises stress values of the post with the
same thin film layer thickness at different preload values, and at
the same preload value (1.00 N) but the post with different thin
film layer thickness, respectively. As the layer thickness over the
cavity increases, the elastic deformation in the layer changes and
the amplitude of the normal force between the post and the
counter surface changes accordingly.

Since the friction force amplitude is directly related to the contact
area at the contact interface [27], alteration of the contact area
with varying thickness of the thin film over the cavity yields
different friction force. The normal load is the force exerted by
the contact pressure over the contact area. The contact area was
approximated using the relationship between the normal load at
the contact interface and the maximum contact pressure. The
normal force and maximum contact pressure for the post with a
film layer thickness of 0.2 mm and the variation of the contact
area with the different layer thickness are shown in Figures 8 and
9, respectively.

Although the friction force increased with increasing the layer
thickness over the cavity, the friction force value is still lower
than that of the homogenous post (post without cavity). This
phenomenon can be explained by different bending rigidity of the
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postin the lateral (shear) direction with different layer thickness.
The bending rigidity of posts can be approximated by Hooke's
law using the maximum deformation of the post for a given lateral
force. In Figure 10, the variation of the bending rigidity of the post
with respect to the different layer thickness over the cavity is
given by normalizing with respect to the bending rigidity of the
homogenous post. The bending rigidity of the post increases as
layer thickness increases. The change characteristic of the
bending rigidity is the same as the change of the friction force
characteristic as shown in Figure 10. The lower friction force of
the posts due to the cavity can be related to the decrement of the
bending rigidity, since the friction force of the posts is directly

related to the bending of the post [14,15].
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Figure 6. The simulation results, when the cavity diameter of the
post is 4 mm and the thickness of the layer over the cavity is 0.2
mm, the elastic deformation and the von Mises stress when the
preload value is a-c) 0.10 N, b-d) 1.00 N, respectively. The legend
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Figure 8. Time evaulation of normal force and contact pressure
in the frictional motion of the post with a layer thickness of 0.2
mm and a cavity diameter of 4 mm under a preload of 1.00 N.
Here, the black line and the red line represent the normal force
and the contact pressure, respectively. The contact area is
calculated by dividing the normal load by the maximum contact
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3.2. Effect of cavity diameter on the friction Force

The effect of cavity diameter on friction force is achieved by
maintaining the layer thickness over the cavity of the posts
constant. The amplitude of friction force is normalized with
respect to the value of the homogenous post. Figure 11 shows the
relationship between the friction force value and cavity diameter.
As the cavity diameter increases, the friction force decreases
linearly. The maximum decline reaches up to 80%.

The reduction in bending rigidity is caused by the presence of a
cavity. Additionally, it should be noted that the diameter of the
cavity results in a greater reduction in friction force amplitude
compared to the thickness of the layer. This can be explained by
the cavity diameter's effect on the posts' bending rigidity at the
fourth order, while the layer thickness has a third order effect.
Figure 12 illustrates alterations in the friction force and bending
rigidity of the post.
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Figure 11. The effect of cavity diameter on the normalized
friction force amplitude obtained under five different preload
values (0.1, 0.25,0.5,0.75 and 1 N)
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Figure 12. The effect of the cavity diameter on the bending
rigidity of the post normalized with the bending rigidity of the
homogenous post, and the relation between the change of friction
force and the change of bending rigidity of the post

3.3. Effect of cavity pressure on the friction force

In a post with a constant cavity diameter and layer thickness over,
the variation of friction force amplitude was investigated by
pressurizing the cavity. The friction force amplitude was
normalized to the friction force amplitude of the homogenous
post. The cavity was pressurized in two instances. 1) The cavity
was pressurised after the desired preload value was achieved
through static contact. 2) The cavity was pressurised whilst the
post and counter surface were in contact with a preload value of
approximately O N.

3.3.1. Pressurizing the cavity before the contact
between the post and the counter surface

The inner cavity of the post is pressurized with amplitudes of 0.5,
0.6,0.7,0.8, 0.9 and 1 bar. Figure 13 illustrates the fluctuation of
friction force amplitude accompanying the post's cavity pressure.
As the cavity pressure amplifies, so does the friction force
amplitude; it varies almost linearly with the cavity pressure
amplitude. Increasing cavity pressure provokes linear changes in
the post's bending rigidity. The bending rigidity of the post is
normalized in comparison to the homogenous post, and its
variation with pressure is displayed in Figure 14. The linear
variation of post bending rigidity with cavity pressure can
account for the almost linear variation in friction force amplitude.
It is worth noting that there is no contact between the posts and
the counter surface when computing the bending rigidity of the
posts.
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Figure 13. The effect of the post cavity pressure on the friction
force amplitude when the cavity was pressurized prior to contact
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Figure 14. Effect of cavity pressure on the normalized bending
rigidity of post

3.3.2. Pressurizing the cavity after the contact
between the post and the counter surface

This study examined the effect of cavity pressure amplitude on
friction force when the post and counter surface are in contact.
To achieve this, the counter surface's movement in the normal
direction during cavity pressurization is restricted. Pressure
values of 0.5, 0.6, 0.7, 0.8, 0.9 and 1 bar were selected for the
initial stage of the investigation. In the second scenario, we
determined the cavity pressure amplitudes corresponding to the
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desired preload force values. The cavity was pressurized using
these pressure values and the friction force was calculated with
the desired preload force value. The reason for the two scenarios
is because the preload value differs due to cavity pressure. Figure
15 illustrates the preload value due to different cavity pressures
in these scenarios. The variation of the friction force amplitude
with cavity pressure after contact in two simulations is shown in
Figure 16. The friction force escalated with increasing cavity
pressure, mimicking the results of the pressurized cavity before
the contact.
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Figure 16. The effect of the cavity pressure on the friction force
amplitude when the post is in contact with the counter surface

3.4. Adjusting the friction force by regulating cavity
pressure

In the simulation studies conducted thus far, investigations have
been made into the effects of the structural dimensions of the
posts' cavities and cavity pressures on friction force amplitude.
One aim of this study is to achieve an adjustable friction force
between elastic posts and a flat and rigid body by regulating the
post's cavity pressure. The variation in friction force amplitude is
achieved by changing the cavity pressure of the post during full-
slip motion and is shown in Figure 17, indicating the amplitude
of the cavity pressure and its relationship with the friction force.
The results demonstrate that the friction force adjusts almost
linearly to the pressure change occurring during contact. The
variation in the amplitude of friction force over time follows a
similar pattern to the variation in cavity pressure over time.
Therefore, the simulations have demonstrated that regulating
cavity pressure can manipulate the amplitude of friction force.
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Figure 17. The effect of the cavity pressure on the friction force
amplitude when the post is in contact with the counter surface

4. Conclusion

In this study, the friction dynamics of elastic cylindrical posts
with cavity in contact with a flat, smooth, and rigid body were
simulated in a finite-element based engineering program. The
friction force amplitudes were calculated and the variation of the
friction force with the structural parameters of the post cavity
and the cavity pressure value of the post were obtained. The
adjustable friction force by regulating the cavity pressure
amplitude is shown in the simulations. The presence of a cavity
reduces the friction force, with the cavity diameter having a
greater influence on the reduction of the frictional force.
Increasing the cavity pressure increases the friction force due to
the increase in bending rigidity. Regulating the cavity pressure is
shown to be an effective method of adjusting the friction force of
an elastic post in contact with a rigid, smooth, flat surface.
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Abstract

The main purpose of this article is to provide data transfer by providing secure communication with drones, which is a kind of
unmanned aerial vehicle (UAV). In our study, without intervening hardware and software of the drone (most of the drones do not
allow interference with their hardware and software), a security layer is added for data communication. In our study for adding this
layer, Wemos D1 Mini, having wireless network module and cheap, was used. In the scope of the study, Wi-Fi modules are customized
and converted into Access Point and Client forms. The message sent to the specialized modules is provided through the Mobile
Application, which has been designed and implemented for this study. Thus, commands were transmitted in an encrypted form in the
wireless data transmission environment. As a result, this concept has become a prototype that can be customized according to any
specific drone having Wi-Fi communication.

Keywords: UAV secure communication, [oT secure communication, lightweight encryption

0z

Bu makalenin temel amaci, bir tiir insansiz hava araa (IHA) olan dronlarla (ugangéz) giivenli iletisim saglayarak veri aktarimi
saglamaktir. Calismamizda, dronun donanim ve yazilimina miidahale etmeden (birgok dron donanim ve yazilimina miidahele
edilmesine izin vermez) veri aktariminda bir glivenlik katmani eklenmistir. Calismamizda bu katmani eklemek icin kablosuz ag
modiiliine sahip ve maliyeti diisiik olan Wemos D1 Mini kullanilmistir. Calisma kapsaminda Wi-Fi modiilleri 6zellestirilmis ve Erisim
Noktas1 ve Istemci formlarina déniistiiriilmiistiir. Ozellesmis modiillerine gonderilen mesaj, bu calisma icin tasarlanan ve gelistirilen
Mobil Uygulama araciligiyla saglanmistir. Boylece, komutlar kablosuz veri iletim ortaminda sifrelenmis bir bicimde iletilmistir. Sonug
olarak, bu konsept, Wi-Fi iletisime sahip her tiirlii dron i¢in 6zellestirilebilen bir prototip haline gelmistir.

Anahtar Kelimeler: [HA giivenli iletisim, IoT giivenli iletisim, diigiik seviyeli sifreleme

1. Introduction The main reason for the problem is that the data transmitted
between the control station and the drone cannot be properly
protected. In particular, the data transmitted clearly between this
structure causes many problems. Because of these situations,
there is a need for improvements in this area in order to ensure
secure communication and to protect the transmitted data. In our
study, the connection between the control station and the
unmanned aerial vehicle (UAV) [5] was secured with additional
hardware components such as the Wemos D1 Mini wireless
fidelity (Wi-Fi) module. This study focuses on the UAV like DJI
Tello Drone.

Related Works

Security is essential for all structures. In particular, devices that
communicate wirelessly need further protection. Basically, extra
measures should be taken to ensure the control and safety of such
devices. Ensuring both safety and control is very important. The
biggest problem in achieving this control is that the transmitter
and receiver cannot be accurately verified due to wireless
transmission [1]. Especially drones that communicate wirelessly
are exposed to security problems. The drone, which is controlled
by any user, can be attacked, seized, or damaged. Hacking of
drones is an important challenge, and a list of events outlined in
[2] show that commandeering of commercial drones is quite 2.
common, and even military drones can be victim to outside

. . The project area covers drones, a sub-class of unmanned aerial
attacks. Therefore, network security is a vital concept for safe

vehicles [6]. It is necessary to ensure the safe communication of

drone operations.

Article [3] describes a Man-in-the-Middle (MitM) attack that can
be used to control a drone from kilometers away. The same
source has proposed various encryption schemes at chip and
application levels as possible solutions for the problem, please
see [4] for a more general review of network security problems
of drones.
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these unmanned aerial vehicles. In this context [7] is a good
guide. As mentioned in the article, unmanned aerial vehicles can
be used in many areas and they may be exposed to many threats
[8]. These attacks can sometimes take control of an unmanned
aircraft, render it dysfunctional or disable and damage it. Under
the control of malicious users, these devices can become very
dangerous. It can even threaten a person's life. In this article, it is
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stated that uses of unmanned aerial vehicles range from
education to industry, from trade to defense [9]. It explains the
deficits of unmanned aerial vehicles that communicate with
wireless communication channels [6]. Radio waves,
electromagnetic waves, and the communication channels they
use to communicate are explained in the article. From this point
of view, they have made improvements on how the wireless
communication channels can be more secure [10]. In the article,
attention has been paid to the communication network between
the sender and the receiver. The most important points of how
unmanned aerial vehicles are used, how much an attack can cause
damage and developing possible solutions to the attacks are
discussed.

As seen in article [11], attacks can be made to secure the drones.
Models were made for attack types. Thus, possible threats were
identified. The basis of the modeling is a controller that controls
the drones with any application or device. The controller is
connected to the drone via a wireless network. When the attacker
who intercepts the connection intercepts the drone, the drone is
out of control according to the legitimate user. Thus, the attacker
has all the information and control of the drone. The major
contribution of this article is to realize the gap between the
controller and the drone. In all of the modeled attacks, the user is
directly connected to the drone. Therefore, the attacker is trying
to connect to the drone to capture the drone. Due to insufficient
encryption in wireless networks [12], these attacks are often
successful. For such attacks, a solution has been produced in our
study.

In article [13], there is a drone in the given architecture. There is
a control console that controls the drone. In general, the man in
the middle attack between the controller console and the drone
is described. A mechanism called xBee is placed in the ancestor to
improve the mechanism that is likely to be exposed to this attack.
In this way, the communication channel expected to be provided
between the drone and the controller becomes gradual. In the
architecture we designed, we provide 2 wireless network
modules together. However, the module inserted in the discussed
article [13] is only one. And the connection to it is made
wirelessly. The architecture in the discussed article does not
mention the cryptography structure to be used in the
transmission of data. Advanced encryption standard (AES)
encryption was used in the communication channel in our study.
The use of number generators that would allow stream
encryption on the Wemos D1 Mini is not useful. In addition, AES
block cipher using strong, s-box and permutation embedded on
the module is preferred. Confusion and diffusion also favored the
use of block ciphers. At the same time, thanks to the CFB (Cipher
FeedBack) mode used by AES, it is possible to produce results
such as stream ciphers. A high level of security is provided with a
256-bit long key. In this article, the density that can be
experienced in data transmission is mentioned. With this point,
we provide data transfer with user datagram protocol (UDP) in
order to control the data transfer in our study. Another important
point in this regard is the protocol on which the commands to be
sent from the controller to the drone. Since the devices used are
Internet of things (IoT) devices, there are no high-capacity
processors or memory. Therefore, the architecture should be
designed taking these points into account. Since the devices we
are working on are flying devices, we opted for smaller, less
powerful devices to minimize weight. In other words, the main
purpose is to provide maximum efficiency with our hardware
assets. The most important contribution we extracted from the
whole study was the idea of placing a buffer mechanism between
the communication channel to improve security. This is one of the

fundamental points for our study. Another feature of our article
is that the architecture described is turned into a prototype.

In the article [14], the modeling of the quadrotor DJI Tello drone
in Python using fuzzy logic in artificial neural networks is
presented. This modeling has also been implemented by Python.
By controlling the drones, which are expressed in the study,
starting to take up a large space in technologies; human
detection/follow-up, analysis. Detection of data that does not
have the class attribute used in classical machine learning models
(for example, images flowing as streams in the drone) has been
demonstrated.

In the study [15], the image taken from the camera autonomously
and the determination of the location of the drone according to
its own coordinates are presented. Due to its physical structure,
the low cost of the algorithms running on the drone directly
affects the flight time/power from the parallel measure. For this
reason, in this study, object detection developed on the robot
operating system based on MATLAB and a system that can detect
the path by avoiding obstacles has been designed and
implemented. At the same time, the results are clearly
understood as the results are simulated with virtual reality.

Study [16] examines the situation of taking control of drones with
cyber-attacks and focuses on the control in the wireless channel.
Attack scenarios were analyzed, and defense situations were put
forward and implemented. In the wireless network, it has been
focused on not only passive protection with password settings
but also active protection against injections.

3. Materials and Methods

According to our study, an extra two Wi-Fi modules are needed
to establish the architecture of secure communication. The main
purpose of our study is to transfer the commands controlling
drone, which is unmanned aerial vehicle, in a secure
environment. Therefore, the modules used satisfy different
functionalities.

There are two modules (ESP32 (1) and ESP (2) from Figure 1)
interconnected by a physical cable. These modules are attached
to the drone. One of the modules (ESP32 (2)) was turned into an
access point. This means that when the module is connected to
the power unit, an access point called service set identifier (SSID)
that we define becomes visible on the Wi-Fi network. We have a
controller person that controls the drone using the base station.
In this study, the controller uses a mobile application to control
the drone. The controller first connects [17] to the access point
(Figure 1 ESP (2)). (S)he then enters the application on his/her
smartphone, and s(he) encounters an interface with commands
to control the drone.

The task of the module (ESP (2)) is to take encrypted commands
from the controller via Wi-Fi and after decrypting the commands
to transmit those to the other module (ESP (1)) via cable. The task
of the next module (ESP (1)) is to take commands from the first
module (ESP (2)) via cable and to transmit those commands to
the drone via Wi-Fi using the special port and user datagram
protocol (UDP). One reason to transfer the commands with UDP
is because it's known that the drone allows it as written in the
drone’s software development kit (SDK) document. This module
can also be called the client because it provides connection to the
drone. The drone also has an access point feature.



DEU FMD 26(77) (2024) 350-355

WIRELE: 55{ .

WIRED DRONE

-ACCESS POINT-
WIRELESS,»
7
’ ESP(2) ESP(1)
/ -ACCESS POINT- -CLIENT-
(.
e

COMPUTER
[CONTROLLER)
-CLIENT-

Figure 1. Diagram of the proposed general mechanism.

One of the basic building blocks of the security in this mechanism
is the mobile application. Because the mobile application
encrypts the relevant command selected from the interface with
AES and transmits it to the Wi-Fi module (ESP (2)), which is an
access point, wirelessly. This module (ESP (2)) decrypts the
command and transfers it to the other module via cable. The
module that receives the command with the decrypted code
forwards it to the drone and the drone executes the command.
The main purpose of using buffer modules is to perform
encryption operations and add a security layer to any kind of
drone having a Wi-Fi connection.

In Figure 1, the described general mechanism diagram is
schematized. There are two access points in this structure. One
of them is our customized Wi-Fi module and the other is the
drone. If no intervention is made, both the access point and the
drone we defined will appear on the controller's Wi-Fi network.
Therefore, there may be a dilemma. In our study, we designed a
structure to prevent this dilemma. We covered the main frame of
the drone with aluminum foil and steel fabric and put the module
that sends the commands to the drone wirelessly with UDP in this
structure which was covered. In this way, the drone with its 2.4
GHz broadcasting antenna has been covered and its broadcasting
power has been reduced. The other module was placed on the
drone with the cable extension. Since this module is an access
point, it should be visible on the public network.

3.1. Encryption and decryption mechanism

In our study, the encryption processes of the command to be sent
are prepared on the mobile application. Encryption operations
were carried out with AES and Base64 structures. While
developing applications in Android environment, java/security,
javax/crypto and libraries in which some functions were made
special were used. The special here is to change the attribute
formats that the functions take in accordance with the format of
the incoming data. The purpose of this customization is to enable
the encryption to be decrypted on an IoT device, the Wemos D1
Mini. Decryption is proceeded on the Wi-Fi module in the form of
an access point (Figure 1, ESP (2)).

In our study, the Android application acts as the UDP Server. The
Wi-Fi module in the Access Point form is also defined as the UDP
Client. After encryption is proceeded on the application, the
message is sent to the UDP Client with the internet protocol (IP)
address of the module (192.168.4.1) and the specially defined
port number (6868). It is preferred over TLS as it has UDP
applicability with DJI Tello Drone. Although TLS is used in other
model drones, UDP has been preferred for Tello in terms of both
its compatibility with the encryption structure and its usefulness.
The Wi-Fi module (Figure 1, ESP (2)) reads incoming messages
from the UDP Server in packets of 512 bytes. Receiving the
message as encrypted, UDP Client decrypts the message it
receives in accordance with its encryption. In this way, data flows

in the wireless network encrypted. Commands that are decrypted
in the module are sent to the other module in plaintext with the
help of a small cable. While doing this sending process, the
transmitter (TX) pin of the sending module is connected with the
receiver (RX) pin of the receiving module. The sender writes the
message (s)he will send to the serial platform. The recipient can
also get the message by reading from the same serial platform.

This configuration prevents a man-in-the-middle attack,
because the wireless connection between the computer and the
drone is encrypted. The ESP modules are on the drone, connected
by a wire, so unless an attacker can physically access the drone,
there is no way for them to intrude the unencrypted
communication. The second module relays the commands to the
drone in unencrypted form, but because it's very close to the
drone, it can’t be affected by an attacker away from the drone.

In Figure 2 architectural view, the general mechanism of the
study is summarized. The controller (ground control station) is
connected wirelessly to the Wemos D1 Mini, which is an Access
Point. The controller sends the encrypted command to the Access
Point. The Access Point decrypts the command it receives in
encrypted form. It then sends the command to the Wemos D1
Mini in Client mode to which it is wired. Client receiving the
decoded command connects wirelessly to the drone and sends
the command. The drone executes the command and sends the
result of the execution to the Client. Wemos D1 Mini, which is one
of the two wireless network devices used, makes the
communication between the controller and the drone secure. The
Client and Access Point actually function as if they were a single
piece of hardware.

SECURE HARDWARE MECHANISM

coMMm,

DECRY

WEMOS D1 MINI
-ACCESS POINT-

CONTROLLER

WIRELESS

DECRYPT COMMAND
WIRELESS

DRONE

=

EXECUTE COMMAND

Figure 2. Architectural view.
3.2. Executing commands on drone

Wemos D1 Mini module, which receives commands with cable by
decrypting, acts as a kind of client. Because this module connects
to Tello DJI Drone that has the feature of Access Point
automatically. It is this module that processes commands on the
drone. This module communicates with the drone using the
contact information specified in the SDK of the D]I Tello Drone.

The module, which establishes a wireless connection with the
drone to operate the commands, communicates with the UDP. In
this way, the operation requests from the user are made possible
to operate the drone. It also returns a message when the drone is
running or unable to run the messages it receives. In this
message, it transmits the data to the module with UDP.

3.3. Implementation platforms

While performing this work, one Wemos D1 Mini, two separate
Wi-Fi modules, and one mobile application were programmed.
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Arduino integrated development environment (IDE) was used
for programming the Wi-Fi modules [18]. We also used Android
Studio while developing the mobile application.

The Android application was implemented on the Java platform.
This application is defined as the UDP Server. The address and
port to communicate as code forced were determined. After the
user enters the command he wants to run on the screen, the
command is encrypted using the relevant encryption structure
and it is AES, Base64 in our study. Using the encrypted message
and contact information, the message is sent to the Access Point
in the form of UDP Client via UDP connection. For the Access
Point to receive the sent encrypted message, the mobile
application must be connected to the module that is the Access
Point on the device's Wi-Fi network [19]. The application uses the
UDP Socket connection and datagram packets when sending
messages. Whenever a command is sent, it is encrypted to a
distinct ciphertext, so that eavesdropper cannot make a guess
which encrypted data corresponds to which command by using
previously collected data.

While programming the modules acting as Access Points, we used
libraries such as ESP8266WiFi, WifiUdp, AES, Base64. When we
made the device visible in wireless networks, we assigned SSID
and password. The Access Point then waits for the connection of
the mobile application. Since the mobile application acts as UDP
Server, the module opens the 6868 port where it will
communicate with the server after the connection is established.
Operations are initialized in the "setup" function. The "loop"
function listens for requests from the UDP Server so that it can be
answered. Until reaching the size of the package defined jointly
between UDP Server and Client, the package is listened. The
incoming packet is then decrypted. The decrypted message is
written to the serial platform that it is wired to the other module.

Arduino IDE was used for programming the EPS32 modules.
Wire, ESP8266Wifi and WifiUdp libraries were used while coding
these modules. The Android application first tries to connect with
the drone in the "setup” function. The "setup"” function is used to
define the initial values required for the program. For example:
defining the port, specifying the constants to use, etc. After
connection is established, UDP communication is initiated. In
order to operate the commands on the DJI Tello drone, it is
necessary to send the command "command" first. After the UDP
connection is provided, this special start command is sent. Then
the data coming from the serial platform is read inside the loop
function that runs continuously. Thanks to the "loop" function,
incoming commands can be handled continuously. When the
related commands arrive to the EPS32 module (Figure 1, ESP
(1)), it sends them to the drone. In this way, control of the drone
is provided.

4. Results

In this project, improvements (The structure shown in Figure 2)
were made on drone commands to be safely operated and
transferred. According to these improvements, some tests were
carried out.

According to the results obtained from this study, received
encrypted messages are given in Table 1.

It is seen that the messages received from the controller are
encrypted and when the same message is sent again, it sends
unique encrypted messages. The "mixed" command shown in this
table is not available in the SDK. This command was created by
combining "take off, flip left and land" commands. The messages
shown in the table are obtained from the Access Point (Figure 1,
ESP (2)). Encrypted messages sent from the Mobile Application,
which is the controller, are obtained from the Access Point. In

addition, this table shows us that the command transmitted on
the Wi-Fi network that provides wireless communication is
definitely not in understandable and readable form. This plays an
importantrole in the safe transmission of commands transmitted
for drone control. This added security layer contributes to the
security part, which is the most critical point of unmanned aerial
vehicles. In this way, an important improvement has been
achieved.

Table 1. Received encrypted message.

l(izi:l:i'\]/izd Encrypted Message

Mixed 1YyvabuBVdKmCOuHPcrp3g==
Mixed nKhs3tUrtKnkScXIMcKZsQ==
Mixed pOmSJeLX12p7RcHQfwCGjQ==
Land JsiuSDCpKgetvNuVIIPj8g==
Land AvX3ig0V3c/yVaMhaN2yqQ==
Flip Left 7706CNCINsj2Kk]jSqVmqxQ==
Flip Left IracWH2ZeYIIALJv59RePw==
Takeoff Z2S5m3P95xHKhH913QqIPg==
Takeoff 995QLzaoWuTOF/Zk9UrqRw==

Encrypted message transmission durations (Table 2) are
prepared with the results obtained from the test studies. These
durations are from the Controller to the Access Point. The end
time is the time before transferring to the Wemos D1 Mini, which
has a client feature, after decoding at the Access Point. These
periods were obtained from the time outputs were given to the
serial monitor of Arduino IDE. The stability of the system was
checked by sending the same commands one after another for
testing purposes. As shown in the table, regardless of the
command sent, it can usually be transmitted around in 3
milliseconds. In addition, this table shows us that the command
sent in encrypted does not cause a significant delay to slow down
the operation. This is also very important for drones. For message
transmission durations, at least 10 samples were taken for each
command and their averages were taken.

Table 2. Encrypted message transmission durations.

Encrypted Received Encrypted Transmission

Message Duration (ms)
Mixed 2.6

Take off 3.5

Flip left 3

Land 3

The tests performed in calculating the values shown in Table 3
Plaintext Message Transmission Durations were used. While
performing the calculations in this table, it is assumed that the
Controller sends a command without encryption, explicitly
sending the plaintext commands. This means that the data is sent
without encryption in wireless network. When measuring the
processes, the start time is that the Access Point receives the
command, and the end time is sent to the Wemos D1 Mini with a
cable connection. As can be seen from Table 3, most of these
values are 0. This means that the added wired connection reduces
the transmission time. This shows the usefulness of the
mechanism designed in this study and the consistency of the
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solution. While obtaining the data in Table 2 Encrypted Message
Transmission Durations and Table 3 Plaintext Message
Transmission Durations, at least 10 samples were taken for each
command and their averages were taken.

Table 3. Plaintext message transmission durations.

Plaintext Received Plaintext Transmission

Message Duration (ms)
Mixed 0.33

Take off 0.5

Flip left 0

Land 0

The results of the study and the results obtained without using
any security architecture are given in Table 4. Execution times
are given for each command specified according to this table.

Table 4. With and without secure architecture command
execution time comparison.

Command Without Secure With Secure
Architecture (ms)  Architecture (ms)

Take off 6651 7512

Flip left 2870 2462

Land 3284 4152

The data received in the Without Secure Architecture column
were obtained as a result of direct communication between the
computer and the drone. While obtaining these calculations, a
software program developed with Node.js was run. During these
tests, 10 different samples were collected for each command. For
each sample, the start time was when the command was sent, and
the end time was when the command was run in the drone. The
averages of the received values were taken and given in the table.

The results in the With Secure Architecture column were
obtained as a result of running commands over the Security
Architecture described in the article. While calculating these
processes, the start time is to send the command with an
encrypted mobile application and the end time is to execute the
command in the drone. These values were found by averaging at
least 10 samples for each command.

This table was prepared to compare the security mechanism
developed in the execution of commands in general with the
system that the drone is directly linked to. The results show that
with the hardware part put to ensure the security of the
structure, the encryption and decryption mechanisms did not
create too many differences that could create control problems in
practice. In fact, the values are too small to notice the time
difference for humans.

5.

In this study, Wemos D1 Minis with two Wi-Fi modules were
placed between the drone and the control station. One of these
modules was converted to an Access Point and the other to a
Client form. The module in the Client form was designed to
provide a UDP connection with the drone. The Mobile
Application, which acts as the controller, has been developed and
the connection of the device with this application to the Wi-Fi
module in Access Point form has been provided. Modules in the
form of Client and Access Point were connected with a cable to
provide serial communication. With this structure, encrypted
transmission of commands sent from Mobile Application was
provided. With the help of Wi-Fi modules put together, these
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encrypted messages are decrypted, and the drone is operated.
Thanks to this structure, security was provided between the
drone and the controller without creating a significant delay.
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	Hidrojen (H2) üretimi, enerji talebindeki artış, fosil yakıtların tükenmesi ve dezavantajları (küresel ısınma ve karbondioksit (CO2) emisyonlarının neden olduğu iklim değişikliği) nedeniyle gelecekte sürdürülebilir enerji için çok önemlidir. Hidrojen ...
	Matematiksel modelleme, dinamik veya kararlı durum koşulları altında MR'lerin sistem davranışını tahmin etmek için kullanılan önemli bir yöntemdir. ve bu sistemlerin yüksek performansını sağlayan çalışma ve tasarım koşullarının seçilmesine yol açabili...
	MR’lerin, CO2 yakalama proses sistemleri ile bütünleştirilmesi ile ilgili olarak literatürde farklı deneysel ve teorik çalışmalar bulunmaktadır. Örneğin, Kian vd. [13], Pd bazlı bir metalik MR kullanarak CO2 yakalama ile düşük karbonlu hidrojen üretim...
	Yukarıda tartışılan literatür araştırmasına göre ve en iyi bilgimize göre, bir MR’lerin CO2 yakalama sistemleri ile bütünleşik olarak sistem düzeyinde modelleme üzerine birkaç çalışma olmasına rağmen, dekarbonize hidrojen üretmek için bir MR içinde he...
	2. Matematiksel Model
	2.1. Reaksiyon Kinetiği
	Buhar-metan dönüştürme işlemi sırasında meydana gelen reaksiyon mekanizması aşağıda rapor edilmiştir. Denklem (1) buhar-metan dönüşümünü, Denklem (2) su-gaz değişim reaksiyonunu ve Denklem (3) toplam reaksiyonu göstermektedir.
	2.2. Kütlenin Korunumu
	Reaksiyon Bölgesi (Denklem (9), (10) ve (11)), Ayrılma Bölgesi-1 (Denklem (12)) ve Ayrılma Bölgesi-2 (Denklem (13)) için kütle korunum denklemleri aşağıda verilmiştir.
	,𝒅,,𝑭.-𝒋-𝒓𝒆𝒂𝒌.-𝒅𝒛.=,𝝆-𝒃.,𝑨-𝒄.,𝒊=𝟏-𝟑-,𝝑-𝒊,𝒋..,𝑹-𝒊 . (𝒋=,𝑪𝑯-𝟒.,𝑪𝑶, ,𝑯-𝟐.𝑶)                             (9)
	,𝒅,,𝑭.-𝒋-𝒓𝒆𝒂𝒌.-𝒅𝒛.=,𝝆-𝒃.,𝑨-𝒄.,𝒊=𝟏-𝟑-,𝝑-𝒊,𝒋..,𝑹-𝒊.−,𝑱-,𝑯-𝟐..(𝟐𝝅,𝒓-𝟐.) (𝒋=,𝑯-𝟐.)                   (10)
	,𝒅,,𝑭.-𝒋-𝒓𝒆𝒂𝒌.-𝒅𝒛.=,𝝆-𝒃.,𝑨-𝒄.,𝒊=𝟏-𝟑-,𝝑-𝒊,𝒋..,𝑹-𝒊.−,𝑱-,𝑪𝑶-𝟐..(𝟐𝝅,𝒓-𝟑.) (𝒋=,𝑪𝑶-𝟐.)               (11)
	,𝒅,,𝑭.-,𝑯-𝟐.-𝒂𝒚𝒓_𝟏.-𝒅𝒛.=,𝑱-,𝑯-𝟐..(𝟐𝝅,𝒓-𝟐.)                                                    (12)
	2.3. Enerjinin Korunumu
	Bu modelde, Reaksiyon Bölgesi (Denklem (18)), Ayrılma Bölgesi-1 (Denklem (19)) ve Ayrılma Bölgesi-2 (Denklem (20)) için enerji korunumu denklemleri aşağıda verilmiştir.
	,𝒋=𝟏-𝟓-,,𝒏.-𝒋.,𝑪-𝒑,𝒋..,𝒅,𝑻-𝒓𝒆𝒂𝒌.-𝒅𝒛.=𝝆,𝑨-𝒄.,𝒊=𝟏-𝟑-,𝝑-𝒊,𝒋.,𝑹-𝒊..,−∆,𝑯-𝒊..+𝟐𝝅,,𝒓-𝟑.,𝑼-𝒂𝒚𝒓_𝟐.,,𝑻-𝒂𝒚𝒓_𝟐.−,𝑻-𝒓𝒆𝒂𝒌..−,𝒓-𝟐.,𝑼-𝒂𝒚𝒓_𝟏.,,𝑻-𝒓𝒆𝒂𝒌.−,𝑻-𝒂𝒚𝒓_𝟏...        (18)
	,𝒋=𝟏-𝟐-,,𝒏.-𝒋.,𝑪-𝒑,𝒋..,𝒅,𝑻-𝒂𝒚𝒓_𝟏.-𝒅𝒛.=𝟐𝝅,𝒓-𝟐.,𝑼-𝒂𝒚𝒓_𝟏.,,𝑻-𝒓𝒆𝒂𝒌.−,𝑻-𝒂𝒚𝒓_𝟏..           (19)
	,𝒋=𝟏-𝟐-,,𝒏.-𝒋.,𝑪-𝒑,𝒋..,𝒅,𝑻-𝒂𝒚𝒓_𝟐.-𝒅𝒛.=𝟐𝝅,,𝒓-𝟓.,𝑼-𝒂𝒚𝒓_𝟐.,,𝑻-𝒅𝒖𝒗𝒂𝒓.−,𝑻-𝒂𝒚𝒓_𝟐..−,𝒓-𝟒.,𝑼-𝒓𝒆𝒂𝒌.,,𝑻-𝒂𝒚𝒓_𝟐.−,𝑻-𝒓𝒆𝒂𝒌...                            (20)
	burada ,𝑪-𝒑,𝒋. her j türünün özgül ısısıdır, ∆,𝑯-𝒊. i reaksiyonunun entalpisidir, U Reaksiyon Bölgesi, Ayrılma Bölgesi-1 ve Ayrılma Bölgesi-2 için hesaplanan ısı transfer katsayısıdır ve ,𝑻-𝒅𝒖𝒗𝒂𝒓. duvar sıcaklığıdır ve 950 K'ye eşittir.
	2.4. Membran Reaktör Performansı
	MR’nin performansı burada metan dönüşümü (,𝑿-,𝑪𝑯-𝟒.., Denklem (21)), hidrojen geri kazanımı (,𝝋-,𝑯-𝟐.., Denklem (22)) ve karbondioksit geri kazanımı (Denklem (23)) olmak üzere iki farklı değişken ile tanımlanmaktadır.
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	,𝝋-,𝑯-𝟐..=𝟏𝟎𝟎,,,,𝑭.-,𝑯-𝟐.,ç𝚤𝒌𝒂𝒏-𝒂𝒚𝒓_𝟏.-,,𝑭.-,𝑯-𝟐.,ç𝚤𝒌𝒂𝒏-𝒂𝒚𝒓_𝟏.+,,𝑭.-,𝑯-𝟐.,ç𝚤𝒌𝒂𝒏-𝒓𝒆𝒂𝒌...                             (22)
	,𝝋-,𝑪𝑶-𝟐..=𝟏𝟎𝟎,,,,𝑭.-,𝑪𝑶-𝟐.,ç𝚤𝒌𝒂𝒏-𝒂𝒚𝒓_𝟐.-,,𝑭.-,𝑪𝑶-𝟐.,ç𝚤𝒌𝒂𝒏-𝒂𝒚𝒓_𝟐.+,,𝑭.-,𝑪𝑶-𝟐.,ç𝚤𝒌𝒂𝒏-𝒓𝒆𝒂𝒌...                                (23)
	burada ,,𝑭.-,𝑪𝑯-𝟒.,𝒈𝒊𝒓𝒆𝒏. ve ,,𝑭.-,𝑪𝑯-𝟒.,ç𝚤𝒌𝒂𝒏., besleme gazındaki metan giriş molar akış hızı ve geçemeyen gazlardaki metanın çıkış molar akış hızı olarak tanımlanır. ,,𝑭.-,𝑯-𝟐.,ç𝚤𝒌𝒂𝒏-𝒂𝒚𝒓_𝟏. ve ,,𝑭.-,𝑯-𝟐.,ç𝚤𝒌𝒂𝒏-𝒓𝒆...
	3. Tartışma ve Bulgular
	Bu bölümde, membran reaktör uzunluğu boyunca her türün molar akış hızlarının, reaksiyon ve ayrılma bölgelerindeki sıcaklıkların, metan dönüşümünün, H2 geri kazanımının ve CO2 geri kazanımının değişimleri verilmektedir. İlaveten bazı önemli çalışma par...

	3.1. Reaktör Uzunluğu Boyunca Sıcaklık ve Molar Akış Hızı Dağılımları
	Bu çalışmada geliştirilen 1-boyutlu MR modeli kullanılarak, reaktör uzunluğu boyunca Reaksiyon Bölgesi, Ayrılma Bölgesi-1 ve Ayrılma Bölgesi-2’deki sıcaklık (Şekil 3) ve molar akış hızı dağılımları (Şekil 4) sunulmuştur. Şekil 3’e göre, Reaksiyon Bölg...
	3.2. Reaksiyon Sıcaklığının Membran Reaktör Performansı Üzerindeki Etkisi
	Reaksiyon sıcaklığı, MR’nin performansını doğrudan etkileyen kritik bir parametredir, çünkü MR’de kullanılan reaksiyon kinetik denklemlerinin, membranlardan nüfuz eden H2 ve CO2 akı denklemleri büyük ölçüde çalışma sıcaklığına bağlıdır. Genel olarak, ...
	3.3. Reaksiyon Basıncının Membran Reaktör Performansı Üzerindeki Etkisi
	Reaksiyon basıncı, MR boyunca reaksiyon hızlarını ve membranlardan hidrojen ve karbondioksit geçirgenlik akısını (Denklem (14) ve Denklem (15)) etkileyen önemli bir parametredir. Reaksiyon basıncı yükseldiğinde, membrandan hidrojen ve karbondioksit ge...
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