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Anahtar Kelimeler 0z: Ucus emniyeti, havaciik endiistrisindeki énemli konulardan biridir. Ucus

Ugusa Elverislilik, emniyetini dogrudan etkileyen hususlardan biri ise ucus pistlerinin yiizey

Pist Yuzey Denetimi, sartlaridir. Pistlerin yiizey sartlarinin denetim ve kontrolleri giivenli bir ugus i¢in

Derin Ogrenme, biiyiik 6nem arz eder. Pist yiizeylerinde denetlenen baslica durumlar, catlama,

Evrisimli Sinir Aglan kirilma, kopma, agilma ve kabarma gibi zemin hasarlaridir. Ilgili denetimsel islemler
zaman alial stliregler olup, alaninda egitim almis uzman personel tarafindan
yapilmaktadir. Derin 6grenme, son yillarda popiilerligi olduk¢a artan bir makine
6grenmesi yaklasimidir. Bu ¢alismada, ugus pistlerinin ylizeylerindeki ¢atlakliklarin
tespitini yapmak amaciyla iki farkli derin 6grenme modeli gelistirilmistir. ilk model
bu calismaya yonelik bastan tasarlanan ve sifirdan egitilen 6zgiin bir evrisimli sinir
ag1 iken; ikinci model AlexNet mimarisinin 6grenme aktarimi yoluyla bu ¢alismaya
0zgl egitilmis siirimidir. Modeller, veriler iizerinde test edilmis ve elde ettikleri
basari oranlari raporlanmistir.

Deep Learning Based Runway Surface Crack Detection Approach For Airworthiness

Keywords Abstract: Flight safety is one of the important issues in the aviation industry. One of

Airworthiness, the issues that directly affects flight safety is the surface conditions of the runways.

Runway Surface Inspection, Inspection and control of runway surface conditions are of great importance for a

Deep Learning, safe flight. The main conditions inspected on runway surfaces are ground damages

Convolutional Neural Networks - - . . . :
such as cracking, breaking, rupture, opening and heaving. The related inspection
procedures are time-consuming processes and are carried out by specialized
personnel trained in the related field. Deep learning is a machine learning approach
that has become increasingly popular in recent years. In this study, two different
deep learning models are developed to detect cracks on the surface of runways. The
first model is a pure convolutional neural network designed and trained from
scratch for this study, while the second model is a version of the AlexNet
architecture trained for this study through transfer learning. The models were
tested on the data and their success rates were reported.

*[1gili Yazar, email: nurcanb@erciyes.edu.tr

1. Giris

Ucusa elveriglilik, hava araglarinin ve bu araglarin ugus giivenliklerini etkileyecek kosullarin ugusa uygun olup
olmadiginin kontroliidiir. Yapilan test, bakim ve gozetimlerin ardindan hava aracinin ugusa elverisli olup olmadigi
belirlenir. Ucusa elverislilik icin belirlenen temel bazi kurallar vardir. Ulkemizde bu kurallarin sorumlulugu Sivil
Havacilik Genel Miidiirliigii'ne baghdir.

Ucusa elverislilikteki eksiklikler, bir olay ya da kazaya sebebiyet verebilirler. Ucusa elverislilik i¢cin can ve mal
giivenligini saglamak adina en 6nemli faktorlerden birisi pist ylizey sartlaridir. Pist ylizeyi, daim1 olarak denetim
ve kontrol altinda tutulmalidir. Pist yiizeyi kontrollerindeki yiizey ¢atlaklari ugusa elverislilik icin biiyiik 6nem arz
eder. Tespit edilen catlaklar ilgili birimlerce en kisa siirede onarilmali ve kayit altina alinarak muhafaza
edilmelidir. Ugus pistleri, yiizey yapisi, kullanilan malzeme vb. gibi cesitli acilardan ugus giivenligini dogrudan
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etkiler. Ylzey piirtzleri, ucak manevralar ya da kontrolleri esnasinda asir1 sallanmaya, titremeye veya sair
zorluklara sebep olabilir, kalkisi ve inisi olumsuz yonde etkileyebilirler [1]. Pist ylizeyleri, frenleme kaybina ve
bahsedilen olumsuzluklara sebebiyet vermeyecek bicimde insa edilmelidir.

Yapay zek3, glintimiizde gelisimini hizli bir sekilde stirdiirmektedir. Yapay zekanin bir alt dali olan derin 6grenme,
girdi olarak beslenen goriintili ya da farkl tiirden isaretler i¢in efektif sonuclar lireten etkili bir yontemdir. Derin
o6grenme, diger modellerle karsilastirildiginda en biiyiik farki kullanicinin girdi verilerini belirlemesinin ardindan,
¢alisma, kontrol, sonug iiretme kisimlariin ¢ogunlukla modele ait olmasidir. Bundan dolayi goriintii siniflandirma,
ses tanima, nesne tanima ve nesne takibi gibi bircok alanda basarili sonuglar vermektedir. Bu 6zelliklerinden
faydalanarak, ugus pistleri ve diger farkli yiizeylerin kusurlarini tespit etmek ve siniflandirmak igin
kullanilabilmeleri mimkiindiir [2].

Yazgan ve Yilmaz [3]; insan faktorii risklerini yonetmeye bagh olarak havayollarinin siirdiiriilebilir ucusa
elveriglilik stratejileri hakkinda bilgi vermislerdir. Aktif yonetim teknolojisi (AMT) hatasini etkileyen alt kriterlerin
onceliklendirilmesi icin gelistirilen analitik ag siireci (ANP) modeli olusturmuslardir. AMT hatasina katkida
bulunan toplam 15 6nemli kriter ANP modeline dahil edilmek iizere {i¢c ana kiimede sec¢ilmistir. Sonuclar,
bagimliliklar dikkate alindiginda AMT hatasini etkileyen kriterlerin teknisyen performansi ilizerindeki etkisini
gostermekte ve ¢ok kriterli karar verme analizinde insan performansini etkilemede karsilikli bagimliliklarim
dikkate almanin 6nemini vurgulamistir.

Tath [4]; meteorolojik agidan ucusa elverislilik 6lciitlerini saptamis ve giinliik ucusa elverisli saatleri ele alarak
zaman serileri elde etmistir. Elde ettigi zaman serilerini, yapay sinir ag1 (YSA) yonteminde kullanarak ucusa
elverisli saat miktari tahminini gergeklestirmistir.

Wang vd. [5]; giivenli olmayan olaylar i¢in ugus orani tahminini, biiylik verinin 6zelliklerini géz oniinde
bulundurarak derin 6grenme temelinde énermislerdir. Onerilen yéntemin, gri sinir ag1 yontemi, destek vektorii
regresyonu, derin inang aglari ile karsilastirildiginda ucus oranini tahmin etmekte daha iistiin oldugu belirtilmistir.

Inacio vd. [6]; bir havaalaninin g6zetimi icin tespit edilen nesneleri smiflandirmislardir. Tiim siireg, bir nesne
algilama asamasi ve ardindan bir siniflandirma asamasini igcermistir. Algoritma verimliligini gdstermek amaciyla
deneysel sonuglar1 da paylasmislardir.

Tsai vd. [7]; havaalani pisti banketlerinde ¢atlak sizdirmazlik maliyetini dogru bir sekilde tahmin etmek i¢in, 3D
¢izgi lazer goriintiileme teknolojisi, otomatik catlak tespiti ve genislik 61¢iim algoritmalarini kullanan otomatik bir
yaklasim 6énermislerdir. Onerilen yéntem kullamlarak, Hartsfield Jackson Atlanta Uluslararas1 Havalimani'nda
30,5 m (100 ft) bir pist omzu iizerinde bir vaka calismasi gerceklestirilmistir. Sonucta 6nerilen yontemin, maliyet
etkin ve gilivenilir bir sekilde otomatik bir yaklasim saglamak i¢in ¢cok umut verici oldugunu belirtmislerdir.

Yang vd. [8]; derin égrenmedeki son gelismelerden esinlenerek, yeni bir ag mimarisi énermislerdir. Onerilen ag,
bir o6zellik piramidinde ¢atlak tespiti icin baglam bilgisini diisiik seviyeli 6zelliklere entegre etmistir. Agin
tstiinliiglinii ve genellenebilirligini, Uzerinde calistiklar1 birbirinden farkli bes c¢atlak veri setiyle
desteklemislerdir.

Xie vd. [9]; havalimani pist denetimi i¢in gereken maliyeti ve zamani azaltmak i¢cin drone ile yakalanan goriintiilere
dayali olarak kaplama catlak segmentasyonu icin U-Net derin sinir agim1 kullanmislardir. Massachusetts'teki
Fitchburg Municipal Havalimani'ndan pist kaplama gorintiilerini cesitli yliksekliklerde drone kullanarak elde
etmisler ve yakalanan drone goriintiilerini, U-Net modelinin ¢atlak segmentasyon performansini degerlendirmek
icin kullanmislardir. Sonuglar, U-Net'in sinirh egitim goriintiileri ile bile test verileri iizerinde iyi performans
gosterdigini ve bunun iyi bir genelleme kabiliyetine sahip oldugunu géstermistir.

Peng vd. [10]; havaalani pist kaplamasi ¢atlak tespitinde, pist kaplamasindaki isaretlemenin genellikle catlak
tespitini bozacagini ifade ederek iki esikli béliitleme teknolojisine dayanan catlak tespitini sunmuslardir. Ik
olarak, gelistirilmis Otsu esik segmentasyon algoritmasi kullanilarak pist gértintiisiindeki yol isaretleri kaldirilmais,
ardindan catlak goriintiisiini elde etmek icin gelistirilmis uyarlanabilir yinelemeli esik boliimleme algoritmasi
tarafindan bolimlere ayrilmistir. Yontemin, yol isaretlemesi iceren pist goriintiilerindeki ¢atlag etkili bir sekilde
tespit edebildigini, simiilasyon deneyleri ile kanitlamislardir.

Jo ve Jadidi [11]; herhangi bir otonom aracta kullanilabilecek yeni bir otonom catlak tespit sistemi 6nermislerdir.
Otonom catlak tespit sistemi, goriintii elde etme, goriintii isleme ve siniflandirma seklinde ii¢ asamadan
olusturulmustur. Uygulama i¢in catlakli veya catlaksiz 15000 RGB ve kizil6tesi goriintii kullanmislardir. Sonuglar,
onerilen sistemin yliksek hassasiyetli oldugunu gostermistir.
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Gopalakrishnan vd. [12]; milyonlarca goruntii iceren ImageNet veri tabani iizerinde egitilmis bir evrisimli sinir ag1
(CNN) kullanarak sicak karisim asfalt ve portland ¢imento betondaki ¢atlaklari otomatik olarak algilamay:
hedeflemislerdir. Farkl yiizey d6zelliklerine sahip sicak karisim asfalt yiizeyli ve portland ¢imento beton yiizeyli
birlesik goriintiiler lizerine bir siniflandiric1 egitmeye calisiilmistir. ImageNet, VGG16 CNN odzellikleri lizerinde
egitilmis tek katmanli bir sinir ag1 siiflandiricisi olarak iyi bir performans vermistir.

Qurishee vd. [13]; catlak ve ¢atlak olmayan tip yapiy1 otomatik olarak tespit etmek icin bir CNN gelistirmislerdir.
Bridge Kirder'da derin 68renmeyi uygulamaya yonelik bir pilot ¢alisma olarak, UTC kampiisii eski garaj beton
tavan ddsemesinin yapisindaki catlagin taninmasini, uzunlugunu ve yerini incelemislerdir. UTC Old Library
otopark tavanindan toplam 2086 catlak ve ¢atlak olmayan goriintii alinmistir. Model, ¢atlakli ve catlaksiz yapi
tiirlerinde %98 dogruluk gostermistir.

Gopalakrishnan [14]; derin 6grenme konusunda yakin zamanda yayinlanmis ¢alismalar1 incelemislerdir. Derin
o0grenme yazilim ¢erceveleri, ag mimarisi, her ¢alisma tarafindan kullanilan hiper parametreler ve ¢atlak algilama
performansi lizerinde durarak kaldirim veya kaplama baglaminda daha fazla arastirma yapmak isteyenler i¢in iyi
bir temel olusturmasini bekledigini dile getirmistir.

Gopalakrishnan vd. [15]; sivil altyapinin ¢atlak hasar1 tespiti icin 6grenme aktarimli 6nceden egitilmis derin
6grenme modellerinin [HA goériintiilerine yonelik kullanimini énermislerdir. Onerilen yaklasimin saglamhgin,
egitim ve dogrulama sirasinda kullanilmayan karmasik UAV kaynakli altyapi goriintiileri tizerinde test etmislerdir.
Sonugclar, énerilen yontemin herhangi bir biiyiitme ve 6n isleme gerek duymadan gercekei durumlarda catlaklari
bulmada hizli ve kolay bir sekilde %90'a varan dogruluk elde edebilecegini gostermistir.

Cha vd. [16]; kusur ozelliklerini hesaplamadan beton catlaklarini tespit etmek icin CNN tabanli bir yontem
onermislerdir. Tasarlanmis CNN, 256x256 piksel ¢oziiniirliikteki 40K goriintii lizerinde egitilmis ve sonug olarak
yaklasik %98 dogruluk saglamistir. Geleneksel Canny ve Sobel kenar algilama y6ntemleri kullanilarak énerilen
CNN’nin performansini incelemek icin karsilastirmali ¢galismalar yapilmistir.

Coca vd. [17]; binalarda ulasilmasi1 zor veya insan hayatini tehlikeye atacak catlaklari tespit eden bir uygulama
sunmuslardir. Uygulama mimarisi CNN iizerine kuruludur. insan performansim iyilestirmek ve catlak algilama
stirecini otomatiklestirmek icin bu uygulamanin gelistirildigi belirtilmistir.

Ha vd. [18]; derin 6grenme tabanli nesne algilama tekniklerinden olan Mobilenet-SSD'nin, ¢atlak tiirlerinin ve
catlak alanlarinin es zamanh algilanmasini etkili bir sekilde otomatiklestirmek i¢in kullanildig1 bir yontemi ele
almislardir. Yol catlaklari icin nesne algilamanin dogrulugunu artirmak amaciyla, girdi goriintiisiiniin otomatik
boéliimlenmesi ve nesne algilama modeli icin U-Net'i birlestirmek tizere birka¢ deney yapilmistir. U-Net ile goriintii
maskelemenin, 0,9315 mAP degeri ile nesne algilama performansini en iist diizeye ¢ikarabilecegi vurgulanmistir.

CNN tabanh catlak tespit teknikleri temel olarak iki gruba ayrilir. ilk grup olan blok diizeyinde algilama, catlak
yamalarinin algillanmasina ve lizerlerinde sinirlayicr kutular saglanmasina dayamr. ikinci grup olan piksel
diizeyinde algilama ise c¢atlaklarin piksel diizeyinde algilanmasini temel alan catlak segmentasyonuna
(delineation) dayanir. Yang vd. [19] ve Ni ve Zhang [20] gibi piksel diizeyinde algilama kategorisinde gorece yeni
calismalar ve Ronneberger vd. [21] gibi daha dnce yapilan ¢alismalar literatiirde mevcuttur. Ni ve Zhang [20]
tarafindan yapilan c¢alismada, bir c¢atlak tanimlama aginin kombinasyonu ile bir GoogLeNet mimarisi
kullanilmistir. GoogLeNet, basarili bir 6zellik ¢ikarici olarak ardisik diizende o6zellik ¢ikarma ve algilama
saglamistir. Arastirmadaki veri seti goriintii boyutu, maksimum ¢6ziiniirliige sahip 1200x2000 piksel olan veri
seti aksine yliksek ¢oziiniirliiklii bir veri seti olarak kabul edilen 4000x6000 pikseldir. Ronneberger’de [21] benzer
piksel diizeyinde ¢atlak tanimlama yaklasimlarim1 kullanmistir. Bu ¢alismalarda ¢atlak agikliklar1 segmente
edilmistir.

Cha vd. [22] somut goriintiilerdeki gatlaklari tespit etmek icin bir derin 6grenme yaklasimi dnermistir. Bu
calismada sonuclar Canny ve Sobel kenar algilama algoritmalari ile karsilastirilmistir. Onerilen CNN’'nin dogrulugu
iyilestirdigi gosterilmistir. CNN’lerin kullanilmasinin genellemeyi arttirdig1 ve verilerdeki giiriiltiiniin etkisinin
azaltildig1 vurgulanmistir. Yazar, veri setlerinde %97’nin lizerinde test dogrulugu saglamistir.

Benzer sekilde, Zhang vd. [23]'de bir CNN modeli uygulanmigtir. Onerilen CNN mimarisinin yapisinda dért evrisim
katmani, bir maksimum havuzlama katmani ve iki tam baglantili katman kullanilmistir. SVM gibi klasik makine
o0grenme metotlariyla karsilastirildiginda, 6nerilen mimari iistyap: ¢atlak tespit etme veri setinde basarili bir
dogruluk (0.925) saglamstir.
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Yol hasar incelemesi calismasinda Maeda vd. [24], yol yiizeyinden veri toplamak i¢in akilli telefonlar kullanmistir.
Onerilen yéntem, kendi alani iizerinde bir sinirlayic1 kutu saglayarak sekiz sinifi tespit edebilmektedir.

Diger bir ¢alismada Makantasis vd. [25], CNN’'nin ilk katmani olarak diisiik seviyeli 6zniteliklerin ¢ikarilmasini ve
verinin ileri beslenmesini 6nermistir. Bu uygulama %88,6 dogruluk saglamistir.

Sivil altyapilarin denetimine iliskin bir arastirmada Stentoumis vd. [26], bilgisayarli gorme teknikleri ve CNN’leri
kullanarak beton tiinel ¢atlaklarinin tespiti iizerine bir arastirma yapmistir. Bu ¢alismada, gliriiltii giderme, diiz
cizgilerin kaldirilmasi, egri tespiti, Hough doniisiimii yoluyla sekil filtreleme ve morfolojik yeniden yapilandirma
dahil olmak tizere CNN’ler icin 6n isleme adimlari olarak birkag akilli {iriin etiketleme (IPT) kullanilmistir. Calisma,
[PT’lerin CNN’lerle birlikte kullanilmasinin daha yiiksek siniflandirma dogrulugu sagladig1 gostermistir.

Ulkemizde yapilan bir calismada ise Orta Dogu Teknik Universitesi’ndeki binalarin beton yiizeylerinden derlenen
ve 20000 ¢atlakli ve 20000 ¢atlaksiz goriintiiden olusturulan bir veri seti kullanilmistir. Veri seti, ResNet-50, VGG-
16, Inception-V3, Xeption, MobileNet, ShuffleNet, EfficientNet mimarilerinin egitimlerinde kullanilmis ve goérece
az ya da ¢ok sayidaki ag parametresinin dogrulugu etkileme durumlari arastirilmistir [27].

Bu ¢alismada, ugusa elverislilik i¢cin pist yiizeyi ¢atlak tespiti amaciyla farkli derin 6grenme modelleri egitilmistir.
ikinci béliimde, derin 6grenme hakkinda genel bilgi verilmistir. Derin yapay sinir aglarinin imge verileri gibi cok
boyutlu veriler i¢cin 6zellestirilmis hali olan CNN detayli bir sekilde ele alinarak veri siniflandirmada nasil
kullanildig1 hakkinda bilgi verilmistir. Uciincii béliimde gelistirilen modeller ve elde ettikleri basar1 oranlari
sunulmustur. Son béliimde ise sonug ve dneriler sunulmustur.

2. Materyal ve Metot
2.1. Yapay Sinir Aglan

YSA’lar1 canli beyni taklit eden bir yaklasimdir. Bu konuda ilk calisma matematikgi Pitts ve ndrofizyolog McCulloch
tarafindan 1943 yilinda insan beynindeki néronlarin ¢alisma prensibinin bir sinir ag1 olusturularak matematiksel
olarak modellenmesiyle yapilmistir [28]. Daha sonraki zamanlarda makine 6grenme calismalarinda basarili
sonuglar elde edebilmek amaciyla YSA’lar1 miihendisligin bir konusu olmustur. YSA'nin ¢alisma mantigin
kavrayabilmek icin ilk olarak biyolojik sinir sistemi hiicre yapisini incelemek gerekir.

Dendrit

Akson ucu

Sekil 1. Biyolojik sinir hiicresi

Biyolojik bir sinir hiicresi néron olarak adlandirilir. Néronlar Sekil 1'de goriildiigii iizere ii¢ temel yapidan olusur.
Baska ndérondan gelen bir bilgi dendritler araciligiyla hiicre gévdesine, hiicre gévdesinden de akson ve akson
kollarina iletilir. Bir néronun akson ucu ile diger ndronun dendriti arasinda sinaptik bir bosluk bulunmaktadir.
Burada akson kollar1 diger néronlarin dendritlerine sinapslar ile baglanmaktadir. Ogrenme siirecinde ise bilgi
elektriksel sinyallerle diger norona iletilmektedir [29].

Hiicre f(b+Zin-xl.)
govdesi

b+>:w.x.
2 i

Aktivasyon

/()

+1

Sekil 2. Yapay sinir hiicresine ait matematiksel model
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Bir sinir hiicresinin matematiksel modeli Sekil 2’de gosterilmistir. Akson boyunca ilerleyen sinyallerden biri olan
xo ele alinsin. {lgili sinaps agirhg wo'dir ve hiicre gévdesine bu giristen gelen katki ¢arpimsal (agirhklandirilmis)
bicimde woxo olmaktadir. Agirliklar 6grenilebilir (ayarlanabilir) degerlerdir ve boylece bir néronun diger nérona
etkisi kontrol edilebilir. Burada b parametresi ise sabit bir bias degeridir. YSA modellerinde w ve b parametreleri
degistirilerek en iyi dogruluk sonucu elde edilinceye kadar model egitilir. Hiicre gévdesinde toplanan sinyaller
aktivasyon fonksiyonundan gegirilerek elde edilen ¢ikt1 diger noérona iletilir. Cikista hesaplanan sonugtan yola
cikarak w ve b degerleri siirekli bir bicimde en iyilenerek YSA modelinden olabilecek en diisiik hataya sahip ¢ikis
degerleri elde edilmeye ¢alisilir [30].

2.2. Derin Ogrenme

Derin 6grenme, insan zekasindan esinlenerek ortaya ¢ikarilmis yapay zekanin bir alt dalidir. Biyolojik néronlarin
taklit edilmesiyle YSA’lar1 tasarlanmis, beraberinde insanin 6grenme davranislari incelenerek derin 6grenme
yaklasimlar1 gelistirilmistir. Derin 68renme yaklasimlarinin temeli, hiyerarsik bir diizende birbiri lizerine
y1ginlanmis gesitli katmanlardan olusan sinir aglarina dayanmaktadir [31].

Bir makine 6grenmesi alt sinifi olan derin 6grenme, 6zellik ¢ikarma ve doniistiirme islemleri i¢in ¢ok sayida
dogrusal olmayan islem birimi katmani kullanir. Birbiri ile ardisik her katman, kendinden 6nceki katmandaki
¢iktiy1 girdi olarak alarak senkron sekilde ilerler [32].

Her biri daha giiclii seviyedeki temsilleri ile siiflandirma islemini gergeklestirmek i¢cin mihim olan ve alakasiz
cesitlemeleri bastiran yonlerini giiclendirerek girdinin ayrimim yapar. Ornek olarak bir gériintii girdisinin ilk
katmanindaki 68renilen 6zelligi, girdinin belirli yonlerde ve pozisyonlardaki kenarlarin varlig1 veya yoklugudur.
ikinci katman kenar konumlarindaki ufak degisimlere bakilmaksizin belli kenar dizilislerini saptayarak ériintii ve
desenleri algilar. Ugiincii katman, desenleri, bilinen parcalara karsilik gelecek sekilde daha biiyiik kombinasyonlar
olusturarak birlestirebilir ve sonrasindaki katmanlar, bu pargalarin birlesimleri olarak nesneleri kavrayabilir.
Derin 6grenmenin en biiylik avantaji, bu katmanlarin kullanici tarafindan tasarlanmayip genel bir 6grenme
yontemiyle verilerden 6grenilmesidir [33].

Derin 6grenmede giris verilerinin metin, ses veya piksel verileri gibi analog olmas1 daha basarili sonuglar ortaya
koyar [34]. Yiiz tanimada, parmak izi okuyucularda, ses tanimada, siiriiciisliz arabalarda ve giivenlik kameralari
gibi bir¢cok alanda derin 6grenme yaygin olarak kullanilmaktadir. Ayrica giinlimiizde kamera sayilarinin artisiyla
birlikte sayisal veride fazlaca bir birikim oldugunu sdylemek gerekir. Nesnelere ait goriintiilerin bilgisayarlar
nezdinde anlamli hale gelmesi bizlere oldukc¢a kolaylik saglayacaktir.

Beynimiz goriintileri hizli ve kolay bir sekilde idrak edebilirken bilgisayarlar icin anlamlandirilmasi gii¢
problemlerdir. Son yillarda, bu gii¢c problemleri ¢éziimlemede basarih bir ilerleme gosterilmistir. Ozellikle, derin
CNN mimarileri ile gorsel tanimlama islevlerinde yeterli seviyelerde basarimlar elde edilmistir [35]. Bu nedenle
CNN mimarileri en ¢ok tercih edilen derin 6grenme tekniklerinden biridir ve bilgisayarlh gori ¢alismalarinda
yaygin bir bicimde kullanilmaktadirlar [36].

2.3. Evrigimli Sinir Aglan

CNN, YSA’larinin ¢ogunlukla ¢ok boyutlu ve biiytik hacimli veriler i¢cin kullanilan 6zellestirilmis seklidir. CNN’ler
ile insan beynindeki gorintiiyii isleme merkezinin (visual cortex) ¢alisma mekanizmasi betimlenmektedir. Sekil
3’te bu durum temsil edilmektedir [37, 38]. CNN ¢ok sayida ara katmana sahiptir. Her katman girdi olarak verilen
gorintiiden 6zellik ¢ikararak bir sonraki katmana iletir. Teknolojinin gelismesiyle birlikte bu tip aglara duyulan
ihtiyag artmistir. Bu nedenle, uygulamalara yonelik birgok farkli CNN mimarisi gelistirilmistir.

AAAAAAAAAAAAAAAAA

VISUAL CORTEX

—i FEATURE LEARNING CLASSIFICATION

a. b.
Sekil 3. a.) insan visual cortex yapisi, b.) Esdeger CNN benzerlik modeli
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CNN mimarisi, Sekil 3'te ifade edildigi gibi 6zellik 6grenme (feature learning) ve siniflandirma (classification)
kisimlarindan olusmaktadir [38]. Yapinin isleyisine iliskin bir illiistrasyon ise Sekil 4’te verilmektedir.

Input Image

RELU ld RELU
T lreciified linear units) (rectified linear units)

Pooling Pooling Pooling Pooling

& 5 ||

filters simple complex shapes that can be
(light and shapes shapes used o define o flower
dark)

o] Lsl L] L

Sekil 4. CNN mimarisinin isleyisi

Giris gorintist, oOzellik 6grenme kismina uygulanir. Cikartilan o6zellikler, siniflandirma kismina iletilir.
Siniflandirma kati goriintiiniin 6zellikleri kullanilarak ¢alisir ve bir ¢ikis iiretir. Ozellik 6grenme kati, pes pese
tekrarlayan evrisim ve havuzlama katman ciftlerinden olusur. Evrisim katinda evrisim islemi ile goriinti
filtrelenir. Bu katman ¢ok sayida sayisal filtrenin birlesiminden olusmus gibi diisiiniilebilir. Bu filtreler sayesinde,
girdi verisinden 6zellik haritalar1 ¢ikarir. Havuzlama kat1 ise komsu pikselleri tek piksele birlestirir. Boylece
gorlntiiniin boyutlar1 azalmis olur. Bu temel yapilara ek olarak aralarda diizlestirme, normalizasyon, seyreltme ve
softmax gibi islemler de uygulanmaktadir. Konvoliisyon ve havuzlama katmanlarindan sonra siniflandirma
isleminin gerceklestirilebilmesi i¢in girdinin diizlestirme katmamni ile tek boyutlu vektdér haline ¢evrilmesi
gerekmektedir. Tam baglantili katmanin islevi, dnceki katmanin ciktisina (6zellik haritasina) goére hangi
ozelliklerin belirli bir sinifla en iliskili oldugunu tespit etmektir. Bu katman hangi ytliksek seviyeli 6zelliklerin belirli
bir sinifa daha gii¢lii baglandigini ortaya ¢ikararak farkl siniflar i¢in uygun olasiliklar iiretir. Seyreltme katmani
(dropout layer), derin sinir aginda asir1 6grenme (ezberleme, overfitting) sorununu engellemek amaciyla
kullanilir. Asir1 68renme, agin egitim verilerinde yiiksek bir basar1 saglarken test verilerinde basar1 gosterememesi
anlamina gelir. Seyreltme katmaninin gorevi derin sinir aginin egitimi sirasinda gizli katmanlarda var olan bazi
yapay noronlar1 etkisiz hale getirmektir [39]. Bu katmanin kullanildig1 derin 6grenme uygulamalarinda basarimin
¢ogu zaman arttig1 tespit edilmistir.

2.4. Evrigsimli Sinir Aglari ile Siniflandirma
Bir CNN ag1 tasariminda agin en iyi sekilde egitilmesi i¢cin yukarida bahsedilen bir¢ok katman kullanilmaktadir. Bu
katmanlarla birlikte agin egitimi icin girdi verisi olarak nitelikli ve hacimli veriye ihtiya¢c duyulur. Bu durum biiyiik

bir emek ve zaman gerektirir. Ogrenme aktarimhi agin egitilmesi esnasinda kolaylk ve zaman tasarrufu
saglamaktadir. Sekil 5’te 6grenme aktarimi yaklagimina iliskin gorsel verilmistir.

HOHH @ e
1 11 [ |
]| [commrsren | [ ] |

Geleneksel Makine Ogrenmesi Ogrenme aktarimi

Sekil 5. Geleneksel 6grenme ve 6grenme aktarimi temsilleri
Ogrenme aktarimi, makine 6grenmesi yéntemlerinin de tipki insanlarda oldugu gibi bir problemi ¢ézerken elde

ettigi bilgiyi 6ziimseyip, baska bir problem ile karsilastifinda edinilen bilgiyi kullanmasini1 temel almaktadir.
Ogrenme aktarimu ile 6nceki bilgiler kullanilarak daha az egitim verisi ile daha yiiksek bagar1 gésteren ve daha hizli
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ogrenen modeller elde edilebilmektedir. Makine 68renmesi ve o6grenme aktarimi yontemlerinin ¢alisma
prensiplerini birlikte ifade eden bir illiistrasyon Sekil 6’da verilmektedir.

TRAINING FROM SCRATCH

CARv

TRUCK X

BICYCLE X

TRANSFER LEARNING

CARv
}_, ,,,,,,,
TRUCK X
NEW DATA

Sekil 6. Makine 6grenmesi ve 6grenme aktarimi yontemleri prensip calisma bigimleri

Ogrenme aktarimi yontemi, girdi verileri ile énceden egitilmis olan agin yeni tasarlanan CNN iizerine
uyumlandirilmasi islemidir [40]. Buradaki amag, gerekli is giiclinii indirgemek ve zamandan tasarruf ederek
onceden egitilen agin model performansinin gelistirilmesidir. Giintimiizde farkli zorluklardaki karmasik
problemlerin ¢6ziimii icin 6grenme aktarimi yontemi biiyiik 6lciide tercih edilmektedir. Ogrenme aktarimi
sayesinde daha once dgrenilen bilgiler yeni model i¢in yol gosterici olmakta, boylece daha kisa slirede daha
basarimli modeller elde edilebilmektedir.

3. Bulgular
3.1. Veri Seti

Bu calismada gelistirilen CNN'lerin egitim, dogrulama ve test islemleri icin CRACK500, CFD, Cracktree200,
GAPS384 ve AEL olmak tlizere 5 farkli veri seti kullanilmistir. Bu veri setlerine iliskin bilgiler asagida verilmistir.

CRACK500: Cep telefonlar1 kullanilarak Temple Universitesi ana kampiisiinde elde edilmis 2000x1500 piksel
boyutundaki 500 goériintiyt iceren bir ylizey catlagi veri setidir. Bu veri seti CRACK500 olarak adlandirilmistir.
Her catlak goriintiisi, piksel diizeyinde agiklamali bir ikili haritaya sahiptir. Bu veri kiimesi su anda piksel bazinda
aciklama iceren, kamuya agik en biiyiik ylizey c¢atlag: veri kiimesidir [8]. Veri seti 250 egitim verisi gorintiisiine,
50 dogrulama verisi goriintiisiine ve 200 test verisi gortlintiisiine boliinmiistiir. Sinirli sayida goriintii, goriintiilerin
biiytik boyutlulugu ve kisithh hesaplama kaynagi nedeniyle, her goriintii 6rtiismeyen 16 alt goriintii bolgesine
kirpilmis ve yalnizca 1.000 pikselden fazla gatlak iceren bolgeler muhafaza edilmistir. Boylelikle egitim verisi
1.896 goriintiiden, dogrulama verisi 348 goriintiiden, test verisi 1124 goriintiiden olusur hale getirilmistir.

CFD: Shi ve digerleri [41], The Crack Forest Dataset (CFD) ad1 verilen agiklamali bir yol catlagi veri seti dnermistir.
Veri seti, 480x320 piksel boyutunda 118 goriintiiden olusmaktadir. Her goriinti elle etiketlenmis catlak
konturlarina sahiptir. Gortntiileri almak i¢in kullanilan cihaz, 4 mm odakly, f/2.4 diyafram ac¢ikligina ve 1/135s
pozlama siiresine sahip bir iPhone5 akilli telefondur.

Cracktree200: Zou ve digerleri [42], 6nerdikleri yontemi degerlendirmek i¢in bu veri setini gelistirmislerdir. Veri
seti, ¢esitli catlak tiirlerine sahip 800x600 boyutunda 206 yiizey goriintiisii icermektedir. Bu nedenle bu veri seti
Cracktree200 olarak adlandirilmistir. Veri kiimesi, golgeler, tikanikliklar, diisiik kontrast, giriltii vb. gibi
zorluklari icermektedir.

GAPs384: Alman Asfalt Kaplama Problemi (GAPs) veri seti, biiyiik 6lcekli standartlastirilmis yiiksek kaliteli bir
veri setidir. GAPS veri seti, catlaklar, cukurlar, islemeli yamalar vb. gibi ¢esitli siniflarda toplam 1.969 gri degerli
gorintl icermektedir. Goriintl ¢ozinirligi 1920x1080 pikseldir. Gorlntilerdeki hasar, sinirlayict bir kutuyla
cevrelenmistir. Bu tiir bir agiklama, piksel bazinda bir ¢atlak tahmin gérevii¢cin derin modeli egitmek i¢in yeterince
iyi degildir. Bu sorunu ¢6zmek icin, GAPS veri setinden sadece catlak sinifini iceren 384 goriintii manuel olarak
secilerek piksel bazinda agiklama yapilmistir. Piksel bazinda agiklama iceren yeni crack veri seti GAPs384 olarak
adlandirilmistir ve CRACK500 iizerinde egitilen modelin genelleme kabiliyetini test etmek i¢in kullanilmistir.
Gorlntiinlin bliyiik boyutu ve GPU'nun sinirli bellegi nedeniyle, her goriintii 640x540 piksel boyutunda
ortiismeyen 6 goriintii bolgesine kirpilmistir. Yalnizca 1000’den fazla piksele sahip goriintii bolgeleri muhafaza
edilmistir. Boylece test icin 509 goriinti elde edilmis durumdadir [8, 43].

AEL: Aigle-RN, [44]'de, piksel seviyesi aciklamalari ile 38 goriintii iceren bir veri seti olarak 6nerilmistir. Veri seti,
Fransiz kaplama yiizeyinin durumunu periyodik olarak izlemek i¢in trafikte elde edilmistir. ESAR adi verilen veri
156



Ugusa Elverislilik igin Derin Ogrenme Tabanl Pist Yiizeyi Gatlak Tespiti Yaklagim1

seti, kontrollii aydinlatma olmadan statik bir toplama sistemi ile elde edilmistir. ESAR, 15 adet tam agiklamali crack
goriintiisiine sahiptir. LCMS ad1 verilen veri seti 5 piksel diizeyinde aciklamali ¢atlak gériintiisii icermektedir. Ug
veri seti az sayida goriintiiye sahip oldugundan, model degerlendirmesi icin AEL adli bir veri kiimesinde
birlestirilmislerdir.

Bu ¢alismada yukarida bahsedilen CRACK500, CFD, cracktree200, GAPs384 ve AEL veri setlerinden elde edilen ve
10000 adet (5000 adet catlak icermeyen, 5000 adet c¢atlak iceren) goriintii bulunduran yeni bir veri seti
olusturulmustur. Bu yeni veri setinin, %70’i egitim, %15’i dogrulama ve %15’ test verisi olarak kullanilmistir.
Calismadaki benzetimler Matlab ortaminda gerceklestirilmistir.

3.2. Yiizey Catlak Tespiti I¢cin Gelistirilen Modeller

Bu calismada, ugusa elverislilik i¢in pist yiizeyi ¢atlak tespiti yaklasimi i¢in iki farkli model ile MATLAB iizerinde
calisiimistir. Ik model icin sifirdan CNN egitimi gerceklestirilmis ve siniflandirma yapilmigtir. ikinci modelde ise
onceden egitilmis bir CNN modeli olan AlexNet mimarisi probleme uygun olarak 6grenme aktarimi yoluyla
probleme uyarlanmis ve siniflandirma gergeklestirilmistir.

Takip eden béliimlerde, sirasiyla gelistirilen modellerin tasarimi, bu modellerin egitim / test asamalar1 ve basari
oranlar1 sunulmustur.

3.2.1 Sifirdan CNN Tasarimi ile Siniflandirma

Ugusa elverislilik icin pist yiizeyi catlak tespitinde ilk gelistirilen model CNN’in sifirdan egitilmesiyle elde
edilmistir. Bu amagla katedilen adimlar sirasiyla su sekildedir: 1. Goriinti verilerini yiikleme ve alt veri setlerinin
belirlenmesi, 2. A mimarisinin tanimlanmasi, 3. Egitim se¢eneklerinin belirlenmesi, 4. Agin egitilmesi, 5. Test
verilerinin etiketlerinin kestirimi ve siniflandirma dogrulugunun hesaplanmasi. Calismada kullanilan 10000
etiketli veriden olusan veri setinin %70’i (7500 resim) egitim, %15°’i (1500 resim) dogrulama ve kalan %15’i (1500
resim) test veri seti olarak ayrilmistir. Veri setlerinin ylizde olarak ayrimi seed (tohum) degerine bagh olarak
rasgele bir bicimde gerceklestirilmistir.

Veri setinden rasgele segilen baz1 6rnekler Sekil 7°de verilmigtir:

4 Figure 1 - O X

File Edit View Insert Tools Desktop Window Help A

Ddde 2 068 R [E

Sekil 7. Veri setindeki goriintiilerden bazi 6rnekler

Calismada bastan tasarlanan ve egitilen CNN’in yapisi asagidaki gibidir ve Sekil 8’deki gibi gorsellestirilebilir:

1 Resim girdi katmani giris boyutu 227x227x3 ve 'zerocenter' normalizasyonu

2 Evrisim 16 adet 3x3 evrisim, stride [1 1], veri doldurma 'same’

3 Toplu normalizasyon

4 ReLU aktivasyon

5 Max havuzlama 2x2 max havuzlama, stride [2 2], veri doldurma [0 0 0 0]
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6 Evrisim 16 adet 3x3 evrisim, stride [1 1], veri doldurma 'same’
7 Toplu normalizasyon
8 ReLU aktivasyon
9 Max havuzlama 2x2 max havuzlama, stride [2 2], veri doldurma [0 0 0 0]
10 Evrisim 32 adet 3x3 evrisim, stride [1 1], veri doldurma 'same’
11 Toplu normalizasyon
12 ReLU aktivasyon
13 Tam baglantili katman 2’li tam bagh katman
14 Softmax
15 Siniflandirma ¢ikisi crossentropyex
Katman numarasi: 10 11 12 13 14 15

Sekll 8. Bastan tasarlanan ve egltllen CNN’in yapisi

Sekil 8'de, mavi renk girdi katmanini, turuncu renk evrisim katmanini (ya da son kisimda tam baglantili katmani,),
yesil renk toplu normalizasyonu, bordo renk ReLU aktivasyonu, mor renk max havuzlamayi ve kizil renk softmax
ve siniflandirma ¢ikisini temsil etmektedir.

Agin egitimi 5 epok boyunca siirdiiriilmiistiir. Dogrulama verileri ve dogrulama siklig1 belirtilerek egitim sirasinda
ag dogrulugu izlenmistir. Her epokta veriler karistirilmistir. Ag egitim verileri kullanilarak egitilmis ve bu esnada
diizenli araliklarla dogrulama verileri ile agin dogruluma basarimi dogrulama verileri kullanilarak hesaplanmistir.
Dogrulama verileri ag agirliklarini giincellemek i¢in kullanilmamaistir.

Sekil 9'da egitim ilerleme grafigi mini batch kaybi ile dogrulugunu ve dogrulama kayb1 ile dogrulama basarimi
verilmistir. Kayip, ¢capraz entropi kaybidir. Dogruluk, agin dogru siniflandirdig1 goriintiilerin yiizdesini gosterir.
Calismada gelistirilen CNN i¢in egitim ve validasyon grafikleri yine Sekil 9’da verilmistir.

Training Progress (31-Mar-2023 21:48:20)

92.53%
Max epochs completed

31-Mar-2023 21:48:20
48 sec

5015
27001270

Hterations per epoch 54
Maximum iterations: 270

Validation

Single GPU
Learning rate schedule:  Constant
20 Leaming rate: 001

30—

10—
Epoch 1 Epoch 2

! Epoch 3 Epoch 4 Epoch 5
o 50 100 150 200 250
on

Accuracy

Training (smoothed
Training
— -@— - Valdation

Training (smoothed
Training

Epoch 2 | Epoch3 N Epoch 4 N Epoch 5 n i — -8~ vaidtion

100 150 200 250
Iteration

Sekil 9. Agin egitim stireci ve ilgili grafikler

Egitilmis ag1 kullanarak dogrulama verileri i¢cin dogrulama basarimi hesaplanmistir. Dogruluk, agin dogru tahmin
ettigi etiketlerin oranini ifade etmektedir. Gelistirilen CNN, dogrulama veri seti i¢cin %98.53 oraninda dogru 6ngori
liretmistir. Yani tretilen etiketler %98.53 oraninda gergek etiketler ile eslesmistir. Test veri kiimesine ait dogruluk
orani ise %98.33 olarak elde edilmis olup, test hata matrisi diyagrami Sekil 10’da verilmistir.
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True Class

Negative

Positive

Negative Positive
Predicted Class

Sekil 10. Bastan gelistirilen agin test verileri i¢in sundugu basarima ait test hata matrisi

3.2.2 Onceden Egitilmis AlexNet Mimarisi ile Siniflandirma

Ogrenme aktarimi, derin 6grenme uygulamalarinda yaygin olarak kullanilir. Onceden hazirlanmis bir ag yeni bir
gorev dgrenmek icin kullamlabilir. Ogrenme aktarimi ile bir agin ince ayarinin yapilmasi, rasgele baslatilan
agirliklara sahip bir agin sifirdan egitilmesine gore genellikle daha hizli ve sade bir siirectir. Daha az sayida egitim
goriintisii kullanilarak 6grenilen 6zellikler hizli bir sekilde yeni bir géreve aktarilabilir.

Calismada, onceden egitilmis bir AlexNet evrisimli sinir agina ince ayar yapilarak agin yeni bir goriinti
koleksiyonu i¢in sunacagi siniflandirma basarimi de incelenmistir. AlexNet, bir milyondan fazla goriinti tizerinde
egitilmis derin bir model olup, goriintiileri 1000 nesne kategorisine siniflandirabilmektedir. Aga, ¢ok cesitli
goriintiler icin zengin 6zellik temsilleri 6gretilmistir. Calismada 6grenme aktarimi ile ince ayar1 yapilan AlexNet
yapis1 asagidaki gibidir ve Sekil 11’deki gibi gorsellestirilebilir:

OCONOULDA WN =

Katman numarasi : 1

Resim girdi katmam
Evrisim

ReLU aktivasyonu
Capraz kanal normalizasyonu
Max havuzlama
Gruplanmis evrisim
ReLU aktivasyonu
Capraz kanal normalizasyonu
Max havuzlama
Evrisim

ReLU aktivasyonu
Gruplanmis evrisim
ReLU aktivasyonu
Gruplanmis evrisim
ReLU aktivasyonu
Max havuzlama

Tam baglantili katman
ReLU aktivasyonu
Dropout

Tam baglantili katman
ReLU aktivasyonu
Dropout

Tam baglantili katman
ReLU aktivasyonu
Tam baglantili katman
Softmax

Siniflandirma ¢ikisi

giris boyutu 227x227x3 ve 'zerocenter' normalizasyonu
96 adet 11x11x3 evrisim, stride [4 4], veri doldurma [0 0 0 0]

eleman basina 5 kanal ile kanallar arasi normallestirme

3x3 max havuzlama, stride [2 2], veri doldurma [0 0 0 0]

2 grup 128 adet 5x5x48 evrisim, stride [1 1], veri doldurma [2 2 2 2]

eleman basina 5 kanal ile kanallar arasi normallestirme

3x3 max havuzlama, stride [2 2], veri doldurma [0 0 0 0]

384 adet 3x3x256 evrisim, stride [1 1], veridoldurma [l 1 1 1]

2 grup 192 adet 3x3x192 evrisim, stride [1 1], veridoldurma [l 1 1 1]
2 grup 128 adet 3x3x192 evrisim, stride [1 1] veri doldurma [1 1 1 1]

3x3 max havuzlama, stride [2 2], veri doldurma [0 0 0 0]
4096’1 tam bagh katman

%50 terk edilen baglanti
4096'l1 tam bagh katman

%50 terk edilen baglanti
64’lii tam bagh katman

2’li tam baglh katman

crossentropyex

2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Sekil 11. Ogrenme aktarimi tabanh AlexNet CNN yapisi
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Onceden egitilmis agin son ii¢ katmani 1000 sinif icin yapilandirilmistir. Calismada iki sinif bulundugu icin orijinal
son ii¢ katman kaldirilmis yerine yeni 2’li ¢ikis barindiran ti¢ katman yerlestirilmistir. Son ti¢ katman, tam bagh bir
katman, bir softmax katman ve bir siniflandirma ¢ikisi ile degistirilip dnceden egitilmis agdan alinan son 3 katman
haricindeki katmanlar ile tiimlestirilmis ve yeni siniflandirma gérevi gergeklestirilmistir.

Agn egitimi 5 epok boyunca siirdiiriilmiistiir. Her epokta veriler karistirllmistir. Ag egitim verileri kullanilarak
egitilmis ve bu esnada diizenli araliklarla dogrulama verileri ile agin dogruluma basarimi dogrulama verileri
kullanilarak hesaplanmistir. Dogrulama verileri ag agirliklarini giincellemek icin kullanilmamaistir.

Sekil 12’de egitim ilerleme grafigi mini batch kaybi ile dogrulugunu ve dogrulama kaybi ile dogrulama basarimim
gosterir. Kayip, capraz entropi kaybidir. Dogruluk, agin dogru simiflandirdig1 goériintiilerin ytizdesini gosterir.
Calismada 6grenme aktarimi uygulanan AlexNet i¢cin egitim ve validasyon grafikleri Sekil 12’de verilmistir.

Training Progress (31-Mar-2023 22:10:12)
9973%

Max apochs completed
100 owwwvwwvw'w—'frm
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Sekil 12. AlexNet icin egitim siireci ve ilgili grafikler
Calismada ele alinan problem icin uyarlanan AlexNet dogrulama veri seti i¢cin %99.73 oraninda dogru 6ngori

liretmistir. Yani tretilen etiketler %99.73 oraninda gergek etiketler ile eslesmistir. Test veri kiimesine ait dogruluk
orani ise %99.93 olarak elde edilmis olup, test hata matrisi diyagrami Sekil 13’te verilmistir.

Negative

True Class

Positive

Negative Positive
Predicted Class

Sekil 13. Ogrenme aktarimi uygulanan AlexNet mimarisinin test verileri icin sundugu basarima ait test hata matrisi

4. Tartisma ve Sonug

Bu calismada, ugusa elveriglilik i¢cin havalimani pistinde yiizey catlak tespiti icin CNN mimarilerinin kullanimi
incelenmistir. Gelistirilen CNN mimarileri, sifirdan tasarlanmis bir model ve ayrica dnceden egitilmis AlexNet
modelidir. Pist tizerindeki zemin hasari, kabarma veya kirik yiizeyler (¢atlama, kirilma, kopma, agilma vb.) ugus
emniyetini tehdit etmektedir. Bunlarin kontrold, gorevi ile ilgili egitimi almis personeller tarafindan yapilir ancak
zaman kaybina yol acar. Gelistirilen modeller ile tespit islemlerine yonelik incelemeler hizli bir sekilde
gerceklestirilebilecektir.

Giinlimiizde goriinti siiflandirma alaninda, derin 6grenme modelleri diger biitlin yontemlere gore daha basarili
sonuclar vermektedir. Gelistirilen CNN modelleri, giivenli ucus icin pist ylizeyindeki catlaklar1 algilayabilecek
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sekilde egitilmistir. Bes farkli veri setinden derlenen test verileri ile test edilen modeller yiiksek basari oranlari
saglamistir.

Ilk gelistirilen modelde CNN sifirdan egitilerek simiflandirma islemi gerceklestirilmistir. CNN ag mimarisi en
optimum diizeyde tasarlanmaya calisiimistir. Model 5000 catlakli, 5000 ¢atlaksiz goriinti igceren bir veri seti
kullanilarak egitilmistir. CNN’e ait en ytiksek test dogruluk degeri %98,33 olarak elde edilmistir. Bu uygulamada
tasarlanan modelde kullanilan aktivasyon fonksiyonlari, 6grenme hizi ve seyreltme degiskenleri gibi 6zelliklerin
en uygun sekilde belirlenmesi gerekir. Bu degiskenlerin en dogru sekilde belirlenebilmesi i¢in belli bir arastirma
ve deneyim gerekmektedir.

Ikinci gelistirilen modelde ise 6nceden egitilmis ve yaygin olarak kullanilan AlexNet mimarisi ile simiflandirma
yapilmistir. AlexNet evrisimli sinir agina egitim yoluyla ince ayar yapilarak agin yeni bir goriintii koleksiyonu ile
basarili bir siniflandirma yapmasi saglanmistir. Model 5000 ¢atlakli ve 5000 ¢atlaksiz goriintiiden olusan ayni veri
seti ile egitilmistir. Goriintl verileri AlexNet modeline uygun olacak sekilde boyutlandirilmistir. Agin son {i¢
katmani, tam bagl bir katman, bir softmax katman ve bir siniflandirma ¢ikt1 katmaniyla degistirilip 6nceden
egitilmis agdan alinan katmanlar ile yeni katmanlar tiimlestirildikten sonra smiflandirma islemi
gerceklestirilmistir. Yeni katmanlarda aktarilan katmanlara gore daha hizli 6grenme saglamak i¢in, tamamen bagh
katmanin agirlik 6grenme orani ve bias 6grenme orani degerleri artirilmistir. Aktarilan katmanlardaki 6grenmeyi
yavaslatmak i¢in ilk 6grenme hizi kii¢iik bir degere ayarlanmistir. Yeni son katmanlardaki 6grenmeyi hizlandirmak
icin ise tam bagh katmanin 6grenme orani faktorleri artirllmistir. Ogrenme hizi ayarlarinin bu kombinasyonu
sadece yeni katmanlarda hizli 6grenmeyi ve diger katmanlarda daha yavas 6grenmeyi saglamistir. Gelistirilen
modelin en yliksek test dogruluk degeri %99,93 olarak elde edilmistir. Bu sonug, Alexnet mimarisinin CNN tabanl
catlak tespitine gore daha basarili bir sonug verdigini gostermistir.
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Anahtar Kelimeler Oz: Lifli betonlar; sahip olduklar yiiksek egilme dayanimi ve iceriginde kullanilan

Celik Lif, liflerin yiiksek cekme dayanimi sayesinde cesitli endiistriyel uygulamalarda, fabrika

ﬁam Ely‘j‘tf' zeminlerinde, benzin istasyonlarinda, prefabrik beton uygulamalarinda yaygin olarak
ompozit,

tercih edilmektedir. Bu ¢alismada, ayni islenebilirlige sahip olan rastgele yonlenmis
cam ve celik lifli betonlar ile tabakali gelik tel ve cam elyaf aglar1 iceren beton
kompozitlerin egilme dayanimlar1 incelenmistir. Hacimce %0.5, %1 ve %1.5
oranlarinda lif kullanilarak rastgele yonlenmis cam ve celik lifli beton gruplari
olusturulmustur. Celik tel veya cam elyaf aglar iceren tabakali beton kompozitler,
rastgele yonlenmis cam veya celik lifli betonlarin lif hacmine esdeger olmasi i¢in 3, 5
ve 7 tabakali olarak iretilmistir. Sonuglar incelendiginde; tabakali lifli beton
kompozitlerin egilme dayanimlarinin, ayni islenebilirlige sahip rastgele yonlenmis
lifli betonlarin egilme dayanimlarindan lif tiirii fark etmeksizin daha yliksek oldugu
belirlenmis olup tabakali lifli beton kompozitlerin tretiminde yiiksek egilme
dayanimi ve uygun islenebilirlik i¢cin herhangi bir kimyasal katki kullaniminin
gerekmedigi tespit edilmistir. Ayrica tabakali gelik telli beton kompozitlerin egilme
dayanimlarinin, tabakali cam elyafli beton kompozitlerin egilme dayanimlarindan
daha yiiksek oldugu ve tabaka sayisinin celik telli beton kompozitlerde egilme
dayanimi sonuglarini daha fazla etkiledigi belirlenmistir.

Egilme Dayanimi

Flexural Strength of Layered Concrete Composites Reinforced with Steel Wire and Glass

Fiber Meshes
Keywords Abstract: Fiber concrete is widely preferred in various industrial applications, factory
Steel Fi_ber' pavements, gas stations, and prefabricated concrete applications thanks to the high
glass Flt_’fr' flexural strength and high tensile strength of the fibers used in its content. In this
omposite,

study, the flexural strengths of randomly oriented glass and steel fiber concretes with
the same workability and concrete composites containing layered steel wire and glass
fiber mesh were investigated. By using 0.5%, 1% and 1.5% fiber by volume, randomly
oriented glass and steel fiber concrete groups were formed Laminated concrete
composites containing steel wire or glass fiber meshes are produced with 3, 5 and 7
layers to be equivalent to the fiber volume of randomly oriented glass or steel fiber
concretes. When the results are examined; It has been determined that the flexural
strength of laminated fiber concrete composites is higher than the flexural strength of
randomly oriented fiber concrete with the same workability, regardless of fiber type,
and it has been determined that no chemical additives are required in the production
of laminated fiber concrete composites for high flexural strength and suitable
workability. In addition, it has been determined that the flexural strength of the
laminated steel wire concrete composites is higher than the flexural strength of the
laminated glass fiber concrete composites and the number of layers affects the
flexural strength results in more in the steel wire concrete composites.
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Celik Tel ve Cam Elyaf Aglari ile Takviye Edilmis Tabakali Beton Kompozitlerin Egilme Dayanimi
1. Giris

Beton; agrega, cimento, su temel bilesenlerinden olusan ve insaat endiistrisinde en yaygin kullanilan yapi
malzemesidir. Betonun bir¢ok yap1 malzemesine gore sahip oldugu avantajlar, giinimiize kadar kullaniminin
artarak devam etmesini saglamistir [1]. Diinya niifusunun artmasi ve teknolojinin gelismesi ile birlikte
insanoglunun ihtiyacina uygun yapilarin inga edilmesi gerekliligi 6n plana ¢ikmis ve bu ihtiya¢ beton endiistrisinde
0zel betonlar kavramini ortaya cikarmistir. Baslica 6zel beton cesitleri; agir veya hafif betonlar, piiskiirtme
betonlar ve reaktif pudra betonlari iken bir baska 6zel beton ¢esidi olan lifli betonlar da bu sinifta yer almaktadir.

Lifli betonlar, betonun ¢esitli 6zelliklerini iyilestirmek i¢cin karisima degisik teknik ve oranda liflerin katilmasi ile
elde edilen 6zel betonlardir. Beton karisimlarinda baslica; cam, ¢elik, polimer ve karbon lifler kullanilmaktadir.
Lifler, betonun hem taze haldeki hem de sertlesmis durumdaki 6zelliklerini dogrudan etkileyebilmektedir [2-3].

Lifler, kullanildiklar1 betonun basing dayanimina etkisinin az olmasina karsi [4-7] sahip olduklar yiiksek cekme
dayanmimi sayesinde betonun egilme etkisi altindaki davranisinda daha 6nemli yer tutar. Beton karisimlarina lifler
¢ogunlukla rastgele yonlenmis olarak katilmakta ve betonda olusturdugu etki incelenmektedir. Rastgele
yonlenmis olarak katilan cam ve ¢elik lifin betonda olusturdugu etkilere ait literatiir incelenirse;

Cam elyaflarinin 5 - 10 kg/m3 agirhginda kullanilmasi ile iretilen numunelerde ¢ekme dayaniminin kontrol
betonuna gore daha yiiksek olarak elde edildigi belirlenmistir [8]. Hacimce %0.25, %0.5, %0.75 ve %1 oranlarinda
cam elyafi kullanimi ile elde edilen beton numunelerinde en yiiksek egilme dayanimi % 0.5 cam elyafi oraninda
[9] ve bir baska ¢alismada ise hacimce %0.6, %0.8 ve %1 oranlarinda cam elyafi kullanilmis en yiiksek egilme
dayanimi %1 oraninda elde edilmistir [10].

Celik liflerin hacimce %0-%3 arasinda kullanilmasi ile kiris beton numuneler iiretilmis ve ¢elik liflerin beton
egilme dayanimin artirdig [11], en yiiksek dayanimin ise %1.5 oraninda elde edildigi belirlenmistir [12]. Celik
liflerin betonda kullanildig1 oranlarinin artisi ile islenebilirligin distigi tespit edilmistir [13].

Celik lif ile iiretilen betona 0.5, 0.75, 1.0, 1.25 kg/m? agirliklarinda cam elyafi katilarak, betonun basing ve cekme
dayanimindaki degisimleri incelenmistir. Cam elyaflarinin, betonun basin¢ ve cekme dayanimina olumlu yénde
etki sagladig [14], hacimce %0.5, %0.75, %1 oranlarinda gelik ve cam elyafli betonlar iretilmis olup c¢elik lifli
betonlarin egilme dayanimlarinin cam elyafli betonlara gore daha ytiksek oldugu belirlenmistir [15].

Literatiir incelendiginde, betonda rastgele yonlenmis cam ve celik liflerin etkilerini inceleyen bir¢ok ¢alisma
oldugu, ancak bu liflerin betonda tabakali sekilde kullanildig1 herhangi bir ¢alisma olmadig1 goriilmektedir. Bu
calismada, celik tel ve cam elyafi kullanilarak tabakali beton kompozit malzeme {retilmistir. Taze beton
islenebilirligi sabit tutularak iiretilen rastgele yonlenmis ve tabakali lifli betonlarin egilme dayanimlar
karsilastirmali olarak incelenmistir.

2. Materyal ve Metot

2.1. Materyal

Calismada Askale Cimento fabrikasindan temin edilen CEM II/A-M(P-LL) 42.5R tipi ¢imento kullanilmis olup
¢imentoya ait kimyasal 6zellikler Tablo 1'de, fiziksel ve mekanik dzellikler ise Tablo 2’de verilmistir. Rastgele
yonlenmis ve tabakali lifli betonlarin iiretiminde bazalt agregasi 0-2, 2-4, 4-8 ve 8-16 mm olacak sekilde 4 farkli

elek cap araliginda kullanilmistir. Bazalt agregasina ait fiziksel 6zellikler Tablo 3’de verilmistir.

Tablo 1. Cimentonun Kimyasal Ozellikleri

Kimyasal Ozellikler Deger (%)
SiO2 17.60
Al203 4.45
Fe203 3.08
Ca0 60.02
MgO 2.29
SO3 2.67
Naz0 0.22
K20 0.63
Cl 0.01
Kizdirma Kaybi 0.49
Olciilemeyen 0.54
Toplam 100
Serbest Ca0 0.69
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Tablo 2. Cimentonun Fiziksel ve Mekanik Ozellikleri

Fiziksel ve Mekanik Ozellikler Deger
Incelik (45um Elek Ustii %) 6.01
Ozgiil Agirhk (g/cm3) 3.01
Ozgiil Yiizey (cm2gr) 4403
Priz Basi (saat-dakika) 2s-36dk
Priz Sonu (saat-dakika) 3s-24dk
Hacim Genislemesi (mm) 0.5
Su Ihtiyaci (%) 29.8
Basin¢g Dayanimi (MPa) 2. giin 27.46
Basin¢ Dayanimi (MPa) 28. giin 51.03

Tablo 3. Bazalt Agregasinin Fiziksel Ozellikleri
Agrega Boyutu Doygun Kuru Yiizey Su Emme (%) Yiizey Nemi (%)

(mm) Tane Yogunlugu (gr/cm3)

0-2 2.61 2.98 2.59
2-4 2.61 2.95 2.39
4-8 2.63 1.40 1.49
8-16 2.63 1.47 1.17

Rastgele yonlenmis lifli beton karisimlarinda cam elyaflari, E tipi cam elyafi olup uzunluklar: 20-24 mm arasinda
ve Ozgiil agirhigr ise 2.48 gr/cm¥diir. 7.48 gr/cm3 6zgiil agirhiga sahip celik liflerin mekanik ve karakteristik
ozellikleri ise Tablo 4’de verilmistir.

Tablo 4. Celik liflerin Karakteristik Ozellikleri

Mekanik ve Karakteristik Ozellikler Deger
Nominal Cekme Dayanimi (MPa) 1800
Elastisite Modiili (MPa) 200000
Maksimum Birim Sekil Degistirme (%) 0.8
Tel Grubu 4D
Uzunluk (mm) 61
Cap (mm) 0.75
Boy/Cap Orani 80

Tabakali lifli beton iliretiminde 4 mm kare agikliga sahip celik tel (Sekil 1) ve alkali sartlandirma sonrasi
mukavemet kayb1 maksimum %50, alkali sartlandirma sonrasi ¢ekme mukavemeti = 20 N/mm olan Fawori
Optimix marka 4 mm kare acikliga sahip donati filesi (cam elyaf) (Sekil 2) kullanilmistir.

Sekil 1. Celik tel
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Sekil 2. Cam elyaf donati filesi
2.2. Metot

Rastgele yonlenmis olarak kullanilan cam ve c¢elik lifleri hacimce %0.5, %1 ve %1.5 oranlarinda betona
eklenmistir. Tabakal1 lif iceren betonlardaki lif hacmi ise rastgele yonlenmis lifli betonlardaki lif hacmine yaklasik
esit olacak sekilde 3, 5 ve 7 tabakali (Sekil 3) tretilmistir. Tabakali lif iceren betonlarda en iist ve en alt liflerin
beton ytiizeyi ile yiikseklik mesafesi 5 mm degerinde esit tutulmustur. 7 tabakali lifli kompozitlerde tabakalar arasi
yukseklik mesafesi 15 mm, 5 tabakali lifli kompozitlerde tabakalar arasi yiikseklik mesafesi 22.5 mm ve 3 tabakali
lifli kompozitlerde tabakalar arasi yiikseklik mesafesi ise 45 mm alinmistir. Her bir tabakali lifli kompozit
gruplarindan 3’er adet 100x100x400 mm boyutlu kiris numuneler iiretilerek egilme deneyi uygulanmistir

Olgiiler: mm Olgiiler: mm

® Olgiiler: mm

“
|
!

A

s

(a) (b)

Sekil 3. Kompozit numunelerde lif tabakalarinin yerlesimi ve boyutlari [(a) 3 lif tabakali kompozit, (b) 5 lif tabakali kompozit,
(c) 7 lif tabakali kompozit]

2.2.1. Egilme dayanimi

Tek noktali egilme deneyi (Sekil 4), 100x100x400 mm boyutlu kiris numunelere TS EN 12390-5 [17] standardina
uygun ve ylikleme hiz1 0.05 MPa/sn olacak sekilde uygulanmistir.

Sekil 4. Tek noktali egilme deneyi
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2.2.2. Beton karisim gruplari

Lifli betonlarin liretiminde taze beton slump ¢okme degeri 8+1 cm’de sabit tutulmus olup herhangi bir kimyasal
katki kullanilmamistir. Beton karisim hesabi TS 802 [16] standardina uygun olarak yapilmistir. Beton gruplarina
ait karisim miktarlar1 Tablo 5’de verilmistir.

Tablo 5. Beton Karisim Gruplari
Malzeme Miktar (kg/m3)

Gruplar Cimento Agrega (mm) Su Lif Hacmi Lif S};‘,‘,‘,‘)"
0-2 2-4 4-8 8-16 Miktar1 (%) Miktar1

K 491 441 213 307 567 240 - - 8+1
—_— CEO0.5 491 441 213 307 567 Degisken 0.5 0.161 8+1
© E }_E. CE1.0 491 441 213 307 567 Degisken 1.0 0.322 8+1
E” é" E CE1.5 491 441 213 307 567 Degisken 1.5 0.482 8+1
E:u E, g CLKO.5 491 441 213 307 567 Degisken 0.5 0.471 8+1
5 g CLK1.0 491 441 213 307 567 Degisken 1.0 0.942 8+1
CLK1.5 491 441 213 307 567 Degisken 1.5 1.413 8+1
- CE3T 491 441 213 307 567 240 =0.5 =0.161 8+1
§ .g . CE5T 491 441 213 307 567 240 =1.0 =0.322 8+1
;: g % CE7T 491 441 213 307 567 240 =15 =0.482 8+1
c ﬁ £ CLK3T 491 441 213 307 567 240 =0.5 =0.471 8+1
E % °© CLK5T 491 441 213 307 567 240 =1.0 =0.942 8+1
a CLK7T 491 441 213 307 567 240 =1.5 =1.413 8+1

K: Kontrol Grubu, CE: Cam Elyafli Grup, CLK: Celik Lifli Grup, 3T: 3 Tabakali, 5T: 5 Tabakali, 7T: 7 Tabakali

3. Bulgular ve Tartisma

3.1. Egilme dayanimi sonuglari

Egilme deneyi uygulanan rastgele yonlenmis lifli betonlara ve tabakali lifli kompozitlere ait fotograflar Sekil 5 ve
Sekil 6’da verilmistir. Bu sekiller incelendiginde, rastgele yénlenmis lifli betonlarda lif dagiliminin tam homojen

olmadig fakat ayni taze beton islenebilirlige sahip olan tabakali lifli kompozitlerde ise daha homojen bir goriinti
olustugu gorillmektedir.

a

Sekil 5. Rastgele yonlenmis lifli betonlar (Celik lif-CLK1.5 (a), Cam elyafi-CE1.5 (b))
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Sekil 6. Tabakali lifli kompozitler (Cam elyafi-CE3T (a), Celik tel-CLK7T (b))

Kontrol ve rastgele yonlenmis beton numunelerine ait egilme deneyi sonuglar1 Sekil 7°de verilmistir. Sekil 7
incelendiginde, rastgele yonlenmis sekilde betona katilan lifli gruplar icerisinde sadece CE1.5 grubunun egilme
dayanimi kontrol betonunun egilme dayanimindan diisiik oldugu gorilmektedir. Celik lifli betonlarin egilme
dayanmimi sonuglari, cam elyafli betonlarin egilme dayanimi sonuglarindan daha yiiksek oldugu belirlenmis olup
en yuksek egilme dayanimi1 CLK1.0 beton grubunda elde edilmistir. Ayni islenebilirlikte {iretilen hacimce %0.5 ve
%1.0 oranlarinda rastgele yonlenmis olarak cam elyafi iceren betonlarin egilme dayanimlari arasinda ciddi bir
fark olmadig: tespit edilmistir.
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Beton Gruplari
Sekil 7. Kontrol ve rastgele yonlenmis lifli beton gruplar:

Kontrol ve tabakali lifli beton numunelerine ait egilme deneyi sonuclari Sekil 8'de verilmistir. Sekil 8
incelendiginde, tiim tabakali lifli beton gruplarinin egilme dayanimlari kontrol betonunun egilme dayanimindan
daha yiiksek oldugu gortilmektedir. Tabakal1 cam elyafi iceren betonlarda tabaka sayisinin egilme dayaniminda
onemli bir degisiklige sebep olmadigi, tabakali gelik tel iceren betonlarda tabaka sayisi arttikca egilme
dayaniminin arttig1 ve en yliksek egilme dayaniminin ise CLK7T grubunda (kontrol betonuna goére %121 oraninda
daha ytiksek) oldugu belirlenmistir.

10

9 83

5.1 53 51

4.8

3.8

Egilme Dyanimi (MPa)
(o)}

K CE3T CEST CE7T CLK3T CLK5T CLK7T

Beton Gruplan
Sekil 8. Kontrol ve tabakall lifli beton gruplari

Sekil 9’da yonlenmis lifli betonlarin ve tabakali lifli betonlarin egilme dayanimi sonuglar birlikte verilmistir.
Sekilde lif hacimleri yaklasik esit olan gruplar ayni renk ile gosterilmistir. CLK1.0-CLK5T beton grubu harig¢ tim
tabakali lifli beton gruplarinin egilme dayanimi sonuglari yaklasik es deger hacme sahip rastgele yonlenmis lifli
beton gruplarinin egilme dayanimi sonuglarindan fazladir. Herhangi bir kimyasal katk: kullanilmadan aym taze
beton islenebilirligine sahip tabakal lifli iiretimin egilme dayanimini, cam elyafli donati filesi kullaniminda
minimum %26 maksimum %41, gelik tel kullaniminda ise minimum %35 maksimum %121 oraninda artirdigi
belirlenmistir. Su/Cimento orani sabit tutularak gerceklestirilen lifli beton tiretimlerinde lif hacminin artisina bagh
olarak taze beton islenebilirliginin azaldig1 [18-20] bilinmektedir.
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Uretilen herhangi bir betonun dayanim ve dayanikhlik 6zellikleri acisindan yeterli islenebilirlige sahip olmasi
olduk¢a 6nemlidir. Rastgele yonlenmis lifli betonlarda sabit islenebilirligi saglayabilmek i¢in karisimin su miktari
artmis ve bu durum yeterli islenebilirlige sahip olan lifli betonda dayanim kaybina sebep olmustur. Tabakali lifli
kompozit beton karisimlarinda yeterli islenebilirlik i¢in karisim suyu artirilmasina veya herhangi bir kimyasal kaki
kullanilmasina ihtiya¢ duyulmaksizin iiretim yapilabilecegi belirlenmistir. Tabakali lifli beton kompozitlerin lif
stirekliligi acisindan daha homojen bir yap (Sekil 5 ve Sekil 6) sagladigi gériilmiistiir. Ote yandan, lif hacminin
yaklasik %0.5 oranina esit oldugu tabakali cam elyafli CE3T beton grubunun egilme dayanimy, lif hacminin %1.5
oldugu CE1.5 grubundan daha yiiksektir. Bu durum, tabakali cam elyafli beton kompozitlerin diisiik hacimde bile
olsa yeterli dayanima ulasabilecegini ve bdylece kullanilacagi yapiya gelecek yiiklerin azalabilecegini
gostermektedir.

10

9 8.3

7.2

3.8

Egilme Dyanimi (MPa)
(9]

0 T
K CEO.5 CE3T CE1.0 CE5T CE1.5 CE7T CLKO.5 CLK3T CLK1.0 CLK5T CLK1.5 CLK7T

Beton Gruplar

Sekil 9. Rastgele yonlenmis ve tabakal lifli beton gruplari
4. Sonuglar

Bu ¢alismada kontrol betonuna ek olarak rastgele yonlenmis lifli betonlar ve tabakal lifli betonlardan olusan
toplam 13 farkl beton grubu iiretilmistir. Uretilen bu beton gruplarinda islenebilirlik aymi degerde (esit slump
degeri) tutulmus ve numunelere egilme deneyi uygulanmistir. Calismada elde edilen sonuclar 6zetlenirse;

v Tabakali lifli beton kompozitlerin egilme dayanimlarinin, ayni islenebilirlige sahip rastgele yonlenmis lifli
betonlarin egilme dayanmimlarindan lif tiiri fark etmeksizin biiyiikk oranda daha yiiksek oldugu
gorilmiistiir.

v' Tabakali lifli beton kompozitlerin {iretiminde yiiksek egilme dayanimi ve uygun islenebilirlik igin
herhangi bir kimyasal katki kullaniminin gerekmedigi belirlenmistir.

v' Tabakali lifli beton kompozitlerin lif siireklilii acisindan daha homojen bir yapi sagladig
gozlemlenmistir.

v Tabakali gelik telli beton kompozitlerin egilme dayanimlarinin, tabakali cam elyafli beton kompozitlerin
egilme dayanimlarindan daha ytiksek oldugu tespit edilmistir.

v' Yaklasik lif hacmi %0.5’e esit 3 tabakali olarak iiretilen cam elyafli kompozit betonun egilme dayaniminin,
%1.5 oraninda rastgele yonlenmis lif iceren betonun egilme dayamimindan daha yiiksek oldugu
belirlenmistir.

v" Tabakali cam elyafli beton kompozitlerde tabaka sayisinin egilme dayamiminda ciddi oranda bir
degisiklige sebep olmadig1 belirlenirken, tabakali ¢elik telli beton kompozitlerde ise tabaka sayisi ile
egilme dayanimi arasinda dogru orantili bir artis oldugu gorilmistir.
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1. Introduction

Environmental regulations, fuel economy standards and expectations for high performance standards are all
growing for the automotive industry [1]. Researchers are looking for ways to employ clean energy and lower gas
emissions due to factors including rising costs of gasoline globally and environmental damage brought on by fuel
consumption. The usage of lightweight materials in the automobile industry is seen as an environmentally sound,
widely used method of lowering gas emissions [2].

Part design, method and material are recognized as the major issues that guide the literature and R&D research in
the automotive industry. The fundamental needs in this area are the utilization of modern production processes,
material selection, and structural optimization, which includes size, form, and topology optimization. It is expected
that the energy absorbing capabilities of the parts will be good in accordance with the safety standards in order to
ensure passenger and occupant safety, even though lightness is an important criterion in the design, material
selection, and manufacturing phase of the components to be used in the automotive. To verify their level of safety
and energy absorption, crash tests are performed [3, 4].

According to both simulation activities and real-world research, high strength steels, aluminum and magnesium
alloys and composite materials have recently been selected for weight reduction in part lightening studies [3]. The
best category to choose from when selecting materials is advanced high strength steels (AHSS), which exhibit high
strength values as well as their elongation qualities [5]. As structural and safety elements, the AHSS steel group is
utilized in the vehicle chassis and body parts such as the A-pillar, center pillar (B-pillar), in-door safety bars,
bumper, roof, and seat arches. When compared to mild steels, AHSS offers about 50% more lightness. With the use
of 40-50% of the most sophisticated high strength steels, gas emissions are reduced by 5% [6].

The most popular process for creating modern, high-strength steels is hot stamping. The processes of hot forming,
cooling, and phase transformation make up the hot stamping process. Due to the martensite microstructure of the
finished product, 22MnB5 is the most desired steel in the automobile industry due to its excellent mechanical
qualities, weldability, and cost factors. The yield and tensile strengths of the press-hardening steel group 22MnB5
can, respectively, reach 1000 MPa and 1500 MPa levels after stamping. It is feasible to differentiate the material's
microstructure and its physical, chemical, and mechanical properties by altering the hot stamping process
parameters [7-10]. By adjusting the process settings, certain papers in the literature analyze the mechanical and
microstructural features.

Using 22MnBS5 steel, Chang, Z. et al. heated the steels to 900°C to complete the austenite phase transition. Once
austenitization was complete, the steels were chilled under various cooling conditions, including water, oil, and
pressure. Additional heat treatment included tensile and V-notch impact tests, as well as an examination of the
microstructures of the steels that had been heated to 170 °C for 20 minutes. The temperature at which martensite
crystallizes, or Ms, was lowered by nano-sized e-carbide formation while the values for ductility and toughness
rose by 0.36%C [11].

The microstructures created under various air cooling and quenching circumstances were evaluated by Mandal,
G. et al,, and the mechanisms that improve the strength in the internal structure were investigated, in order to
examine the structure-property relationship for 2 GPa microalloyed ultra-high strength materials. Dislocations
and carbide/ carbonitride precipitates have been shown to produce strength-increasing processes in
microstructure. The ensuing bainite and martensite structures were studied, and under various conditions, the
steel's elongation values improved to values of 8-9% with a strength of 1841-1928 MPa. The steel originally had
a strength of approximately 1991-2032 MPa with an elongation of 5-7% [12].

In order to optimize the process parameters during hot forming, the 22MnB5 material used in automotive
components was shaped and subjected to a quenching procedure in the study by Aqida, S. The samples were
heated to 950°C to generate austenite. The study's control parameters, including cooling water temperature, press
(holding) time, and water flow rate, were established. The obtained samples were evaluated mechanically by
taking tensile and hardness measurements, as well as metallurgically under an optical microscope. The study's
findings indicated that shortening the chilling period was the best option, and as a result, the yield and shrinkage
values—which raised the hardness value—were determined to be 1546 and 1923 MPa, respectively [13].

The variation in the microstructural features and mechanical properties of hot-formed 22MnB5 steels under
various heating settings was investigated by Cavusoglu, O., et al. Within the parameters of the investigation, air
cooling, quenching, and quenching+ tempering operations were applied to the steel samples heated in the furnace
at700°C, 800°C, and 900°C. Tensile testing and hardness measurements were used to understand their mechanical
characteristics while an optical microscope was used to examine their microstructures. The finest mechanical
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qualities were obtained by cooling in water at a temperature just around 800 °C. Additionally, it was found that
the tempering procedure, which was followed by water chilling, marginally raised the overall elongation value,
with elongation values ranging from 2 to 4 percent [14].

The impact of austenitization parameters on the mechanical characteristics and microstructure of Al-Si coated PHS
(press hardening steel) steels was examined by Golem, L., et al. in their study. The austenitization temperature and
soaking time effects on the 22MnB5 material were explored in the study. The primary austenite grains were found
to be more evenly dispersed as the waiting period and furnace temperature increased, and the diffusion between
the substrate material and coating layer also grew. By using tensile, double notch, and bending tests, mechanical
properties were examined. The mechanical properties were adversely impacted by the development of primary
austenite grains, and a decline in the toughness value was noted [15].

The impact of heating and cooling process parameters on the microstructure and mechanical characteristics of
22MnBS5 steels was studied by Jiakai, S. By analyzing the structure of high-strength steels used in automotive, the
study aims to investigate the characteristics of customized (various strength levels on the same part) and its
impact on vehicle weight reduction. The temperature value after heating in the furnace was lowered to 720°C for
this reason. Tensile strengths were thus measured starting at 1500 MPa and decreasing to 570 MPa values. The
study found that various temperature and cooling rates led to the development of sections on the center pillar of
the vehicles that had varying strengths and hardness. This effect was produced on the same part by adjusting the
process parameters rather than connecting various sections together by welding [16].

The phase transition effect on 22MnB5 high strength steel suited for hot forming was investigated by Venturato,
G., etal. under various process conditions. In order to create the martensite phase, the sheet materials were heated
to the austenitization temperature, formed in the die, and then chilled at the slowest possible rate which is about
27°C/s. The continuous cooling transformation curves, heated at 850°C, 900°C, and 950°C, were examined for this
purpose. These curves led to the conclusion that the cooling rate and quenching in the die altered the flow stress
dependent on the rate of the bainite transition and that 550°C was a key temperature for the phase change [17].
General analyses of the research in the literature have revealed that they are designed around structure-property
relationships.

In this study; different austenitization conditions were chosen, specifically for 22MnB5 steel, which is most
frequently used in hot forming, and changes in mechanical properties and microstructure were seen with the
modification of process parameters. No study comparing the materials of various steel manufacturers for the same
steel material has been found in the literature, and this study aims to fill that gap. In the current article, the
materials from the same steel group from two different steel manufacturers were chosen in order to examine the
microstructure and mechanical qualities produced as a result of various production circumstances.

2. Material and Method
2.1. Materials

Steels from two different steel manufacturers were used in the experimental experiments called MAT1 and MAT?2.
Company information has been kept confidential for ethical and commercial reasons. Table 1 displays the
materials' chemical make-up as employed in the experimental tests. Only the manufacturers and production
processes of the two steels utilized change; both are members of the new generation advanced high-strength steel
family, also known as 22MnB5. The impact of this discrepancy on mechanical characteristics and microstructure
was examined in the experimental study.

Tablo 1. Chemical Compositions of Steels

Steel Type C% %Mn  %Si %Ti %P %S
MAT 1 0,183 1,280 0,184 0,039 0,009 0,002
MAT 2 0,275 1310 0225 0,031 0011 0,002
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2.2. Hot Stamping Process

The hot stamping method is a forming method in which the internal structure of the material changes greatly
depending on the process conditions. Figure 1 is a schematic illustration of the hot stamping method employed in
experimental research. To obtain the austenite microstructure, the steel sample is placed into an industrial furnace
and heated around the A3 curve while taking into account the time-temperature-transformation diagram of pure
iron.

Steel Sheet Forming
9 9 9

Furnace Transfer Hot Stamping Stamped Steel

Figure 1. Schematic of Hot Stamping Process

To analyze the final microstructure of the austenitizing temperature, three different austenitizing temperatures—
870, 890, and 910 °C—were chosen for this investigation. Three alternative periods, 240, 480, and 720 seconds,
were chosen to study the impact of the steel sample's soaking time in the furnace on the final microstructure. The
rate of cooling is 30 °C/min. The steel samples were heated to various temperatures up to the austenite
transformation area, as shown in Figure 2, then cooled by holding them in the furnace for various lengths of time.
The material was plastically deformed up to the martensite starting temperature (Ms) in the microstructure during
the cooling process, which took the form of cooling in water. After 8 seconds, the samples were taken out of the
die and allowed to cool in the air until the temperature (Mf) at which the martensite transition was complete. The
collected samples were set up for the tests to be performed in accordance with the test requirements.

Temperature(*C)

100 200 300 400 500 600 700 800 900
Time (s)
———240sec 890°C 480sec 890°C —— 720sec 890°C 240sec 910°C — 480sec 910°C
—— 720sec 910°C —— 240sec 870°C —— 480sec 870°C —— 720sec 870°C

Figure 2. Thermal Cycle of Experimental Hot Stamped Steels

2.3. Test Methods and Sample Preparation

The steel sheet material that is produced by the hot stamping technique has the following measurements:
988x225x1.4 mm. By using the laser technology to cut the steel sheet material in line with the necessary criteria,
test samples were created.

2.3.1. Tensile Test
According to TS EN ISO 6892-1 test standards, uni-axial tensile tests on test samples were conducted [18]. As seen
in item a) in Figure 3, the test samples were made by cutting at 0°, 45°, and 90° in accordance with the rolling

direction. They were then examined as described in item b). The test was conducted using an Instron floor-type
biaxial extensiometer tensile-compression tester with a 250kN capacity.
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Figure 3. Tensile Test a) Samples b) Real Conditions Test

2.3.2. Hardness Measurements

According to TS EN ISO 6507-1 regulations, the test samples' hardness was evaluated using a Mitutoyo HV-100 A
type Vickers hardness measurement apparatus [21].

2.3.3. Hole Expansion Ratio

In plastically deformed parts, areas with cut edges and fractured regions may vary depending on the sheet
material's ductility and formability characteristics. High-strength automobile steels that have recently been
created make these distinctions even more obvious. It is an experimental metal forming process simulation known
as the "Hole Expansion (HE) - hole expansion" experiment that compares the production of cracks that take place
during shaping of cut edges. The test is conducted using the guidelines established in the ISO 16330-2009 and
TSG2309G standards [19, 20]. As shown in Figure 4, a conical punch is used to widen the hole that was drilled in
the centre of the 10x10 mm2 square-cut samples until a crack forms that travels along the section. A measure of
formability is the rise in the percent expansion ratio in the hole diameters produced as a result of this application.

Figure 4. Hole Expansion Ratio a) Sample Before Test b) Sample After Test

2.3.4. Microstructure Analyses

On a Phenom XL model instrument of the Phenom-World brand, SEM analyses of the test samples were carried
out. The test samples were initially mounted in bakelite and subjected to surface grinding before SEM examination.
The prepared surfaces were made ready for imaging by polishing and etching procedures, respectively.

Ac3 = 910 — 203C — 15.2Ni + 44.7Si + 104V + 31.5Mo + 13.1W — (30Mn + 11Cr + 20Cu — 700P 1
— 400Al — 120As — 400Ti) 1)
Acl = 723 —10.7Mn — 6.9Ni + 29.1Si + 16.9Cr + 290As + 6.38W (2)
3. Results

The Acl temperatures for the MAT1 and MAT2 samples utilized in the experiment are 718.52°C and 717.67°C,
respectively, based on the formulas mentioned above formula (1) and (2). Ac3 is 879.66 and 857.62 degrees
Celsius, respectively. In Tables 1 and 2, it is shown how heating the materials to temperatures around and above
the Ac3 temperature alters their tensile strength, yield strength, unit deformation, and hardness properties.
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Tablo 2. Experimental Samples Conditions and Test Results of MAT1

Conditions Tensile Strength (MPa)  Yield Strength (MPa)  Elongation (%)  Hardness (HV)
240sec, 870°C 1801,56 1312,71 4,33 489,9
480sec, 870°C 1804,06 1320,36 4,3 502,1
720sec, 870°C 1781,67 1222,82 4,39 459,4
240sec, 890°C 1831,3 1283,68 4,29 504,1
480sec, 890°C 182591 1278,29 4,34 492,0
720sec, 890°C 1807,06 1268,04 4,34 550,1
240sec, 910°C 1813,55 1216,88 4,38 502,0
480sec, 910°C 1811,32 1296,04 4,37 507,8
720sec, 910°C 1809,55 1283,74 4,41 471,1

Tablo 3. Experimental Samples Conditions and Test Results of MAT2

Conditions Tensile Strength (MPa)  Yield Strength (MPa)  Elongation (%)  Hardness (HV)
240sec, 870°C 1583,23 1157,24 4,37 490,7
480sec, 870°C 1559,36 1108,49 4,32 472,5
720sec, 870°C 1535,71 1094,01 4,34 520,2
240sec, 890°C 1598,98 1138,96 4,33 482,7
480sec, 890°C 1568,17 1063,44 4,34 488,2
720sec, 890°C 1577,98 1097,36 4,33 544,2
240sec, 910°C 1510,84 965,43 4,37 482,4
480sec, 910°C 1508,58 1058,30 4,29 4989
720sec, 910°C 1563,89 1151,59 4,33 465,9

The tensile and yield strength values of 22MnB5 material are reported to increase as the austenitization
temperature increases but drop once the turning point is beyond 900°C in the literature [23, 24]. The tensile and
yield strengths of the test samples grew and reached their maximum values when the temperature increased from
870°C to 890°C, according to the results shown in Tables 1 and 2. As the temperature increased further, the
strength values declined. The values obtained were thought to be compatible and consistent with the literature,
and this holds true for both of the materials utilized in the experiment.

The highest tensile strength and the highest yield strength of the MAT1 test samples were determined to be
1831.30 MPa and 1283.68 MPa, respectively, under the test circumstances of 240 seconds of soaking time and
890°C austenitization temperature. Again, under 240 seconds of soaking time and 890°C austenitization
temperature test circumstances, the maximum tensile strength and yield strength values for the MAT2 test
specimen were attained.

The obtained results indicate that when the materials' microstructure is heated in the ferrite phase at ambient
temperature and the austenitization temperature is exceeded, the austenite transformation is optimal in these
conditions. The statistics in the table indicate that 240 seconds is largely adequate for completing the
transformation, and the strength values fall when the time that produces the maximum result is increased further.
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Figure 5. Tensile Strength Test Results of Samples
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Figure 6. Yield Strength Test Results of Samples

The test results for the tensile and yield strengths of 0, 45 and 90° according to the rolling direction of 9 test
specimens for MAT1 and MAT2 materials are presented in Figure 5 and Figure 6. According to Figure 2, tests
conducted in the same direction as the 0° rolling direction had the maximum tensile strengths. The results of the
testing for 0, 45, and 90° between yield strengths are represented in Figure 6 as Rp0,2 yield values. Since the
materials of the AHSS group and high-strength steels do not have a significant yield point and exhibit brittle

fracture, theoretically, 0.2% yield stress values are estimated. The resultant values are so distinct from one
another.

Prior to the martensitic transformation, the 22MnB5 hardness value was 150HV; however, if a full martensite
structure is achieved after the transformation, the hardness value should be above 450HV [23].
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Figure 7. Vickers Hardness Values of Samples

The experimentally measured hardness values indicate that the structure undergoes martensite transition at a
high rate (often above 95%). The variations in hardness values show that martensite is forming in the structure,
along with an accumulation of leftover austenite grains at the grain boundaries and other phases like bainite. For
MAT1 and MAT2, the greatest Vickers hardness values were measured to be 550.1 HV and 544.2 HV, respectively.

For both materials, the greatest value was attained at 890°C and 720 seconds of soaking time. These process
variables lead to the conclusion that the austenite structure has undergone martensite transformation. Figure 7
displays a graphic representation of the experimental samples' hardness values.

Values for hole expansion ratios are one way to compare the formability capabilities, particularly for high strength
steel sheets. By using a conical punch to expand the hole on the sheet material, the hole expansion ratio value is
computed using formula (3) in accordance with the relationship between the diameter after the first fracture in
the hole and the first diameter. The diameter measured after the creation of a crack in the hole made by the punch
in the sheet metal is represented by the Dh value in the equation, whereas DO represents the initial diameter value
[25].
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Dh-DO
A= 2222¢100 (3)

Experimental items; Table 4 provides the hole sizes and hole expansion heights following crack formation. Figure
8 illustrates the first crack that appeared during the test. Comparing the hole expansion values reveals that the
MAT2 material, which is seen to have a 51.36% value, can be deformed more easily than the MAT1 material, which
recorded a 30% value.

Tablo 4. Experimental Samples Hole Expansion Test Results

Material Average hole diameter (mm) Hole expansion ratio A (%)
MAT1 13,37 33,71
MAT2 15,13 51,36

Figure 8. Hole Expansion Test Results of Samples a) MAT1 b) MAT2

After analyzing the samples' mechanical characteristics, SEM analysis was used to look at their microstructures.
Each sample underwent SEM analysis at four distinct magnifications, including 500x, 2000x, 5000%, and 10000x.
SEM images obtained at 5000x and 10000x for 240 second soaking time and 890°C austenitization temperature,
which are the parameters of the best results obtained as a result of mechanical analysis, are shown in Figure 9 and
Figure 10.

In the hot stamping technique, which is used for experimental work, the material was austenitized to alter the
microstructure before being quickly cooled. It was anticipated that martensite would make up the majority of the
material microstructure after the study's chosen cooling rate of 30°C/min. When the pictures in Figures 9 and 10
were analyzed, it was discovered that the microstructure had developed an acicular martensite phase as well as a
bainite phase.

The residual austenite in the figures is also present, but it is enclosed by the acicular martensite phase and cannot

undergo martensitic transformation.
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Figure 9. SEM Images of MAT1 at 240sec 890°C a) 5000x b) 10000x
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Figure 10. SEM Images of MAT2 at 240sec 890°C a) 5000x b) 10000x

As the second-hardest phase after cementite, martensite plays a significant role in steels. The martensite phase
produced by the phase transformation enhances the mechanical properties of the steels, particularly in high
carbon steels. The MAT1 material has higher hardness and tensile strength values, according to the experimental
results.

The acicular martensite phase is shown to be more homogeneous in MAT1 samples when compared with SEM
pictures. For MAT2 material, bainite and residual austenite are more typical. The MATZ2 material's hardness values
will rise as a result.

4., Discussion and Conclusion

In this investigation, material from two separate steel producers was created using the hot stamping method for
22MnB5 new generation high strength steel. The impact of process parameters on material properties was
examined for the conventional hot stamping procedure using various austenitization temperatures and furnace
soaking times. The findings of the present investigation are outlined as follows:

1) The average value for the tensile and yield strength values for the MAT1 material is 1809.55 MPa,
while the average value for the MAT2 material is 1556.30 MPa. When the two materials'
microstructures are compared, it can be shown that MAT1 has a larger ratio of martensite phase than
MAT2. The %C ratio is larger in the MAT2 material when the chemical compositions of the materials
are compared, and because C atoms cannot diffuse freely, this results in the creation of various phases
at the grain boundaries. It has been noted that the tensile and yield strengths of the material are
attained at lower levels as a result of the production of residual austenite and bainite. When the
findings were reviewed in light of the process parameters, it was found that cutting down on the
soaking time in the furnace improved the tensile and yield strengths, with the greatest results coming
from 240s. The maximum values for the austenitization temperature are achievable at 890°C.

2) The tensile and yield strengths of the MAT1 material show greater values when the hardness
measurements are evaluated; the hardness value rises as the soaking period at 890°C increases. At
this temperature, the hardness value reached 550.1 HV. Even if high hardness values are expected
results for new generation advanced high strength steels, easy formability should be at the forefront.

3) When the hole expansion values are compared, as 51.36%, it has been found that MAT2 material can
be formed more readily than MAT1 material, which can be formed to a lesser extent when the ratios
of C and alloying elements drop.

4) When the microstructure is analyzed, the greater rate of martensite phase found for MAT1 also
contributes to the material's favorable mechanical characteristics. The most homogeneous martensite
phase is produced when the austenitizing temperature of 890°C is reached, according to observations.
It was found that as the residence time in the furnace increased, martensites began to develop other
phases, like residual austenite.

The automotive industry is a vibrant, ever-evolving sector with a fierce rivalry that incorporates technology
advancements. The hunt for novel materials that will suit the light and mechanical requirements in the automotive
has boosted interest in advanced high-strength steels, along with the environmentalist strategies that have been
the center of attention in recent years. There are several steel producers around the world, and much like in this
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study, materials with similar levels of quality but different attributes have found a market for themselves. The
choice of material becomes one of the key concerns for the automotive sector with this method.

All automotive equipment sources meet the fuel economy target by weight according to Institutional Average Fuel
Economy (CAFE) standards and international measurement regulations. The fuel economy target is challenging
for most countries, in order to minimize the damage to the CO2 emission transmissions spent on passenger
services. In particular, the United States has set its 2025 target as 89 g/km of average CO2 emissions, reducing it
by about 40% compared to 2015, thanks to the nature of lighter, stronger and greener cars. It is therefore essential
to tap into new resources and design more efficiently for the cars of the future [26].

As seen in the study, the materials belonging to two different steel producers differ in terms of mechanical
properties and thus their ability to be formed. When choosing the material if the vehicle part to be manufactured
is safety parts that must have high strength values, MAT1 will be ideal for this choice. However, in some cases, in
order to prevent problems such as tears and cracks in the part encountered during production, it may be necessary
to choose a material with better formability but also provide the necessary mechanical properties. For certain
parts, MAT2 would be the ideal choice in these situations. Considering the work done, it is important to understand
the material properties to be used correctly and to evaluate the design and manufacturing processes as a whole
before the material selection is made. Before choosing a material, it is crucial to understand its properties in order
to use them appropriately and to assess the design and production processes as a whole.
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Keywords Abstract: This study presents a coupled numerical investigation consisting of fluid
and structural analysis for a UAV propeller. Flow and structural analysis are carried
out in ANSYS Fluent and Static Structural modules, respectively. The mechanical
properties of the propeller are investigated for Plastic ABS and Carbon Fiber (395
GPA) materials at 2000, 6000, and 10000 rpm rotational speeds. Consequently, it is
observed that the total deformation and equivalent elastic strain of Carbon Fiber
(395 GPA) material are less at all rotational speeds. In addition, the thrust and
power of the propeller are calculated for these rotational speeds and their change
in UAV forward speeds (1, 5, 8,10, and 12 m/s) is examined at 6000 and 10000 rpm.
Accordingly, itis observed that the power and thrust of the propeller decreased with
the increase in the forward speed of the UAV at constant propeller rotation speed. It
has been observed that the propeller produces 5 N thrust at 6000 rpm. In addition,
in 6000 rpm and 0.3 advance ratio, the propeller provided approximately 65%
efficiency.

Propeller aerodynamics,
Thrust,

UAYV,

Propeller design

Cift palli bir insansiz hava araci pervanesinin, akiskan ve yapisal tabanlh simiilasyonu
ile itki/verim hesaplamasi

Anahtar Kelimeler 0z: Bu ¢alisma, bir IHA pervanesi i¢in akiskan ve yapisal analizden olusan birlesik
bir sayisal arastirma sunmaktadir. Akis ve yapisal analiz sirasiyla ANSYS Fluent ve
Static Structural modiillerinde gergeklestirilmistir. Pervanenin mekanik 6zellikleri
Plastik ABS ve Karbon Fiber (395 GPA) malzemeler i¢in 2000, 6000 ve 10000 rpm
doénts hizlarinda incelenmistir. Sonug olarak, Karbon Fiber (395 GPA) malzemenin
toplam deformasyonunun ve esdeger elastik gerinimlerinin tim doniis hizlarinda
daha az oldugu gozlenmistir. Ayrica bu doéniis hizlan icin pervanenin itkisi ve
harcadig1 gii¢c hesaplanarak IHA ileri hizlarindaki (1, 5, 8, 10 ve 12 m/s) 6000 ve
10000 rpm'deki degisimleri incelenmistir. Buna gore sabit pervane doniis hizinda
[HA'nin ileri hizinin artmasiyla pervanenin harcadifi gii¢ ve itkisinin azaldig
gorilmektedir. Pervanenin 6000 devirde 5 N itki iirettigi gozlemlenmistir. Ayrica
6000 rpm ve 0.3 ilerleme oraninda pervane yaklasik %65 verim saglamistir.
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Fluid-structure coupled simulation-based investigation and thrust/efficiency calculation for a UAV twin-blade propeller

1.Introduction

The propeller is an important component in the propulsion system of an unmanned aerial vehicle, which affects
the performance and power consumption of the UAV [1,2]. The aerodynamic performance of propellers directly
affects many parameters such as flight time, range, and power consumption of UAVs [3,4]. For these reasons,
examining the efficiency and thrust production of the propeller in terms of aerodynamics is among the important
research topics in unmanned aerial vehicles.

The aerodynamic performance of propellers can be studied with experiments in a wind tunnel or numerical
studies by using computational fluid dynamics (CFD) [5]. The equations used for the aerodynamic performance
analysis of the propellers are given in Equations 1-4 [6,7]. The advance ratio (]), thrust coefficient (Ct), power
coefficient (Cp), and efficiency (1) of the propeller are expressed by Equations 1,2,3, and 4, respectively. Propeller
measurements and calculations are non-dimensionalized to acquire the performance data. The power and thrust
coefficient can be calculated by using CFD data for a propeller (Equation 1-2). In these equations, V (m/s), T (N), p
(kg/m3), D (m), and n (rpm) are the free stream velocity, the thrust produced by a propeller, the density of the air,
the diameter of a propeller, and the rotational speed of the propeller, respectively. For hovering flight phases, ]
becomes zero (because V is zero).

= &)
" nD
T (2)
T~ pn2D*
__FP (3)
P~ pn3D5
n= E—Torn = g (4)
P

Many researchers have presented various numerical aerodynamics studies for UAV propellers using CFD to
increase the efficiency of the propeller. For instance, authors in Reference [8] examined the effect of propeller
position on the performance of a fixed-wing 25 kg small-class UAV by using CFD. In Reference [5], the aerodynamic
performance of the Small APC Slow Flyer Propeller has been examined by CFD and verified with experimental
data. Similarly, authors in References [9-11], a literature search was conducted for the calculation of quadrotor
unmanned aerial vehicles' propeller thrust and power coefficient and the effects of rotational speed and airspeed
on the thrust coefficient for a propeller were investigated using CFD. In Reference [12], the performance of
different propeller types at different angles of attack for a solar cell HALE-type (high altitude long endurance) UAV
was investigated. In Reference [13], the authors conducted CFD analysis in terms of thrust by adding a winglet to
the DJI Spark drone propeller. As a result, they achieved a 21% increase in propeller thrust. In reference [14], the
authors conducted aerodynamic shape optimization studies on a UAV propeller in OpenFOAM, resulting in an
improvement in the hover performance of this propeller. In reference [15], the structural behavior of the UAV
propeller is studied for different material types by using ANSYS software.

According to the literature review presented, it is seen that the focus of propeller numerical analysis studies is
propeller performance improvement with the help of CFD. In this context, in this study, to predict aerodynamic
performance, numerical analysis studies of a propeller were carried out that can be used in small-type unmanned
aerial. The power consumption and thrust production of this propeller at variable speeds were calculated with the
help of CFD. In addition, the efficiency, power coefficient, and thrust coefficient of the propeller were calculated
using CFD. For this propeller, thrust is calculated for the propeller's constant rotation and the UAV's speed in the
longitudinal flight of the unmanned aerial vehicle. The contribution of this study to the literature is to examine the
aerodynamic and structural performance of the propeller with a coupled simulation technique consisting of CFD
and FE. Thus, using the results obtained from CFD, the mechanical performance of the propeller was investigated
for two different material types (Plastic ABS and Carbon Fiber (395 GPA)) in the structural module of ANSYS
software. Another contribution is to investigate the thrust production and power consumption of the propeller
according to the forward speed of the UAV.

The study is organized as follows. Firstly, the methodology of the study is presented in section 2. Afterward, in
section 3, by conducting CFD and FE (finite element) combined simulation studies of the propeller, thrust and
efficiency are calculated by investigating pitch angle and rotational speed change. Finally, the results of this study
are summarized in the conclusion section.

2.Methodology

The general purpose of this study is to examine the performance of a propeller used in small type unmanned aerial
vehicles by considering the computational fluid dynamics and structural analysis together. In this context, Fluent
and Static Structural modules were used within the ANSYS package program. The topology of the coupled analysis
using these two modules is presented in Figure 1. Fluid simulations were carried out in the Fluent module and the
mechanical properties of the propeller were examined by transferring the results to the Static Structural module.
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Figure 1. Systematics of coupled analysis consisting of CFD and structural

Propeller designs are generally based on momentum theory, blade element theory, and hybrid blade element
momentum theory [21]. The propeller investigated in this study was designed according to the hybrid blade
element momentum theory, as explained in detail in the Reference [21]. The thrust that this propeller can produce
and its consumption power have been determined through CFD analysis. In the CFD study, the rotating flow field
of the impeller is shown in Figure 2. Accordingly, the diameter and thickness of the rotating flow area were
determined as 1.1 and 0.4 times the propeller diameter (28 cm), respectively. The flow domain and its dimensions
used in CFD simulations are given in Figure 3. Here again, the dimensions of the flow domain are adjusted to be
multiples of the propeller diameter. In addition, the picture of the mesh created for the propeller is given in Figure
4.

Figure 2. The rotating flow field in which the impeller is located.

< Far Field
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Figure 3. Flow domain of CFD simulation.

Figure 4. Mesh structure created for the propeller flow field.

Ensuring an irreproachable transition between surface and volume from different mesh element types has always
been one of the important problems for simulation programs. ANSYS has started to use polyhedral elements to
solve such problems. Polyhedral mesh elements can acquire any shape needed to create a conformal mesh. This
property ensures that the transition zone is filled with fewer and higher-quality elements, resulting in a more
acceptable result. Polyhedral elements figure out simulations with fewer computational burdens, and with more
accuracy. In CFD simulations, the poly-hexcore mesh can improve the resolution time by 20 to 50 percent over a
hexahedral core or polyhedral core mesh with the same accuracy [22]. Therefore, poly-hexcore mesh elements
were preferred in this study, especially since the use of poly-hexcore mesh elements in the latest versions of ANSYS
allows the solutions to be more accurate and to get solutions in a shorter time. The properties of the mesh structure
created in the study are summarized in Table 1. In addition, the results of the mesh independence tests are given
in Figure 5.

Table 1. Specification of the mesh structure.

Minimum Element Size  0,00005 m Skewness (max) 0,72599
Number of Elements 2120212 Growth Rate 1,12
Maximum Size 0,1m Curvature Normal Angle 18°
Orthogonal Quality 0,2702 Mesh Method Poly-hexcore
~L.5
%
2
0.5
0
0 1 2 3 4 5 6
Number of Mesh Element x106

Figure 5. The mesh independence test results
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3.Results and Discussion

The design rotation speed of the propeller investigated in this study is 6000 rpm. In other words, it is aimed to
reach maximum efficiency at this speed. For this reason, the results presented in this study are presented at design
(6000 rpm), lower limit (2000 rpm), and upper limit (10000 rpm) rotational speeds. In addition, these lower and
upper limit rotational speeds are determined according to the working range of this propeller. The efficiency,
thrust, and consumption power of the propeller were calculated by using Equations 1-4 given in the introduction
and the data obtained from the CFD simulations.

The numerical results of the propeller consisting of plastic ABS and Carbon Fiber (395 GPA) materials are given at
3 different rotation speeds (2000, 6000, and 10000 rpm) in Table 2. Accordingly, it was observed that the total
deformation of the propeller was big approximately 270%, 224%, and 280%, respectively, at speeds of 2000, 6000,
and 10000 rpm for Plastic ABS material than for Carbon Fiber /395 GPA) material. In other words, the total
deformation rate of the two materials was approximately 3.5 at these 3 rotational speeds. Similarly, in terms of
equivalent elastic strain values, it has been observed that Plastic ABS material provides higher values at all rotation
speeds. In addition, the equivalent elastic strain value increased with the increase in rotation speed for each
material. When Table 2 is examined, it is seen that the total deformation and Equivalent Elastic Strain values are
more dominant in abs material, but shear stress is higher in carbon fiber material at each rev/min. When the
regions where the maximum shear stress occurs in the simulation images are examined, it is observed that for
carbon material it is in a small area at the blade connection points, and for abs material it is almost the entire blade
surface.

Table 2. The mechanical properties of the propeller according to the material and rotational speed.

Material Number of Total Equivalent Maximum
revolutions deformation Elastic Strain shear stress
(rpm) (m) (Pa)
Plastic ABS 2000 0,00054195 0,00017201 1,44E-05
Carbon Fiber 2000 0,0001465 0,00007996 0,000019197
(395 GPA)
Plastic ABS 6000 0,0044837 0,0015672 1,41E-06
Carbon Fiber 6000 0,001384 3,3625E-06 1,8235E-06
(395 GPA)
Plastic ABS 10000 0,01455 0,0045508 0,0065082
Carbon Fiber 10000 0,0038284 0,0020897 5,0062E-06
(395 GPA)

In this study, thrust production and power consumption according to the rotational speeds of the propeller
examined numerically are given in Figure 6. Accordingly, it has been observed that the thrust production and
consumption power produced at the design speed of the propeller are 5 N and 60 W, respectively. These results
were found to be compatible with some commercially produced propeller models of the same diameters at the
same rotational speed. For example, it was seen that the thrust value produced by the propeller (28x5,5 cm) in
this study is compatible with the results of the thrust calculation tool of Mejzlik company for the propeller of the
same dimensions [17]. Similarly, it has been observed that the thrust, efficiency, and consumption power for 6000
rpm and 0.3 advance ratio are compatible with the propeller performance data of APC and T-MOTOR companies
of the same dimensions [18,19].
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Figure 6. Consumption power and produced thrust according to rotational speed.

The Thrust of the propeller was examined according to the UAV's forward speed at 6000 and 1000 rpm and the
results were given in Figure 7. Accordingly, it was observed that the thrust produced by the propeller decreased
as the forward speed of the UAV increased at both rotation speeds. This decrease in thrust was found to be
consistent with the literature [16]. Similarly, as increased forward speed of the UAV, it was observed that there
was a decrease in the power produced by the propeller (please see Figure 8).

6000 revimin

B 10000 rev/min

10
g -
6 -
4 -
0 -
1 5 8 10 12

Forward Speed (m/s)
Figure 7. Effect of forward speed on thrust at 6000 and 10000 rpm.
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Figure 8. Effect of forward speed on power consumption at 6000 and 10000 rpm.
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Mechanical features such as total deformation, equivalent elastic strain, and maximum shear elastic strain
obtained from the Fluent-Static Structural coupled analysis of the propeller for Carbon Fiber and ABS materials
are for 10000 rpm given in Table 3. The static analysis values of the 2 different material types tested at rev/min
and comparatively were expressed as numerical values in Table 2. In Table 3, the static analysis images obtained
in the highest rev/min data applied in the study are given. It has been observed that the total deformation occurs
higher in the Plastic ABS material at each rev/min compared to the Carbon Fiber (395 GPA) material, especially in
the propeller tip chord regions. It is clearly seen in the simulation values that Equivalent Elastic Strain occurs at
higher values in ABS material, similarly. The maximum value of shear stress, which is another parameter value in
this study, was higher in carbon fiber material. When looking at the shear stress image for each material, it was
observed that it was affected in a higher area in the Plastic ABS material, but it was realized in carbon fiber material
as the maximum value.

Performance parameters such as thrust, thrust coefficient, power coefficient, and efficiency of the propeller
examined in this study were calculated by substituting the data obtained from the CFD analysis in Equations 1-4.
Accordingly, the change of power and thrust coefficient with rotational speed was given in Figure 9. In addition,
the change in the efficiency of the propeller according to the advance ratio is given for 6000 and 10000 rpm in the
same Figure. Accordingly, it has been observed that maximum efficiency is approximately 65% for 6000
revolutions with 0,3 advance ratio.

Table 3. The mechanical properties of the propeller according to the material and rotational speed.
Carbon fiber ABS
Total deformation

Equivalent elastic strain

Ansys
2021 R2
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Figure 9. Propeller performance data

Using the Equations 1-4, the performance data of our propeller with a diameter of 28 cm, for which numerical tests
were performed at different rpm, are given. The power coefficient and thrust coefficients were calculated
according to different rpm values, as well as the propeller efficiency at 1.5, 8, 10, and 12 m/sec forward speeds.

4.Conclusion

In this article, the aerodynamic performance characteristics and numerical analysis results of a propeller are given.
CFD analyses on a Navier-Stokes solver were conducted as a numerical method for thrust coefficient estimations.
In addition to these, the structural analysis data of our propeller, whose CFD analyses were performed at different
rpm, were examined schematically and in tables with 2 different material options. When our propeller is examined
in terms of efficiency, both thrust and power consumption increase with increasing rpm data. However, after about
10000 rpm, the power consumption increases more than the generated thrust. When examined in terms of
material selection, the deformation that occurs with increasing RPM in ABS material occurs much more than in
carbon fiber material.
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Anahtar Kelimeler Abstract: In this study, a system that can be used in unmanned aerial vehicles is proposed
watershed algorithm, in order to be informed early about the jellyfish infestation in coastal areas due to global
jellyfish detection, warming and to take necessary precautions. The main thing in this research is that the
computer vision,

dexterity of unmanned systems in the field of monitoring and information gathering was
used to detect jellyfish infestations. In this way, an early warning system can be
established for situations that may adversely affect important activities such as tourism
and hunting in coastal areas. For this, the Watershed Algorithm, which is one of the
classical computer vision techniques and is widely used to detect objects that are
overlapped or partially obscure, has been preferred. In order to show that this technique
can be used in the detection of jellyfish, in this study, firstly, experiments were performed
on a CPU-based system, and then the first system was verified in a second GPU-based
system. When the results were examined, the Watershed technique showed a success rate
of over 92% in detecting jellyfish. In the same tests performed on the GPU-based
embedded system used in unmanned aerial vehicles, similar results were obtained with a
change of 1%. Thus, it is considered quite appropriate to use the system created as an
early warning system for jellyfish detection.

embedded systems,
edge computing

IHA goriintiilerinden kiy1 bolgelerindeki denizanasi yogunlugunun ger¢ek zamanlh
tespiti icin kavramsal bir sistem onerisi

Anahtar Kelimeler: 0z: Bu calismada, kiiresel 1sisnmaya baglh olarak kiy1 bélgelerinde meydana gelen

Havza algoritmasi, denizanasi istilasindan erken haberdar olmak ve gerekli dnlemleri almak amaciyla

Deniz anast tespiti, insansiz hava araglarinda kullanilabilecek bir sistem 6nerilmistir. Bu arastirmadaki

b?_lgltq’_?yarh gorlme, asil mesele, insansiz sistemlerin izleme ve bilgi toplama alanindaki maharetinin

ﬁzglllqsssal;ltaexaer' denizanasi istilalarini tespit etmek i¢in kullanilmasidir. Bu sayede kiy1 bolgelerinde
turizm ve avcilik gibi 6nemli faaliyetleri olumsuz etkileyebilecek durumlar i¢in
erken uyar1 sistemi kurulabilecektir. Bunun i¢in Kklasik bilgisayarli gérme
tekniklerinden biri olan ve iist liste binen ya da kismen belirsiz olan nesnelerin
tespitinde yaygin olarak kullanilan Watershed Algoritmasi tercih edilmistir. Bu
teknigin denizanasi tespitinde kullanilabilecegini gostermek amaciyla bu ¢alismada
oncelikle CPU tabanli bir sistem {izerinde deneyler yapilmis ve daha sonra ilk sistem
GPU tabanli ikinci bir sistemde dogrulanmistir. Sonuglar incelendiginde, Watershed
teknigi denizanalarini tespit etmede %92'1n iizerinde bir basari orani gostermistir.
Insansiz hava araclarinda kullamilan GPU tabanh gémiilii sistem iizerinde yapilan
ayni testlerde %1'lik bir degisimle benzer sonuglar elde edildi. Bu nedenle erken
uyar1 sistemi olarak olusturulan sistemin denizanasi tespiti i¢cin kullanilmasi
olduke¢a uygun gorilmektedir.

*Corresponding Author, email: dereli@sakarya.edu.tr

192


https://orcid.org/0000-0002-1856-6083
https://orcid.org/0000-0002-3879-557X
https://orcid.org/0000-0003-0098-9018

A conceptual system proposal for real-time detection of jellyfish density in coastal areas from UAV images

1. Introduction

Along with the 2000s, we have frequently encountered jellyfish invasions and blooms in both visual media and
scientific studies [1]. In the last two decades, it has been observed in research that there may be disturbances in
the ecological balance that underlie the increasing extent of this situation. Ecologists attribute the reasons for this
to two factors: natural and anthropogenic. While factors such as winds, tides, surface currents, water
temperature, salinity and turbidity are shown among natural causes, anthropogenic causes are shown as
deterioration of water quality, overfishing, displacement and habitat change [2, 3]. It has been proven by
research that jellyfish species, which are known to be resistant to harsh environmental conditions, increase in
both cases [4]. As a result of the increase in the jellyfish swarm in a region, decreases in fish diversity will be
evident with extreme changes in water temperature and oxygen ratio. this will result in significant decreases in
the income status of the people in the region. If the region is at the forefront of tourism activity, then it will have
negative effects on the socio-economic status of the people living in the region [5, 6, 7].
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Figure 1. Jellyfish population in the last 10 years in countries (Malta, Italy, Spain, Tunisia)

Figure-1 shows the perception of jellyfish in the last ten years by people living in countries where fishing and
tourism are at the forefront, such as Malta, Spain, Italy and Tunisia. Since the study is based on a survey specifically
asked to people living in the coastal areas of the country, the results include three statements: increase, decrease
and constant. The results clearly show that the density of jellyfish in coastal areas is increasing day by day [8].

Table 1. Effect of jellyfish population on different marine activities (results represent positive answers as a percentage)

Malta Italy Spain Tunisia
Tourism 95.8 100 100 714
Ecosystem 25 22.2 60.6 28.6
Fisheries 29.2 55.6 90.9 28.6
Aquaculture 29.2 77.8 90.9 85.7
Human Health 100 74.4 100 50
Fish Health 28.6 100 100 50

Table-1 shows some of the effects that occur as a result of the increase in the jellyfish population in some countries
with a Mediterranean coast. This table actually clearly shows how the increase in the jellyfish population
negatively affects city life [8]. It is obvious that with the increase in the jellyfish population, life especially related
to fishing and tourism has been severely damaged. Therefore, as it is basically the subject of this study, it is
extremely important to determine the reasons for the increase in the jellyfish population in terms of solving the
problem and reducing the effects of its damages.

Although there are different techniques in the literature for detecting jellyfish, it is seen that current studies are
carried out with deep learning. Han et al. proposed a new deep learning model to detect both jellyfish density and
jellyfish species in their study using underwater images [9]. Martin et al. recorded the video obtained with the
underwater vehicle and processed it simultaneously in real time. With the deep learning model they created in the
system they have established, both jellyfish density and jellyfish species have been successfully determined [10].
Mcilwaine and Casado created an early warning system that detects jellyfish density through a deep learning
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model they created using images obtained by the UAV [11]. They created a dataset of 2141 underwater images of
seven jellyfish species and some fish. Using the deep learning model they created from this data set, they
determined the density of jellyfish in real time [12]. They created a dataset using different environmental videos
from coastal areas. Using this data set, they performed tests with the current YOLO algorithms, JF-YOLO and
YOLOv4, and increased the success rate up to 92% with the JF-YOLO deep learning model [13].

In this study, jellyfish densities in the images obtained from unmanned aerial vehicles were determined
accurately by a method using the watershed algorithm. Accordingly, a conceptual model of an expert system that
can make predictions on the recorded data with the artificial learning model to be created after monitoring
the jellyfish population and recording the numerical data obtained in certain periods is proposed. In the study,
the idea of using the watershed algorithm in the determination of jellyfish density is originality brought to the
literature and the system that is out of the idea is proposed conceptually because the other components of the
system are already widely used in the literature. When the current literature is examined, it is observed that the
deep learning method is dominant in similar studies. In this, preliminary stages such as creating a special
model and obtaining many different images for the training and testing of this model are required. However, in
this study, classical computer vision technique was applied to a few images and similar results were obtained. In
addition, one of the differences of this study from other studies in the literature is that the experiments are
carried out both on a PC and in a separate embedded system and their comparisons are made.

2. Material and Method

In this study, a conceptual system is proposed that detects jellyfish infestations, which has become an important
problem in coastal cities, by means of aerial monitoring via UAV and uses the data obtained to solve this problem.
However, the system was not entirely implemented in the study, but instead focused on the algorithm used to
detect jellyfish, which is the most important situation here. For this, images with different densities of jellyfish
taken from an unmanned aerial vehicle were used.

2.1. Monitoring Systems Based on UAV

The use of unmanned aerial vehicles has become widespread in the last decade for activities such as monitoring,
data collection and instant intervention [14]. Its capabilities such as being easy to obtain due to the widespread
use of its technology [15], being able to stay in the air for a long time with advanced battery systems [16],
activating the automatic flight system when necessary [17], and communicating with the ground station in real
time [18] contributed to the realization of the process much faster.

Image Machine & Deep

Image acquisition [l processing te.chnlques —_— Learning Model
and algorithms

Real-time Software

communication with == and database tools
ground station (Expert System)

Data Visualization
and Forecasting

Figure 2. Real-time monitoring system via UAV

The general system diagram used for UAV-based monitoring systems, which is conceptually proposed in this study
and is frequently preferred in the literature, is shown in Figure-2. As can be seen in this figure, the process starts
with the acquisition of the image with the UAV and as a result of the image processing techniques to be applied to
this image, the relevant objects are detected. The third step is completed by transferring the data obtained in the
second step to the learning model. Thus, the accuracy of the information obtained from the image processed in the
second step is improved. The ground control station, which can be seen as part-4 in Figure-2, is an important part
that provides real-time communication with the unmanned aerial vehicle. Through this part, snapshots can be
taken from the UAV camera, the environment can be monitored with the camera, or the UAV can be controlled
manually. In the next stage, the data transferred from the UAV to the ground station is transferred to the software
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that acts as the expert system in the general system. The software not only records the data in relation to date
and time, but also improves the system's prediction database. In the last stage, the expert system visualizes the
existing data and provides a clearer understanding of the current situation. In addition, it presents possible
situations for the next years to the users according to the artificial intelligence algorithm. The proposal realized
in this study is in the second part of the general system shown in Figure-2. Because, as can be clearly seen
in Figure-3, this study starts with the acquisition of the image and ends with the acquisition of the jellyfish
density information in the final stage. From the next stages, this information is interpreted and presented
to the authorities in different ways.

Especially in the last decade, it can be seen that the use of UAVs has been widely used in many fields such as
agriculture, mining, security, forest fire, traffic, maritime and meteorology. Agricultural field is one of the main
areas where many applications of unmanned aerial vehicles are seen, and it stands out in terms of the diversity of
applications. Some studies are on increasing the yield by observing the agricultural land with UAV, detecting the
stress conditions of the plants and taking the necessary precautions [18, 19]. Again in this area, it is seen that the
estimation of the yields of the products after the harvesting process from the images obtained from the field is
widely used by combining it with deep learning methods [20, 21]. Another application in this area is the
classification of vegetation in the field by using images obtained from unmanned aerial systems. Thus, an
important step has been taken to prevent possible damage caused by vegetation [22, 23].

The mining industry is an important field of activity for the discovery of underground riches, and applications in
which unmanned aerial vehicles are frequently used are encountered in this field too [24]. When we look at
mining studies, three important activities are carried out: exploration, exploitation and reclamation [25]. In the
literature, monitoring was carried out by using images obtained from UAV in all three activities [26, 27].

The main purpose of this study is to determine the jellyfish densities by processing the images of the coastal
areas monitored by an unmanned aerial vehicle in real time and instantaneously. An artificial intelligence
computer is integrated into the unmanned aerial vehicle for real-time processing of images. Images obtained
at 10 fps are directly transferred to this artificial intelligence computer and processed. As a result, jellyfish
density information is obtained as an output from this computer. In order to test the accuracy of the jellyfish
density information obtained in real time with the artificial intelligence computer, the images were
reanalyzed in the laboratory environment and the obtained results were compared with the artificial
intelligence computer.

Watershed Conversion
Output

Figure 3. Algorithm steps for detecting jellyfish

Figure-3 shows the algorithm used to subject the images obtained to jellyfish density detection. After performing
the Euclidean distance transformation at the end of the classical image processing steps, the algorithm was
terminated with the detection of jellyfish with the Watershed segmentation technique.
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2.2. Watershed Segmentation Technique

Watershed segmentation based on mathematical morphology is based on the contour structure in grayscale
images [28]. As it is known, in an image converted to gray, certain regions have dark tones and certain regions
have light tones. The Watershed algorithm considers these dark regions as hills and open regions as valleys.
Afterwards, the algorithm performs the process of distinguishing the objects in the image by filling the valleys
with water like a basin in the local regions that it has divided into valleys and hills [29]
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Figure 4. Watershed algorithm based on connected component (a: gray image, b: the connection of each pixel with the
smallest value, c: labeling of pixels)
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Figure-4 is a very good diagram in terms of describing the operation of the watershed algorithm. Because the
algorithm considers these regions as basins based on low and high density pixels and fills them with water. This
situation is illustrated in Figure-4b by showing the direction of the pixels towards the lowest pixel. In Figure-4c,
the labeling of the pixels was carried out according to the basin structure formed.

a - binary b - euclidean distance transform ¢ - the closest-pixel map
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
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7 1 0 0 0 0o |7 Q 1 14142 1 1 |7 7 7 30 30 38
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Figure 5. Watershed segmentation based on Euclidean distance transform

Another formation of the Watershed algorithm is the form that segments the binary image with Euclidean distance
transform instead of the gray image used in Figure-4, and it is shown in Figure-5. The "a" in this figure represents
the binary image and it can be seen that the segmentation transformation actually takes place around the "1s" in
this image. In the "b" image, the distance of each pixel to its nearest "0" is calculated. This calculation is known as
the Euclidean distance transform. The "c" image is the image where the pixels transform their neighborhood to a
map. Thus, the segmentation process is carried out according to these principles, as can be seen here.

2.3. Experimental Installation

As itis known, the topic of artificial intelligence has become the topic of the agenda when artificial neural network
algorithms have been instrumental in the emergence of different models over time and these models can be used
in many sectors [30]. This situation has led both to the rapid development and diversification of artificial
intelligence techniques used. However, this caused algorithms to need more data to work more efficiently. Thus, a
large amount of data has emerged that needs to be processed [31]. However, this situation caused the CPU system
to become inadequate over time, as it required training a network with thousands of data and required
preprocessing of this data over time [32]. To overcome this situation, both academia and industry have focused on
multi-core GPUs with sufficient memory resources and parallel processing capability [33].
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Figure 6. Architecture overview of CPU and GPU.

Figure-6 clearly shows the number of cores that the CPU and GPU architectures have, and even from this figure,
the fact that the GPU architecture is multi-core indicates that it has much more performance [34]. This extreme
performance of GPUs has over time allowed CPUs to use them as accelerators in big data and then to perform
artificial intelligence computing at the edge [35]. Thus, a device with the definition of artificial intelligence
computer, whose architecture can be seen in Figure-7, was born [36].
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Figure 7. Architecture of the Nvidia Jatson Xavier

As can be seen in Figure-7, the comprehensive block diagram is a highly advanced technology and the device called
Jatson can also be used as an embedded system with its portable feature. Not only does the multi-core structure
show the sophistication for such a system, but the amount of memory is also very important here. Especially if it
is used as an embedded system, the data to be processed in turn should be stored in a temporary memory.
Processing data is cached like L1 and L2, and processes are prioritized just like a CPU, allowing the device to
perform processes in a much shorter time.

Table 2. Experiment data used in the study (33)

No Image Resolution Total Size(MB) Total Images Individual Image Size (MB)
1 1024 x 768 216 90 2.4

2 1600 x 900 387 90 4.3

3 1920 x 1080 558 90 6.2

4 2560 x 1440 999 90 11.1

In the literature, the superiority of GPU over CPU has been demonstrated in many studies. In their study where
they compared GPU and CPU in terms of efficiency, they performed the test on the images processing. Table-2
contains information about the test data they used in their study, and Figure-8 illustrates the diagram of the data
they obtained as a result of the test [37].
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Figure 8. CPU and GPU execution times of different size images (37)

They compared the CPU and GPU in terms of performance by applying three different image processing techniques
to images with different pixel sizes in their study. As the results of the study are summarized in Figure-9, the
execution time by the CPU increases as the NxM size of the pictures increases. However, this increase is seen very
minimal in GPU [38].
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Figure 9. CPU and GPU execution times of different NxM size images
3. Results

In this study, two different systems were used to detect jellyfish through the images obtained: CPU and GPU. While
doing this, the aim is to compare the accuracy obtained in the processing performed on the cloud with the CPU
with the accuracy of the processing performed on the edge with the GPU and to contribute to the literature in this
sense. Therefore, it will be shown that processes can run in real time at the edge by means of an artificial
intelligence computer to be mounted on an unmanned aerial vehicle. In this study, the device referred to as
artificial intelligence computer is the Jatson Xavier model specially produced by Nvidia company to run artificial
intelligence algorithms in a short time with its GPU core structure. The information on the platforms used in the
test processes and the results obtained are shown in Table-3.

Table 3. Comparison platform properties

Platform-1: Computer Platform-2 GPU, Jatson Xavier

o Intel® Core™ i5-7300HQ6M Cache, up to 3.50 GHz o GPU: 384-core NVIDIA Volta™ architecture-based
Chipset: Intel® HM175 CPU: 6-core Carmel ARM® v8.2

Geforce® GTX1050 2GB GDDRS5 Memory: 4 GB 64-bit LPDDRA4; 25.6 gigabytes/second
8 GB DDR4-2400 MHz RAM OS Support: Linux for Tegra®

Windows OS Developer Kit Size: 70mm x 45mm

O O O O
O O O O

In the experiments, images obtained from unmanned aerial vehicles in different time periods were used. After
detecting the jellyfish in the image, the jellyfish density was calculated. Figure 10 shows the images used in the
experiments carried out within the scope of this study and the results obtained as a result of processing these
images on the CPU and GPU. Five different images were used in the experiments, and the density of jellyfish in each
image varies visibly. In fact, it can be said that as the density increases, the correct detection of jellyfish becomes a
little more difficult. The same is true for jellyfish, which are deeper in the water than on the surface. However, as

198



A conceptual system proposal for real-time detection of jellyfish density in coastal areas from UAV images

seen in Table-4, the accuracy of edge computation, which is the main purpose of the study, is clearly seen in these
experiments.

Table 4. Comparison of the results obtained in the experiments

Experiment No | Success Rate CPU Result GPU Result Deviation

1 92% 61,64% 60,37% 1,27%

2 94% 26,63% 26,47% 0,16%

3 95% 23,96% 22,48% 1,48%

4 98% 20,52% 19,38% 1,14%

5 100% 1,93% 1,93% 0%
Average | 0,81%

The versions of libraries operated in the study are given in Table 5. As can be seen from the table, the libraries
whose current versions are given have been tested on CPU and GPU simultaneously.

Table 5. Versions of libraries used in the experiments

Feature Version Feature Version
imutils 0.5.4 opencv 451
matplotlib 3.7.0 scipy 19.1
numpy 1.24.2 skimage 0.0

Figure-10 shows the data obtained by processing the images obtained from unmanned aerial vehicles at different
times from the coastal regions as a result of experiments. In the first experiment, the proposed technique was able
to detect jellyfish with 92% and calculated the density as 60% in CPU and GPU environments. In the second
experiment, the number of jellyfish decreased slightly and the detection rate increased to 94%. The density ratio
obtained in both CPU and GPU devices is seen as 26%. In the third experiment, the jellyfish detection success of
the technique was 95% and the density was 23%. Since the fourth experiment was an image with much less
jellyfish, the detection success was 98% and the density ratio was 20%. In the fifth and final experiment, a single
jellyfish was seen and was successfully detected. The density of jellyfish in the image was obtained as 1%.

CPU

-69 segment found
-jellyfish area: 210062,0366
-density: 61,64%

GPU

-61 segment found
-jellyfish area: 205750,1140
-density: 60,37%

Original Image-1
-image shape: 426, 800, 3
-image area: 340800

CPU

-52 segment found
-jellyfish area: 113328,5429
-density: 26,63%

Original Image-2 GPU
-image shape: 532, 800, 3

-image area: 425600

-53 segment found
-jellyfish area: 112647,2091
-density: 26,47%
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Original Image-3

-image shape: 427, 800, 3
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CPU

-62 segment found
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GPU

-63 segment found
-jellyfish area: 76790,1095
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Original Image-4

-image shape: 375, 800 ,3

-image area: 300000
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GPU

-22 segment found
-jellyfish area: 58135,4002
-density: 19,38%

Original Image-5

-image shape: 529, 800 ,3
-image area: 423200

Recently, similar studies are generally carried out with deep learning method. However, in order to use deep
learning methods, a model must first be created, and then the model must be trained with a lot of data. Therefore,
when the deep learning method is desired to be used, the preprocessing stage of the study can be quite laborious.
In this study, a similar project was carried out by directly applying a computer vision technique without the need
for any preliminary preparation. Therefore, the prominent feature of this study is seen as simplicity. Table-6 shows
the data comparing the Watershed Algorithm proposed in this study with the deep learning method used in
current studies in the literature. As it is clearly seen in this table, the method proposed in this study showed similar
success with the current techniques in the literature in detecting jellyfish density. In addition, while other studies
were carried out with PC, the experiments in this study were carried out on the Jatson embedded artificial

CPU
-1 segment found
-jellyfish area: 8150,1082

-density: 1,93%

GPU

-1 segment found
-jellyfish area: 8150,1082
-density: 1,93%

Figure 10. Images used in the experiments and their outputs

intelligence device, which is widely used in both PC and unmanned aerial vehicles [39].

Table 6. Summary table comparing some studies from the literature

Ref. Device Method Images used Details Accuracy (Avg.)
[9] PC Deep Learning Underwater images Density Detection | 95%
and classification
[10] PC Deep Learning Underwater videos Density Detection | 95%
and classification
[11] PC Deep Learning UAYV images Density Detection | 90%
[12] PC Deep Learning Underwater images Density Detection | 91%
(YOLOV3)
[13] PC Deep Learning (JF- | Different Density Detection | 92%
YOLO) environment videos
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This Paper | PC, Jatson | Watershed UAYV images Density Detection | 95%
Algorithm

4. Discussion and Conclusion

In this study, a conceptual system that can be used by an unmanned aerial vehicle and performs computation at
the edge is proposed for the detection of jellyfish density, which is one of the most important problems of coastal
regions. Therefore, in the study, the accuracy of the algorithm (Watershed) that can be used in this device, together
with the device that performs computation only at the edge, is revealed, not the system as a whole. Because the
design and implementation of an unmanned aerial vehicle system has been mentioned many times in the
literature. The issue here is the way computer vision and artificial intelligence calculations are performed
throughout the system. In the study, an artificial intelligence computer with a GPU was used for these calculations,
and the Watershed Algorithm was used to detect jellyfish. Images obtained by unmanned aerial vehicles at
different times of the day were processed, and the Watershed algorithm was run first on the PC and then on the
GPU, which is used as a computing device at the edge. As a result of the experiments, the rate of correctly detecting
jellyfish with both devices was over 90%, which clearly demonstrates the success of the algorithm. The variation
in the ratio of the CPU and GPU in terms of jellyfish density detection is about 1%. Therefore, this value clearly
shows that the Watershed Algorithm can be used in unmanned aerial vehicles with a computational device at the
edge. In the future, this work could perform the data collection phase in expert systems such as jellyfish early
warning. The collected data can be easily transferred to information systems automatically via a special wireless
connection method when the unmanned aerial vehicle arrives at the center. In this way, data can be visualized and
in-depth analysis can be performed.
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Anahtar Kelimeler Oz: Standart Penetrasyon Testi (SPT) ve Koni Penetrasyon Testi (CPT) zemin
Koni Penetrasyon Testi arastirmalarinda en sik kullanilan yontemler arasinda yer almaktadir. Birgok
f{tanda;t ll:enetrasyon Testi zemin parametresi SPT ve/veya CPT ile iliskilendirilmistir. Bu testlerden herhangi
apay Zeka

birinin yoklugunda bir digerinin kullanilabilmesi i¢in SPT-CPT arasinda giivenilir
bir korelasyonun elde edilmesi 6nem arz etmektedir. Bu ¢alismada literatiirden
yararlanilarak ¢esitli zemin tipleri icin SPT-N verilerine karsilik gelen CPT ile elde
edilmis u¢ direnci (qc) degerlerine ulasilmistir. SPT-N degerleri ile uc¢ direnci (qc)
verileri arasinda anlaml bir iliskinin var olup olmadigini arastirmak i¢in varyans
analizi gerceklestirilmistir. SPT-CPT korelasyonu i¢in yapay sinir aglari ile simiile
edilebilir aglar olusturularak her zemin tipine 6zgii yiliksek dereceli korelasyon
degerlerine sahip ayr1 fonksiyonlar elde edilmistir. Ulasilan sonuglar deneysel
verilerle ve literatiirdeki denklemlerle karsilastirilmistir. Boylece farkli zemin
tipleri i¢in yapay zeka destegiyle olusturulmus iyi derecede korelasyon degerlerine
sahip fonksiyonlarin yardimiyla SPT ile elde edilen sonuglarin CPT ile anlaml
olarak iliskilendirilmesine olanak saglanmistir. Farkli bolgelere ait ¢ok sayida
verinin kullanilmas1 durumunda yapay sinir aglar1 ile SPT-CPT korelasyonu
olusturmanin basarili bir yéntem olacagi sonucuna varilmistir.

SPT-CPT korelasyonu

Investigation of SPT-CPT Relationship for Various Soil Types with Artificial Intelligence

Support
Keywords Abstract: Among the most popular techniques for conducting soil investigations
Cone Penetration Test are the Standard Penetration Test (SPT) and Cone Penetration Test (CPT).

Standard Penetration Test
Artificial intelligence
SPT-CPT correlation

Numerous soil characteristics are linked with SPT and/or CPT. It is essential to
obtain a reliable correlation between SPT and CPT to use one of these tests
individually. In this study, the tip resistance (qc) values obtained with CPT
corresponding to SPT-N data for various soil types were reached utilizing the
literature. Analysis of variance was accomplished to establish whether there was a
considerable relationship between SPT-N data and tip resistance (qc) values.
Separate functions with high-order correlation values were obtained for each soil
type by creating simulatable networks with artificial neural networks for SPT-CPT
correlation. The acquired outcomes were compared with experimental results and
equations in the literature. As a result, functions in good correlation values created
by the support of artificial intelligence for various soil types have provided the
opportunity to correlate SPT and CPT outcomes significantly. It has been
concluded that using a large number of data from various locations will enable in
an effective way for generating SPT-CPT correlation with artificial neural
networks.
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1. Giris

Standart Penetrasyon Testi ve Koni Penetrasyon Testi zeminlerin cesitli parametreleri hakkinda bilgi sahibi
olmak amaciyla arastirmalarda en sik kullanillan yontemler arasinda yer almaktadir. Zeminlerin cesitli
parametrelerini tahmin etmek icin birgok arastirmaci [1-11] SPT ve CPT degerleri ile iliskiler kurmustur. Uzun
yillardir yaygin bir saha testi olarak kullanilan SPT, diger saha testlerine gore avantajlarindan dolay1 gliinlimiizde
hala popiilaritesini siirdirmektedir. Dolayisiyla zemin parametrelerinin diger arazi testleri yerine SPT verileri
ile iligkilendirilmesi daha yaygindir. SPT, diger saha testlerine gore dis sartlara daha bagimh bir testtir. Bu
sebeple uygulanan prosediiriin dogru bir sekilde isletilmesi dnem arz etmektedir. SPT uygulamalarinda dis
etkenlere bagl olarak anlamli sonuglar elde etmek icin sahada 6l¢iilen darbe sayisi dikkate alinan parametrelere
gore diizeltilir.

Koni penetrasyon testi, zemin parametrelerinin ¢esitli verilerle iliskilendirilebildigi poptiler bir diger arazi
uygulamasidir. Teknolojinin ilerleyisine bagl olarak bu test zaman icinde geliserek giiniimiizdeki halini almistir.
Giincel CPT uygulamalarinda u¢ direnci (qc), siirtiinme direnci (fs) ve bosluk suyu basinci parametrelerinin
6lciilmesi miimkiin hale gelmistir. CPT uygulamasinin SPT'ye gore ¢ok kanaldan veri saglama, daha giivenilir veri
elde etme ve siirekli bir profil saglama gibi ¢esitli avantajlar1 vardir. Ancak belirtilen 6zelliklerden dolay1 CPT
testinin kullanimi artmis olsa da cihazin maliyetinin yiiksek olmasi, cihazi kullanacak uzman operator
yetersizligi, cihazin her yerde bulunmamasi gibi nedenlerden dolayr SPT uygulamasinin sik kullanimi
giiniimiizde devam etmektedir [12]. Bu kapsamda SPT ve CPT verilerinin birbirlerine giivenli korelasyonlar ile
doniistimlerinin yapilabilmesi dnem arz etmektedir. SPT ve CPT degerlerini birbirine doniistirmek amaciyla
literatiirde cesitli calismalar yer almistir [12-20]. Bu kapsamda kurulan iligkilerin hata paylarinin diisiik ve
korelasyon katsayilarinin yiiksek olmasi iyi tahminler elde etmek i¢in 6nemli bir noktadir. Cesitli yontemlerle
elde edilebilen tahmin fonksiyonlarinin iyi derecede korelasyonlarla olusturulmas i¢in bir¢ok faktér duruma
etki etmektedir. Ancak bu faktdrlerden en 6nemlisi anlamli derecedeki veri sayisidir. Anlaml veri sayisi arttikga
arazideki duruma daha yakin sonuglarin elde edilmesi miimkiin olmaktadir. Bu calisma kapsamindaki
arastirmalarda verileri dikkate alinan Jarushi ve ark. [20], SPT-N degerlerine bagl olarak CPT ile elde edilen qc
degerlerini tahmin ettikleri ¢alismalarinda birgok zemin tipi i¢in ¢ok sayida veri kullanarak regresyon analizleri
gerceklestirmislerdir. SPT ve CPT verilerinin farkli noktalardan alinmasi iyi derecede korelasyonlarin elde
edilmesinde 6nemlidir.

Teknolojinin gelisimine bagh olarak bilgisayarlarin bellek ve islemci kapasitelerinin gelismesiyle veri tahmin
yontemleri i¢in yapay sinir aglarinin kullanimi popiilerlesmistir. Yapay zekanin ¢alisma sistemi insan beyninin
bilgi isleme yontemine benzer niteliktedir. Yapay sinir aglari sistemlerinde yer alan néronlar birbirlerine
baglanarak 6grenme 6zelligine sahip yapilar olustururlar [7]. Bu sistemde yer alan her néron kendisine bagh
noronlara gonderilen sinyaller sayesinde iletisim saglar. Boylece katmanlar arasi baglantinin saglanmasi
miimkiin hale gelir. Yapay zeka sistemlerinde veriler yeterli diizeyde egitilerek ¢ikt1 katmaninin veri tahmini
yapmasini saglar. Bu baglamda yapay sinir aglar1 kullanilarak iyi derecede veri tahminleri yapilabilmesi icin
yeterli verinin bulunmasi 6nemli bir etkendir. Literatiirde geoteknik mihendisligi kapsaminda yapay sinir
aglarmin kullanildigr ¢alismalar mevcuttur [21-27]. Bu c¢alismalar yapay zeka uygulamalarinin geoteknik
mithendisligi kapsaminda islevsel oldugunu gdstermektedir. Ayrica ingsaat miithendisliginin diger alanlarinda da
yapay zeka destekli calismalar yiiriitiilmektedir [28-29].

Bu c¢alisma kapsaminda, literatiirde yer alan deneysel verilerden yararlanilarak farkli noktalardaki ¢ok sayida
diizeltilmemis SPT-N verisine karsilik gelen cesitli zeminlerin CPT ug direnci (qc) degerleri elde edilmistir. SPT
ile CPT verileri arasinda tahmin fonksiyonlari olusturmak i¢in bu veriler kullanilarak yapay sinir aglar ile simiile
edilebilen aglar olusturulmus ve elde edilen korelasyonlar degerlendirilmistir. Yapay sinir ag1 olusturmada
kullanilan SPT ile CPT verilerinin arasinda anlaml bir iliskinin var olup olmadigini arastirmak i¢in varyans
analizi gerceklestirilmistir. CPT u¢ direnci (qc) degerlerini SPT verileri araciligiyla tahmin edebilmek i¢in yapay
sinir aglar kullanilarak simiilasyonlar yapilmistir. Yapay sinir aglar: ile elde edilen sonuglar, literatiirdeki
denklemler ve deneysel sonuglarla karsilastirilmistir.

205



SPT-CPT iligkisinin Yapay Zeka Destegiyle Cesitli Zemin Tipleri i¢in Arastirilmasi
2. Materyal ve Metot
2.1. Simiilasyonlarda kullanilan verilerle ilgili detaylar

Bu ¢alisma kapsaminda SPT-N verilerine karsilik gelen ¢esitli zeminlerin CPT ug direnci (qc) degerlerinin tahmini
icin iyi derecede korelasyon Kkatsayilarina sahip aglar olusturabilme 6zelliginden dolay1 geoteknik
miithendisliginde basarili simiilasyon 6rnekleri bulunan yapay sinir aglar1 kullanilmistir. Bu ¢alismada yapay
sinir aglarinda simiile edilmek ilizere secilen veri seti, Jarushi ve ark. [20] tarafindan sunulan calismada yer alan
farkli zemin tipleri i¢cin SPT-N verilerine karsilik deneysel olarak elde edilmis CPT ug direnci (qc) degerlerinden
olusmustur. Sekil 1’de Jarushi ve ark. [20] tarafindan c¢alisilan bolge (Florida, Amerika Birlesik Devletleri)
gosterilmistir.

Sekil 1. Simiilasyonlarda kullanilan verilerin bulundugu boélge

Jarushi ve ark. [20], dikkate alinarak alt1 farkli zemin tipi icin deneysel veriler degerlendirmeye alinmistir. Sekil
2’de USCS sistemine gore SP-SM sinifinda yer alan zemin i¢in fonksiyon olusturmada kullanilan deneysel veriler
[20] sunulmustur.
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Sekil 2. USCS sistemine gore SP-SM sinifinda yer alan zemin i¢in fonksiyon olusturmada kullanilan deneysel veriler [20]

Sekil 3’'te USCS sistemine gore SP sinifinda yer alan zemin i¢in fonksiyon olusturmada kullanilan deneysel veriler
[20] sunulmustur.
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25 k USCS Zemin Sinifi: SP

SPT-N
Sekil 3. USCS sistemine gore SP sinifinda yer alan zemin i¢in fonksiyon olusturmada kullanilan deneysel veriler [20]

Sekil 4'te USCS sistemine gore SM sinifinda yer alan zemin i¢in fonksiyon olusturmada kullanilan deneysel veriler
[20] sunulmustur.
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Sekil 4. USCS sistemine gore SM sinifinda yer alan zemin i¢in fonksiyon olusturmada kullanilan deneysel veriler [20]

Sekil 5’te USCS sistemine gore SC sinifinda yer alan zemin igin fonksiyon olusturmada kullanilan deneysel veriler
[20] sunulmustur.
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Sekil 5. USCS sistemine gore SC sinifinda yer alan zemin i¢in fonksiyon olusturmada kullanilan deneysel veriler [20]
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Sekil 6’da USCS sistemine gore SM-SC sinifinda yer alan zemin i¢in fonksiyon olusturmada kullanilan deneysel
veriler [20] sunulmustur.
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Sekil 6. USCS sistemine gore SM-SC sinifinda yer alan zemin i¢in fonksiyon olusturmada kullanilan deneysel veriler [20]

Sekil 2-6’'da sunulan veriler i¢in yapay sinir aglar1 kullanarak fonksiyon olusturmadan 6nce verilerin istatistiksel
olarak anlamli olup olmadiklarini incelemek amaciyla tiim veri setlerine varyans analizi yapilmistir.

2.2. Varyans Analizi

SPT verilerinin degisiminin CPT ug direnci (qc) degerleri iizerinde istatistiksel olarak anlamlhiligini arastirmak
icin ilgili verilerle varyans analizi yapilmistir. Varyans analizinde Genellestirilmis Dogrusal Model kullanilmistir.
Bu calismada diizeltilmemis SPT-N degerleri bagimsiz degisken olarak isleme alinirken CPT ug¢ direnci (qc)
degerleri ise bagiml degisken olarak belirlenmistir. Gergeklestirilen varyans analizi ¢alismasinin sonuglari
Boliim 3.1'de sunulmus ve degerlendirilmistir.

2.3. Yapay Sinir Aglar1 ile Modelleme ve Analiz

Yapay zeka giiniimiizde bir bilim alan1 olarak kabul edilmektedir ve yapay zeka sistemlerinde makinelerin
yaratici davranarak ¢oziimler iiretmesi hedeflenmektedir. Yapay zekanin bir tiriini olan yapay sinir aglari ile veri
tahmin modelleri olusturmak icin ag1 egitebilecek diizeyde yeterli veri sayisina ulagsmak gerekmektedir.
Kullanilan veri ve degisken sayisinin artmasi islem siiresinin artmasina neden olmaktadir. Bu kapsamda veri seti
ve degisken sayisi arttik¢a gelismis bilgisayar sistemlerine duyulan ihtiya¢ fazlalasmaktadir. Giiniimiizdeki
bilgisayarlarin bellek ve islemci sistemleri yapay zeka kullanimi icin ihtiya¢ duyulan sistem gereksinimlerini
biiylik oranda karsiladigindan miihendislik problemlerinde yapay zeka araclarinin kullanimi artis géstermistir.
Yapay sinir aglari ile olusturulan aglar yeni iliskiler kurma ve 6grenme kabiliyetine sahiptirler. Bu sistemde girdi
olarak sunulan veriler egitilir ve olusturulan simiilasyonda ¢iktilar i¢in tahmin yapilmasi saglanir. Standart egri
uydurma islevlerine kiyasla yapay sinir aglari ile iyi derecede tahmin fonksiyonlar: olusturmak miimkiindiir. Bu
calismada SPT-N verileri ile CPT ug¢ direnci (qc) degerleri arasinda yapay sinir aglar1 kullanilarak tahmin
fonksiyonlar1 Matlab yaziliminda [30] iretilen kodlama araciligiyla olusturulmustur. Tablo 1'de bu g¢alisma
kapsamindaki tiim yapay sinir ag1 modellerinde kullanilan segenekler sunulmustur.

Tablo 1. Bu ¢alisma kapsamindaki tiim yapay sinir ag1 modellerinde kullanilan segenekler

Egitim, test ve validasyon verilerinin secimi Rastgele
Egitim, test ve validasyon verilerinin yiizdesel
dagilisi %70-%15-%15
Gizli katman sayisi 1

Noron denemeleri 1ile 16 arasi

Ortalama
Performans fonksiyonu karesel hata
iterasyon Sayisi Otomatik secim

Bayesian

Segilen yontem Regularization
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Yapay sinir aglarinda girdi olarak diizeltilmemis SPT-N degerleri, ¢ikt1 olarak CPT ug direnci (qc) kullanilmistir.
Verilerin %70’i egitim icin ayrilirken %15'i test ve %15’ ise validasyon degerleri olarak rastgele bir sekilde
ayrilmistir. Rastgele ayrilan %70’lik egitim setinde iyi tahminler yapilabilmesi i¢in secilen veriler ile yapay sinir
aglan egitilmistir. Sistemin belirtilen kisitlar dahilinde en iyi performansin oldugu noktay1 yakalamasi i¢in
otomatik iterasyon tercih edilmistir. Validasyon verileri ile egitim esnasinda model performansi dogrulanmis ve
egitimin dogru sekilde gidip gitmedigi belirlenmistir. Béylece hatali veri uydurma islevi 6nlenmistir. Test seti ise
validasyondan farkl bir bicimde egitim islemi tamamladiktan sonra modeli test etmek icin kullanilmis ve
modelin ne kadar iyi performans sergiledigi arastirilmistir. Bu ¢alisma kapsamindaki tiim yapay sinir agi
modellerinde regresyon fonksiyonunun olusturulmasi icin iyi tahminler yapabilen Bayesian Regularization
yontemi kullanilmistir. Degerlendirilen parametreler bir girdi ve bir c¢iktidan olustugu i¢in tek gizli katman
secilmis olup néron sayisi 1 ile 16 arasinda degistirilmistir. Performans fonksiyonu olarak ortalama karesel hata
secilmistir. Sekil 7’de bu ¢alisma kapsamindaki tiim yapay sinir ag1 modellerinde kullanilan algoritma

sunulmustur.

[ Durumlari Degerlendir ]

Gizli Katman Cikt1 Katmani
| o |+ D+ -+ []
Tek Girdi Tek Cikti
1 e=16 l
[ Ag Secimi

|

Denetleme

[ Secilen Agi Kullan ]

Sekil 7. Bu ¢alisma kapsamindaki tiim yapay sinir ag1 modellerinde kullanilan algoritma

Kullanilan algoritmada ag se¢imi yapilirken en uygun ag elde edilene kadar dongii devam edecek sekilde bir yap1
olusturulmustur. Varyans analizi sonucunda bagimli ve bagimsiz degiskenler arasinda anlamli bir iliski
bulunmustur. Bu baglamda anlamli bulunan veriler yapay sinir aglari ¢6ziim algoritmasina aktarilmistir. Sekil
7’de gosterilen w, tiim agirliklar: ve b egilimleri ifade etmektedir. Her bir veri setini kapsayan her analiz i¢in 16
farkli kombinasyon degerlendirilmis ve istatistiksel anlamda en iyi sonucu veren kombinasyon ilgili algoritma
tarafindan sec¢ilmistir.
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3. Bulgular
Calismanin Materyal ve Metot kisminda yer alan analizlerin sonuglari asagidaki alt boliimlerde sunulmustur.
3.1. Varyans Analizi
Tablo 2’de bu ¢alisma kapsaminda yiiriitiilen tiim varyans analizlerinin sonug¢lari1 sunulmustur.

Tablo 2. Varyans analizi sonuglari

Parametreler

= x
= 85 = 5 =
2 E% E < E
£ 60 >80 B0sgn  Serbestlik Kareler Ortalama N =
£ T O 8o . F P-degeri =
5 =) ® A Derecesi Toplam Kare 5
N
_ ) qc 1 668.84 668.84 5.92 0.019 Evet
SP-SM SPT-N Hata 45 5081.49 112.92
i qc 1 427.03 427.03 35.15 4.8x10-% Evet
SP SPT-N Hata 23 279.39 12.14
i qc 1 109.23 109.23 13.33 0.0013 Evet
SM SPT-N Hata 24 196.59 8.19
i qc 1 45.39 45.39 4.29 0.045 Evet
S¢ SPT-N Hata 38 401.55 10.56
i i qc 1 400.14 400.14 14.66 0.00076  Evet
SM-SC SPT-N Hata 25 681.99 27.27

%95 gliven araliginda gerceklestirilen varyans analizleri sonucunda P-degerleri tiim analizlerde 0.05’ten kiigiik
olarak elde edilmistir. Boylece Tablo 2’de sunulan SPT-N degerine bagl olan CPT- qc degerinin istatistiksel olarak
anlaml oldugu belirlenmistir. Tiim zemin siniflar1 i¢cin anlaml iligkiler elde edildiginden tiim deneysel veriler
yapay sinir aglarinda model olusturmak i¢in kullanilmistir.

3.2. Yapay Sinir Aglari ile Gergeklestirilen Simiilasyonun Sonuglar1

Sekil 7’de gosterilen algoritma kapsaminda yapay sinir aglari kullanilarak tiim veri setlerinde 16 farkli néron
kombinasyonu ile olusturulan aglar arasindan istatistiksel olarak en iyi sonucu veren segenekler secilmistir.
Bayesian Regularization ydntemiyle olusturulan yapay sinir aglarinin simiile edilmesiyle veri tahminleri
gerceklestirilmistir. Sekil 8'de ¢alisilan tiim veriler i¢in elde edilmis egriler ve R degerleri sunulmustur.

R=0.85809

R=0.69369

R=0.90425

0 10 20 30 40 50 a) 5 0 15 20 b) 5 10 15 20 )

Hedef Hedef

R=0.31957 R=0.94577

€)

Sekil 8. Yapay sinir aglari ile olusturulan regresyon fonksiyonlarinin ¢esitli zemin tipleri i¢in istatistiksel verileri;

a) SP-SM, b) SP, ¢) SM, d) SC, e) SM-SC
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Sekil 9’da calisilan tiim zemin tipleri i¢in segilen tim aglarin fonksiyon egri uydurma ve hata durumlari
gosterilmistir. Hata oranlarinin egitim, test ve dogrulama (validasyon) verileri icin diisiik ve birbirlerine yakin
olmasi elde edilen fonksiyonlarin gegerliligini gostermektedir.

td =
. ® % . %,
- i H
- - =
P < A
o = z
Z 2 z
o o o

0

»

- 0 2 30 5 P 5 5
= = 8 of
= g 0

Girdi Girdi Girdi
a) b) )

"
" :‘ < Egitim Hedefleri
S 4 E ~ege
2 | = +  Egitim Ciktilar1
s a1 , g - Dogrulama Hedefleri
z L U | R AN B 2 =
l E//”"*' L I hd Dogrulama Ciktilar:

e Test Hedefleri

2

. +  Test Ciktilar

o P 20 “ P w 0 0 3
| Hatalar

= = -
z 5 Egri

i

Girdi Girdi
d) €)

Sekil 9. Calisilan tiim zemin tipleri i¢in secilen tiim aglarin fonksiyon egri uydurma ve hata durumlari

Sekil 10’da SP-SM zemin sinifi icin SPT-N degerlerine karsilik gelen CPT-qc deneysel verileri, Jarushi ve ark. [20]
tarafindan olusturulan denklem ile elde edilen sonuglar ve bu calisma kapsaminda yapay sinir aglar1 kullanarak
elde edilen degerlerin karsilastirilmasi sunulmustur.

Deneysel Veriler Bu ¢alisma-Yapay Sinir Aglari @ Jarushive ark. [20]
60
USCS Zemin Sinifi: SP-5VI
50 R%: 0.11 (Jarushive ark. [20])
- RMSE:10.39 (Jarushive ark. [20])
o R
._E__ 40
&
E 30 |
[¥)
20 F - [ ]
b oo Py [ __J
ome *
10 ._-0-""'"
0 1 1 1 ! ! ! !
0 10 20 30 10 50 60 70 80 90
SPT-N

Sekil 10. SP-SM zemin siifi igcin SPT-N degerlerine karsilik gelen CPT-qc deneysel verileri, Jarushi ve ark. [20] tarafindan
olusturulan denklem ile elde edilen sonuglar ve bu ¢alisma kapsaminda yapay sinir aglar1 kullanarak elde edilen degerlerin
karsilastirilmasi

Sekil 11’de SP zemin sinifi icin SPT-N degerlerine karsilik gelen CPT-qc deneysel verileri, Jarushi ve ark. [20]
tarafindan olusturulan denklem ile elde edilen sonuglar ve bu ¢alisma kapsaminda yapay sinir aglari kullanarak
elde edilen degerlerin karsilastirilmasi sunulmustur.
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Deneysel Veriler Bu Calisma-Yapay Sinir Aglar @ Jarushive ark. [20]
30
USCS Zemin Sinifi: SP
25 F
E R2: 0.6 (Jarushi ve ark. [20])
= 20 F RMSE:3.34 (Jarushi ve ark. [20]) °
o
= 15 | o
S [ ]
o
° [ ]
10 B [} “
5 »e®
oo *
O L L L L L
0 10 20 30 40 50 60
SPT-N

Sekil 11. SP zemin sinifi icin SPT-N degerlerine karsilik gelen CPT-qc deneysel verileri, Jarushi ve ark. [20] tarafindan
olusturulan denklem ile elde edilen sonuglar ve bu ¢alisma kapsaminda yapay sinir aglari kullanarak elde edilen degerlerin
karsilastirilmasi

Sekil 12’de SM zemin sinifi icin SPT-N degerlerine karsilik gelen CPT-qc deneysel verileri, Jarushi ve ark. [20]
tarafindan olusturulan denklem ile elde edilen sonuglar ve bu ¢alisma kapsaminda yapay sinir aglari kullanarak
elde edilen degerlerin karsilastirilmasi sunulmustur.

Deneysel Veriler Bu calisma-Yapay Sinir Aglan @ Jarushi ve ark. [20]
30
USCS Zemin Simifiz SV
25 F
R2:0.35 (Jarushive ark. [20])
— 20 k RMSE:2.75 (Jarushive ark. [20])
a
2
- 15 F [ ]
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=
S 10t ° b
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Sekil 12. SM zemin sinifi i¢cin SPT-N degerlerine karsilik gelen CPT-qc deneysel verileri, Jarushi ve ark. [20] tarafindan
olusturulan denklem ile elde edilen sonuglar ve bu ¢alisma kapsaminda yapay sinir aglar1 kullanarak elde edilen degerlerin
karsilastirilmasi

Sekil 13’te SC zemin sinifi i¢cin SPT-N degerlerine karsilik gelen CPT-qc deneysel verileri, Jarushi ve ark. [20]
tarafindan olusturulan denklem ile elde edilen sonuglar ve bu calisma kapsaminda yapay sinir aglar1 kullanarak
elde edilen degerlerin karsilastirilmasi sunulmustur.
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Deneysel Veriler Bu calisma-Yapay Sinir Aglan @ Jarushive ark. [20]
20
18 | USCS Zemin Sinifi: SC
16 F R?: 0.1 (Jarushi ve ark. [20])
14 RMSE:3.17 (Jarushi ve ark. [20])
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Sekil 13. SC zemin sinifi i¢in SPT-N degerlerine karsilik gelen CPT-qc deneysel verileri, Jarushi ve ark. [20] tarafindan
olusturulan denklem ile elde edilen sonuglar ve bu ¢alisma kapsaminda yapay sinir aglari kullanarak elde edilen degerlerin
karsilastirilmasi

Sekil 14’te SM-SC zemin sinifi i¢cin SPT-N degerlerine karsilik gelen CPT-qc deneysel verileri, Jarushi ve ark. [20]
tarafindan olusturulan denklem ile elde edilen sonuglar ve bu ¢alisma kapsaminda yapay sinir aglar1 kullanarak
elde edilen degerlerin karsilastirilmasi sunulmustur.

Deneysel Veriler Bu Calisma-Yapay Sinir Aglan @ Jarushi ve ark. [20]
35
30 USCS Zemin Sinifi: SM-5C
R2:0.37 (Jarushive ark. [20])
75 | RMSE:5.02 (Jarushi ve ark. [20])
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Sekil 14. SM-SC zemin sinifi icin SPT-N degerlerine karsilik gelen CPT-qc deneysel verileri, Jarushi ve ark. [20] tarafindan
olusturulan denklem ile elde edilen sonuglar ve bu ¢alisma kapsaminda yapay sinir aglari kullanarak elde edilen degerlerin
karsilastirilmasi

Veri tahmini i¢in kullanilan yontemlerin tahmin basarisini karsilastirmak icin Sekil 10-14’te sunulan grafikler
¢izilmistir. Elde edilen grafikler icin korelasyon katsayilar1 (R?) ve ortalama karesel hatalarin kokleri (RMSE)
hesaplanmistir. ilgili grafiklerde goriildiigii iizere bu ¢calisma kapsaminda yapay sinir aglar1 kullanarak yapilan
veri tahminleri deneysel verilere oldukca iyi diizeyde yaklasmis olup hicbir analizde Jarushi ve ark. [20]
tarafindan yapilan veri tahmini istatistiksel basarisinin altinda kalinmamistir. Bes farkli zemin tipi icin yapilan
analizlerin dérdiinde Jarushi ve ark. [20] tarafindan yapilan tahminlere gore ¢ok iyi diizeyde korelasyon katsayisi
elde edilmistir. SC zemin tipi i¢in ise her iki yontemin tahmin basarisi neredeyse aynidir. Bu ¢alisma kapsaminda
yapay sinir aglari ile deneysel verilere en ¢ok yaklasilan en iyi tahminler ise SM-SC zemin tipinde ger¢eklesmistir.
Tablo 3’te tiim zemin tipleri icin bu ¢alisma kapsamindaki yapay sinir aglari ile olusturulan fonksiyonlarin ve
Jarushi ve ark. [20] tarafindan yapilan veri tahminlerinin istatistiksel degerlendirmeleri sunulmustur.
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Tablo 3. Tiim zemin tipleri i¢in bu ¢alisma kapsamindaki yapay sinir aglari ile olusturulan fonksiyonlarin ve Jarushi ve ark.
[20] tarafindan yapilan veri tahminlerinin istatistiksel degerlendirmeleri

Zemin RZ: R2: RMSE: RMSE:
Sinifi (Jarushi ve (Bu (Jarushi ve (Bu
ark. [20]) Calisma) ark. [20]) Calisma)

SP-SM 0.11 0.48 10.39 8.29
SP 0.60 0.81 3.34 2.46
SM 0.35 0.73 2.75 1.97
SC 0.10 0.10 3.17 3.17

SM-SC 0.37 0.89 5.02 2.07

Ortalama 0.30 0.60 4.93 3.59

Tablo 3’te goriilebilecegi lizere bu ¢alisma kapsaminda yapay sinir aglari simiilasyonlari ile tiim zemin tipleri i¢in
elde edilen ortalama R? degeri 0.6 iken Jarushi ve ark. [20] tarafindan yapilan veri tahminlerinde ortalama R2
degeri 0.3’tlr. Benzer sekilde hatay1 tanimlayan RMSE degerlerinde bu c¢alisma kapsaminda yapay sinir aglari
simiilasyonlari ile tiim zemin tipleri i¢in elde edilen ortalama deger 3.59 iken Jarushi ve ark. [20] tarafindan
yapilan veri tahminlerinde ortalama deger 4.93tiir. istatistiksel veriler hem ortalama bazli hem de zemin tipi
bazli ayr1 ayr1 degerlendirildiginde bu ¢alisma kapsaminda yapay sinir aglari ile yapilan veri tahminlerinin diger
yonteme gore ¢ok daha iyi sonuglar verdigi belirlenmistir.

4. Tartisma ve Sonug

Zemin mekanigi kapsamindaki c¢alismalarda bir¢ok zemin parametresinin SPT ve CPT ile iliskilendirildigi
bilinmektedir. SPT-CPT arasinda iyi derecede bir korelasyonun elde edilmesi belirtilen testlerden herhangi
birinin uygulanamamasi durumunda diger testin kullanilabilmesi adina gerekli bir durumdur. Bu ¢alisma
kapsaminda SPT-CPT arasinda iyi derecede bir korelasyon elde edebilmek icin literatiirden yararlanilarak cesitli
zemin tipleri icin deneysel verilere ulasilmistir. Ulasilan deneysel verilerin anlamlilig1 istatistiksel olarak
belirlendikten sonra yapay sinir aglari ile SPT-CPT iliskisine ait yiiksek dereceli korelasyonlarda her bir veri seti
icin ayr fonksiyonlar elde edilmistir. Koni Penetrasyon Testi ile elde edilen qc degerleri Standart Penetrasyon
Testi verilerine bagl olarak yapay sinir aglari ve literatiirde sunulan denklemler kullanilarak hesaplanmistir. Her
iki yontem birbiri ile kiyaslanmis ve istatistiksel olarak en iyi sonucu veren yontem belirlenmistir. Veri
tahmininde kullanilan yontemleri karsilastirmak icin deneysel verileri ve her iki yontemin de tahmin sonuglarini
iceren grafiksel c¢ozlimlemeler yapilmistir. Olusturulan grafiklerde tiim yontemler deneysel verilerle
kiyaslanarak korelasyon katsayilar1 (R%) ve ortalama karesel hatalarin kokleri (RMSE) hesaplanmistir. Elde
edilen grafiklerden ve istatistiksel ¢cozlimlemelerden bu ¢alisma kapsamindaki yapay sinir aglari ile yapilan veri
tahminlerinin deneysel verilere iyi diizeyde yaklasmis oldugu ve hicbir analizde dikkate alinan literatiirdeki veri
tahmin yodnteminin istatistiksel basarisinin altinda kalinmadigi belirlenmistir. SP-SM, SP, SM, SC, SM-SC
siiflarindaki farkli zemin tipleri icin yapilan analizlerin doérdiinde dikkate alinan literatiirdeki veri tahmin
yontemine gore cok iyi diizeyde korelasyon katsayilarina ve diisiik hata oranlarina ulagilmistir. Yapay sinir
aglaryla yapilan tahminlerde SC zemin tipi i¢in diger yontemle olduk¢a benzer korelasyon katsayilar1 ve hata
oranlar1 elde edilirken bu ¢alisma kapsamindaki simiilasyonlarda deneysel verilere en ¢ok yaklasilan SM-SC
zemin tipinde gercgeklestirilen analizler olmustur. Dikkate alinan literatiirdeki tahmin yontemi ile
gerceklestirilen veri tahminlerinde ortalama RZ degeri 0.3 iken yapay sinir aglar1 similasyonlar1 kullanilarak bu
calisma kapsaminda dikkate alinan tiim zemin siniflari icin elde edilen ortalama R? degeri 0.6’dir. Ayrica hata
gostergesi olan RMSE degerlerinde dikkate alinan literatiirdeki tahmin yontemi ile yapilan veri tahminlerinde
ortalama deger 4.93 iken bu ¢alisma kapsaminda yapay sinir aglar1 similasyonlari ile tiim zemin tipleri i¢in elde
edilen ortalama deger 3.59 olmustur. Istatistiksel veriler acisindan hem zemin tipine hem de ortalama degerlere
gore ayr1 ayr1 degerlendirme yapildifinda bu ¢alisma kapsaminda yapay sinir aglar1 ile yapilan veri
tahminlerinin literatiirde yer alan yonteme gore ¢ok daha anlaml sonuglar verdigi goriilmiistiir. Béylece yapay
sinir aglar1 ile elde edilen istatiksel basar1 dikkate alindiginda cesitli zemin siniflar1 i¢in yapay zeka ile
olusturulmus iyi derecede korelasyon degerlerine sahip fonksiyonlar aracilifiyla SPT ile elde edilen sonuglarin
CPT ile anlaml olarak iliskilendirilmesine olanak saglandig sdylenebilir. Bu kapsamda farkl ¢alisma sahalarina
ait ¢ok sayida veri setinin kullanilmasi durumunda yapay sinir aglar1 ile SPT-CPT korelasyonu elde etmenin
basarili bir yontem olacagi sonucuna varilmistir.
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Keywords Abstract: In the periodic table, cobalt is the second-highest magnetic element at

g agollzartlcle, room temperature, which makes it a material of choice in many applications ranging
ovaL from magnetic sensors and memory devices to catalysis and magnetic resonance

Nanofabrication, . . . . . .

Magnetism imaging. Cobalt nanoparticles have been synthesized via chemical methods to

further capitalize on their properties. However, the limited range of nanoparticle
sizes and purity is the biggest challenge encountered when traditional synthesis
approaches are considered. In order to fully realize the potential of cobalt
nanoparticles, this research uses a non-chemistry-based, synthetic nanofabrication
approach to produce ferromagnetic and surface passivated cobalt nanoparticles
that are less than 100 nm in size.

Sentetik Nanofabrikasyon Yontemiyle Silika Kapli Kobalt Nanoparcaciklarinin Uretimi

Anahtar Kelimeler 0z: Kobalt, periyodik tablodaki elementler arasinda, oda sicakhiginda en yiiksek
Nanopargacik, ikinci manyetik elementtir ve bu, onu manyetik sensérler ve hafiza cihazlarindan

Kobalt, . kataliz ve manyetik rezonans goriintiilemeye kadar bir¢ok uygulamada tercih edilen
Nanofabrikasyon, bi | hali irmistir. Kobal Kl | itibarivle ki ]
Manyetizma ir malzeme haline getirmistir. Kobalt nanopargaciklar1 genel itibariyle kimyasa

yontemlerle sentezlenmistir. Bununla birlikte, sinirli nanopargacik boyutlar1 ve
saflik limitleri, geleneksel kimyasal sentez yaklasimlari géz oniine alindiginda
karsilasilan en biiylik zorluklardir. Kobalt nanopargaciklarinin potansiyelini tam
olarak gerceklestirmek icin, bu arastirma, ferromanyetik ve ytizeyi pasiflestirilmis,
100 nm alt1 boyutlarda kobalt nanoparcaciklari iiretmek icin 1slak kimya temelli
olmayan, sentetik bir nanofabrikasyon yaklasimini rapor etmektedir.

*Corresponding Author, email: yavuznuri@gmail.com

1. Introduction

Cobalt (Co) is one of the most promising metallic nanoparticles (NPs) and has been of significant interest to
researchers from a variety of sectors for a long time. Co NPs often feature exceptional magnetic, electrical, and
catalytic capabilities, which are of scientific and technological interest in a variety of domains, such as recording
media, magnetic sensors, magnetic memory, and catalysis [1]. Cobalt powder, its oxides, salts, and complexes are
used as catalysts in the petrochemical sector. Due to their high saturation magnetization and significant
anisotropy, Co NPs are well-suited for high-density data storage and permanent magnet applications. Recently, it
was shown that Co NPs are useful for absorption of electromagnetic waves, wireless communications, and high-
frequency circuit devices [2, 3]. Besides, Co NPs have a natural advantage in biomedical applications, such as drug
delivery and magnetic resonance imaging, where high quality and purity are demanded to minimize magnetization
or response stability changes. As the metal center of vitamin B12, cobalt plays a significant role from the standpoint
of biological function [4]. Despite this, excessive exposure has a number of negative health impacts. Consequently,
it is essential to monitor the amount of cobalt in its many forms in the human body. However, great interest in
cobalt remains due to its unique features and numerous applications. Notably, the discovery of the extraordinary
physical and chemical characteristics of Co NPs, which are connected with the existence of quantum size effects,
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has made the already amazing features of cobalt much more intriguing. The continuous density of states typical of
bulk matter is replaced with discrete levels that depend on the size and spacing of the particles. As the size of NPs
decreases, the fraction of surface atoms increases compared to the total number of atoms [5]. There is a significant
shift in the characteristics of surface atoms, and as a result, the interaction between surface atoms and atoms
within the particle alters, which can result in a fundamental change in physical properties. Cobalt nanoclusters, for
instance, have a higher magnetism than bulk cobalt due to the greater magnetization of surface atoms resulting
from their tiny size. To produce Co with varying morphology and size distribution, numerous synthetic methods,
such as solvothermal, microemulsion, sonification, reduction of Co salt, reduction in inverse micelles, and
electrochemical synthesis, have been utilized in the past [6-9].

Co NPs are prone to oxidation under ambient conditions; thus, preventing oxidation is one of the most essential
issues during their production [10]. Chemical reduction of Co NPs is, in general, the simplest method for controlling
the composition, size, and shape of NPs, as well as scaling up production, without the need for specialized lab
equipment or conditions. Nonetheless, it has considerable limitations when it comes to the production of
chemically pure NPs without reagent or byproduct contamination of the surface layer. However, heat degradation
makes it difficult to regulate the chemical composition of the final NPs. Therefore, it is essential to develop novel
manufacturing methods and synthesis approaches in order to create Co NPs that are clean and of a regulated size.
A synthetic and nanofabrication-based methodology was used to produce surface-passivated, water-dispersed,
and stable Co NPs, as described in this study.

2. Material and Method
2.1. Materials
Four-inch p-type (100) silicon wafers were purchased from UniversityWafer (USA). 150 nm diameter polystyrene
nanospheres with no surface functionalization were obtained from Magsphere Inc. (USA). Electron beam
evaporation sources and crucibles were supplied from Testbourne Ltd. (UK). The chemicals employed were
received from Sigma-Aldrich (USA), and used without further purification.
2.2. Nanofabrication process

—~\

Polystyrene
nanospheres

l Dry Etch

l Electron Beam Evaporation

SiOZ.CO“Si°2 AN~

Figure 1. Schematics of the nanofabrication process. Polystyrene nanospheres are first coated onto silicon wafers,
and then their sizes are reduced using a dry etch process utilizing oxygen gas. Later, silica and cobalt layers are
deposited using the electron beam evaporation technique. The substrates are then immersed in a solution of
toluene and sonicated for 12 hours to etch away the polsyrene nanospheres. The nanoparticles are centrifuged in
an ethanol solution three times to remove the polystyrene residues and purified for further use.
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The nanoparticles were produced using a nanofabrication process in which monolayers of polystyrene
nanospheres serve as templates for material deposition [11]. Polystyrene nanobeads were spin-coated onto silicon
wafers to form a monolayer. As the nanospheres had no surface ligands, they displayed hydrophicility; therefore,
the nanosphere solution was diluted with a 1:1 (v/v) ethanol solution to allow the nanospheres to spread over the
wafer substrates to ensure the coating is uniform and surface coverage is high. Prior to the nanobead coating
process, wafers were treated with Oz plasma for 30 seconds at 125 W plasma power and 60 sccm Oz flow to render
the wafer surface hydrophilic and improve the dispersion of the nanosphere solution on the surface. The spin
coating process was applied for 60 seconds at a speed of 6,000 rpm with a ramp rate of 500 rpm per second. The
coating technique revealed that untreated wafers had low nanobead coverage in multilayer areas. In order to
minimize the size of the polymer nanospheres, reactive ion etching (RIE) was conducted [12]. Specific nanosphere
diameters might be obtained by altering the length and/or plasma power of this stage. However, extended etching
should be avoided since it leads to the loss of spherical form. Adjustments were made to the process parameters
in order to achieve nanospheres of 100 nm in diameter, as confirmed by scanning electron microscopy (SEM).
Silica was chosen as the capping layer due to its biocompatible nature and ease of chemical functionalization in
future applications. Layers of 10 nm of SiOz, 20 nm of Co of 99.95% purity, and 10 nm of SiO; were deposited by
electron-beam evaporation onto the 10° tilted substrates under a vacuum level of 10-¢ mTorr to form Co@SiO2
layers on the etched nanospheres. To guarantee layer consistency, the wafer holder was continually rotated at 20
rpm during the coating process. Deposition rates and film thicknesses for each coating were monitored in real time
using quartz crystals. Transmission electron microscopy (TEM) was utilized to evaluate the film thicknesses. In
order to minimize the oxidation of the Co layer, the oxygen concentration in the vacuum chamber needs to be
reduced, which was achieved by pre-depositing the Co metal with the shutter closed. This process lowers the
pressure of the vacuum chamber through the absorption of remaining oxygen by the Co metal. Following the
deposition of silica and Co layers, the polymer beads on the wafer substrates were removed by sonicating them in
a toluene suspension, leaving the Co@SiO2 nanostructures freely floating in solution. Multiple centrifugation
processes were then applied to collect the nanostructures, which were subsequently suspended in ethanol for
future usage. The experimental schematics and process flow are given in Figure 1.

2.3. Characterization

The nanoparticles' morphology was visualized using SEM (JEOL JSM 7500F) and TEM (FEI CM120). Coulter
Beckman Dynamic Light Scattering Analyzer - N4 Plus was utilized for size distribution measurements. Using a
superconducting quantum interference device (SQUID, Quantum Design MPMS® XL, USA) with applied field
strengths up to 1 T, magnetizations were performed. The diamagnetic contribution of the sample holder and
background was removed from the magnetization measurements.

3. Results

Monolayer coating of polystyrene nanospheres on the surface of silicon wafers is an important step to achieve
nanoparticles in the desired shape and size, because if monolayer is not ensured, the metal deposition step will
produce aggregates and thin film formation where the end nanoparticles will be large and in irregular shapes. A
large-area SEM view of the substrates with nanospheres is shown in Figure 2a, where monolayer formation was
observed. After this critical step, via a dry etch process utilizing oxygen gas, the dimensions of the nanospheres
were reduced as oxygen reacts with the organic nature of polystyrene and carbon dioxide, and water vapors were
generated, which were pumped out of the reaction chamber. Following, silica and cobalt thin layers were electron
beam evaporated with a controlled thickness. Figure 2b shows the SEM image of the substrate template after the
deposition step, where the nanospheres are coated with silica and cobalt layers and the gaps between the
nanospheres are visible. In order to remove the coated layers on the nanosphere template via a wet etch process
utilizing toluene, these gaps are crucial; otherwise, the organic solvent cannot attach the polystyrene and remove
the nanospheres from the surface in the ultrasonication step. The substrates were immersed in a glass beaker
containing toluene solution, and ultrasonication was applied for 12 hours. In this step, toluene gradually etches
away the polystyrene, leaving the Co@SiO2 nanoparticle freely suspended in the solution. To purify the dissolved
poltsyrene residues, samples were centrifuged three times at 15,000 rpm for 20 minutes in ethanol and collected
for further use and characterization.
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Y 7 ,
Figure 2. a) A large area scanning electron microscope (SEM) image of the wafer substrate coated with polsytyrene
nanospheres in a monolayer fashion. Inset shows the angled side view of the coated nanospheres, b) SEM image of the
polystyrene nanospheres after size reduction and coating with silica and metal layers using electron beam evaporation
technique, c) SEM image of a single Co@SiO2 nanoparticle after the removal of nanosphere templates, d) Tranmission electron
microscope (TEM) image of the Co@SiO2 core-shell nanoparticles, where ligher and darker areas clearly indicate silica and
cobalt layers. Scale bars are 100 nm in (c) and (d).

Figure 2c shows the SEM image of a single Co@SiO: nanoparticle with a nanocrescent moon shape. TEM
observation is provided in Figure 2d, where a clearly homogeneous size distribution and shape uniformity over a
large sample of nanoparticles are ensured. Here, the dark contrast originates from the existence of cobalt, which
has a higher atomic number compared to silica, whereas the lighter areas correspond to silica layers. After
verifying the desired shape and size of the nanoparticles, the DLS technique was used to assess the size distribution
and existence of aggregates, if any. Figure 3a shows DLS results where a single peak was observed, indicating no
aggregation and similar size information obtained from SEM and TEM data. Here, it should be stressed that the
nanoparticles are ligand-free; therefore, as opposed to regular DLS results where the mean hydrodynamic size is
generally larger than the physical size observed from TEM, similar results were obtained from these different
measurements. However, DLS is a technique that is most appropriate when measuring the size of spherical objects,
whereas the produced nanoparticles are not symmetrical, where the largest dimension is around 100 nm and the
thickness is 40 nm at the center and gradually decreases towards the edges of the nanocrescent moon structures,
which also explains why the peak in DLS is less than 100 nm. In order to reveal the elemental compositions and
presence of silica and cobalt, SEM-EDX analysis was conducted. Figure 3b shows the elemental spectrum, which
includes the characteristic peaks for Si, O and Co atoms along with C. The background of the measurement setup
provides this carbon contribution. Nevertheless, the compositional analysis proved the presence of silica and
cobalt layers. The magnetic properties of the Co@SiO2 nanoparticles were investigated by SQUID magnetometry
using external fields up to 1 T (10 kOe) at room temperature (Figure 3c). The M-H curve displayed a hysteresis
effect, indicating the ferromagnetic behavior of cobalt. The saturation magnetization was observed at 49 emu/g,
which is attributable to the nanofabrication technique because, as opposed to the wet synthesis method,
evaporation in a vacuum environment minimizes the formation of cobalt oxides, which display poor magnetism
compared to pure cobalt.
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Figure 3. a) Dynamic light scattering measurement of the Co@SiOz core-shell nanoparticles, b) Elemental spectrum of the

Co@SiO2 nanoparticles, indicating the existence of Si, O and Co elemental compositions. The carbon peak comes from the

bakground, c¢) Superconducting quantum interference device (SQUID) magnetometer measurement of the powder form
nanoparticles. The hysteresis refers to the ferromagnetic nature of the sample.

4., Discussion and Conclusion

The production of surface-passivated nanoparticles with desirable magnetic properties is an important area of
research. Cobalt is one of the elements in the periodic table with the highest magnetic moment, and the synthesis
of cobalt nanoparticles is traditionally realized through standard chemical methods. Although wet chemistry
enables size and shape control and functionalization of nanoparticle surfaces, its main limitation lies in the
production of highly pure nanoparticles. Besides, there is a certain size above which cobalt nanoparticles cannot
be produced. This research offers an alternative way of manufacturing cobalt nanoparticles with high magnetism
and large sizes. Specifically, a vacuum environment was utilized to minimize the oxidation of cobalt, and silica shell
layers were covered onto the cobalt core to produce surface passivated nanoparticles. To achieve this, polystyrene
nanospheres were utilized as sacrificial templates on a silicon wafer. Through several nanofabrication steps such
as dry etch and electron beam evaporation, crescent-moon-shaped Co@SiO: nanoparticles were obtained.
Electron microscopy characterization confirmed the size, shape, and elemental composition of the end product.
The dynamic light scattering technique was used to analyze possible aggregations, and it was verified that the
nanoparticles were highly dispersed. Magnetic measurements were conducted at room temperature, and high
saturation magnetism for cobalt was reported along with ferromagnetic behavior. A possible explanation for this
is due to the formation of a cobalt layer without or with minimal oxidation, which is the main advantage of the
developed production technique. This technology, unlike conventional methods, may be adapted to generate
nanoparticles of various metals, making them suitable for technological applications.
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Keywords Abstract: The current study aims to use Allium scorodoprasum L. biomass as an
Biosorption biosorbent for the bio-removal of Remazol black 5 (RB5) dye from aqueous
Allium scorodoprasum L. solutions. The binding capacity of Allium scorodoprasum L. as a biosorbent for RB5
Isotherm was investigated by recording the changes in pH, concentration of RB5 dye,
Kinetic biosorbent mass, temperature and contact time. Dubinin-Radushkevich (D-R),
Thermodynamic Freundlich, and Langmuir isotherm models were used to interpret the experimental

data. The maximum RB5 dye biosorption capacity of the biosorbent was found to be
19.8 mg g-1 at 25°C. The biosorption energy indicated that the biosorption process
was chemical. Kinetic studies have shown that the biosorption process follows the
rate kinetics of PFO and IPD. Thermodynamic studies have shown that RB5 dye
biosorption is endothermic and spontaneous. The Allium scorodoprasum L. biomass
had a significant biosorption capacity for the anionic RB5 dye.

Remazol black 5 boyasinin Allium scorodoprasum L. biyokiitlesi ile biyolojik olarak
uzaklastirilmasi; biyosorpsiyon izotermleri, Kinetik ve termodinamik ¢alismalar

Keywords Oz: Bu galisma, Allium scorodoprasum L. biyokiitlesini Remazol black 5 (RBS)
Biyosorpsiyon boyasmin sulu ¢ozeltilerden biyo-giderimi igin bir biyosorbent olarak kullanmay1
Allium scorodoprasum L. amaglamaktadir. Allium scorodoprasum L. biyosorbentinin RB5'e baglanma kapasitesi,
[zoterm kesikli yiiriitiilen biyosorpsiyon c¢aligmalarinda pH, RB5 boya konsantrasyonu, temas
Kinetik stiresi ve sicakliktaki degisimler kaydedilerek arastirilmistir Deneysel verileri agiklamak
Termodinamik icin Dubinin-Radushkevich (D-R), Freundlich ve Langmuir izoterm modelleri

kullanilmugtir. Biyosorbentin maksimum RBS5 boya biyosorpsiyon kapasitesi 25 °C'de
19,8 mg g* olarak bulunmustur. biyosorpsiyon enerjisi, biyosorpsiyon siirecinin kimyasal
oldugunu gosterdi. Kinetik ¢aligmalar biyosorpsiyon siirecinin PFO ve IPD hiz kinetigini
takip ettigini gostermistir. Termodinamik calismalar RB5 boya biyosorpsiyonunun
endotermik spontane oldugunu gdstermistir. Allium scorodoprasum L. biyokiitlesi
anyonik RB5 boyasi i¢in dnemli bir biyosorpsiyon kapasitesine sahiptir.

*Corresponding Author, email: dilek.senol@agu.edu.tr

1. Introduction

In recent years, water pollution is an important environmental problem that has received worldwide attention
[1]. Industrial wastewater contains a variety of pollutants that are difficult to remove, such as dyes, heavy metals,
organics, cyanide, and others [2-5].

The dyes are the main organic pollutants released with industrial textile wastewater because they are highly
visible and undesirable in water, even in low quantities [6, 7]. More importantly, most organic dyes are toxic, non-
biodegradable, and even teratogenic, carcinogenic and mutagenic, posing serious threats to human health and
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marine organisms [8, 9]. In addition, many dye products contain well-known carcinogens such as benzidine or they can
produce some other aromatic compounds in the environment via their microbial degradation [10]. Therefore, it is an
imperative to treat waste waters in order to eliminate these harmful molecules.

Accordingly, there are many alternative methods are available for address these problems such as; membrane
separation, chemical oxidation, adsorption, biosorption, coagulation and precipitation to treat dye-containing
wastewaters[11].

Adsorption is the most popular of these methods owing to its low cost, adaptability and simple design, resistance
to toxic-substances, and great effectiveness [12, 13]. For the purpose of dye removal from wastewater, natural
minerals such as clay [14], vermiculite [15], sepiolite [16], and dolomite [17], as well as natural polymers like
chitosan [18] and lignin [19], have become increasingly employed in recent years [20-22].

For the purpose of dye removal from wastewater, natural minerals and polymers as adsorbents including clay
[14], vermiculite [15], sepiolite [16], and dolomite [17], as well as natural minerals like chitosan [18] and lignin
[19], have become increasingly employed in recent years [20-22].

Adsorption of organic and inorganic materials on the surfaces of either living or dead biomass on their derivatives
is referred to as biosorption. Allium is the most popular and distinctive genus in the Alliaceae family, with 750
species categorized into 15 subgenera and 72 sections. Allium scorodoprasum L. is a plant that grows 25-90 cm
tall and has 1-2 cm-diameter bulbs [23].

Previous studies have shown that Alliaceae family exhibits strong adsorption properties towards heavy metals
[24]. It has also shown potential for the removal of organic pollutants, such as dyes and phenols [25, 26].

This study is the first report describing the removal of RB5 dye using the Allium scorodoprasum L. biomass. The
objective of this research was to developed an effective biosorbent for removing hazardous industrial dye from
wastewater. Allium scorodoprasum L. biomass is a natural, readily available and at the same time low cost
biosorbent for the biosorption of colored pollutants. In this study, the biosorbent properties of Allium
scorodoprasum L. biomass were investigated for the effective removal of RB5 dye from aqueous solution. The
effect of solution pH, biosorbent amount, initial RB5 dye concentration, contact time and temperature on RB5 dye
biosorption were investigated using the batch method. The experimental data obtained showed that Allium
scorodoprasum L. biomass can be used as an alternative biosorbent for the treatment of wastewater containing
RB5 dye.

2. Material and Method
2.1. Material

Allium scorodoprasum L. was collected during July 2022 on Zara, Sivas, Tiirkiye. RB5 (C26H21NsNas019S6) was used
as a pollutant, which purchased from Sigma-Aldrich (USA) (Fig. 1). Deionized (DI) water was used for all

experiments.
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Figure 1. Chemical structure of RB5.

224



Bioremoval of Remazol black 5 dye by Allium scorodoprasum L. biomass; biosorption isotherms, kinetic and thermodynamic studies
2.1.1. Preparation of Allium Scorodoprasum L. Biomass

Allium Scorodoprasum L. samples were cut into small pieces and washed with DI, then dried using traditional sun-
drying method. A schematic illustration of Allium Scorodoprasum L sample preparation in Fig.2.

Sun-drying

Remazol black 5 1

UV-Vis Spectrophotometer

end il A A

Figure 2. A schematic illustration of Allium Scorodoprasum L sample preparation.
2.2. Method

The structure and morphology of Allium scorodoprasum L was examined using a scanning electron microscope
(Zeiss Gemini) with a 10 kV applied voltage. FT-IR spectra were used to identify the functional properties of g
Allium scorodoprasum L using an FT-IR spectrometer (Thermo Nicolet Avatar 370). The concentration of Remazol
Black 5 was measured with a UV-Visible spectroscopy at a wavelength of 598 nm.

2.2.1. Batch biosorption experiments

A stock RB5 dye solution, 1000 mg L, was prepared with DI water. The biosorption of RB5 dye onto Allium
scorodoprasum L material was performed in 10 mL aqueous solutions, containing 100 mg Allium scorodoprasum L
material and 200 mg L RB5 dye. The experimental conditions pHs (from 2 to 12), and temperature (5 °C, 25 °C, and 40
°C) were fixed. After 24 hours, the supernatant was filtered and the equilibrium RB5 dye concentration was
determined at A=598 nm [27]. Biosorption%, Q (mol kg'1) and desorption % were calculated with Eq. 1, Eq. 2. and
Eq.3

Biosorption% = [%]xlﬂﬂ (D)
— [Ciz¢r
Q=AW @
Desorption% = Zdixloo (3)
ads

Where, Ci is the initial concentration (mg L1), Cris equilibrium concentration (mg L), m states to the biosorbent
mass (g), V is the solution volume (L), Qdes; desorbed amount of RB5 (mg kg1) and Qads; biosorbed amount of RB5

(mg kg™).
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3. Results
3.1. FT-IR analysis

Understanding the mechanism of Allium scorodoprasum L. surface binding L to the RB5 dyes, the functional
groups present on the native and after-adsorption plant biosorbent were characterized using an FTIR
spectrophotometer. The FTIR spectra of unloaded and RB5 loaded Allium scorodoprasum L. biomass shown in
Fig.3.
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Figure 3. FT-IR spectrum of unloaded and RB5 loaded Allium scorodoprasum L. biomass.

Table 1. Assignment of bands to the functional group on the surface of Allium scorodoprasum L. as observed
from FTIR spectroscopy.

Wave numbers (cm-1)

Unloaded RB5 Loaded Assignment
Allium scorodoprasum L. Allium scorodoprasum L.
3745 3735 O-H stretching/N-H stretching
3273 3291 O-H stretching
2917 2917 CHz asymmetric stretching
2848 2848 C-H stretching
1730 1738 C=0 stretching vibration.
1633 1595 vibration of H20 molecules.
1397 1430 vibrations of -CHz
- 1237 POz~ asymmetric and symmetric
stretching vibrations
1021 1015 stretching vibrations of -C-0-C.

After RB5 biosorption, -OH and -NH, C=0, C=N, C=C S-0 and S-O stretching vibration peaks were shifted. The
reason of these shifts are attributed to the interaction between functional groups on the surface of Allium

scorodoprasum L and RB5. The azo dyes showed a strong band at ~1730 cm~! due to v(C=0)[28].

3.2. SEM analysis

The plant's morphology was determined using scanning electron microscopy, which was also utilized to take
photos of the microstructures. This technique can be utilized to comprehend the morphology and behavior of the

plant both before and after the dye has been biosorbed.
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Before After

I [
(a) (b)
Figure 4. SEM images of RB5 biosorption before (a) and after (b).

As seen in Fig. 4, RB5 dye aggregates filled the gaps and clustered within the layers of the bio-composite surface,
as a result of the biosorption processes. SEM analysis was used to visualize the presence of pores and the inner
surface before adsorption; the image taken after biosorption of RB5 dye showed that the porous structure was
filled by biosorption and RB5 was deposited on the Allium scorodoprasum L. surface. SEM pictures demonstrate
that the presence of a large amount of aggregates on the biosorbent surface indicates that the biosorbent is an
excellent material for dye biosorption.

3.3. Effect of inital pH and PZC for Allium scorodoprasum L. biomass

The biosorption of the RB5 dye onto Allium scorodoprasum L. biosorbent in solutions with different pH values is
shown in Figure 5. Biosorption results has indicated that a sharp decrease between pH 2.0 and 4.0. After this point,
it gradually decreased (pH: 4.0-8.0). The point of zero charge (pHpzc) of Allium scorodoprasum L. biosorbent was
found 5.72. The surface (pH<pHpzc) of the Allium scorodoprasum L biosorbent was positive at acidic pHs. In this
case, H* ions and anionic RB5 dye molecules competed for binding to active sites on the surface of the Allium
scorodoprasum L. biosorbent. The Allium scorodoprasum L. biosorbent, which has a positively surface charge,
electrostatically attracted the anionic RB5 dye molecules. Therefore, the biosorption efficiency was high at acidic
pHs. At alkaline pHs above the pHpzc, the surface of the Allium scorodoprasum L. biosorbent was negative. The
Allium scorodoprasum L. biosorbent, which had a negatively surface charge, so electrostatically repulsed the
anionic RB5 dye molecules. As a result, the biosorption efficiency decreased.
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Figure 5. Effect of pH on RB5 biosorption onto Allium scorodoprasum L. and pzc for Allium scorodoprasum L.

3.4 Effect of biosorbent mass

Biosorption behavior was examined between 1 g L-* and 10 g L! (Figure 6). RB5 dye biosorption increased with
the increase in the amount of Allium scorodoprasum L. biosorbent. Up to a certain point, the action centers on the
surface of the Allium scorodoprasum L. biosorbent increased as the amount of biosorbent increased. Thus, RB5
dye molecules more easily penetrated the action centers on the Allium scorodoprasum L. biosorbent surface. The
maximum amount of biosorption was found to be about 57% at 10 g L1 of the Allium scorodoprasum L. biosorbent.
Thus, the increase in RB5 dye biosorption efficiency was a function of the increase in active binding sites.
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Figure 6. Effect of biosorbent mass on RB5 biosorption onto Allium scorodoprasum L.

3.4. Modeling of Biosorption Process

Biosorption isotherms provided very useful data to understand the biosorption mechanism. Isotherm models
were used to describe the behaviour of dye-biosorbent pairs. The Dubinin-Radushkevich (D-R), Langmuir, and
Freundlich models were employed in this study to explore the interaction between RB5 dye molecules and the
biosorbent surface of Allium scorodoprasum L. The parameters indicated in Table 2 have been calculated using the
equations below for the biosorption isotherm models (Eq. 4, 5, 6, 7, and 8).

= % (4)
Q = KyCl (5)
Q = Xpge Kore* (6)
e = RTIn(1 + ) ()
Epr = (2Kpg)™*® (8)

Because of the emptiness of active centres on the Allium scorodoprasum L. biosorbent surface, RB5 dye biosorption
effectiveness was shown to be high at low concentrations. At high concentrations, however, due to the filling of all
active centres on the Allium scorodoprasum L. biosorbent surface, it decreased and eventually reached to an
equilibrium. When the R? values from the Langmuir and Freundlich isotherm models were examined, the
biosorption process fit the Langmuir isotherm model better. The Langmuir model predicts that the adsorbent
surface's active sites are uniformly distributed [29].

The capacity of monolayer biosorption was discovered to be 19.8. mg g-1. In Langmuir, it was 0.00525 L mg1. The
Freundlich isotherm model is based on multilayer biosorption on heterogeneous surfaces and provides
information on heterogeneity of the biosorbent surface. [30]. The Freundlich biosorption capacity was found to
be Xr, 0.465, and the B surface heterogeneity was 0.563. The D-R model investigates the biosorption process in
terms of energy [31]. The biosorption energy of RB5 dye was found to be 9.83. k] mol-L. Thus, this finding indicated
that a chemical biosorption took place.
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Figure 7. Langmuir, Freundlich and D-R models.

Table 2. Langmuir, Freundlich and D-R isotherm models parameters

Isotherm Value R?
Langmuir

XL (mgg1) 19.8 0.965
KL (L mg?) 0.00525
Freundlich

Xr 0.465 0.945
B 0.563

D-R

Xpr (mg g-1) 72.5 0.936
-Kprx10?/mol2K]-2 5.17

Epr/K] mol-! 9.83

3.5. Effect of contact time on biosorption

The kinetic study is crucial in finding the optimum interaction time of the Allium scorodoprasum L. biosorbent and
the RB5 dye. To explain the RB5 dye biosorption kinetics of Allium scorodoprasum L. biosorbent, pseudo first
order (PFO) [32] and pseudo second order kinetic models (PSO), [33], and intraparticle diffusion (IPD) [34] were
applied and and the kinetic parameters were derived using the following equations (Eq.9, 10, 11, 12, and 13)

Q= Qe[1 - e_klt]

Hy = k1Qet
Q=7

U gl
H, = szg
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Qr = k;t®® (13)

The RB5 dye biosorption reached equilibrium in 240 minutes (4 hours) (Figure 8). When the correlation
coefficients (R?) of the PFO and PSO models were examined, it was discovered that the PFO kinetic model fit the
data better. Furthermore, the similarity between the theoretically estimated Qt and practical Qe values revealed
in compliance with the PFO model. The presence of two line components in the IPD model graph rather than a
single line passing through the origin indicated that biosorption encompassed various diffusion stages that
occurred both on and inside the surface.
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Figure 8. PFO, PSO and IPD models.

Table 3. PFO, PSO and IPD kinetic models parameters

Kinetic model Value R?
Pseudo first order

Qt/mg g1 6.05 0.980
Qe/mg gt 6.18

k1 x103/min! 13.2

Hx103/mg gl min-! 81.6

Pseudo second order

Qi/mgg! 6.05 0.950
Qe/mg gt 7.06

k2 x103/mg1g min- 2.35

Hx103/mg g-'min‘! 117

Intra particle diffusion

ki x103/mg g1 min-05 676 0.977
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3.6. Effect of temperature

In the process of the biosorption procedure, the thermodynamic parameters for RB5 dye biosorption to Allium
scorodoprasum L biosorbent, namely free Gibbs energy (AG?), enthalpy (AH?), and entropy (AS®) of biosorption can
be evaluated using the equations given (Eq. 14,15 and 16).

K, =2 (14)
Ce

AG® = —RTInkK, (15)
__ AS®  AH®

anD = T — F (16)

The AHO value was determined to be 7.55 k] mol-1. The positive AH® value was proved that the biosorption process
of RB5 dye molecules was endothermic. The value of entropy was found to be 58.2 ] mol-! KL In a solid-liquid
system, the biosorption process led to the production of hydrated molecules. The positive AS® value showed a rise
in a random interaction at the solid-liquid interface during the biosorption process. The AG? values were -8.6 k]
mol-, -9.2 k] mol-, -9.8 k] mol}, -10.7 k] mol-! and -11.3 k] mol-! at 5°C, 15°C, 25°C, 40°C, and 50°C, respectively.
The decline in AG? value as temperature increased demonstrated that biosorption of RB5 dye molecules into Allium
scorodoprasum L. biosorbent was possible, effective, and spontaneous at high temperature. According to the
thermodynamic data, the RB5 biosorption process to the Allium scorodoprasum L biosorbent was spontaneous,
endothermic, and increasing with entropy.
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Figure 9. The effect of temperature on the biosorption

4. Discussion and Conclusion

In this study, the potential use of Allium scorodoprasum L. biomass as adsorbent for the bioremoval of RB5 dye
from aqueous solutions. The results above discussed indicated that;
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The Allium scorodoprasum L. biosorbent and optimum reaction conditions for RB5 dye removal were
determined for maximum biosorption as follows: natural dye pH, biosorbent mass: 100 mg, contact time 24 h,
and temperature 25°C.

The maximum biosorption capacity of the biosorbent for IC was found to be 19.8 mg g! at 25 °C (R2 values,
Langmuir isotherm model). As a result, the Langmuir model best fit the results.

The Epr: 9.83 k] mol}, indicated that the RB5 dye biosorption process to the Allium scorodoprasum L.
biosorbent was chemical.

The biosorption kinetic process followed the PFO and IPD kinetics.

The thermodynamic properties indicate that the biosorption process is spontaneous and endothermic.

The biosorbed RB5 on the surface of the Allium scorodoprasum L. biosorbent was also proven by FT-IR spectra
and visualized by SEM.

In light of all these findings, it was concluded that Allium scorodoprasum L. biomass can be used as an effective
and alternative biosorbent for the removal of RB5 impurities from industrial wastewater.
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Keywords Abstract: Difference sets are significant algebraic objects that intersect a collection of
Difference sets, sub-areas of mathematics, such as field theory, combinatorics, number theory, and coding
Quadratic residues, theory. They also have lots of application areas in other fields. The essential part of the
QRCM Algorithm subject is how to construct difference sets. This article proposes a new method, i.e., the

Quadratic Residue Classes Method (QRCM), which produces difference sets by quadratic
residue classes, and applies it to fields. The results show that QRCM successfully
determines whether the quadratic residue class for a field is a difference set.

Kuadratik Rezidiilerden Fark Kiimesi Elde Etme

Anahtar Kelimeler 0z: Fark kiimeleri cisim teorisi, kombinatorik, sayilar teorisi ve kodlama teorisi gibi
Fark Kiimeleri, matematigin alt alanlariyla kesisen 6nemli cebirsel ifadelerdir. Diger alanlarda da
Kuadratik Rezidiler, bir¢ok uygulama alanina sahiptirler. Fark kiimelerinin nasil olusturulacagi konunun
QRCM Algoritmasi en 6nemli kismidir. Bu makale, kuadratik siniflar tarafindan fark kiimeleri iireten ve

bunu cisimlere uygulayan yeni bir yontem, yani Kuadratik Rezidii Siniflar1 Yontemi
(QRCM)ni 6nermektedir. Sonuglar, QRCM'nin bir cisim i¢in ikinci dereceden
kuadratik rezidii siniflarinin bir fark kiimesi olup olmadigini basariyla belirledigini
gostermektedir.

*Corresponding Author, email: emek.akarsu@erdogan.edu.tr

1. Introduction

The concept of difference sets, a particular case of symmetric design, was first proposed by Singer in 1938 [1].
Later in 1940, Hall enriched the work on difference sets. As a result of the studies on the difference sets, the
subject is branched into families of difference sets, such as almost difference sets, partial difference sets, etc.
[2-5]. Since it is divided into branches and can be integrated into numerous application areas, coding and
encryption, and interpretation of astronomical events [6], it has been a source of interest for many scientists
until today.

Difference sets are a combinatorial structure in plenty of applications. Godsil and Roy [7] mentioned that the
difference sets were used in quantum computing. In addition, Assmus and Key [8] examined the analysis
applications of design on algebraic coding. For a difference set to exist, that structure must have a symmetrical
design. On this symmetrical design entity, Bruck and Ryser proved the Bruck-Ryser - Chowla Theorem for
symmetrical design with parameters (v, k,) [10]. This theorem, which was first proven for # 1, was later
generalized for the case of positive numbers [11]. The first author also discusses the problem of difference sets
and symmetric designs [10, 11]. The relation between quadratic residues and difference sets goes back to Lehmer
[14, 15]. She proved that the class formed by quadratic residues on a field was a difference set. On top of these
studies, McFarland showed that there was a family of difference sets on nonresidue classes too [16, 17]. Families
of difference sets and for more details, see [18].
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It is also known that difference sets have a good auto-correlation property. Explaining the formal duality of the
Kerdock and Preparata codes is one of the outstanding results in applied algebra in the last few years [9]. The
finding of several sets of four-phase sequences on Z, with correlation qualities better than the best binary
sequences is connected to this outcome. Furthermore, certain sets in cyclic groups' difference sets have qualities
that are strongly connected to the correlation properties of sequences.

Many construction methods have been developed for difference sets, which have been extensively studied. One of
these methods is quadratic residues. This study simulates an algorithm which we call by Quadratic Residue Classes
Method (QRCM), by utilizing MATLAB R2022a and a laptop with Intel(R) Core (TM) i5 - 5200U, a 2.20Hz
processor, and 4 GB of installed memory.

2. Material and Method

This section provides some of the basic definitions and properties used to be the following sections.

2.1. Difference Sets

This section presents the concept of difference sets [18] by considering the notations used in this paper.

Definition 2.1. [18] Let (G,*) be a group of order v, D be a subset of G with k elements, “e" be the unit element of
G,and A € Z*.Ifforall g € G\ {e}, [{(d;. d;) : 3d;,d; € D, d; # d; and d;d;* = g}| = A, then D is called a (v, k, 1)-
difference set over G.

Example 2.2, Theset D = {0,1,5,8,10}isa (11, 5,2)-difference set over the additive group Z,;. Table 1 shows the
generation of the elements of Z;;\{0} obtained by using those of D under a frequency condition.

Table 1. Obtaining elements of Z;,\{0} using those of D under a frequency condition

Z11/{0} A=2
1 1-0 4-3
2 10-8 1-10
3 8-5 0-8
4 5-1 1-8
5 10-5 5-0
6 5-10 0-5
7 8-1 1-5
8 8-0 5-8
9 10-1 8-10
10 0-1 10-0

Theorem 2.3. [18] Let G be an abelian group and D be a (v, k, A)-difference set over G, then
w—-DA=k(k-1).

The existence of this theorem does not always show that the structure is a difference set. For example, although
this theorem is satisfied in (111,11,1)-parameter projective space, it does not constitute a difference set. Let D be
a subset of G be a (v, k, 1)-difference set. When translating of D by the elements of G, i.e., for g € G, gD (g + D)
and Dg (D + g) according to a multiplicative (additive) group, is also a (v, k, A)-difference set.

2.2. Quadratic Residues

We, in this subsection, define a quadratic residue, an integer a that is a square modulo p, and give the concept and
properties of quadratic residues. The work of the study of quadratic residues goes back to Euler, Legendre, and
Gauss. The question in their mind is when an integer a is a perfect square modulo a prime p. Modular square root
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problems are extensively related to quadratic residues with many application areas in cryptography, such as an
interactive protocol demonstrating that a person has some secret information.

Definition 2.4. [19] Let p be an odd prime and a € Z such that (p, a) = 1. If there is a solution to the congruent
x% = a (mod p), then a is a quadratic residue in modulo p. If there is no solution in modulo p, then it is called the
non-quadratic residue.

Lemma 2.5.[19] Let p be an odd prime and a be an integer not divisible by p. Then, the congruence x? = a(mod p)
has either no solutions or exactly two incongruent solutions modulo p.

Lemma 2.5. heads to the main theorems about residues.
Theorem 2.6. [19] If p is an odd prime, then the number of quadratic residues of pis (p — 1) /2.

The following theorem also known as Paley difference sets is the main theorem of the article, which give rise to
the relation between quadratic residues and difference sets with certain parameters.

Theorem 2.7. [19] (Paley difference sets) Let p € P and m € N such that p™ = 3 (mod 4) be the power of an
odd prime. Let G be the group of the finite field GF(p™) and D c G be the sets of non-zero squares in GF (p™).

m_ m_
Then, D is a (Pm, P > ! 2 " 3 ) - difference set.

Example 2.8. In the group (Z,, +), a subset D = {1, 2,4} of Z, is a difference set. This difference setis a (7, (7 —
1)/2,(7 — 3)/4) -Paley difference set for g = 7.

Theorem 2.9. [15] Let p € P and x be an odd integer such that p = 4x? + 1, and G = Z,. Then, the set of the
fourth power of every non-zero element of G is a difference set.

Example 2.10. Let us take x = 3 and p = 4.3% + 1 = 37 as the form of an odd prime in the group Z,. Then, the
set D=1{1,2,7,9,10,12,16, 26, 33,34} of the fourth powers is a difference set with parameters (37,9, 2).

Theorem 2.11. [15] Let p € P and x be an odd integer such that p = 4x* +9,and G = Zy,. Then, the set of the
fourth power of every non-zero element of G is a difference set.

Example 2.12. Let p be prime as in the form of p = 4.1* + 9 = 13 with x = 1 in the group Z,5. Then, the subset
D = {0, 1, 3,9} of the set of the fourth power of non-zero elements of Z,;with parameters (13,4, 1) is a difference

set.

3. Result

Here, it was checked whether the class obtained from the quadratic residues on the field GF(q) on the MATLAB

constituted a difference set with parameters (r, r;,?). The method and its flowchart are as follows:

We are now ready to give the algorithm.
3.1. Difference Set Algorithm Obtained from Quadratic Residue Class
Step 1. Determine the size of the field GF(q).
Step 2. Construct a vector consisting of the quadratic residue class of the field
(x)? =1 (mod q). (1)

Step 3. Figure out the number of elements of the quadratic residue class (k) on the field GF (q)
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k= % (2)
Step 4. A separate k? vector is obtained by taking the differences between each pair of points in the quadratic class

[x;]ixx Wwherei =1,2,3,..., k.

Step 5. A new vector of size k? — k is created by taking the differences between the elements of the quadratic
residue class in the vector. For V i,j = 1,2, 3, ...,k and i # j, the following

[ = %] 102k (3)

where (x; — x; ) € GF(q), is obtained.

Step 6. A new vector is obtained by sorting the vector obtained in Step 5 from smallest to largest and
k(k-1) _ q-3

reparametrizing it. For = o ¥ the following

[Vs+/1(t—1)]1xkz_k (4)
wheres =1,2,...,Aandt =1,2,3,...,q — 1, is obtained.
Thus, it is seen how many times each element is repeated.

Step 7. Forall s =1,2,...,Aand t = 1,2,3, ...,q — 1 the number of repetitions in Step 6 satisfies the condition
Vstace-1) = t. In other words, if each element repeats A times, then this structure is the difference set with the

parameters (v, (r —1)/2, (r — 3)/4).

Step 8. If the repeats in Step 6 are unequal, it does not form a difference set.
The algorithm’s flowchart is given in Figure 1 below.

4. Discussion and Conclusion

This study presents difference sets and quadratic residues, and discusses the connection between quadratic
residues and difference sets. Moreover, the paper provides the results and running times for constructing
difference sets provided by the QRCM algorithm. The results show that the quadratic residue class for a field is a
difference set. The table below gives the program’s running time for the MATLAB R2022a application for
difference sets constructed from quadratic residues.

Table 2. Running time of the QRCM algorithm

CAA)) Running time
(11,5,2) 0.001086
(19,9,4) 0.007533
(23,11,5) 0.007545
(31,11,7) 0.016996

(43,21,10) 0.02141
(47,23,11) 0.026246
(59,29,14) 0.029884
(67,33,16) 0.029931
(71,35,17) 0.036807
(79,39,19) 0.038065
(83,41,20) 0.047412
(103,51,25) 0.055755
(107,53,26) 0.058593
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Group of Order(q)

i=i+

list(i) = mod(i*2, q)

k = length(list)
Lamda= (k* (k-1))¥(g-1)
i=ti=1

matrix(i, j) = mod(list(i) - list(j), @)

j=iji+=1

count=0
=1

i=1

Y
as_vector»= sort(vector)

i=0
saycheck =0

count = count + 1
vector(count) = matrix(i, j)

ji=i+1
i = as_vector(j) saycheck = saycheck +1
farkcheck =
arci:‘é 0 . -—— i:i+1,j:j+1
dificheck(i) = saycheck J
True True False rue
farkcheck =0 i=g-1 diffcheck(i) = diffcheck(i - 1) i=i+1
False
False
\»r Print
Print "It not Diff Set"
"Thisis diff
set with (g, Lamda, k)
parameters”
farkcheck = 1
A
Finish

Figure 1. The Algorithm’s Flowchart
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We have seen that a difference set is a nontrivial specialization of symmetric design [11,13]. They give rise to
several new combinatorial objects. Their properties are remarkably similar to those of the difference sets. A
computer search for difference sets with small parameters has been conducted using these results.
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Abstract: This article discusses a numerical approach for quantifying bi-
directional interactions between economic indicators and the Turkish
construction industry. The construction industry is a significant sector that has a
substantial impact on economies, especially in terms of jobs and Gross domestic
product (GDP). The article explores the relationship between the construction
industry and macroeconomics, and uses macroeconomic models to analyze this
relationship. The study focuses on Turkish construction industry and Turkish
macro-economic datasets provided by Turkish Statistical Institute (TURKSTAT).
The prediction model is constructed using Gradient Boosting algorithm, and
sensitivity analysis based on improved Analytic Hierarchy Process (AHP) applied
to capture model priority vector. The results show that some indicators can
predict changes in construction prices, while others do not have predictive power.
The article concludes by discussing the implications of these findings.

insaat Sektorii ve Makro Ekonomik Géstergeler Arasindaki Cift
Yonli Etkilesimleri Nicellestirmek icin Sayisal bir Yaklagim

Anahtar Kelimeler
Insaat sektorti,
Makro ekonomik
gostergeler, Insaat
maliyet ve fiyatlari,
Cift yonli iligkiler,
XGBoost modelleri,
Duyarlilik analizi

0z: Bu makale, ekonomik gostergeler ve Tiirk insaat sektorii arasindaki iki yénlii
etkilesimleri nicellestirmek icin sayisal bir yaklagimi tartismaktadir. Insaat sektorii,
ozellikle is ve Gayri safi yurtici hasila (GSYIH) agisindan ekonomilere yiiksek
derecede etkisi olan o©nemli bir sektordiir. Makale, ingaat sektorii ve
makroekonomi arasindaki iligkiyi nicellestirmek ve bu iliskiyi analiz etmek i¢in
gelistirilen makroekonomik modelleri kullanmaktadir. Calisma, Tiirk insaat
Sektorii ve Tiirkiye istatistik Kurumu (TUIK) tarafindan saglanan Tiirk makro-
ekonomik veri setlerine odaklanmaktadir. Tahmin modeli, Gradyan Artirma
algoritmasi kullanilarak olusturulmus ve model dncelik vektoriinii hesaplamak igin
gelistirilmis olan Analitik Hiyerarsi Prosesi (AHP) temelli duyarlilik analizi yontemi
uygulanmistir. Sonuclar, bazi gdstergelerin insaat fiyatlarindaki degisiklikleri
tahmin edebildigini, digerlerinin ise daha az tahmin giiciine sahip oldugunu
gostermektedir. Makale, bu bulgularin sonuclarini tartisarak sona ermektedir.

*Corresponding Author, email: suat.ozsariyildiz@gmail.com

1. Introduction

Globally, the construction industry is generally regarded as a highly significant and substantial sector. This
industry is concerned with the development and maintenance of structures such as houses, hospitals, offices,
highways, bridges, and other structures, especially major government infrastructure projects [1,2,3].

The construction industry has a crucial part in shaping the economic landscape of a country. The government is a
major customer of construction firms. In addition, construction is an investment in the economy and provides
investment goods. The industrialization of construction was started in the 1960s and has grown in size since then
and contains a large number of various sizes of construction companies.
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The construction industry has a substantial impact on economies, especially by the means of jobs and Gross
Domestic Product (GDP). The average percentage of jobs in this sector in Europe is 7%, although it ranges between
5% and 8% in Tiirkiye. For Tiirkiye, construction jobs were limited in 2020 due to the pandemic. The rates were
at 5.75 percent and, construction turnover ranges from 12 to 16 percent of GDP, with an estimation of 11.9% in
2020. The number of construction companies are 12750 in total. They are distributed as; 99220 micro-scale,
23475 small-scale, 3869 mid-scale and 486 large-scale firms [4-7].

Additionally, comprehending potential trends in construction costs may influence the investment strategies of
various stakeholders in the construction industry, such as private and public corporations, building companies,
land investors, financial organizations, construction professionals and government policy makers [8,9].

The construction industry and the macroeconomy have a two-way relationship can be observed in nearly all
aspects and phases of economic activity. This relationship can be divided into four main categories: demand and
output, employment and income, balance of payments, and price levels [10]. These categories are interconnected
in such a way that improvements in one area will eventually lead to changes in the others.

The word “macroeconomics” was created by Ragnar Frisch in the early 1930s to refer to the study of the economy
as a whole [11]. The most crucial stage is to define the model’s working circumstances, which may be divided into
three categories: identities or definitions, function relationships, and model boundaries. A challenge that confronts
the field of economic analysis is its intricate nature. The mutual reliance of the elements of the system implies that
a minor alteration in one element will entail repercussions or cascades of impacts of diverse magnitudes in most
systems. Two major methods of simplification can be used. The first solution is to assume the potential result of a
change in one variable while keeping all other variables unchanged except the effect of the change constant. The
second principal technique of simplification is consolidation to examine the interconnections of all the primary
components of the system simultaneously [12]. If the approach fails to tackle the issues of capital accumulation
and disequilibrium arising from temporal discrepancies and error-corrections, it is unsuitable for realistic
scenarios. These problems are more important to macro-theory and are treated less fully in standard texts.

In this paper, these dynamic analyses are prioritized over the timeless Keynesian system and important
macroeconomic indicators for construction level of prices in Tiirkiye are derived in a nonlinear model. Alternatives
models are developed for construction Economic Growth and Financial Markets [13,14]. Similarly, the indicators
rely on two tentative methods both saddle points of the fundamental indicators in relation to construction level of
price saddle points and predictive power of lags of the fundamental indicators. Other partial macro-economic
models are proposed related to prices, development, sustainability, environment and housing development. [15-
18] These models are not capable of dealing complexity of the whole construction sector as well as rarely focus on
bidirectional relations. The analyses show that some things can tell us what will happen to construction prices
before they change. These things are how many people are out of work, how much construction work is done, how
much industry makes, and how prices and costs compare in manufacturing. Two other things change at the same
time as construction prices. These are the cost of building and the total value of what the country makes. Some
other things that we often look at in the economy did not help us predict construction prices. The interest rate,
inflation rate, stock market index, and money supply are all factors to consider.

2. Material and Methods

This study focuses on Turkish construction industry and Turkish macro-economic datasets provided by
TURKSTAT [19]. The prediction model is constructed using Gradient Boosting algorithm, a suitable machine-
learning method for classification tasks. Sensitivity analysis is used to determine the model’s priority vector. This
vector is then utilized to create and measure bi-directional relationships.

2.1. Macro-economic Reference Model

This research will narrow its focus to the model and the relation between the economy and the construction
industry. The general model can be represented as in Equation 1. In the model Y represents the independent
variables such as Construction Supply, Demand, etc. x; represents the dependent variables for example interest
rates, construction materials prices, etc. Details of the parameters are given Table 1. The 5, represents the biases
and S, are the coefficients of the models. Four specific models Demand-Output, Employment-Incomes, Balance-
of-Payments and finally in the Level-of-Prices are constructed using these parameters. These parameters will be
used to quantify relationship between the economy and the construction industry.

Yag = VacgandY = Bo+XiL, B x; (1)
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2.2. The Data and Preprocessing

Turkish macro-economic datasets provided by TURKSTAT. The monthly data periods begin at January 1, 2000 and
ends January 1, 2021. The main indicators used in models are given in Table 1. In accordance with the Pareto
Principle, a statistical concept widely applied to explain various phenomena in human, machine, and
environmental domains, 80% of the data was allocated for training purposes while the remaining 20% was utilized
for validation.

Table 1. TURKSTAT indicators used in models

Model Parameters

Interest Rate Cru. Petroleum C. Permission Housing Num.
Bist100 Vol. Producer PI R. Permission Housing Prices
Consumer PI Employment Budget Bal. C. Employment
Ex. Rates Usd Balance Pay. C.Income Interest Rate
Ex. Rates Eur C. Materials P. C. Output Employment

The Table 1 contains a list of economic indicators. Crude petroleum, stone sand and clay, tubes pipes hollow
profiles and related fittings of steel, and coke and refined petroleum products are some of the indicators that
measure the performance of the energy sector. Consumer price index, producer price index, and construction
materials are some of the indicators that measure the performance of the manufacturing sector. Employment,
housing numbers, and construction employment are indicators that measure the performance of the labor market.
The performance of the financial sector is measured by indicators such as interest rates and exchange rates. The
construction sector’s performance is measured by indicators such as budget balance and balance.

Table 2. Summary statistics for various macroeconomic indicators

Interest Bist100 Consumer Exchange Exchange Producer
Rate Trading Price Rates Rates Petroleum Price Employment  Supply  Demand
Volume Index Usd Eur Index

count 252 252 252 252 252 252 252 252 252 252
mean 21.79 3790329 202.13 2.35 2.79 63.57 201.33 43.22 8480 7285
std 12.44 5830956 113.40 1.63 1.83 29.94 120.64 2.65 4506 3149
min 8.42 125799 31.59 0.55 0.55 14.85 28.87 37.30 1450 374
0.25 13.29 916484 115.42 1.40 1.75 39.10 118.73 41.30 5806 5279
0.5 17.28 2245164 177.83 1.60 2.13 59.78 173.37 43.18 8274 7021
0.75 26.08 3924601 264.13 2.86 3.17 81.34 250.14 45.27 10373 8984
max 59.30 39019692 504.81 8.02 9.47 138.40 568.27 4835 45404 23268

Table 2 presents summary statistics for various macroeconomic indicators and commodities used in
Macroeconomic - Construction Models. For example, the mean interest rate is 21.79 and the standard deviation is
12.44. The minimum interest rate is 8.42 and the maximum is 59.30. The 25t percentile is 13.29 and the 75t
percentile is 26.08.

Table 3. Correlation coefficients for various macroeconomic indicators

Bist100 Consumer Exchange Producer
Interest . . Exchange .
Trading Price Rates Petroleum Price Employment
Rate Rates Usd

Volume Index Eur Index
Interest Rate 1.00 0.03 0.14 0.30 0.29 -0.09 0.36 -0.01
Bist100 Trading Volume 0.03 1.00 0.09 0.15 0.11 -0.03 0.14 -0.08
Consumer Price Index 0.14 0.09 1.00 0.30 0.29 0.05 0.59 -0.07
Exchange Rates Usd 0.30 0.15 0.30 1.00 0.87 -0.07 0.57 -0.04
Exchange Rates Eur 0.29 0.11 0.29 0.87 1.00 0.00 0.58 0.01
Petroleum -0.09 -0.03 0.05 -0.07 0.00 1.00 0.12 0.18
Producer Price Index 0.36 0.14 0.59 0.57 0.58 0.12 1.00 0.06
Employment -0.01 -0.08 -0.07 -0.04 0.01 0.18 0.06 1.00

Table 3 shows the correlation coefficients between pairs of variables. The correlation values range from -1 to 1. A
number of -1 indicates a perfect negative correlation, whereas a value of 1 indicates a perfect positive correlation.
A value of 0 means there is no correlation. The diagonal values are always 1 because a variable is perfectly
correlated with itself. For example, the correlation between Interest Rate and Bist100 Trading Volume is 0.03,
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which indicates a very weak positive correlation. On the other hand, the correlation between Exchange Rates Usd
and Exchange Rates Eur is 0.87, which indicates a strong positive correlation.

No macro model is sufficiently suitable for realistic scenarios if it fails to tackle the issues arising from temporal
discrepancies and error-corrections. These dynamic analyses are prioritized over the timeless Keynesian system
in this paper, as they are both more relevant to macro-theory and less explored in research. The proposed model
used preprocessed data. The time-lags are log-normalized, other economic variables are normalized between 0
and 1 as well as corrected for stiffness and variations of variables in order to reduce model error and measuring
scaled sensitivity. The output parameters binned to 5 classes for sensitivity analysis.

2.3. Macroeconomic - Construction Models and Methodology

A nonlinear Macroeconomic - Construction Models methodology, demand and output, employment and income,
and balance of payments, as well as data analysis, the bi-directional relations of models and error rates are given
in following sections. The price levels model is out of scope of this study.

2.3.1 Gradient Boosting Model

Gradient Boosting is a machine learning technique that uses many simple models to create a more accurate
prediction model [20]. It can be used for both classification and regression tasks. The algorithm builds an ensemble
of weak models in a stage-wise manner and allows for the optimization of any differentiable loss function. The aim
is to interactively teach a model F to predict values of the form $ = F(x) by minimizing the mean square error
%Zi(ﬁ —v;)%. This is done by calculating the difference between the predicted and actual values for each sample in

the training set, where i is the indexes of training set and n is the number of samples in y. In addition, ¥, is the
predicted value of F(x;) and y; is the observed value. The algorithm with M week estimators for each iteration
Frg1(x)) = Ep(x;) + by (x;) = y; adds a new estimator to the imperfect model Fn to improve the error. The Mean-
Squared-Error (MSE) loss with respect to F(x;) is calculated as in Equation 3. Gradient boosting optimizes
prediction accuracy for various problems and provides a solution to multicollinearity. It allows for model design
freedom and is an advantage over conventional fitting methods.

2.3.2 Bi-directional Relations of Models

In economic models the input-output table measures transactions and relations between industries in an economy
[21]. An alternative model used in this study is the Analytic Hierarchy Process (AHP), which involves qualitative
data and deals with uncertainty. AHP models provide mathematical means to associate relations and priorities of
parameters. The AHP method computes the priority vector, ranking the importance of factors. The only inputs
required are pair-wise comparisons of relative importance of factors [22].

The AHP approximates a matrix 4 = (a;;), (a,-,-) = 1/aij ,i,j =1,..,nbyavector W € R}, where R¥ so that the matrix

of ratios is the best approximation (w;/w;),i,j = 1,...,n to the original matrix A. The eigenvector method A.W =
Amax- W results in a priority vector W € R} and an inconsistency number Amax . The eigenvector method for AHP given
in Equation 2.

Wy Wy Wy Wy Wy
— ... _] 1 — ee —— 1 a an
w1 W2 Wn w2 Wn : :
A= : . i = : wooil=11 1 (2)
Wp Wn o Wy Wn W 1 i |
wy W, WnJ lwl w, J Qin Az2n

Rather than employing an expert-provided judgment matrix as in the AHP model, Feature Importance derived
from Gradient Boosting algorithms may be employed. One advantage of this approach is that it’s easy to obtain
importance scores for each attribute after constructing the weak models. This doesn’t require complex expertise
and can be derived from existing data. The significance of each attribute is determined by how much its split point
enhances the performance metric, which is weighted by the number of observations for which the node is
responsible. Each attribute has an impact on the performance of the node, and the significance of it is determined
how much it enhances its performance. The final Macro-economic Reference Model is a linear model, thus
approximating the XGBoost model F for a specific input x, the local accuracy gives the priority vector of the model
to match the output of F for the simplified input x’. This priority vector can be used to define the coefficients of the
refence model [23].
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2.3.3 Model Validation

The model performance in terms of SoftMax error is used for defined model parameters. The given equations are
provided to compute the above-mentioned factors as provided in Equation 3.

1 n
Lysg = ZZ(YL' - F(xi))z (3)
i=1

2.4. Macroeconomic - Construction Demand and Output Model Application

Based on the methodology suggested in previous section a Construction Demand and Output Model developed.
The model parameters Interest Rate, Bist100 Trading Volume, Consumer Price Index, Exchange Rates Usd,
Exchange Rates Eur, Petroleum, Producer Price Index, Employment data is used as input given in Figure 1. The
model output was Supply and Demand data.
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Figure 1. Macroeconomic - Construction Demand and Output Model data

Table 4 shows the correlation coefficients between different economic indicators. A correlation coefficient is used
to compute the magnitude and direction of a linear association between two parameters. Some of the strongest
positive correlations in this table are between Exchange Rates USD and Exchange Rates EUR (0.87), and between
Consumer Price Index and Producer Price Index (0.59). This means that when one of these indicators increases,
the other is likely to increase as well. There are also some moderate positive correlations between Interest Rate
and Producer Price Index (0.36), Exchange Rates USD and Producer Price Index (0.57), and Exchange Rates EUR
and Producer Price Index (0.58). There are no strong negative correlations in this table. The strongest negative
correlation is between Petroleum and Exchange Rates USD (-0.07), but this is still a very weak correlation. Overall,
this table shows that some economic indicators are more closely related than others. For example, exchange rates
seem to be more closely related to each other and to the Producer Price Index than to other indicators.

Table 4. Macroeconomic - Construction Demand and Output Model correlation coefficients

Interest Bist100 Consumer Exchange Exchange Producer
Rate Volume Price Rates Rates Petroleum Price Employment Supply Demand
Index Usd Eur Index

Interest Rate 1.00 0.03 0.14 0.30 0.29 -0.09 0.36 -0.01 0.02 0.03
Bist100 Vol. 0.03 1.00 0.09 0.15 0.11 -0.03 0.14 -0.08 -0.09 0.02
Consumer PI 0.14 0.09 1.00 0.30 0.29 0.05 0.59 -0.07 0.02 0.15
Ex. Rates Usd 0.30 0.15 0.30 1.00 0.87 -0.07 0.57 -0.04 -0.01 0.19
Ex. Rates Eur 0.29 0.11 0.29 0.87 1.00 0.00 0.58 0.01 0.00 0.15
Petroleum -0.09 -0.03 0.05 -0.07 0.00 1.00 0.12 0.18 -0.01 0.12
Producer PI 0.36 0.14 0.59 0.57 0.58 0.12 1.00 0.06 0.00 0.26
Employment -0.01 -0.08 -0.07 -0.04 0.01 0.18 0.06 1.00 0.02 -0.02
Supply 0.02 -0.09 0.02 -0.01 0.00 -0.01 0.00 0.02 1.00 0.26
Demand 0.03 0.02 0.15 0.19 0.15 0.12 0.26 -0.02 0.26 1.00

Many weak learners used in Construction Demand and Output Model in order to make a more accurate predictor.
A sample week model is given in Figure 2. The accuracy of the final model is calculated by using Equation 3. The
model’s validation SoftMax accuracy is on average 75.21.
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Supply=<0.130420357

Yes, missing no

Consumer Price Index<0.518984914 Exchange Rates Eur<0.481659681

Producer Price Index<0.23403284

N0

Ves, missing

Yes, missing 1
Ves, missing \no

0
Exchange Rates Usd<0.231189966

yes, missing \no

Exchange Rates Usd<0.326567471

yes, missing

leaf=-0.164179116 leaf=0.115384616

leaf=0.157894731

yes, missing

no
Supply<0.180523857 Bist100 Trading Volume<0.307148129
no

Ves, missing ves, missing no

leaf=0.0263157915 leaf=0.421052665
leaf=0.0263157915

Bist100 Trading Volume<0.422278583

yes, missing no

Exchange Rates Usd<0.106759638

no yes, MISSing

Ves, missing

leaf=-0.0930232555 leaf=-0.181404412

Figure 2. A sample boosting tree for Construction Demand and Output Model

The sample priority vector (Figure 3) of the given model by calculating the contribution of that feature to the
prediction by comparing the prediction when all features in the model are present to the prediction. Based on this

priority vector table in Figure 4 is formed.

Consumer Price Index
Bist100 Trading Volume
Employment

Producer Price Index
Exchange Rates Usd
Supply

Petroleum

Exchange Rates Eur

Demand

Class 1
Class 2
Class 4
Class 3
Class 0

0.0

0.5

2.0 2. 3.0

Figure 3. A sample Feature Importance vector for Macroeconomic - Construction Demand and Output Model

The reference model discussed at section 2.1 applied to Demand and Output model Ysypp1y = Ypemand by using
input and output parameters given above represented as x; and the weights f; both Ys,,,1, = Bo+2iq Bi-x; and
Ybemand = Bo+Xi=1 Bi- x; models can be obtained using boosting model. The bidirectional relations given in below
Figure 4 represents f3;. The upper triangular matrix gives f; the weights of Ysy,p1y = Ypemand and lower triangular
matrix gives f; the weights of Y551y < Ypemanda respectively.

(it :rlas:::; COHSLFI’I::: Exchange  Exchange Petroleum PmdF:ll"i::er Employment Supply Demand
Rate Volume Index Rates Usd  Rates Eur Tt

Interest Rate 0.10 0.09 0.09 0.09 0.09 0.13 0.13 0.08 007
Bist100 Trading Velume 0.10 0.10 0.09 0.10 0.11 013 0.09 0.08 0.08
Consumer Price Index 0.4 o1 [NGS 012 010 010 017 07 009 0.09
Exchange Rates Usd 013 0.12 o1 [ ESE 0.29 0.11 0.12 0.09 0.10 0.09
Exchange Rates Eur 0.12 0.10 0.10 022 [NGS 0.12 0.08 0.09 0.12 0.11
Petroleum 0.09 0.10 0.11 0.11 0.08 0.11 0.12 0.09 0.09
Producer Price Index 0.11 0.14 0.20 0.09 0.10 0.10 0.10 0.10
Employment 0.11 0.11 0.12 0.07 0.07 0.11 0.07 0.09
Supply 0.10 0.1 0.08 0.08 0.09 0.12 0.09 029

Demand 0.10 012 0.09 0.08 0.09 0.10 0.08 0.10

Figure 4. Bidirectional Macroeconomic - Construction Demand and Output Model weights
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2.5. Macroeconomic - Construction Employment and Income Model Application

A Construction Employment and Income Model developed. The Interest Rate, Bist100 Trading Volume, Consumer
Price Index, Exchange Rates Usd, Exchange Rates Eur, Petroleum, Producer Price Index, Employment, Turnover,
Costs, Income, Construction Balance data is used as input and output given in Figure 5.
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Figure 5. Construction Employment and Income Model data

From the Table 5, we can see that there is a moderate positive correlation between Turnover and Income (0.58),
as well as between Construction Balance and Income (0.48). There is also a weak positive correlation between
Costs and Employment (0.09). On the other hand, there is a weak negative correlation between Employment and
Turnover (-0.21), as well as between Employment and Construction Balance (-0.11). The correlations between the
other indicators you mentioned are close to 0, indicating little to no correlation.

Table 5. Construction Employment and Income Model correlation coefficients

Int. Bist 100 Cons. Ex. Rates Ex. Rates Petro- Producer  Employ- Turn- Costs Income Cons.

Rate Vol. PI Usd Eur leum PI ment over Balance
Interest Rate 1.00 0.03 0.14 0.30 0.29 -0.09 0.36 -0.01 0.02 0.03 -0.01 -0.03
Bist100 Vol. 0.03 1.00 0.09 0.15 0.11 -0.03 0.14 -0.08 -0.09 0.02 -0.14 -0.10
Consumer PI 0.14 0.09 1.00 0.30 0.29 0.05 0.59 -0.07 0.02 0.15 -0.12 -0.09
Ex. Rates Usd 0.30 0.15 0.30 1.00 0.87 -0.07 0.57 -0.04 -0.01 0.19 -0.04 -0.01
Ex. Rates Eur 0.29 0.11 0.29 0.87 1.00 0.00 0.58 0.01 0.00 0.15 -0.06 -0.02
Petroleum -0.09 -0.03 0.05 -0.07 0.00 1.00 0.12 0.18 -0.01 0.12 0.05 -0.05
Producer PI 0.36 0.14 0.59 0.57 0.58 0.12 1.00 0.06 0.00 0.26 -0.10 -0.10
Employment -0.01 -0.08 -0.07 -0.04 0.01 0.18 0.06 1.00 0.02 -0.02 -0.02 -0.11
Turnover 0.02 -0.09 0.02 -0.01 0.00 -0.01 0.00 0.02 1.00 0.26 0.58 0.26
Costs 0.03 0.02 0.15 0.19 0.15 0.12 0.26 -0.02 0.26 1.00 0.04 -0.03
Income -0.01 -0.14 -0.12 -0.04 -0.06 0.05 -0.10 -0.02 0.58 0.04 1.00 0.48
Con. Balance -0.03 -0.10 -0.09 -0.01 -0.02 -0.05 -0.10 -0.11 0.26 -0.03 0.48 1.00

A sample week Construction Employment and Income model is given in Figure 6. The accuracy of the final model
is calculated by using Equation 3. The model’s validation SoftMax accuracy is on average 75.21. The priority vector
represented in Figure 7 of the given model by calculating the contribution of that feature to the prediction by
comparing the prediction when all features in the model are present to the prediction. Based on this priority vector
table in Figure 8 is formed.
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Construction Balance<0.0495752767

Ves, missing no
Interest Rate<0.123810515
ves, ll]l\\l.ll" yes, 1 \I.ll"
yes, l'ﬂhil.llo no yes, l'lll\il.llo no yes, llll$$lll°

leaf=0.686868668 leaf=0.157894731 leaf=-0.115384616 leaf=0.0263157915 leaf=0.0263157915 Construction Balance<0.123212524

yes, missing \no
leaf=-0.18346253 leaf=0.0263157915

Figure 6. A sample boosting tree for Construction Employment and Income Model

The for Construction Employment and Income Model Ygmpioyment = Yincome by using input and output parameters
given above represented as x; and the weights f; both Ygmpioyment = Bot+2i=1 Bi- Xi and Yincome = Bo+Xi=1 Bi- Xi
models can be obtained using boosting model. The bidirectional relations given in below Table 3 represents ;.
The upper triangular matrix gives f; the weights of Ygypioyment = Yincome and lower triangular matrix gives f; the
weights of Yempioyment < Yincome respectively.

Consumer Price Index
Income

Bist100 Trading Volume
Producer Price Index
Construction Balance
Turnover

Employment

Exchange Rates Usd

Petroleum Class 4
Exchange Rates Eur B Class 1
I Class 0
Costs mmm Class 3
B Class 2

0.0 0.5 10 15 2.0 25

Figure 7. A sample Feature Importance vector for Construction Employment and Income Model

The priority vector (Figure 7) of the given model by calculating the contribution of that feature to the prediction
by comparing the prediction when all features in the model are present to the prediction. Based on this priority
vector table is formed given in Figure 8.

Bist100 Consumer Producer

IM:::: ::::ilzz I::’:)e( RE::::'CIE: ;):‘:tl;:“E’iler Petroleum I:‘r’i:: Employment  Turnover Costs Income Cons::lcat ;.::
Interest Rate 0.09 0.08 0.07 0.05 0.07 0.10 0.09 0.05 0.10 0.07 0.04
Bist100 Trading Volume 0.07 0.06 0.07 0.08 0.09 0.06 0.08 0.07 0.03 0.04
Consumer Price Index 0.12 0.09 0.07 0.09 0.15 015 0.14 0.07 0.03 0.04
Exchange Rates Usd 0.12 0.09 0.26 0.08 0.10 0.06 0.07 0.07 0.03 0.05
Exchange Rates Eur 0.08 0.70 0.06 0.09 0.09 0.05 0.08 0.08 0.07 0.04
Petroleum 0.07 0.09 0.07 0.70 0.08 0.09 0.07 0.05 0.03 0.03
Producer Price Index 0.09 0.09 0.19 0.08 0.08 0.07 0.07 0.05 0.06 0.05
Employment 0.10 0.10 0.08 0.08 0.06 0.08 0.09 0.05 0.02
Turnover 0.08 0.11 0.1 0.07 0.09 0.10 0.09 017 0.06

Costs 0.09 0.10 0.07 0.11 0.07 0.12 0.11 0.10

Income 0.10 0.10 0.08 0.06 011 0.10 0.08 0.10

Construction Balance 0.08 0.05 0.09 0.04 0.05 0.08 0.04 0.05

Figure 8. Bidirectional Construction Employment and Income Model weights
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2.6. Macroeconomic - Construction Balance of Payments Model Application
A Construction Balance of Payments Model developed. The Interest Rate, Bist100 Trading Volume, Consumer Price

Index, Exchange Rates Usd, Exchange Rates Eur, Petroleum, Producer Price Index, Turnover, Construction Balance,
Income, Construction Employment data is used as input and output given in Figure 11.
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Figure 11. Construction Balance of Payments Model data

From the Table 6, we can see that there is a strong positive correlation between Employment and Construction
Employment (0.54). There is also a moderate positive correlation between Turnover and Income (0.58), as well as
between Construction Balance and Income (0.48). On the other hand, there is a weak negative correlation between
Employment and Turnover (-0.21), as well as between Employment and Construction Balance (-0.11). The
correlations between the other indicators you mentioned are close to 0, indicating little to no correlation.

Table 6. Macroeconomic - Construction Balance of Payments Model correlation coefficients

Int. Bist100  Consumer Ex. Ex. Petro- Producer Employ- Con. Con.

Rate Vol. PI Rates Rates leum PI ment Turnover Balance Income Employ.
Usd Eur

Int. Rate 1.00 0.03 0.14 0.30 0.29 -0.09 0.36 -0.01 -0.01 -0.03 -0.01 0.05
Bist100 Vol. 0.03 1.00 0.09 0.15 0.11 -0.03 0.14 -0.08 -0.21 -0.10 -0.14 -0.19
Consumer PI 0.14 0.09 1.00 0.30 0.29 0.05 0.59 -0.07 -0.13 -0.09 -0.12 -0.08
Ex.RatesUsd  0.30 0.15 0.30 1.00 087  -0.07 0.57 -0.04 0.01 -0.01 -0.04 -0.07
Ex.Rates Eur 0.29 0.11 0.29 0.87 1.00 0.00 0.58 0.01 0.00 -0.02 -0.06 -0.01
Petroleum  -0.09 -0.03 0.05 -0.07 0.00 1.00 0.12 0.18 -0.03 -0.05 0.05 0.04
Producer Pl 0.36 0.14 0.59 0.57 0.58 0.12 1.00 0.06 -0.07 -0.10 -0.10 0.02
Employment  -0.01 -0.08 -0.07  -0.04 0.01 0.18 0.06 1.00 0.04 -0.11 -0.02 0.54
Turnover -0.01 -0.21 -0.13 0.01 0.00 -0.03 -0.07 0.04 1.00 0.26 0.58 0.24
Con. Balance  -0.03 -0.10 -0.09 -0.01 -0.02 -0.05 -0.10 -0.11 0.26 1.00 0.48 0.00
Income -0.01 -0.14 -0.12  -0.04 -0.06 0.05 -0.10 -0.02 0.58 0.48 1.00 0.04
Con. Empl. 0.05 -0.19 -0.08  -0.07 -0.01 0.04 0.02 0.54 0.24 0.00 0.04 1.00

A sample week Construction Balance of Payments model is given in Figure 12. The accuracy of the final model is
calculated by using Equation 3. The model’s validation SoftMax accuracy is on average 75.21. The priority vector
given in Figure 13 of the given model by calculating the contribution of that feature to the prediction by comparing
the prediction when all features in the model are present to the prediction. Based on this priority vector table in
Figure 14 is formed.
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Income=0.125485286

Ves, missing no
Consumer Price Index<0.43530792 Income=0.139859378
yes, missing \no yes, missing no

Consumer Price Index<0.21135658

leaf=0.681318641 leaf=0.157894731 Income<0.136752233

yes, missing no yes, missing no

leaf=-0.12328767 leaf=0.157894731
yes, missing \no ves, missing no
leaf=-0.163212448 leaf=0.148148149 leaf=-0.174922585

Producer Price Index<0.213597268

Turnover<0.572830439

Interest Rate<0.450507555

yes, missing \no

leaf=-0.12328767 leaf=0.0263157915

Figure 12. A sample boosting tree for Macroeconomic - Construction Balance of Payments Model
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Figure 13. A sample Feature Importance vector for Construction Balance of Payments Model

The for Construction Balance of Payments Model Ygajance = YTurnover DY Using input and output parameters given
above represented as x; and the weights f; both Ygaiance = Bo+2ieq Bi- X and Yoyrnover = Bo+X2ieq Bi- X; models
can be obtained using boosting model. The bidirectional relations given in below Table 3 represents f;. The upper
triangular matrix gives f; the weights of Ypa1ance = Yrurnover @and lower triangular matrix gives f5; the weights of
YBalance < YTurnover respeCtiveIY-

Bist100 Consumer Producer . .
Interest " N Exchange Exchange : Construction Construction
Trading Price Petroleum Price Employment  Turnover Income
Rate Rates Usd  Rates Eur Balance Employment
Volume Index Index
Interest Rate 0.07 0.06 0.08 0.04 0.08 0.10 0.05 Q.05 0.05 0.08 0.05
Bist100 Trading Volume 0.06 0.07 0.08 0.09 0.08 0.07 0.07 0.03 0.05 0.04
Consumer Price Index 0.12 0.10 0.06 0.10 0.14 011 0.13 0.06 0.04 0.08
Exchange Rates Usd 0.12 0.08 0.23 0.07 0.11 0.06 0.07 0.05 0.03 0.06
Exchange Rates Eur Q.07 0.09 0.07 0.09 0.09 0.06 Q.06 0.04 0.0e 0.05
Petroleum 0.08 0.09 0.07 0.09 0.10 0.07 0.07 0.05 0.04 0.04
Producer Price Index 0.08 0.09 0.15 0.09 007 0.05 0.05 0.03 0.08
Employment 0.08 0.09 0.08 0.07 0.06 0.08 0.07 0.05 0.06 0.19
Turnover 0.09 0.1 0.11 0.08 0.08 0.11 0.09 0.07 0.06 0.18

Construction Balance 0.07 0.08 0.08 0.05 0.08 0.09 0.05 0.05 0.10
Income 0.09 0.08 0.05 0.07 0.10 0.09 0.07 0.10 0.06

Construction Employment 0.10 0.13 0.20 0.07 0.13 0.11 0.08 0.25 0.26 0.09

0.13

Figure 14. Bidirectional Macroeconomic - Construction Balance of Payments Model weights
3. Results

In a free market economy, building supply and demand are interdependent and serve as the primary determinants
of one another. This relationship is confirmed through this study, with a bidirectional correlation between building
supply and demand being the most significant parameter (28-29%). Energy is a crucial input for developing
countries to achieve their economic growth targets. However, non-renewable energy sources constitute a
significant portion of the energy mix. As such, the relationship between building supply and demand and oil prices
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is noteworthy. Given that oil is a primary raw material in building construction and the production of building
materials, there exists a strong correlation between these variables.

In Tiirkiye, the relationship between building supply and demand and the exchange rate in the construction sector
is significant. When considering the factors that influence construction prices, companies often opt to price
housing in Euros. Per se, a 12% correlation was found between building supply and the Euro exchange rate.
Similarly, an 11% correlation was found between building demand and the Euro exchange rate. This is primarily
attributed to expatriate citizens residing in EU member countries seeking to purchase housing in their home
countries. In the income and employment model, analogous to the supply and demand model, the relationship
between the Euro and construction income is a notable parameter. Given that construction income prices are
denominated in Euros, fluctuations in the Euro exchange rate directly impact income.

A positive and upward trend in the BIST 100 index positively impacts building supply and demand. This is due to
increased participation from foreign investors in the stock market, which bolsters confidence in the country’s
economy and stimulates additional investments and demand in the housing sector. Analysis confirms this
relationship, with an 11% correlation between building supply and the BIST 100 index and a 12% correlation
between building demand and the BIST 100 index. Furthermore, an increase in building supply is known to drive
up labor demand. In this context, similar to the BIST 100 results, an increase in building supply positively affects
employment (11%) and reduces unemployment. As with the supply and demand model, the BIST 100 index is
influential in the income and employment model (10%). As previously stated, developments in the BIST 100 index
positively affect construction income and employment.

A 10% correlation has been observed between building demand and the producer price index (PPI). An increase
in housing demand is expected to drive up the housing stock, leading to increased demand and prices for building
materials, thereby affecting the PPIL. In another model, the income and employment model, a 15% correlation was
determined between the consumer price index (CPI) and employment. As such, an increase in the CPI will drive
up construction prices, which in turn will impact employment through an increase in building supply.

In the income and employment model, interest rates and costs are influential factors. Fluctuations in interest rates
directly impact both construction income (10%) and employment (10%), as changes in interest rates are
considered the most significant development in both the establishment and sale of buildings. Decreases in interest
rates, a key economic indicator, stimulate housing demand and subsequently increase housing supply. Conversely,
rising costs lead to a decrease in income (17%) and a corresponding decrease in employment (9%). The inverse
of this relationship is also theoretically valid.

In the income and employment model, the income-expenditure balance is the most influential parameter (42%)
affecting construction income. Turnover is the most significant parameter (18%) impacting employment. Based
on these results, a Construction Balance model was estimated. Analysis revealed that Income (48%), Turnover
(12%), Euro, BIST and CPI (8%), Oil prices (9%), and Interest rates (7%) are all correlated with construction
balance. The strong relationship between the balance of payments and construction income is expected. The
relationship between economic outcomes and parameters expressed in previous models was also found to be valid
within this model.

4., Discussion and Conclusions

This paper discusses the bi-directional interactions between economic indicators and the Turkish construction
industry that shapes the economic landscape of a country and has a substantial impact on economies through jobs
and GDP. The paper developed nonlinear macroeconomic models and data from the Turkish Statistical Institute
to analyze the relationship between the construction industry and the economy. The study focuses on three main
categories: demand and output, employment and income, and balance of payments. The proposed model is using
a machine learning technique called gradient boosting. Gradient boosting is a nonlinear method that builds an
ensemble of weak models in a stage-wise manner and allows for the optimization of any differentiable loss
function. The advantage of using a nonlinear method is that it can capture complex and nonlinear relationships
between the variables, which may not be possible with linear methods. The paper also uses sensitivity analysis to
determine the priority vector of the model, which represents the relative importance of each variable in the model.
This helps to quantify and measure the bi-directional relations between the economic indicators and the
construction sector. The results show correlations between various economic indicators and the construction
industry. Some key findings of the study are also discussed in details such as interest rates, exchange rates, oil
prices, BIST 100 index, CPI, PPI, and the construction industry in terms of supply and demand, income,
employment, balance of payments, and price levels.
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Keywords Abstract: In this study, rotavirus disease is examined. In this situation, many
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employed to determine how the disease's transmission will affect susceptible,
infected, and recovered individuals. The implications of the fractional derivative on
the stability and dynamic behaviour of solutions are examined using the formulation
of the Caputo fractional operator. The existence and uniqueness, positivity and
boundedness of the solution are next examined. Findings include equilibrium points
and stability requirements.

Numerical simulations are used to examine the system's dynamic behaviour. With
the use of these simulations, it is possible to study how susceptible, infected, and
recovered people change over time by giving fractional values to fractional order 9.
9 takes values in the range [0,1]. This highlights the advantages of using fractional
differential equations. Then it is seen how changing some parameters causes
changes in susceptible, infected and recovered individuals.

Numerical solutions,
Numerical simulation,
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Rotaviriis Hastaliginin Yayiliminin Kesirli Matematiksel Modellemesi

Anahtar Kelimeler 0z: Bu calismada rotaviriis hastahgl incelenmistir. Bu durumda, kesirli bir
KeSirlli lIr;(ertebeden tiirev, matematiksel model olusturmak i¢in birg¢ok degisken kullanilir. Model, hastaligin
Kararllik,

bulasmasinin duyarli, enfekte ve iyilesmis bireyleri nasil etkileyecegini belirlemek
icin kullanilir. Kesirli tiirevin ¢6ztimlerin kararhiligi ve dinamik davranisi tizerindeki
etkileri, Caputo kesirli operatériiniin formiilasyonu kullanilarak incelenir. Daha
sonra ¢oziimiin varligi ve tekligi, pozitifligi ve sinirlilig1 incelenir. Bulgular, denge
noktalarini ve kararlilik gereksinimlerini icerir.

Sayisal benzetimler, sistemin dinamik davranisini incelemek i¢in kullanilir. Bu
benzetimlerin kullanimiyla, 9 kesirsel mertebesine kesirli degerler vererek duyarls,
enfekte ve iyilesmis insanlarin zaman icinde nasil degistigini incelemek
miimkiindir. 9, (0,1] araliginda degerler alir. Bu, kesirli diferansiyel denklemleri
kullanmanin  avantajlarimi  vurgular. Daha sonra bazi parametrelerin
degistirilmesinin duyarli, enfekte ve iyilesmis bireylerde nasil degisikliklere neden
oldugu goriiliir.
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1. Introduction

Rotaviruses are the leading cause of diarrhea in infants and young children, especially severe gastroenteritis,
which causes hospitalizations and infant deaths worldwide [1]. The disease constitutes an average of 20% of all
diarrhea-related deaths in the world [2]. Rotavirus is a virus that causes intestinal inflammation, especially in
children under 2 years of age. The disease is manifested by severe fever, diarrhea, and vomiting. The transmission
route of the disease is oral - fecal route. The disease makes epidemics, especially in winter and spring. [2, 3]. Due
to rotavirus (RV) diarrhea, there are approximately twenty five million outpatient clinic applications worldwide
every year, two million children are hospitalized and more than 600,000 children are lost [4]. In other words, one
child is lost every minute due to RV gastroenteritis. Rotaviruses take the second place after pneumococci among
vaccine-preventable disease deaths in children under five years of age [5]. Studies show that rotavirus is an
important cause of gastroenteritis in children aged 0-5 years in our country [6-9].Rotavirus diarrhea is a problem
of both developed and developing countries all over the world. Rotavirus infections, which differ from other
gastroenteritis agents by not being dependent on socioeconomic conditions and hygiene measures, are seen with
the same frequency in developed and developing countries; while it progresses with high mortality in developing
countries, it results in high morbidity and economic losses in developed countries [6,10,11]. Mizrake¢1 [12] and
Aydin [13] conducted studies on Rotavirus. Examining the development and course of epidemic diseases is of great
importance in terms of diagnosis and treatment. Mathematical models are used because there is no mechanism to
completely eliminate the disease. Therefore, mathematical models have become necessary diagnostic and
therapeutic tools for treatment. Since 1927, mathematical models have been extensively employed to understand
the course of disease. Recently, scientists have worked on fractional differential equations when creating
mathematical models.The classical concepts of derivative and integral, which Leibniz and Newton both fully
investigated, are generalised by the fractional derivative and integral.Both the ideas of fractional derivative and
integral are historically significant [14]. In addition to Leibniz, many mathematicians such as Weyl, Liouville,
Lagrange, Riemann Laplace, Fourier, Abel and Euler have done various studies on this subject [15]. Various
definitions of the fractional derivative have been made in the literature. Some of these are Caputo, Riemann-
Liouville, Griinwald-Letnikov, Riesz, Wely fractional derivatives. Some studies have shown that these definitions
are the same under certain conditions. Although there are transitions between them, their definitions and physical
interpretations are different [16-19]. It is possible to select the derivative definition most appropriate for the type
of issue at hand and so arrive at the optimum solution by using several definitions of derivatives in fractional
analysis.The Caputo definition of the fractional derivative is created by the Italians. In the 1960s, the
mathematician Riemann-Liouville eliminated the problem of calculating or experimentally measuring the initial
values that arose in applications of the Laplace transform of the M. Caputo definition. For this reason, in some
recent studies in the literature, fractional derivative operators are preferred more than Caputo and Riemann-
Liouville fractional derivative operators for numerical and analytical solutions of fractional differential equations.
The Caputo derivative employs fractional derivatives. Let's give examples from the studies on the mathematical
modeling of some diseases in recent years employing the Caputo fractional derivative: Oztiirk et al. [20] examined
the stability of the fractional-order model of the tumor-immune system interaction. Naik et al. [21] created a
dynamic fractional-order HIV-1 model that takes into account interactions between cancer cells, healthy
lymphocytes, and lymphocytes that have been viriis-infected to cause chaotic behaviour. Ozkése et al. [22] used
the Caputo fractional derivative to study the long-term impact of treatment on tumour cells and stem cells. Ozkose
etal. [23] conducted several studies on a new fractional grade model of SARS-CoV-2 and Cholera disease with real
data. Yavuz et al. [24] conducted several studies on a new fractional rank and susceptibility analysis modeling for
hepatitis-b disease with real data. Sabbar et al. [25]conducted various studies on the general epidemic model in
their study called Logistic Growth, Quarantine Strategy, Media Attack and Quadratic Perturbation, and Infection
Eradication Criteria in the General Outbreak Model. Sene et al. [26] demonstrated the theory and applications of
the fractional chaotic system by using the Caputo operator in her work called Theory and Applications of the New
Fractional Chaotic System Under the Caputo Operator. Evirgen et al. [27] carried out studies on the modeling of
influenza disease dynamics under the Caputo-Fabrizio fractional derivative with different contact rates. Veeresha
et al. [28] studied the Korteweg-De Vries equation with three fractional operators in his work A computational
approach for shallow water forced the Korteweg-De Vries equation at critical flow over a hole with three fractional
operators. Odionyenma et al. [29] analyzed a model using the Caputo derivative in her study Analysis of a model
for controlling the joint dynamics of Chlamydia and Gonorrhea using the Caputo fractional derivative. Atede et al.
[30] studied a fractional grade vaccination model for COVID-19 involving environmental transmission: A case
study using Nigerian data, using Nigerian data on a fractional grade vaccination model. Nwajeri etal. [31] examined
the mathematical modeling of malaria and cholera disease with the help of fractional differential equations in her
study named co-dynamic model analysis furnished with fractional differential equations of malaria and cholera.
The model's formulation is described first, after which the model's existence and uniqueness are demonstrated. It
has been shown that the parameters that will control the spread of the disease are determined by the fundamental
reproduction number and equilibrium points. The article's sections are arranged in the following order: The most
significant definitions of fractional calculus are covered in Section 2. In Section 3, we describe a fractional order
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model. In Section 4, we show that the solution to this model exists and is unique. We identify the equilibrium points
of the model's solution and evaluate their stability in Section 5. We find positivity and boundedness in Section 6.
In Section 7, we present the numerical technique for this model. In Section 8, we utilise the parameter values from
Table 1 to numerically solve our model using the Adams-Bashforth Moulton approach. Finally, Section 9 provides
the conclusion.

2. Preliminaries
We give a few key definitions of fractional calculus [16,25] that are crucial to understanding this text in this part.
Definition 1. Fractional integral from order ¥ is described as

b No-1
f@ = f o —reas
0

where 9 > 0,t > 0 and I is the Gamma function, the fractional derivative is described as

p?f) = mopn ) (b = )

where 9 € (n—1,n), t > 0.

Definition 2.

t

1 (% dt)nf 2
r'n-29) (t —7)9-—n+1’

0

| (%)n £, 9=nneN.

0<n—-1<9<n, n=[9],n €N,

DPf() = €y

gives the definition of the Caputo fractional derivative of order 9 > 0 of f: (0,0) = R.

Definition 3. The Laplace transform (LT) of the Caputo operator of the function f(t) of order ¥ > 0 is described
by
n-1
LD F (O] = s°F () = ) ()57 £ (0). @
v=0

Definition 4. The Laplace transform (LT) of the function f(t) = tﬁl_lEgﬁl (+wt?) is described as

9-9;

L[t Eg g, (£wt?)] = : 3)

s
s?+w
where Ey 4, is Mittag-Leffler function.

Definition 5. The gamma function is defined for Re(z) > 0

with the help of the integral

rz) =f etttz 1 dt.
0
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One of the gamma function's fundamental characteristics is

I'(z+1) =2zl (2),

rn+1)=n!

for z € C,n € N,. The gamma function has singular poles at z = —n(n = 0,1,2, ...).

Theorem 1 [32,33]. Consider the following fractional order system:

d’x B
7 =X, X(0) =X, )

with X € R™ and 9 € (0,1]. The equilibrium points of the system (4) are solutions to the equation f(X*) = 0, and

these equilibrium points:

(1) Asymptotically stable < all the eigenvalues A;,i = 1,2,...,n of the Jacobian matrix J(X*)satisfy that
larg(A)| > =

(2) Stable & itis asymptotically stable or the eigenvalues A;,i = 1,2, ...,n of J(X™) thatsatisfy |arg(4;)| = 192—”

if have the same geometric multiplicity and algebraic multiplicity.

(3) Unstable & eigenvalues A; for some i = 1,2,...,n of J(X™) satisfy |arg(4;)| < 197”.

3. Mathematical Modelling

Mathematical models can be used to forecast the occurrence and severity of viral infections. Many diseases may
be treated and their spread halted using mathematical models. Our aim is to monitor the spread of the disease
with the help of these mathematical models and to help science by observing the effect of this disease on people.
Rotavirus disease, which has spread since 2003, has been causing the death of many people every year. To examine
the spread of rotavirus, we consider three subpopulations susceptible, rotavirus-infected, and recovered. S stands
for a susceptible person, I rotavirus-infected person, R the population that has recovered, and N total population.

The recommended fractional order model is as follows:

SI)

DSty =A-p, N

—us(t),

Dﬁw=mﬁ%9—m@—%mrwﬂa ©)
DPR(t) = a,I(t) — uR(t).
with initial settings

S(0) =S, >0,1(0) = I, > 0,R(0) = R, > 0.
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The biological effects of the system (5) parameter values are presented in the following Table.

Parameters Meaning Value Source

A Recruitment rate 2.2996e+03 [32]

U The natural death rate 0.0336080229 | Estimated

a, The rate of people recovered from | 0.008841 Estimated
the I class

as Death rate of disease 0.024 [33]

By Rate of disease transmission 0.3736 [33]

Rotavirus disease is an infectious disease like covid 19 and shows a similar spread. SIR mathematical modeling is
used in both of these diseases. Therefore, parameter values can be taken the same. The article for covid 19 is an
extended version of the SIR model.

4. Existence and Uniqueness

Let us assess the system (5) under its initial settings S(0) = S, [(0) = I, R(0) = R,.

The formula for the system (5) is:

DX(t) = By X(t) + S(t)B,X(t) + I(t)B:X(t) + V,

X(0) = X,, (6)
where
NG) 5(0)
X@)=|(1@) | X(©0)={1(0) |,
R(t) R(0)
— 0 0 0o & o 0 00 A
Bl= 0 —U— Ay — Qa3 0 'BZ= 0 0 0,B3= 71 0 0,V= 0.
0 2 —H 0 0 0 0 0 0 0

Definition 7 [33]. Let C*[0,7"] be the class of continuous column X(t) whose components S,I,R € C*[0,7*] are

the class of continuous functions on the interval [0, T*]. The norm of X € C*[0, t*] is given by

1XIl = suple " S(6)| + suple I ()| + suple " R(¢)],
t t t

where N is a natural number and when t > § > m, we write C5[0,7*] and Cs[0, 7*].
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Definition 8 [33]. X € C*[0,7*] is a solution of IVP (6) if
(1) (¢,X(¢)) € D,t € [0,7"] where D = [0,7*] X K,K = {(S,I,R) € R%:|S| < p,|I| <7,R < w},

p,r,w € R, are constants.

(2) X(t) satisfies (6).

Theorem 2. The unique solution for the initial value problem (6) is X € C*[0, T*].

Proof: Given the fractional calculus's inherent features, the equation in (6) may be expressed as

v %X(t) =B, X(t) + S()B,X(t) + I(t)B:X(t) + V.

Operating by I? we achieve

X() = X(0) + I (ByX(t) + S(t)B, X (t) + I(t)BsX(£) + V). (7
Let us now F:C*[0,7*] - €*[0,7] described by

FX(t) = X(0) + I? (B, X(t) + S(t)BX(t) + I(t)B: X (£) + V). (8)
Then

e MIFX = FY |l = ™M1 (By(X () — Y(8) + S()B,(X () — Y (£) + I(£) By (X(£) — Y (1))

1

< @Of(t - S)ﬂ-le-N(t—s)(X(s) — Y(S))e""sds (B, +pB, +By)

t
1
< By + 9B, + 189 | [ @ x =¥
0
(¥.Nt)
(B, +pB; +7B3) |yr(l9)t
< I = vl

< NT
where y (9, Nt) is the lower incomplete gamma function and u = t — s. Since N is an arbitrary, we accept that

N? > B, + pB, + rBs, then we get |[FX — FY|| < ||X — Y||. Operator F in (8) has a fixed point. As a result, (7) has
a unique solution, X € C*[0,7*].

In (7), we have
9

X() =X(©0) + ﬁ (B, X(0) + S(0)B,X(0) + 1(0)B5X(0))

+I7*1(B X' (£) + S"()BoX(6) + S(6)B,X' () + I' (D) Bs X (£) + I(t)B3 X' (¢)).
258



Fractional Mathematical Modelling of The Spread of Rotavirus Disease

9

e NX'(t) = e‘Ntr(ﬁ)

(B1X(0) + S(0)B,X(0) + I(0)B3X(0) + V)

+I7(B1X'(£) + S'()B,X(£) + S()B,X'(t) + I'() B3 X (£) + () B3 X' (D).

The assumption X' € C;[0,7*]. From (7) we have

ax@) d
o = I (BX(D) + SOB,X(0) + 1(©)B;X(6) + V).

Operating by I*=Y we get

7 d);?) =Y %1‘9(31)(@) + S(t)B,X(t) + I(t)B; X (t) + V).

DX (t) = (ByX(t) + S()B,X(t) + I(t)B:X(t) + V),
and

X(0) = Xy + I°(B,X(t) + S()BLX () + [(£)BsX(t) + V).

As aresult, IVP (6) and Equation (7) are equal.

5. Equilibria and Their Stabilities:

The formula for system (5) to determine the equilibrium points is:

A=B, S(t,)\;(t) —uS@®) =0,
1 S(tzvl(t) —ul(®) — axI(t) —azl(t) =0, v

a,I(t) — uR(t) = 0.

We achieve the equilibrium point after simplification, where
5= N(p+ a; + az)
B '
_ (=Np? — Nua, — Nuaz + ABy)
(uBy + azpy + azpy)
—ay(Np? + Nua, + Nypaz — AB,)
R = >
WPy + uayfpy + uaspy

I

’

1]

Then the equilibrium points are:

A
£ = (5.00)
N(u+ay + a3) —Np? — Nua, — Npaz + APy —a(Np? + Nua, + Nuas — AB;)
EZ = 4 ’ 2 .
B upy + azfr + aspy WPy + uayfpy + uaspy

Theorem 3. Let E; be the equilibrium points of model (5). Assume that S, #LN < p+ a, + az. Then E; is locally

asymptotically stable.

259



Fractional Mathematical Modelling of The Spread of Rotavirus Disease

Proof. The Jacobian matrix of model (5) evaluated at equilibrium point E; is given by

= 0
—H *BlﬂN
J(Ey) = 4
: 0 ﬁlﬁ*#*%*% 0
0 a U

According to the characteristic equation |J(E;) — AI| = 0.
A
u=D|(pr g =1 —as) cu-2| =0

Eigenvalues of J(E;) are:

2 <0, larg()| = 7 > 197”,1' =123
Acording to Theorem 1, equilibrium point is E; locally asymptotically stable.

Theorem 4. The endemic equilibrium E, of the model (5) is asymptotically stable if

A
A2=,uz+,ua2+,ua3—%>0.

Proof. The following is the jacobian matrix for model (5):

—Nu2-Nua,—Npas+AB, N(utaz+as
b ( uB1+azfi+asfy )_ ﬁl( B ) 0
N I N
J(Ey) = ~Nu?-Nua,—Nuaz+AB, N(u+az+as
A ( UBi+azBi+aszpy ) - ﬁl( B1 ) —n-—a,—a 0
N N 2 3

0 az —H

According to the characteristic equation [J(E,) — AI| = 0,

(u-n |2 (N(u+fl+a3)— 2) = (-t W++B+a)) (u+a,+ap)| =0,

we get
—AB; Ay
P = (- V)N)(——"—+ 212 —(—p?>- - —) =0,
( ) ( )(N(,u+a2 +a3)+ ( :u :uaZ Ma3+ N )
(4B1) APy
Pl 2 ——=0,
+ N(u+a2+a3)+'u + ua, + pas N
where
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ABy

Al=—"—7>
! N(u+a; + as)

0;

A
A2=ﬂ2+ﬂa2+ﬂa3_%>0.

Depending on the Routh-Hurwitz criteria, if A; > 0, A, > 0 hold, we can say that E, is asymptotically stable.
6. Positivity and Boundedness
Lemma 1. (Generalized Mean Value Theorem).

The assumption w(t) € C[a,b]and §DZw(t) € Cla, b] for 0 <9 < 1,then

w(t) = w(a) + ﬁsnfw(r)(t —ay,

where 0 < v < t,Vt € (a, b].

Remark 1.1f w € C[0,b] and §Df (w(t)) = 0,Vt € (0, b], then the function w(t) is non-increasing forall t € [0, b].
Theorem 5. The solution of model (5) along with initial settings is bounded in R3.

Proof: Noting that R2 is positivity invariant, the non negative region.

We obtain from system (5)

DYS(t)g_g = A =0,

DUI(t);—o =00, (10)
DYPR(t)p—o = at,I > 0.

According to system (10) and Remark 1, the solution of model (5) cannot escape from the hyperplanes
S$=0,I=0,R=0.if (5(0), 1(0), R(O)) € R3.This means that the region R2 is a collection of positive invariants.
Theorem 6.

The region P = {S(t), I(t),R(t) ERE,0<S(t) +I(t) + R(t) < ﬁ} is an invariant set that is positive for the system
(5).

Proof. From model (5) we have

DYN(t) = A— u(S + 1+ R) — a3.This gives that DN (t) = A — uN(t) — asl.

When we apply the Laplace Transform to the previous equation, we have

SPw(s) — SP7IN(0) < /El— uw(s),

this further provides
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S714 +S‘9‘1N(0)
SV+pu - (SP+p)

w(s) <

From Definitions 3,4,we can infer if Sy, I, Ry € Ri, then

N(t) < At’Eg 41 (—ut”) + Eg 1 (—ut®)N(0)

A
= m (tﬁﬂEﬁ,ﬁ+1(_ﬂtﬁ)) +Eg (—put’) S ——==—.

This indicates that because N(t) is bounded, S(t), I(t),and R(t), are also bounded.

7. Numerical Scheme

We use the Caputo fractional operator to look into the dynamics of the suggested fractional order model (5). The
Adams type estimator-corrector method [34-37] is employed to offer the numerical simulation of the proposed
nonlinear fractional order system.

Regarding the order ¥ Caputo operator, the following Cauchy-type ODE is considered:
DY) = d(t, o)), ¢P(0)=¢g, 0<I<L, 0<t<T, (11)

where b = 0,1,...,n — 1,and n = [9]. Eq. (11) can be turned to the Volterra equation:

¢(t)—z Rk + 1y Jo ¢ = 977 (s, p(s))ds. (12)

By taking into account the numerical solutions of the suggested model using this proposed predictor-corrector
scheme connected to the Adam-Bashforth-Moulton algorithm [35], we can take h = T/N,tz =zh, and z =
0,1,...,N € Z*, by letting ¢, ~ ¢(t,), it may be discretized using the associated corrector formula [38], which is
as follows:

4 ]‘L19 q S 1
— (2) q+1 B 1
Sq+1 B Zz=0 S Z' WICED) r@+ 2) Z (pz’q+1) (A '81 z)

A Sc}[)-fllq+1 SPF
F(19+2) (pq+1q+1) ﬁl —Hu q+1 )

q-1 tZ h19 q S,
— (2) “q+1 zlz
lgy1 = § o Ioz 71 + —I"(19 ¥2) § Z=O(Pz,q+1) (.81 N ul, —ayl, — 0»’312)

h"9 q Szlz
+ r®+2) Zzzo(pqﬂ.qﬂ) (ﬁ1 N ul, —azl, — a312>,

q-1 tZ h? q
_ (z) "q+1
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q
D Do, Periasn) (@l — uREEL),
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a-1  tZ h? q S,I
_ (z) “q+1 . zlz
Iff = Zz:o Iy T mzzzo(]zq+l) (ﬁ1 N ul, —a,l, — a312>:

q-1 tZ h? q
— E (z) “q+1 2: .
Rgil - Ro 71 + 1—'(19 + 1) Zzo(]z,q+1) (azlz - uRz):

z=0
and
941 _ [y 0 e
q (@—9(@q+1)°, ifz=0,
Prg+1 = (@ —z+2)" 4+ (q — 2% — 2(q — z + 1)1, if 1<z<gq, (13)
1, if z=q+1,
where

jz,q+1 =(q+1- Z)ﬂ -(q— Z)ﬂ-

8. Numeric Simulation

The Adams-Bashforth-Moulton Predictor-Corrector approach is used within this part to display the numerical
solution of our model (5) for the values in Table 1. This disease's spread and how certain factors will influence its
development have been looked at. Due to this, using the values presented in Table 1, the fluctuation of each
subgroup over time is shown for various values of 9.

In Fig.1, illustrates the susceptible people for various 9 levels to show the most important fractional order. Thus,
we can see that the susceptible people decrease over time and after the 10th day, the decrease slows down and
becomes almost constant after a certain period of time.

In Fig. 2, we can see that rotavirus-infected individuals noticed the most important fractional order for various
values of 9. As a result, we can see that people infected with rotavirus manifest as a declining course up to about
day 10 and an almost constant behaviour for decreasing values of 9. It is obvious that people infected with
rotavirus show this behavior.

In Fig. 3, shows people recovering for various 9 values to most meaningfully see fractional order. Thus, we can
observe that the recovered individuals exhibit a behavior that increases over time until the 10th day, and decreases
over time for decreasing ¥ values, and then the decrease slows down. We can also see that these J values intersect
between the 20th and 30th days.

In Fig. 4, examines the time-dependent variation of the population in susceptible individuals for different values
of §; =0.3637, B, =0.45, B, = 0.55 and ;= 0.65, which is the transmission coefficient of the disease in the (5)
model. Here, B, value for the real data is taken as 5; = 0.3637. According to this value, it is observed that the
number of susceptible individuals increases over time compared to other values of ; in the simulation. We are
trying to observe the changes in the S class compared to ;. The S class is shown to decline as f3; increases, which
is the case. After the 10th day, this decrease slows down and exhibits a nearly constant behavior over time.

In Fig. 5, examines the time-dependent variation of the population of rotavirus-infected individuals for different
values of §; = 0.3637, ;= 0.45, ;= 0.55 and S, = 0.65 of the disease transmission coefficient g, . It is seen that the
number of individuals infected with rotavirus for the value of ;= 0.3637 is less than the other values of §;
(0.45,0.55,0.65) and the number of individuals infected with rotavirus becomes more stable over time. It is
observed that the number of individuals infected with rotavirus is also significantly less for the value of ;= 0.3637
compared to other values and approaches zero at the end of the simulation period. When we observe the changes
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in Class I compared to f3;, we see that with the increase in f5;, a decrease occurs first in class I. We then observe
that there is an almost constant behavior.

In Fig. 6, changes have been observed in the R class compared to ;. With the increase in §;,we see that the
individuals in the R class, who recovered, showed an increasing attitude until the 10th day, then decreased, then
the decrease slowed down.

The numerical values of system (5) are presented in Fig.1-6 for different values of parameter 8, and fractional
order 9. For

A =2.2996e+03, u = 0.03360802290, a, =0.008841, a3 =0.024, 5; = 0.3736, the corresponding equilibrium are:
E, = (266.7921155,4.27079087,1.123483586)

In Figures 1-3, we consider the variation in susceptible individuals, infected individuals, and recovered individuals
around the equilibrium point E, over time for different ¥ values. These figures confirm the equilibrium point
stability. So theorem 4 is valid. It was concluded that as ¥ decreased, susceptible individuals, infected individuals
and recovered individuals increased. In addition, the lower the ¥ value, the lower the peak and concentration of
susceptible individuals, infected individuals, and recovered individuals. From the figures we see that, when the
derivative order according to 1-3 is lowered from 9 =1, the memory effect of the system increases and therefore
equilibrium point take longer to be stable. Using the same parameter values above, we consider different 8, values
such as 3,=0.3637, $;=0.45, 3,=0.55, §;=0.65 in Figures 4-6. The corresponding equilibrium points are:

E, = (266.7921155,4.27079087,1.123483586) ,8; = 0.3637,

E, = (221.496743,24.3450718,7.150003939), 8, = 0.45,

E, = (181.2246079,47.5483987,12.50818989), ; = 0.55,

E, = (153.343899,61.63921838,16.21769624), ;= 0.65.

It is seen that as f3; increases, susceptible and recovering individuals decrease, while infected individuals first
increase and then decrease. It is easy to see that the local asymptotic stability occurs with respect to the
equilibrium point E,. These graphs show that model (5) satisfies theorem 4. The biological existence conditions of

the equilibrium points are given in Table 1.
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9. Discussion and Conclusion

In this paper, first of all, we have given a brief information abaut rotavirus. Researchers have looked at how
rotavirus spreads among people and what effect it has on people. Thus, a new Caputo fractional order

mathematical model of disease has been created.

It has been attempted to demonstrate that the system has an equilibrium point and a solution using the fixed point
theorem. The system's equilibrium points are located in order to look at the stability of these places. The Adams
Bashforth-Moulton approach is used to demonstrate numerical simulations of our concept. The disease model is

graphically have been expressed for different parameter values.

For these various parameter values, a difference in the number of rotavirus cases has been noted. It has been
estimated that human deaths from this disease will decrease as the rotavirus cases decrease in the future. In
addition, it is predicted that the spread of the disease will decrease when the disease transmission coefficient
decreases. As may be inferred from the data, this demonstrates that fractional-order equations can be used to more

effectively explain the impact of rotavirus.

The model is constructed using fractional-order differential equations. By examining the dynamic behavior of this
model, it has been proven that the positive equilibrium point is asymptotic. The graphs for different fractional
values of ¥ are examined. It has been determined that partial differential equations are more advantageous for
mathematical models than full differential equations. The outcomes of the created simulations demonstrate that
while the equilibrium points of fractional-order equations and integer order equations are identical, the fractional-

order equation solutions take longer to reach the equilibrium point when the 9 parameter drops.

In this way, we hope that the number of people caught and died from rotavirus will decrease significantly by
making necessary predictions with the help of these mathematical models and taking necessary precautions and

precautions in the future.
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Anahtar Kelimeler 0z: Bu galismada, y1gn li¢ alanlarinin rehabilitasyonunda yeralti suyu ile yikama
Altin Madenciligi, yaklagiminin uygunlugu, yigin li¢ yontemi ile altin madenciligi faaliyetini aktif bir
Yigin Lig Alani (YLA), sekilde gerceklestiren bir isletmenin YLA’sindan islenmis cevher atig1 alinip, alinan
Ei‘{é‘ﬂﬁggl' numunelerin Kkolon testine tabi tutulmasi suretiyle degerlendirilmistir. YLA‘da

toplam 3 bélgeden numune alinmistir. 1 nolu numune; li¢ islemleri en erken biten
bolgeden, 2 nolu numune; li¢ islemleri en ge¢ biten bolgeden alinmistir. YLA'da
bulunan biitiin y181n1in temsil edilmesi amaciile 1 ve 2 nolu numune esit miktarlarda
karistirilarak homojen bir numune elde edilmis ve elde edilen numune 3 nolu
numune olarak isimlendirilmistir. 1 ve 2 nolu numuneler, 1 ve 2 nolu kolonlara, 3
nolu numune ise 3 nolu kolona ve 4 nolu kolona beslenmistir. Her bir kolona
beslenen numune miktar1 40 kg olarak ayarlanmistir. 1, 2 ve 3 nolu kolon yikama
suyu olarak, bolgede bulunan yeralti suyu kullanilmis, 4 nolu kolon yikama suyu
olarak ise saf su kullanilmistir. Her bir kolon, 10 L/mZ.saat debi ile yikanmstir.
Kolonlarin tabanlarindan siiziilen yikama suyu numunelerinde, giinliikk olarak
toplam siyantr analizleri gerceklestirilmistir. Kolon tabanlarinda biriken yikama
suyu numunelerinde okunan Toplam CN degerleri; 1 nolu kolon igin 19. Giin
sonunda, 2 nolu kolon i¢in 42. giin sonunda, 3 nolu kolon i¢in 46. Giin sonunda <0,1
ppm degerine ulasmistir. 4 nolu kolon ise bolgeye diisen toplam 5 yillik yagis miktari
baz alinarak hesaplanan yikama suyu miktarina ulasincaya kadar saf su ile yikama
islemine tabi tutulmus ve 5,5 giinliik yikama islemi sonunda elde edilen yikama suyu
numunesine ait toplam siyaniir degeri 0,44 ppm olarak olciilmiistiir. Yikamalara
basladiktan sonra ilk 5 giin icerisinde, biitiin kolon tabanlarindan siiziilen yikama
suyu numunelerinde Toplam CN degeri 1 ppm altina diismiistiir. YLA'nin bolgeye
diisen yagislar baz alinarak dogal olarak yikanmasi senaryosuna gére Toplam CN
degerlerindeki degisimin ortaya konulmasinin amaglandigi 4 nolu kolonun saf su ile
yikanmasi isleminde, toplanan numunelerdeki Toplam CN degerinin hizli bir sekilde
diistiigii tespit edilmistir (3 glinltiik yikama islemi neticesinde Toplam CN degeri <1
ppm’e dismiistiir). Elde edilen sonuglar irdelendiginde, yigin li¢ alanlarinin
yeraltindan cekilen sular ile yikanarak Toplam CN degerinin <0,1 ppm altina
dusiiriilebilecegi ancak bu yaklasimin yigin li¢ alanlarindan depolanan islenmis
cevher atiklar1 toplam miktar1 dikkate alindiginda, siirdiiriilebilir kaynaklarin
kullanmimi ve toplam yikama siireleri agisindan ¢ok ¢evreci bir yaklasim olmadig
sonucuna ulasimistir. 4 nolu kolon yikama testi sonuglar1 dikkate alindiginda,
yikama isleminin dogal meteorolojik sartlar altinda uzun yillar icerisinde kontrolli
bir sekilde yapilmasi halinde, li¢ alanlarindaki Toplam CN degerinin dogal olarak
istenen degerlere diisebilecegi goriilmiistiir. Dogal yikama islemleri ardindan, lig
alanlarmin yiizey gecirimsizliklerinin teknigine uygun sekilde insa edilmesi ve alan
yuzeylerinin bolge iklimine uygun fidanlar ile agaglandirilarak alanin rehabilite
edilmesi ve li¢ alani etrafinda bulunan su kalitesinin belli periyotlarda takip edilmesi
ile etkin bir kapama dénemi ve kapama sonrasi izleme dénemi tesis edilebilir.
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Evaluation of the Groundwater Washing Approach in the Rehabilitation of
Heap Leaching Areas in Gold Mining

Keywords Abstract: In this study, the suitability of the groundwater leaching approach in the
Gold Mining_' rehabilitation of heap leach areas was evaluated by taking the processed ore waste
Heap Leaching Area (HLA), from the heap leach area of an enterprise and subjecting the samples to the column

Ore Waste, test. Samples were taken from a total of three regions in the heap leach area.
Column Testing, . ;
Cyanide Sample No. 1 was taken from the region where leaching processes were completed

the earliest. Sample No. 2 was taken from the region where the leaching process
was completed at the latest. In order to represent the whole heap in the HLA,
samples 1 and 2 were mixed in equal amounts to obtain a homogeneous sample,
and the obtained sample was named sample 3. Samples 1 and 2 were fed to
columns 1 and 2, and sample 3 was fed to columns 3 and 4. The amount of sample
fed to each column was set to 40 kg. Groundwater in the region was used as column
washing water numbered 1, 2, and 3, and pure water was used as column washing
water numbered 4. Each column was washed at a flow rate of 10 L/m2.hr. Daily
total cyanide analyses were performed on wash water samples filtered from the
bottom of the columns. Total CN values read in wash water samples accumulated at
the bottom of the column; They reached <0.1 ppm at the end of the 19th day for
column 1, at the end of the 42nd day for column 2, and at the end of the 46th day
for column 3. Column number 4 was washed with pure water until it reached the
amount of washing water calculated based on the total amount of precipitation for
5 years in the region, and the total cyanide value of the washing water sample
obtained at the end of the 5.5-day washing process was measured as 0.44 ppm.
Within the first 5 days after starting the washings, the total CN value in the wash
water samples filtered from all the column bases decreased below 1 ppm.
According to the scenario where the HLA is naturally washed out based on the
rainfall in the region, it was determined that the total CN value in the samples
collected after column 4 was washed with pure water decreased rapidly (as a
result of the 3-day washing process, the total CN value decreased to <1 ppm) When
the results obtained were examined, it was seen that the total CN value could be
reduced to <0.1 ppm by washing the heap leach areas with the water withdrawn
from the ground. However, considering the total amount of processed ore waste
stored in HLA, it has been concluded that this approach is not very environmentally
friendly in terms of the use of sustainable resources and total washing times.
Considering the results of column washing test number 4, it has been observed that
the total CN value in the leaching areas can naturally decrease to the desired values
if the washing process is carried out in a controlled manner over many years under
natural meteorological conditions. After the natural washing processes, an effective
closure period and post-closure monitoring period can be established by
constructing the surface impermeability of the leaching areas in accordance with
the technique, rehabilitating the area by afforesting the area surfaces with saplings
suitable for the climate of the region, and monitoring the water quality around the
leaching area at certain intervals.

*lgili Yazar, email: selahattinguney58@gmail.com

1. Giris

Altina yiiksek deger verilmesinin nedenlerinden birisi, kimyasallarin hemen hemen tamaminin etkisine olan
direncidir. Istisnalardan birisi, kiymetli metali ¢6ziindiiren siyaniir veya daha dogru bir ifade ile siyaniir iceren
¢ozeltidir. Siyanir, madencilikte, kirma ve graviteyle ayirma gibi basit fiziksel siireclerde kolayca
zenginlestirilemeyen ve 6zellikle diisiik tenorlii cevherlerden altini (ve giimiisii) elde etmede kullanilir. Su esaslhi
cozeltiler kullanilarak altin gibi metallerin ¢ikarilmasi ve kazanilmasi islemine “hidrometalurji” denir. Altin
madenciligi islemlerinde, genellikle %0,01-%0,05 aralifinda (milyonda 100-500 kisim) siyaniir iceren ¢ok
seyreltik sodyum siyaniir (NaCN) ¢ozeltileri kullanilmaktadir. Metalin ¢oziindiiriilmesi stirecine li¢ islemi denir.
Sodyum siyantir suda ¢6ztliniir ve hafif oksitleyici bir ortamda cevherde bulunan altini ¢6zer. Boylece olusan altin
icerikli ¢ozeltiye “yiiklii ¢ozelti” denir. Ardindan ytkli ¢ozeltiye ¢inko metali veya aktif karbon ilave edilerek
altinin ¢6zeltiden alinmasi saglanir. Geriye kalan “yiiksiiz” ¢ozelti (altin yiikii alinmis ¢6zelti) yeniden altin elde
etmek iizere tesise geri gonderilebilecegi gibi atik aritma tesisine de génderilebilir [1].
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Altin madenciligi, YLA, cevher atig1, kolon testi ve siyaniir anahtar kelimeleri ile yapilan literatiir taramasinda
ulasilan birkag¢ ¢calisma asagida 6zetlenmistir.

AKgil tarafindan 2001 [2] yilinda yapilan ¢alismada, Tiirkiye’'de isletilen Ovacik Altin Madeninde gergeklesen
altin madeni iiretim siirecleri ve INCO SO2/Hava prosesi ele alinmistir. Isletme iiretim faaliyetleri neticesinde
olusan ve igerisinde siyaniir bulunan soliisyonun aritiminin yapildigi INCO SO2/Hava prosesi ¢ikis suyundan
(arttildiktan sonra atik barajina gonderilen su), Haziran 2001 - Mayis 2002 donemi araliginda giinliik numuneler
alinarak numuneler tizerinden wad siyaniir analizleri yapilmistir. Bu donem boyunca okunan wad siyanir
degerlerinin, cevresel limitlerin (0.06 ppm (en diisiik) ile 1 ppm (en yiiksek) arasinda oldugu gorilmiistiir.

Karakaya vd. 2004 [3] yilinda yaptiklar1 ¢alismada, diisiik stlfiir ve agir metal igerigine sahip olan bir altin
madenciligi atik camurundan hidrojen peroksit ile oksidatif siyaniir giderim etkinliginin tespit edilmesi amaciyla
nihai giderim miktarina, katalizér (Cu), hidrojen peroksit dozlari, sicaklik ve pH etkilerini arastirmistir. Deneyler,
sise-nokta metodu ile kesikli tam karisimli reaktdrlerde farkli dozlar uygulanarak yapilmistir. Deneylere Cu
katalizori eklenmesi veya eklenmemesi gibi her iki durumda da genel olarak artan peroksit dozuyla CNWAD
giderim hizinin arttig1 gorilmiustir.

Orloff vd. 2005 [4] yilinda yaptiklar1 ¢alismada, Colorado’da y1gin li¢ yontemi ile altin madenciligi faaliyeti
yapilan bir isletmenin merkezinden yaklasik 800 metre uzakliktaki ortam havasinda Hidrojen Siyaniir miktarini
degerlendirmek amaciyla hava érneklemleri toplamislardir. Yapilan ¢alisma sonucunda toplanan ortam havasi
numunelerinin tespit edilebilir konsantrasyonlarda Hidrojen Siyaniir gazi icermedigi goriilmiistiir (Elde edilen
orneklemler 6zel bir laboratuvar 'da NIOSH Method 6010 (NIOSH, 1994) ‘a gére analiz edilmis olup analiz
dedeksiyon limiti 0,2 ppb’dir).

Dam vd. 2008 [5] yilinda yaptiklar: ¢alismada, Kuzey Avustralya’da yer alan ve 1994 yilindan 2000 yilina kadar
isletilip arastirma tarihi itibariyle hizmet dis1 birakilan bir altin madeninden ¢ikan sizint1 sularinin Edith Nehri
havzasindaki toksisitesini degerlendirmislerdir. Havuzlardan alinan 6rneklerin Bakir, Cinko ve Aliiminyum
parametreleri agisindan toksik etki olusturdugu belirlenmistir. Madenden kaynaklanan sizint1 sularinin havzadaki
su ortaminda toksik etki olusturmamasi i¢in 1/20000 oraninda seyreltilmesi gerektigi ayrica ortaya konulmustur.

Sayiner vd. 2012 [6] y1linda yaptiklar1 ¢alismada, altinin siyantir ile li¢ edilmesi sirasinda cevherlerde bulunan
Ag, Ni, Cu gibi diger metallerin de siyaniirle reaksiyona girip altin ile birlikte ¢6zeltiye gectigini, bu ¢6ziinmiis
haldeki metallerin az ya da ¢ok karbona adsorbe olduklarindan, altinin ¢ozeltiden karbon adsorpsiyonu ile
kazaniminda engel olusturabildiklerini belirtmisler ve deneysel ¢alismalarinda sentetik olarak elde ettikleri
cozeltilerdeki Ag, Ni ve Cu’in altin adsorpsiyonuna etkilerini incelemislerdir. Elde edilen sonuglar su sekildedir. 5
ppm Au iceren ¢ozeltinin 48 saatlik adsorpsiyon verimi %99,04, 10 ppm’in %98,13; ve 15 ppm Au iceren ¢6zeltinin
%97,16 olarak gerceklesmistir. Au adsorpsiyonuna en yliksek etkiyi, Au adsorpsiyonunu %98,13’ten %83,77’ye
diistiren 200 ppm Ag gerceklestirmektedir. 250 ppm Ni ilavesi ise Au adsorpsiyon verimini %90,65’e; 300 ppm Cu
ise %94,59’a diistirmiistir.

Kekec vd. 2014 [7] yilinda yaptiklar1 ¢alismada, Tiirkiye’de bulunan bir altin madenciligi isletmeciliginde olas1
cevresel etki degerlendirilmelerinin tespit edilerek alinacak 6nlemler ve yapilacak calismalarin ortaya konmasi
amagclanmistir. S6z konusu ¢alismada altin madeni isletmeciligi cevresel etkileri agisindan degerlendirilerek, hava,
su, toprak kalitesi inceleme ¢alismalar1 yapilmistir. Altin madeni sahasi icerisinde drnekleme alanlari belirlenmis,
alinan numunelerin analizleri yapilarak etkilesim siirecleri izlenmistir. izleme ¢alismalari, agik ocak madencilik
faaliyetleri kapsaminda yapilan patlatma faaliyetleri esnasinda sismograf cihazlari ile alinan hava soku ve titresim
Olclimleri, isletme CED sinirlarn etrafindan 7/24 alinan giirtlti 6lgiimleri, ¢éken toz 6l¢iim sonuglari, PM-10
Olglimleri, HCN ol¢limleri ve bolgedeki yeralt1 ve ylizey sularindan numuneler alinarak saha parametrelerinin
Olciilmesi ana basliklari altinda yiiriitiilmiistiir. Elde edilen veriler yasal sinirlar kapsaminda degerlendirilmis ve
tartisilmistir. Sonug olarak altin madenciliginde, gerek isletme 6ncesi alinan tedbirler gerekse isletme donemi ve
kapama doneminde alinan tedbirler kapsaminda ¢evre ile uyumlu ve siirdiriilebilir madencilik faaliyeti
yuriitiilebilecegi analiz sonuclari ile ortaya konulmustur.

Erkan vd. 2015 [8] yilinda, farkli kirma boylarinin y18in lici prosesinde altin verimine ve y18in gegirimliligine
etkilerinin incelemesi amaciyla jeometalurjik ¢alismalar, laboratuvar 6lgekli testler (ince ve iri boy sise ¢cevirme
testleri ve kolon testleri) ve gecirimlilik testleri yapmislardir. Testlerde kullanilacak cevher temini planlanan agik
ocagin ii¢ boyutlu modeli hazirlanarak ince taneli cevherin olusturdugu iist bélimden D1 koduyla orta béliimde
yer alan hem ince hem kayagcl tane iceren béliimden D2 koduyla ve ocagin tabaninda bulunan ve kayach yapiya
sahip olan béliimden D3 koduyla kompozit érneklemler olacak sekilde alinmistir. Orneklemler iizerinde, y1g8in lici
verimini laboravutar ortaminda test edebilmek icin 3 farkli kompozit ve 3 farkli tane boyu dagiliminda toplam 9
adet kolon testi yapilmistir. 54 giin boyunca li¢ islemine tabi tutulan kompozitlerde ¢ozeltiye gecen altin

273



Altin Madenciliginde, Y1gin Li¢ Alanlarinin Rehabilitasyonunda Yeralti Suyu ile Yikanma Yaklasiminin Degerlendirilmesi

miktarinin 6nemli 6l¢iide artmamasi sonucunda kolon testi bitirilmistir. Altin kazanimlarinin 54 giin sonunda D1-
A, D1-B ve D1-C ornekleri i¢in sirasi ile %86.06, %89.51 ve %87.72 olarak gerceklestigi gorilmistir. Ayrica,
YLA’nin optimum ytiksekliginin tespit edilebilmesi amaciyla 6rnekler tizerinde gecirimlilik testleri (yiik altinda ki
malzemenin farkl yliksekliklerine basing sensérii konularak malzeme gecirgenliginin ortaya konmasi) yapilmistir.
Test sonuglarina gore, D1 A 6rneginde 24 metreden sonra kismi goéllenmeler goriilmiis ve 30 metrelik basing
altinda ciddi oranda gecirimliligini kaybetmistir. D1 B érneginde 24 metreden sonra kismi géllenmeler goriilmiis
ve 36 metrelik basing altinda ciddi oranda gecirimliligini kaybetmistir. D1 C 6rneginde 54m ytkseklige kadar su
akisinda bir sikint1 gézlenmemistir. Testler benzer yaklasimla D2 - A, B,Cve D3 - A, B,C 6rneklerinde 54 metrelik
yuikseklige karsi gelen basing degerine kadar gecirimlilikte herhangi bir sikinti1 g6zlenmemistir.

Kog¢ vd. 2016 [9] yi1linda yaptiklar: calismada, Mevcut endiistriyel siyaniir geri kazanimi proseslerinin olumsuz
yonlerini dikkate alarak, endiistriyel uygulama potansiyeli olan etkin, yeni ve alternatif bir ydntemin
gelistirilmesini amaclamislardir. Onerilen yéntem, toksik etkisi diisiik organik bir reaktif olan trimercapto-s-
triazine (TMT) kullanilarak, siyaniir kompleksleri halinde bulunan metallerin, metal-TMT bilesigi seklinde
altindan se¢imli olarak ¢oktiiriilmesi ve kompleks halindeki siyaniiriin serbestlestirilmesi (geri kazanimi) esasina
dayanmaktadir. Yapilan ¢alismalarda sentetik ve gercek yuklii li¢ ¢ozeltilerinden TMT ile ¢inko ve glimiisiin kisa
siirede (5-15 dk.) yiiksek verimlerle (>%91) kazanildigi, ancak bakirin ¢6kme kinetiginin ¢ok yavas oldugu (4
giinde %55 Cu) belirlenmistir. TMT dozajinin arttirilmasi metallerin ¢oktiirme verimini arttirmasina karsin
yuksek siyaniir konsantrasyonlarinin ¢inko ve bakirin ¢éktiirme performansini olumsuz etkiledigi gérilmiistiir.
Bu calismada elde edilen sonuglar, dnerilen ¢oktiirme yontemi ile yiikli li¢ ¢ozeltilerinden 6zellikle giimiis ve
¢inkonun altindan sec¢imli olarak kazanilabilecegini ortaya koymustur. Ayrica bu ¢alismada, AVR ve SART gibi
mevcut prosesler ile dnerilen prosesin karsilastirilmasi yapilmis, 6nerilen prosesin mevut proseslere gore
potansiyel avantaj ve dezavantajlari belirtilmistir.

Donato vd. 2017 [10] yilinda yaptiklar1 calismada, madencilik endiistrisindeki altin ve giimiis geri kazanim
siire¢lerinde kullanilan siyaniirtin yaban hayati i¢in risk tegkil ettigini bu risklerin bertaraf edilmesi i¢in alinmasi
gereken onlemlere dikkat ¢ekmislerdir. Ayrica altin - giimiis madenciligi faaliyetlerinde kullanilan siyaniiriin,
glvenli yonetimini belgeleyen ve uluslararasi bir sertifika programi olan siyaniir yénetim kodunun 6nemi
vurgulanmistir (Siyaniir Yonetim Kodu, siyaniir kullanilarak altin ve glimiis tretimi ile ugrasan ve bu siyaniirii
ireten, tasiyan ve depolayan sirketlerin siyaniiriin giivenli ve cevreye duyarli yonetimine odaklanan, gontlliiliik
ilkesine dayali bir sertifika programidir. Birlesmis Milletler Cevre Programi himayesinde ¢ok paydash bir
yonlendirme komitesi tarafindan gelistirilmis olan ve madencilik sektdriindeki en kokli sertifika programlari
arasinda yer alan Siyaniir Yonetim Kodu, isletmeyi bulundugu bélgenin yiirtrliikteki yasa ve yonetmeliklerine
uyma konusundaki mevcut yiikiimliiliigiinii tamamlayici niteliktedir).

Sendur vd. 2020 [11] yilinda yaptiklar1 ¢alismada, diisiik tendrli altin cevheri igin, farkl testlerdeki li¢
davraniglarini incelenmisler ve uygulanacak altin kazanmim prosesi i¢in uygun yéntemler énermislerdir. Ornekler,
Kiitahya'nin Tavsanli ilgesinin Balikdy mevkiinden alinmistir. Bolgeye ait olan diisiik tenérlii altin rezervinin lig
testlerindeki davranislarini incelemek igin, 2 farkli laboratuvar testi uygulanarak bunlarin karsilastirilmasi
yapilmistir. Bu testler kolon ve tank li¢ testleri olup, farkl tane boyutlari i¢in incelemeler yapilmistir. -20 mm ve -
12,5 mm kirma tane boyutu i¢in kolon testleri uygulanmis olup, -0,075 mm ic¢in tank li¢ testleri uygulanmistir.
Uygulanan li¢ testlerinde NaCN kullanilmis olup, pH diizenleyici olarak Ca(OH), (sonmiis sanayi kireci) tercih
edilmistir. Farkli tane boyutlarinda gerceklestirilen testlerin sonucunda her iki kimyasal i¢in, tiiketim degerleri
hesaplanmis olup, karsilastirmalar1 yapilmistir. Bu arastirma sonucunda diisiik tenorlii altin cevheri i¢in elde
edilen altin kazanim oranlar1 hesaplanmis olup, maksimum altin verimi -0,075 mm tane boyutunda
gerceklesmistir. Altin kazanma verimleri, kolon li¢ testlerinde %77, tank lig testlerinde %82 olarak elde edilmistir.
Tank li¢ testi 72 saat siirerken, kolon li¢ testi 10 hafta gibi uzun bir siirede tamamlanmistir.

Koc¢an tarafindan 2021 [12] yilinda yapilan ¢alismada, cevherden altin liretiminde son yillarda yaygin olarak
kullanilan siyaniir li¢ prosesi ve bu proses atiklarinin ¢evresel etkileri ile siyaniir atiklarinin aritilmasinda
uygulanan INCO SO2 /Hava prosesini incelenmistir. Glinlimtzde siyanir atiklarinin aritilmasi i¢in tercih edilen en
yaygin yontemin kimyasal INCO SO2/Hava prosesi oldugu, bu proses kullanilarak, atiklardaki toplam siyaniir
derisiminin 1 ppm’in altina diistiriilebildigi ve toksik siyantirlerin amonyum ve karbonat gibi zararsiz formlara
dontstiirilebildigi vurgulanmistir.

Altin madenciligi ve siyaniir anahtar kelimeleriile yapilan literatiir taramasi neticesinde ulasilan ¢alismalarin, altin
madeni isletmelerinde ve etrafindaki dogal yasam iizerinde siyaniiriin ¢evresel risklerine yonelik oldugu, anahtar
kelimelere kolon testi ve y181n lici ibaresinin de eklenmesi ile birlikte yapilan aramalarda ulasilan ¢alismalarin ise
isletme doneminde kullanilacak olan cevher 6rnegi tizerinde kolon testlerinin yapilmasi ve elde edilen sonuglara
gore y1gin li¢ alanlarinin tasarim parametrelerinin belirlenmesine yonelik oldugu goériilmektedir. Literatiire
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benzer bir ¢alisma kazandirilmamis olmasi bu arastirmayi diger arastirmalardan ayristiran en temel 6zellik olarak
goze carpmakta olup arastirmanin 6zgiinliigiinii ortaya koymaktadir.

Diinyada, NaCN kimyasali kullanilmak suretiyle dore altin-giimiis metalinin elde edilmesi iki ana iiretim yontemi
kullanilarak ger¢eklesmektedir. Bu yontemler, tank li¢i yontemi ve y18in lici yontemidir. Bu ¢alismaya konu olan
yigin li¢i yontemi, genellikle cevher igerisinde altinin diisiik tendrlerde olmasi halinde tercih edilmektedir (ton
basina 2 g’'dan daha az altin igeren diisiik tendrli altin cevherlerine yi1ginla siyaniir lici uygulanabilir) [12].

Y1g1n li¢ yontemi ile altin madenciliginde uygulanan genel is akisi su sekildedir. A¢ik ocak ya da yeralti madenciligi
ile ¢ikarilan cevher, kirma ve eleme iinitelerinden gecirilip istenen tane boyutuna getirildikten sonra, taban
gecirimsizligi dogal (kil) ve yapay gecirimsizlik malzemeleri (jeomembran) ile saglanmis y181in li¢ alanlarina, belirli
bir sev yiiksekligi ve sev acisiile serilir. Serilen cevher lizerine, icerisinde belirli oranlarda NaCN kimyasali bulunan
soliisyon, damlama sulama prensibi ile verilerek cevher ile soliisyonun temasi saglanir. Bu temas esnasinda
gerceklesen kimyasal tepkimeler neticesinde cevher icerisindeki altin, sivi forma gegerek NaCN kimyasali ile
kimyasal bir bag olusturur ve cevherden ayrilmis olur. Cevher icerisinde asag1 yonlii ilerleyen soliisyon, YLA
tabaninda bulunan geg¢irimsiz jeomembrana ulastifinda, taban da teskil edilmis delikli borulara girerek yine taban
gecirimsizlikleri saglanmis olan yiikli soliisyon havuzuna ulasir. Yikli soliisyon havuzunda depolanan ve
icerisinde altin bulunan soliisyon, ADR (adsorpsiyon - desorpsiyon - regenerasyon) {initesine gonderilerek bu
initede gerceklesen metaliirjik islemler neticesinde dore altin olarak tiniteden ¢ikar. Altini alinmis olan soliisyon
ise yiiksliz soliisyon havuzlarina iletilir ve burada NaCN ayarlamasi yapilarak yeniden YLA’da bulunan cevher
ylizeyine gonderilir. Bu sekilde YLA, havuzlar ve ADR iinitesi arasinda geri devirli, siirekli soliisyon dongiisii tesis
edilir. Bu dongii, 90-120 giin arasinda siirer ve belirtilen siire sonunda cevher igerisindeki altinin geri kazanimi
miimkin olan kismi cevherden alinmis olur. Bu islem YLA'nin tasarim kapasitesi doluncaya kadar devam eder.
YLA'nin kapasitesi dolup son li¢ déngiisii tamamlandiktan sonra geriye altini alinmis maden atig1 kalir ve YLA'nin
rehabilitasyonu siirecine gegilir. Yigin li¢ yontemiyle altin eldesi is akim semasi Sekil-1'de verilmistir.

Cozeltihazirlama

Cevher
Cevher
Yukstz Cozelti
YUidG Cozelti Zenginlestirme (ADR)
Unitesi
VVVVVV WV VYV

Yoksuz Cozelti

1 Yigin Lic Alan

Yukli Cozelti Havuzu Yuksuz Cozelti Havuzu Emniyet Havuzu

Sekil 1. Yigin Li¢c Yéntemiyle Altin Eldesi is Akim Semasi

Ulkemizde, yigin li¢ alanlarinda islenen cevher, Cevre, Sehircilik ve iklim Degisikligi Bakanliginca ¢ikarilan Maden
Atiklar1 Yonetmeligi geregince maden atig1 olarak degerlendirilmektedir. Bu alanlarin rehabilitasyonu, yontem ve
teknigine uygun olarak hazirlanan, Maden Kapama Planlarinin Cevre ve Sehircilik Bakanliginca onaylanmasi
akabinde plana bagh kalinarak gergeklestirilmektedir. Gerek kapama planlarinda gerekse CED Raporu hazirlik
stireclerinde en c¢ok lizerinde durulan konu, yigin li¢ alanlarinda kalan maden atig1 icindeki bakiye siyaniir
miktarinin nasil bertaraf edilecegi ya da istenen degerlere nasil diisiirtilecegi sorusudur. Bu sorunun cevabi olarak
CED Raporu hazirlik siireclerinde 6ngortilen genel yaklasim ise, y1gin li¢ alanlarinin kapatilmasi 6ncesinde, alanda
kalan bakiye maden atiginin yeralti suyu kullanilarak yikanmasi suretiyle li¢ alan1 tabanindan toplanan yikama
suyundaki Toplam CN degerinin 0,1 ppm altina diistiriilmesidir [2].

Yukarida verilen bilgiler 1s18inda bu ¢alismada, YLA’dan alinacak olan maden atiklarinin birbirleri ile ayni
ozelliklere sahip olan esdeger kolonlara yiiklenerek yeralti suyu ve saf su ile, kolon tabaninda toplanan yikama
suyu numunelerindeki Toplam CN degerlerinin <0,1 ppm altina diisene kadar yikanmasinin saglanmasi ve
optimum yikama ydntemin laboratuvar 6l¢ekli olarak belirlenmesi amaclanmistir. Béylelikle gercek 6lcekli yigin
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li¢ alanlarinin kapatilmasi i¢in benimsenen maden atig1 yikama yaklasiminin ne denli dogru ve uygulanabilir bir
yaklasim oldugu hakkinda ortaya bilgi konulmasi hedeflenmektedir. ,

2. Materyal ve Metot

Maden atiklarinin kolon testleri tipik olarak kesikli ve stirekli olmak tizere iki temel kategori de gerceklestirilir.
Sizdirma testleri icin secilen reaktorler, kapali bir kap, bir hiicre veya bir kolon seklinde olabilmektedir. Calismaya
konu olan kolon testleri, 1,2 ve 3 nolu kolon testleri i¢in siirekli, 4 nolu kolon testi i¢cin ise kesikli kategoride
gerceklestirilmistir.

Siirekli kolon li¢ testleri tipik olarak borunun kat1 bir numuneyle doldurulmasi ve numuneden siirekli olarak belirli
bir debide su veya baska bir sizint1 sivis1 gegirilmesiyle gerc¢eklestirilir. Sizint1 suyu numuneleri istenilen herhangi
bir siklikta toplanabilir ve ilgili herhangi bir bilesen i¢in analiz edilebilir. Kolon li¢ testi tasariminda asagidakiler
dahil bir¢cok degisken vardir:

Siitun uzunlugu ve ¢ap1

Akis tipi (alttan cebri akis veya tistten yergekimi akisi)

Akis hizi/ikamet siiresi

e Numune 6n islemi (partikiil boyutu kii¢liltme, oksidasyon, bakteri asilama)
e Sizdiran bilesimi (su veya diger reaktif, O2'yi ¢ikarmak i¢in serpilmis, vb.)

Calisma yiiritiilen kolon testleri, asagida belirtilen sekilde tasarlanmistir.

e Kolon ytiksekligi 2 metre ve kolon ¢ap1 15 cm olarak secilmistir.

e Akis tipi: Ustten yercekimi akisi ile kolon igerisindeki maden atiina yeralti suyu verilmesi ve 1 giinliik
taban akisi sonunda biriken homojen numunenin kolon altina konulan beherde toplanmasi seklinde
planlanmistir.

e Akis hizi, ikamet stiresi: 10 litre/(m?2.saat) olarak uygulanmistir.

e Numune o6n islemi: YLA'da toplam 2 bolgeden numune alinmis olup numunelere 6n islem
uygulanmamuistir.

Kolon testlerinde kullanilan numune, Tiirkiye’de acik ocak ve dore altin-giimiis iiretimi faaliyeti gerceklestiren bir
altin madeni isletmesi YLA’sindan temin edilmistir.

Giinliik olarak, kolon ylizeylerine beslenen besleme suyu miktarlari ve kolon tabanlarinda ki beherlerde toplanan
yikama suyu miktarlari kayit altina alinmistir. Toplanan yikama sularindan numuneler alinarak, Hach Lange HQ40
D marka multimetre ile numunelerin pH ‘larina bakilmistir. Koruma énlemi olarak, numunelerin pH’lari, NaOH
kimyasali ile pH 10,5 iizerine ¢ikarilmistir. Kolon testleri boyunca olusan yikama sularindan alinan numunelerde
Toplam CN analizleri, Standart Methods 4500 CN-, Kolorometrik Metod ile Toplam Siyaniir Tayin Yontemine gére
gerceklestirilmistir. Giinliik rutin pH ve Toplam CN analizleri disinda testlerin baslatildigi ilk giin ve takip eden
15’er glinliik periyotlarda yikama suyu olarak kullanilan ham su ve saf sudan da numuneler alinarak Toplam CN
degerlerine bakilmistir. Gergeklestirilen biitiin ¢alismalarda, is giivenligi konularina yiiksek derecede hassasiyet
gosterilmistir (kke kullanimi, gaz 6l¢iim dedektorleri ile yapilan ortam él¢timleri vs).

Bu calismada uygulanan deneysel ¢alisma, 2 ana baslik halinde toparlanmistir. Bu basliklar su sekildedir.

1. Numunelerin Alinmasi ve Kolonlara Yiiklenmesi
2. Kolon Testlerinin Gergeklestirilmesi

2.1. Numunelerin Alinmasi ve Kolonlara Yiiklenmesi

YLA'da iki bolgeden numune alinmasi kararlastirilmistir. Numune alma noktalarindan birincisi, siyaniir li¢
islemleri en erken biten ve meteorolojik sartlar nedeniyle en az Toplam CN degeri beklenen boélge olarak
secilmistir. Numune alma noktalarindan ikincisi ise, siyaniir li¢ islemleri en gec¢ biten bdlge olan ve en yliksek
Toplam CN degeri beklenen bolge olarak se¢ilmistir. 1 nolu numune; li¢ islemleri en erken biten bolgeden, 2 nolu
numune; li¢ islemi en ge¢ biten bélgeden alinmistir. YLA’da bulunan biitiin y1gimin temsil edilmesi amaci ile 1 ve 2
nolu numune esit miktarlarda karistirilarak homojen bir numune elde edilmis ve elde edilen numune 3 nolu
numune olarak isimlendirilmistir. 1 ve 2 nolu numuneler, 1 ve 2 nolu kolonlara, 3 nolu numune ise 3 nolu kolona
ve 4 nolu kolona beslenmistir. Her bir kolona beslenen numune miktar1 40 kg'dir. Numune alma islemleri
16.03.2022 tarihinde gergeklestirilmis ve numunelerin hazirlanarak kolonlara beslenmesi, 17.03.2022 tarihinde
gerceklestirilmistir (Sekil 2).
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Sekil 2. Numunelerin Alinmasi ve Kolonlarin Hazirlanmasi

2.1. Kolon Testlerinin Gergeklestirilmesi

1, 2 ve 3 nolu numunelere ait kolon testleri, kolon yiizeylerine siirekli olarak 2,95 mL/dk hamsu (yeralt1 suyu)
yikama debisi verilmesi suretiyle gerceklestirilmistir. Yikama neticesinde elde edilen giinliik kompozit
numunelerin miktarlar1 kayit altina alindiktan sonra her giin saat 12.30’da numune alinmistir. Testler, alinan
numunelerdeki Toplam CN degerleri 0,1 ppm altina diistiigli ana kadar devam ettirilmistir.

Kolon ytizeyine verilecek olan yikama sulari icin hacimleri bilinen beherlere besleme sular1 eklenmistir. Ayrica
yikama neticesinde kolon tabanindan siiziilecek olan sularin toplanmasi i¢in yine hacimleri bilinen beherler
hazirlanmistir. Yikama sulari olarak, 1,2 ve 3 numarali kolonlar1 besleyecek olan beherlere yeralti suyu (hamsu),
4 nolu kolonu besleyecek olan behere ise saf su eklenmistir (her bir kap icerisine 7000 mL olacak sekilde).
Kolonlara verilecek yikama suyu debileri, peristaltik pompa araciligiyla 10 litre/(m2.saat) = 2,95 mL/(0,01766
m2.dk) olacak sekilde ayarlanarak 17.03.2022 tarihinde saat 12.30°da bitiin kolonlarda yikama islemi
baslatilmistir (0,01766 m? testlerde kullanilan 15 cm ¢apli kolonlarin atmosfere agildiklar yiizey alanlaridir).

1,2 ve 3 nolu kolonlara beslenecek olan yikama sulari, isletmenin bulundugu bolgede yeraltindan ¢ikarilan yeralti
sularindan temin edilmistir. Kolonlara beslenecek olan yikama sulari, icerisinde 7000 mL yikama suyu bulunan
beher icerisine peristaltik pompa giris suyu hortumunun daldirilmasi suretiyle alinmis ve yine peristaltik pompa
¢ikis suyu hortumunun kolon igerisine bosaltilmasi suretiyle kolon i¢indeki cevher ile temasi saglanmistir. Kolon
yikama islemi neticesinde kolon icerisinden tabana dogru siiziilen sularin toplanmasi ve kayit altina alinmasi
maksadi ile toplama suyu hortumu ¢ikisina toplama suyu beheri konulmustur. Yikama islemi iizerinden 24 saat
gectikten sonra, kolon tabanlarinda bulunan kiiresel vana kapatilarak kolon besleme suyu miktar1 meziir icerisine
alinan yikama suyu ile yeniden 7000 mL’ye tamamlanarak giinlik yikama suyu sarfiyat miktar1 kayit altina
alinmistir. Ardindan kolon tabaninda ki toplama suyu beheri icerisinde biriken su miktari, beher iizerinden
okunarak kayit altina alinmistir. Kayit islemi akabinde toplanan yikama suyundan 250 mL numune alinarak
numunenin pH’1 6l¢liilmiis ve pH 10,5 ve iizeri olacak sekilde NaOH ile pH ayarlamasi yapilmistir. Alinan
numunenin, numune alinig tarihi tizerinden bir giin gegmeyecek sekilde Toplam CN analizleri gergeklestirilerek
spektroskopi de okunan degerler kayit altina alinmistir. Toplama suyu beherinden numune alimi ardindan geriye
kalan su dokiilerek beher oncelikle bol ¢esme suyuyla yikanmis ardindan da bol saf sudan gecirilerek kolon
tabaninda kendisi i¢in ayrilan yere konulmus ve ikinci giin yikamalar1 baslatilmistir (Sekil 3).

Sekil 3. Kolon Testlerinin Gergeklestirilmesi
Ayrica, y181n li¢ alanlarinda bulunan CN li¢ islemi tamamlanmis olan cevher atiklarinin dogal yikama ile (bdlgeye
diisen yagislar) icermis olduklar1 Toplam CN degerlerindeki diisiis egiliminin ortaya konulmasi maksadiyla 4 nolu
kolon testi planlanmistir. Bu plan dogrultusunda 4 nolu kolon yiizeyine de siirekli olarak 2,95 mL/dk. yikama
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debisiyle yagis sularini temsilen saf su verilmistir. 4 nolu kolon ytizeyine verilecek olan toplam saf su miktarinin
belirlenmesi, isletmenin bulundugu bolgede yer alan otomatik meteoroloji gozlem istasyonundan elde edilen son
5 yillik yagis verileri dikkate alinarak hesaplanmistir. Son 5 yil igerisinde yi1l bazinda gerceklesen toplam yagis
miktarlar1 ortaya konularak her yil i¢in kolon yiizey alanina diisecek olan yagis suyu miktar1 hesaplanmistir.
Hesaplanan yillik miktarlar kadar yikama suyu 5 nolu kolon yiizeyine verildikten sonra, yikama durdurulmus ve
kolon icerisindeki yikama suyunun bir giin boyunca kolon tabanindaki beherde birikmesi saglanmistir. Kolon
tabanindaki beherden Toplam CN analizi icin numune alindiktan sonra sonraki yil icin hesaplanan yikama debisi
lizerinden saf su yikamasi baslatilmistir. Boylelikle 4 nolu kolonun saf su ile yikanmasi islemi 10. Giin sonunda
sonlandinlmistir. Ozetle 4 nolu kolonda gerceklestirilen saf su ile ylkama senaryosu asagidaki kabul ve
hesaplamalara gore gergeklestirilmistir.

Son 5 yilin gerceklesen wyillik toplam yagis miktarlar;, boélgede bulunan Otomatik Meteoroloji Gozlem
Istasyonundan alinmigtir. Yillik toplam yagis miktarlar1 ve bu miktarlar igin 15 cm capa sahip olan kolona ne
kadarlik bir yikama debisi diisecegi, bu debi miktarina 2,95 mL/dk. yikama debisiyle ile ka¢ saatlik bir yikama
sonrasinda ulasilacagina dair bilgiler Tablo 1’de sunulmustur.

Tablo 1. 4 Nolu Kolon Yikama Suyu Hesap Tablosu

Gergeklesen 15 cm Capli Kolon Yikama
< . . . . Yikama Toplam
Toplam Yagis Yiizeyine Diisecek Debisi L
Yillar . o t . Siiresi Yikama Toplam Yikama
Miktarlar1 Yagis Suyu Miktar1 | (litre/mz2.s (saat) Siiresi (DK) | Siiresi (Saat, Dk.)
(mm/m2) (Litre/y1l) aat) T
2017 210,7 3,72 21,07 1264,2 21 saat4 dk
2018 285,8 5,04 28,58 1714,8 28 Saat 35 dk
2019 301,3 532 10 30,13 1807,8 30 saat 8 dk
2020 277 4,89 27,7 1662 27 saat 42 dk
2021 248,5 4,38 24,85 1491 24 saat 51 dk

Tablo 1'de sunulan yikama siirelerinin belirlenmesine dair hesap detaylar1 2017 yili i¢in asagida verilmistir.
1.) Yikamalarin, 2,95 mL/dk yikama debisi ile gerceklestirilecegi hesabindan yola ¢ikilarak: Otomatik
meteoroloji gozlem istasyonu verilerine gére 2017 yilinda gerceklesen toplam yagis miktar1 210,7
mm/mz2.y1l'dir. Suyun 6zgiil agirligi 1 ton/ms3 olup;

210,7 mm/m2yil = 210,7 kg/m2.yil = 0,2107 ton/m2.y1l = 210,7 litre/m?2.y1l olur.

2)

1 m?ye 210,7 litre/y1l yagis diiserse

0,0176625 m?’ye x litre /y1l yagis suyu diiser. O halde;

X= 3,72 litre/y1l kolon ylizeyine diisecek yagis suyu miktaridir.

0,0176625 m2 (15 cm ¢apa sahip kolonun m.r? formiiliine gore hesaplanan ytlizey alanidir).
3)

2,95 mL/dk. yikama debisi ile ;

4,24 L yikama suyu 1 giinde olusuyor ise

3,72 L yikama suyu X giinde olusur.

O halde;

X=3,72 /4,24 = 0,878 giin
4.) 2,95 mL/dk. yikama debisi ile 0,878 giin = 1264,2 dk (21 saat 4 dk) yikama yapilmasi gerekir.

Not 1: 10 litre/(mZ.saat) (yaklasik 2,95 mL/dk ) yikama debisi, isletmede islenen cevherin kolon ylizeyinde
gollenme olmayacak sekilde sizdirabildigi optimum debi oldugu i¢in secilmistir.

Kabul: Bir yil boyunca kolon yiizeyine diisecek olan yagis suyunun araliksiz olarak bir defada kolon yiizeyine
diisecegi kabul edilmistir.
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2018, 2019, 2020 ve 2021 yillar i¢in yukarida belirtilen hesap detaylar1 tekrar edilerek yikama siireleri

hesaplanmistir. Hesaplanan verilere gore 4 nolu kolonda yikamalar saglanmistir.

3. Bulgular

3.1. 1 Nolu Kolon Testine Ait Bulgular

1 nolu kolon testi, 17.03.2022 tarihinde saat 12.30°da peristaltik pompadan yikama islemine start verilmesi
suretiyle baslatilmistir. 1 nolu kolon tabaninda toplanan yikama sularindaki Toplam CN degeri 19. Giin sonunda
(05.04.2022 tarihinde) 0,095 ppm degeri ile <0,1 ppm degeri altina diismistir.

Yikama islemleri boyunca giinliik olarak kolona beslenen besleme suyu miktari, kolondan toplanan toplama suyu
miktar1 ve giinliik ger¢eklesen yikama suyu debileri ile yitkama donemi boyunca gergeklesen ortalama degerler

Tablo 2’de sunulmustur.

Tablo 2. 1 Nolu Kolonda Besleme ve Toplama Su Miktarlarina Esas Veriler

o . Besleme Suyu Toplanan Yikama Ginliik Gerceklesen
Okuma Tarihi | Okuma Saati Miktar1 (m{) Su)?u Miktar:1 (mL) | Yikama Debis(i; (ijdk.)

18.03.2022 12:30 4000 2600 2,78
19.03.2022 12:30 3360 3600 2,33
20.03.2022 12:30 4560 3850 3,17
21.03.2022 12:30 4000 3850 2,78
22.03.2022 12:30 4040 3950 2,81
23.03.2022 12:30 4140 3900 2,88
24.03.2022 12:30 4060 3750 2,82
25.03.2022 12:30 3850 3800 2,67
26.03.2022 12:30 3840 3750 2,67
27.03.2022 12:30 3930 3750 2,73
28.03.2022 12:30 3900 3800 2,71
29.03.2022 12:30 3780 3700 2,63
30.03.2022 12:30 3930 3950 2,73
31.03.2022 12:30 4150 3850 2,88
1.04.2022 12:30 3900 3750 2,71
2.04.2022 12:30 3890 3750 2,70
3.04.2022 12:30 3920 3800 2,72
4.04.2022 12:30 3970 3800 2,76
5.04.2022 12:30 3900 3850 2,71
Test Boyunca Gergeklesen

Ortalama Degerler 3954 3739 2,75

Test boyunca gerceklesen ve yukaridaki tabloda verilen beslenen ve toplanan yikama suyu miktarlar1 dikkate

alindiginda ulasilan bulgular asagida paylasilmistir.

1 nolu kolona toplam 75.120 mL = 75,12 litre yeralti suyu beslenmistir.

1 nolu kolon tabaninda 71.050 mL = 71,05 litre yikama suyu toplanmistir.
1 nolu kolona beslenen cevher atig1 biinyesinde 75,12-71,05 = 4,07 litre yikama suyu nem olarak kalmistir.
Yikama siiresi boyunca gerceklesen giinliik yikama debileri dikkate alindiginda 19 giinlik test siireci

ortalama yikama debisi 2,75 mL/dk. olarak hesaplanmistir.

Testin baslangicindan bitisine kadar kolon tabanlarinda toplanan yikama sularindan alinan numunelere ait pH

ve Toplam CN analiz sonuglar1 Tablo 3 ‘de sunulmustur.

Tablo 3. 1 Nolu Kolon Toplama Sularina Ait pH ve Toplam CN Analiz Sonuglari

Giin Tarih Numune Adi pH To(l';‘l(:;\l:ln _Sl:ly;z:nn)ur
1 18.03.2022 Kolon 1 Toplanan Yikama Suyu 9,09 3,31
2 19.03.2022 Kolon 1 Toplanan Yikama Suyu 9,34 2,87
3 20.03.2022 Kolon 1 Toplanan Yikama Suyu 9,26 2,13
4 21.03.2022 Kolon 1 Toplanan Yikama Suyu 9,54 1,55
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5 22.03.2022 Kolon 1 Toplanan Yikama Suyu 9,31 0,84
6 23.03.2022 Kolon 1 Toplanan Yikama Suyu 9,09 0,67
7 24.03.2022 Kolon 1 Toplanan Yikama Suyu 9,14 0,42
8 25.03.2022 Kolon 1 Toplanan Yikama Suyu 9,2 0,35
9 26.03.2022 Kolon 1 Toplanan Yikama Suyu 9,05 0,28
10 27.03.2022 Kolon 1 Toplanan Yikama Suyu 8,9 0,25
11 28.03.2022 Kolon 1 Toplanan Yikama Suyu 9,02 0,198
12 29.03.2022 Kolon 1 Toplanan Yikama Suyu 8,6 0,172
13 30.03.2022 Kolon 1 Toplanan Yikama Suyu 8,46 0,165
14 31.03.2022 Kolon 1 Toplanan Yikama Suyu 8,66 0,143
15 1.04.2022 Kolon 1 Toplanan Yikama Suyu 8,35 0,165
16 2.04.2022 Kolon 1 Toplanan Yikama Suyu 8,17 0,140
17 3.04.2022 Kolon 1 Toplanan Yikama Suyu 8,17 0,125
18 4.04.2022 Kolon 1 Toplanan Yikama Suyu 8,01 0,110
19 5.04.2022 Kolon 1 Toplanan Yikama Suyu 8,26 0,095
Zamana bagh pH ve Toplam CN degisim grafikleri, Sekil 4 ve Sekil 5 ‘de sunulmustur.
Zamana Bagli pH Degisim Grafigi
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Sekil 5. 1 Nolu Kolon Toplama Suyu Zamana Bagli Toplam CN Degisim Grafigi
Test boyunca gerceklesen ve yukaridaki tabloda verilen pH degerleri ve Toplam CN analiz sonuclar1 dikkate
alindiginda ulasilan bulgular asagida paylasilmistir.

Testin basladig: tarihten itibaren ilk 4 giin boyunca pH degerlerinde artis gézlemlenmistir. i1k 4 giin
ardindan pH degerleri azalis trendi sergilemis ve testin sonlandirildig: tarihte pH degeri 8,26 olarak kayda
alinmistir.
Testin baslangicindan itibaren alinan ilk numunenin Toplam CN analiz degeri 3,31 ppm olarak kayda
alinmistir.
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e Testin baslangicindan itibaren birbirini takip eden tarihlerde Toplam CN degerleri hizli bir diisiise
gecerek 5. glin sonunda (22.03.2022 tarihinde) 1 ppm degerinin altina dismiistiir.

e Toplam CN degeri, hedef deger olan <0,1 ppm altina ise 19. Giin sonunda (05.04.2022 tarihinde)
diismustiir.

3.2. 2 Nolu Kolon Testine Ait Bulgular

2 nolu kolon testi, 17.03.2022 tarihinde saat 12:30’da peristaltik pompadan yikama islemine start verilmesi
suretiyle baslatilmistir. 2 nolu kolon tabaninda toplanan yikama sularindaki Toplam CN degeri 42. giin sonunda
(29.04.2022 tarihinde) 0,094 ppm degeri ile <0,1 ppm degeri altina diismistir.

Yikama islemleri boyunca giinliik olarak kolona beslenen besleme suyu miktari, kolondan toplanan toplama suyu
miktar1 ve giinliik ger¢eklesen yikama suyu debileri ile yikama dénemi boyunca gerceklesen ortalama degerler

Tablo 4’de sunulmustur.

Tablo 4. 2 Nolu Kolonda Besleme ve Toplama Su Miktarlarina Esas Veriler

s . Besleme Suyu Toplanan Yikama Giinliik Gerceklesen
Okuma Tarihi | Okuma Saati Miktar: (m{) Su}?u Miktar1 (mL) Yikama Debis(i; (ijdk.)
18.03.2022 12:30 4260 3250 2,96
19.03.2022 12:30 4200 4000 2,92
20.03.2022 12:30 4480 4200 3,11
21.03.2022 12:30 4400 4350 3,06
22.03.2022 12:30 4420 4350 3,07
23.03.2022 12:30 4380 4050 3,04
24.03.2022 12:30 4260 4150 2,96
25.03.2022 12:30 4140 4100 2,88
26.03.2022 12:30 4130 4000 2,87
27.03.2022 12:30 4260 4050 2,96
28.03.2022 12:30 4150 4050 2,88
29.03.2022 12:30 4000 3900 2,78
30.03.2022 12:30 4140 4100 2,88
31.03.2022 12:30 4400 4150 3,06
1.04.2022 12:30 4100 4000 2,85
2.04.2022 12:30 3970 3900 2,76
3.04.2022 12:30 4120 4000 2,86
4.04.2022 12:30 4100 3900 2,85
5.04.2022 12:30 4000 3950 2,78
6.04.2022 12:30 4050 3950 2,81
7.04.2022 12:30 4100 3950 2,85
8.04.2022 12:30 4000 4020 2,78
9.04.2022 12:30 4130 3950 2,87
10.04.2022 12:30 4000 4000 2,78
11.04.2022 12:30 4000 3950 2,78
12.04.2022 12:30 4100 3950 2,85
13.04.2022 12:30 4000 4000 2,78
14.04.2022 12:30 4000 3900 2,78
15.04.2022 12:30 4000 4000 2,78
16.04.2022 12:30 4500 4300 3,13
17.04.2022 12:30 4000 4150 2,78
18.04.2022 12:30 3930 3850 2,73
19.04.2022 12:30 4200 4000 2,92
20.04.2022 12:30 4300 4200 2,99
21.04.2022 12:30 4120 4100 2,86
22.04.2022 12:30 4200 4150 2,92
23.04.2022 12:30 4160 4150 2,89
24.04.2022 12:30 4200 4150 2,92
25.04.2022 12:30 4200 4100 2,92
26.04.2022 12:30 4100 4100 2,85
27.04.2022 12:30 4240 4150 2,94
28.04.2022 12:30 4230 4100 2,94
29.04.2022 12:30 4200 4100 2,92
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Test Boyunca
Gergeklesen Ortalama 4160 4040 2,89
Degerler

Test boyunca gerceklesen ve yukaridaki tabloda verilen beslenen ve toplanan yikama suyu miktarlar dikkate
alindiginda ulasilan bulgular asagida paylasilmistir.

2 nolu kolona toplam 178.870 mL = 178,87 litre yeralt1 suyu beslenmistir.

2 nolu kolon tabaninda 173.720 mL = 173,72 litre yikama suyu toplanmistir.

2 nolu kolona beslenen cevher atig1 biinyesinde 178,87 - 173,72 = 5,15 litre yikama suyu nem olarak
kalmistir.

Yikama siiresi boyunca gerceklesen giinliik yikama debileri dikkate alindiginda 42 giinliik test stireci
ortalama yikama debisi 2,89 mL/dk. olarak hesaplanmistir.

Testin baslangicindan bitisine kadar kolon tabanlarinda toplanan yikama sularindan alinan numunelere ait pH ve
Toplam CN analiz sonuglari Tablo 5 ‘de sunulmustur.

Tablo 5. 2 Nolu Kolon Toplama Sularina Ait pH ve Toplam CN Analiz Sonuglar:

. Toplam Siyaniir
Say1 No Tarih Numune Ad1 pH (TCN - ppm)

1 18.03.2022 Kolon 2 Toplanan Yikama Suyu 8,83 2,1
2 19.03.2022 Kolon 2 Toplanan Yikama Suyu 8,94 1,5
3 20.03.2022 Kolon 2 Toplanan Yikama Suyu 8,82 0,93
4 21.03.2022 Kolon 2 Toplanan Yikama Suyu 9,17 0,78
5 22.03.2022 Kolon 2 Toplanan Yikama Suyu 8,71 0,50
6 23.03.2022 Kolon 2 Toplanan Yikama Suyu 8,43 041
7 24.03.2022 Kolon 2 Toplanan Yikama Suyu 8,23 0,27
8 25.03.2022 Kolon 2 Toplanan Yikama Suyu 8,13 0,28
9 26.03.2022 Kolon 2 Toplanan Yikama Suyu 8,08 0,25
10 27.03.2022 Kolon 2 Toplanan Yikama Suyu 8,12 0,262
11 28.03.2022 Kolon 2 Toplanan Yikama Suyu 8,2 0,275
12 29.03.2022 Kolon 2 Toplanan Yikama Suyu 8,05 0,271
13 30.03.2022 Kolon 2 Toplanan Yikama Suyu 8,02 0,249
14 31.03.2022 Kolon 2 Toplanan Yikama Suyu 7,99 0,222
15 1.04.2022 Kolon 2 Toplanan Yikama Suyu 7,96 0,247
16 2.04.2022 Kolon 2 Toplanan Yikama Suyu 7,93 0,225
17 3.04.2022 Kolon 2 Toplanan Yikama Suyu 7,94 0,205
18 4.04.2022 Kolon 2 Toplanan Yikama Suyu 7,85 0,19
19 5.04.2022 Kolon 2 Toplanan Yikama Suyu 7,99 0,172
20 6.04.2022 Kolon 2 Toplanan Yikama Suyu 7,9 0,178
21 7.04.2022 Kolon 2 Toplanan Yikama Suyu 7,86 0,184
22 8.04.2022 Kolon 2 Toplanan Yikama Suyu 7,99 0,155
23 9.04.2022 Kolon 2 Toplanan Yikama Suyu 7,9 0,135
24 10.04.2022 Kolon 2 Toplanan Yikama Suyu 7,9 0,14
25 11.04.2022 Kolon 2 Toplanan Yikama Suyu 7,84 0,136
26 12.04.2022 Kolon 2 Toplanan Yikama Suyu 7,82 0,123
27 13.04.2022 Kolon 2 Toplanan Yikama Suyu 7,88 0,1
28 14.04.2022 Kolon 2 Toplanan Yikama Suyu 7,9 0,11
29 15.04.2022 Kolon 2 Toplanan Yikama Suyu 7,86 0,102
30 16.04.2022 Kolon 2 Toplanan Yikama Suyu 7,84 0,13
31 17.04.2022 Kolon 2 Toplanan Yikama Suyu 8,03 0,156
32 18.04.2022 Kolon 2 Toplanan Yikama Suyu 7,81 0,14
33 19.04.2022 Kolon 2 Toplanan Yikama Suyu 7,92 0,134
34 20.04.2022 Kolon 2 Toplanan Yikama Suyu 7,65 0,128
35 21.04.2022 Kolon 2 Toplanan Yikama Suyu 7,79 0,121
36 22.04.2022 Kolon 2 Toplanan Yikama Suyu 7,85 0,115
37 23.04.2022 Kolon 2 Toplanan Yikama Suyu 7,67 0,113
38 24.04.2022 Kolon 2 Toplanan Yikama Suyu 7,94 0,105
39 25.04.2022 Kolon 2 Toplanan Yikama Suyu 7,78 0,102
40 27.04.2022 Kolon 2 Toplanan Yikama Suyu 7,8 0,119
41 28.04.2022 Kolon 2 Toplanan Yikama Suyu 7,73 0,103
42 29.04.2022 Kolon 2 Toplanan Yikama Suyu 7,81 0,094

Zamana bagli pH ve Toplam CN degisim grafikleri, Sekil 6 ve Sekil 7 ‘de sunulmustur.
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Zamana Bagli pH Degisim Grafigi
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Sekil 7. 2 Nolu Kolon Toplama Suyu Zamana Bagli Toplam CN Degisim Grafigi

Test boyunca gerceklesen ve yukaridaki tabloda verilen pH degerleri ve Toplam CN analiz sonuclar1 dikkate
alindiginda ulasilan bulgular asagida paylasilmistir.

e Testin basladig tarihten itibaren ilk 4 giin boyunca pH degerlerinde artis gézlemlenmistir. ilk 4 giin
ardindan pH degerleri azalis trendi sergilemis ve testin sonlandirildig: tarihte pH degeri 7,81 olarak kayda
alinmistir.

e Testin baslangicindan itibaren alinan ilk numunenin Toplam CN analiz degeri 2,1 ppm olarak kayda
alinmistir.

e Testin baslangicindan itibaren birbirini takip eden tarihlerde Toplam CN degerleri hizli bir diisiise
gecerek 3. glin sonunda (20.03.2022 tarihinde) 1 ppm degerinin altina diism{istiir.

e Toplam CN degeri, hedef deger olan <0,1 ppm altina ise 42. giin sonunda (29.04.2022 tarihinde)
diismistiir.

283



Altin Madenciliginde, Y1gin Li¢ Alanlarinin Rehabilitasyonunda Yeralti Suyu ile Yikanma Yaklasiminin Degerlendirilmesi

3.3. 3 Nolu Kolon Testine Ait Bulgular

3 nolu kolon testi, 17.03.2022 tarihinde saat 12.30’da peristaltik pompadan yikama islemine start verilmesi
suretiyle baslatilmistir. 3 nolu kolon tabaninda toplanan yikama sularindaki Toplam CN degeri 46. giin sonunda

(03.05.2022 tarihinde) 0,088 ppm degeri ile <0,1 ppm degeri altina diismiistiir.

Yikama islemleri boyunca giinliik olarak kolona beslenen besleme suyu miktari, kolondan toplanan toplama suyu
miktar1 ve gilinliik ger¢eklesen yikama suyu debileri ile yikama dénemi boyunca gerceklesen ortalama degerler

Tablo 6’da sunulmustur.

Tablo 6. 3 Nolu Kolonda Besleme ve Toplama Su Miktarlarina Esas Veriler

o . Besleme Suyu Toplanan Yikama Ginliik Gerceklesen
Okuma Tarihi Okuma Saati Miktari (m{) Su;)u Miktar:1 (mL) | Yikama Debis? (ijdk.)

18.03.2022 12:30 4200 3050 2,92
19.03.2022 12:30 4000 3700 2,78
20.03.2022 12:30 4300 4100 2,99
21.03.2022 12:30 4080 3850 2,83
22.03.2022 12:30 4220 4100 2,93
23.03.2022 12:30 4120 4050 2,86
24.03.2022 12:30 4040 3850 2,81
25.03.2022 12:30 4000 3800 2,78
26.03.2022 12:30 3820 3750 2,65
27.03.2022 12:30 3970 3900 2,76
28.03.2022 12:30 3780 3750 2,63
29.03.2022 12:30 3790 3700 2,63
30.03.2022 12:30 3890 3750 2,70
31.03.2022 12:30 4240 4050 2,94
1.04.2022 12:30 3850 3850 2,67
2.04.2022 12:30 3800 3750 2,64
3.04.2022 12:30 4040 3800 2,81
4.04.2022 12:30 4000 3800 2,78
5.04.2022 12:30 3820 3750 2,65
6.04.2022 12:30 3760 3800 2,61
7.04.2022 12:30 3925 3800 2,73
8.04.2022 12:30 3780 3800 2,63
9.04.2022 12:30 3820 3800 2,65
10.04.2022 12:30 3870 3750 2,69
11.04.2022 12:30 3800 3750 2,64
12.04.2022 12:30 3830 3750 2,66
13.04.2022 12:30 3920 3900 2,72
14.04.2022 12:30 3800 3750 2,64
15.04.2022 12:30 3780 3750 2,63
16.04.2022 12:30 4200 4100 2,92
17.04.2022 12:30 3830 3800 2,66
18.04.2022 12:30 3790 3650 2,63
19.04.2022 12:30 3900 4000 2,71
20.04.2022 12:30 4000 3950 2,78
21.04.2022 12:30 3930 3900 2,73
22.04.2022 12:30 4000 3900 2,78
23.04.2022 12:30 3970 3950 2,76
24.04.2022 12:30 3930 3850 2,73
25.04.2022 12:30 3930 3850 2,73
26.04.2022 12:30 3930 3850 2,73
27.04.2022 12:30 3980 3900 2,76
28.04.2022 12:30 4000 3900 2,78
29.04.2022 12:30 3950 3850 2,74
30.04.2022 12:30 3930 3800 2,73
1.05.2022 12:30 4000 3950 2,78
2.05.2022 12:30 3950 3850 2,74
3.05.2022 12:30 3950 3850 2,74

Test Boyunca 3945 3832 2,74

Gercgeklesen Ortalama Degerler
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Test boyunca gerceklesen ve yukaridaki tabloda verilen beslenen ve toplanan yikama suyu miktarlar1 dikkate
alindiginda ulasilan bulgular asagida paylasilmistir.

3 nolu kolona toplam 185.410 mL = 185,41 litre yeralt: suyu beslenmistir.

3 nolu kolon tabaninda 180.100 mL = 180,10 litre yikama suyu toplanmistir.

3 nolu kolona beslenen cevher atig1 biinyesinde 185,41 - 180,10 = 5,31 litre yikama suyu nem olarak
kalmistir.

Yikama siiresi boyunca gerceklesen giinliik yikama debileri dikkate alindiginda 46 giinliik test siireci
ortalama yikama debisi 2,74 mL/dk. olarak hesaplanmistir.

Testin baslangicindan bitisine kadar kolon tabanlarinda toplanan yikama sularindan alinan numunelere ait pH ve
Toplam CN analiz sonuglari Tablo 7 ‘de sunulmustur.

Tablo 7. 3 Nolu Kolon Toplama Sularina Ait pH ve Toplam CN Analiz Sonuglar:

S;zl Tarih Numune Adi pH TOF;Z?_;?;I;ur
1 18.03.2022 Kolon 3 Toplanan Yikama Suyu 8,93 1,94
2 19.03.2022 Kolon 3 Toplanan Yikama Suyu 8,99 1,58
3 20.03.2022 Kolon 3 Toplanan Yikama Suyu 8,69 1,1
4 21.03.2022 Kolon 3 Toplanan Yikama Suyu 9,21 0,89
5 22.03.2022 Kolon 3 Toplanan Yikama Suyu 8,77 0,63
6 23.03.2022 Kolon 3 Toplanan Yikama Suyu 8,43 0,57
7 24.03.2022 Kolon 3 Toplanan Yikama Suyu 8,4 0,35
8 25.03.2022 Kolon 3 Toplanan Yikama Suyu 8,32 0,33
9 26.03.2022 Kolon 3 Toplanan Yikama Suyu 8,15 0,29
10 27.03.2022 Kolon 3 Toplanan Yikama Suyu 8,2 0,3
11 28.03.2022 Kolon 3 Toplanan Yikama Suyu 8,18 0,272
12 29.03.2022 Kolon 3 Toplanan Yikama Suyu 7,87 0,253
13 30.03.2022 Kolon 3 Toplanan Yikama Suyu 7,92 0,27
14 31.03.2022 Kolon 3 Toplanan Yikama Suyu 7,88 0,24
15 1.04.2022 Kolon 3 Toplanan Yikama Suyu 7,92 0,275
16 2.04.2022 Kolon 3 Toplanan Yikama Suyu 7,9 0,255
17 3.04.2022 Kolon 3 Toplanan Yikama Suyu 7,94 0,235
18 4.04.2022 Kolon 3 Toplanan Yikama Suyu 7,79 0,21
19 5.04.2022 Kolon 3 Toplanan Yikama Suyu 7,98 0,190
20 6.04.2022 Kolon 3 Toplanan Yikama Suyu 7,89 0,195
21 7.04.2022 Kolon 3 Toplanan Yikama Suyu 7,93 0,203
22 8.04.2022 Kolon 3 Toplanan Yikama Suyu 8,02 0,187
23 9.04.2022 Kolon 3 Toplanan Yikama Suyu 7,88 0,166
24 10.04.2022 Kolon 3 Toplanan Yikama Suyu 7,91 0,17
25 11.04.2022 Kolon 3 Toplanan Yikama Suyu 7,83 0,164
26 12.04.2022 Kolon 3 Toplanan Yikama Suyu 7,85 0,134
27 13.04.2022 Kolon 3 Toplanan Yikama Suyu 7,88 0,119
28 14.04.2022 Kolon 3 Toplanan Yikama Suyu 7,97 0,121
29 15.04.2022 Kolon 3 Toplanan Yikama Suyu 7,87 0,125
30 16.04.2022 Kolon 3 Toplanan Yikama Suyu 7,8 0,19
31 17.04.2022 Kolon 3 Toplanan Yikama Suyu 7,95 0,184
32 18.04.2022 Kolon 3 Toplanan Yikama Suyu 7,86 0,175
33 19.04.2022 Kolon 3 Toplanan Yikama Suyu 7,8 0,152
34 20.04.2022 Kolon 3 Toplanan Yikama Suyu 7,82 0,148
35 21.04.2022 Kolon 3 Toplanan Yikama Suyu 7,77 0,141
36 22.04.2022 Kolon 3 Toplanan Yikama Suyu 7,85 0,135
37 23.04.2022 Kolon 3 Toplanan Yikama Suyu 7,8 0,131
38 24.04.2022 Kolon 3 Toplanan Yikama Suyu 7,87 0,143
39 25.04.2022 Kolon 3 Toplanan Yikama Suyu 7,82 0,144
40 27.04.2022 Kolon 3 Toplanan Yikama Suyu 7,75 0,14
41 28.04.2022 Kolon 3 Toplanan Yikama Suyu 7,79 0,109
42 29.04.2022 Kolon 3 Toplanan Yikama Suyu 7,78 0,107
43 30.04.2022 Kolon 3 Toplanan Yikama Suyu 7,73 0,128
44 1.05.2022 Kolon 3 Toplanan Yikama Suyu 7,86 0,130
45 2.05.2022 Kolon 3 Toplanan Yikama Suyu 7,73 0,105
46 3.05.2022 Kolon 3 Toplanan Yikama Suyu 7,78 0,088
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Zamana bagli pH ve Toplam CN degisim grafikleri, Sekil 8 ve Sekil 9 ‘da sunulmustur.

Zamana Bagli pH Degisim Grafigi
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Sekil 9. 3 Nolu Kolon Toplama Suyu Zamana Bagli Toplam CN Degisim Grafigi

Test boyunca gercgeklesen ve yukaridaki tabloda verilen pH degerleri ve Toplam CN analiz sonuclar1 dikkate
alindiginda ulasilan bulgular asagida paylasilmistir.

e Testin basladig: tarihten itibaren ilk 4 giin boyunca pH degerlerinde artis gézlemlenmistir. ilk 4 giin
ardindan pH degerleri azalis trendi sergilemis ve testin sonlandirildig: tarihte pH degeri 7,78 olarak kayda
alinmistir.

e Testin baslangicindan itibaren alinan ilk numunenin Toplam CN analiz degeri 1,94 ppm olarak kayda
alinmistir.

e Testin baslangicindan itibaren birbirini takip eden tarihlerde Toplam CN degerleri hizli bir diisiise
gecerek 4. glin sonunda (21.03.2022 tarihinde) 1 ppm degerinin altina dismiistiir.

e Toplam CN degeri, hedef deger olan <0,1 ppm altina ise 46. Giin sonunda (03.05.2022 tarihinde)
diismistiir.
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3.4. 4 Nolu Kolon Testine Ait Bulgular

4 nolu kolon testi, 17.03.2022 tarihinde saat 12.30’da peristaltik pompadan yikama islemine start verilmesi
suretiyle baslatilmistir. Yikama islemi, 2,1. bashgl altinda verilen detaylara uygun olacak sekilde
gerceklestirilmistir. Yikama islemi 27.03.2022 tarihinde saat 00:50 ‘de tamamlanmistir. Yikama islemini
tamamlandiktan sonra 24 saatlik siire sonunda kolon tabaninda biriken toplama suyundan numune alinmis ve
numunede ki Toplam CN degeri 0,44 ppm olarak 6l¢ilmustiir.

Yikama islemleri boyunca giinliik olarak kolona beslenen besleme suyu miktari, kolondan toplanan toplama suyu
miktar1 ve giinliik ger¢eklesen yikama suyu debileri ile yikama dénemi boyunca gerceklesen ortalama degerler
Tablo 8’'de sunulmustur.

Tablo 8. 4 Nolu Kolonda Besleme ve Toplama Su Miktarlarina Esas Veriler

Senaryo L Okuma Okuma Besleme Suyu Toplanan Gunlilk Ger(,‘ekl_e_sen
vil Yikama Siiresi Tarihi Saati Miktar1 (mL) Yikama Suyu Yikama Debisi
Miktar1 (mL) (mL/dk.)
2017 21 Sa 4 Dk 19.03.2022 09:30 3800 3200 3,01
2018 28 Sa 35 Dk 21.03.2022 14:00 5100 4500 2,97
2019 30 Sa 8 Dk 23.03.2022 20:00 5300 4750 2,93
2020 27 Sa 42Dk 25.03.2022 23:50 4800 4200 2,89
2021 24 Sa 51 Dk 28.03.2022 00:50 4400 4000 2,95
Test Boyunca Gergeklesen Ortalama Degerler 4680 4130 2,95

Test boyunca gerceklesen ve yukaridaki tabloda verilen beslenen ve toplanan yikama suyu miktarlar1 dikkate
alindiginda ulasilan bulgular asagida paylasilmistir.

e 4 nolu kolona toplam 23.400 mL = 23,4 litre yeralti suyu beslenmistir.

e 1 nolu kolon tabaninda 20.650 mL = 20,65 litre yikama suyu toplanmistir.

e 1 nolukolona beslenen cevher atig1 biinyesinde 23,4-20,65 = 2,75 litre yikama suyu nem olarak kalmistir.

e Yikama siiresi boyunca gerceklesen yikama debileri dikkate alindiginda test siireci ortalama yikama
debisi 2,95 mL/dk. olarak hesaplanmistir.

Testin baslangicindan bitisine kadar kolon tabanlarinda toplanan yikama sularindan alinan numunelere ait pH ve
Toplam CN analiz sonuglari Tablo 9 ‘da sunulmustur.

Tablo 9. 4 Nolu Kolon Toplama Sularina Ait pH ve Toplam CN Analiz Sonuglar1

Senaryo . Toplam Siyaniir
Yil Tarih Numune Adi pH (TCN-ppm)
2017 18.03.2022 Kolon 4 Toplanan Yikama Suyu 8,01 2,11
2018 21.03.2022 Kolon 4 Toplanan Yikama Suyu 8,4 1,27
2019 23.03.2022 Kolon 4 Toplanan Yikama Suyu 8,42 0,83
2020 25.03.2022 Kolon 4 Toplanan Yikama Suyu 8,55 0,55
2021 28.03.2022 | Kolon 4 Toplanan Yikama Suyu 8,3 0,44
Zamana baglh pH ve Toplam CN degisim grafikleri, Sekil 10 ve Sekil 11 ‘de sunulmustur.
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Sekil 10. 4 Nolu Kolon Toplama Suyu Zamana Bagh pH Degisim Grafigi

Kolon 4 Toplanan Yikama Suyu Numunelerinin Zamana Bagli Toplam CN
Degisim Grafigi
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Sekil 11. 4 Nolu Kolon Toplama Suyu Zamana Bagh Toplam CN Degisim Grafigi

Test boyunca gerceklesen ve yukaridaki tabloda verilen pH degerleri ve Toplam CN analiz sonuglar1 dikkate
alindiginda ulasilan bulgular asagida paylasilmistir.

e Okunan pH degerleri 8,01 ile 8,3 arasinda degismistir. Testin sonlandirildig tarihte pH degeri 8,3 olarak
kayda alinmistur.

e Testin baslangicindan itibaren alinan ilk numunenin Toplam CN analiz degeri 2,11 ppm olarak kayda
alinmistir.

e Testin baslangicindan itibaren birbirini takip eden tarihlerde Toplam CN degerleri hizli bir diistise
gecerek 5 yillik toplam yagis miktarlar dikkate alinarak gerceklestirilen yikama islemi neticesinde son
alinan (28.03.2022 tarihinde) yikama suyu numunesinde Toplam CN degeri 0,44 ppm olarak dl¢ilmustiir.

4. Tartisma ve Sonug
4.1. Tartisma

Hatirlanacagr lizere, numune alma noktalarindan birincisi, siyantir li¢ islemleri en erken biten ve meteorolojik
sartlar nedeniyle en az Toplam CN degeri beklenen bolge olarak se¢ilmis ve 1 nolu numune bu bolgeden alinmisti.
Numune alma noktalarindan ikincisi ise, siyaniir li¢ islemleri en ge¢ biten bolge olan ve en yiliksek Toplam CN
degeri beklenen bolge olarak se¢ilmis ve 2 nolu numune bu bélgeden alinmisti. Ardindan 1 ve 2 nolu numuneler
esit miktarlarda ve homojen olarak karistirilmis ve 3 nolu numune elde edilmisti. 1 nolu numune 1 nolu kolana, 2
nolu numune 2 nolu kolona ve 3 nolu numunede 3 ve 4 nolu kolonlara beslenerek testler baslatiimisti.

Deneysel calismalara baslamadan evvel ortaya konulan, 1 nolu numunede ki Toplam CN degerlerinin daha diisiik
olacagi ve 2 nolu numunedeki Toplam CN degerlerinin daha ytiksek olacag1 6ngoriisii ile ortiisecek sekilde test
siireleri 1 nolu kolon i¢in 19 giin ve 2 nolu kolon i¢in 42 giin olarak gerceklesmistir. Diger taraftan 1 ve 2 nolu
numunelerin esit miktarlarda karistirilmasi ile elde edilen 3 nolu numunenin yiiklenmesi ile yiiriitilen 3 nolu
kolon testinde yikama siiresi 46 giin olarak kayda alinmistir. Bu durum, 1 ve 2 nolu numuneler arasinda baskin
olan numunenin 2 nolu numune oldugu seklinde aciklanabilir. Diger taraftan, ilk iic kolonda gerceklestirilen testler
neticesinde altin madenciliginde, yi1gin li¢ alanlarinda islenmis maden atiklarinin kolon testine tabi tutularak
yeralti suyu ile yikanmasinin miimkiin oldugu ancak testlerin 40 kg'lik numuneler iizerinden gergeklestirildigi ve
bu durumun gergek 6l¢ekli y1gin li¢ alanlarinda uygulanmasinin diisiintilmesi halinde, ihtiya¢ duyulan yeralti suyu
miktar1 ve yikama siireleri konularinin bariyer olarak géze carptigi goériilmektedir.

4 nolu kolon testi sonuglarina bakildiginda, son 5 yillik gerceklesen yagis verilerine gore hesaplanan 23,4 litre saf
suile 5,5 giin siirede gergeklestirilen yikama islemi neticesinde yikamanin son giinii sonunda alinan numunedeki
Toplam CN degerinin 0,44 ppm’e diistiigii gériillmektedir. Bu durum, bolgeye diisen yagislar ile yigin li¢ alanlarinda
islenmis maden atiklarindan stiziilecek olan sulardaki Toplam CN degerlerinin istenen seviyelere diisebilecegini
gostermektedir. Bu g¢alismanin son 5 yillik gerceklesen yagis verileri dikkate alinarak olusturulan yikama
senaryosu lzerinden gergeklestirildigi diisiiniildiigiinde gerceklesen yagis miktarlarinin daha uzun yillar icin
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belirlenerek testin tekrarlanmasi halinde daha olumlu sonuglar elde edilebilecegi disiiniilmektedir. Ayrica
hesaplarda kullanilan yagis miktarlar1 bolgede yer alan otomatik meteoroloji gézlem istasyonunda kayda alinan
yagis verileri olup bu istasyonda kayda alinan kar yiiksekligi verileri hesaplara dahil edilmemistir. Bolgeye yagan
son 5 yillik kar yagisi verileri de hesaba dahil edilerek olusturulacak yeni yikama senaryolarina gore testlerin
tekrarlanmasi halinde yikamanin son giinii sonunda alinan numunedeki Toplam CN degerlerinin yasal otoriteler
tarafindan istenen seviyelere diisebilecegi ongorilmektedir.

4.1. Sonug¢

Gergeklestirilen bu ¢alismada, Tiirkiye’de y181n li¢ yontemi ile dore metali liretimi gerceklestiren bir isletmenin
yigin li¢ alanlarindan, li¢ islemine tabi tutulmus cevher atig1 6rnekleri alinarak bu 6rneklerin kolon testine tabi
tutulmasi saglanmistir. Deneysel calismalarda birbirleri ile esdeger kolonlar kullanilmis olup kolonlara ait
ylikseklik 2 metre, kolon ¢aplariise 15 cm’dir. 1,2 ve 3 nolu kolonlarda yikama islemi, bolgeden temin edilen yeralti
suyu kuyusundan ¢ekilen sular ile kolon tabanlarinda biriken yikama suyu numunelerinde ki Toplam CN degeri
<0,1 ppm degerine ulasincaya kadar siirekli olarak gerceklestirilmistir. 4 nolu kolonda ise, yine isletmenin
bulundugu bolgeye son 5 yilda diisen yagis miktarlari dikkate alinarak hesaplanan yikama suyu miktarlar: kadar
yikama islemi, kesikli olarak uygulanmistir.

Kolon testleri neticesinde asagidaki sonuglara ulasilmistir.

e 1 nolu kolona, YLA'da li¢ islemleri en erken biten bolgeden alinan cevher atig1 (1 nolu numune)
beslenmistir. Cevher atig1 numunesi, bolge yiizeyi JCB ile kazilarak yiizeyin bir metre altindan alinmistir.
1 nolu kolonda yikama islemi 17.03.2022 tarihinde saat 12:30 ‘da baslatilmistir. Bir giinliik yikama
neticesinde alinan yikama suyu numunesine ait Toplam CN degeri 3,31 ppm olarak tespit edilmistir.
Kolonda 19 giinlik bir yikama neticesinde Toplam CN degeri 0,095 ppm degeri ile <0,1 ppm altina
diismiistiir. 1 nolu kolona yerlestirilen 40 kg ‘lik li¢ islemine tabi tutulmus cevher atiginin yikanmasi
neticesinde olusan yikama sularinda ki Toplam CN miktarinin <0,1 ppm altina diistiriilmesi i¢in yikama
islemi boyunca toplam 75,12 litre yeralt1 suyu tiiketilmistir.

e 2 nolu kolona, YLA’da li¢ islemleri en ge¢ biten bolgeden alinan, li¢ islemi tamamlanmis cevher atig1 (2
nolu numune) beslenmistir. Cevher atig1 numunesi, mevsimsel sartlara bagli olarak, numune alinacak olan
bolgede is makinesi kullaniminin is giivenligi riskleri olusturmasi nedeniyle bolge ylizeyinden kiirekler
yardimiyla alinmistir. 2 nolu kolonda yikama islemi 17.03.2022 tarihinde saat 12.30 ‘da baslatilmistir. Bir
glnliik yikama neticesinde alinan yikama suyu numunesine ait Toplam CN degeri 2,1 ppm olarak tespit
edilmistir. Kolonda 42 giinliik bir yikama neticesinde Toplam CN degeri 0,094 ppm degeri ile <0,1 ppm
altina diismustir. 2 nolu kolona yerlestirilen 40 kg ‘lik li¢ islemine tabi tutulmus cevher atiginin yikanmasi
neticesinde olusan yikama sularinda ki Toplam CN miktarinin <0,1 ppm altina diisiiriilmesi i¢in yikama
islemi boyunca toplam 178,87 litre yeralti suyu tiliketilmistir.

e 3 nolu kolona, yukarida ifade edilen 1 ve 2 nolu numune homojen ve esit miktarlarda karistirilarak
beslenmistir. 3 nolu kolonda yikama islemi 17.03.2022 tarihinde saat 12.30 ‘da baslatilmistir. Bir giinliik
yikama neticesinde alinan yikama suyu numunesine ait Toplam CN degeri 1,94 ppm olarak tespit
edilmistir. Kolonda 46 giinliik bir yikama neticesinde Toplam CN degeri 0,088 ppm degeri ile <0,1 ppm
altina diismiistiir. 3 nolu kolona yerlestirilen 40 kg ‘lik li¢ islemine tabi tutulmus cevher atiginin yikanmasi
neticesinde olusan yikama sularinda ki Toplam CN miktarinin <0,1 ppm altina diisiiriilmesi i¢in yikama
islemi boyunca toplam 185,41 litre yeralt1 suyu tiiketilmistir.

e 4 nolu kolona, yukarida ifade edilen 1 ve 2 nolu numune homojen ve esit miktarlarda karistirilarak
beslenmistir. 4 nolu kolonda yikama islemi 17.03.2022 tarihinde saat 12.30 ‘da bolgeye diisen yagis
miktarlar1 dikkate alinarak olusturulan yikama senaryosuna uygun olacak sekilde baslatilmistir. Gergek
verilerden yola ¢ikilarak hesaplanan yikama suyu miktarlar sirasi ile 2017; 2018; 2019; 2020; 2021
yillar i¢in 3,8; 5,1; 5,3; 4,8; 4,4 litre seklinde olup 5 yillik toplam yikama suyu miktar1 23,4 litredir. 2017
yil1 i¢in hesaplanan 3,8 litre yikama suyu miktarinin kolondan gecirilmesi neticesinde toplanan yikama
suyu numunesine ait Toplam CN degeri 2,11 ppm olarak tespit edilmistir. Kolondan son 5 yil icin
hesaplanan toplam 23,4 litre saf suyun gecirilmesi neticesinde toplanan yikama suyu numunesine ait
Toplam CN degeri 0,44 ppm olarak tespit edilmistir. Bir diger ifadeyle, 5 nolu kolona yerlestirilen 40 kg
‘Iik li¢ islemine tabi tutulmus cevher atiginin, son 5 y1l icinde gerceklesen yagis miktarlarindan yola
¢ikilarak hesaplanan 23,4 litre saf su ile yikanmasi neticesinde toplanan yikama suyu numunesine ait
Toplam CN degeri, 0,44 ppm olarak tespit edilmistir.

Gergeklestirilen 4 farkl kolon testi kapsaminda ulasilan sonuglara esas veriler Tablo 10’da gdsterilmistir.
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Kolona Yikama Vikama Yikama islemi Yikama islemi
Test Adi Yiiklenen Yikama Suyu Siiresi 1. Giin Okunan Son Giin
Cevher Atig1 | Suyu Cinsi Miktari (giin) Toplam CN Okunan Toplam
Numunesi (litre) g (ppm) CN (ppm)
1 Nolu 1 Nolu
Kolon Testi Numune Ham Su 75,12 19 3,31 0,095
2 Nolu 2 Nolu
Kolon Testi Numune Ham Su 178,87 42 2,1 0,094
3 Nolu 3 Nolu
Kolon Testi Numune Ham Su 185,41 46 1,94 0,088
4 Nolu 3 Nolu
Kolon Testi Numune Saf Su 23,4 55 2,11 0,44

Elde edilen sonuclar irdelendiginde, yigin li¢ alanlarinin yeraltindan ¢ekilen sular ile yikanarak Toplam CN
degerinin <0,1 ppm altina diisiirtilebilecegi ancak bu yaklasimin y1g1in li¢ alanlarindan depolanan islenmis cevher
atiklar1 toplam miktar1 dikkate alindiginda, siirdiiriilebilir kaynaklarin kullanimi ve toplam yikama stireleri
acisindan ¢ok c¢evreci bir yaklasim olmadig1 sonucuna ulasilmistir. 4 nolu kolon yikama testi sonuglar1 dikkate
alindiginda, yikama isleminin dogal meteorolojik sartlar altinda kontrolli bir sekilde yapilmasi halinde, li¢
alanlarindaki Toplam CN degerinin dogal olarak istenen degerlere diisebilecegi goriilmistir. Dogal yikama
islemleri ardindan, li¢ alanlarinin yilizey gecirimsizliklerinin teknigine uygun sekilde insa edilmesi, alan
ylizeylerinin bolge iklimine uygun bitki tiirleri ile rehabilite edilmesi ve li¢ alanm etrafinda bulunan su kalitesinin
belli donemlerde takip edilmesi ile verimli bir kapama dénemi ve kapama sonrasi izleme donemi tesis edilebilir.
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Anahtar Kelimeler 0z: Bu ¢alismada, bir riizgar tiirbinine ait kanat hatve acis1 zamanla degisen riizgar
Ruzgar Tarbini, hiz1 varliginda kontrol edilmeye ¢alisilmistir. Boylece riizgar tiirbin sisteminin ¢ikis
PID Tipi Denetleyiciler, gliciiniin nominal ¢ikis giiciinde tutulmasi ve olusabilecek zararlardan sistemin
Kanat Hatve Agisi,

korunmasi amag¢lanmistir. Bu amagla PD (oransal-tiirevsel), PI (oransal-integral) ve
PID (oransal-tiirevsel-integral) denetleyici yapilar1 kullanilmistir. Denetleyicilere
ait parametreler literatiirde olduk¢a yeni olan metasezgisel optimizasyon
algoritmasi olan yapay sinek kusu algoritmasi (Artificial Hummingbird Algorithm-
AHA) ile optimize edilmistir. Her ii¢ denetleyiciye ait parametrelerin optimizasyonu
icin 30 bagimsiz ylriitme gerceklestirilmis ve bu yliriitmelere ait istatistiksel veriler
degerlendirilmistir. Riizgar tiirbininin modellenmesi, optimizasyonu ve kontrol
calismalar1 Matlab/Simulink’te gerceklestirilmistir. AHA tabanli PD denetleyici
(AHA-PD) sistemin gecis cevabinda en diisiik maksimum asmaya ve en hizli oturma
stiresine sahiptir. Bu bulgulara gére AHA-PD riizgar tiirbini ¢ikis giiciiniin nominal
seviyesinin takibi i¢cin kanat hatve agisinin kontroliinde daha basarili sonuglar
uretmistir.

Optimal Kontrol

Optimal Control of Blade Pitch Angle of a Wind Turbine with AHA Based PID Type

Controllers
Keywords Abstract: In this study, the blade pitch angle of a wind turbine was tried to be
Wind Turbine, controlled in the presence of time-varying wind speed. Thus, it is aimed to maintain
PID Type Controllers, the output power of the wind turbine system at its nominal output power and to

Blade Pitch Angle,

Optimal Control protect the system from potential damages. For this purpose, PD (proportional-

derivative), PI (proportional-integral) and PID (proportional-derivative-integral)
controller structures were used. The parameters of the controllers are optimized
with Artificial Hummingbird Algorithm (AHA), which is a brand-new metaheuristic
optimization algorithm in the literature. 30 independent runs were performed for
the optimization process and the statistical data of these runs were evaluated.
Modeling, optimization, and control studies of the wind turbine were carried out in
Matlab/Simulink. The AHA-based PD controller (AHA-PD) has the lowest maximum
overshoot and the fastest settling time in the transient response of the system.
According to these results, the AHA-PD has produced better results in controlling
the blade pitch angle for tracking the nominal level of wind turbine output power.

*{1gili Yazar email: selimsoylu@aksaray.edu.tr
1. Giris

Yenilenebilir enerji kaynaklarinin 6nemi giinden giine artmaktadir. Bu kaynaklar arasinda 6ne ¢ikan bir enerji tiirti
de riizgar enerjisidir. Rlizgar enerjisi, atmosfere salinan COz emisyonunda sebep oldugu azalmalar da gz 6niinde
bulunduruldugunda oldukga cevre dostu bir enerji kaynagidir. Gegmiste ilk yatirim maliyetlerindeki yilikseklige
ragmen, hem gelisen teknolojiyle bu maliyetlerin azalmis olmasi hem de tiretimi sonrasinda hammaddeye ihtiya.
duymamasi sebebiyle riizgar tiirbinleri elektrik enerjisi tiretiminde 6ne ¢ikmaktadir [1,2].
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Riizgar tiirbinleri hizlarina gore sabit hizli ve degisken hizli olmak tizere iki kategoriye ayrilir. Degisken hizli rizgar
tiirbinleri sebekeye dogrudan baglanabilme, enerji verimliliginin sabit hizlilara gére daha yiiksek olmasi gibi
avantajlara sahiptir [3]. Degisken hizli riizgar tirbinlerinde riizgar hizi1 da degisken oldugu i¢cin kanat hatve
acisinin kontrol edilmesi gerekmektedir. Kanat hatve acisinin kontroliindeki amag riizgar hizi nominal riizgar
hizinin altinda oldugu bélgelerde ¢ikis giiciiniin optimize edilmesi i¢cin maksimum gii¢ noktasi takibi (MPPT)
yapmak, nominal hiza ulastif1 ve bu hiz1 astig1 durumlarda ise rotor giiciinii tasarim limitlerinin izin verdigi
sinirlarda tutmaktir [4,5].

Kanat hatve agisinin kontrolii amaciyla literatiirde bir¢ok ¢alisma yapilmistir. Klasik oransal-integral (PI)
denetleyici [4-8], oransal-tiirevsel-integral (PID) denetleyici [7,9], bulanik mantik denetleyici [10,11], bulanik
mantik tabanli PI-PID tipi hibrit denetleyiciler [6,12] ve dogrusal karesel regiilatéor (LQR) [13] denetleyici
bunlardan bazilaridir. Bunlarin yaninda son yillarda riizgar tiirbinlerinde kanat hatve acis1 kontrolii amaciyla
cesitli metasezgisel optimizasyon teknikleri de kullanilmaktadir. Genetik algoritma [7,14,15] ve parcacik siirii
optimizasyonu (PSO) algoritmasi [16,17] basta olmak {lizere bircok metasezgisel algoritma yukarida bahsedilen
denetleyici yapilarinin performanslarini artirmak amaciyla kullamilmistir. Klasik tekniklere nazaran sahip
olduklar1 potansiyel sebebiyle de kullammlar1 giinden giine artmaktadir [18]. Onemle belirtmek gerekir ki
optimizasyon algoritmalar1 stokastik yapiya sahiptir ve her yiiriitmede ayni sonuclar elde edilememektedir.
Yukarida bahsi gegcen c¢alismalarda ve literatiirdeki diger bircok c¢alismada metasezgisel optimizasyon
algoritmalari optimal denetleyici parametrelerini bulmak icin ya bir defa yiiriitiilmiis ya da ka¢ defa yiriitildigi
belirtilmemistir. Bir algoritmanin optimal parametre tahmininde etkinligi ve verimliliginin test edilmesi agisindan
ortalama 30 kez yiiriitiilmesi ve bu bagimsiz yiiriitmelere ait istatistiksel verilerin toplanip degerlendirilmesi
gerekmektedir [19-21].

Bu ¢alismada, kanat hatve agisinin kontrolii amaciyla PD, Pl ve PID denetleyici yapilari 6nerilmistir. Denetleyicilere
ait ilgili parametreler literatiire 2022 yilinda kazandirilmis, olduk¢a yeni bir metasezgisel algoritma olan yapay
sinek kusu algoritmas1 (Artificial Hummingbird Algorithm-AHA) ile optimize edilmistir. Yukarida bahsedilen
calismalar da goz oniinde bulundurularak optimizasyon i¢in 30 bagimsiz ylriitme gercgeklestirilmis ve bu
yuriitmelere ait istatistiksel veriler kaydedilmistir. Boylece hem sonuclarin giivenilirligi saglanmaya ¢alisilmis
hem de AHA'nin her {i¢ denetleyici yapisina ait parametreleri optimize etmedeki etkinligi dogru bir sekilde
incelenmeye calisiimistir.

2. Materyal ve Metot
2.1. Riizgar tiirbini

Aerodinamik teorileri géz 6niinde bulundurularak bir riizgar tiirbini tarafindan elde edilen mekanik gii¢ Denklem
1 ile tanimlanmaktadir [22]:

Py = 7 pACH (A, BV (1)

Burada p, A ve v sirasiyla hava yogunlugu (kg/m3), riizgar tiirbini kanatlarinin stiplirdiigii alan (m?) ve riizgar
hizidir (m/s). Cp(A4, B), deneysel olarak belirlenen ve genellikle dogrusal olmayan riizgar tiirbini gii¢ katsayisidir.
Kanat ug-hiz orani A ile kanat hatve agis1 f'nin bir fonksiyonu olarak Denklem 2’deki gibi elde edilebilen gii¢
katsayisi Cp icin maksimum deger Betz limitinin belirledigi sinir olan %59’u gecemez [23].

—21

116 21
Cr(A, B) = 0.5176( = — a4 - 5) e +0.00681 )
1 1 0.035

(3)

[ +
A A4+0.088 p3+1
Kanat u¢-hiz orani A, kanat agisal hizinin riizgar hizina oranidir ve Denklem 4'teki gibi verilmistir:

R
A:WL (4)
v

Burada wr agisal hiz (rad/s), R ise kanat yarigapidir (m). Sekil 1’ de farkli 8 degerleri i¢in gii¢ katsayisi ve kanat ug-
hiz orani degisim egrileri verilmistir.
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Riizgar hizinin ve kanat hatve agisinin degismesi mekanik ¢ikis giiciinde degisiklige sebep olmaktadir. Sekil 2’de
ornek olarak nominal giicii 500 kW olan bir riizgar tiirbininin degisen riizgar hizina karsilik calisma boélgeleri
gosterilmektedir. 1. Bolgede riizgar hizi tiirbini devreye alma hizindan diisiik oldugu i¢in burada ¢ikista gii¢ yoktur.
I1. Bolge, tiirbinin devreye girdigi nokta ile nominal giice ulastig1 nokta arasindadir. Bu bolgede hizin artmasi giiclin
de artmasina neden olur ve MPPT gereklidir. MPPT, gii¢ katsayisini maksimum degerde tutabilecek gii¢ elektronigi
devreleriyle gerceklestirilir. I1I. Bélge ise riizgar hizlarinin nominal giicii veren riizgar hizlarindan yiiksek oldugu
nokta ile tirbinin giivenlik sebebiyle kesime gittigi nokta arasindaki boélgedir. Bu bélgede tasarim sinirlari
dahilinde giiciin nominal glicte tutulmasi i¢in kontrol sistemleri gerekmektedir. Son bélge olan IV. Bolge’de ise
riizgar tlrbini giivenlik nedeniyle kapatilmaktadir [24,25].

0.5 T

0.4

0.3 -

=
v
0.2
0.1 -
. . L .
0 2 4 6 8 10 12 4 16 18 20
I
Sekil 1. Farkl 8 degerleri icin gii¢ katsayisi Cp.
600 |
L. Bélge i I1. Bolge i 111 Bélge IV. Bolge
500 — -
400
z
&
=
5300 i
o0
=
o
200 — -
100
0 . | 1 ! | _

0 5 10 15 20 25 30
Riizgar hiz1 (m/s)

Sekil 2. 500 kW nominal giice sahip bir riizgar tiirbininin ¢alisma bdlgeleri.
2.2. Eyleyici modeli

Turbin kanatlarinin ayarlanan eksen boyunca hareketi i¢in elektriksel ya da hidrolik eyleyici sistemine ihtiya¢
duyulmaktadir. Bu ¢alismada kanatlarin ve kanat hatve agilarinin dinamik davranisinin dogrusal oldugu kabul
edilerek pozisyon transfer fonksiyonu Denklem 5’te verilen bir dc servo motor eyleyici olarak kullanmilmistir [6].

1
G,,(S) = S(s—+1) (5)

2.3. PD, Pl ve PID denetleyici yapilar1

Literatiirde yaygin olarak kullanilan klasik PD, PI ve PID denetleyiciler kontrol edilmek istenen proses ¢ikisi ile set
noktasi arasindaki hatay: diizelterek sistemi istenilen kosullarda tutmaya c¢alisirlar. PD, PI ve PID denetleyici
yapilarinin kontrol fonksiyonlari sirasiyla Denklem 6-8'de verilmistir [26].

de(t)
dt

upp(t) = Kpe(t) + Kp (6)
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t

up (t) = Kpe(t) + K,f e(t)dr (7)

0

t de(t)
upp(t) = Kpe(t) + K,f e(t)dt + K, — (8)

Bu denklemlerde u(t) ilgili denetleyicinin kontrol ¢ikisi, e(t) t anindaki arzu edilen giris (set noktasi) ile proses
¢ikisi arasindaki hata, Kp oransal kazang, K; integral kazanci ve Kp tiirevsel kazan¢ parametreleridir. Bahsi gecen
her bir kazan¢ parametresi; yiikselme siiresi, yerlesme siiresi, asma, kararlilik ve kararli hal hatasi gibi kapal
dongii sistem cevabina ait kriterleri bireysel olarak etkilemektedir. Bu etkiler Tablo 1’de sunulmustur.

Tablo 1. Kontrol terimlerinin sistem cevabi tizerine bireysel etkileri [27].

Kapali dongii cevab1  Yiikselme siiresi Asma Yerlesme siiresi Kararl hal hatasi Kararhihk
Artan Kpile Azalir Artar Az degisir Azalir Azalir
Artan Kiile Azalir Artar Artar Yok olur Azalir
Artan Kp ile Az degisir Azalir Azalir Az degisir Artar

2.3. Yapay sinek kusu algoritmasi (AHA)

Zhao ve arkadaslar [28] tarafindan yapilan ¢alismayla literatiire kazandirilan AHA, dogada sinek kuslarinin ugus
becerilerini ve zeki yiyecek arama stratejilerini taklit eden metasezgisel bir optimizasyon teknigidir. Bu oldukca
yeni algoritmanin biyolojik altyapis1 mevcut diger algoritmalardan oldukca farklidir. AHA 'nin giidiimlii yiyecek
arama, bolgesel yiyecek arama ve go¢ yiyecek arama olmak lizere {i¢ ¢esit yiyecek arama stratejisi vardir. Bu
yiyecek arama davranislari boyunca, arama siirecini etkin bir sekilde yliriitmek i¢in eksenel, capraz ve ¢ok yonlii
ucus olmak iizere U¢ farkli ugus becerisi kullanilir. AHA'nin bir diger énemli fark: kesif ve somiiridiir. Gidimli
arama stratejisinde kesif erken asamalarda yapilirken, sémiirii sonraki asamalarda gergeklestirilir. Ote yandan,
bolgesel yiyecek arama stratejisi kesifleri gelistirir ve go¢ yiyecek arama, somiiriiyt artirir. AHA nin diger ayrimi,
hafiza mekanizmasi ile ilgilidir. Sinek kuslarinin besin kaynaklari i¢in bellek mekanizmasin1 modellemek i¢in bir
ziyaret tablosu olusturulmustur. Her sinek kusu, diger sinek kuslarinin ilgili besin kaynagini en son ne zaman
ziyaret ettigini 6grenebilir ve ziyaret tablosu araciligiyla istedigi besin kaynagini segebilir. AHA'nin temel
asamalarina bagl olarak matematiksel model asagida verilmistir [19,28].

» Baslangi¢
AHA, n besin kaynagina asagidaki gibi yerlestirilen n sinekkusu popiilasyonuyla rastgele baslar:

x;i=L+r(U-L) i=1,..,n 9)

Burada x;, verilen bir problemin ¢6ziimii olan i. besin kaynaginin konumunu temsil eder, L ve U,
d-boyutlu bir problem i¢in sirasiyla alt ve list sinirlardir, r, [0, 1]'de rastgele bir vektordiir. Gida kaynaklarinin
ziyaret tablosu su sekilde baslatilir.

0, i#j

VT;; = {null, i=] i=1,..,n j=1..,n (10)

Burada i # j i¢in, VTij = 0 j. besin kaynaginin mevcut iterasyonda i. sinekkusu tarafindan heniiz ziyaret edildigini
gosterir; i = j i¢in VTi; = null bir sinek kusunun kendi besin kaynaginda yiyecek aldigini gosterir.

» Gldiumli yiyecek arama
Ug ugus becerisinin yardimiyla, mevcut tiim kaynaklardan hedef besin kaynagi secilir ve bir aday besin kaynag:
elde edilir. Giidiimlii yiyecek arama davranisini simiile eden matematiksel denklem ve aday bir besin kaynaginin
elde edilmesi asagidaki gibidir:

vi(t + 1) = xi,target(t) +b-D (xi (t) — Xitarget (t)) b~ N(O,l) (11)

Burada Xitarget(t) hedef gida kaynaginin konumudur, D eksenel, ¢apraz veya ¢ok yonlii ugus anlamina gelir, b
yonlendirilmis bir faktdrdiir ve xi(t) i. gida kaynaginin ¢ anindaki konumudur. i. besin kaynaginin konum
giincellemesi su sekilde ifade edilir:
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x(),  fO@®) < f(u(t+1)

n(t+1),  FOa(0) > ft+ 1) (12)

x(t+1) ={

Burada f{vi(t+1)) ve f(xi(t)) sirasiyla vi(t + 1) ve xi(t) icin uygunluk fonksiyonu degeridir.

» Bolgesel yiyecek arama
AHA' da bir sinek kusunun, hedef kaynak ziyaretinden sonra mevcut diger besin kaynaklarini ziyaret etmek yerine
kendi bolgesinde yeni bir besin kaynagi aramasi miimkiindiir. Bdylece bir sinekkusu, somiirii siirecini yerel
bolgesinde gerceklestirir. Bolgesel yiyecek arama stratejisinde yerel arama ve bir aday gida kaynaginin tiiretilmesi
asagidaki denklemle temsil edilir:

vi(t+1) =x;(t) + c-D-x;(t), c~N(0,1) (13)
Burada ¢, ortalama = 0 ve standart sapma = 1 olan N(0,1) normal dagilima bagh bolgesel bir faktordiir.

» Gogyiyecek arama
Bir bolgedeki besin kaynaklar1 siklikla ziyaret edildiginde, muhtemelen yiyecek sikintisi yasanir. Bu gibi
durumlarda, bir sinek kusu beslenmek i¢in daha uzak bir besin kaynagina go¢ etme egilimindedir. Denklem 14, en
kotl nektar doldurma hizina sahip kaynaktan rastgele iiretilen yeni bir kaynaga go¢ eden bir sinek kusunun go¢
aramasinin matematiksel denklemini vermektedir:

X, +1D)=L+r(U—-1L) (14)

Burada xw popiilasyondaki en kotii yeniden nektar doldurma oranina sahip besin kaynagini temsil eder, r [0, 1]
araliginda rastgele bir vektordiir ve L ve U ise sirasiyla alt ve {ist sinirlardir.

2.4. Denetleyici tasarimi ve optimizasyon siireci

Calisma bolgeleri goz 6niinde bulundurarak hem riizgdrdan maksimum giicii elde etmek (II. Bolge) hem de
nominal giicte calismasini saglamak (III. Bolge) amaciyla kanat hatve a¢is1 f'nin kontrol edilmesi gerekmektedir.
Bu amagla PD, PI ve PID denetleyici yapilar1 kullanilmis; PD denetleyiciye ait Kp ve Kp parametreleri, PI
denetleyiciye ait Kp ve K; parametreleri ve PID denetleyiciye ait Kp, Ki ve Kp parametreleri optimize edilerek
parametre arama uzayl daha iyi kesfedilmeye ve bdylece en uygun denetleyici katsayilari elde edilmeye
calisilmistir. Bu optimizasyon islemi literatiirde oldukg¢a yeni bir metasezgisel optimizasyon algoritmasi olan AHA
ile gerceklestirilmistir.

Sekil 3’te optimize edilmis PD, PI ve PID denetleyicileriyle riizgar tiirbininin kanat hatve ag¢is1 kontroliinii iceren
sisteme ait blok diyagram goésterilmektedir. Bahsi gecen denetleyicileri ayarlamak icin AHA kullanilirken, nominal
¢ikis giicii ile 6lciilen ¢ikis glicli arasindaki hata kullanilarak bir uygunluk fonksiyonu hesaplanmaktadir. Ardindan,
AHA’ ya bagli olarak denetleyici parametreleri degistirilmektedir.

Optimizasyon siireci i¢in uygunluk fonksiyonunun se¢imi énemli bir adimdir. Bu ¢alismada, nominal ¢ikis giicii ile
Olciilen ¢ikis gilicli arasindaki hatay1 temel alarak hem Denklem 15’te tanimlanan integral mutlak hata (integral
absolute error-IAE) hem de Denklem 16’da tanimlanan ortalama karesel hata (mean squared error-MSE) uygunluk
fonksiyonu olarak kullanilmistir. Rlizgar tiirbini ile ilgili kontrol ve optimizasyon ¢alismalarinda literatiirde
kullanilmis ve iyi sonuglar {iretmis olmasi, uygunluk fonksiyonu olarak IAE secilmesinde 6énemli bir etken
olmustur [8,29,30]. Her ne kadar MSE, riizgar tiirbini ile ilgili kontrol ve optimizasyon ¢alismalarinda ¢ok sik
kullanilmasa da benzetim siiresi boyunca denetlenen ¢ikis giiciiniin nominal ¢ikis giiciine ne kadar yaklastigini,
ortalama deger etrafinda ne sekilde bir dagilim oldugunu gérme agisindan kullanilmasi 6nemlidir.

t
IAE =f le(t)|dt (15)
1 N
MSE = NZ(e(k))z (16)
k=1

Optimizasyon silirecinde AHA i¢in seg¢ilen kontrol parametreleri Tablo 2’de verilmistir. Optimizasyon sonuglarinin
giivenilir kabul edilebilmesi i¢in istatistiksel olarak tekdiize bir dagilim gostermesi gerekmektedir. Bu yaklasimla,
literatiire uygun olarak optimizasyon islemi her bir denetleyici parametresinin optimizasyonunda (PD, PI ve PID)
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30 kez tekrarlanmistir. Her tekrara ait sonuglar kaydedilmis ve ilgili uygunluk fonksiyonunun en iyi, en koti,
ortalama ve medyan degerleri ile standart sapmalar1 hesaplanmistir.

Uygunluk _
fonksiyonu » AHA
Kp. K1, Kp
v
Nominal PD, PI B
ks giicii o~ |hata veya .. Riizgar Tiirbini Clklf giicii
. g ] » Eyleyici [=] 3 >
PID Mo -
- Denetleyici enerator

Sekil 3. Kanat hatve agis1 kontrolii blok diyagrama.

Tablo 2. AHA ile optimizasyona ait kontrol parametreleri.

Popiilasyon sayisi 20
Maksimum iterasyon sayisi 20
Yiiriitmelerin tekrar sayisi 30

Arama araliklar [-10 +10]

3. Bulgular

Optimal kanat hatve agisi kontrolii i¢in Sekil 3’te gosterilen sistem, ilgili esitlikler kullanilarak Matlab/Simulink ile
olusturulmustur. AHA ile optimize edilmis PD denetleyici (AHA-PD), AHA ile optimize edilmis PI denetleyici (AHA-
PI) ve AHA ile optimize edilmis PID denetleyici (AHA-PID) Sekil 3’te gosterildigi gibi kullanilarak benzetimi
gerceklestirilen riizgar tiirbini sistemi i¢in kanat hatve agis1 kontroliinde ayr1 ayri kullanilmis ve performanslari
incelenmeye calisilmistir. Benzetimi gerceklestirilen riizgar tiirbini sistemine ait parametreler Tablo 3’ te
listelenmektedir. Bununla birlikte riizgar hizi, sistem modeline uygulanan bir rampa fonksiyonu olarak verilmis
ve Sekil 4’ te gosterilmistir.

30 :

Riizgar hizi (m/s)
7 5
T T
1 I

T
1

1 1 1
0 10 20 30 40 50
Zaman (s)

Sekil 4. Riizgar hizi-zaman grafigi.

AHA-PD, AHA-PI ve AHA-PID denetleyicilerine ait IAE ve MSE kriterleri bazinda optimizasyonlar sonucunda elde
edilen yakinsama grafikleri Sekil 5 ve Sekil 6’da sirasiyla verilmistir. Ayrica, 30 bagimsiz yiiriitme ile optimize
edilmis her ii¢ denetleyiciye ait elde edilen en iyi, en kotii ve ortalama uygunluk fonksiyonu degerleri ile standart
sapmalar1 ve denetleyici parametreleri ise Tablo 4’te sunulmaktadir. Sekil 5’ten ve Tablo 4’ten her {i¢ denetleyici
icerisinde AHA-PD’nin 20 iterasyon boyunca en diisiik IAE degerine ulastig1 acikca goriilmektedir. Ote yandan,
verilerin veri setine yakinligini standart sapma ile ag¢iklamaktadir. Standart sapmanin kiiciik olmasi ilgili
denetleyicinin optimizasyon siirecindeki kararliligini géstermektedir. AHA-PID’nin en diisiik standart sapma
degeri 0.1727x10° ile 30 bagimsiz yiiriitme siiresince daha giirbiliz ve giivenilir oldugu sdylenebilir. Uygunluk
fonksiyonu olarak MSE secildiginde ise her ti¢ denetleyici de en iyi MSE degeri agisindan birbirine yakin sonuglar
iretmistir. Bu durum hem Sekil 6’da hem de Tablo 4’te gosterilmistir. Bununla birlikte standart sapmanin en diisiik
degeri 3.5490x108 ile AHA-PID denetleyicisi i¢in elde edilmistir. Uygunluk fonksiyonu olarak MSE secildiginde,
AHA-PID 30 bagimsiz yiiriitme siiresince birbirine daha yakin sonuglar iiretmistir ve daha giirbiizdiir.
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Tablo 3. Benzetimi gerceklestirilen riizgar tiirbini sistemine ait parametreler [6,31].

Parametre Deger
Nominal ¢ikis giict 500 kW
Calisma modu Sebekeye bagh
Devreye girme riizgar hiz 3m/s
Nominal riizgar hizi 12m/s
Devreden ¢ikma riizgar iz 25 m/s
Rotor ¢ap1 48 m
Siiptirme alani 1810 m?
Kanat sayisi 3
Nominal rotor hizi 30 rpm
Rotor hiz aralig1 10-30 rpm
Disli kutusu orani 1:50
Jenerator adedi 2
Jenerator tipi Asenkron sincap kafes
Jeneratdr nominal ¢ikis 250 kW
Jeneratdr nominal devir 1500 rpm
Jenerator gerilimi 690V
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Sekil 5. IAE i¢cin AHA ile optimizasyon sonucunda elde edilen yakinsama grafikleri.
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Sekil 6. MSE i¢in AHA ile optimizasyon sonucunda elde edilen yakinsama grafikleri.

IAE uygunluk fonksiyonu kullanilarak optimize edilen her ii¢ denetleyiciye ait benzetim sonuglarina bu kisimda

yer verilmistir. Sekil 7’de zamana gore sistemin ¢ikis giicii egrileri gosterilmektedir. Sekil 8’de ise bu egrilerin 20.7-
21 saniye araliginda yakinlastirilmis hali gosterilmektedir. Boylece her ii¢ denetleyici varliginda sistemlerin
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gostermis oldugu gecis cevaplarinin daha net gosterilmesi ve kararl hal cevabina geg¢isteki performanslarinin
karsilastirilmas1 amaglanmistir. Her ii¢ denetleyici yapisi ile de sistem nominal riizgar hizina ulastiginda nominal
giic olan 500 kW seviyelerine erismis fakat gecis cevabinda milisaniyeler mertebesinde osilasyonlar
gerceklesmistir. Sistemin kararli hal hatasi i¢in %01 hata referans olarak kabul edilmis ve boylece 500.5 kW iist
limit, 499.5 kW ise alt limit olarak belirlenmistir. Sekil 8'den de goriilmektedir ki, sistem kararli hal cevabina
sirasiyla AHA-PD ile 0.063 saniyede, AHA-PI ile 0.206 saniyede, AHA-PID ile 0.145 saniyede ulagsmaktadir. Her ti¢
denetleyici yapisi ile de sistemin nominal giice hizl1 bir sekilde ulasmaktadir. Fakat AHA-PD ile sistemin kararli hal
cevabina daha ¢abuk eristigi, osilasyonlarin daha hizli bastirildig: agik¢a gortilmektedir. Bunun yaninda sistemde
olusan maksimum asma AHA-PD ile %1.09, AHA-PI ile %1.43 ve AHA-PID ile %1.20 olarak ger¢eklesmistir. Sonug
olarak her ti¢ denetleyici yapisi ile de maksimum asmanin makul diizeyde tutuldugu, uygunluk fonksiyonu olarak
IAE segildiginde AHA-PD’nin daha basarili bir sonug iirettigi sdylenebilir.
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Sekil 7. Her li¢ denetleyiciye ait sistemin cikis giicli-zaman egrileri grafigi (IAE kullaniminda).
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Sekil 8. Cikis glicii-zaman egrilerinin gecis cevabinda yakinlastirilmis grafikleri (IAE kullaniminda).

MSE uygunluk fonksiyonu kullanilarak optimize edilen denetleyicilerin benzetim sonuglarina ise bu kisimda yer
verilmistir. Sistemin zamana gore ¢ikis giicii egrileri Sekil 9’da verilmektedir. Sekil 10’da ise yine bu egrilerin 20.7-
21 saniye araliginda yakinlastirilmis hali goésterilmektedir. Kararli hal hatasi icin %01 hata referans kabul
edildiginde sistem kararli hal cevabina AHA-PD ile 0.077 saniyede, AHA-PI ile de 0.201 saniyede erismektedir.
Bununla birlikte Sekil 10’da da gosterildigi tizere AHA-PID ile sistemin hata referansinin iist sinir1 olan 500.5 kW
civarinda salinimlarina devam ettigi ve sistemin nihai cevabinda kararli hal hatasi oldugu gézlemlenmistir.
Sistemde olusan maksimum asma ise sirasiyla AHA-PD ile %1.08, AHA-PI ile %1.40 ve AHA-PID ile %1.38 olarak
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gerceklesmistir. Uygunluk fonksiyonu olarak MSE secilmesiyle optimize edilen denetleyiciler arasindan AHA-
PD’nin hem elde edilen maksimum asma degerleri hem de gecis cevaplari agisindan AHA-PI ve AHA-PID’ye gore
daha basarili oldugunu séylemek miimkiindiir.
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Sekil 9. Her ii¢ denetleyiciye ait sistemin ¢ikis giicli-zaman egrileri grafigi (MSE kullaniminda).
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Sekil 10. Cikis giici-zaman egrilerinin gegis cevabinda yakinlastirilmis grafikleri (MSE kullaniminda)
Tablo 4. Elde edilen uygunluk fonksiyonu degerleri ve denetleyici parametreleri.
IAE degerleri Elde edilen denetleyici parametreleri
En lyi En Kotii Ortalama Standart Sapma Kp Ki Kp
AHA-PD 9.2621x10° 34.1220 x 10° 13.4254 x 106 9.4147 x106  -1.499358 -0.080500
AHA-PI 9.2627 x 10° 34.1220x 106 17.7681 x 10° 11.7699x 10  -8.968615 0.000003
AHA-PID 9.2624 x 10° 9.8518 x 10° 9.5065 x 10° 0.1727x 106  -4.280695 0.000001 -0.027245
MSE degerleri Elde edilen denetleyici parametreleri
En Iyi En Koétii Ortalama Standart Sapma Kp Ki Kp
AHA-PD 8.1465 x 1010 7.7936 x 1011 1.5131x 101t 2.1293x10*  -0.509519 -0.090396
AHA-PI 8.1465 x 1010 7.7936 x 1011 29107 x 101 3.2513x 101 -9.247371 0.000092
AHA-PID 8.1465 x 1010 8.3120 x 101° 8.1674 x 101° 3.5490x 108  -4.545807 -0.000371 -0.024764

Sekil 11 ve Sekil 12’de sirasiyla IAE ve MSE kriterleri secilerek optimize edilen denetleyiciler i¢in riizgar hizinin

degisimine gore ¢ikis giicl egrileri gosterilmektedir. Her iki sekilden de gortldigii gibi AHA-PD ile riizgar hizi

degisimine gore kanat hatve acis1 daha hizli bir sekilde olmasi gereken degeri takip etmekte ve bdylece sistem
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nominal glice daha ¢abuk oturmaktadir. Denetleyicilerin optimizasyon siirecinde uygunluk fonksiyonu olarak IAE
ya da MSE secilmesi, kanat hatve agisin1 kontrol ederek nominal gii¢ takibini gerceklestirme islevi agisindan
dikkate deger bir farklilik olusturmamaktadir.
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Sekil 11. Her ii¢ denetleyiciye ait sistemin ¢ikis giicli-riizgar hizi egrileri (IAE kullaniminda).
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Sekil 12. Her li¢ denetleyiciye ait sistemin ¢ikis giicli-riizgar hizi egrileri (MSE kullaniminda).

4. Tartisma ve Sonug¢

Riizgar tiirbinlerinde tretilen giiciin kontrol edilmesi agisindan kanat hatve agisinin ayarlanmasi énemli bir
mekanizmadir. Bu ¢alismada kanat hatve agisinin ayarlanmasi amaciyla PD, PI ve PID denetleyici yapilari
onerilmistir. Bu denetleyicilere ait parametreler literatiirde oldukga yeni bir algoritma olan AHA ile optimize
edilmistir. Sonuclarin giivenilirligi acisindan optimizasyon islemi 30 kez tekrarlanmis ve bu tekrarlara ait veriler
kaydedilmistir. Bahsi gecen denetleyiciler arasinda optimizasyon siireci acisindan AHA-PID’'nin daha giirbiiz ve
glivenilir oldugu, 30 kez tekrarlanan optimizasyon siiresince birbirine daha yakin sonuglar irettigi aciktir. En
disiik standart sapma degerinin sirasiyla IAE uygunluk fonksiyonu i¢in 0.1727x10¢ ve MSE uygunluk fonksiyonu
icin 3.5490x108 olarak AHA-PID ile elde edilmesi bu durumu desteklemektedir. Ote yandan her iki uygunluk
fonksiyonunun en iyi degerleri goz dniinde bulunduruldugunda ise AHA-PD denetleyici IAE kriteri baz alinarak
gerceklestirilen optimizasyon sonucunda daha basarili sonuglar iiretmis, MSE kriteri baz alinarak gergeklestirilen
optimizasyon sonucunda ise li¢ denetleyici arasinda bir fark goériilmemistir. Sistem %o1’lik yerlesme siiresine, IAE
kriteri baz alinarak optimize edilmis AHA-PD ile 0.063 saniyede, MSE kriteri baz alinarak optimize edilmis AHA-
PD ile 0.077 saniyede ulasmistir. Benzer sekilde sistemin ge¢is cevabindaki maksimum asma IAE kriteri baz
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alinarak optimize edilmis AHA-PD ile %1.09, MSE kriteri baz alinarak optimize edilmis AHA-PD ile %1.08 olarak
gerceklesmistir. Kullanilan ti¢ denetleyici arasindan hem en diisiik maksimum asma degerlerine hem de en kisa
yerlesme siirelerine sahip olmas1 AHA-PD’'nin diger iki denetleyiciden daha basarili oldugunu géstermektedir.

IAE ve MSE kriterleri baz alinarak 30 kez bagimsiz ytiriitiilen optimizasyon siirecinde elde edilen standart sapma
degerlerine gore AHA-PD ve AHA-PI denetleyicilerden daha basarili sonuglar veren AHA-PID denetleyici, kanat
hatve agisinin kontroliinde ayni basariy1 gosterememistir. AHA-PI ve AHA-PID denetleyici yapilarinin integral
kazanglarindan dolay1 az da olsa asma miktarinda artisa ve yerlesme siiresinde gecikmeye sebep oldugu agiktir.
Hem Tablo 1'de performans kriterleri acisindan verilen bilgiler hem de literatiirdeki PD denetleyicinin kullanildig:
bircok ¢alismada daha kararli ve gecis cevabi agisindan daha basarili sonuglar tiretmis olmasi [32-36], bu
calismada elde edilen bulgular1 destekler niteliktedir. Benzetim ¢alismalarina ait bulgular 1s18inda daha basarili
sonuclar iireten AHA-PD’nin bulanik mantik denetleyici, kesir dereceli denetleyici gibi tekniklerle birlestirilip
gelistirilmesi ve mikrodenetleyici yapilar1 izerinde hayata gecirilmesi gelecekte yapilmasi planlanan ¢alismalar
arasindadir.
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Anahtar Kelimeler Oz: Bu ¢ahsmada, kapali formda temsil edilen cebirsel diizlem egrilerinin
Cebirsel egriler, izometrilerinin ve simetrilerinin hesaplanmasi icin yeni bir algoritma
[zometriler,

sunulmaktadir. Bu hesaplamalarda kullanilacak metot iki kisimdan olusmaktadir.
Metodun birinci kismi, problemi, orijini sabitleyen izometrilere indirgerken, diger
kisimda egrilerin denk olmasini saglayan izometrilerin tespiti yapilmaktadir. Girdi
egrilerinin 6zdes olmasi durumunda metot, kapali formda temsil edilen bir cebirsel
diizlem egrisinin tiim simetrilerini tespit etmektedir. Metodun etkinligine kanit
olusturacak testler yiiriitiilmesi i¢in, olusturulan algoritma, Maple bilgisayar cebir
sistemi kullanilarak implement edilmistir.

Simetriler

Computing Isometries and Symmetries of Implicit Plane Algebraic Curves

Keywords Abstract: In this study, we present a new algorithm to compute the isometries and
;&lgebrta%c curves, symmetries of implicit plane algebraic curves. The method to be used for this
sometries, . . ;

Symmetires computing consists of two parts. The first part of the method reduces the problem

to isometries fixing the origin, while the other part determines the isometries
between the curves. If the input curves are identical, the method detects all the
symmetries of an implicit plane algebraic curve. We have implemented the
algorithm in the computer algebra system Maple to run tests providing evidence of
the efficiency of the method.

*Corresponding Author, email: hacoban@ktu.edu.tr

1. Giris

Geometrik nesnelerin bazi geometrilerdeki denklikleri ve simetrilerinin tespiti, oriintii tanima, bilgisayar
grafikleri, bilgisayarli gorii ve bilgisayar destekli geometrik tasarim gibi alanlarda temel problemlerin ¢6ziimiine
olan katkisindan dolay1 olduk¢a ©nem arz etmektedir. Bahsi gecen alanlarda verilen depolanmasi,
karsilastirilmasi, eksik verilerin tamamlanmasi gibi bircok islem i¢in egri ile modellenmis her bir nesnenin seklini,
konumunu ve perspektifini anlamak i¢in bu egrilerin denklik ve simetrilerinin tespiti, siireci kolaylastirmaktadir.
Bu dogrultuda hazirlanmis, diizlem kapali egrileri kullanarak veri aktarimini ve sekil tanimayi kolay, hizli ve bellek
yukina hafifletici hale getirmeyi amaglayan [16,17] tez ¢alismalar1 da probleme miihendislik alaninda nasil
yaklasildigina dair 6zel 6rnekler olarak verilebilir.

Glinumizde, 6zellikle cebirsel egri ve ylizeylerin denkliklerinin tespiti yogun bir sekilde ¢alisilmaktadir. Bu
calismalar cebirsel egrilerin temsillerine gore ikiye ayrilmaktadir. Bunlardan ilki rasyonel bir parametrizasyonla
temsil edilen rasyonel egrilerdir. Ikincisi ise kapali bir polinom denklemi ile temsil edilen kapali formdaki
egrilerdir. [1,4,9,13] calismalarinda, rasyonel cebirsel egrilerin ¢esitli boyutlarda ve geometrilerdeki denklik ve
simetrilerinin tespiti lizerine yaklasimlar sunulmaktadir. Rasyonel egrilere gére daha az ¢alisilmis olan kapal
formda temsil edilen cebirsel egriler icin gelistirilen yaklasimlar ise [2,6,7,9] ¢alismalarinda bulunmaktadir.
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Rasyonel yiizeyler igin ise [5,11,12] calismalarinda, olusturulan yontemler tartisilirken, kapali formda temsil
edilen yiizeyler i¢in [8,9] ¢alismalar1 haricinde birgok denklik problemi heniiz ¢6ziilememistir.

Bu ¢alismada, yukarida bahsedilen ¢alismalarda oldugu gibi, kapali formda temsil edilen iki cebirsel diizlem egrisi
arasindaki Oklid anlaminda denkliklerin yani izometrilerin hesaplanmasi amaglanmistir. izometriler, {izerinde
tanimli olduklar1 uzaylarin metrik yapilarini koruyan doniisiimlerdir [10]. Eger iki cebirsel diizlem egrisi arasinda,
birini digerine doniistiiren bir izometri varsa, bu iki egriye izometrik denir. Diger yandan, bir cebirsel diizlem
egrisini invaryant (degismez) birakan, birim déniisimden farkl bir izometri varsa, bu egriye simetrik denir. Kapali
formda temsil edilen cebirsel diizlem egrilerinin dogrudan izometri ve simetrilerinin tespiti tizerine literatiirde
yalnizca iki ¢alisma bulunmaktadir [2,3]. Bu ¢alismalarin birinde karmasik temsil, digerinde ise harmonik
polinomlar kullanilarak hesaplamali bir ydntem olusturulmustur. Ancak, hesaplamali alanlarda, problemin tam
¢Ozliimiiniin ortaya konulmasinin yaninda, verilen metodun basit ve ¢6ziime hizli bir bicimde ulagsmas1 da ¢ok
onemlidir. Bu anlamda, yeni metotlarin ortaya ¢ikmasi ve eski metotlardan daha iyi performans koyabilmesi 6nem
arz etmektedir. Bu calismada da oldukga basit ve hizli bir metot gelistirilmesi hedeflenmektedir.

2. Materyal ve Metot
2.1. On Bilgiler

Bu kisimda, problemin ¢6ziimii icin gerekli dn bilgiler ve problemin agik ifadesi verilecektir. Asagidaki polinom
denkleminin ¢6zliim kiimesinden meydana gelen bir cebirsel egriye, kapali formda temsil edilen n dereceli bir
cebirsel diizlem egrisi ad1 verilir:

n n-j

) =) ayxly) =0 €

i=0 j=0

Genel olarak, x ve y deki toplam < n dereceli tiim terimler bu denklemde gortliir. Bu tiir cebirsel egrileri €
sembolii ile gosterecegiz. Baska bir deyisle, € cebirsel egrisinin derecesi, egriyi temsil eden f(x, y) polinomunun
derecesi ile tanimlanir. Bu calismada ele alacagimiz egrilerin derecesi, aksi iddia edilmedikce, n > 3 olarak kabul
edilecektir. Clinkii n = 1 i¢in C egrisi trivial durum olan dogru durumuna indirgenecektir. Yine n = 2 i¢in konik
kesitler durumu elde edilir ki konik kesitler literatiirde iyi ¢alisilmis geometrik objelerdir. Ayrica, ¢calisma boyunca
C egrisi lizerinde asagidaki varsayimlar kabul edilecektir:

i. C egrisini temsil eden f(x, y) polinomu indirgenemez bir polinomdur.
ii. C egrisi bir cember ya da dogru degildir.

Yukaridaki ilk kabuliin sebebi, denklik ve simetri tanimlarinin temsil polinomuna indirgenmesi i¢in yapilan teknik
bir kabuldiir. Benzer sekilde ikinci kabuliin sebebi ise bu durumlarin trivial durumlar olmasidir.

x = (x, y)T, Q matrisi 2 X 2 tipinde bir ortogonal matris, yani QQT =1 ve b € R? olmak iizere, diizlemde bir
izometri T (x) = Qx + b seklinde tanimlanir. C4, C, cebirsel diizlem egrileri i¢in, 7(C,) = C, olacak sekilde bir T
izometrisi varsa, C; ve C, egrilerine izometrik denir. C cebirsel diizlem egrisi i¢in, T(C) = C olacak sekilde birim
dontisimden farkl bir T izometrisi varsa, C egrisine simetrik denir. C; ve C, egrileri sirasiyla f(x,y) ve g(x,y)

polinomlari ile temsil edilmek iizere, (i) kabulliinden dolayy, eger €, ve C, egrileri izometrik ise, bu takdirde bir
A > 0 sabiti icin asagidaki esitlik gecerlidir:

f(T @) = 2g(x) (2)
Diger yandan, eger f (x, y) polinomu ile temsil edilen C egrisi simetrik ise bu takdirde, asagidaki esitlik gerceklenir:
fT@) = 2f (x) (3)

izometriler dereceyi koruduklar icin izometrik €; ve C, egrilerinin dereceleri ayn1 olmalidir. Bu yiizden
makalenin geri kalan kisminda €4 ve C, egrilerinin dereceleri ayni n > 3 olarak kabul edilecektir.

Diger yandan, metodun dayandirilacagi en 6nemli 6zeliklerden bir tanesi de homojen formlar kavramidir. Derecesi
n olan keyfi bir f(x, y) polinomu, homojen polinomlarin toplami seklinde yazilabilir. Bu durum

fO6y) = fu(6,y) + faoa (6 9) + o+ fo(x,¥) (4)
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ile ifade edilebilir. Burada, 0 < d < n olmak iizere, f;(x, y) polinomu, derecesi d olan bir homojen polinomdur. Bu
durumu asagidaki 6rnekle agiklayalim.

2.1.1. Ornek. f(x,y) =x7 + x2y® — 2x°y + 5x3y? — 4x2y3 + 3y° + x® — y3 + 2y? — 6 polinomu verilsin. f
polinomunun (4) yazilimindaki homojen formlari

fr(x,y) = x7 + x2y® — 2x°®y

felx,y) =0
fs(x.y) = 5X3_’y2 — 4x2y3 + 3y5
falx,y) =0 )
fs(x;Y) =x3— y3
f(x,y) = 2y?
fl(x,}’) =0
fo(x,y) = —6
seklindedir.

Boylece, bu calismaya motivasyon olusturan problem asagidaki sekilde 6zetlenebilir.

Problem: Sirasiyla, indirgenemez f(x,y) ve g(x,y) polinom temsilleriyle verilen, cember ve dogrudan farkl,
birden ¢ok bileseni bulunmayan, ayni n > 3 derecesine sahip C; ve C, cebirsel diizlem egrileri icin, bu egrilerin
izometrik olup olmadigini, eger izometrik iseler aralarindaki olasi tiim izometrileri tespit eden bir algoritmanin
olusturulmasidir.

2.2. Metot ve Strateji

Bu kisimda, bir 6nceki kisimda belirtilen problem i¢in bir metot insa edilecektir. Metodun basamaklar1 asagidaki
diizeni takip edecektir:

1. Problemin indirgenmesi: Bu basamakta, problem orijini sabitleyen izometrilere indirgenecektir. Q matrisi
2 X 2 tipinde ortogonal bir matris olmak {izere, orijini sabitleyen bir izometri T'(x) = Qx seklindedir. Bu
tipte izometriler icin kolayca goriilebilir ki (2) denklemi, 1 < d < n olmak iizere f;(x,y) ve gq(x,y)
homojen formlar1 icin de saglanir. Yani, eger T orijini sabitleyen bir izometri ise, (2) denklemi
kullanilarak, her d i¢in

fo(T () = 294 (%) (6)

yazilir. Bu 6nemli sonucun getirdigi avantajdan yararlanmak i¢in problemin 6ncelikle orijini sabitleyen
izometrilere indirgenmesi gerekmektedir. Bunun i¢in de sirasiyla birinci girdi egrisi ile ikinci girdi
egrisinden elde edilen ve T (p) = q sartin1 saglayan p ve q gibi iki nokta tespit edilecektir.

2. Invaryantlar: Bu basamakta, halihazirda indirgenmis problem kullanilarak orijini sabitleyen T
izometrisinin hesaplanmasi i¢in gerekli denklemler elde edilecektir. Bu noktada geometri de dahil olmak
lizere bir¢ok alanda kullanima sahip bir kavram olan gradyan kavramindan faydalanilacaktir. Bir f(x, y)
polinomunun gradyant Vf(x,y) = (f,(x,¥),fy(x,y)) seklinde tamimlanmaktadir. Diger yandan bu
gradyan vektor alaninin normunun karesi ||[Vf]|? = Vf - Vf seklinde hesaplanabilir. Kolayca goriilebilir ki
[IVf]|? ifadesi izometrilerin etkisi altinda degismezdir. Gergekten de

IV(F@)II° = V(£ (0x) - V(£ Q1)) = Q" (VFH(Qx) - Q" (V)(Qx) )
= QQ"(VA(Qx) - (V)(Qx) = (V(Qx) - (V)(Qx) = (VN (@)1

oldugu goriliir. Bu degismezlik 6zelligi (6) denkleminde kullanilirsa, her d i¢in

V(TG = 21994112 ()

elde edilir. Diger yandan, (8) denkleminde yer alan A parametresini sistemden yok edebilmek icin, diger
bir invaryant olan Laplace operatérii kullanilacaktir. Laplace operatori bir f(x,y) polinomu igin
Af(x,y) = fux + fyy seklinde tanimlanmaktadir. Benzer sekilde Laplace operatdriiniin de izometriler
altinda degismez oldugu [2] ¢alismasinda gosterilmistir. Buna gore
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A(fa(T®)) = @fDT () 9)

elde edilir. Laplace operatériiniin bir f polinomuna art arda k kere uygulanmasi islemini A*f := AA --- Af
ile gdsterecegiz. Simdi A* operatériinii (8) denklemine uygularsak

AVl (T () = 228 (IVgall®) (x) (10)
esitligi elde edilir. Burada, f ve g polinomlarinin dereceleri n oldugundan ||Vf||? ve ||Vg||? polinomlarinin

dereceleri 2n — 1 dir. O halde, k > n igin A*(||V£;]|?) = 0 ve A*(||Vgqll?) = 0 dir ancak k = n — 1 igin
A"L(|VF4112) ve A" 1(]|Vg,411?) ifadeleri sifirdan farklr iki sabittir. Bu sabitlerin oranim

R (A an
A1 ([[Vgall?)
ile ifade edelim. Dolayisiyla (10) denkleminden
12=D (12)
elde edilir. (11) denkleminden elde edilen A degeri, (6) ve (8) denklemlerinde yerine yazilirsa
f&(T() = Dgi(x) =0 13)

V(T E)|” = DIVga I = 0

denklem sistemi olusturulur. Bu denklem sisteminin nasil ¢6ziilecegi ise metodun bir sonraki
basamaginda anlatilacaktir.

Resultant: Resultant kavrami eliminasyon teorisinin en 6nemli yap1 taslarindan birisidir. f (x, y) ve g(x,y)
gibi iki polinomun y degiskenine gére resultanti Res, (f, g) ile ifade edilir. Res,, (f, g) ifadesinin degeri, f
ve g polinomlarinin olusturdugu denklem sisteminden y degiskeninin elenmesiyle elde edilen x
degiskenine bagh baska bir polinomdur, yani Res, (f,g) = h(x) seklindedir. Bu basamakta, éncelikle
teknik agidan eliminasyon teorisine uygun bir yazilim olusturmak i¢in

0x = (a11 a12) (x) _ (aux + a12y) (14)

A1 A2/ \Y Ay1X + azy

olmak tizere,

Tx) = (u(x’J’)'V(x'J’)) = (a11x + a1y, az1x + az;y) (15)
gosterimini tercih edecegiz. T (x) yerine u ve v fonksiyonlarinin kullanilmasiyla (13) sistemi

@, (u,v,x,y) = f7(u,v) —Dgi(x,y) =0 (16)
@, (w,v,x,y) = |V (u,V)|I*> = D|IVga (x, Y)II* = 0

halini alir. Oncelikle (16) sisteminden v parametresini eleyelim ve asagidaki notasyonu kullanalim.
rl(u'x,J’) = Resv((bl'(bz) (17)

Bu asamada metot 1 (u, x, ¥) polimonun u — a;;x — a,,y seklinde bir dogrusal ¢arpan icerdigi gercegiyle
stirdiriilecektir. Diger yandan, bulunan bu dogrusal ¢arpanin ®; ve @, denklemlerinde yerine
yazilmasiyla, & (v, x,y) = ®1(a11x + a2y, v,x,y) ve &W,xy) = Py(a1x + a2y, v,x,y) elde
edilecektir. & ve &, polinomlarinin en biiylik ortak ¢arpani olan polinomu u(v,x,y) = ged (&, &,) ile
gosterelim. Boylece, u(v,x,y) polinomu v — a;,x — a;,y seklinde bir dogrusal ¢arpan igerecektir. Bu
dogrusal ¢arpanlardan u ve v fonksiyonlarinin izole edilmesiyle, orijini sabitleyen

_[a1x +agy
T(x) = (a21x + azzy) (18)

izometrisi elde edilmis olacaktir.
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4. Oteleme: Metodun bu son basamaginda, problemin indirgenmemis halinde yer alan Qx + b izometrisinin
oteleme kismi olan b vektori saptanacaktir. Hali hazirda 6nceki basamaklarda elde edilen A ve Q degerleri
(2) denkleminde yerine yazilarak b nin bilesenlerini bilinmeyen olarak kabul eden bir denklem sistemi
elde edilir. Bu sistemin ¢6ziimiinden de b vektoériiniin tiim bilesenlerinin elde edilmesiyle izometri tam
olarak hesaplanmis olur.

3. Bulgular
3.1. Problemin Orijini Sabitleyen izometrilere indirgenmesi

Kisim 2.2. de bahsedildigi gibi, problemi, orijini sabitleyen izometrilere indirebilmek i¢in egrilerin polinom
temsillerinden elde edilen ve T (p) = q sartin1 saglayan p ve q gibi iki nokta olusturacagiz. C; ve C, egrileri,
sirasiyla f(x,y) ve g(x,y) polinomlari ile tanimlansin. Kabul edelim ki €, ile C, egrileri izometrik olsun. Bu
durumda T (C,) = C, olacak sekilde bir 7 (x) = Qx + b izometrisi vardir.

Bir f polinomunun Hessian’i, Hessian matrisinin determinanti olarak tanimlanir ve H(f)(x,y) ile ifade edilir.
Gradyan operatoriiniin 6zellikleri kullanilarak, H(f)(x,y) nin de izometriler altinda degismedigi gosterilebilir.
f(x,y) ve g(x,y) polinomlar1 kullanilarak H(f)(x,y) ve H(g)(x,y) polinomlar1 olusturulabilir. H(f)(x,y) ve
H(g)(x,y) polinomlarinin temsil ettigi egrileri, sirasiyla, Cf ve Cg4 ifade edelim. Burada, {Cy, Cs} ve {C;, C4} egri

¢iftlerinin kesim kiimelerini goz oniine alahm. {Cy, C¢} egri ¢iftinin kesim noktalarinin kiimesi P := P2y ve
{C2, C4} egri ciftinin kesim noktalarimin kiimesi de Q = {q:}2 ile ifade edilsin. Bu durumda, C; ile C, egrileri
izometrik oldugundan ve H(f)(x,y) ve H(g)(x,y) izometrilerden etkilenmediginden T(Cf) = (4 elde edilir.
DolayisiylaT (€,) = C, ve T(Cf) = Cgoldugundan T (P) = Q elde edilir. Diger yandan P ve Q nokta kiimelerinin
agirlik merkezleri (barycenter), m; = m, = m olmak lizere, p := iZT piveq = %ZT q; noktalari ile tanimlanir.
Sonug olarak asagidaki 6nerme elde edilir.

3.1.1. Onerme: C, ve C, egrileri T ile izometrik olsun. Bu takdirde T (p) = q dir.

ispat. T (?) = Q oldugundan, T (p;) = q; oldugu agiktir. Buradan

T@ =Qp+b=0—> pi+b=—> Qpi+h=—> Qpi+b)=—) a;=4 (19)
1 1 1 1

edilir. Boylece ispat tamamlanir.
]

Simdi p ve q noktalarinin etkili bicimde hesaplanabilmesi i¢in bir hesaplamali yontem belirleyecegiz. Yontem
sadece p noktasinin hesaplanmasi i¢in verilecek olup, q i¢in de ayni yéntem uygulanabilir. {Cy, Cf} sisteminin
kesisimini bulmak icin, bu egrileri temsil eden polinomlardan faydalanilacaktir. Egri ¢iftinin kesisim noktalar:
f(x,y) =0 ve H(f)(x,y) = 0 esitliklerinin olusturdugu sistemin ¢oziimiidir ve bu noktalar p; = (pi1, Piz)
seklindedir. ¢,(x) = Resy(f,H(f)) alinirsa, bu durumda her p;; degerleri ¢,(x) polinomunun koklerinden
bulunabilir. Benzer sekilde ¢,(y) = Res,(f,H(f)) alinirsa, bu durumda p;, degerleri ¢,(y) polinomunun
koklerinden bulunabilir. Buradan, asagidaki 6nerme gerceklenir.

3.1.2. Onerme: ¢, (x) :== YT a;x’ ve @, (y) :== ¥ b;y" olmak iizere

1 Am-1 bm—l
——(_ - 20
p m( am b, ) (20)
seklindedir.

ispat. Tanim geregi p = %Z{” pi = iZ’in(Pu;Piz) = (ian Pi1 %Z?” Piz) seklinde yazilabilir. Burada " p;;
&m-1 o]de edilir. Benzer sekilde X" p;,

am

ifadesi de ¢, (y) polinomnun kokler toplami oldugundan, ;" p;, = — b;’;—_l elde edilir.

ifadesi ¢4 (x) polinomunun koékler toplamina denk geldiginden, 7" p;; = —
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Sonug olarak, {Cy,Cs} ve {C3, C4} egri ciftlerinin kesim noktalarinin kiimesinin bostan farkl ve sonlu oldugu
durumda p ve q noktalar1 asagidaki formiille hesaplanir:

_ 1 (_ Am-1 _bm—l)

’

m am b,
’ / 21
— l _ A m-1 _ b m-1 ( )
q m alm ’ blm

Burada a; ve b; saylart g(x,y) ve H(g)(x,y) polinomlarinin resultantlarindan elde edilen tek degiskenli
polinomlarin katsayilarini ifade etmektedir. Yukarida hesaplanan p ve q kullanilarak, €; ve C, egrileri
otelendiginde, olusan yeni egriler i¢cin hesaplanan p ve q noktalar1 orijine tasinacaktir. Dolayisiyla, orijinal
egrilerin oOtelenmesiyle elde edilen yeni egriler 7(x) = Qx ile izometrik olup, problem, orijini sabitleyen
izometrilere indirgenmis olacaktir. Makalenin bu kismindan sonra, 6telenmis egrileri asagidaki sekilde ifade
edecegiz:

F(x)=f(x+p)
G(x) = g(x+q) (22)

Bu durumu asagidaki 6rnekle agiklayalim.

3.1.3. Ornek: f(x,y) = (x? + y?)(x? + y? + 2x) — 4xy? = 0 kapal formu ile temsil edilen, Kepler'in Folium
egrisi géz oniine alinsin. f polinomunun Hessian't H(f)(x,y) = 48x* + 96x?y? + 48y* + 192xy? — 48x% — 16y?
seklindedir. Onerme 3.1.2 den p = (—%, 0) seklinde hesaplanir. x + p 6telemesinin f polinomuna uygulanmasi
F(x,y) polinomu elde edilir. Asagida F polinomu ve onun Hessian’t H(F) verilmistir.

F(x,y) = 26873856x* + 53747712x%y? + 26873856y + 37324800x3 — 70170624xy>
—20870784x2 + 9465984y2 + 3380256x — 177023
H(F)(x,y) = 26873856x* + 53747712x%y? + 26873856y* — 16422912x> + 91072512xy? (23)
—23110272x2 — 24126336y? + 7828128x — 612623

Gergekten de F ve H(F) icin tekrar Onerme 3.1.2 uygulanmirsa p = (0,0) bulunur. Asagidaki sekilde, solda f (mavi),
H(f) (yesil) ve kesim noktalarinin agirlik merkezi p (kirmizi); sagda ise F (mavi), H(F) (yesil) ve kesim
noktalarinin agirlik merkezi p (kirmizi) gosterilmistir.

Sekil 1. Kepler'in Folium’u ve Hessian'inin kesisimi.

054

T ] T T T T

- -1 1 —13 -1 —05 0 05 1
X /
054 —0.5+

—154 —154

Curve Hessian | ® Barycenter Curve Hessian
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3.2. Orijini Sabitleyen izometrilerin Hesaplanmasi

Bu kisimda bir 6nceki kisimdaki 6telemelerin gerceklestirildigi ve verilen egrilerin orijini sabitleyen bir izometri
ile izometrik oldugu durumda, egriler arasindaki izometrilerin hesaplanmasi i¢in etkili bir yontem gelistirilecektir.
Kisim 2.2. deki tartisma asagidaki ana sonucta 6zetlenebilir.

3.2.1. Teorem: C, ve C,, sirasiyla F(x,y) = 0ve G(x,y) = 0 kapali formlari ile temsil edilen iki cebirsel diizlem
egrisi olsun. Ayrica, @, (u, v, x, y) ve ®;(u, v, x,y) polinomlar: (16) denklemindeki gibi tanimlansin. Eger C; ve C,
egrileri T (x) = Qx ile izometrik ise, bu takdirde asagidakiler saglanir:
i. n(ux,y) = Res, (P, P,) polinomu u — a,;;x — a,,y seklinde bir dogrusal ¢arpan igerir.
ii. &, xy)=D(a11x+apy,v,x,y) ve &EW,xy) = Py(ay1x + a2y, v,x,y) polinomlarinin en
blytk ortak carpani u(v, x,y) = gcd (¢;, ;) olmak tizere, u(v, x,y) polinomu v — a,;x — a,,y seklinde
bir dogrusal ¢arpan icerir.

Ispat. Kabul edelim ki €, ve C, egrileri T(x) = Qx ile izometrik olsun. Bu takdirde, u(x,y) = a;;x + a;,y,
v(x,y) = a, X + a,,y polinomlari (16) denklemi ile verilen ve F ile G den iiretilen

&, (w,v,x,y) = Fi(u,v) —DG:(x,y) =0 24)

CDZ(u' U,x,}’) = ”VFd(u! v)”Z - D”VGd(X,y)HZ =0
sisteminin ¢oziimudiir. Yani u ve v, ®; ve ®, polinomlarinin ortak kokiidiir. Resultant tanimindan n(u, x,y) = 0
dir ancak ve ancak ®; ve @, nin ortak kékii vardir. O halde u = a;;x + a;,y, (W, x, y) nin bir kokidiir. Bunun
anlam1 n(u,x,y) polinomunun u— a;;x —a;,y seklinde bir ¢arpana sahip olmasidir. Bu ise teoremin
ifadesindeki (i) onermesini kanitlar. u = a;;x + a,,y ¢6zlimii ®; ve ®, polinomlarinda yerine yazilirsa &; (v, x, y)
ve &, (v, x, y) polinomlari elde edilir. u ve v, sistemin ¢6ziimii oldugundan v = a,,x + a,,y hem &; polinomunun,
hem de &, polinomunun koki olmalidir. En biiyiik ortak ¢arpan tanimindan v = a,;x + a,,y ayn1 zamanda
u(v, x, y) polinomunu da bir kokidiir. O halde, u(v, x, y) polinomu v — a,;x — a,,y seklinde bir ¢arpan igerir. Bu
durum da teoremin ifadesinde yer alan (ii) 6nermesini kanitlar ve ispat tamamlanir.

Teorem 3.2.1., hesaplama anlaminda 6nemli sonuglar ortaya cikarmaktadir. €; ve C, egrileri arasindaki
izometrileri tespit etmek icin, dncelikle ®; ve ®, polinomlar1 olusturulur. Ardindan, bu iki polinomun v
degiskenine gore resultanti alinip, sistemden v degiskeni elenmis olur ve n(u,x,y) polinomu bulunur. Ana
teoreme gore n(u,x,y) polinomu 6zel bir dogrusal ¢arpan icermektedir. Bu dogrusal ¢arpanlar1 bulmak i¢gin
n(w, x,y) polinomunu ¢arpanlara ayirmak yeterlidir. Tiim ¢arpanlar arasindan dogrusal olanlar segilir
ve bu secilen carpanlardan u = a;;x + a,,¥y dogrudan bulunur. Bulunan u = a,;x + a,,y ifadeleri ®; ve ®, de
yerine yazilarak u(v, x, y) polinomu bulunur. Ardindan, u(v, x,y) polinomu ¢arpanlarina ayrilarak, bu carpanlar
arasindan yine dogrusal olanlar segilir. Her bir dogrusal ¢arpandan v = a,;x + a,,y ¢oziimi elde edilir. Boylece
Q ortogonal matrisinin tiim bilesenleri, yani a,, a,,, a4, a,, elde edilmis olur. Bulunan tiim degerler, problemin
indirgenmesinden o6nce verilen f(x,y) ve g(x,y) polinomlar ile ilgili f(Qx + b) = 1g(x) esitliginde yerine
yazilarak, elde edilen denklemden b vektoriiniin bilesenleri ¢oziilerek olasi tim T (x) = Qx + b izometrileri
hesaplanmis olur. Bu siireg, bir sonraki kisimda bir algoritmaya dontistiirilmiistiir.

3.3. Algoritma

Onceki kisimlarda elde edilen sonuclar 151g1nda asagidaki Implso2D isimli algoritma (bkz. Algoritma 1), verilen
iki cebirsel diizlem egrisi arasindaki tiim izometrileri tespit etmektedir.

309



Kapali Formda Temsil Edilen Cebirsel Diizlem Egrilerinin izometrileri ve Simetrilerinin Hesaplanmasi

Algoritma 1. Implso2D

Input: Sirasiyla f (x,y) ve g(x,y) kapali formlari ile tanimli, birden ¢ok bilesene sahip olmayan, cember
ve dogrudan farkli iki €4, C, cebirsel diizlem egrisi.

Output: C4, C, arasindaki izometriler ya da “Egriler izometrik degildir” uyarisi.
Procedure: Implso2D(f,g)

p ve q agirlik merkezlerini hesapla.

Eger p ve q noktalar1 hesaplanamiyorsa “FAIL”.

L = @ ve M = @ atamalarini yap.

F = f(x + p) ve G:== f(x + q) atamalarini yap

(24) sisteminde tanimlanan ®, ve @, polinomlarini olustur.

n(u, x,y) = Res,(®;, d,) polinomunu hesapla.

1n(u, x,y) polinomunu ¢arpanlara ayirarak u — a,,x — a;,y dogrusal ¢arpanlarini hesapla.
Her u — a,;x — a,,y dogrusal ¢carpani icin

&, x,y) = D(ay1x + a2y, v,x,y) ve &0, x,y) == Py(a;1x + a2y, v,x,y) polinomlarini ve
u(, x,y) = ged (&4, &) polinomunu hesapla.

10. u(v, x,y) polinomunu ¢carpanlara ayirarak v—a,;x — a,,y dogrusal ¢carpanlarini hesapla.
11. Her v — a,;x — a,,y dogrusal carpani i¢in

12. F(u,v) = AG(x,y) denkleminin saglandigini kontrol et.

13. Dogrulandigi takdirde (u, v) ¢6zliimini L listesine ekle.

14. Eger L # @ ise

15. L listesindeki her (u, v) ¢6ziimii i¢in

16. f(u+ by, v+ by) = Ag(x,y) denklemini b, ve b, bilinmeyenleri i¢in ¢6z.

17. [(u,v), A, (b1, b;)] ¢6ziim kiimesini M listesine ekle.

18. Eger M = @ ise “Egeriler izometrik degildir” uyarisini ver aksi halde M listesini ver.

OO N W

Algoritmanin ¢alisma prensibinin anlasilmasi i¢in asagidaki ayrintili rnek sunulmustur.

3.3.1. Ornek: Asagidaki polinomlarla temsil edilen Cayley’s Sextic egrilerini gdz éniine alalim.

flx,y) = —8x3—12(5x% + 9y?)(x% + y?) — 96x(x? + y?)? + 64(x? + y?)3
9(x,¥) = 568 — 726V2xy? + 1782V2x2y — 242v2x3 — 432x3y — 432xy® + 828x2 + 4764y
+2316y* + 396x* — 300v2x — 1080xy + 18362y + 3186v2y> + 2712x2y? (25)

— 48v2x5 + 432V/2y° — 48V2xy* — 96V2x3y? + 432v2x*y + 864V/2x%y3
+192x2%y* + 64y°® + 192x*y? + 64x°

Burada g(x,y) ile temsil edilen egri, f(x,y) polinomu ile asagidaki ortogonal matris ve dtelemeye sahip T (x) =
Qx + b izometrisi uygulanarak elde edilmistir:

1 1
o=| ' Ple=(7) (26)
V2 VZ

Bu sayede olusturulan egrilerin arasinda en az bir izometri olmasi garanti altina alinmistir. Algoritma bu egri
ciftine uygulandiginda, 6ncelikle agirlik merkezleri

(27)

_( 2721 ) _( 2721¥2 521512
P=\"27236"")"17\ " 54872 '~ 54872

seklinde hesaplanmistir. f ve g bu noktalar ile 6telendikten sonra, orijini sabitleyen bir izometri ile izometrik olan
F ve G polinomlar1 bulunmustur. Buradan da F ve G polinomlari i¢in (24) sistemi olusturulmus ve boylece

n(u, x,y) = 2u? — x% + 2xy — y? (28)
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elde edilmistir. n(u, x, y) polinomu ¢arpanlara ayrildiginda,

V2 V2

Ly, =ut+—x——y
2 2 (29)
V2 V2

Ly, su-— x+—2 y

seklinde iki adet dogrusal ¢carpan bulunmustur. Bu dogrusal ¢arpanlarin yerine yazihp, u(v, x, y) polinomunun
¢arpanlara ayrilmasiyla, L, ¢carpanina karsilik

V2 V2
by =v=5x=7y

N (30)
Ly =vt5xt oy

seklinde iki dogrusal ¢carpan ve yine L,,, ¢carpanina karsilik

V2 V2
bw=vogx=5y

V2 2 (31)
Ly, =v+—2 x+—2 y

ayni iki dogrusal carpan elde edilmistir. Toplam 4 ¢o6ziim aday1 arasindan, esitlikleri saglamayan 2 tanesi
elendikten sonra,

RIS RIS
a=| ¢ Pl oe-| TV (2)
Vi VW

ortogonal matrisleri elde edilmistir. Orijinal egrilere geri doniip, Q, ve Q, ye karsilik gelen by = (—1,1)7 ve b, =
(—=1,—1)7 &telemeleri bulunup, sonugcta iki egri arasinda f;(x) = Q;x + b; ve f,(x) = Q,x + b, izometrileri
hesaplanmistir. Bu 6rnekteki hesaplamanin tiimii 0.125 saniyede tamamlanmistir.

3.4. Testler ve Performans

Bolim 3.3. te verilen algoritma Implso2D, bilgisayar cebir sistemi Maple [14] kullanilarak implement edilmistir.
implementasyon, 2.4 Ghz Intel Core i5 islemciye ve 8 GB bellege sahip bir bilgisayarda test edilmistir. Bu calismada
sunulan o6rnekler ve tiim testler ikinci yazarin kisisel web sayfasinda [15] tiim arastirmacilara agik sekilde
sunulmustur. Tiim 6rnekler ve testlerde, izometrik bir egri ¢ifti elde edebilmek i¢in, f (x, y) kapal formu ile temsil
edilen bir €, egrisi alinip, g(x,y) polinomu C, egrisini temsil edecek sekilde, f(x,y) polinomuna Ornek 3.3.1 de
verilen izometri uygulanarak bir g(x, y) polinomu elde edilmistir.

Testlere Tablo 1. de verilen polinomlarla temsil edilen egrilerin izometrilerini tespit ederek baslayalim. Tablonun
ilk siitununda egrinin ismi, ikinci sitununda egrinin derecesi ve son siitununda da egrinin kapali formu verilmistir.
Ayrica tabloda yer alan egrilerin cizimleri Sekil 2. de verilmistir. Tablo 2. de Tablo 1. de verilen egrilerin
izometrileri ve simetrilerinin hesaplanmasi icin harcanan siireler saniye cinsinden verilmistir. Tablo 2. de ilk
stitunda egri isimleri, ikinci siitunda egrilerin ihtiva ettigi izometri/simetri sayilari, iglinci siitunda izometrilerin
hesaplanmasinda harcanan siire ve son siitunda da simetrilerin hesaplanmasinda harcanan siire bulunmaktadir.
Simetrilerin izometrilere gére daha uzun siirede hesaplandigi tablodaki verilerden acik¢a goriilmektedir.
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Tablo 1. Cesitli egrilerin kapali temsilleri.

Isim Derece Kapali Temsil
Maltese Cross Curve 3 x3y —xy3 —x% —y?
Ampersand Curve 4 6x* + 6x%y? + 4y* — 21x3 — 11xy? + 19x% — 3y2
Limacon 4 x* + 2x%y? + y* — 4x3 — 4xy? + 3x2 — y?
L’Hospital Quintic 5 64y5 — 625x* — 1000x2%y? — 400y* + 1000x%y + 800y3
—200x? — 560y% + 160y — 16
Cornoid 6 x6 + 3x*y? + 3x2y* + ¥4 + 3x* — 6x%y? — 5y* + 8y? — 4
Scarabaeus Curve x® + 3x*y? + 3x2y* + y° + 6x5 + 12x3y? + 6xy* + 5x* + 17x%y? — 4y*
Pear Curve x8 + 4x%y? + 6x*y* + 4x%y° + y® + 4x7 + 12x5y? + 12x3y* + 4xy® + 6x°
+14x*y? + 10x%y* + 2y° + 6x° + 4x3y? — 2xy* + 5x*
+2x2y? = 3y* + 2x3 + 2xy? + x%2 +y%2 —1
Ranuncloid 12 x'2 + 6x1092 + 15x8y* + 20x0y° + 15x*y® + 6x2y10 + y12 — 42x10 — 210x8y?
—420x5%y* — 420x*y® — 210x2y® — 42y10 — 21x8 — 84x%y% — 126x*y*
—84x2y6 — 21y8 — 812x° — 2436x*y? — 2436x2y* — 812y + 93312x°
—933120x3y2 + 466560xy* — 32025x* — 64050x2y2 — 32025y*
—1286250x2 — 1286250y2 — 52521875

Tablo 2. Tablo 1. de verilen egrilerin izometri ve simetrilerinin

hesaplanmasi i¢in harcanan saniye cinsinden siireler.

isim izo./Sim. Simetriler izometriler

Sayisi (sn) (sn)
Maltese Cross Curve 8 0.547 0.344
Ampersand Curve 2 0.094 0.001
Limacgon 2 0.016 0.001
L’Hospital Quintic 2 0.078 0.001
Cornoid 4 0.078 0.016
Scarabaeus Curve 2 0.171 0.031
Pear Curve 2 0.313 0.031
Ranuncloid 10 16.094 2.984

a. Maltese cross curve

d. Cornoid

_

¢ 2

Sekil 2. Tablo 1. de verilen egrilerin sekilleri.
b. Ampersand curve ¢

Cj}ilr}f?on ¢. L’Hospital quintic
. o H h

N
.
p

94
R

' \\ -l
[ P ““ \\‘
“.‘.‘1‘ // l\.\/ //7«\ ‘\‘ /
/\ R ‘
[ /‘/‘ \
W
: i:;r, i 7:—"‘ / \\~7 - //
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Simdi de algoritmanin simetrileri bulmadaki yeterliligini daha iyi anlayabilmek ¢ok simetriye sahip bir egri ailesi
iizerinde sonuglari inceleyelim. Bunun en uygun egri ailelerinden biri olan “epicycloid egri ailesi” se¢ilmistir.
Epicycloid egri ailesi

b
¢

b
¢

x = (a+b)cos¢—bcosa
(33)

a+
y = (a+ b)sin¢p —bsin b

parametrik denklemine sahiptir. Bu egri ailesinden b = 1 degerine karsilik, a = 2,4,6,8,10,12 degerleri se¢ilmistir.
Bu degerler icin parametrik denklem kapali forma donistiiriilmiis ve her bir egri icin simetri hesaplamasi
yapimustir. ilgili degerler icin egrilerin sekilleri S$ekil 3. de verilmistir. Hesaplama siireleri Tablo 3. de
sunulmustur. Tabloda, ilk siitunda a ve b parametreleri, ikinci siitunda olusan egrinin derecesi, li¢iincii stitunda
olusan egrinin simetri sayisi ve son siitunda da tiim simetrilerin hesaplanmasinda gecen stire verilmistir. Tablodan
da goruldigi tizere, algoritma bu egrilerin tiim simetrilerini en fazla stiren hesaplamada bile yaklasik 42 saniye
gibi bir siirede hesaplayabilmektedir.

Sekil 3. Orneklerde kullanilan epicycloidlerin sekilleri.

aa=2b=1 b.a=4b=1 ca=6b=1
P — T //"J -"‘\’/ - -"‘\\ //"' ™
Va N 7 \ o AU
f Ve ™
‘ ) \ ) ( |
\ J .
Ps < ps <
7 N / \ { \
\ | | \ \ )
\ / \ y \\ - /./
o / \ — —~
e 7 N AN il ~
¢.a=8,b= da=10,b=1 ea=12,b=1
P L N
/ / ~J 1% N — p—
{ ] , A - R
P ™ | L {
f \ / N s ~
\ ) ( J \ J
> < > < ) <
s \ f \ \
\ J { ) \ )
\ ,/" AN _,/‘ \-j r/
. N I |
' / N S
N A i - “\. e - AN A S

Tablo 3. Secili epicycloidlerin simetrilerinin hesaplanmasi icin
harcanan saniye cinsinden siireler.

Parametre  Derece Simetri Stre
Sayis1 (sn)

a=2b=1 6 4 0.219
a=4b=1 10 8 0.094
a=6b=1 14 12 0.782
a=8b=1 18 16 0.938
a=10b=1 22 20 41.516
a=12,b=1 26 24 19.704

4. Tartisma ve Sonug¢

Bu ¢alismada kapali formda temsil edilen cebirsel diizlem egrilerinin izometri ve simetrilerini hesaplayan yeni bir
algoritma sunulmustur. Algoritma, gii¢li bir matematiksel altyapiya dayandirilmistir. Bu altyapi, egrileri temsil
eden polinomlardan elde edilen cebirsel denklemler tizerine kurulmustur. Diger yandan izometrilerin tespiti i¢in
bu denklemlerin direkt olarak ¢6ziimii yerine degismezlik kavrami sayesinde eliminasyon teorisinden
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faydalanilmistir. Boylece bircok bilinmeyene sahip ve bu bilinmeyenlere gore dogrusal olmayan sistemlerin
¢oziimiinden sakinilmistir.

Sunulan algoritma tam olup, sadece belli bash izometri/simetrileri degil, egrilerin ihtiva ettigi tiim
izometri/simetrileri tespit edebilmektedir. Algoritma, Maple bilgisayar cebir sistemi kullanilarak implement
edilmis ve bu implementasyon ile genis ¢apl testler yiiriitilmistiir. Test sonuglarinin basarisi ve algoritmanin
etkinligi tablolarda verilmistir.

Gelecek calismalarda, bu c¢alismada sunulan metodun, en genel durum olan projektif denklik ve simetrilere
genellestirilmesi planlanmaktadir. Kapali formda temsil edilen cebirsel diizlem egrilerinin projektif denklik ve
simetrileri i¢in, burada verilen indirgeme metodunu uygulamak i¢in baska metot ve yaklasimlara ihtiyac
duyulmaktadir.

TesekKkiir

Yazarlar Prof. Juan Gerardo Alcazar’a, sonsuz destegi, yardimini hi¢cbir zaman esirgemedigi ve tiim siire¢lerde
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Keywords Abstract: In this article, two novel methods called conformable g-Mohand
Conformable time-fractional homotopy analysis transform method (Cq-MHATM) and conformable Mohand
ge“e;_ahzed Burgers Adomian decomposition method (CMADM) are utilized to examine the novel
equation,

numerical solutions for nonlinear conformable time-fractional generalized Burgers
equation with proportional delay. The first of the two new methods suggested, Cq-
MHATM, is a hybrid method that combines q-homotopy analysis transform method

Conformable Mohand
Adomian decomposition

method,
Conformable Mohand and Mohand transform in the sense of comformable derivative. The other method,
transform CMADM is also a hybrid method that combines Adomian decomposition method and

Mohand transformin the sense of comformable derivative. The computer
simulations were worked out to prove that the suggested methods work and are
trusted.

Kesirli Mertebeden Kismi Diferansiyel Denklemlerini Cozmek i¢cin Yeni Uyumlu

Metotlar
Anahtar Kelimeler 0z: Bu makalede, uyumlu q-Mohand homotopi analiz doniisiim yoéntemi (Ug-
Uyumlu zaman-kesirli MHADY) ve uyumlu Mohand Adomian ayristirma yontemi (UMAAY) olarak
mertebeden genellestirilmis adlandirilan iki yeni yontem, oransal gecikmeli dogrusal olmayan uyumlu zaman-

Burgers denklemi,

Uyumlu Mohand Adomian
ayristirma metodu,

Uyumlu Mohand déniisiimii

kesirli mertebeden genellestirilmis Burgers denkleminin yeni sayisal ¢6ziimlerini
incelemek icin kullanilmaktadir. Onerilen iki yeni yontemden ilki olan Ug-MHADY,
g-homotopi analiz doniisim yontemi ile uyumlu Mohand doéniisiimiiniin
birlesiminden olusan hibrit bir yéntemdir. Diger yontem olan CMADM ise Adomian
ayristirma yontemi ile uyumlu Mohand déniisiimiiniin birlesiminden olusan hibrit
bir yéntemdir. Onerilen yontemlerin etkin c¢alistigini ve giivenilir oldugunu
gostermek icin bilgisayar simiilasyonlar1 yapilmaktadir. Kesin ¢oziimler bulunan
coziimlerle karsilastirildiginda, yeni tekniklerin her ikisinin de basit, giicli ve
oransal gecikmeli dogrusal olmayan uyumlu zaman-kesirli mertebeden kismi
diferansiyel denklemi ¢6zmek i¢in iyi ¢alistigini goriillmektedir.

*Corresponding Author, email: halilanac0638@gmail.com

1. Introduction

The arbitrary order of fractional calculus (FC) goes beyond the integer order of calculus. It was talked about when
the famous scientists Leibniz and L'Hospital first talked to each other around 1695. In recent years, many authors
have started to look into fractional calculus because it can be used to give accurate descriptions of many different
kinds of nonlinear events. Fractional order differential equations are a type of differential equation that has effects
on material properties that are notlocal and on genetic material. Fractional calculus was studied and described by
a number of well-known mathematicians. Their work laid the groundwork for fractional calculus. Now, fractional
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partial differential equations are often used to make nonlinear models and study systems that change over time.
Fractional-order calculus theory has been linked to many things, such as chaos theory. Fractional differential
equations are used to describe the features of natural systems that don't behave in a straight line. We use a number
of analytical and numerical methods to solve the time-fractional partial differential equations (TFDEs) that
describe nonlinear processes [1-13].

Mohand and Mahgoub [14] created a new integral transform which is called Mohand transform. The mechanics
and electrical circuit problems were resolved through the utilization of the Mohand transform. It is provided a
method for solving second-order linear Volterra integral equations utilizing the Mohand transform. The utilization
of Mohand transform was employed in order to address linear partial integro-differential equations. It is presented
the utilization of Mohand transform in the resolution of linear Volterra integro-differential equations. The
utilization of Laplace transform for addressing population growth and decay issues is demonstrated [14-19].

The research focuses on the numerical solution of conformable time-fractional partial differential equations with
proportional delay defined by

ow(pyx, oyt 0"w(ppmx, oyt
Dfaw(x' t) = “l} <x' W(pox' O-Ot)' (p(;x - )I ey (g)Zm = )) i

w®(x,0) = ¢, (x),

(1)

where p;,0; € (0,1) forall i € N, ¢, is initial value, ¢ differential operator and D{ is conformable time-fractional
operator.

There aren't many articles in the literature about TFPDEs with proportional delay. These include the Chebyshev
pseudospectral method [20], the homotopy analysis method [21], the spectral collocation and waveform
relaxation methods [22], and the iterated pseudospectral method [23]. RDTM was used by Abazari and Ganji [24]
to find estimated solutions to PDEs. The proportional delay was used in these methods. Abazari and Kilicman [25]
used DTM to get analytical solutions to nonlinear integro-differential equations with proportional delay. DTM was
used to solve the equations and get these results. Tanthanuch [26] used a method called "group analysis" to solve
the "nonhomogeneous inviscid Burgers equation with proportional delay.” Sakar et al. [27], Biazar and Ghanbari
[28] used the homotopy perturbation method to find analytical solutions to TFPDE with proportional delay. Chen
and Wang [29] solved a neutral functional-differential problem with proportional delays using the variational
iteration method. Singh and Kumar [30]found an alternative approximation solution to the initial valued
autonomous system of TFPDE with proportional delay by using an additional variational iteration method, or
AVIM for short. The main goal of this study is to come up with a new method: the conformable q-Mohand homotopy
analysis transform method (Cq-MHATM).

Here is a list of the rest of the study: The basic definitions and theorems used are given in the second part. In
Section 3, the new conformable fractional numerical methods are presented. In section 4, the application of the
suggested methos to the equations is presented. The result is given in section 5.

2. Material and Method

Now let's give the definitions to be used in the study.

Definition 2.1. [31-34] Let a function f: [0, ) — R. Then, the conformable fractional derivative of f order «a is
described by

flx+ex'™) = ()

T.(F)(x) = lim - )
forallx > 0,a € (0,1].
Theorem 2.1. [31-32, 34] For a € (0, 1], m,n be a —differentiable at a point x > 0. Then
(i) T,(am + bn) = aT,(m) + bT,(n),foralla,b € R, 3)
(ii)T,(xP) = pxP~Lforallp € R, (4
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(iii)T,(A) = 0, for all constant functions, m(t) = A, (5)
()T, (mn) = mT,(n) + nT,(m), (6)
(U)Ta (%) _ nTa (m)n_zmTa (Tl) (7)

Definition 2.2. For 0 < a <1, f:[0,0) - R be real valued function. Then, the conformable fractional Mohand
transform (CFMT) of order « of f is defined by

[ee]
a

MfF(O] =R, () = rzf exp( rt

a
0

)f(t)t“‘ldt. (8)

Definition 2.3. For 0 < a < 1, f:[0,0) - R be real valued function. The conformable Mohand transform for the
conformable fractional-order derivative of the function f(t) is described by

cMa [Taf(t)](v) = rRa (T‘) - rzf(o) (9)
2.1. The New Conformable Fractional Numerical Methods

This section introduces the conformable gq-Mohand homotopy analysis transform method and conformable
Mohand Adomian decomposition method.

2.1.1. Conformable q-Mohand homotopy analysis transform method

We will introduce a new method. Consider the conformable time-fractional order nonlinear partial differential
equation (CTFNPDE) with proportional delay to explain the fundamental idea of Cq-MHATM:

Tw(x, t) + Aw(p;x, o;t) + Hw(p;x,0;t) = f(x,t),t > 0,n—1 < a < n, (10)

where M is a linear operator, N is a nonlinear operator, f(x,t) is a source term, p;,g; € (0,1) and T, is a
conformable fractional derivative of order a.

Applying the conformable fractional Mohand transform to Eq. (10) and utilizing the initial condition, then we have
TR (1) — r2w(x,0) + My [Aw(p;x, 0;t) + Hw(p;x, 0;t)] = Mg[f (x, t)]. (11)

Rearranging the last equation, then we get

M [w(x, t)] —rw(x,0) +% Mo [Aw(p;x, 0:t) + Hw(p;x, o;t)] _% Mo [f(x, )] = 0. (12)

With the help of HAM, we can describe the nonlinear operator for real function ¢(x, t; q) as follows:
o 1
Nip.t; ) 1= Malo(xt;q) ] =ro(x,t;:q) (07) + —(MlAp(pix, 0it; )]
1
+ Mo lHo(pix, 01t; )] = ~ Mo lf (6, OD), (13)
where ge [0, %]

We construct a homotopy as follows:

(1 —nq) Malo(x,t;q) —wo(x, )] = hgH* (x, )H[@(p;x, 0;t; @), (14)
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where, h # 0is an auxiliary parameter and .M, demonstrates conformable Mohand transform. Forq = 0 and q =
%, the results of Eq. (14) are as follows:

1
@(x,t;0) = wy(x, t), @ (x, t; ;) = w(x,t). (15)

Thus, by amplifying q from 0 to %, then the solution @ (x, t; g) converges from wy(x, t) to the solution w(x, t).
Using the Taylor theorem around g and then expanding ¢ (x, t; q), we get

P06 = wo(r,O)+ ) Wy (5O, (16)
i=1
where
1 0™p(x,tq)
Wi (x,t) = ﬁaq—mlqw- (17)

Eq. (16) convergesatq = % for the appropriate wy(x, t), n and h. Then, we have
m

w(x, t) = wy(x, t) + i Wy, (x, t) <%> . (18)

If we differentiate the zeroth order deformation Eq. (14) m-times with respect to g and we divide by m/,
respectively, then for ¢ = 0, we acquire

MW (6, 8) = kw1 (x, )] = hH" (x, )Ry (Wi—1), (19)
where the vectors are described by
Wy, = {wo(x, £), wy (x, £), ..., Wi (x, £) }. (20)
Applying the inverse conformable fractional Mohand transform to Eq. (20), we get
-1 N
Wi (%, 1) = kyyWpy—4 (x, ) + h( cMa) [H*(x, )Ry Wip—1)], (21)

where

- k 1
Ry (Wpp—1) = CMa[Wm—l(x: )] - (1 - 77”) rwy (x, t) + ; cMa[AWm—l(pix: oit)

+Hm—1(x' t)—f(x, t)]v (22)
and
-2 5

Here, Hy, is homotopy polynomial and presented by

1 3aMp(x,t;q)

H‘;‘L - aqm |(I=0 and (p(xl t, Q) = (Pg + q(Pl + q2¢2 + .-, (24)

m!

Using Egs. (21) - (22), we get

Wi, ) = G+ D16 = (12 g, ) + 0 M) ™ [ (5 oMol s (o,

318



The New Conformable Methods to Solve Fractional Partial Differential Equations

+Hp—1 (x,0) = f(x, )] (25)
When Cq-MHATM is used, the series solution is given by
[ee) 1 m
w(x, t) = Z wp, (x, 1) (—) . (26)
m=0 n

2.1.2. Conformable Mohand Adomian decomposition method

We analyze the CTFNPDE with proportional delay in Eq. (10):

Applying the conformable fractional Mohand transform to Eq. (10) and using the initial condition, then we have
TR (r) = r*w(x,0) + My[Aw(p;x, 0;t) + Hw(pix,0:t)] = M,[f (x,t)]. (27)

When Eq. (27) is rearranged, it is obtained as
1 1
r My[w(x, t)] —rw(x,0) + " M [Aw(p;x, o;t) + Hw(p;x, o;t)] — " My f(x,t)] =0. (28)
When the inverse conformable fractional Mohand transform is implemented to both sides of Eq. (28), we have
-1 (1
w(x, t) = A(x, t) — ( CMa) {; My [Aw(p;x, o;t) + Hw(p;x, O'it)]}. (29)

where the term A(x, t) emerges from the in-homogeneous term and initial conditions.
Now, assume that the infinite series solution is of the form:

w(x, t) = Z wy(x, t). (30)
n=0
Now, by using Egs. (29)-(30), we get

) B 1
Z wy(x,t) = A(x,t) — ( CMa) {; M,
n=0

A Z wy, (pix, 0;t) + Z B, (wy (pix, Uit))”' (31)
n=0 n=0

where B, (w,,) is Adomian polynomial and that denotes the nonlinear term Hw(p;x, o;t). By comparing both of
sides of Eq. (31), we have

Wo (X, t) = A(X, t)! (32)
—1(1

wi(x,t) = _( cMa) {; My [wo(pix, oit) + Bo]}’ (33)
—1(1

wo(60) = =( M) {5 Molw (pix, 0i0) + By}, (34)

Similarly, we obtain the general recursive relation by

—1(1
Wn+1(xr t) = _( cMa) {; cMa[Wn(pixr Uit) + Bn]},m =1 (35)
Finally, the approximate solution w(x, t) is given by
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w(x,t) = Z wy, (x, t). (36)

n=0
3. Results

This section will provide illustrations of the conformable time-fractional generalized Burgers equation with
proportional delay.

Example 3.1. [27, 30] Consider the conformable time-fractional generalized Burgers equation with proportional
delay

*w(x,t)  0*w(x,t) N (x t) ow (x'é)

1
37
gie - oz tW(gz) T vkt G7)

where x,t € [0,1],0 < a < 1, subject to initial condition

w(x,0) = x. (38)
Case (i) Cq-MHATM solution
Implementing the conformable fractional Mohand transform to Eq. (37) and using Eq. (38), then we get

62W(x,t)+w( )aW( ;)
2’2

1
922 ax + EW(X, 1. (39)

M, [w(x,t)] = rw(x, 0) +% M,

We define the nonlinear operators by using Eq. (39), as

t
1 [Petetig) xt  09(%354)
Nlpx, ;@)1= Malop(x,t9)] —rx - Mg T+‘P(§;E;q ox
_ (40)
2"’(2 z’q)

When the suggested algorithm is applied, the m — th order deformation equations are described by

Mo Wi (x, 1) = KWy 1 (%, )] = AR [Wp—4], (41)
where
k., 1 92 ( tq)
— — W, x q
Ron[Win1] = Mg [ Wy (x,£)] — (1 —7> e —— CM,),[ m + > w, ( )
r=0
w2 1 (42
SAEACHNE N |
Ox 2 22
On applying inverse conformable Mohand transform to Eq. (41), then we have
-1 N
Win (%, ) = kWi 1 (x,8) + h( L‘M(Z) {Rin[Wm-11}. (43)
By the use of initial condition, then we get
wy(x,t) = x. (44)

To find the value of w; (x, t), putting m = 1 in Eq. (43), then we obtain
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a

w; (x,t) = —xh t— (45)
a

In the same way, if we put m = 2 in Eq. (43), we can obtain the value of w, (x, t)

t* Sxh*t?®
WZ(X, t) = —(Tl + h) (hx ;) + <W> (46)

In this way, the other terms can be found. So, the Cq-MHATM solution of the equation is given by

m

w(x, t) = wy(x, t) + Z W, (x, t) <%) . (47)

m
If we put @ = 1,n =1, h = —1 in Eq. (46), then the obtained results ¥ _, w,, (x, t) (%) converges to the exact
solution w(x, t) = xe’ of the equation when M — oo,

Case (ii) CMADM solution

Applying the conformable fractional Mohand transform to Eq. (37) and using Eq. (38), then we get

0°w(x,t) o <x t) ow (x, 2) 1

1
cMa [W(X, t)] - TW(X, 0) + ; cMa %2 E:E dx + EW(x’ t) ' (48)

Applying the inverse fractional Mohand transform to Eq (48), then we obtain

t
0°w(x,t) x t aW(x:g) 1
+W(2’2>

111
w(x, t) =x + (M) - M, 92 Ep + Ew(x, )| ;- (49)

Now, assume that the infinite series solution is of the form:

w(x, t) = Z wy(x, t). (50)
n=0

Using the ADM procedure, then we obtain

wo(x, t) = x, (51)

1|1 0%w,(x, t) x t\ OWs (x,%)
Ws+1(x' t) = ( cMa) ; My |——— Ws( )—

0x2 2’2 ox
1
+§Ws(x, t)] ,s=0,1,2, ... (52)
For s = 0 in Eq. (52), we obtain
t
it 02wy (x,t) x t\IWo (x,;) 1
Wl(x't) = (cMa) ; My T Wy (E'E>T+EWO(x't)
t(l
=x—, (53)
a

For s = 1in Eq. (52), we obtain
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t
1|1 02w, (x,t) x t\ 0wy (X’E)
o) = = Me) | M| 5w (515) 5

x t) owo (x5)

0x tw (E'E 0x

5xh?t%®

829gZ " (54)

1
+§W1(x, t)” =

As aresult, we obtain

® (24
w(x, t) = Z wy(x,t) = wo(x, t) + wy(x, t) + wy(x,t) + - =x + x;

n=0

S5xh%t?“

+ g T (55)

Subsituting ¢ = 1 in Eq. (55), then CMADM solution is reduced as

wle6) = x 8.2!

5t2
T4+t+—+| (57)

This result converges to the exact solution in a closed form:
w(x, t) = xet. (58)

Figure 1 shows the graphs of Cq-MHATM, exact solution and absolute error.

®

WCQMHATM ]

Figure 1. (a) Nature of Cq-MHATM solution (b) Nature of exact solution (c) Nature of absolute error=\Weyqct — Weg—muarm
ath=-1,n=1a=1.

The 3D graphs of CMADM, exact solution, and absolute error are depicted in Figure 2.
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Figure 2. (a) Nature of CMADM solution (b) Nature of exact solution (c) Nature of absolute error=|weyact — Wemapm | at @ =

1

Figure 3 depicts comparison plots of Cq-MHATM, CMADM, and exact solutions for distinct « values.
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Figure 3. The comparison of the Cq-MHATM solutions and exact solution (b) The comparison of the CMADM solutions and
exact solutionath = —1,n = 1,t = 0.5 with different a.

A comparison of the absolute error between Cq-MHATM, CMADM and HPM [27] for Eq. (37) with a =1 is

presented in Table 1.

Table 1. Comparison of absolute error between Cq-MHATM, CMADM, and HPM [27] for Eq. (37) witha = 1.

X t
0.025 0.050 0.075 0.1
Cq-MHATM 0.25 1.0 X 107° 1.6 x 1078 8.1x1078 2.5x 1077
CMADM 1.0 X 107° 1.6 x 1078 8.1x1078 2.5x 1077
HPM 1.0 x 107° 1.6 x 1078 8.1x1078 2.5x 1077
Cq-MHATM 0.50 4.0x107° 6.4 x 107 3.2x1077 1.0 x 107°
CMADM 4.0 x 107° 6.4 x 107 3.2x1077 1.0 x 107
HPM 4.0 x 107° 6.4 x 107 3.2x1077 1.0 x 107
Cq-MHATM 0.75 9.1x107° 1.4 x 1077 7.3 x 1077 22x10°¢
CMADM 9.1x107° 1.4 x 1077 7.3 x 1077 22x107¢
HPM 9.1x107° 1.4 x 1077 7.3 x 1077 22x10°°

Example 3.2.[27, 30] Consider the conformable time-fractional generalized Burgers equation with proportional

delay

swir ) _ 0w (G g)ow(

"2

E) 3 law(x, t) 3

at* J0x? 0x

8

ox

w(x,t),

where x,t € [0,1],0 < a < 1, subject to initial condition
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w(x,0) = x2. (60)
Case (i) Cq-MHATM solution
Implementing the conformable fractional Mohand transform to Eq. (59) and using Eq. (60), then we get

ow(g)ow(s) 1owen
0x? ox 8 oax

M, [w(x, t)] = rw(x,0) —% M, w(x,t)]. (61)

We define the nonlinear operators by using Eq. (61), as

ow(G)w(EE) 1owen
0x? ax 8 ox

—w(x, t)]. (62)

1
NlpC,t; @)1= Molp(x,t;q) ] —rx? —= M,

By applying the suggested algorithm, the m — th order deformation equations are described by
Mo Wi (x, £) = kW1 (x, )] = hRyp [Wiy 4 ], (63)

where

m-1 52 x t xt
— — k 1 d Wrl3,3 an—T 575
:Rm[wm—l] = CMa[Wm—l(x' t)] - <1 - 7’”) ’ r Ma z ax(zz 2) ax(Z 2)

r=0

1 awm—l(x! t)

8 ox _Wm—i(x't)]' (64)

On applying inverse conformable fractional Mohand transform to Eq. (63), then we have

-1 -

Wi (x, t) = kpwp_1(x, t) + h( CM(,,) {Rn W11} (65)
By the use of initial condition, then we get

wo(x, t) = x2. (66)

To find the value of w; (x, t), putting m = 1 in Eq. (65), then we obtain

a

t
w; (x,t) = hx? — (67)

In the same way, if we put m = 2 in Eq. (65), we can obtain the value of w, (x, t)

7 L X X\t 68
Wz(x,t)=(n+h)<hx ;)—h (2“+1_Z_x)2a2' (68)
In this way, the other terms can be found. So, the Cq-MHATM solution of the equation is given by
[ee) 1 m
w(x, t) = wy(x, t) + Z Wy, (x,t) <£) . (69)
m=1

1
n

m
If we put a = 1,n =1, h = —1 in Eq. (68), then the obtained results Y _, w,, (x, t)( ) converges to the exact
solution w(x, t) = x%e™" of the equation when M — oo,
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Case (ii) CMADM solution

Applying the conformable fractional Mohand transform to Eq. (59) and using Eq. (60), then we get

ow(5)ow(s) 1owen
0x? ox 8 oax

M, [w(x, t)] = rw(x,0) —% M, w(x,t)]. (70)

Applying the inverse fractional Mohand transform to Eq (70), then we obtain

t x t
L1 [ewEHaw(El) 1eween
) 1 2’2 2’2 ,
w(x, t) = x? — (M) ~ Ma|—753 T8 ar w(x, t)| . (71)
Now, assume that the infinite series solution is of the form:
w(x, t) = Z wy, (x, t). (72)
n=0
Using the ADM procedure, then we obtain
WO(xi t) = le (73)
2 x t x t
-1]1 0wy (_'_) owg (_1_) 10w, (x,t)
w16, t) = —( M) ~ My 6x22 z a; z -3 Sax —w(x, D)]],s =0,1,2, .. (74)

For s = 0 in Eq. (74), we obtain

1 92 Z‘E F) Z‘E
W1 (x; t) = _( cM(x) % CMa [ V;(;(zz 2) W(;ECZ 2) - %awgix.t) - WO(X, t)]l

t(l
=—x2—. (75)
a

For s = 1in Eq. (74), we obtain

2 x t x t
-1|1 0wy (_1_)6W1 ("‘) 10w, (x,t)
Wz(x,t) = _( cMa) ; Mg axzz : axz : _g dx _Wl(x; t)
2a

B x x N
=~ (g7~ ) 207 (76)
As a result, we obtain
w(x, t) = Z wp(x,t) = wo(x, t) + wy(x, t) + wy(x, t) + -

n=0

t® x x t2@
— 42 2 — X2 — 4 ... 77

Ty (z.za 4 x)2a2+ (77)

Subsituting ¢ = 1 in Eq. (78), then CMADM solution is reduced as

325



The New Conformable Methods to Solve Fractional Partial Differential Equations

w(x, t) = x? [1—t+%—---]. (78)

This result converges to the exact solution in a closed form:
w(x, t) = x%e™". (79)

Figure 4 shows the graphs of Cq-MHATM, exact solution and absolute error.

®

UINITRI) 0,
i

Figure 4. (a) Nature of Cq-MHATM solution (b) Nature of exact solution (c) Nature of absolute err0r=|wexact — Weq—MHATM
ath=-1,n=1a=1

The graphs of CMADM, exact solution, and absolute error are depicted in Figure 5.

@ ® ©@

iy
Wiy,
w,
Z/,
% "IZ’I!,{II,I//// iy

Wihssy:

(xt)

Figure 5. (a) Nature of CMADM solution (b) Nature of exact solution (c) Nature of absolute error=|weyqc: — Wemapm| ata = 1.

Figure 6 depicts comparison plots of Cq-MHATM, CMADM, and exact solutions for distinct o values.
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Figure 6. The comparison of the Cq-MHATM solutions and exact solution (b) The comparison of the CMADM solutions and
exact solutionath = —1,n = 1,t = 0.5 with different a.

Table 2 presents a comparison of the absolute error for Eq. (59) with a = 1 between Cq-MHATM, CMADM, and
HPM [27].

Table 2. Comparison of absolute error between Cq-MHATM, CMADM, and HPM [27] for Eq. (59) with a = 1.

x t
0.025 0.050 0.075 0.1
Cq-MHATM 0.25 1.6x1077 12x107° 43 x107° 1.0 x 1075
CMADM 1.6 x 1077 1.2 %1076 43 x107° 1.0 x 1075
HPM 1.6 X 1077 1.2 %1076 43 x107° 1.0 x 1075
Cq-MHATM 0.50 6.4x1077 5.1% 1076 1.7 x 1075 4.0 x 1075
CMADM 6.4 x 1077 5.1% 1076 1.7 x 1075 4.0 x 1075
HPM 6.4 %1077 5.1% 1076 1.7 x 1075 4.0 x 1075
Cq-MHATM 0.75 1.4x107° 1.1x 1075 3.8x 1075 9.1 x 107°
CMADM 1.4 % 1076 1.1% 1075 3.8x 1075 9.1 x 1075
HPM 1.4 x 1076 1.1x 1075 3.8 x 1075 9.1 x 1075

4., Discussion and Conclusion

Table 1 evaluates the absolute error comparison between Cq-HATM, CSHPM, and HPM for Eq. (37) with ¢ = 1 for
the nonlinear conformable time-fractional generalized Burgers equation (CTFGBE) with proportional delay. The
3D graphs of Cq-MHATM, exact solution, and absolute error are depicted in Figure 1. Figure 2 depicts 3D graphs
of CMADM, exact solution, and absolute error. Figure 3 depicts a comparison of Cq-MHATM, CMADM, and exact
solutions in 2D plots for various a values. Table 2 presents an assessment of the absolute error comparison among
Cq-HATM, CSHPM, and HPM methods for Eq. (59) with @ = 1, applied to the nonlinear conformable time-fractional
generalized Burgers equation (CTFGBE) with proportional delay. Figure 4 illustrates the three-dimensional plots
of Cg-MHATM, the exact solution, and the absolute error. The graphical representation in Figure 5 illustrates three-
dimensional graphs of the CMADM, the exact solution, and the absolute error. The 2D plots in Figure 6 present a
comparison of the solutions for Cq-MHATM, CMADM, and exact solution with respect to various « values. . The
study found that the techniques presented in Tables 1-2 produced equivalent results to those obtained through
the use of HPM. The results indicate that the techniques presented in Table 6 produced equivalent results to those
obtained through the use of HPM.

This study investigates the behavior of CTFGBE with proportional delay using Cq-MHATM and CMADM.
Furthermore, the MAPLE software has been utilized to produce 2D and 3D graphs that depict the solutions to Egs.
(37)-(59) for diverse values of a. Variations in the construction of the surface graphs for Egs. (37)-(59) have been
observed. Variations in the construction of the surface for Egs. (37)-(59) have been noted. The research revealed
that the methodologies illustrated in Tables 1-2 yielded outcomes that were comparable to those achieved by
employing HPM, with t as the independent variable and x held constant.

The efficacy and benefits of the newly developed approach for addressing nonlinear conformable TFPDEs with
proportional delay have been noted.
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Abstract: Polypropylene fiber was used as the pile yarn in the construction of three-
dimensional woven carpet structures. The properties of the developed
polypropylene carpets were investigated under both flexure and compression
loading conditions. The flexure rigidity and curvature of dry and wet polypropylene
pile fiber carpets were found to be influenced by factors such as pile height and pile
density, with indirect effects observed on weft density. Furthermore, it was
identified that the average dry bending rigidity of the carpet exceeded the average
wet bending rigidity by a factor of 2.06 in the case of the apparel fabric testand 6.10
in the case of the technical fabric test. The thickness loss (%) in different
polypropylene carpets exhibited a proportional relationship with the pile density.
The thickness experienced a decrease with increasing pile density, primarily due to
the enhanced compression load carrying capacity of each polypropylene fiber knot.
This effect was more pronounced in carpets with denser knots compared to those
with sparser knots per unit area. Finding from the study can be useful for the
polypropylene carpet designers in particular complex curvature part
manufacturing.

Uc¢ Boyutlu (3B) Polipropilen Havli Halilarin Egme ve Basma Yiikii Altinda

Karakterizasyonu

Anahtar Kelimeler
3B hal,
Polipropilen lif,
Egme,

Statik yiikleme,

Hav yogunlugu.

0z: U¢ boyutlu dokuma hali yapilarinin yapisinda hav ipligi olarak polipropilen lifler
kullanilmistir. Gelistirilen polipropilen halilarin 6zellikleri hem egme hem de basma
ve egim egrilerinin, atki sikligindan kaynaklanan dolayl etkilerle birlikte hav
yuksekligi ve hav yogunlugu gibi faktorlerden etkilendigi tespit edilmistir. Ayrica,

ise 6.10 kat daha fazla oldugu gérilmistiir. Farkl polipropilen halilardaki kalinlik
kaybi (%) hav yogunlugu ile orantili bir iliski gostermistir. Hav yogunlugunun
artmasi ile birlikte polipropilen lif diitimlerinin de artmasi ve her bir polipropilen
lif diigliminiin tasiyabilecegi basma ytkii kapasitesinin degismesinden dolay:
halilarin kalinliklarinda azalma oldugu goriilmiistiir. Bu durum, birim alanda daha
seyrek diigiim bulunan halilara gére daha yogun diigiimli halilarda daha belirgin
olarak gozlenmistir. Calismadan elde edilen bulgularin, 6zellikle karmasik egimli
par¢a imalatinda polipropilen hali tasarimcilar1 i¢in faydali olabilecegi
distiniilmektedir.
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Characterizations of Polypropylene Pile Fiber in Three-Dimensional (3D) Carpet under Flexure and Static Loading
1. Introduction

Polypropylene carpet can be seen as a 3D structure since it utilizes three yarn sets, including interlaced warp and
straight warp (stuffer) for the substrate, filling (interlaced or chain), and pile yarn (Z-yarn). The 3D carpet
structure is named after 3D preform structures used in composite applications, where three yarn sets (warp,
filling, and z-yarn) are interlaced orthogonally, similar to the analogy.

The face-to-face carpet structure [1] is one of the fundamental types of carpets produced. Carpet is a highly popular
flooring option used extensively in both residential and commercial spaces due to its exceptional comfort, thermal
insulation, soundproofing, and aesthetic qualities. Different types of natural fibers, such as wool (protein-based),
cotton (cellulose-based), as well as synthetic fibers like polyester, polypropylene, acrylic, and nylon, either
individually or in combination, can be employed as pile yarns in carpets [2]. Conversely, for the warp and weft
yarns in the 3D carpet substrate, cotton, jute, or a blend of natural fibers is commonly utilized [3].

Polypropylene fibers (PP) are a type of thermoplastic polymer widely employed in fiber production [4]. These
fibers consist of both crystalline and non-crystalline regions, which contribute to their highly anisotropic
microfibrillar structures, resulting in anisotropic fiber properties [5]. One notable characteristic of polypropylene
is its low density, with a value of 0.91 g/cm?. Moreover, polypropylene is known for its moisture resistance, as it
does not absorb moisture and exhibits low moisture regain. PP fibers are highly resistant to a wide range of acids
and alkalis, making them durable against stains and microorganisms. However, it is important to note that they
have relatively low thermal conductivity and melting temperature. Additionally, when compared to polyester and
polyamide (nylon), PP fibers exhibit poorer resilience because of having anisotropic microstructure [6].
Polypropylene is commonly utilized in the form of continuous or staple yarns, which can be twisted or crimped,
depending on the desired application [4]. These yarn forms find extensive use in various textile industries,
including apparel manufacturing and the production of interior floor coverings such as carpets.

Research conducted on carpets generally focuses on two main objectives: designing carpets for specific end-uses
and providing guidance for the selection of appropriate structural and processing parameters [7-10]. Additionally,
it is crucial to characterize polypropylene carpets in order to understand their physical, mechanical-thermal,
acoustic, appearance retention, and durability properties throughout their service life [11-17]. For example,
studies have been conducted to investigate the comfort of polypropylene carpets during standing and walking,
taking into account complex biomechanical and psychophysical factors. These findings can contribute to the design
of more comfortable carpets, particularly for residential applications [18,19]. Furthermore, observations have
shown that the pile length and density of polypropylene face-to-face carpets significantly impact their thermal
conductivity and sound absorption properties. Shorter pile lengths and denser loops have been found to enhance
sound absorption capabilities [20,21]. These insights are valuable for optimizing the design and performance of
polypropylene carpets in terms of their thermal and acoustic characteristics.

The flexure behaviour of textile yarns and fabrics, with a specific focus on polymer-based polypropylene fibers,
has been the subject of investigation by several researchers [22-29]. By examining the flexural properties of
polypropylene fibers, researchers seek to enhance the performance and comfort of textile materials in various
end-uses, ensuring their suitability for applications that involve flexure. These investigations contribute to the
development of fabric designs that exhibit improved flexibility, durability, and overall mechanical behaviour. The
bending rigidity of the yarn was determined by considering the tensile modulus of its fibers, as well as yarn
geometry and structural parameters. According to reports, the yarn's bending rigidity decreases with an increase
in the surface helix angle of the yarn and the ratio of tensile to shear modulus of the fibers [30]. The bending rigidity
of a single layer fabric is influenced by fabric density and crimp ratio, while the flexural rigidities of multi-layered
structures depend on the number of fabric layers [31]. In the case of carpets, stiffness, as measured by flexural
length, is an important parameter affected by various factors such as carpet construction, pile density, pile fiber
properties (including fiber type), number of plies, and the number of twist. Notably, the flexural length of the
carpet in both the warp and weft directions shows a significant decrease after washing [32].

When subjected to a static compression load, the carpet structure exhibits three distinct stages of deformation.
The first stage involves flexural deformation, where the carpet undergoes bending due to the applied load. In the
second stage, known as mixed deformation, a combination of bending and compressive deformations occurs,
affecting different regions of the carpet structure. Finally, in the third stage, referred to as compressive
deformation, all the fiber piles within the loading zone experience compression due to the applied loads. These
stages of deformation have been observed and studied in carpet structures under static compression loads [33,34].
The impact of structural parameters on face-to-face cut pile carpets under static compression load was
investigated, revealing the influence of pile density and pile height on the carpet's elastic and unrecovered
deformation properties during static loading [35-37]. The elastic deformation, particularly in polymeric fibers,
was observed to be dependent on pile density. On the other hand, when the pile height was low, the unrecovered
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deformation was primarily associated with pile density [38]. Experimental findings indicate that carpets with a
high pile height (16 mm) and high density (3120 piles/dm?) demonstrated excellent texture retention following
static compression loads [39].

The toughness of carpets was found to be significantly influenced by two main factors: pile compression resistance
and pile interlacement with the substrate. Pile interlacement, which can be described as the degree of interlocking
between yarn sets, plays a crucial role in determining the overall toughness of the carpet. It encompasses multiple
aspects, including pile pull-out resistance, friction between yarn sets, and the cohesion among individual fibers
[40]. The pile compression resistance, or the carpet's ability to withstand compressive forces, directly impacts its
toughness. Higher pile compression resistance contributes to enhanced toughness, as it allows the carpet to better
withstand external pressures without significant deformation. Furthermore, the interlacement between the piles
and the substrate is instrumental in defining the overall toughness. Effective interlacement increases the
resistance to pile displacement, reinforcing the structure and improving its ability to endure stress. The interplay
between factors such as pile pull-out resistance, friction between yarn sets, and fiber-to-fiber cohesion is critical
for achieving optimal pile densities. These elements collectively contribute to the overall resilience of the carpet,
ensuring its ability to withstand daily traffic patterns and maintain its structural integrity over time. By
understanding and optimizing pile density, carpet manufacturers can enhance the properties of their products,
resulting in carpets that exhibit superior durability and performance. The recovery properties of acrylic polymer
carpets were examined following exposure to ultraviolet (UV) radiation. The investigation revealed a substantial
increase in thickness loss as a direct consequence of the UV exposure [41].

A new theoretical approach was introduced to analyse the compression behaviour of cut-pile carpets, based on
the concept of elastic-stored bending energy. The investigation indicated that the total energy associated with pile
deformation depended on various factors, including the geometric and mechanical properties of the yarn and the
magnitude of the applied compressive load [42,43]. A viscoelastic model, utilizing nonlinear three-element models,
was employed to analyse the recovery of carpets following static compression loads. The investigation revealed
that the recovery properties of polyester cut pile yarns could be effectively explained by considering plastic
deformation in the form of creep, with the model also accounting for residual deformation [44,45].

The aim of this study was to experimentally assess the static loading and flexural rigidity properties of woven
carpet structures made from polypropylene fibers. The findings would provide valuable insights for enhancing the
design of carpet structures.

2. Materials and Methods
2.1. Carpet structure

Polypropylene carpet samples were obtained from Gumussuyu Hali Inc., a subsidiary of Erciyes Anadolu Holding,
located in Kayseri, Turkey. The carpets were manufactured using the wilton face-to-face carpet weaving principle
on a Van De Wiele carpet loom equipped with three rapiers [46]. The carpet designs were created using Weaving
and Booria software programs that were compatible with the loom. Two types of carpet samples were produced,
namely 2/2V and 1+2/3V weave constructions [46, 47]. Both polypropylene woven carpet structures consist of
non-interlaced stuffer and interlaced warp, with the warp yarn being an 80/20% polyester/cotton blend, the weft
yarn being 100% jute, and the colour pile yarns being 100% polypropylene. The specifications of the fiber, yarn,
and substrate properties of the carpet are detailed in Table 1.

Three carpet samples with varying densities were produced, featuring warp and weft configurations of 48 ends
per 10 cm. The density options included 48 weft ends (loose), 55 weft ends (dense), and 70 weft ends (very dense).
Each carpet sample exhibited three different pile heights: a short range of 5.55-5.88 mm, a medium range of 6.58-
7.75 mm, and a long range of 8.93-10.67 mm. Furthermore, a 2/2V weave pattern was employed to create carpet
structures with loose and medium densities. On the other hand, a 1+2/3V pattern was utilized to construct the
dense carpet. The pile yarn used in the carpet was composed of polypropylene fibers, with a linear density of 180
tex. This yarn consisted of a continuous bundle of filaments and had a non-twisted structure. The pile weight of
the carpet ranged from 1006 g/m? to 2116 g/m?, while the overall carpet weight ranged from 1850 g/m? to 3011
g/m?. The measured pile height of the carpet ranged from 5.55 mm to 10.67 mm, while the carpet thickness varied
from 8.7 mm to 14.3 mm. Table 2 displays the properties of the polypropylene pile yarn and carpet structure. It is
important to note that all the data presented in the table represents average values obtained from the carpet
samples.
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Table 1. Fiber, yarn and substrate properties of polypropylene carpet structure.

Density

. . . Substrate
Yarn Linear Density (tex) Yarn Composition (%) (ends/10 Weisht
Sample cm) 8
Sample Cod
odes Warp Weft Warp Weft (warp+weft)
Warp Weft 5
Stuffer  Chain Stuffer Chain (8/m?)
1PP6
0, 0,
- 1PP9 211 118 556 ~ O0%Pes/  80%Pes/ 48 48 843
20% Co 20% Co
1PP12
2PP6 o o
- 2PP9 211 118 556 ~ 00%Pes/ 80%Pes/ 48 55 925
20% Co 20% Co
2PP12
3PP6 o o
- 3PP9 211 118 556 ~ 00%Pes/  80%Pes/ 48 70 896
20% Co 20% Co
3PP12
Table 2. Pile yarn and carpet structure properties.
Pile Carpet
Sample Fiber type Yarn Substrate Pile Pile Density Pile Carpet Carpet
Codes Linear = Thickness Height (knots/m2)  Weight Thickness Weight
Density ~ (mm) (mm) (g/m2)  (mm) (g/m?)
(tex)
1PP6 Polypropylene 180 2.82 6 (5.88) 230400 1006 8.7 1850 (1936)
1PP9 Polypropylene 180 3.12 9 (6.58) 230400 1297 9.7 2140 (2067)
1PP12 Polypropylene 180 3.28 12 (8.93) 230400 1546 12.2 2389 (2494)
2PP6 Polypropylene 180 2.95 6 (5.85) 264000 1109 8.8 2034 (2114)
2PP9 Polypropylene 180 2.92 9 (7.39) 264000 1442 10.3 2367 (2077)
2PP12 Polypropylene 180 2.94 12 (10.06) 264000 1727 13.0 2652 (2702)
3PP6 Polypropylene 180 3.46 6 (5.55) 336000 1330 9.0 2225 (2141)
3PP9 Polypropylene 180 3.56 9 (7.75) 336000 1753 11.3 2649 (2668)
3PP12 Polypropylene 180 3.64 12 (10.67) 336000 2116 14.3 3011 (2979)

2.2. Flexure (Bending) test

The modified bending test instrument used in this study was based on the fixed angle flexometer method, following
the guidelines outlined in the ISO 4604 test standards [48]. The Peirce cantilever test [49,50] played a significant
role in the development of the fixed angle flexometer method or inclined plane method. The cantilever base test
devise recorded a bending angle of 6=41.5°. A smooth horizontal platform was utilized to position the fabric
sample, aligning one end of the sample with the platform's edge. The fabric sample was covered with a glass plate,
ensuring that the starting point aligned with the zero point on the slide rule. The slide rule was slowly adjusted to
allow the fabric sample to bend naturally due to its own weight. The bending test continued until the fabric sample
reached the point of contact with the inclined platform at its end. Upon completing the test, the bending length
was determined by measuring from the initial point on the slide rule. The bending test instrument used in the
experiment is illustrated in Figure 1 (a-d). The carpet samples had dimensions of 2.5 cm (width) x 15 cm (length)
for apparel fabric [51,52], while the technical fabric samples measured 30 cm (width) x 30 cm (length) [48]. The
flexural tests on carpet samples were performed in both dry and wet conditions, and each test was repeated four
times.

An in-house developed flexure test instrument was equipped with a digital camera (CANON PowerShot SX30 IS,

JP). The curvature of the sample was recorded at the end of the testing process (Figure 1 (a)), and the image was
analysed using the Snaglt drawing program to determine the bending curvature (Figure 1 (d)) [53].

333



Characterizations of Polypropylene Pile Fiber in Three-Dimensional (3D) Carpet under Flexure and Static Loading

a) b)

Bending
curvature

clined of carpet
surface

inclined
ruler surface

/ Zvy

Figure 1. (a-b) Bending rigidity instrument during testing of carpet structure in warp direction, (c) schematic view of bending
rigidity instrument, and (d) bending curvature obtained from digital camera during testing.

Equations (1-3) were used to calculate the bending length and bending rigidity of both apparel and technical
fabrics.

=3 (1)

G,=0.1xmxc’ (2)
I 3

G,=9.81x mx(Ej (3)

where, m is the fabric unit areal weight (g. m2), 1 is the fabric length of overhang (apparel fabric, cm; technical
fabric, m), c is the bending length (cm, m) and Gi1 and Gz are the bending rigidity of apparel (mg.cm) and technical
fabrics (mN.m), respectively, 9.81 is the gravitational constant (m. s-2).

2.3. Static loading test

The static loading test for face-to-face woven carpet samples was conducted in accordance with the test standards
BS 4939 [54] and ISO 3416 [55]. The carpet samples used for static loading had dimensions of 10 cm x 10 cm. Prior
to the test, the initial thickness (ho) of each sample was measured. Subsequently, the image was transferred to the
test instrument, and a pressure of 7 kg/cm? (0.687 MPa) was applied to the sample using a dead weight of 10 kg.
The samples were subjected to static loading for a duration of 24 hours. Subsequently, the thickness loss of the
sample was measured using a brief time period of 2 minutes. Due to a limited number of samples, the test was
conducted twice. Figure 2(a-d) illustrates the static loading instrument used to test the carpet structure and
display failed carpet samples.
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a)

carpet sample

) : c) d)

deformed area

Figure 2. (a) Static loading instrument during testing of carpet structure, (b) image of deformed loose carpet short pile (1PP6),
(c) image of deformed dense carpet short pile (2PP6) and (d) image of deformed very dense carpet short pile (3PP6) structure
samples (digital photos).

The percentage of thickness loss in the carpet resulting from prolonged heavy static load was calculated using
equation (4) [37].

ho'hl

0

Thickness loss (%)=

x100 )

where, ho is the initial thickness (mm), h: is the thickness after 24 hours compression (after 2 minutes recovery
time) (mm).

The initial pile thickness and pile thickness after static loading were measured using an Elastocon EV07 digital
device, in accordance with TS 7125 [56] and TS 3374 [57], respectively. The mechanical tests were performed
under standard laboratory conditions, with a temperature of 23 °C + 2 °C and a relative humidity of 50% * 10%
[58]. The damaged surface of the carpet samples after static loading was captured using a high-resolution digital
camera (CANON PowerShot SX30 IS, JP).

3. Results and Discussion
3.1. Carpet flexure results

Flexure rigidity results on various carpet structures are presented in Table 3, and Figure 3 (a-b) for apparel fabric
and Figure 4 (a-b) technical fabric bending test methods.

Based on the analysis presented in Table 3 and Figure 3(a-b), the results pertaining to the dry bending rigidity,
which was evaluated using the apparel fabric test method, revealed a noteworthy observation. Specifically, it was
found that in relation to the loose structures, very dense structures exhibited a significant decrease of
approximately 36.54%. The evaluation involved comparing the rigidity of fabrics with different structural
characteristics, specifically loose structures versus very dense structures. The observed decrease in bending
rigidity highlights an important distinction between these two types of fabric structures. The implications of this
observation are significant for various applications in the textile industry. Fabrics with higher density are often
preferred in certain carpets or products due to their ability to provide enhanced stability, shape retention, and
durability. However, this decrease in bending rigidity suggests that very dense structures may exhibit a different
range of mechanical properties compared to their loose counterparts. Further research and analysis are warranted
to gain a comprehensive understanding of the underlying factors contributing to this observed decrease in bending
rigidity. By exploring the structural aspects of the fabrics, such as fiber arrangement, yarn density, or fabric
construction, it may be possible to elucidate the mechanisms responsible for this phenomenon.
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Overall, the findings presented in Table 3 and Figure 3(a-b) underscore the importance of considering fabric
structure and its influence on mechanical properties. This knowledge can inform the design and development of
fabrics tailored to specific applications, ensuring optimal performance and customer satisfaction in various sectors
of the textile industry. The wet bending rigidity of highly dense carpet structures exhibited a 17.57% decrease
when compared to loose carpet structures. This suggests that the bending rigidity of polypropylene carpet samples
displayed similar outcomes in both dry and wet conditions. The bending test results for apparel fabric indicated
that as the weight of the carpet (measured in areal density, g/m?) increased, the bending rigidity (measured in
mg.cm) decreased across different carpet structures, ranging from loose to very dense. This decrease in bending
rigidity can be attributed to the corresponding increase in weft density. Additionally, it was observed that the
average dry bending rigidity of polypropylene carpet samples exceeded the average wet bending rigidity by a
factor of 2.07. This difference can be attributed to the increased carpet weight resulting from water uptake. On the
contrary, the polypropylene pile height likely had an indirect impact on the bending rigidity of the carpet, primarily
through its influence on the carpet's areal density. As the pile height increased, it resulted in a corresponding
incremental increase in the carpet's areal density. The relationship between pile height and bending rigidity is
complex, with the pile height acting as a contributing factor to the overall behaviour of the carpet. By increasing
the pile height, more polypropylene fibers are incorporated into the carpet structure, thereby increasing its overall
density and weight. This increase in areal density can subsequently influence the bending rigidity of the carpet. It
is important to note that the effect of pile height on bending rigidity may not be direct but rather mediated through
the resulting changes in the carpet's structural properties. The interplay between pile height, fiber density, and
overall carpet construction can collectively affect the carpet's bending rigidity.

Further investigation and analysis are required to gain a comprehensive understanding of the specific mechanisms
underlying the relationship between pile heights, areal density, and bending rigidity. By exploring these factors in
more detail, researchers can unravel the intricate interdependencies and provide valuable insights into optimizing
carpet design for specific performance requirements.

Table 3. Flexural results of dry and wet form of polypropylene carpets.

Bending for apparel fabric

Dry Wet
Sample Length of overhang Bending rigidity  Length of overhang Bending rigidity
1 (cm) G1 (mg.cm) 1 (cm) G1 (mg.cm)
1PP6-G1 12.63£0.15 48713.30£1739.68 9.25+0.19 19171.69+1200.28
1PP9- G1 11.28+0.24 38029.77+£11807.67 8.40x0.08 15317.25+446.60
1PP12-G1 7.50+1.22 13972.35+7462.33 6.43£0.31 8311.28+£1164.23
2PP6-G1 12.40+0.78 50679.03+7529.48 10.70£0.38 32410.01+2237.60
2PP9-G1 11.38+1.32 39363.21+13254.41 8.18+0.46 14282.56+2264.66
2PP12-G1 8.63+0.99 22334.18+8084.65 7.23+0.29 12782.97+1464.92
3PP6-G1 9.70+0.18 24444.88+1379.44 7.98+0.38 13642.74+1926.04
3PP9-G1 8.15+0.72 18361.89+4443.46 7.03+0.53 11712.29+2702.35
3PP12-G1 9.40+0.18 30955.12+1802.50 6.65+0.42 11049.22+2079.97
Bending for technical fabric
Dry Wet
Sample Length of overhang Bending rigidity Length of overhang Bending rigidity
1 (cm) Gz (mN.m) 1 (cm) Gz (mN.m)

1PP6-G2 17.00+6.36 11.78+2.91 8.90+12.73 1.72+0.72
1PP9- G2 16.55+12.02 11.58+2.51 8.40+4.24 1.51+0.23
1PP12-G2 15.90+5.66 12.32+1.31 6.75+12.02 0.99+0.51
2PP6-G2 17.45+0.71 13.77+0.17 11.45+0.71 3.89+0.07
2PP9-G2 17.65+0.71 14.00+0.17 10.30£5.66 2.80+0.46
2PP12-G2 16.25+4.95 14.24+1.30 9.15+10.61 2.59+0.88
3PP6-Gz 14.55+3.54 8.09+0.59 8.15+6.36 1.43+0.33
3PP9-Gz 13.55+14.85 8.29+2.68 6.90+5.66 1.09+0.26
3PP12-G2 13.15+4.95 8.32+0.94 5.90+5.66 0.76+0.22
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Figure 3. Flexural results on dry and wet form of carpet samples. (a) Dry carpet samples for apparel fabric methods, and (b)
wet carpet samples for apparel fabric methods, respectively.

Table 3 and Figure 4(a-b) demonstrate the dry bending rigidity measured using the technical fabric test method.
The results revealed a significant 44.45% reduction in very dense structures compared to loose structures.
Compared to loose carpet structures, the wet bending rigidity of very dense carpet structures exhibited a reduction
of 28.66%. The observation indicated that both dry and wet polypropylene carpet samples exhibited similar
results in terms of their bending rigidity. Furthermore, it was found that the average dry bending rigidity of
polypropylene carpet samples surpassed the average wet bending rigidity by a factor of 6.10. This substantial
difference in rigidity can be considered to the additional weight absorbed by the wet carpet, resulting in decreased
flexibility and bending resistance. On the contrary, it can be inferred that the pile height of the carpet indirectly
influenced its bending rigidity, as an increase in pile height typically led to a gradual rise in the carpet's areal
density. This relationship suggests that as the pile height increased, more fibers were present per unit area,
resulting in a denser carpet structure. Consequently, the increased areal density contributed to higher bending
rigidity in the carpet. Moreover, the findings revealed a striking disparity between the bending behaviour of
apparel fabric and technical fabric, with the former exhibiting remarkably higher values. The bending
characteristics of the apparel fabric surpassed those of the technical fabric by a significant margin, indicating
substantial variations in their mechanical properties. The stark contrast in bending performance highlights the
distinctive nature of these two fabric types and underscores the importance of considering their unique
characteristics in relevant applications. For future research, the bending test for technical fabric can be
streamlined to determine the flexural properties of heavy three-dimensional dry or impregnated polymeric
preforms, especially in the manufacturing of complex-shaped moulded parts.

a) ..b)

BFFE BFF-3 BFP-12 . BFFs HFF3 @FF-12

Bending rigidity, Ga {mh.m}
Bending rigidity. Gz {mN.m}

4
2
_,j-ﬁ__.-__——!

Lotse Dense Very Dense Loese Dense VeryDense
Density of dry camet structures Density of wet campet structures

Figure 4. Flexural results on dry and wet form of carpet samples. (a) Dry carpet samples for technical fabric methods, and (b)
wet carpet samples for technical fabric methods, respectively.

3.2. Carpet static loading results

The impact of static loading (compression) on the thickness (mm) and percentage thickness loss (%) of different
polypropylene pile carpet structures can be seen in Table 4 and Figure 5. The average percentage thickness loss
of dry carpets under vertical distributed load (compression) after 24 hours was examined, as shown in Table 4
and Figure 5. Among the loose carpet samples, slight increases were observed in the thickness loss of 1PP6, 1PP9,
and 1PP12. Conversely, significant increases were observed in the thickness loss of 2PP6, 2PP9, and 2PP12 in
dense carpet. Additionally, a linear increase in thickness loss was observed in 3PP6, 3PP9, and 3PP12 in very dense
carpet. As the pile density increases, the variability in thickness loss diminishes across all polypropylene pile
heights (Figure 5). This observation may be related to the rise in knot density, which consequently influenced the
friction between polypropylene fibers (cohesion friction) and indirectly impacted weft density. The increase in
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knot density led to enhanced interlocking of fibers, resulting in a greater resistance to pile compression and
subsequently reducing thickness loss. Therefore, the thickness loss exhibited a proportional relationship with the
pile density, indicating that as the pile density increased from loose to very dense carpets, the corresponding
thickness loss followed a similar trend. The thickness loss typically decreases with increasing pile density, as the
compression load-carrying capacity of each individual knot becomes higher in carpets with denser knots
compared to those with sparser knots per unit area. Moreover, the impact of pile heights on the thickness loss of
polypropylene carpets, ranging from loose to very dense, was found to be relatively insignificant. This can be
attributed to the complex mechanism of buckled pile yarn deformation occurring within the constrained substrate.
Within this context, several critical structural parameters were taken into account, including the specifications of
the pile yarn, such as linear density, knots density, polypropylene fiber-to-fiber friction, and the use of twisted
plied or untwisted textured forms [59].

Table 4. Thickness and thickness loss after static loading on various dry carpets.

Sample codes Initial thickness Final thickness Thickness Thickness
(ho) (h1) Loss Loss
(mm) (mm) (mm) (%)
1PP6 8.70 4.50+2.83 4.20+0.28 48.28+3.25
1PP9 9.70 5.20£2.90 4.50+0.57 46.39+5.83
1PP12 12.20 6.25+4.24 5.95+0.07 48.77+0.58
2PP6 8.80 5.70£2.90 3.10+1.41 35.23+16.07
2PP9 10.30 5.00+3.68 5.30+0.14 51.46x1.37
2PP12 13.00 6.85+4.38 6.15+0.07 47.31+0.54
3PP6 9.00 5.80+2.26 3.20+0.00 35.56+0.00
3PP9 11.30 6.80+3.04 4.50+0.28 39.82+2.50
3PP12 14.30 8.35+3.89 5.95+0.64 41.61+4.45
12 I I 70
I I
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| |
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Figure 5. Thickness loss (mm, %) relations after static loading on the dry carpets.
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4. Conclusions

The findings indicated that the flexure rigidity (measured in mN.m) based on the technical fabric test decreased
as the carpet structures transitioned from loose to very dense. This decrease in flexure rigidity may be attributed
to the influence of the sample size, as larger sample sizes tend to impact flexure stiffness. Moreover, it was
identified that the average dry bending rigidity of polypropylene carpet surpassed the average wet bending
rigidity by a factor of 2.06 for apparel fabric and 6.10 for technical fabric. In conclusion, the bending test conducted
on technical fabric proved to be a simplified method for determining the flexural properties of heavy three-
dimensional dry or impregnated polymeric preforms. The percentage of thickness loss from loose to very dense
polypropylene carpets exhibited a proportional relationship with the pile density. Generally, as the pile density
increases, there is a decrease in thickness due to the improved compression load carrying capacity of each knot.
This effect is more pronounced in carpets with denser knots compared to those with sparser knots per unit area.
In future studies, we intend to conduct further research specifically focused on the manufacturing of complex-
shaped moulded parts by generating load-displacement and stress-strain curves.
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Anahtar Kelimeler 0z: Bu ¢ahismada farkli SUVA degerine sahip sentetik ¢ozeltilerden ve dogal
Karbon nanotiip, sulardan karbon nanotiipler (KNT) kullanilarak dogal organik madde (DOM)
Igme suyu, giderimi calisilmistir. KNT’ler kiyaslama yapmak amaciyla asitle modifiye edilerek
Dogal organik madde

de kullanilmistir. KNT’'nin asitle modifikasyonu sonucu, karbon yiizey fonksiyonel
gruplarinin degistigi gozlenmistir. Deneysel sonuglar, DOM gideriminde orijinal
KNT’lerin, modifiye KNT'lerden ¢ok daha etkili oldugunu goéstermistir. Orijinal
KNT'ler ile farkli sentetik c¢ozeltilerden %80’e varan UV absorbans giderim
verimleri saglanirken modifiye KNT'ler ile en fazla %22 UV absorbans giderim
verimi elde edilebilmistir. Orijinal KNT'ler ile en yiiksek DOM giderim verimi, en
yliksek SUVA degerine (6,1 L/mg org-C. m) sahip olan 1R107F kodlu sentetik
cozeltide elde edilmis olup %79,5 UVa2ss absorbans giderimi ve %55,5 ¢6ziinmiis
organik karbon (COK) giderimi saglanmistir. Bu durum orijinal KNT lerin, tercihen
DOM’'un UV absorplayan fraksiyonunu gidermekte etkili olduklarim
gostermektedir. Diisitk SUVA (0,8 L/ mg org-C. m) degerine sahip dogal su
numunesinde ise sirasiyla elde edilen UV2s4 absorbans ve COK giderim verimleri
%65,7 ve %45,2'dir.

Spesifik UV Absorbansi
Hiimik asitler

Adsorptive Removal of Natural Organic Matter from Waters with Different SUVA Values
by Carbon Nanotubes

Keywords Abstract: In this study natural organic matter (NOM) removal from synthetic
Carbon nanotube, solutions and natural waters with different SUVA values was studied using carbon
Drinking water,

nanotubes (CNTs). CNTs were also used by acid modification for comparison. As a
result of acid modification of CNTs, it was observed that the carbon surface
functional groups changed. The experimental results showed that the original CNTs
were much more effective than the modified CNTs in NOM removal. In different
synthetic solutions, while UV absorbance removal efficiencies of up to 80% were
achieved with the original CNTs, maximum 22% UV absorbance removal efficiency
could be obtained with modified CNTs. The highest NOM removal with the original
CNTs was obtained in the synthetic solution coded 1R107F, which had the highest
SUVA value (6.1 L/mg org-C. m), and 79.5% UV2s4 absorbance removal and 55.5%
dissolved organic carbon (DOC) removal was achieved. This indicates that the
original CNTs are preferentially effective in removing the UV absorbing fraction of
NOM. In the natural water sample with low SUVA (0.8 L/mg org-C. m), the UVzs4
absorbance and DOC removal efficiencies were 65.7% and 45.2%, respectively.

Natural organic matter,
Specific UV Absorbance,
Humic acids
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Farkli SUVA Degerine Sahip Sulardan Karbon Nanotiipler ile Dogal Organik Maddenin Adsorptif Giderimi
1. Giris

Dogal organik madde (DOM), igme suyu Kkalitesi lizerinde 6nemli etkiye sahip olan organik ve kismen suda
¢oziinebilen bilesenlerin bir kombinasyonudur [1]. DOM, karbonhidratlar, aminoasitler, hiimik ve fiilvik asitler
gibi organik bilesiklerden olusmaktadir [2]. Sulardaki DOM’larin varligi, toplam organik karbon (TOK), ¢6ziinmiis
organik karbon (COK) gibi parametrelerle hizli ve basit bir sekilde belirlenebilir. Ancak bu parametreler DOM’un
karakterinden ¢ok, miktar1 hakkinda bilgi vermektedir [3]. Numunelerin 254-280 nm araligindaki UV
absorbansinin o6l¢iimii ile sulardaki aromatik bilesiklerin miktar1 hakkinda bilgi edinilebilir. Spesifik UV
absorbansi (SUVA) ise, su numunesinin 254 nm’deki UV absorbansinin numunenin COK konsantrasyonuna
boéliinmesi ile belirlenir. SUVA degeri, suyun hidrofobik ve hidrofilik karakteri acisindan dogasini tanimlayan bir
parametredir. SUVA degeri 3 L/mg org-C. m’dan kiigiik oldugunda gogunlukla hidrofilik karakterli ve daha az
aromatik materyali gosterirken 4 L/mg org-C. m’den biiytik oldugunda ise ¢ogunlukla hidrofobik ve ézellikle
aromatik materyalleri gostermektedir [3-5]. DOM’un karakteri/bilesimi, aritilabilirligini etkilemekte ve 6zellikle
UV absorplayan fraksiyonlar1 da genellikle dezenfeksiyon yan iiriinlerinin (DYU) olusumuna sebep olmaktadir [6].
Su standartlarini diizenleyen yetkili kurumlar, ham ve aritilmig sudaki SUVA degeri 2 L/mg org-C. m’den az
oldugunda zenginlestirilmis koagiilasyon prosesini zorunlu tutmamaktadir ¢iinkii deneyler, koagiilasyon
prosesinin bu kadar diisiik SUVA2s4 degerine sahip sulardan COK'u gidermek i¢in etkili olmadigini géstermistir [7].

DOM,; tat, koku ve renk ile ilgili su kalitesi bozulmalarina sebep olmasinin yaninda insan saghigini olumsuz yénde
etkileyecek kanserojen oldugu bilinen dezenfeksiyon yan iriinlerinin olusumuna da sebep olabilmektedir. Bu
nedenle THM, HAA gibi DYU’ler ile ilgili standartlar giderek daha da sikilasmaktadir. DYU olusumunu kontrol
etmek i¢in; i. DYU 6nciileri yani DOM ortadan kaldirilabilir ii. Kullanilan dezenfektan miktar1 azaltilabilir ya da
uygulama noktasi degistirilebilir iii. Uygulanan dezenfektan degistirilebilir. Bu ili¢ yaklasim i¢cinde en etkili
yaklasim ise dezenfeksiyon isleminden énce DOM giderimini saglamaktir [8]. Su aritiminda zenginlestirilmis
koagiilasyon, membran prosesleri, adsorpsiyon ve iyon degisimi gibi ¢ok sayida aritma teknolojisi, DOM
gideriminde arastirilmis ve kullanilmistir [9].

Karbon nanotiipler (KNT), filtrasyon ve/veya adsorpsiyon gibi su aritma uygulamalari i¢cin umut verici
malzemelerdir. KNT'lerin yiiksek ytizey alanlari, hidrofobiklik, gozeneklilik, hizli adsorpsiyon kinetigi, basit
rejenerasyon teknikleri ve yiiksek termal kararlilik gibi 6zellikleri su aritiminda etkili adsorbentler olarak
kullanilmasini saglar [10]. Simdiye kadar KNT’ler sulardan agir metal [11], boya [12] gideriminde adsorbent
olarak test edilmistir. KNT’lerin, DOM adsorpsiyonda da ytiksek afiniteye sahip oldugu bilinmektedir [13-15].

Wang ve calisma arkadaslari, [15] KNT’lerin sorpsiyon davranislarini incelemek i¢in, fonksiyonellestirilmis ¢ok
duvarli KNT’ler ve hiimik asit kullanmislardir. Calismada dis ¢ap1 8-15 nm arasinda degisen bes farkli cok duvarh
KNT kullanilmis ve sorpsiyon kapasiteleri MCNT15> MCNT15-NH2> MCNT15-OH> MCNT15-COOH> MCNT15-Ni
sirasinda bulunmustur. Engel ve Chefetz, [17], tek duvarli KNT’ler ile DOM’larin adsorspiyon/desorpsiyon
stireglerine odaklanmaktadir. Calismada, tuzluluk ve DOM kaplamasinin tek duvarli KNT’lerin diizenini etkil edigi
ve adsorpsiyon alanlarinin da elverisli kullanilabilirligini degistirdigi tespit edilmistir. Sonuclar, pH’1 degisen,
iyonik gili¢ ve sicakliktan etkilenen nehir, akarsu gibi cevresel sistemlerde DOM ile tek duvarli KNTlerin
davranisinin daha iyi anlasilmasina yardimci olmaktadir. Jacquin vd., [10], DOM igeren sularda viriis giderimi i¢in
¢ok duvarli KNT filtrelerinin sahada uygulanabilirligini degerlendirmistir. Sonuglar dogal sularda bulunan
NOM/virlis oranlarinda, DOM’'un diisiik konsantrasyonlarda bile viriisiin ¢ok duvarli KNT’ler tarafindan
adsorpsiyonunu baskiladigin1 gostermistir. Bu nedenle yazarlar, ticari olarak temin edilen ¢ok duvarl karbon
nanotiipler ile olusturulacak filtrelerin igme suyu aritiminda viriis giderimi i¢in kullanilmasinin uygun olmadigini
belirtmislerdir. Khodabakhshi ve arkadaslari, [1] demir oksit ile kaplanmis ¢ok duvarli KNTler ile gercek ve
sentetik hiimik asitin giderim etkinliklerini incelemislerdir. pH=3, 120 rpm karistirma hizi, 1500 mg/L adsorbent
dozu ve 90 dakika temas stiresi, NOM giderimi i¢cin optimum sartlardir. DOM giderim verimleri, sentetik su
orneklerinde 20 mg/L baslangic DOM konsantrasyonu i¢in%94,41 iken Choghakhor Sulak Alaninda DOM giderim
verimi %77'dir.

KNT’lerin yiizey kimyalari, konvansiyonel graniil aktif karbonlara oldukca benzerdir [13]. Bu nedenle yiiksek
maliyet ve zayif rejenerasyon kabiliyeti gibi zorluklarla kullanimi kisitlanan aktif karbonlara, KNT ler alternatif bir
adsorbent olabilirler [18]. Simdiye kadar ¢esitli arastirmalarla KNT’lerin hiimik asit, fiilvik asit ve sentetik organik
maddeleri giderme etkinlikleri arastirlmis ancak farkli DOM igeriklerini gidermedeki etkinlikleri
arastirllmamistir. Bu ¢alismanin amaci, farkli SUVA degerine sahip sularda karbon nanotiiplerin DOM giderme
etkinliklerini test etmektir. Bu amagla farkli DOM igerigine (farkli SUVA degerine) sahip alt1 farkli sentetik ¢ozelti
ve bir dogal su 6rnegi kullanilmistir. Bununla birlikte KNT’lerin modifikasyonunun da etkisini arastirmak
amaciyla, KNT’ler asitle modifiye edilmis ve modifiye KNT'lerin de DOM giderme etkinlikleri test edilmistir.
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2. Materyal ve Metot
2.1. Materyaller

DOM kaynagi olarak sentetik sekilde hazirlanan ¢6zeltiler ve dogal su kaynagi kullanilmistir. Sentetik ¢ozeltilerin
hazirlanmasinda Uluslararast Hiimik Maddeler Derneginden (IHSS temin edilen 7 farkli kaynak malzeme
kullanilmistir: Suwannee River Fulvic Acid Standard II, Suwannee River NOM (RO isolation), Waskish Peat Humic
Acid Reference, Waskish Peat Fulvic Acid Reference, Nordic Aquatic Fulvic Acid Reference, Nordic Reservior NOM
(RO isolation). 7 farkli kaynaktan elde edilen malzemeler ile TOK konsantrasyonu 4 mg/L olacak sekilde distile ve
deiyonize su kullanilarak ¢ozeltiler hazirlanmistir. Dogal su kaynag ise, Egirdir Goli'nden temin edilmistir.
Hazirlanan sentetik ¢ozeltilerin ve dogal su kaynaginin kodlamalar1 ve fizikokimyasal 6zellikleri Tablo 1'de
sunulmustur. SUVA degeri, sudaki DOM'un dogasini hidrofobiklik ve hidrofiliklik acisindan tanimlayan bir
terimdir. SUVA degeri 4 L/mg org-C. m’den biiylik oldugunda, su kaynaginin yiiksek SUVA degerine sahip oldugu
soylenebilir ve DOM’un ¢ogunlukla hidrofobik ve aromatik materyallerden olustugunu gostermektedir. SUVA
degeri 3 L/mg org-C. m’den kiiciik olan diisiik SUVA’'ll sularda ise DOM c¢ogunlukla hidrofilik materyalden
olusmaktadir [3], [4]. Bu anlamda 1R107F, 1R107H, 1R105F ve 2S101F kodlu ¢o6zeltilerin yliksek SUVA’l1 sular
oldugu soylenebilir. Egirdir Golii ise diisiik SUVA degerine sahip bir sudur.

Tablo 1. Deneylerde kullanilan su numunelerinin kodlamalari ve fizikokimyasal 6zellikleri

SUVA
& : : COK L/mg org-C. m
DOM Kaynagi Simgesi (mg/L) UV2s4 Abs. (L/mg org ) pH
Suwannee River Fulvic
Acid Standard I1 2S101F 3,97 0,198 4,2 6,94
Suwannee River NOM (RO | 1 p44q 43 0,142 3.2 6,93
isolation)
Waskish Peat Humic Acid 1R107H 3,99 0,219 5,5 6,99
Reference
Waskish Peat Fulvic Acid 1R107F 42 0,258 6.1 703
Reference
Nordic Aquatic Fulvic Acid 1R105F 3,92 0,201 51 6,95
Reference
Nordic Reservior NOM 1R108N 2,68 0,097 3,6 7,02
(RO isolation)
Egirdir Egirdir 4,2 0,035 0,8 7,03

Adsorbent olarak kullanilan ¢ok duvarli karbon nanotiip (CDKNT) ticari olarak temin edilmistir ve 10-20 nm
¢apina, 10-30pm uzunluguna ve 200-350 m2/g ylizey alanina sahiptir. Adsorpsiyon deneylerinde orijinal
CDKNT’nin yaninda, karsilastirma yapmak amaciyla modifiye KNT de kullanilmistir. KNT’'nin modifikasyonu i¢in
100 mg KNT, 10 ml siilfiirik asit ve 30 ml nitrik asit ile 6 saat boyunca 80°C’deki su banyosunda karistirilmistir.
Siire sonunda karisima saf su eklenerek KNT’nin ylizeye fonksiyonellenememis kalintilarin ve asitligin giderilmesi
icin pH 4,63’e gelene kadar yikanmis, daha sonra 0,45 um gozenek ¢apina sahip filtre kagidindan siiziilmiistiir.
Daha sonra filtre kagidindan siyrilan KNT, 100°C’de kurutulmus ve deneylerde kullanilmak {izere desikatorde
bekletilmistir. Sekil 1, orijinal ve asit ile modifiye edilmis KNT’lerin FTIR spektrumlarini géstermektedir. Orijinal
KNT (ham) lizerinde herhangi bir fonksiyonel grup goézlenmezken, asit ile modifiye edilmis KNT’de (mod) ti¢ yeni
pik gozlenmektedir (3440 cm, 1632 cm ve 1465 cm1). Bu sonuglar, orijinal KNT’lerin asit ile modifikasyonu
sonucunda basart1 ile fonksiyonlastirildigini géstermektedir [19].
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Sekil 1. Orijinal ve Asit ile Modifiye Edilmis KNT’lerin FTIR Spektrumlari
2.2. Adsorpsiyon Deneyleri

Tiim adsorpsiyon deneyleri, sise nokta metoduna dayanarak 100 mL cam siselerde gerceklestirilmistir.
Numunelerin pH, 0,1 M NaOH ve HCl ilave edilerek 7’ye ayarlanmistir. Tim adsorpsiyon deneyleri 20°C sicaklikta
ve 100 rpm hizinda gergeklestirilmistir. Oncelikle orijinal KNT kullanilarak sabit 200 mg/L dozunda ve 2 saatten
7 gine degisen farkli zaman araliklarinda kinetik deneyler yiiriitilmistiir. Kinetik deneyler 7 giinde
adsorpsiyonun dengeye ulastigini gostermistir. Daha sonra bu denge stiresinde 0- 25-50-100-150- 200 ve 250
mg/L dozlarinda ham KNT ve modifiye KNT kullanilarak deneyler geceklestirilmistir. Belirlenen temas siiresi
sonunda KNT partikiilleri; 0,45 um filtre kagidindan stiziilerek su fazindan ayrilmistir. Siiziillen numunelerin DOM
miktarini belirlemek amaciyla UV2s4 absorbanslari ve COK konsantrasyonlari dl¢iilmiistiir.

2.3. Analitik Metotlar

Tim analizler, standart metotlara uygun olarak gerceklestirilmistir [20]. TOK konsantrasyonu, TOC-50004,
Shimadzu TOK analizorii kullanilarak Standart metotlar 5310 B’ye gore belirlenmistir. UV-vis absorbans, UV-1601,
Shimadzu spektrofotometre kullanilarak 254 nm’de o6l¢iilmiistiir. pH o6l¢iimleri icin VWR marka pH metre
kullanilmistir.

3. Bulgular
3.1. KNT ile sentetik ¢ozeltilerden DOM giderimi

KNT’lerin DOM giderim verimliligi, 6ncelikle farkli SUVA degerine sahip sentetik sularda test edilmistir. Sekil 2,
yedi giinliik temas siiresi sonrasinda tiim DOM kaynaklari icin farkl orijinal KNT dozlarinda elde edilen UV2s4
absorbans giderim verimlerini gostermektedir. Goriildiigu gibi tiim DOM kaynaklarinda KNT dozu arttikga UV2s4
absorbans giderim verimi de artmistir. Ornegin, 2S101F ¢ozeltisinde 150 mg/L KNT dozunda %48,2 UV2s4
absorbans giderim verimi elde edilirken 250 mg/L KNT dozunda %62,5 UV2s4 absorbans giderim verimi elde
edilmistir. Bununla birlikte, farkli DOM kaynaklarinin etkisi incelendiginde, en fazla UV2s4 absorbans giderim
veriminin 1R107F ¢ozeltisinde elde edildigi goriilmektedir. 250 mg/L KNT kullanilarak bu ¢ézeltide elde edilen
UV2s4 absorbans giderim verimi %79,5’tir. Karbon nanotiiplerin tercihen DOM'un hidrofobik kisimlarim
gidermekte etkili olduklar: bilinmektedir. 1R107F ¢ozeltisinin yiiksek SUVA degeri goz 6niine alindiginda, diger
cozeltilerden daha fazla asidik fonksiyonel gruplar (karboksilik ve fenolik) ve aromatik bilesenler icermesi
beklenmektedir. Bu durum, test edilen ¢ozeltiler arasinda en yiliksek SUVA degerine sahip olan 1R107F
¢ozeltisinde (SUVA degeri 6,1 L/mg org-C. m) en yiiksek giderim verimi elde edilmesini agiklamaktadir. Shimizu
vd., [15] tarafindan yapilan bir ¢calismada da hidrofilik karakteri nedeniyle DOM’un en kiiciik fraksiyonunun (<0,4
kDa) KNT ile adsorbe edilemedigi belirtilmistir. Benzer sekilde Engel ve Chefetz, [21] tek duvarli KNT'lere
¢oziinmis organik maddenin (COM) farkli fraksiyonlarinin adsorpsiyon afinitesini arastirmis ve COM’un KNT'lere
hidrofobik asit fraksiyonu tarafindan baskilandigini, adsorbe edilmemis COM’un hidrofilik karakterinin arttigini
bulmustur. Bununla birlikte KNT'lerin tercihen UV absorplayan aromatik bilesenleri gidermesi, igme sularinin
aritilmasi sirasinda DYU kontrolii agisindan da bir avantaj saglamaktadir. Giinkii DOM’un hidrofobik ve aromatik
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bilesenleri iceren kisminin DYU olusumundan sorumlu oldugu bilinmektedir. Farkh ¢ézeltilerde elde edilen UV2s4
absorbans giderim verimleri ise, 1IR107F>1R108N>1R105F>2S101F>1R107H>1R101N sirasini takip etmektedir.
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Sekil 2. Farkli DOM kaynaklarinda orijinal KNT’lerin UV2s4 absorbans giderim verimleri (pH=7; Temas siiresi=7 giin; Sicaklik=
20°C; COK=4 mg/L)

Sekil 3, farkli DOM kaynaklarini temsil eden 6 farkl sentetik ¢6zelti i¢in farkl orijinal KNT dozlarinda elde edilen
COK giderim verimlerini gostermektedir. Elde edilen COK giderim verimleri, UV2s4 abs giderim verimleriyle
tutarlilik gostermektedir. Yiikksek SUVA degerine sahip sularda daha yiiksek DOM giderim verimi elde edildigi
gozlenmistir. En yiiksek COK giderim verimi elde edilen ¢6zelti ise 5,1 L/mg org-C. m SUVA degerine sahip 1IR105F
¢ozeltisidir. Bu ¢ozeltide 250 mg/L orijinal KNT kullanilarak %61 COK giderim verimi saglanmistir. Ali ve ¢alisma
arkadaslar1 [22] tarafindan yiiriitiilen bir calismada ise 10 g/L ¢ok duvarh karbon nanotiip kullanilarak %98 COK
giderim verimi elde edilmistir.
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Sekil 3. Farkli DOM kaynaklarinda orijinal KNT’lerin COK giderim verimleri ((pH=7; Temas siiresi=7 giin; Sicaklik= 20°C;
COK=4 mg/L)

Adsorpsiyon deneyleri orijinal KNT’lerin yaninda modifiye KNT’ler ile de yiiratiilmistiir. Sekil 4, yedi giinlik
temas siiresi sonunda farkli dozlarda modifiye KNT kullanilarak sentetik ¢ozeltilerde elde edilen UV2s4 absorbans
giderim verimlerini gostermektedir. Modifiye KNT’ler ile tiim sentetik DOM kaynaklarinda elde edilen UV
absorbans giderim verimleri %22’nin altindadir. 6 farkl sentetik ¢6zelti icinde en yiiksek giderim 1R107F kodlu
sentetik ¢ozeltide olmustur. 1R107F ¢ozeltisinde 250 mg/L KNT dozunda elde dilen UVzs4 absorban giderim
verimi %22’dir. Bu ¢ozeltiyi 1R107H, 2S101F, 1R101N, 1R105F ve 1R108N ¢ozeltileri takip etmistir. Bununla
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birlikte modifiye KNT’ler, orijinal KNT’ler ile mukayese edildiginde, modifiye KNT’lerle orijinal KNT'lerden ¢ok
daha diisiik giderim verimleri elde edildigi goriilmiistiir. Ornegin 1R107F c¢ozeltisinde 150 mg/L adsorbent
dozunda orijinal KNT ile %69,4 UV2s4 absorbans giderim verimi saglanirken modifiye KNT ile ayni1 dozda %11,7
giderim verimi elde edilmistir. Bu durum, asit ile modifikasyon sonucu fonksiyonel gruplarin olusmasindan
kaynaklanmaktadir. Daha 6nce de belirtildigi gibi, asit ile modifiye edilmis KNT’lerin FTIR spektrumlarinda,
~3440 cm't, ~1630 cm! ve ~1465 cm! olmak iizere {i¢ yeni pik ortaya ¢ikmis ve KNT'lerin asit ile modifikasyonla
basariyla fonksiyonlastirildig1 desteklenmistir. Dolayisiyla asitle modifikasyon sonucu yiizeyde olusan fonksiyonel
gruplar [(>C=0) ve (0-C=0)] DOM adsorpsiyonunu azaltmistir.
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Sekil 4. Farkll DOM kaynaklarinda modifiye KNT’lerin UV2s4 absorbans giderim verimleri ((pH=7; Temas siiresi=7 giin;
Sicaklik= 20°C; COK=4 mg/L)

3.2. KNT ile dogal sulardan DOM giderimi

Sentetik ¢o6zeltilerin yaninda dogal su kaynaklarindan da KNT’lerin DOM giderme kapasiteleri test edilmistir.
Bunun i¢in diisiik SUVA degerine sahip (0,8 L/mg org-C. m) Egirdir Golii'nden alinan numuneler kullanilmistir.
Sekil 5, yedi giinliik temas stiresi sonunda orijinal KNT ve modifiye KNT ile Egirdir Golii’'nde elde edilen UV2sa
absorbans giderim verimlerini gostermektedir. Sentetik ¢6zeltilere benzer sekilde, Egirdir Golii'nde de orijinal
KNT ile daha yiiksek giderim verimleri saglanmistir. Ornegin, 250 mg/L orijinal KNT dozunda %66 UV254
absorbans giderim erimi saglanirken ayni dozda modifiye KNT kullanilarak %14 UV absorbans giderim verimi
elde edilmistir. Sekil 6 ise Egirdir Goli'nde orijinal ve modifiye KNT ile elde edilen COK giderim verimlerini
gostermektedir. Her iki adsorbent i¢in de COK giderim verimleri, UV2s4 absorbans giderim verimleri ile benzer
trendler sergilemektedir. Orijinal KNT ile elde edilen COK giderim verimleri, modifiye KNT ile elde edilen COK
giderim verimlerinden ytiksektir. 200 mg/L orijinal KNT dozunda %42,9 COK giderimi saglanirken ayn1 dozda
modifiye KNT ile %8,9 COK giderimi elde edilmistir. Egirdir G6li'nde saglanan maksimum COK giderim verimi ise
%45,2'dir ve 250 mg/L orijinal KNT dozunda elde edilmistir.
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Sekil 5. Egirdir Golii'nde orijinal KNT ve modifiye KNT kullanilarak elde edilen UV2s4 absorbans giderim verimleri (pH=7;
Temas siiresi=7 giin; Sicaklik= 20°C; COK=4 mg/L)
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Sekil 6. Egirdir Goli'nde orijinal KNT ve modifiye KNT kullanilarak elde edilen COK giderim verimleri (pH=7; Temas siiresi=7
giin; Sicaklik= 20°C; COK=4 mg/L)

4. Tartisma ve Sonug¢

Bu calismada, farkli DOM karakterine sahip sulardan KNT’ler kullanilarak DOM’un giderimi amac¢lanmistir. Bu
amagla farkli SUVA degerlerine sahip sentetik ve dogal su numunelerinden orijinal/modifiye KNT’lerin DOM
giderme etkinlikleri, COK ve UV2s4 absorbans parametreleri agisindan arastirilmistir. Orijinal KNT'lerin modifiye
KNT’lere gore DOM gideriminde daha etkili olduklar1 bulunmustur. Bu durum, asit ile modifikasyon sonucu,
fonksiyonel gruplarin olusmasindan kaynaklanmaktadir. Bununla birlikte, sentetik ¢ozeltilerde en yiiksek UV2sa
absorbans giderimi (%79,5), en yiliksek SUVA degerine sahip olan “Waskish Peat Fulvic Acid Reference”
cozeltisinde bulunmustur. Bu durum KNT’lerin, DOM’un DYU olusumundan sorumlu olan UV absorplayan kismini
gidermekte daha etkili oldugunu gostermektedir. DYU olusumundan sorumlu olan hidrofobik kismin giderilmesi,
KNT’lerin igme suyu aritilmasinda kullanilmasinda bir avantaj saglamaktadir. Bununla birlikte orijinal KNT'ler
diisiik SUVA degerine sahip Egirdir Gélii'nden DOM gideriminde de etkinligini kanitlamis, %45 COK giderimi, %66
UV2s4 absorbans giderimi saglanmistir.
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