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OZET

Bu ¢alisma, Kahramanmaras Sisne Havzasi tizerinde gergeklestirilmis olup boélgedeki gegmis tagkin olaylarinin
nedenleri havza morfometrisi yoniinden arastirilmistir. Bu amagla, SCS-CN metodolojisi kullanilarak; Hidrolojik
Toprak Gruplar1 (HTG), Arazi Kullanimi/Arazi Ortiisii (AKAO) gibi veriler Arc-GIS ortaminda islenmesiyle Egri
Numaralar1 (CN) elde edilmistir. Sisne Havzasina ait CN degerlerinin ortalamasi1 82,62, havzanin toprak tarafindan
tutulan potansiyel maksimum yagis miktari (S) 53,43 mm ve baslangigta tutulan yagis miktar1 (I,) 10,7 mm olarak
hesaplanmistir. Havza hidrolik uzunlugu, havza egimi gibi parametrelere bagli olan gecikme siiresi ise (ti,g) 2,46
saat olarak belirlenmistir. Ayrica, havza ortalama gegirimsiz alanlarinin yiizdesi arazi ozellikleri haritasindan
yararlanarak %20,76 ve gec¢irimsizlik sinifi olarak havza ¢ogunlugunun ormanlar sinifinda oldugu goézlemlenmistir.
Meydana gelen sel, tagkin gibi olaylarin sebebinin bolgeye ait yagis potansiyelinin yiiksek olmasi, havza yapist ve
seklinden dolayr oldugu disiiniilmektedir. Calisma ¢iktilari, meteorolojik parametrelerin  eklenmesiyle
hidrometeorolojik modeller vasitasiyla bolgenin potansiyel taskin haritalar1 ve hidrograf analizleri gibi gelecekteki
caligmalar1 motive edebilir.

Anahtar Kelimeler: Hidrolojik Modelleme, SCS-CN, Sisne Havzasi, Tagkin

ABSTRACT

This study was implemented over the Kahramanmaras Sisne Basin, and the reasons of past flood events in the
region were investigated in terms of basin morphometry. For this aim, using the SCS-CN methodology; Curve
Numbers (CN) were obtained by processing data such as Hydrological Soil Groups (HTG), Land Use/Land Cover
(LULC) in Arc-GIS environment. The Sisne Basin average CN value is 82.62, the basin’s potential maximum
retention after runoff begins (S), is 53.43 mm, and the initial abstraction (l,) is 10.7 mm. The lag time (tig)
depending on the parameters such as the basin hydraulic length and slope was determined as 2.46 hours. In
addition, it has been observed that the percentage of basin average impervious area is 20.76% using the land
characteristics map, and the majority of the basin is in the forest class as the impermeability class. 1t might be
concluded that the reason for flood and excess-runoff events is due to the high precipitation potential over the
region and the basin structure and its shape. The study results can motivate future studies such as potential flood
maps and hydrograph analyzes of the region through hydrometeorological models with the addition of
meteorological parameters.

Keywords: Hydrological Modelling, SCS-CN, Sisne Basin, Flood

ToCite: CUBUK, M.H., & DIS M.0., (2022). SCS-CN Metodolojisi i¢in Havza Morfolojik Haritalarinin
Gelistirilmesi: Sisne Havza51 Ornegi. Kahramanmaras Siitcti Imam Universitesi Miihendislik Bilimleri
Dergisi, 25(2), 57-70.
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GIRIS

Su, canlilar igin vazgegilmez temel kaynaklardan oldugu gibi, basta insanlara olmak tizere bir¢ok faydalar
saglamaktadir. Ozellikle iilkelerin kalkinmasinda su kaynaklari temel bir ihtiyag olarak goriiliir (CTUE, 2022).
Tirkiye her ne kadar su kaynaklari agisindan zengin olsa da gelecekte su kitlig1 gibi sorunlarla karsilagiimamasi
icin beser olarak su kaynaklarina zarar vermemek ve bu kaynaklari ihtiyac nispetinde kullanmak 6nem arz eder.
Gelisen teknolojiyle birlikte yeni tasarimlarin gelistirilmesi ve suyun iktisatli olarak kullanilmasi gerekmektedir.
Bu bakimdan temini smirli olan su kaynaklari diinyadaki varliklar i¢in biiyiik 6nem arz etmekle birlikte, su
kaynaklarinin stirdiiriilebilir agisindan korunmasi ve yonetimi i¢in yiizey yagis-akisinin tahmini esastir.

Yagis rejimindeki degisimler, hidrolojik, zirai ve su kaynaklari bakimindan ¢ok 6nemli sonuglar dogurabilir
(Ozfidaner, Sapolyo ve Topaloglu 2016). Yagislarin, sadece tarim alaninda etkisi olmayip, diinya {izerinde diger
alanlarda da bir¢ok faydasi1 vardir (Tiirkes, Stimer ve Cetiner, 2000). Yagislarin etkisiyle bir bolgede hidroelektrik
santralin kurulmasi, baraj yapilmasi, sulanabilir tarim alanlarinin artirilmasi gibi olumlu projeler yapilabilmektedir.
Bu projeler yapilirken uzun siire olumlu neticeler alabilmek adina bolgenin cografi &zelliklerinin géz oniinde
bulundurulmasi gerekmektedir. Ciinkii bolge jeomorfometrisine bagli olarak gelen yagisin bir kismi sizmaya, bir
kismi yiizeysel akisa, bir kism1 da buharlasmaya geger. Basta insanlar olmak iizere tiim canlilar etkileyebilecek
nitelikte olan yagislar, faydasi olmakla birlikte sel ve tagkin gibi olaylara sebep olup zararlar1 da olabilmektedir.
Topragin suya doygun oldugu bélgelerde yiizeysel akisa gegen yagis miktari daha fazladir. Bu topraklar suya
doygun hale gelmesiyle heyelan gibi zararlara da neden olabilmektedir (Kadioglu, 2008). Diinyada, yagislarin
sebep oldugu bir¢ok felaket vardir ve bu biiyiik sel felaketleri can kaybinin yani sira ekonomik ac¢idan da biiyiik
zararlara neden olabilmektedir.

Hidrolojik dongilideki parametrelerin tahmini ve ekstrem yagis zararlarmin minimize edilmesi amaciyla gecmisten
gliniimiize bir¢cok hidrometeorolojik uygulamalar ve metotlar gelistirilmistir. Hidrometeorolojik modeller bir bolge
iizerinde meydana gelen yagis-akis siirecinin bilgisayar ortaminda matematiksel benzesiminin yapilmasi amaciyla
kullanilmaktadir (Kargi, 2019). Bu modeller, diinyadaki ¢oklu etkilesimleri (fiziksel, ekolojik, sosyo-ekonomik,
vb.) goz ontinde bulundurarak karar vericilerin planlama ve isletim icin en etkili karari almalarin1 saglamay1
amaglayan tahmin araglar1 olarak uygulanmaktadir (ispirli, 2019). Bu uygulamalar giiniimiizde gelisen teknolojiyle
birlikte kullanisht bir ara¢ olan Cografi Bilgi Sistemleri (CBS) ile de daha sistemli hale getirilmistir. Gegmiste
modellerde kullanilan hidrometeorolojik verilerin her biri farkli organizasyon veya devlet dairelerinde
bulunmaktayken, giiniimiizde giderek bu veriler tek bir organizasyon tarafindan depolanmakta ve modelleme
yapacak kisi bu organizasyondan tek bir seferde her tirlii veriyi elde edebilmektedir. Sayisal Yiikseklik
Modellerinin (SYM) CBS ortaminda kullanimi ve verilerin her zaman kolay ulasilabilir formda olmasi ayni
havzada ¢alisma yiiriitecek diger arastirmacilara bir altlik olusturmaktadir (Aslan, Giindogdu ve Demir, 2004;
Akytiz, 2018). Ayn1 zamanda, bu modellerin tagkin erken uyar1 sistemleri, tagkin frekans tahmini, tagkin giizergahi,
iklim ve arazi kullanim degisikligi ve entegre havza yonetiminin etkisi gibi bir¢cok alanda kullanimi da mevcuttur
(Ispirli, 2019).

Havzalarin hidrometeorolojik simiilasyonlarinda g¢esitli kullanim amacina yonelik farkli tip modeller
kullanilabileceginden, ¢alisma hedefine yonelik en uygun model tipi segimi biiyiikk 6nem arz etmektedir. Uygulama
hedeflerinin genisligi, veri setlerine erisim, bolgenin jeomorfometrik yapisina bagl olarak SWAT (Soil and Water
Assessment Tool), MIKE SHE (Systéme Hydrologique Européen), HEC-HMS (Hydrologic Engineering Center-
the Hydrologic Modeling System), HEC-RAS (River Analysis System), CREST (the Coupled Routing and Excess
STorage), WMS (the Watershed Modeling System) gibi genis bir model yelpazesi vardir. Bu modeller bir¢ok
sahada uygulanarak gelisen teknolojiyle birlikte su kaynaklarinin anlasilmasi, tahmin edilmesi ve dogru olarak
yonetilmesi gibi faydalar saglamaktadir (Abbott, Bathurst, Cunge, O’Connell ve Rasmussen, 1986; Gassman,
Reyes, Green ve Arnold, 2007; USACE, 2010; Daniel, Camp, LeBoeuf, Penrod, Dobbins ve Abkowitz, 2011;
Wang, Hong, Li, Gourley, Khan, Yilmaz, Adler, Policelli, Habib, Irwn, Limaye, Korme ve Okello, 2011). Bu paket
programlari, havza fiziksel 6zelliklerinin girilmesi, hidrolojik dongiiniin tasviri, yagis-akis benzesimleri, sizma,
evapotranspirasyon, yiizeysel ve ylizeyalti akis miktarlarinin belirlenmesi amaciyla bircok metodoloji
uygulamaktadir. Bu metotlar ile birlikte ¢alisilan bélgenin ileriye yonelik bazi olumsuzluklara (sel, firtina veya su
kithig gibi) karsi 6nlem alinmasi gerekebilir. Ayrica, bdlgenin kalkindirmasinda (regiilatér, baraj, HES gibi) da
yeni projeler Uretilebilir. Bu modellerin ortak parametreleri (hidrolojik, meteorolojik ve jeomorfolojik) oldugu gibi,
kullanilan metot igin de Kalibrasyon parametreleri igermektedir. Bu baglamda tercih edilen y6ntemin ihtiyag
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duydugu veri setlerinin bilinmesi, kullamim amaci, kalibrasyon parametrelerinin bilinmesi model
avantaj/dezavantajlar1 bakimindan 6nem arz etmektedir.

Gegmisten giiniimiize bir¢ok hidrolog tarafindan kullanilan metotlardan biri de SCS-CN (The Soil Conservation
Service- Curve Number: Toprak Koruma Hizmeti Egri Numarasi) yontemidir. SCS-CN yontemi, kiiglik
havzalardan belirli bir yagis olayi i¢in ylizey akisini tahmin etmek amaciyla en yaygin olarak kullanilan tekniktir
(Mishra ve Singh, 1999; Das ve Paul, 2006; Eraydin, 2015). SCS-CN metodu, akim 6l¢limii bulunmayan
havzalarda verilen bir yagisin olusturacagi dolaysiz akis hidrografini belirlemek i¢in gelistirilmistir (USDA, 1957,
SCS, 1972). Bu metodun, az veri ihtiyact ile birlikte hizli sonug vermesi ve bu sonuglarin diger bir¢ok ¢alisma i¢in
kullanilabilir olmasi gibi avantajlart mevcuttur. Tarihsel olarak bakildiginda, SCS-CN yo6ntemi 1954 yilinda ABD
Tarim Bakanligi (USDA) Toprak Koruma Servisi (SCS) tarafindan gelistirilmis ve Toprak Koruma Servisi (SCS)
Ulusal Miihendislik El Kitabinda detayli olarak agiklanmustir (SCS, 1985). Yontemi igeren el kitabinin ilk
versiyonu 1954’te yayinlanmus olup, 1956, 1964, 1965, 1971, 1972, 1985 ve 1993’te miiteakip revizyonlar
izlemistir (Ponce ve Hawkins, 1996). SCS-CN metodu kdkeninde ise Sherman (1949)’1n dolaysiz akis yagis ¢izimi
ile yaptig1 ¢alismadan ve Mockus (1949)’un zemin, baslangic zemin durumu, yagis siiresi ve ortalama sicaklik
verilerinin kullanimiyla yiizey akisi tahminlerinden izler tasimaktadir (Arslan, 2008).

Bir havzaya diisen yagisin akis durumu belirli parametrelere bagli olarak degisiklik gosterebilmektedir. Basta
havzanin fiziki yapis1 olmak tizere, bulundugu konum bu agidan bilyiikk 6nem arz etmektedir. Toprak yapisi, bitki
ortlisii, gecirgenlik, egim, yiizey alan1 gibi havzanin jeomorfometrik 6zellikleri, bir bolgedeki akis tahmininde
belirleyici parametredir. Hidrometeorolojik modellemede daha az veri kullanilarak olumlu netice alinmasi imkéansiz
sayllmaz. Bu noktada SCS-CN metodu, yagis verilerinden akisin belirlenmesinde hidrologlar tarafindan sikga
kullanilan bir yontem olup, akis1 elde etmek igin yagis, hidrolojik toprak siniflar1, arazi kullanimi ve bitki Ortiisii
gibi verilere ihtiyag duyar. Bu metotla ilgili ulusal ve uluslararas: lgekte birgok galisma mevcuttur. Ornegin, Siddi
Raju, Sudarsana Raju ve Rajasekhar (2018) tarafindan Mandavi Havzasinda (Hindistan) yagis-akis tahminlerinde
SCS-CN metodu kullanilmis ve bu metodun yagis-akis tahmininde etkili bir yontem oldugu ifade edilmistir.
Ramakrishnan, Bandyopadhyay ve Kusuma (2009) tarafindan Hindistan’da yapilan diger bir ¢alismada ise,
bolgedeki potansiyel su toplama alanlart SCS-CN, GIS ve uzaktan algilama kullanarak incelenmistir. Elde edilen
bulgular ve saha arastirmasi neticesinde, potansiyel alanlarin uygunlugunun %80-100 araliginda SCS-CN
metoduyla tahmin edildigi sonucuna varilmistir. Bununla birlikte, SCS-CN metodundan elde edilen sonuglar tagkin
yonetiminde ve planlamasinda da kullanilmistir. Ornegin, Al-Ghamdi, Elzahrany, Mirza ve Dawod (2012)
tarafindan yapilan ¢alismada, Suudi Arabistan’in Mekke sehrinde kentsel biiyiimenin sel tehlikeleri tizerindeki
etkilerinin arastirlmasinda SCS-CN metodundan yararlanmistir. Pik debi ve Arazi Kullanimi/Arazi Ortiisii
(AKAO) arasindaki iliski, korelasyon katsayilariyla ifade edilmistir.

Bir havza tizerinde modelleme yapilirken birgok metot bir arada da kullanilabilir. Bu yaklagim, kullanilan farkli
yontemlerin performans degerlendirilmesine olanak saglar. Ornegin, Govender, Dube ve Shoko (2022) tarafindan
Wet-Spa (A Distributed Model for Water and Energy Transfer Between Soil, Plants and Atmosphere), JULES (the
Joint UK Land Environment Simulator), SWAT ve SCS-CN yéntemlerini kullanarak AKAO ve iklim
degisikliginin kisith olan su kaynaklari tizerindeki etkisi arastirilmistir. Bhavsar ve Patel (2020), ylizey akisini
tahmin etmek maksadiyla SCS-CN ve Snyder’in modellerini karsilastirilarak Hindistan’in Tapi River Havzasi
tizerinde bir ¢alisma yapmiglardir. Calismada, her iki model arasinda SCS-CN metodunun daha uygun oldugu ifade
edilmektedir. Ayrica, bir¢ok arastirmact SCS-CN’nin kullanilan sinirli verilerle yiiksek tahmin performansi
sagladigr ve akisi tahmin etmek icin etkili bir yontem oldugunu ifade etmektedir (Shafuan, Nurhidayu ve
Kamarudin, 2016).

SCS-CN metodolojisi uluslararast alanda kullamldigi gibi Tiirkiye’de de bircok hidrolog tarafindan
kullanilmaktadir. Ornegin, Ozdemir (2007) tarafindan Havran Cayi iizerinde meydana gelebilecek taskinlarin
anlagilmasi igin yagis-akis analizleriyle iiretilen akim verilerinden maksimum akimlarin hesaplanmasi konusunda
SCS-CN metodu uygulanmistir. Calismada, pik debi zaman degerlerinin farkli ¢ikmasinin nedeni olarak elde edilen
morfolojik harita verilerinin (havzalarin alansal biiyiikliikleri ve AKAO vs.) etkisi oldugu sonucuna varilmistir.
SCS-CN metodunun 6nemli parametrelerden biri olan havza i¢in tutulma miktarnin tespit edilmesi biiyiilk 6nem
arz etmektedir. Bu bakimdan Akgiil (2009) tarafindan Gediz Havzasinda yapilan ¢alismada ise, su depolama
yapilarini besleyen havzalar i¢in tutulma miktarinin hesaplanmasinda ve yiizey akisinin belirlenmesinde SCS-CN
metodu kullamlmigtir. Mesta, Kargi, Tezyapar, Ayvaz, Goktas, Kentel ve Tezel (2019) tarafindan, akisa gecen su
miktarinin hesaplanabilmesi amaciyla SCS-CN metodu tercih edilmis ve uygulanan metotla hidrolojik modelin
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oldukca iyi bir performans sergiledigi ifade edilmektedir. Cengiz (2021) tarafindan yapilan calismada,
Bodrum’daki kentsel tagkinlarin nedenleri arastirilmistir. Bu amagla, SCS-CN yontemi kullanilmis ve tagkinin
sebep oldugu dereler tespit edilerek ¢6ziim Onerileri sunulmustur. Elagca ve Dis (2022) SCS-CN yo6nteminin
uygulanabilirligini, Ceyhan’daki Ballikaya Havzasinda topografya, arazi kullanimi gibi havza fiziksel 6zelliklerini
Arc-GIS ve HEC-GeoHMS ortaminda isleyerek HEC-HMS modeliyle farkli objektif fonksiyonlarin kullanimiyla
arastirmiglardir. Calisma sonucunda, bu modiiliin bolgede hidrograf analizlerini yiiksek oranda tahmin edebilme
yetenegine sahip oldugunu ifade etmektedirler.

Bu calismada gerek ulusal gerekse uluslararasi uygulanabilirligi olan ve daha az veri parametresine sahip SCS-CN
metodolojisi kullanilmasi amaciyla Andirin Sisne bolgesinde meydana gelen sel, tagkin gibi olaylarin havza yapisi
ve sekli bakimindan morfolojik haritalar1 gelistirilmistir. Elde edilen haritalar birbirleriyle iligkilendirilerek
yorumlanmistir. Ozellikle arazi kullanimi, hidrolojik toprak gruplarimin havzada dagilimi gz oniinde
bulundurulmus ve hesaplanan egri numaralari ile iligkilendirilmistir. Sel ve taskin olaylarinin olmasi bélgenin
diisiik drenajli alanlara sahip oldugu ortalama gecirimsizlik haritasiyla desteklenmistir. Ayrica elde edilen CN
degerlerinin havza alanindaki dagilimi harita ile gosterilmis olup ¢alisma alami hakkinda o6n fizibiliteyi
saglamaktadir. Boylelikle ¢aligma alanina gidilmeden is yiikiinin minimize edilmesi amaglanmustir. Sisne Havzasi
gegmis yillara ait yagis kaynakli tagkinlara maruz kaldigindan dolay1 bolge sakinleri bundan olumsuz etkilenmistir.
Calismada CN haritalarinin ve bdlge jeomorfometrisinin elde edilmesiyle, yagis kaynakli ylizeysel akisin ve buna
bagli olarak potansiyel risk durumunun tahmin edilebilmesi, karar verici mekanizmalara yonelik planlamasi
hedeflenmektedir. Bu amagla, CBS gibi araglar kullanilarak, verilerin hizli olarak islenebilmesi, giincellemis arazi
kullanimu, olasi tagkin ve zaman kaybinin dnlenmesi saglanmustir.

METOT
Calisma Alam

Andirm Altinyayla mevkiinde bulanan Sisne Havzasi, yiiz 6lgiimii 172,07 km? olup 36°20° ve 36°30° dogu
boylamlari ile 37°41° ve 37°54° kuzey enlemleri arasinda kalmaktadir (Sekil 1.a). Havzanin ¢ikis noktast kirmizi
tiggen ile gosterilmis olup koordinatlart 36°29° dogu 37°41” kuzey noktasinda ve havzanin giineydogu tarafina
diismektedir (Sekil 1.b). Arc-GIS ortaminda galigilirken, cografi koordinat sistemi olarak ED1950-UTM ZONE-
37N ve projeksiyon olarak ise Transverse Mercator kullanilmigtir. Arc-GIS’e aktarilan ham veri tizerine ¢ikis
noktast koordinatlar1 girilerek havza simirlar1 belirlenmis ve bu sinirlar agik kahverengi ¢izgi ile gosterilmistir.
Toplam ¢evre uzunlugu 84 km olan havza, 1.250-2.400 m arasinda degisen bir rakima sahip olup ¢ikis noktasinin
cevre kisimlar ve i¢ kisim yiikseklikleri 1200+ m civarindadir. Havzanin ortalama egimi %16,4 olup arazi ortiisii
olarak yaklasik %53’iinii ormanlar teskil etmektedir. Calisma alanin kuzey ve kuzey-bati tarafindaki yiikseklik
glineye gore daha yiiksek degerlere sahiptir. Sekilden de anlasilacagi tizere en yiiksek degerler kahverengi tonunda,
minimum degerler ise agik mavi tonundadir. Ozellikle kuzey tarafinda bu yiikseklik degerleri maksimum
seviyededir.

A Cikis Noktas|

Havza Sinir
Ylkseklik(m)
Value

|
012 K 6 8 e
= - — — <

Sekil 1.a. Caligma Alan1 b. Bolgeye ait SYM
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Veri Setleri

USGS (United States Geologicial Survey-ABD Jeoloji Arastirmalart Kurumu)’den Sisne Havza bolgesine ait
Tagged Image File Format (tiff) uzantili 30x30 m mekénsal ¢oziniirliklii SYM verileri elde edilmistir (USGS,
2021) (Sekil 2.a). Bu veri herhangi bir islemden gecirilmeden ham veri olarak muhafaza edilip, Arc-GIS ortamina
aktarilarak gerekli projeksiyon ve koordinat doniigiimleri saglandiktan sonra; sirasiyla bosluk doldurma, akis yonii
belirleme, kiimiilatif akis, drenaj agin1 olusturma, ¢ikis noktasini isaretleme islemlerinden gegirilmistir. Ham SYM
verisi minimum 20 m, maksimum deger olarak ise yaklasik 3000 metredir. SYM verisindeki bir hiicrenin
kendinden daha yiiksek olan hiicrelerle ¢evrildigi durumlarda, yiikseklik degeri az olan hiicreye dogru akan su,
bosluklar doldurulamadigindan yiizey akigi olmayacaktir. Model bu problemi ¢6zmek amaciyla, bosluk doldurma
islemi ile yiikseklik degerini yeniden diizenlemektedir (Karadag, 2012; Dis ve Elagca, 2019). Bosluk doldurma
isleminden sonra ise akim yonleri belirlenir. Akim yonleri, SYM’ye bagli olarak hidrolojide su yollarinin hesabinda
ve sedimantasyon analizlerinde kullanilmaktadir (Tarboton, 1997). Havza analizlerinde 6nem arz eden bir islem
olan akim yonlerinin belirlenmesi, akarsuyun hareket yonii ve akarsu kollariin sahip oldugu alt havzalari bulmada
kolaylik saglamaktadir (Sekil 2.b).

SYM verisinin Arc-GIS ile kullammiyla havzaya ait yiikseklik, egim haritalar1 ve akis kollari, alt havzalar
olusturularak SCS-CN metodu icin althklar olusturulmustur. Ayrica Tarim ve K&y Isleri Miidiirliigiinden temin
edilen Biiyiik Toprak Gruplar1 (BTG) verisiyle, havzaya ait Hidrolojik Toprak Gruplar1 (HTG), AKAOQ haritalar
olusturulmustur. SCS-CN metodolojisi i¢in sonraki agamalarda ise ortalama geg¢irimsizlik, CN haritalar1 ve CN
degerlerinin bir fonksiyonu olan baglangigta tutulan yagis miktari, 1, toprak tarafindan tutulan potansiyel
maksimum yagis miktari, S, degerleri hesaplanmustir.

hp
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Sekil 2.a. isleme Tabi Tutulmamis SYM Verisi b. Arc-GIS Ortaminda Akim Yonleri Belirlenmesi

SCS-CN Yiizeysel Akim Yontemi

Egri Numarasi1 yontemi USDA tarafindan gelistirilmis olup arazi kullanma sekli ve toprak tiplerine gore gelen
yagistan akigin belirlenmesinde kullanilmaktadir. Bu hidrolojik model yontemi 1954 yilinda NEH-4 (National
Engineering Handbook, Section 4: Hydrology) adiyla yaymlanmistir (SCS, 1985). Hidrolojik model kurulumunda
onemli bir parametre olan konsantrasyon siiresi, tc [saat], meydana gelen yagis igin etki ettigi alanin hidrolojik
olarak en uzak kismindan havzanin ¢ikis noktasina ulagma siiresidir (Dingman, 2002). Bu siire, gecikme siiresinin,
tiag [saat], bir fonksiyonu olup, 1,67 gibi sabit bir say1iyla ¢arpilarak elde edilir. Gecikme siiresi, diger taraftan, yagis
fazlaliginin kiitle merkezi ile akis pik degeri arasindaki zaman farki olarak tanimlanir (Singh ve Singh, 2001; Fang,
Bedient, Benavides ve Zimmer, 2008). Gecikme siiresinin hesaplanmasi i¢in Denklem 1’den de anlasilacag: tizere
havzanin ortalama egiminin, Wy [%], ortalama egri numarasinin, CNyy, Ve havzaya ait en uzun akarsu kolu
uzunlugunun, L [m], bilinmesi gerekir.
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L98(2540 — 22,86 CN )7 )
tag = 0,7
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Daha 6nce de belirtildigi gibi ¢ok fazla parametreye ihtiyag duyulmayan SCS-CN yoénteminde, yagis, HTG ve
AKAO verileri kullanilmaktadir. Herhangi bir alan ve siiredeki akist bulmak igin su dengesi denkleminden
faydalanilarak Denklem 2 yazilabilir ve uygun bir alan ve zaman diliminin segilmesi su dengesi analizini ¢ok daha
basit hale getirebilmektedir (De Ridder ve Boonstra, 1994). Denklem 2’den de goriilecegi iizere, toplam yagis
miktari, P [mm], baslangicta tutulan yagis miktarinin, 1, [mm], sizma miktarinin, F [mm], ve ylizeysel akis
miktarinim, Q [mm], toplam1 olarak hesaplanmaktadir.

P=I,+F+Q )

Cok sayida havzadan gozlemlenen verilere dayanarak elde edilen SCS yontemine gore oransal esitlik hipotezi,
Denklem 3’ten de goriilecegi lizere, sizmanin potansiyeline oraninin, dogrudan akisin potansiyel degerine oranina
esit olmasidir (SCS, 1972; 1985). Denklem 2’deki yiizeysel akis miktar1 ve sizma yiikseklikleri toplami, Denklem
3’te yerine yazilarak; Q degeri i¢in Denklem 4 elde edilmis olacaktir. |, degerleri Denklem 5’ten de goriilecegi
tizere, toprak tarafindan tutulan potansiyel maksimum yagis miktarina, S [mm], bagl olarak degismektedir. Ayrica,
mevcut durum i¢in bu bagmtida gegen |, degerlerindeki, Dogal Kaynaklar1 Koruma Servisi (Natural Resources
Conservation Service, NRCS) tarafindan baslangicta tutulan yagis miktar1 hesabindaki oran sabiti degerinin, 4,
tutulmasi veya degistirilmesi konusunda herhangi bir karar verilmemistir. Mevcut CN degerleri “4 = 0.2” ile
baglantili olarak gelistirildiginden, 4 degerlerindeki bir degisikligin etkin bir sekilde yeni bir CN kiimesini
gerektirecegi kolayca gortilmektedir (Ponce ve Magallon, 2021). Baslangi¢ta tutulan yagis miktar1 ve bu degerin
oran sabiti Denklem 4’te yerine yazildiginda yiizeysel akis yiiksekligi Denklem 6 ile bulunabilir.

QR _F )
P-1I, S
_(P=1p)? 4)
Q= (P-1I)+S
I, =2S (5)
_(P—0.25)° (6)
~ P+40.8S

Yukaridaki bagintida kullanilan S degerleri eg@ri numarasina bagli olarak Denklem 7 ile hesaplanabilir. CN
degerleri ise 0-100 arasinda degismekte olup boyutsuz bir parametredir. CN degerleri, ylizeysel akis
hesaplamalarinda bagintilardan da anlasilacagi tizere ¢alisilan havza i¢in en duyarli parametredir. Bu parametreyle
havzanin basta sizma durumu olmak tizere gelen yagisin durumu da gézlemlenmektedir. CN degerlerinin sifira
yakinsamasi toprak tarafindan tutulan potansiyel maksimum yagis miktarinin sonsuza esitlenmesini ve biitiin
yagislarin topraga sizdigini, egri numarast degerinin ylize esit olmasi ise S degerlerinin sifira yakinsamasini gelen
yagislarin tamaminin yiizeysel akisa dontistiigiinii ifade etmektedir.

. 25400 — 254CN (7)
B CN
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BULGULAR

Havza sinirlar igerisinde bir¢ok dere olup her birinin bagli oldugu ana akarsu kolu farklidir. Ana akarsuya bagl
diger kiiciik akarsu kollarinin (dere) siirekliligi mevsimsel yagislara bagl olarak farklilik gostermektedir. Akis
potansiyeli, zamanlamasi, frekansi, siiresi, mevsimselligi ve yillik rejimi akarsu ig¢in 6nem arz etmektedir (Atak,
2014). Bu amagla, SYM verisi temel islemler sonucunda daha diizenli hale getirilerek, havzaya ait dereler ve en
uzun akarsu kolu tespit edilmistir (Sekil 3.a). Bu akarsu kollarindan en uzunu, koyu mavi renkle gosterilmis ve
uzunlugu ise yaklasik 2.500 metredir. Ayrica en uzun akarsu kolu gecikme siiresi ile dogru olarak degismekte olup
bu siirenin hesaplamalarinda kullanilan ana parametrelerdendir. Sisne Havzasinin egimi ise Sekil 3.b’de
gosterilmektedir. Egim degerleri %0 ile %73 arasinda degismekte olup ortalama egimi %16,4’tlir. Egim degerleri,
havzanin kuzeyinden giineyine dogru azalmakta ve havza ¢ikis noktasinda minimum degerlere ulagmaktadir. Egim
degerlerinin yiiksek oldugu bolgelerde akisin yiiksek olmasi ve buna bagli infiltrasyon miktari, egim degerlerinin
az oldugu alanlara kiyasla daha diisiiktiir. Yogun yagis donemlerinde, topragin doygun hale gelmesiyle birlikte
yagis bazli akislar yiiksek egimden diisiik egime dogru seyir halini almakta; egimin ¢ok azaldigi yerlerde ise taskin
riski artmaktadir (ISTKA, 2013; Utlu ve Ekinci, 2015).

N
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A Cikis Noktasi
En Uzun Akarsu Kolu
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Sekil 3.a. Sisne Havzasina Ait Dere ve En Uzun Akarsu Kolu b. Egim Haritasi

Tarim ve Koy Isleri Miidiirliigiinden temin edilen BTG verisi, Arc-GIS ara yiiziine aktarildiktan sonra toprak tipleri
siiflandirilarak etki ettigi alanlar hesaplanmustir. Her bir toprak grubu bir sembol ile belirtilir (Dizdar, 2003).
Bolgede o6zellikle Kahverengi Orman Topraklari, Kiregsiz Kahverengi Orman Topraklar1 ve Aliivyal Topraklarin
hakim oldugu tespit edilmistir. Siniflandirmaya gére Sisne Havzasmi %56’sim1 Kahverengi Orman, %19’unu
Kiregsiz Kahverengi Orman Topraklari olusturmaktadir (Tablo 1). Kahverengi Orman Topraklari, daglik ve
tepelik olan egimli bolgelerde goriilen geng yapili ormanlardan olup topragin yikanma orani genellikle yiiksek
oldugu i¢in pH degeri disiiktiir. Su tutma kapasitesi gelismis olan bu topraklar uzun siire su tutabilir 6zelliktedir.
Bu topraklar yapraklarini doken orman Ortiisii altinda, kirecli ana materyal {izerinde gelismekte olan geng
topraklardir (Ozyavuz, 2011; Anonim, 2021). Aliivyal Topraklar ise siirekli veya mevsimlik olarak yas genellikle
de taban suyunun etkisi altindadirlar. Genellikle taze tortul depozitler iizerindeki geng¢ toprak olarak
tanimlanmaktadir (Turna, 2014).

Tablo 1. Biiyiik Toprak Gruplarimim Havzada Alansal Dagilimi

Alan Alan
Biiyiik Toprak Gruplari Sembol Kim? % Biiyiik Toprak Gruplari Sembol Kim? %

Kahverengi Topraklar A 0,15 0,09 Kiregsiz Kahverengi Orman Topraklari N 34,12 19,83

Aliivyal Topraklar B 23,20 13,48 Kirmizi Akdeniz Topraklari T 5,34 3,10

Kirmiz1 Kahverengi Topraklar E 3,21 1,86 Kiregsiz Kahverengi Topraklar U 3,31 1,92

Kirmizimsi Kahverengi Topraklar F 1,20 0,70 Bazaltik Topraklar X 0,05 0,03

Koliivyal Topraklar K 4,23 2,46 Yerlesim Alanlari YR 0,64 0,37
Kahverengi Orman Topraklari M 96,62 56,16
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HTG haritas1 Arc-GIS ortaminda toprak siniflar1 ve diger toprak o&zellikleriyle kombinasyon yapilarak elde
edilmigtir (Sekil 4.a). HTG haritas1 A, B, C ve D olmak tizere dort gruptan olugmaktadir ve her bir grubun
belirleyici 6zelligi vardir. A grubu infiltrasyon hizi yiiksek iken, D grubu sizma hizi disiiktir. Bu dort grup
ozellikleri igerisinde A grubunda bulunan topraklar nemli olsalar bile kum veya ¢akil iceriklerinden dolay1 yiiksek
gecirgenlik degerine sahiptir. Bu topraklarda su tasinimi yiiksek degerlerdedir. B grubu hidrofiziksel
karakteristigine bakildiginda sizma kapasitesi orta, kismen derin ve kaba tekstiirli olup gecirgenligi hizli
topraklardan meydana gelmektedir. Sizma kapasitesi yavas, orta tekstiirlii ve gegirgenligi diisiik olan grup C olarak
ifade edilmektedir. D grubu ise akis potansiyeli ¢ok yiiksek, sizma miktar1 ise ¢ok az olan zeminlerdir (1slaninca
cok sisen zeminler, agir plastik kil, yeralti su ylizeyi her zaman yiiksek olan zeminler, gegirimsiz tabakaya oturan
derinligi az zeminler, bazi tuzlu zeminler) ve sig toprak olan alanlarda goriiliirler. Bundan dolayr D grubu sig
topraklardan olusup hemen hemen gegirimsiz bir tabakadan meydana gelmektedir (SCS, 1964; 1986; Arslan, 2008;
Ozalp, 2009). Havzanin biiyiik bir kismini (%86,5) D grubu icerdigi gibi bu alanlarda akis potansiyelinin fazla
olmasi ve buna bagli olarak CN degerlerinin yiiksek ¢ikmasi beklenmektedir. Sisne Havzasindaki hidrolojik toprak
gruplarinin havzadaki alansal dagilimina bakildiginda, yaklasik olarak %10,1 (17,32 km?) kismu C grubundan,
%3,4 (5,89 km?®) kismi B grubundan ve %0,03 (0,05 km?) kismi ise A grubundan meydana gelmektedir. C ve D
guruplarinin havzanin ¢ogunlugunu olusturmasi gelen yagisin sizmadan ziyade akisa gectigini ifade etmektedir.
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Sekil 4.a. HTG Haritas1 b. AKAO Haritasi

Sisne Havzasmin Arazi Kullanimi/Arazi Ortiisii haritas1 Sekil 4.b’de gosterilmektedir. Haritadan da goriilecegi
iizere, bolgenin biiyiik ¢ogunlugu orman, tarim ve sulak alanlardan olugsmaktadir. Bununla birlikte, havzada en az
yer kaplayan yerlesim yerleri ve ¢ayir-mera alanlari da mevcuttur. Havzanin CN degerlerinin tespiti ve buna baglh
olarak yagisin akisa gegme durumundaki sizma oranlarinin belirlenmesi agisindan bu harita dnem arz etmektedir.
Sisne Havzas1 su ve tarim bakimindan iyi durumda oldugu, akarsularm siirekliligi mevsimsel olarak devam ettigi
gbzlemlenmektedir. Ayrica, bolgenin yiizdesel gecirimsizligi Sekil 4.b ve Tablo 2’nin biitiinciil olarak
kullanilmasiyla belirlenebilir. Gegirimsiz yiizeyler, uzun siiredir kentsel alanlarda yagis-akis iliskisini etkileyen
kritik faktorlerden biri olarak kabul edilmektedir (Schoener, 2018). Tablo 2’den de goriilecegi iizere, havzanin
biiylik ¢ogunlugunu olusturan ormanlar, ortalama gecirimsizlik yiizdesi %0 iken su alanlarinda %100’diir. Cayir-
mera alanlar1 ise havzada ¢ok az yer kaplayip %35 oraninda tespit edilmistir. Havzanin ortalama gegirimsizlik
yiizdesi %20,76 hesaplanmistir. Havzada bulunan yerlesim yerleri kirmizi renkle gosterilmis olup gegirimsizlik
yiizdesi %30 oraninda; sulak bolgeler mavi renkle gosterilmis olup havza gecirimsizligi %100 oranindadir (Sekil
5).
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Tablo 2. Sisne Havzasi Ortalama Gegirimsizlik Degerleri ((HEC-GeoHMS-USACE, 2013]’den Uyarlanmigtir.)

AKAO Ort. Gegirimsizlik [%6] Alan [Km?] Alan [%)]
Su 100 33,47 19,45
Orman 0 90,75 52,74
Tarim 5 47,07 27,36
Yerlesim 30 0,64 0,37
Cayir-mera 5 0,14 0,08

rtalama Gegirimsizlik(%) ~
& .
: r, STa T
30 - )

100 e

Sekil 5. Ortalama Gegirimsizlik Yiizdeligi

Egri numaralar1 bulunurken havzaya ait AKAO ve HTG gibi baz1 6zelliklerin bilinmesi gerekmektedir. Bu degerler
havza alaninimn yerlesim, ticari, sulak, orman vs. gibi kullanimina bagl olarak farkli degerler almaktadir. Ornegin,
cayir, otlak ve sik ormanlar gibi bolgelerde (sadece A Grubu igin) CN degeri 30 iken, su/sulak alanlarda bu deger
(A, B, C ve D gruplarinin tamaminda) 100’e ulagsmaktadir (Tablo 3). Arc-GIS’de Tablo 3’teki 6zelliklere gore
kombinasyonu yapilmig ve Sisne Havzasina ait CN degerleri elde edilmistir (Sekil 6).

Tablo 3. AKAO ve HTG’ye Gore CN Degerleri ([Saral, 2010]’dan Uyarlanmustir.)

HTG
AKAO
A B C D
Yerlesim 57 72 81 86
Ticari Alanlar 89 92 94 95
Endiistriyel Alanlar 81 88 91 93
Agik Alanlar 39 61 74 80
Cayir, Otlak 30 58 71 78
Sik Ormanlar 30 55 70 77
Seyrek Ormanlar 43 65 76 82
Su/Sulak Alanlar 100 100 100 100
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Sekil 6. CN Degerlerinin CBS Ortaminda Elde Edilmesi

Elde edilen CN degerlerinin havza iizerindeki dagilim haritas1 ve alansal dagilimlarin1 gosteren sekiller sirasiyla
Sekil 7.a. ve Sekil 7.b.’de gosterilmektedir. CN degerleri 58 ile 100 arasinda degisen havzanin alansal olarak
dagiliminda ise yaklasik %50’si 78 oldugu sekil lizerinden de goriilmektedir. Buna en yakin diger CN degeri 87
olup toplam havza alanin %22’sine tekabiil etmektedir. Sisne Havzasinin ortalama egri numarasi degeri, CNoy, iS€
82,62 olarak hesaplanmigtir. Havzanin i¢ kesimleri ve kuzey bolgelerinde arazi kullanimina da bagli olarak CN

degerleri daha yiiksek ¢ikmustir.

51%

58 ®71 77 78 W33

LR

57 u 100

Egri Numarasi(CN)
Maks. : 100

Min. : 58

Sekil 7.a. CN Dagilim Haritas1 b. CN Degerlerinin Alansal Yiizdelik Dilim Gosterimi

Sisne Havzasina ait diger sayisal hesaplamalarin sonucu Tablo 4’te gosterilmistir. Gecikme zamani degeri,
denklemde yerine yazildiginda 2,46 saat olarak elde edilmistir. Denklemden de anlasilacag: gibi, oy degeri egim ile
ters, CN degerleri ile dogru orantili olarak degismektedir. Sisne Havzasi ortalama egim degeri ise 16,4 olup,
ortalama egri numarasi 82,62 gibi 100’e yakin bir degerin ¢iktigimi gostermistir. Ayrica toprak tarafindan tutulan
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maksimum su miktari, CN degeri Denklem 7’de yerine yazildiginda 53,43 mm bulunurken 1, Denklem 5’de
yerinde yazildiginda 10,7 mm olarak hesaplanmistir. Baslangigta tutulan yagis miktar1 degeri goriildiigii gibi CN ile
ters orantili olup, maksimum I, degeri minimum CN ile elde edilmistir.

Tablo 4: Sisne Havzasina Ait Parametrik Degerleri

Alan Uzunluk CN w L S Tiag la Gegirimsizlik
km? km - % m mm saat  dk mm %
172,07 84 82,62 16,4 25079 53,43 2,46 147 10,7 20,76
SONUCLAR

Kahramanmaras’daki en biiyiik yagisin Andirin ilgesine diismesi sebebiyle Sisne Havzasi ve bolgedeki tarim
amaciyla kullanilan topraklar, 6zellikle kis ve bahar aylarinda siirekli yagis altinda kalmaktadir. Yagislarin
besledigi 6nemli su kaynaklar1 potansiyeli de bulunan bolgede, siirekli ekstrem yagislar ise sel ve taskin gibi
zararlar1 da beraberinde getirmektedir. Bu metodolojinin uygulanmasiyla birlikte Andirin-Sisne bolgesindeki yagis-
akis tahminleri ve buna bagli olarak hidrograflar elde edilebilecektir. Bir¢ok hidrometeorolojik modelin aksine
SCS-CN metodu ile daha az veri kullanilarak olumlu sonuglar elde edilebilmektedir. Gelisen teknolojiye bagl
olarak CBS kullaniminin artmasi ve uzaktan algilama verileri, arazi 6l¢iim maliyetlerini ve is yikiinii minimize
etmekte; boylece gerekli analiz ve haritalamalar daha kolay yapilabilmektedir. Bu amagla, CBS vasitasiyla havza
jeomorfolojisi (AKAO, HTG, akarsu kollar1, rakim, akim yonii, egim, gecirimsizlik, egri numarasi, vb.) temin
edilmelidir.

SCS-CN metoduyla elde edilen haritalar, hidrograf analizleri bolgeye gelecege yonelik yapilacak yeni ¢alismalar
icin topografik veya jeolojik agidan destekleyici nitelikte olabilmektedir. Sisne Havzasina bakildiginda ortalama
CN degeri 82,62, ortalama ge¢irimsizlik degeri %20,76 olup havza hakkinda bazi 6n bilgilere ulagilmistir.
Gecmiste sel ve taskin olaylarinin olmasi boélgenin gegirimsizlik alanlara sahip oldugu ortalama gecirimsizlik
haritasiyla desteklenmistir. Elde edilen CN degerlerinin ¢alisma alanindaki dagilimi harita ile gosterilmis olup
calisma hakkinda 6n fikirde bulunmay:1 saglamustir. Sisne Havzasinin AKAQO haritasindan anlasilacagi gibi
yerlesim alanlar1 oldukca az bir alana sahiptir. Ayrica, BTG smifi yardimiyla bolgedeki tarima elverisli alanlar
belirlenebilmekte; boylece, yagisin siirekliligiyle tiretimde yeni projeler tasarlanabilmektedir. Hidrolojik toprak
gruplari ise akis potansiyeli tahmininde 6nemli rol almistir. HTG haritasindan da anlasildigi gibi havzanin biiyiik
cogunlugu D grubu, yani gecirgenligi ¢ok yavas oldugu tabakadan olugmakta olup, gegirgenligin az olmasi ise
bolgedeki topragin kil oldugunun gostergesi olarak yorumlanmistir. Havza alaninda yerlesim alan1 az oldugu ve
yagis oraninin ise yiiksek oldugu sdylenebilir. Bununla birlikte, ortalama egri numarasi degeri ve SYM verilerinden
havzanin egim dagilimina bakilarak az egimli topografik yapiya sahip oldugu gozlemlenmistir. Sisne Havzasina ait
yiikselti degerleri 6zellikle havzanin kuzey bolgesinde daha yiiksek oldugu ve akisin kuzeyden giineydoguya dogru
oldugu gorilmektedir. Havzanin gecikme siiresi (tig) 2,46 saat olarak bulunurken; bu deger, havzanin biiyikligi,
egimi ve yapisina bagli olarak degisiklik gosterebilmektedir. Andirin Sisne bolgesinde meydana gelen sel, tagkin
gibi olaylarin sebebi bdlgenin yagis bakimindan potansiyelinin yiiksek olmasi, havza yapisi ve seklinden dolayi
oldugu diistiniilmektedir. Caligmadan elde edilen sonuglara, evapotranspirasyon, sicaklik, yagis gibi meteorolojik
verilerin de eklenmesiyle bolgeye ait yagis-akis simiilasyonlari, tagkin frekans analizleri veya erken uyari sistemleri
gelistirilebilir. Boylelikle CBS ile entegre edilen SCS-CN metodu, yiizey yagis-akis tahmininin havza yonetiminde
etkin bir sekilde kullanilabilmesini saglayacaktir.
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ABSTRACT

In this study, the performance of a CPV system with double Fresnel lenses has been analysed experimentally. In
this context, the effects of concentration ratios (C;, C;) and f- numbers (f1, f») of primary and secondary lenses and
distance between lenses (Lp) on the CPV system performance have been investigated for different configurations.
In general, it has been observed that the CPV system performance improves with increasing Ly until it reaches a
critical value (Lp i), but it starts to worsen after L, exceeds Lp ... Besides this, CPV systems with double
lenses with a high f; value have been seen to perform better than single applications. It has been detected that the
performance of the CPV system can be improved by using a secondary Fresnel lens when f; > 0.5. Beyond these,
the ANOVA analyses have been carried out in order to compare the contribution ratio of the optical properties of
lens pairs on CPV system performance. It has been observed that C; and f; are predominantly effective on CPV
system performance whereas f, has found to have the least contribution ratio. Finally, optimum C;, Cs, f;, f, and
Lp crir have been predicted by genetic algorithm and artificial neural network based studies.

Keywords: Solar energy, CPV system, fresnel lens, ANOVA, neural network
OZET

Bu ¢alismada, yogunlastirici optik eleman olarak nokta odakli Fresnel lens kullanilan ¢ift optik elemanli bir CPV
sistemin performansi deneysel olarak incelenmistir. Bu kapsamda, birincil ve ikincil optik eleman yogunlagma
oranlar (Cy, C,), f sayilari (f1, f>) ve lensler arasi mesafenin (Lp) CPV sistem performansi tizerindeki etkileri tek
ve ¢ift Fresnel lensli farkli konfigiirasyonlar igin arastirilmustir. Genel olarak, lensler arast mesafe belirli bir kritik
degere (Lp crir) ulasincaya kadar, Ly artis1 ile CPV sistem performansinin iyilesmekte oldugu ancak Lp nin Kritik
degerin lizerine ¢iktiginda sistem performansinin kotiilesmeye basladigi gozlenmistir. Ayrica, Lp o¢’in 6nemli
Olglide Fresnel lens ¢iftinin optik 6zelliklerine bagl oldugu not edilmistir. Bunun yani sira, yiiksek f; degerine
sahip ¢ift Fresnel lensli CPV sistemlerinin, tekli Fresnel lens uygulamalarina gore daha iyi performans sergiledigi
goriilmiistiir. f; > 0.5 oldugunda CPV sisteminin performansinin ikincil bir Fresnel lens kullanilarak
iyilestirilebilecegi tespit edilmistir. Bunlarin Otesinde, Fresnel lens ciftlerinin optik 6zelliklerinin CPV sistem
performansina etki oranimi karsilastirmak icin deneysel veriler kullanilarak ANOVA analizleri yapilmistir.
ANOVA analizi sonuglari, birincil optik eleman 6zellikleri C; ve f;’in ¢ift Fresnel lensli CPV sistem performansi
tizerinde agirlikli olarak etkili oldugunu isaret etmistir. Ote yandan, diger parametrelerle karsilagtirildiginda £,'nin
CPV sistem performansi lizerinde en az etkiye sahip oldugu da goriilmiistiir. Son olarak, genetik algoritma ve
yapay sinir ag1 temelli ¢alismalar ile optimum Cy, Cy, f1, f and Lp (¢ tahmin edilmistir.

Anahtar Kelimeler: Giines enerjisi, CPV sistem, fresnel lens, ANOVA, yapay sinir ag1

ToCite: KARTAL, F., & TURAN, O, (2022). PERFORMANCE ANALYSIS AND OPTIMIZATION
OF A CONCENTRATED PHOTOVOLTAIC SYSTEM WITH DOUBLE FRESNEL LENSES.
Kahramanmaras Siitcii Imam Universitesi Miihendislik Bilimleri Dergisi, 25(2), 71-94.
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INTRODUCTION

"The world is not inherited from their ancestors, people borrowed it from their children," says a wise saying.
However, human beings have been using fossil fuels for many years in order to provide the energy, which is the
most basic need, by ignoring the damages they may cause to the world. As is known, fossil fuels contain carbon,
and when they are burned to generate energy, they release carbon dioxide. Today's scientists have revealed that
carbon dioxide creates a greenhouse effect on the world and causes global climate change. For this reason, in
today's world, energy is not only a basic requirement of human beings but also one of the most primary issues that
needs to be solved. This situation has focused attentions on the development of new, clean and renewable energy
technologies. One of these technologies is photovoltaic systems that directly generate electrical energy using solar
energy. However, the seasonal variation of solar energy density depending on geographical conditions causes the
yields of these applications to remain at limited levels. Therefore, in recent years, it has been observed that studies
on this area have focused on the development of new applications for improving the efficiency of photovoltaic
systems (Xie et. al, 2011; Yadav et. al, 2013). Among these applications, "Concentrated Photovoltaic Systems
(CPV)" stands out, where the sun's rays are focused on a specific target using optical elements such as lenses or
mirrors. However, CPV systems have a very complex structure, since their performance depends on many
parameters such as focusing distance, geometrical and optical concentration ratio, optical efficiency of the lens and
solar radiation flux. Therefore, studies to investigate the performance of CPV systems under different operating
conditions are very important. There are many different studies in the literature aimed at improving the
performance of CPV systems. According to the using optical element type, it is possible to be classified these
studies into two main groups as Fresnel lens and mirror. One of the first applications in the literature regarding with
using Fresnel lens in CPV systems is Harmon's (1977) experimental study, in which optical efficiency was
investigated for different concentration ratio. It was determined that the lens has sufficient optical efficiency at low
concentration rates, but the optical efficiency of the lens decreases by 20-80 % as the focus distance decreases,
especially at high concentrations. In another pioneer study that the economic feasibility of CPV systems were
investigated depending on their photovoltaic cell yields, optical efficiency and cost per unit area was conducted by
James and Williams. (1978). It has been highlighted that the change in solar energy density over time decreases the
efficiency of photovoltaic cells and thus the cost per unit cell area increases. In addition to this, it was stated that it
would be possible to benefit from CPV systems more effectively by using appropriate solar tracking systems. It has
been also pointed out that solar energy density, optical transmissivity, unit cell area cost and solar tracking systems
are the most critical parameters for Fresnel lens type CPV systems. In the following years, interest in CPV systems
has increased and many studies on CPV systems have been implemented in the 1980s. These studies generally
focused on solar tracking systems, cooling technologies for solar cells, high concentration systems and different
imaging Fresnel lens shapes (Nakata et. al, 1980; Shepard and Chan, 1981; Moffat and Scharlack, 1982). It is
possible to observe that since the 1990s, research on CPV systems with Fresnel lenses has reached a certain level
and has started to stand out in many different areas from space applications (Grilikhes et. al, 1996; Rumyantsev et.
al, 2002) to terrestrial applications (Kemmoku et. al, 2003). Essentially, an ideal CPV system is desired to
concentrate sunlight uniformly onto the photovoltaic cell. However, the main problem of CPV systems is that it can
generate non-uniform solar radiation intensity on the photovoltaic cell depending on the optical properties such as
the focal length of the optical element and the geometric concentration ratio (Segev and Kribus, 2013). For this
reason, many different methods have been developed in order to provide more uniform solar radiation intensity on
the photovoltaic cell in CPV systems. The most important of these methods is the use of secondary optical elements
(Tien and Shin, 2016). In the literature, there are many studies conducted using secondary optical elements with
different optical properties in order to obtain a more uniform solar radiation intensity (Victoria et. al, 2009; Chen
and Su, 2010; EI Himer et. al, 2012; Chen and Chiang, 2015; Tien and Shin, 2016; Renzi et. al, 2017; Sahin and
Yilmaz, 2019). In these studies, CPV systems with double optical elements, generally consisting of different optical
element pairs, were examined and it was noticed that the use of secondary optical element significantly improved
the system performance. Although Fresnel lenses are lower in cost and easier to apply compared to other optical
elements, it is observed that there are not enough studies on CPV systems with double Fresnel lenses in the current
literature. Besides, there is no clear answer to the question of which optical parameters are more critical on the
performance of CPV system with double Fresnel lenses. This gap in the current literature is the main motivation for
this study. The main purpose of this study is to experimentally investigate the effects of concentration ratio, f-
number and distance between lenses on the performance of CPV systems, which consist of pairs of point-focused
Fresnel lenses with different optical properties. With the help of the experimental findings, it is also aimed to make
statistical predictions based on the ANOVA method in order to determine the importance order of the related
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parameters. Finally, it also purposed the optical properties and distance between lenses are optimized by artificial
neural network coupled with genetic algorithm to maximise the performance of CPV system.

MATERIAL AND METHODS
Experimental Apparatus

In this study, the performance parameters of a CPV system with double concentrator optical elements with different
optical properties were investigated experimentally. For this purpose, a CPV system consisting of a lighting unit,
two-piece of concentrator optical elements and a multi-junction photovoltaic cell was designed (Fig. 1). Eight
point-focus PMMA Fresnel lenses with different optical properties were used as optical elements in the
experimental study, and the optical properties of lens were specified in Table 1. In the designed CPV system,
(10 mmx10 mm) 3C42 type triple junction (InGaP — InGaAs — Ge) a photovoltaic cell belonging to Azur Space
Company was used (Fig.1). The experiments were carried out under indoor test condition. In order to simulate solar
radiation, a lighting unit consisting of Philips tungsten-halogen bar lamps with 1000 W and projector was designed
(Fig. 1), as in many studies in the literature (Tawfik et. al, 2018). Vernier PYR-BTA pyranometer was used to
measure the solar radiation flux coming from the lighting unit onto the photovoltaic cell. The lighting unit has also
a PLC-based control unit that works synchronously with the pyranometer and ensures that the CPV system remains
constant at the required solar radiation level. In order to determine the performance parameters of the CPV system,
the current-voltage (I — V) and power-voltage (P — V') characteristics of the photovoltaic cell were measured using
the PROVA 210 solar module analyzer.

Projector and tungsten-halogen
bar lamps (1000 W)

Primary

Fresnel Lens

Triple Junction

photovoltaic cell

i! bl Solar Module Analyser
p—— |

Figure 1. Experimental Setup and Equipment

Table 1. Optical Properties of the Fresnel Lenses Used in the Study
Concentration”™

Diameter Focal length” :
Fresnel lens (9) (F) ratio f— number™”

(mm) (mm) ©

F1 150 140 176.7 0.9

F2 150 100 176.7 0.7

F3 150 70 176.7 0.5

F4 100 90 78.5 0.9

F5 100 70 78.5 0.7

F6 100 50 78.5 0.5

F7 52 35 21.2 0.7

F8 52 25 21.2 0.5
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* Optimum distance from the lens to the photovoltaic cell, ** ratio of lens area to photovoltaic cell area, *** ratio
of lens focal length to lens diameter.

Indoor Tests

Indoor tests were carried out under 1000 W /m? solar irradiance for 33 different situations consisting of different
combinations of Fresnel lenses (Table 2). Accordingly, D1 — D8 represent the experiments where a single optical
element is used, whereas D9 — D33 represent the experiments where double optical elements are used. In D9 —
D33 experiments, the primary optical element was kept constant at its focal length, while the secondary optical
element was moved vertically. The performance of CPV system configurations have been examined by
determining I —V and P — V characteristics for different L, values. I —V and P —V characteristic curves of
photovoltaic cell were obtained by curve fitting to the discrete data read from the solar module analyzer with using
the model proposed by Akbaba and Alattawi (1995). They proposed the following model based on the V- and Ig¢
read for the |-V characteristic of photovoltaic cell:

Voc -V
I=averE—cv @
A =Voc/lse, B= (K1 —K3)/K3, C = (KiVo — K;V)/K3 (2a)
Ky = Volog(Voe = Vi — Alp) (2b)
Ky = Vply (Voo — Vo — Aly) (2c)
K3 = Vol VI, (Vy, — V) (2d)

In the above equations, 0.941,. and 0.641,. values are suggested respectively for I, and I, and curve fitting process
is completed by selecting the appropriate values for V, and V. In addition, it is also worth noting that the effect of
temperature on the performance of CPV system has been ignored since the measurements made to determine the
I —V and P — V characteristics of the photovoltaic cell are carried out in a very short time (i.e. within 30 seconds).

Table 2. Experiment Configuration List
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Test No POE SOE

D1 F—150—140% -

D2 F — 150 — 100 -

D3 F—150—-70 -

D4 F—100-190 -

D5 F—100-70 -

D6 F—100—50 -

D7 F—-52-35 -

D8 F—-52-25 -

D9 F—150— 140 F—150— 100
D10 F—150—140 F—150—-70
D11 F — 150 — 140 F—100-90
D12 F—150— 140 F—100—-70
D13 F—150— 140 F—100-50
D14 F—150—140 F—52-35

D15 F — 150 — 140 F—-52-25

D16 F — 150 — 100 F—150—-70
D17 F—150— 100 F—100—-90
D18 F—150-100 F—100-70
D19 F—150— 100 F—100—50
D20 F—150— 100 F—-52-35

D21 F—150— 100 F—52-25

D22 F—150—-70 F—100-50
D23 F—150—70 F—52-35

D24 F—150—-70 F—52-25

D25 F—100-190 F—100-70
D26 F—100-—190 F—100-50
D27 F—100-—190 F—52-35

D28 F—100-190 F—52-25

D29 F—100-70 F—100—50
D30 F—100-70 F—-52-35

D31 F—100—70 F—52-25

D32 F—100-50 F—52-35

D33 F—100—50 F—-52-25

* F - 150 (diameter of the lens, mm) - 140 (focal length of the lens, mm)
Reliability Analysis of Experimental Measurement

In order to test the repeatability of the experimental measurements, each I — V measurement was repeated three
times and the reliability analyses were performed. One of the most commonly used indicators to reflect the
consistency level of repeated experimental measurement is the Cronbach's alpha coefficient (Pallant, 2016).
Essentially, the Cronbach's alpha coefficient is an internal consistency measure used to demonstrate the relationship
level between different tests or measurements performed for the same situation. The Cronbach’s alpha coefficient is
defined as a function of the number of measurement data and the mean correlation between measurements:

n >V
O cronbach = n—1 <1 - le> ©)

Here, n is the number of measurements, V; is the average covariance between the measurement pairs and V,, is the
mean variance. An ideal measurement result is expected to be Cronbach's alpha coefficient above 0.7 (Pallant,
2016). The outputs of reliability analysis are presented in Table 3 for some selected measurements. It is shown in
Table 3 that the values of correlation among the repeated measurements and Cronbach's alpha coefficient are
higher than 0.9. This indicates that the consistency level of the repeated experimental measurements is extremely
high.

Table 3. The Outputs of Reliability Analysis for I — V Measurements

Correlation Matrix Cronbach’s Alpha

D9 Coefficient
M1 M2 M3

M1 1.000 0.960 0.995 0.992
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M2 0.960 1.000 0.981
M3 0.995 0.981 1.000
Correlation Matrix Cronbach’s Alpha
D10 Coefficient
M1 M2 M3
M1 1.000 0.985 0.922
M2 0.985 1.000 0.892 0.970
M3 0.922 0.892 1.000
Correlation Matrix Cronbach’s Alpha
D16 Coefficient
M1 M2 M3
M1 1.000 0.870 0.820
M2 0.870 1.000 0.991 0.901
M3 0.820 0.991 1.000
Correlation Matrix Cronbach’s Alpha
D25 Coefficient
M1 M2 M3
M1 1.000 0.959 0.973
M2 0.959 1.000 0.901 0.974
M3 0.973 0.901 1.000
Correlation Matrix Cronbach’s Alpha
D26 Coefficient
M1 M2 M3
M1 1.000 0.906 0.922
M2 0.906 1.000 0.994 0.970
M3 0.922 0.994 1.000

RESULTS AND DISCUSSIONS
Effect of Distance between Lenses

For D9 — D33 configurations, using secondary optical elements, measurements at different L, values were taken
and the I — V, P — V characteristic curves and performance parameters were compared with the CPV system with a
single optical element, and the effect of L, on the performance of CPV systems using double optical elements was
examined in detail. In Figure 2, the results of D12 and D14 configurations are given, consisting of
F—150—140xF —100—70 and F — 150 — 140 x F — 52 — 35 optical element pairs, respectively. For both
configurations, it is possible to observe that, the CPV system performance improves with increasing L, until L,
reaches a critical value (Lp ), but it starts to worsen after L, exceeds Lp ..;c. For D12 ve D14 configurations,
Lp cri¢ Values, where the highest performance was obtained, were determined as 100 mm and 120 mm,
respectively. On the other hand, for the D12 (D14) configuration, the change in L, does not affect the V. value of
the photovoltaic cell, whereas the highest I and B, values were measured as 44 mA (47 mA) and 100.92
(110.17) respectively, L, = 100 mm (L, = 120 mm). These values for D12 (D14) configuration correspond to an
increase of approximately 260 % (285 %) and 257 % (289 %) for Is. and PB,,,,, respectively, when compared to D1
configuration where single optical element is used.
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Figure 2. The Effect of L, on Characteristic Curves and Performance Parameters of CPV System for a) D12 and
b) D14 Configurations

The findings for D25 (F —100—-90x F — 100 — 70) and D27 (F — 100 — 90 x F — 52 — 35) configurations
have been presented in Figure 3. Similar to D12 and D14 configurations (see Fig. 2), there is a non-monotonic
relationship between L and CPV system performance parameters for the D27 configuration. In other words, up to
a critical distance of L, CPV system performance enhances with increasing the distance between lenses, but it
tends to deteriorate when this critical distance is exceeded. For the D27 configuration, it is seen that the values of
maximum power and short-circuit current are obtained as I = 38.3 mA and B,,, = 91.81 mW, respectively at
L, = 70 mm and the CPV system performance parameters tend to decrease for L, > 70 mm. In other respects,
it is observed that the system performance increases with increasing Ly, for the D25 configuration. In Fig. 3, at low
Lp distances, it is also remarkable that the CPV system performance stays under the performance of D4
configuration that consists of the single optical element, which has the same optical properties as POE of D25
configuration. The findings in Figures 2 and 3 indicate that the performance of CPV systems with double optical
elements will be lower than CPV systems with single optical elements if the distance between the lenses is not
properly set up.
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Figure 3. The Effect of L, on Characteristic Curves and Performance Parameters of CPV System for a) D25 and
b) D27 Configurations
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Table 4. The Optical Properties of the Fresnel Lens Pairs and the Values of Lp i+ and P
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Experiment (41} Fri 9, Fr L b erit Pmax Pmax
N G C, fy f, (mw) (mw)
0 (mm) (mm) (mm) (mm) (mm) Double Lens  Single Lens
D9 150 140 150 100 176.71 176.71 0.9 0.7 80 7131 28.30
D10 150 140 150 70 176.71 176.71 0.9 0.5 100 98.85 28.30
D11 150 140 100 20 176.71 78.54 0.9 0.9 90 89.47 28.30
D12 150 140 100 70 176.71 78.54 0.9 0.7 100 100.92 28.30
D13 150 140 100 50 176.71 78.54 0.9 0.5 110 113.45 28.30
D14 150 140 52 35 176.71 21.24 0.9 0.7 120 110.17 28.30
D15 150 140 52 25 176.71 21.24 0.9 0.5 120 114.52 28.30
D16 150 100 150 70 176.71 176.71 0.7 0.5 70 77.84 46.89
D17 150 100 100 0 176.71 78.54 0.7 0.9 70 93.63 46.89
D18 150 100 100 70 176.71 78.54 0.7 0.7 70 98.44 46.89
D19 150 100 100 50 176.71 78.54 0.7 0.5 80 102.58 46.89
D20 150 100 52 35 176.71 21.24 0.7 0.7 85 118.22 46.89
D21 150 100 52 25 176.71 21.24 0.7 0.5 85 117.47 46.89
D22 150 70 100 50 176.71 78.54 0.5 0.5 50 80.98 79.53
D23 150 70 52 35 176.71 21.24 0.5 0.7 55 94.62 79.53
D24 150 70 52 25 176.71 21.24 0.5 0.5 55 84.76 79.53
D25 100 90 100 70 78.54 78.54 0.9 0.7 60 70.74 38.44
D26 100 90 100 50 78.54 78.54 0.9 0.5 60 74.03 38.44
D27 100 920 52 35 78.54 21.24 0.9 0.7 70 91.81 38.44
D28 100 20 52 25 78.54 21.24 0.9 0.5 75 100.37 38.44
D29 100 70 100 50 78.54 78.54 0.7 0.5 40 51.06 54.19
D30 100 70 52 35 78.54 21.24 0.7 0.7 55 90.18 54.19
D31 100 70 52 25 78.54 21.24 0.7 0.5 55 80.78 54.19
D32 100 50 52 35 78.54 21.24 0.5 0.7 35 60.88 60.65
D33 100 50 52 25 78.54 21.24 0.5 0.5 35 48.90 60.65

In Table 4, the optical properties of the Fresnel lens pairs, the critical distances between the lenses (where the
highest performance occurs) and the maximum power outputs have been given by comparing to the CPV systems
with single optical element. It is possible to observe that the Lj .;; value, where the maximum CPV system
performance occurs, varies depending on the optical properties of the Fresnel lens pairs. In addition to this, the
optical properties of the secondary optical element such as the concentration ratio (C,) and the f- number (f,),
significantly affect the value of Lj .,;¢. This can be detected more clearly from Figure 4 where the variation of
Lp cri¢ With C, and f;, are given for the CPV system configuration in which the lens, which has ¢; = 176.6 and
f1 = 0.9 optical properties, is used as POE. Figure 4 indicates that when f, (C,) is kept constant and C, (f,) is
increased, the values of Lp ..;+ (Where the maximum power output arises) reduce in CPV systems with double
optical elements.
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Figure 4. The Variation of Lj, ., with Optical Properties of Secondary Fresnel Lens (i.e. C, and f3)

In Figure 5, the values of maximum power output obtained from different CPV system configurations using double
optical elements are compared with the cases with a single optical element. It is possible to conclude from Fig. 5
that using double lenses has positively affected the CPV system performance in general. It was observed that the
highest power output was obtained from the D20 configuration consisting of the F — 150 — 100 x F — 52 — 35
Fresnel lens pair with 118.22 mW. This corresponds to a power increase of approximately 152 % compared to the
D2 configuration using single Fresnel lens (F — 150 — 100). Compared to the case with single optical element, the
highest performance increase with approximately 305 % has been achieved for the D15 configuration (F — 150 —
140 x F — 52 — 35). On the other hand, it has been observed that using secondary optical elements does not have
a significant effect on the CPV system performance in D22 (F —150—-70xF — 100—50) and D32
(F—100—-50xF — 52 — 35), whereas it adversely influences the CPV system performance in the D29
(F—-100—-70xF —100 —50) and D33 (F — 100 — 50 x F — 52 — 25).

140

Py (MW)

Configuration numbers

Figure 5. B,,,, Values Obtained from CPV System Configurations with Single (Red) and Double (Blue) Fresnel
Lenses
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Besides, it is also possible to observe from Fig. 5 that the CPV system configurations, which have high POE
concentration ratio, produce higher power output than the other configurations with double lenses. In addition to
this, it is worth noting that double optical element CPV systems with high f; value generally exhibit higher
performance compared to CPV systems with single optical elements. However, the maximum power output for the
CPV systems with double optical elements, which have low f; values, occurs rather close (or lower) levels to the
systems, which have single optical element. This can be observed more explicitly from Fig. 6, where maximum
power outputs of CPV system configurations with double and single optical elements are compared according to
the f-number of POE (i.e. f;). Figure 6 indicates that the performances of CPV system configurations with single
Fresnel lens improve by supporting a secondary Fresnel lens when f; is higher than 0.5. In other words, it is
possible to state that using a secondary optical element does not have a positive influence on the power output if
fi < 0.5 for a CPV system with single Fresnel lens.

100 140
mmmm Double Fresnel Lens f,=07
mmmm Single Fresnel Lens
120 +
80 f,=05
100 +
fam) fam)
; 60 - ; 80
S S
N—r N—r
x x
g g 60
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Figure 6. Comparison PB,,,, Values of CPV System Configurations with Double and Single Fresnel Lens for
Different f; Values

Effect of Concentration Ratio of Secondary Optical Element

In order to reveal the effect of concentration ratio of secondary optical element (SOE) on CPV system performance,
I —V and P — V characteristic curves and performance parameters of CPV system configurations consisting of the
SOE, which have different concentration ratios, have been compared in Figures 7 and 8. Accordingly, the findings
for D10, D13 and D15 (D9, D12 and D14) configurations consisting of the same primary optical element (POE)
but different SOE which have f, = 0.5 (f, = 0.7) were presented in Fig. 7a (Fig. 7b). From Figures 7a and 7b, it is
possible to observe that CPV system performance improves with decreasing C,. Moreover, it is also attractive that
this behaviour occurs more significantly especially for the cases, which have high £, value (Fig. 7b). For example,
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among the configurations where f-number of SOE (i.e f,) equals to 0.7 (0.5), P4, Was obtained as 71.31 mW
(98.85 mW) for D9 (D10) configuration where C, = 176.7, whereas it was measured as 110.17 mW (114.52 mW)
with nearly 55 % (16 %) increasing for D14 (D15) configuration where C, = 21.2. Besides, the results for D16,
D19 and D21 configurations, consisting of the POE which has lower f; (= 0.7) value and the SOE which have
F —150—-70, F — 100 — 50 and F — 52 — 25 optical properties respectively, were given in Fig 8. Similarly, the
CPV system performance significantly increases when C, decreases. Finally, it is also worth noting that when Fig.
7a and Fig. 8 are compared, the performance improvement is higher in the CPV systems with double Fresnel

lenses, which have low f; value.
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Figure 7. The Effects of C, on the Performance of CPV System Configurations at whichf; = 0.9: (@) f, = 0.5

and (b) f, = 0.7



KSU Miihendislik Bilimleri Dergisi, 25(2),2022 83 KSU J Eng Sci, 25(2),2022
Arastirma Makalesi Research Article
F. Kartal, O. Turan

60 120
G = 1000 W / m?
50 ) 100 -
©
40 80
2 > 4 S S
E 30] =4 % 60 -
- O DI6(C,=176.7) o
201 | O D19(C,=785) 40 |
O D21(C,=212)
10 20 4
C,=176.7/f,=0.7/f,=05
0 T T T T T OCI
00 05 10 15 20 25 30
V (V)
140
120 1
100 1
3
1<
o 80
3 60
\8 40
>

D16 D19 D21

Figure 8. The Effects of C, on the Performance of CPV System Configurations at which f; = 0.7 and f, = 0.5.

Effect of f-Number of Secondary Optical Element

In order to observe the effects of the f- number of SOE on the double Fresnel lens CPV system performance, it will
be useful to examine Figure 9 where the performances of CPV system configurations consisting of the SOE with
different f, values, are compared. The findings have been given in Fig.9a (Fig. 9b) for the D11, D12 and D13
(D17, D18 and D19) configurations, which consist of F — 150 — 140 (F — 150 — 100) optical featured POE and
F—100—-90, F —100— 70 and F — 100 — 50 optical featured SOE respectively. It can be noticed from Figures
9a and 9b that the performance of the double Fresnel lens CPV system improves when the f, value decreases.
Accordingly, in the CPV system configurations using Fresnel lens in which f; = 0.9 as the POE, P, =
89.47 mW for the D11 configuration in which £, = 0.9; for the D13 configuration where f, = 0.5, the maximum
power output was determined as B,,,, = 113.45 mW with an increase of approximately 27 %. On the other hand,
among the CPV system configurations using the POE with lower f; (= 0.7) value, P4 = 93.63mW  (Igc =
39.20 mA) for the D17 configuration where f, = 0.9 whereas P, , (Isc) was obtained as 102.58 mW (43.6 mA)
with an increase of approximately 9.5 % (11.2 %) for the D13 configuration in which f, = 0.5 (Fig. 9b). This
explicitly reflects that the performance improvement with decreasing f; value of the secondary Fresnel lens is
much more apparent in double Fresnel lens CPV system configurations which have a high f; value POE.
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Figure 9. The Effects of £, on the Performance of CPV System Configurations: (a) f; = 0.9 and (b) f; = 0.7
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ANOVA Analysis

In this section, the statistical studies have been carried out to reveal the weight factors of optical properties such as
concentration ratio and f — number of primary and secondary Fresnel lenses on the performance of CPV systems.
One of the most common statistical approaches used to reveal weight factors of independent variables on the
dependent variable is Analysis of Variance (i.e. ANOVA). Essentially, the ANOVA method is applied in order to
predict the importance order of the factors by revealing the proportional effect of each factor which are effective on
the target function (Canbolat et. al, 2019). In the ANOVA method, degrees of freedom (DOF), sum of squares (SS),
mean of squares (MS), F value and contribution ratios of the each factors in data set are calculated by using the
following equations:

Veact
Ffactor = ;ac = (4a)
error
SSfactor
v, — —factor (4b)
factor D OFfactor
DOFsaeror =k — 1 (4c)
SS _ Z Bfa(:tor,i2 _ (Z .Bi)2 (4d)
factor N n

Here, Frqccor represents the effect rate of the relevant parameter on the target function, and the larger the value of
Fractor Means the greater the effect rate for the relevant parameter. Vgcror and V,ror represent the variance value
of the factor and error, respectively. DOFsq.or is the degrees of freedom of the factor, SS¢,cior is the sum of
squares depending on the factor, Brqcror,i IS S / N (signal / noise) ratio of the factor at the i" level, N is the number

of repetitions of the factor at each level and n is the total number of tests or analyses. MS is also calculated as the
ratio of SS value to degrees of freedom for each parameter. The values of the target function are converted to the
S/N ratio, taking into account the "Biggest-Best" performance characteristic with the help of the following
equation:

S/N = —10log (%Z J’i_2> (5)
=1

Where n is the number of tests or experiments, y; represents the result value obtained for the i"™ performance
characteristic. For this study, y; shows maximum power output (BP,,,,) obtained for each experiment, double and
single optical element CPV system maximum output power ratios (Ppax / Pmax,singie) OF Critical distance between
lenses (Lpri¢) Value for each experiment. The selected parameters and levels for ANOVA analysis are
summarized in Table 5 in order to reveal the weight factors of optical properties of primary and secondary optical
elements on Py, Prax / Pmax,singte Nd Lp cric. Accordingly, one parameter with two levels (i.e. ¢;) and three
parameters with three levels (i.e. f, f, and C;) have been taken into account for ANOVA analysis.

Table 5. The Selected Parameters and Levels for ANOVA Analysis

Parameters Levels
(o 78.5 176.7 -
f1 0.5 0.7 0.9
C, 21.2 78.5 176.7

fa 0.5 0.7 0.9
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Table 6. The Data Set Used in ANOVA Analysis

Exp_ Parameters LD‘ crit

(mm)

Pmax

No ¢, C, fi fo (@W) S/ e SN
D9 176.7 176.7 09 07 71.31 37.06 2.52 8.03 80 38.06
D10 176.7 176.7 09 05 98.85 39.90 3.49 10.86 100 40.00
D11 176.7 78.5 09 09 89.47 39.03 3.16 10.00 90 39.08
D12 176.7 78.5 09 0.7 100.92 40.08 3.57 11.04 100 40.00
D13 176.7 78.5 09 05 11345 41.10 401 12.06 110 40.83
D14 176.7 21.2 09 0.7 110.17 40.84 3.89 1181 120 41.58
D15 176.7 21.2 09 05 11452 41.18 405 12.14 120 41.58
D16 176.7 176.7 0.7 05 77.84 37.82 1.66 4.40 70 36.90
D17 176.7 78.5 0.7 0.9 93.63 39.43 2.00 6.01 70 36.90
D18 176.7 78.5 0.7 07 98.44 39.86 2.10 6.44 70 36.90
D19 176.7 78.5 0.7 05 10258 40.22 2.19 6.80 80 38.06
D20 176.7 21.2 0.7 0.7 118.22 41.45 2.52 8.03 85 38.59
D21 176.7 21.2 0.7 05 11747 41.40 2.51 7.98 85 38.59
D23 176.7 21.2 05 0.7 94.62 39.52 1.19 1.51 55 34.81
D24 176.7 21.2 05 05 84.76 38.56 1.07 0.55 55 34.81
D25 78.5 78.5 09 07 70.74 36.99 1.84 5.30 60 35.56
D26 78.5 78.5 09 05 74.03 37.39 1.93 5.69 70 36.90
D27 78.5 21.2 09 07 91.81 39.26 2.39 7.56 70 36.90
D28 78.5 21.2 09 05 100.37 40.03 2.61 8.34 75 37.50
D30 78.5 21.2 0.7 0.7 90.18 39.10 1.66 4.42 55 34.81
D31 78.5 21.2 0.7 05 80.78 38.15 1.49 3.47 55 34.81

S/N

Table 7. The Results of ANOVA Analysis for Prqx, Pnax/Pmax,singte @ Lp crit

Pmax
Parameters SD SSs MS F Contribution ratio (%)
C, 1 21.03 21.03 34.89 58.23
C, 2 20.10 10.05 16.67 27.82
f1 2 8.39 4.20 6.96 11.62
f2 2 1.68 0.84 1.40 2.34
Error 13 7.84 0.60
z 20 38.59
Py = Pmax/Pmax,single
Parameters SD SS MS F Contribution ratio (%)
C, 1 71.80 71.80 107.31 26.60
C, 2 21.23 10.61 15.86 3.51
f1 2 190.78 95.39 142.57 69.71
f2 2 1.36 0.68 1.01 0.18
Error 13 8.70 0.67
z 20 222.71
LD,crit
Parameters SD SSs MS F Contribution ratio (%)
C, 1 53.48 53.48 282.84 57.15
C, 2 10.35 5.18 27.37 5.53
f1 2 66.45 33.22 175.71 35.50
f2 2 3.39 1.70 8.97 1.81
Error 13 2.46 0.19

z 20 95.44
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The weight factors of double optical element CPV systems on B,,,, were analysed by ANOVA method depending
on the considered levels of optical properties. The data set and analysis results are presented in Tables 6 and 7
respectively. In addition, the contribution ratio of the optical properties on P, are compared in percentage in Fig.
10. Accordingly, the most effective optical parameter on Py, Was found to be C; with 58.23 %. On the other hand,
it was seen that the lowest contribution ratio on P, iS f, with 2.34 %. In addition to this, the other optical
properties which have a significant effect on P,,, after C; were found to be C, (27.82 %) and f; (11.62 %)
respectively. Essentially, it needs to be stated that the outputs of the ANOVA analysis presented in Table 7 and Fig.
10a regarding the contribution ratio of optical properties on B, are the expected results. Because higher power
output is always expected from a CPV system with a high concentration ratio. Therefore, it will be useful to
consider the maximum output power ratio of the double and single optical element CPV system (Pp =
Prax / Pmax,singie) In order to better observe the contribution ratio of optical properties on the performance
increase (Tables 6, 7 and Fig. 10b). Figure 10b reflects that the performance improvement in CPV systems, which
reinforced with a secondary Fresnel lens significantly depends on the optical properties of the primary Fresnel lens
and also f- number of secondary optical element (i.e f,) has no effect. According to ANOVA analysis results, it
was determined that the most effective optical parameter on By,qx / Prmax,singie Fatio was f; with 69.71 %. It should
also be emphasized that the results in Figure 10b are consistent with the previous findings in Fig. 6. These findings
also indicate that using a secondary optical element does not have a positive effect on performance for f; < 0.5.
Finally, the effects of optical properties of primary and secondary Fresnel lenses on Lj, ., Were analysed using the
data set in Table 6 with ANOVA method and the results are presented in Table 7 and Figure 10c. Accordingly,
although optical properties of both Fresnel lens are effective on the Lp .., it is possible to observe that C; and f;
are much more effective on the Lp ;. It was determined that the most effective optical parameter on the Lp ¢
was C; with 57.15 %, followed by f;, C, and f, with 35.5 %, 5.53 % and 1.81 % respectively. In summary,
ANOVA analysis results indicate that primary optical element properties C; and f; are predominantly effective on
double Fresnel lens CPV system performance, while secondary optical element f- number (i.e. f,) is the optical
parameter with the least contribution ratio.
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Figure 10. The Contribution Ratios of Optical Properties of Primary and Secondary Fresnel Lenses on Py, 4y,
Pmax/Pmax,single and LD,crit

OPTIMIZATION OF THE CPV SYSTEM

In this section, artificial neural network (ANN) and genetic algorithm (GA) based optimization studies are carried
out in order to get the best performance of the designed CPV system. In Figure 11, the scenario of the optimization
study is summarized. First, mathematical models were created in ANN for 1/P,4, and Lp .. Using input
parameters (i.e.C; Cs, f1, f2). Then, the optimum input parameters were estimated by optimizing the mathematical
model created for 1/P,;,4, using GA. Finally, the optimum Lj ., distance was estimated by using these optimal
input parameters in the mathematical model created for Lp, ¢p¢ -

Inputs (C; — f1 — C3 — f3) Inputs (C; — f1 — C2 — f2)
Target (1/Ppqx) Target (Lpcriz )

g J

Artificial Neural Network (ANN)

I

Mathematical model
for 1/Pyax

I

g

.| Mathematical model

for Lpcrir

Genetic Algorithm
(GA)

I

Optimum Lp,;;
value

I

Optimum input
values

Figure 11. Flowchart of optimization methodology.

Artificial Neural Network

Artificial Neural Networks (ANNs) are computer algorithms that can learn events using examples related to a
particular situation and produce solutions against changes from the environment. Similar to the functional abilities
of the human brain, ANNs create their own experiences with the information getting from the examples after then
make similar decisions on similar issues. Today, ANNSs are effectively used in many areas such as classification,
modeling, and prediction applications (Rodriguez et al., 2018; Li et al., 2022). In this study, ANNSs are used to
predict 1/P,,4, and Lp ;¢ for different optical properties of POE and SOE in order to optimize CPV system. Two
separate multi-layer feedforwards ANNs with sigmoid hidden neurons and linear output neurons were designed to
find out mathematical model between inputs and outputs. The input layer of each ANN structures consists of 4
parameters which are Cy, Cy, f1, and f,. In the output layers, 1/P,,q, and Lp ., Were defined as separate targets
for ANNSs. In addition, each ANN structure has a hidden layer, which consists of 10 neurons (Figs. 12 and 13). 70%
of the experimental results given in Table 4 were used for training, 15% for validation, and 15% for testing. The
ANNSs were trained with Levenberg-Marquardt backpropagation algorithm. The mean square error (MSE) was used
to indicate difference between real and predicted data and regression values (R) were measured the correlation:

N
1
MSE = NZ(Yi — Y2 (6)
i=1
NYYY =3V XY

(VSR - @ [V Ed - @

R =

()
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where Y; and Y;' represent the actual measured values and the predicted points respectively while N is the number
of predictions. Figures 12 and 13, in which training performances of the ANNs are shown, indicate a strong
correlation between the predictions of the ANNs and the experimental results. This reflects that the mathematical
models created with ANNSs can be safely used for CPV system optimization.

input layer hidden layer output layer
“ (10) (1
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Figure 12. The Structure and Training Results of ANN Model for 1/P,,,, Values
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Genetic Algorithm

In this section, there are Genetic Algorithm (GA) based studies for estimating the optimum optical properties of the
CPV system that will minimize the 1/PB,,,, (i.e. maximize B,,,) by using the mathematical model (i.e. fitness
function) developed with ANN in the previous section. GA is a stochastic optimization method based on natural
selection principles and working according to probability rules. It has successful applications in many areas such as
function optimization, machine learning, classification and mechanism design (Cai et al., 2020; Cai et al., 2021). In
this study, MATLAB optimization toolbox was used for GA optimization. The optimization parameters considered
in this study and lower-upper bounds of variables have been given in Tables 8.

Table 8. Optimization Parameters and Lower-Upper Bounds of Variables

Parameters Values
Population size 100
Crossover rate 0.8

Mutation rate 0.05
Number of generations 50
Lower bound of C;, C, 21.24
Upper bound of C,, C, 176.71
Lower bound of f;, f5 0.5
Upper bound of f;, f5 0.9

The algorithm has regenerated 50 times to observe the stability of the GA results. The variation of fitness (i.e.
1/Pnax) and optimum variables (Cy opt, Co0pts f1,0pe @Nd f2,0p¢) Values at each generation are shown in Fig. 15. It
can be seen from Fig. 15 that the GA algorithms give quite stable results for the values of fitness function and
optimum variables. This explicitly indicates the reliability of the optimization results obtained with GA. According
to this, the minimum (maximum) 1/Byqx (Prax) Value was obtained as 0.0077 1/mW (129.87 mW) for C; o =
164.68, C; opr = 21.24, f1ope = 0.7 and f5 ope = 0.61 see Table 9. Finally, these optimum values were used as
inputs in the ANN developed for critical distance between lenses and Lp ., Was predicted as 91 mm. It is also
worth noting that an additional 10% improvement in the performance of the CPV system was achieved with the
optimization study.
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Fig. 14. The Variation of Fitness Value (i.e.1/P,,4,) and Optimum Optical Properties of CPV System at Each

Generation

Table 9. Optimized Values of Optical Properties and Maximum Power Output

Cl.Opt Cz,opt

fl,opt

fz,opt

LD,crit (mm)

Pmax (mW)

164.68 21.24

0.70

0.61

91.00

129.87
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CONCLUSIONS

In this study, the effects of primary and secondary optical element concentration ratios, f -numbers and distance
between lenses on CPV system performance have been investigated in detail, considering different CPV system
configurations with single and double optical elements consisting of point-focus Fresnel lenses. It has been
observed that the performance of CPV systems using double Fresnel lenses fluctuates significantly depending on
the optical properties of the secondary Fresnel lens (i.e. C, and f,) and the distance between the lenses. Thus, if the
relevant parameters are not determined properly, the use of secondary optical elements does not positively affect
CPV system performance. It has been detected that the L, .+ value, at which maximum CPV system performance
occurs, varies depending on the optical properties of the Fresnel lens pairs and when C, (f5) is increased by being
kept constant f, (C5), the Lp .-+ must be reduced in order to get maximum power output. In addition, CPV systems
with double Fresnel lenses with a high f; value have been found to perform better than single Fresnel lens
applications, and it has been observed that the performance of the CPV system can be improved by using a
secondary Fresnel lens when f; > 0.5. Besides these, the ANOVA analyses were carried out by using the data
obtained from experimental studies in order to compare the contribution ratio of the optical properties of Fresnel
lens pairs on CPV system performance. ANOVA analysis results indicate that primary optical element properties
C, and f; are predominantly effective on double Fresnel lens CPV system performance, while f- number of SOE
(i.e. f) is the optical parameter with the least contribution ratio. It is also concluded that the importance order of
the optical properties of the Fresnel lens pairs on CPV system performance is C; > f; > C, > f,. Finally, ANN
and GA based optimization studies were carried out in order to get the best performance of the designed CPV
system. With the help of optimization studies, an additional 10% improvement in the performance of the CPV
system was achieved.

NOMENCLATURE
C [-] Concentration ratio
CPV [-] Concentrated photovoltaic
DOF [-] Degrees of freedom
G W/m?  Solar radiation intensity
Ge [-] Germanium
InGaAs [-] Indium gallium arsenide
InGaP [-] Indium gallium phosphide
I [mA]  Current
I, [mA]  Short circuit current
Lp [mm]  Distance between lenses
Lp crie [mm]  Critical distance between lenses where B, is obtained
P [mMW]  Power output of CPV system
Prax [mMW]  Maximum power output of CPV system
Double and single optical element CPV system maximum output power ratios
P [-] (P / P cirn2)
max max,single
POE [-] Primary optical element
SOE [-] Secondary optical element
SS [-] Sum of squares
S/N [-] Signal to noise
vV [V] Voltage
Ve [V] Open circuit voltage
Acronbach L] Cronbach’s alpha coefficient

[ [mm]  Diameter
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OZET

Bu calismanin amac1 yaz aylarinda i¢ ortam havasini daha serin tutan Harran konik ¢atili evlerini enerji verimliligi
agisindan, bina ¢at1 geometrisinin i¢ ortam havasina etkisini arastirmaktir. Bu amagla Harran konik ¢atili evler ayni
taban alani, hacim ve termofiziksel 6zelliklere sahip diiz catili bir bina ile karsilastirilmigtir. Farkli geometrilerdeki
catilardan gerceklesen 1s1 transferiyle biitiin binanin 1s1l performansinm1 degerlendirmek amaciyla deneysel bir
calisma gergeklestirilmistir. Bu ¢alismanin amaci, hangi ¢ati geometrisinin yaz mevsiminde daha enerji verimli
oldugunu belirlemektir. Bu sebeple diiz gatili bina referans alinarak farkli geometrideki catilarla karsilastirilmstir.
Adyabatik hazne teknigi kullanilarak cat1 tiplerinin dogal 1s1 transfer katsayilar1 ve toplam 1s1 transfer katsayilar
deneysel olarak incelenmistir. Sonug olarak konik ¢atilt modelin dis yiizey dogal taginim 1s1 transfer katsayisinin ve
toplam 1s1 transfer katsayisinin diiz gatiya gore sirasiyla 1,5 ve 2,5 kat daha fazla oldugu bulunmustur. Bulunan
sonuglar, yaz aylarinda Harran evlerinde i¢ hava sicakliginin daha diisiik olmasin1 dogrular niteliktedir.

Anahtar Kelimeler: Dogal taginim, ¢at1 geometrisi, toplam 1s1 transfer katsayisi
ABSTRACT

The aim of this study is to investigate the effect of building roof geometry on indoor air in terms of energy
efficiency in Harran conical roof houses, which keep indoor air cooler in summer. For this purpose, Harran conical
roof houses were compared with a flat roofed building with the same floor area, volume and thermophysical
properties. An experimental study was carried out to evaluate the thermal performance of the whole building with
heat transfer from roofs of different geometries. The aim of this study is to determine which roof geometry is more
energy efficient in summer. For this reason, the flat roofed building was compared with roofs of different geometry.
The natural heat transfer coefficients and total heat transfer coefficients of the roof types were investigated
experimentally by using the adiabatic chamber technique. As a result, the outer surface natural convection heat
transfer coefficient and the total heat transfer coefficient of the conical roof model were found to be 1.5 and 2.5
times higher, respectively, than the flat roof. The results found confirm that the indoor air temperature is lower in
Harran houses during the summer months.

Keywords: Natural convection, roof geometry, total heat transfer coefficient
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GIRIS

It is known that conical domed Harran houses keep the indoor air cooler in summer than modern flat-roofed
buildings (Basaran, 2011; Yildirim et al., 2014). Experimentally examining the effect of domed roof geometries on
the indoor environment and reflecting their advantageous effects on new building designs is important in terms of
energy savings. There are many studies in the literature on the investigation of natural convection in closed spaces,

which are associated with many other engineering and industrial applications such as electronics, room heating,
solar collectors (Sarris et al., 2004; Dalal & Das, 2006; Dogan et al., 2012; Saleh & Hashim, 2014).

Computational fluid dynamics (CFD) simulations are frequently used in analyzes where the effect of building
geometry on the convection heat transfer coefficient (CHTC) is investigated. Hu et al., (2018) investigated the
convective heat transfer coefficient on different building surfaces and ground for a building cluster with high
Reynolds number. Forced, natural and mixed convection heat transfer states are simulated. Surface-averaged
Nusselt numbers for forced convection were found to be proportional to Re®”. The Nusselt numbers are the
windward, upper, side, leeward surface and ground numbers, respectively, from largest to smallest. For natural
convection, surface-averaged average Nusselt numbers were found to be proportional to Gr*. Nusselt numbers
were found as wall, surface and floor numbers, from largest to smallest, respectively. Montazeri & Blocken, (2018)
investigated the combined effects of wind speed, building height and width, and wind direction on the surface-
averaged CHTC,,, for windward facades of buildings. High resolution CFD simulations of wind flow and forced
convection heat transfer were performed and validated by wind tunnel measurements. The results show that
CHTC,y for a given wind direction increases as the building height increases. However, increasing the building
width has the opposite effect on CHTC,,,. Montazeri & Blocken, (2017) derived new generalized expressions from
CFD simulations for surface-averaged forced convection on building facades and roofs, taking into account the
reference wind speed, the width and height of the building facade against the wind as parameters. The results show
that for a given building geometry, the relationship between surface-averaged convection heat transfer coefficient
and wind speed is an exponential power law dependent on the surface type (upwind, lee, side, face, roof). In
another study (Montazeri et al., 2015) in which the effect of building size and geometry on the heat transfer
coefficient was examined, CFD simulations of forced convection heat transfer was carried out on the windward
facade of 22 buildings with different geometries. The effect of the building geometry on the convective heat
transfer coefficient distribution was investigated at different reference wind speeds: for buildings with H>W, for

buildings with HKW and for buildings with H=W. The results show that CHTC JU{2* is relatively insensitive to

the reference wind speed. For W=10 m and increasing H from 10 m to 80 m, the surface-averaged CHTC /U33*on

the wind direction front increases by about 20%. However, for H=10 m, increasing the building width from 10 to

80 m has the opposite effect on the surface-averaged CHTC /UL2*. Jiang et al., (2020) used CFD simulations to
analyze the forced convection heat transfer in the louvered wind front, which was confirmed by wind tunnel
experiments. In most cases, the surface average convection heat loss of sun-side louvers is much higher than that of
the shaded side. The maximum difference was found more than twice.

In the literature, there are studies in which alternative and new approaches are tried in studies examining the
relationship between building geometry and heat transfer coefficient. Frangois et al., (2020) presented an
alternative approach to estimate the value of the whole building by determining the heat flux at a particular location
on the wall surface. As a result of the method used, h coefficient values close to and similar to the standard value in
ISO 14683 standards were found. Yang et al., (2017) determined the radiative heat flux, convective heat flux, and
total received heat flux on the outer surface of an exterior wall in different seasons with an experimental approach.
The results show that radiation heat accounts for a large portion of the total heat throughout the year. In the study
(Evangelisti et al., 2017), in which heat transfer processes between building walls and the environment were
examined using on-site measurements, existing correlations based on wind speed, Standard recommendations and
an empirical methodology, there was a percentage difference of 26.5% with the Standard and 13.4% with the
ASHRAE correlation. found.

There are also studies in which building geometry and energy consumption, heat transfer coefficients are carried
out with theoretical analyzes and different simulation software. The total and radiative heat transfer coefficients of
an enclosure with different room sizes, heated from a single wall, were investigated by theoretical calculations and
the Engineering Equation Solver (EES) program. A correlation was found that includes the effect of aspect ratio
(H/L). The results showed that the average radiation coefficient is in the range of 5.4-5.5 W/m? K and it changes
little according to the room dimensions (Acikgoz, 2015). This study presented an approach for calculating heat
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emissions from buildings to ambient air and applied the approach in EnergyPlus. A simplified spreadsheet
calculation has been made to validate the method implemented in EnergyPlus. Hong et al., (2020) conducted
simulations covering 16 commercial building types, four climates and two energy efficiency levels to understand
and evaluate building heat emissions. The simulation results showed that the annual site energy use of a building is
different from the annual heat emissions. In 70% of the simulations, heat emissions were higher than on-site energy
use. For most building typologies, it is concluded that climate has a strong influence on heat emissions. lousef et
al., (2019) investigated the effect of external CHTC models on the predicted energy performance of buildings with
a wide variety of geometries. EnergyPlus six commonly used CHTC models are applied and compared. While there
is a deviation of -14.5% for the annual heating demand, a maximum deviation of +42.0% is obtained for the annual
cooling demand compared to the generalized CHTC model. Premrov et al., (2017) focused on the impact of
building shape on annual energy needs in six different macro-climate regions in Europe. As a result, it was found
that two-storey houses outperform single-storey houses in cold climate conditions. The increased aspect ratio has a
positive effect on reducing the energy requirement. In the case of hot climatic conditions, the findings were almost
the opposite of those obtained for cold climes.

Before the experimental work presented in this study, CFD simulations were performed for the same scenario.
Harran’s conical roofed building has for this purpose been compared with flat roofed building of equivalent
thermo-physical properties, base area and volume (Yildirim et al., 2017). Three dimensional CFD simulations using
the low-Reynolds number modeling (LRNM) and standard turbulence models are performed. The effect of roof
geometry on natural ventilation is investigated. The conical roof house has higher convective heat transfer
coefficient on windward side but a lower value on the roof. In the case of wind incidence angle of 90 and cross
ventilation, the Harran house has better (8%) performance than flat roofed building.

The literature review clearly shows that the effects of building geometry on thermal performance have been the
subject of many studies, but the relationship between natural convection and roof geometry has not been closely
examined. In this study, the U-value approach, which covers all the effects of heat transfer from the roof, including
convection, conduction, and radiation, was used. In order to determine which of the roof geometries is more
resistant to heat loss, it was investigated experimentally using the adiabatic box technique (Yesilata & Turgut,
2007; Turgut & Yesilata, 2009). The thermal performances of different roof geometries have been determined by
assuming the same volume and floor area. The walls and floors of the models are insulated, only the roof is made
of metal, and the direct effect of the roof geometry on the indoor air and the natural convection from the roof are
examined. The values obtained by the method used were validated with the literature values.

METHOD
Preparation of Building Models

The Conic 60 building model is a 1/5 reduced dimensions of an actual Harran house room. Model Conic 30 and
Flat have same volume and base area with Model Conic 60 (Figure 1).

T

54 cm 18cm
60 | /\30 y *
§ Model Conic 60 § Model Conic 30 g Model Flat
3 wn
v
— 60ocm — > < gom — > *— 60 cm —>

Figure 1 The Building Models and The Roof Angles Used in Experiment
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As can be seen from Figure the roof slope of Model Conic 30 and 60 are respectively 30° and 60°. Walls and floors
of the models are constructed from 15 cm expanded polystyrene has a thermal conductivity of ~0.040 W/m K. 1.5
cm galvanized iron sheet used for roofs and has thermal conductivity of 15.6 W/m K (Figure 2).

Figure 2 Model Conic 30, Flat and Conic 60

Figure 3 Water Reservoir with Resistance Heater and Placing on The Floor Closed with Aluminum Foil

30 It of water put into reservoir made of sheet metal and closed with aluminum foil (Figure 3) Once the roof placed
on the walls, the junctions were sealed with silicone adhesive to prevent indoor air leakage.

Measuring Instruments

Temperature measurement is made by using T-type thermocouple in experiments. Read error is about +0.25°C with
the thermocouple. The temperature measurement points are shown in Figure 5. Also, the ambient and the wall
surface temperatures of the room are measured. Temperature measurements were made at intervals of 10 minutes
and saved with 32 Channels Hioki 8422-51 Memory Hilogger (Figure 4).
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Figure 4 The Data Logger Used in Experiments and the Placement of the Therocoupls on the Outer Surface of
Model Roofs

Measurements and Assumptions

Water in the reservoir is heated to a certain temperature and the electrical connection is cut off then the water is
allowed to cool. Experiments were made in a closed space. During experiments average of the difference between
the wall outside surface temperatures of the models and the ambient temperature are observed about 0.5°C. The
temperature gradient is assumed to be along the y axis and in the horizontal (x axis) it is negligible (Figure 5). For
the surface temperatures, measurements were made at many points. And then the average of the measured values
used in calculations as an isothermal surface. The indoor air temperatures of the models are the average of
measurements at six different points as shown in Figure 5.

1.5 mm

Galvanized
sheet

Temperature
measurement -

point

Expanded
polystyrene

) R

Resistance
heater

Figure 5 The Experimental Setup Belonging to Model Flat, Conic 60 and Temperature Measuring Points

Two methods are used to examine the data obtained from the measurements. These are dimensionless temperature
and energy balance method

Dimensionless Temperature Method
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Testing of the building models are not carried out at same time so the outdoor temperatures of models may be
different. Similarly, the water temperature in the reservoir in the beginning of the test may vary slightly according
to the model. To eliminate these differences between the models and to make an objective approach the
dimensionless temperature method is used. The equilibrium temperature could not be obtained although
experiments last more than 24 hours. This definition is useful even for building models tested at different indoor
and outdoor temperatures while maintaining the same heat transfer mechanism. Since the rate of reduction of the
curves at the end of the experiments is almost constant, the experimental period can be considered long enough to
make a fair comparison. (Turgut & Yesilata, 2009). The dimensionless temperature is defined as below,

* T(t)_TO
0" = T(t=0)-T,
(1)

where, T(t = 0) = T; is initial temperature of water and T'(t), is temperature of reservoir at any time ‘t’ and T IS
the ambient temperature. Thus, it will be possible to compare insulating properties of different roof geometries by
these dimensionless temperature parameters.

Energy Balance Method

In the literature (Globe & Dropkin, 1954) there are relations for horizontal rectangular closed spaces with surfaces
at constant temperature. When the hot plate is at the bottom, significant convection currents start for Ra; > 1708
and the heat transfer rate increases (Figure 6). Main objective is to determine the effects of heat transfer in the
cavity (Nogueira et al., 2011). By this method, the total heat transfer coefficient and the convection heat transfer
coefficients of each model’s inner volume and external roof surface can be calculated. The calculation procedure is
based on the energy balance applied to the roof of each model. The total heat transfer (Eq.2) taking place to the
ambient air from the roof surface consists of convection (Eg.3) and radiation (Eq.4) (Figure 6)

T T ambiont

convection "
radiation

Rc n
Insulation T1 >T2 Q TZ
./ -
convection radiation i Fluent
T
'\
Ty

Figure 6 The Schematic Representation of The Convection and Radiation Resistances of Flat Roofed Model and a
Rectangular Shaped Closed Environment Heated from Bottom Surface

Qtotal = 9rc + Qrra

)

Qrc = hr (To,s - Tambient)
3)

Qrra = SU(TO,S4 - To‘é)

(4)
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where ¢ is Stefan-Boltzmann constant. Here the total heat transfer (g:o¢q;) 1S €qual to heat transfer by conduction
through the roof and therefore the natural convection heat transfer coefficient on the outer surface of the roof
(h,) can be calculated by the equation below,

T; —T,
erSL—m_SU(To,s‘L_To%)
cr
h, =
(To,s_Tambient)
(®)

where T; ¢ and T, ¢ are the temperature of inner and outer surface respectively. And the radiation heat transfer
coefficient is calculated as,

hyq = EO'(To,sz + To%)(To,s + Tw)
(6)

The temperature is Kelvin above equation, and it is observed that Tgmpient = Too during experiments. The
combined heat transfer coefficient is defined by

hcombinea = hr + hyg

()

In literature there are many relations about natural convection heat transfer coefficients based on experimental
studies (Cengel, 2011). Flat roof was evaluated as a cooling of horizontal hot upward plate. During the experiments
Ra is observed in the range of 10* — 107 and for this range, the relation (McAdams, 1954)

Nu = 0.54 Ra}’* (8)
is used to calculate the average heat transfer coefficient on the external surface of the roof. Because of the heat

transfer direction is vertical, the energy balance can be written between the ground and the roof. Total heat transfer
taking place to roof consists of convection (Eqg. 9), radiation (Eg. 10) and conduction (Eg. 11)

dcin = hin * (Ts - Tin,s) (9)

where T and Ty, ¢ are the temperature of roof and inner surface respectively.
(TS+273)4—(Tin,s+273)4

q Jin — o * —&5 [y (10)
S CON e
where F,, is the view factor for parallel rectangles.
Ts_Tin,s
Gconjin = kg x——= (11)

L

Therefore, the overall heat transfer from enclosure to roof is equal to the heat conduction through the roof and
energy balance can be written as follows,

TO,S

T. -
qcin t Qradin T 9eonin = kr * % (12)
The heat transfer coefficient for the enclosure can be obtained from the above equation and written as
o Tins~Tos (T5+273)4—(Tin,5+273)4 Ts—Tins
T . - - a”
" (2 mg (5D -
hin - (13)

(Tz=Tiy)
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In literature, there are also relations for the constant temperature rectangular enclosures (Cengel, 2011). As a result
of flat roof model experiments, the range of Ra; demonstrated compliance with the following equation (Globe &
Dropkin, 1959) ( 3x10° < Ra; < 7x10°):

Nu = 0.069 Ra,’*Pr0074 (14)

So, all the convection and radiation coefficients are known, the total thermal resistance from ground to roof of the
models can be calculated as below,

1 L 1
Rrotar =5—-+5+ (15)

Uncertainty Analysis
Most widely used uncertainty analysis is the method of Kline and McClintock (1953). According to this method, R

is the measured parameter and x, x,, x3, ... ....., X, are the independent variables. In this case, it can be written as
below,
R = R(X1,X2,X3, cuv e v v, Xp)
(16)
Each independent variable error rates are wy, w,, ws, ... .....,w, and wg is the error rate of R magnitude and is
defined as,
aR 28R 2 R 2
Wk = [(a—xlwl) +(owa) + oo+ (o) ]
(17)

Errors in length measurement are neglected. Errors in temperature measurements depend on measurement
instruments and as follows,

(k1) Uncertainty for thermocouple==+0.25°C
(k2) Uncertainty for data recorder=0.1°C
(k3) Uncertainty for the connections=0.1°C

Uncertainty in temperature measurement is calculated as follows,

wr = [k? + k2 + k3]Y/? = +0.28°C
(18)

Uncertainty in convection coefficients is calculated with the equation below,

wh w wr WTeo 1/2
e[+ ) ()]
(19)

where wyy, is the uncertainty of conduction heat transfer and calculated as follows,

wo _ (WTi,y)Z N (WTd,y)2
o |\ ar AT

(20)

1/2

When the above equation solved for the conduction through the flat roof, w, = %8.1 for AT = 5°C. This high
error rate is because of the small temperature difference. The temperature difference between the external surface
of the roof and the ambient temperature is AT = 10°C and for this case w,, = % 9. The uncertainty for Nusselt
number can be calculated as below,
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(21)

The average convection coefficient of flat roof surface is 4.2 W/m?K, and the uncertainty for this value is about
Wyu = %2.1

RESULTS AND DISCUSSION

As a result of experiments, the dimensionless temperature curves of the three roof models are drawn with using the
obtained data. (Figure 7). As can be seen from the graph the flat roofed model is the most durable model in terms of
losing indoor heat and the model Conic_60 tends to lose heat most quickly. Also Figure 8 is drawn for the
comparison of the indoor air temperatures of the conical domed Harran house model (Conic_60) and the flat roofed
model. At the same environment conditions, the water in the reservoirs of these two models is heated to same
temperature (87.5 °C) and allowed them to cool approximately 39 hours. As Figure 8 shows that Model Conic_60
indoor air temperature is 3.4°C less than the flat roof model during the cooling period.

1.20

== = Model Flat
----- Model Conic_60
s Model Conic_30

0.20

0.00
10 250 490 730 970 1210 1450 1890 1930 2170 2410

Time (Min)

Figure 7 The Variation of Dimensionless Temperature Difference with Time
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Figure 8 The Change of Indoor Temperature of The Model Flat and Model Conic_60

To determine the effect of the roof geometry to indoor air, the total thermal resistances of the models are calculated
(Table 1). The total heat transfer coefficient of the Model conic_60 is found the highest.

Table 1 Total Heat Transfer Coefficient of The Models

Model U-value (W /m?K) R (K/W)
Flat 1.6 1.77
Conic_30 4.6 0.34
Conic_60 5.6 0.20

100

¢ Globe & Dropkin
y = 0.0674x0°3333

~— Experiment Result

y = 0.0514x93%
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Figure 9 The Comparison of The Experiment Results and the Literature Correlations of Nu and Ra for Horizontal
Rectangular Enclosures, L=58 cm

Figure 9 shows the comparison of the correlation given in literature for constant temperature horizontal enclosures
and the flat roofed model experiment results. And Figure 10 shows the comparison of the correlation given in
literature for cooling of constant temperature hot plate in a cold environment and the experimental results of the
cooling of flat roof. As can be seen in Figure 9 and 10 the data obtained from the experiments fit to the slope of
literature values. The average value of the natural convection heat transfer coefficient of the enclosure of the flat
roof is found 1.9 W /m?2K by using the literature correlation. As a result of experimental data, its average is found
1.8 W/m?K.

50

45

1 B A ¢ McAdams

35 \ s ‘ RES y =0.54x0%-25

30 4 e X 2K - —— X = Experiment Result

25 y = 0.5081x0-25¢

Nu,

20 1

15

10 + 4 IR

0.E+00 1E+06 2.E+06 3.E+06 4 E+06
Ra,

Figure 10 Comparison of Experimental Correlation with Correlation in Literature for The Average Nusselt
Number of Natural Convection on a Horizontal Plate

Figure 11, 12, 13 respectively show variation of the Conic_60, Flat, Conic_30 roof outer surface convection heat
transfer coefficients as a function of the temperature difference between roof outer surface and the ambient
temperature. The average natural convection coefficient of outer surface of Conic_60 roof is found 10.5 W /m?K
and the value for indoor is 8.9 W/m?2K . The average of the flat roofed model roof outer surface convection
coefficient is found 4.2 W /m?K. The indoor average value of convection heat transfer coefficients of the flat roof
is 1.8 W/m?K The average indoor and roof outer surface radiation heat transfer coefficients for flat roofed model
is respectively 0.3 W/m?K and 1.6 W/m?K. The convection heat transfer coefficients for model Conic_30 is,
h;, = 8.8 W/m?K, h, = 8.3 W/m?K. As seen above values, the model of conical domed Harran house (Conic
60) the coefficient for roof outer surface is more than Conic_30. But the most significant difference is between the
model Flat and Conic_60, because the Conic 60 ‘s convective heat transfer coefficient is 2.5 times the outer
surface value of flat roofed one.
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Figure 11 The Variation of The Model Conic_60 Roof Outer Surface Convection Heat Transfer Coefficient As o
Function of The Temperature Difference Between The Roof Outer Surface And The Ambient Temperature
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Figure 12 The Variation of The Model Flat Roof Outer Surface Convection Heat Transfer Coefficient as a
Function of The Temperature Difference Between the Roof Outer Surface nd The Ambient Temperature
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Figure 13 The Variation of The Model Conic_30 Roof Outer Surface Convection Heat Transfer Coefficient as a
Function of The Temperature Difference Between the Roof Outer Surface and The Ambient Temperature

CONCLUSION

Conical roofed Harran house model at 1/5 scale (Conic_0) and the equivalent volume and base area of flat roofed
model and a model has a roof slope (Conic 30) between these two roof types are used to define the total heat
transfer coefficients in terms of changing roof geometry. Also, the natural convection coefficients of the inner

volume and the roof outer surfaces of models are compared using experimental and literature data. Experimental
results showed that,

Model of conical-roofed Harran house average indoor air temperature is 3.5°C cooler than the flat roofed model

indoor air during the experiment at same environmental conditions. For the same base temperature, the roof slope
increases the indoor air temperature decreases.

Conical roofed Harran house model has the lowest total thermal resistance from base to roof is and its total heat
transfer coefficient is more than 2.5 times the flat roofed model.

It is found that Rayleigh number has an increasing trend with Nusselt number same time. Average convection
coefficients calculated with literature correlations are consistent with obtained from experimental data.

Conical roofed Harran house model has the highest inner and outer natural convection coefficients. The average of

natural convection heat transfer coefficient of the conical roofed Harran house model roof outer surface is about 1.5
times more than the flat roof model’s.
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OZET

Bu deneysel arastirmada, 100 mikron boyut alti ve 2 mm boyut alt1 olarak 6giitiilmiis pomzanin ¢imentolu tamir
har¢larinda kullanimu ile harcin fiziksel, mekanik ve &zellikle rotre yapma karakteristigi lizerine detayli bir
inceleme gergeklestirilmistir. Yapilan deneysel analizlerde pomza agreganin ince ve iri boyutlarda kullaniminda
tamir harcinin yogunluguna, gézeneklilik oranina, basing dayanimi, egilme dayanimi, elastisite 6zelliklerine ve
kuruma biiziilmesi degerlerine olan etkileri detayli analiz edilmistir. Pomza bilesenli karigimlarda ince:iri orani
sirastyla her bir karigimda agirlikga yiizde olarak 20:80, 30:70, 40:60, 50:50, 60:40, 70:30 ve 80:20 oranlar1
kullanilmistir. Her ne kadar pomza agregali 6rneklerin kuruma biizlilmesi oranlar1 pomza kullanilmadan {iretilen
kontrol harcindan goérece yiiksek bir degerde tespit edilse de biitiin pomza agregali tamir harci drneklerinin
biiziilme degerleri ilgili standartlarin ongérdiigii deger araliginda yer almaktadir. Har¢ karigimlarinda iri boyut
pomza agreganin daha fazla kullanildig1 6rneklerin rétre miktarinin, ince boyut pomza agregali 6rneklerin rotre
miktarindan daha diisiik oldugu tespit edilmistir. Bu durum harcin gozeneklilik oramiyla iliskilendirilmis,
gozeneklilik oran1 daha yiiksek olan harglarin rétresi daha diisiik olarak tespit edilmistir.

Anahtar Kelimeler: Tiksotropik, rétre, cimento, tamir harci, pomza
ABSTRACT

In this experimental study, a detailed investigation was carried out on the physical, mechanical, and shrinkage
characteristics of cementitious repair mortars with the use of ground pumice in with 0/100 um and 0/2 mm grain
sizes. In the experimental analysis, the effects of the use of pumice aggregate in fine and coarse sizes on the
density, porosity, compressive strength, flexural strength, elasticity properties and drying shrinkage values of the
repair mortar were analyzed in detail. In mixtures with pumice component, the ratio of fine:coarse pumice, 20:80,
30:70, 40:60, 50:50, 60:40, 70:30 and 80:20 by weight were used in mixtures, respectively. Although the drying
shrinkage rates of test specimens were determined at a relatively higher value than the control mortar, the shrinkage
values of all pumice aggregate repair mortar specimens were within the value range stipulated by the relevant
standards. It was determined that the shrinkage amount of the specimens in which coarse size pumice aggregate
was used more in mortar mixtures was lower than the shrinkage amount of the specimens with fine size pumice
aggregate. This situation was associated with the porosity rate of the mortar, and the shrinkage of the mortars with
higher porosity was determined to be lower.

Keywords: Thixotropic, shrinkage, cement, repair mortar, pumice
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GIRIS

Betonarme yapilar soguk ve sicak iklim ortam kosullarina maruz kaldiklarinda zamanla bozulmaktadir. Bu nedenle
tarihi yapilar, rihtimlar, kopriiler, dis ve i¢c cephe beton birimlerin yiizeyleri vb. gibi zamanla yorulmaya ugrayan
yap1 birimlerin rehabilite edilmesi ve onarilmasi gerekmektedir (Benharzallah et al., 2018). Bu onarim islemleri
genellikle 6zel karisim tasarimlarina sahip tamir harglart ile yapilmaktadir. Tamir harglar1 ince tabaka ve kalin
tabaka olarak iki farkli uygulama kosulunda uygulanan harg tiirleridir. Ince tabaka tamir harclar1 genellikle ic
mekanlarda dokiilmiis ince siva kalinligindaki siva onarimlarinda, ince ¢atlak olusumlarinin onarilmasinda, ¢atlak
ve delik tamirlerinde, siva ve beton yiizeylerin tesviye amacgli sivanmasinda ve eski yapilarda meydana gelen
restorasyon c¢alismalart gibi uygulamalarda briit beton, gaz beton, prefabrik beton, tugla ve briket tiirii yap1
elemanlarinin olusturdugu birimlerde kullanilir. Kalin tamir harglari ise kalin dolgu yapabilen i¢ ve dis mekanlarda
prefabrik beton, briit beton, tugla ve briket {izerindeki kalmhigin fazla oldugu (1-5 cm) bosluklarin
doldurulmasinda, siva, kalin ¢atlaklarin tamirinde, delik tamirlerinde, kiris ve kolonlarda meydana gelen catlak ve
kirilmalarin onariminda siva ve beton ylizeylerin tesviye amagli sivanmasinda, seramik uygulamasi oncesinde
saglam ve diizgiin alt yiizey olusturmasinda kullanilir.

Kimyasal polimer ve lif takviyeli, yiiksek dayanima sahip kullanima hazir har¢lar, ¢cimento esasli tamir harglar
olarak tanimlanmaktadir. Ancak, giincel endistriyel uygulamalarda harcin sertlesme siiresinde rotre davranisi
gOsterip gostermedigine gore iki farkli formatta har¢ tanimlamalar1 yapilabilmektedir. Bunlardan en 6nemlisi formu
rotresiz ve ayni zamanda tiksotropik ozellik sergileyen harg tirtidiir. Har¢ uygulamalarinda tiksotropik 6zellik,
ozellikle diisey konumda ve yer ¢ekimi ivmesine direng gosterecek sekilde uygulanan harglarda uygulama sirasinda
velveya sonrasinda asagi egilimli olarak sarkma, akma ve yigisarak asagi yonde kayma olgusu gostermeden,
uygulandig ilk sekliyle yiizeye tutunan ve sarkma yapmayan harg 6zelligi olarak tanimlanabilmektedir (Pekmezci
ve Atahan, 2014). Bu baglamda, tiksotropik rotresiz harglar genellikle ¢imento esasli, tek bilesenli, polimer ve fiber
takviyeli ve yiiksek mukavemetli yapisal tamir harglaridir. Suya ve dona karsi dayanikli olan tamir harglarinin
farkli kullanim amaglar i¢in farkli agrega dagilimina, farkli akiskanliga, farkli aderans degerlerine sahip tiirleri
bulunmaktadir (Fixa, 2017; Mohammadi et al., 2014; Rapoport and Shah, 2005; Xiong et al., 2002). Endiistriyel
uygulamalarda tiksotropik rotresiz harglar ¢ogunlukla erken yiiksek mukavemet istenen yerlerde, segregasyona
ugramig betonun tamirinde, betonarme yapi elemanlarinin onariminda, betonlarin siilfat ve klor etkilerine karsi
korunmasinda, deniz yapilarinin onarim ve bakiminda, makine ayaklariin ankrajinda, yiliksek tasima kapasiteli
yataklanmalarda, filiz ve ankraj demirlerinin sabitlenmesinde, hafif ve orta agirlikta trafik yiikii olan, 6zel
kaplamalar gelecek dosemelerde ve yiizey tamiratlarinda, pah yapilmasinda, tie-rod delikleri ve karot bosluklarinin
doldurulmasinda kullanilir (Fixa, 2017; Shaikh, 2016; Tayeh et al., 2013).

Ince tabaka tiksotropik rotresiz tamir harclarinin tasariminda kullanilan kimyasallar harcin sertlestikten sonra rotre
(biiziilme) yapmamasini ve ¢ok ince yarik ve/veya c¢atlaklara kadar niifuz edip beton yiizeyin tamiratlarinda kolay
uygulanabilirligini saglar. Rétresiz tamir harglar1 7 giin sonunda 50 N/mm?®, 28 giin sonunda ise 65 N/mm*lik
basing dayanimindan daha yiiksek mukavemet degerleri gosterebilirler (Fixa, 2017; Shaikh, 2016; Rapoport and
Shah, 2005). Bu yiiksek dayanim o6zelligi sayesinde akici kivamda olanlar 6zellikle makine ayaklarinin
sabitlenmesinde, tiksotropik kivamda olanlar ise tie-rod deliklerinin ve karot bosluklarinin doldurulmasinda siklikla
tercih edilirler (Fixa, 2017). Tiksotropik rétresiz tamir harglarinin iiretiminde ana agrega materyali olarak alternatif
birden fazla dogal, suni ve/veya yar1 suni malzemenin kullanimlar1 gériilebilmektedir (Kawashima and Shah, 2011,
Toledo Filho et al., 2005). En yaygin kullanilan malzemeler arasinda 6giitiilmiis mikronize boyutlarda kuvars
kumu, kalsit, ham perlit, yiiksek firin ciirufu vb. malzemeler sayilabilir (Ahmadi et al., 2017). Harcin 6zel karigim
formiilasyonlari ile birlikte gdzenekli yapiya sahip ve mikronize edilmis boyutlarda genlesmis kil, volkan ciirufu ve
kalsine diyatomit gibi malzemelerin de kullanimlar1 goriilebilmektedir.

Bu makale, volkanik orijinli ve dogal gozenekli bir yapiya sahip olan pomza kayacinin ince tabaka tiksotropik
rotresiz tamir harglarinda kullanildiginda harcin performansinin daha iyi anlasilabilmesine katkida bulunmay1
amaglamaktadir. Farkli tane boyut ve oranlarinda pomza igeren ¢imento esasli tamir harglarin gelistirilmesine
yonelik deneysel bir ¢alisma yiirlitilmistiir. Laboratuvarda test edilen 8 farkli karisim tasarimina sahip pomza
agregali polimer modifiyeli ¢imento esasli tamir harci 6rneklerinin teknik bulgular1 detayli bir sekilde tartigilmustir.
Yapilan deneysel analizlerde pomza agreganin ince ve iri boyutlarda kullaniminda tamir harcinin yogunluguna,
gozeneklilik oranina, basing dayanimi, egilme dayanim, elastisite 6zelliklerine ve kuruma biiziilmesi degerlerine
olan etkileri detayli analiz edilmis olup, elde edilen bulgular bu makale c¢alismasinda tartisilmistir. Pomzanin
uygun miktarlarda farkli boyut dagilimina sahip bir sekilde tamir harci karisimlarinda kullanim, tiksotropik
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ozellikte sarkma ve akma yapmayan, rotre davranisi sergilemeyen ve ayrica ilgili standartlarin 6ngérdiigi teknik
limitleri saglayabilen harglarin elde edilebilecegini gostermistir.

MATERYAL VE METOT
Test Orneklerinde Kullanilan Malzemeler

Pomza agregalarin ¢imento esaslt ince tabaka tiksotropik rotresiz tamir harci tiretiminde degerlendirilebilirliginin
analizi amaciyla, aynmi orijinli iki farkli boyutta siiflandirilmig pomza agrega kullanilmigtir. Tamir harci test
orneklerinin hazirlanmasinda pomza agrega Nevsehir Ili Gore bolgesinde bulunan ocaklardan ham dogal sekliyle
temin edilmistir. Laboratuvar ortaminda dogal pomza agrega oncelikle 105+5°C’lik havalandirmali bir etiiv
ortaminda biinye nemi atilincaya kadar kurutulmasi saglanmis ve sonrasinda bir kirici yardimiyla kirilarak boyut
kiigiiltme islemi yapilmistir. Kirici sonrasi ufalanmig pomza malzeme, kare aciklikli elek kullanilarak
boyutlandirilmis ve 6zellikle tamir harci test ornekleri i¢in 100 mikron boyut alti mikronize pomza ve 0-2 mm
pomza agrega malzeme olarak iki farkli boyutta gruplandirilmistir. 100 mikron boyutlu pomzanin kuru yigin
yogutsllugu 910 kg/m® olup, 0-2 mm boyut araligindaki pomza agreganin kuru yigin yogunluk degeri ise 740
kg/m*tiir.

Ince tabaka tamir harci test orneklerinin hazirlanmasinda pH diizenleyici ve kivam ayarlayic1 dzellik tasimasi
nedeniyle yiiksek saflikta mikronize edilmig, CL-90-S Sondiiriilmiis toz kire¢ normal piyasa kosullarindan temin
edilerek kullanilmigtir. CL-90-S kireci TS EN 459-1 (2015) yap1 kireci standardinin 6ngordigii teknik degerleri
saglayan Ozelliktedir. Bununla birlikte bilesiminde CaO+MgO miktar1 >%90 ve Ca(OH), miktar1 ise >%85’dir.
CL-90-S kirecin kuru yi1gm yogunluk degeri ortalama 540 kg/m*tiir.

Test orneklerinin analizi amaciyla maksimum tane boyutu 750 mikron 6giitiilmiis kuvars kumu gerek pomza agrega
kullanmaksizin hazirlanmig tamir harct kontrol 6rneklerin hazirlanmasinda ana agrega malzemesi olarak gerekse
pomza agregali orneklerde de dolgu materyali olarak kullanilmugtir. Ogiitiilmiis kuvars kumu, normal piyasa
kosullarindan temin edilmis olup, ortalama y1gin yogunlugu 1500+150 kg/m*tiir. Ayrica tamir harci 6rneklerinde
maksimum tane boyutu 45 mikron olan mikro silika dayanim artirici katki materyali olarak kullanilmistir.

Ince tabaka tamir harci karisimlarinda harcin tiksotropi dzelligini saglayici, rétre olusumunu minimize edici ve
harcin mukavemet ve bag kuvvetini artirmak amaciyla ticari piyasa kosullarindan temin edilmis toz formda 3 farkli
kimyasal polimer katki, harmanlanarak tek bir karisim olarak kullanilmigtir. Polimer katkilarin karisimi ortalama
yi1gin yogunlugu 840 kg/m*’tiir. Harcin esnekligini artirmak ve kohezyon degerini iyilestirmek amactyla maksimum
uzunlugu 40 mikron olan organik esasli lif har¢ donat1 katkis1 olarak kullanilmistir. Tamir harci hazirlanmasinda
CEM 1 42.5R Portland Cimento (6zgiil agirlik degeri 3,15 g/cm®) kullanilmus olup, su olarak sehir sebeke suyu
kullanilmgtir.

Tamir Harci Karisim Tasarimi ve Orneklerin Hazirlanmasi

Cimento esasli tiksotropik rotresiz ince tabaka tamir harci iiretiminde pomza agrega kullaniminin harcin
performansina etkisinin analizi amaciyla 8 ayri karigim tasarimi yapilmis olup, karisim kombinasyonlar Cizelge
1’de verilmistir.

Tablo 1. Tiksotropik Rotresiz Tamir Harci Karigim Kombinasyonlari (Agirlikca %).

CL-90-S . Organik
lp(z)om';l; %gnq;r;\ Toz Dolgu '\S/II::(;; Lif+Polimer
Karisim Cimento Kire¢ Katki
RO 32,00 0,00 0,00 5,00 58,10 3,60 2,30
R1 32,00 8,62 34,48 5,00 14,00 3,60 2,30
R2 32,00 12,93 30,17 5,00 14,00 3,60 2,30
R3 32,00 17,24 25,86 5,00 14,00 3,60 2,30
R4 32,00 21,55 21,55 5,00 14,00 3,60 2,30
R5 32,00 25,86 17,24 5,00 14,00 3,60 2,30
R6 32,00 30,17 12,93 5,00 14,00 3,60 2,30
R7 32,00 34,48 8,62 5,00 14,00 3,60 2,30

Pomzanin tamir harcinda agrega malzeme olarak kullaniminda etkinligi ve performansini analiz etmek amaciyla
oncelikle karisiminda pomza agrega yer almayan bir seri kontrol karisimi tasarlanmis olup, bu tasarim “R0” olarak
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kodlanmustir. Agirlikca %32 ¢imento ve 0,63 su/¢cimento oraninda pomza agregasi kullanilmadan hazirlanan test
ornekleri (RO) bu ¢aligmada referans deger olarak irdelenmistir. Bununla birlikte har¢ orneklerinde etkinliginin
incelenmesi amaciyla pomzanin (ince/iri) boyut oranlarma baghh 7 farkli karigim tasarimi yapilmistir. Bu
karisimlarda “ince” pomza olarak 100 mikron pomza ve “iri” pomza olarak da 0-2 mm pomza agrega
kullanilmigtir. Pomza bilesenli karigimlarda ince/iri oranmi sirasiyla her bir karisimda (%20:%80=0,25;
%30:%70=043; %40:%60=0,67; %50:%50=1,00; %60:%40=1,50; %70:%30=2,33 ve %80:%20=4,00) oranlar
kullanilmigtir. Kontrol tamir harci karigimi igin elde edilmis yas har¢ kivamina esdeger olacak har¢ kivaminin
saglanmasi amaciyla pomza agreganin ana agrega olarak kullanildigi tiim karigimlarda su/¢cimento=0,72 oraninda
sabit deger olarak kullanilmistir. Bununla birlikte, pomza agregali tiim har¢ karisimlarinda ¢imento orani, toz kireg
orani, mikro silika, organik lif ve polimer katki oranlar1 agirlik¢a sabit oranlarda kullanilmustir.

Hazirlanan har¢ karisimlart belirlenen su/¢cimento oranindaki su ile diisiik devirli bir karistiriciyla oncelikle 3-4
dakika boyunca topaklanma olmaksizin homojen bir karisim elde edilinceye kadar karistirilmistir. Elde edilen taze
harg yaklasik 4 dakika dinlendirilip tekrar 30 saniye kadar ilaveten karistirildiktan sonra yas harg, test 6rneklerinin
kaliplanmas: i¢in hazir hale getirilmistir. Karistirma sonrasinda test 6rneklerinin kaliplanmasi 20°C de yaklasik 30
dakikalik siire icerisinde yapilmistir. Dokiimii yapilan test 6rneklerinin yiizeyleri ilk 24 saat boyunca sudan, giines,
riizgar ve dondan korunmustur. Ayrica 6zel maddeler ile hizli buharlagtirma gibi benzeri herhangi bir uygulama
yapilmamustir.

Test drnekleri i¢in hazirlanan her bir karisimdan 50x50x50 mm boyutlu kiip numuneler ve ayrica 40x40x160 mm
boyutlu prizma formlu test 6rneklerinin dokiimleri yapilmistir. Test 6rnekleri dokiimden 1 giin sonra kaliplardan
cikartilmis ve termostatli bir kiir tankinda test tarihinden bir gilin Oncesine kadar su igerisinde kiir islemi
uygulanmistir. Teste tabi tutulacak tiim Srneklerin test oncesi havalandirmali bir etiivde degismez kiitle degerine
kadar kurutulmasi saglanarak, kuru durumlari igin testler uygulanmigtir. Hazirlanan karigimlardan 1, 7, 28 ve 90
giinlik basing dayanimi 50 mm’lik kiijp numuneler {izerinde ASTM C109 (2017) standardinda Ongoriilen
prensiplere gore yapilmistir. Hazirlanan karigimlardan 28 gilinlik egilme dayanimi 40x40x160 mm’lik prizma
numuneler tizerinde ASTM C348 (2021) standardinda 6ngoriilen prensiplere gore yapilmistir. Ayrica 28 giinliik kiir
sonras1 sertlesmis har¢ Orneklerinin Statik Elastisite Modiil degerleri belirlenmis olup, ASTM C642 (2017)
standardina gore yogunluk ve gozeneklilik degerleri analiz edilmistir. Pomza agrega kullaniminin tamir harci
orneklerinin kuruma biiziilmesi davranislarin1 analiz etmek amaciyla her bir karisimdan tiger adet 25x25x285 mm
prizma sekilli test 6rnekleri hazirlanmigtir. Bu 6rnekler dokiimden 24 saat sonra kaliptan c¢ikartilmis ve 48 saat
siireyle termostatli bir su kabininde 20°C sicaklikta su igerisinde kiir islemi uygulanmigtir. Sonrasinda kiir
kabininden alinan test ornekleri sicakligi 20°C ve bagil nemi %55 olan bir ortamda ASTM C596 (2018) standardina
gore bekletilmistir. Bu bekleme siiresi igerisinde test 6rneklerindeki boy degisimi Esitlik 1’de verilen baginti
yardimiyla kuruma biiziilmesi (rotre) degeri olarak hesaplanmustir.

s=2"2x100 1)
Lo
Burada, S, test Orneginin kuruma biiziilme % degerini; L;, kiir havuzundan g¢ikarildiktan sonra

baslangi¢ 6l¢iim degerini, mm; L, gegen giinlere gore periyodik dSl¢iim degerini, mm; Lo, efektif 6l¢iim boyunu,
mm, gostermektedir.

ARASTIRMA BULGULARI VE TARTISMA

Tiksotropik rotresiz ince tabaka tamir harci analizi i¢in farkli alternatif karigim tasarimlarinda hazirlanan test
orneklerinin baz1 teknik bulgular Cizelge 2’de verilmistir.
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Tablo 2. Tamir Harci Ornekleriniz Analiz Bulgulari

Toz Sertlesmis
Pomza Yigin Yas Har¢ Harg¢ Gozeneklilik Kuruma
Karisim (ince/iri) S/IC Yogunluk Yogunlugu Yogunlugu Oram Biiziilmesi

Oram (kg/m?) (kg/m?) (kg/m®) (%) (%)
RO 0,00 0,63 1398 1922 1676 57 0,0180
R1 0,25 0,72 1015 1502 1297 18,8 0,0193
R2 0,43 0,72 1026 1530 1329 17,6 0,0197
R3 0,67 0,72 1036 1553 1349 16,3 0,0208
R4 1,00 0,72 1038 1561 1357 15,2 0,0216
R5 1,50 0,72 1059 1599 1391 14,4 0,0219
R6 2,33 0,72 1070 1620 1410 13,7 0,0223
R7 4,00 0,72 1082 1644 1432 12,3 0,0227

Har¢ Karisimlarimin Ozellikleri

Tiksotropik ve rotresiz tamir harci testleri igin dncelikle bilesiminde pomza agrega yer almayan RO kodlu kontrol
test Ornegi amagli bir harg tasarimi yapilmis olup, kontrol harcinin toz formda (Sekil 1) y1gin yogunluk degeri 1398
kg/m? olarak belirlenmistir. Bu harg karisimi 0,63 su/gimento oraninda su ile karildiginda taze yas harcin (Sekil 2)
birimshacirn kiitlesi 1922 kg/m® ve 28 giin kiir sonrasi sertlesmis harcin kuru harcin birim hacim kiitlesi ise 1676
kg/m™tiir.

RO

Sekil 1. RO Karigimi Tamir Harci Toz Formu

Sekil 2. RO Karisimi1 Tamir Harci Taze Yas Har¢ Formu
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Pomzanin tamir harc1 6rneklerinde performansinin incelenmesi amaciyla R1-R7 olarak kodlanmig 7 farkli ince/iri
pomza oran kullaniminda tasarlanmig 6rneklerin toz formda yigin yogunluk degerleri ince/iri pomza oranina gore
1015- 1082 kg/m® araliginda degismektedir. Karigimdaki ince pomza orani arttik¢a toz formda yigm yogunluk
degeri de artmaktadir. En yiiksek ince pomza kullanim oranli karigimin (R7) toz y1gin yogunluk degeri, pomzanin
gozenekli yapist ve agrega olarak birim yogunlugun daha diisiik olmasi sebebiyle kontrol harcindan %22,6 daha
hafiftir. R1 ve R7 karisimlarina ait toz formdaki tamir harci genel goriiniimleri Sekil 3 ve Sekil 4’te verilmistir. R1-
R7 harg¢ karigimlarinin tamamu sabit 0,72 su/¢imento oraninda su ile karildiginda taze yas harcin birim hacim
kiitlesi ince/iri pomza oran degisimine bagli olarak 1502- 1644 kg/m® araliginda, 28 giin kiir sonrasi sertlesmis harg
6rneklerinin kuru harcin birim hacim kiitlesi ise 1297- 1432 kg/m® araligindadir. R1 ve R7 karisimlarina ait taze
yas formdaki tamir harci genel goriintimleri Sekil 5 ve Sekil 6’da verilmistir. En yliksek ince boyut pomza kullanim
oranli karisimin (R7) taze yas har¢ ve sertlesmis har¢ yogunluk degeri kontrol harcindan yaklasik %14,5 daha
hafiftir. Ince boyuttaki pomzanin tane boyutu kontrol harcinda yer alan ana malzemenin tane boyutundan daha ince
oldugu icin, karma suyu sonrasi harg karigiminda daha fazla yerlesme olusmasi sebebiyle kontrol harcinin toz y1gin
yogunluguna kiyasla daha diisiik bir yogunluk fark: elde edilmistir.

R £

Sekil 3. R1 Karisimi Tamir Harci Toz Formu

Sekil 4. R1 Karisimi Taze Yas Har¢ Formu
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lﬂ’:)—

Sekil 5. R7 Karisimi Tamir Harci Toz Formu

2

Sekil 6. R7 Karisimi Taze Yas Har¢ Formu

Cizelge 2’den goriildiigi iizere, kontrol harci kapali ve agik gozeneklerin olusturdugu toplam gézeneklilik orani
%b5,7 olarak belirlenmistir. Pomzanin har¢ bilesiminde yer almasi, agreganin dogal gbzenekli yapisi sebebiyle
kullanim oranina gore degismekle birlikte, pomza iri boyut malzeme orami arttikga harcin toplam gozeneklilik
degeri de artmaktadir. ince/iri pomza 0,25 — 4,00 oran degisiminde har¢ drneklerinin gdzeneklilik oram %12,3 -
%18,8 oraminda degismektedir. Iri boyutlu en az pomzanin kullanildigi R1 karisimmin gozenekliligi kontrol
harcina gore 2,15 kat, iri pomzanin en ¢ok kullanildigi R7 karisiminin gézenekliligi ise kontrol harcina gore 3,3 kat
daha fazladir. Bu da pomza igerikli tamir har¢larmin yapisal 6zelliginin kontrol harcindan oldukga farklilik
gosterecegini temsil eder. Pomza bilesenli tamir har¢ drneklerinin toplam karisimdaki ince/iri malzeme orani “&”
ile toplam gozeneklilik “3” degisimi arasindaki iligki grafiksel olarak Sekil 7°de verilmistir. Grafiksel analizden de
goriildiigli lizere, karisim tasariminda ince pomza boyut miktar1 arttik¢a, sertlesmis harcin toplam goézeneklilik
orani azalmaktadir.
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Sekil 7. ince/Iri Oran1 ‘¢’ Harcin Gézeneklilik Orani *8° Iliskisi
Tamir harci 6rneklerinin 28 giin sonrasi mikroyap1 analizleri yapildiginda farkli karakteristikte matris formlarin

olusturdugu gozlenmistir. Kontrol harct RO ve iki ayri pomza (ince/iri) oran degisimine sahip R1 ve R7
karigimlarini temsilen mikroyap1 gorselleri sembolik olarak Sekil 8 — Sekil 10°da verilmistir.

Sekil 8. Kontrol Harct RO Matris Yapisi

‘

Sekil 9. %20:%80 Ince:iri Pomzali R1 Matris Yapisi
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Sekil 10. %80:%20 ince:iri Pomzali R7 Matris Yapisi

Kontrol harcinin matris yapisi, diisiik gézenek oranli bir form sergilemektedir (Sekil 8). Karisimdaki mikro silika
tanelerinin matris yapida homojen yapili bir sekilde dagilim gosterdigi gdzlenmistir. Ayrica, matris yapiy1
olusturan tiim agrega tanelerinin ince boyutlu tanelerden olustugu da goriilmektedir. Pomza agregali karigimlardan
%20:%380 ince:iri pomza oranlt R1 matris yapist ise iri boyutlu pomzanin varligiyla dikkat ¢ekmektedir (Sekil 9).
Iri boyutlu pomza tanelerinin matris yapida heterojen bir dagilim sergilemis olup, yer yer matris hamurunda
gbzenek olusumlarinin meydana geldigi de goriilmektedir. Pomza agregali karisimlardan %80:%20 ince:iri pomza
oranli R7 matris yapis (Sekil 10) ise kismen kontrol harci matris gdriiniimiine benzemektedir. ince boyutlu pomza
miktarinin  ¢oklugu, matris yapmin daha homojen bir goérsel format olugmasini saglamistir. Ayrica matris
hamurunda mikro 6l¢ekli homojen dagilimli gézeneklerin olustugu da goriilmiistiir.

Dayanim Ozellikleri

Ince tabaka tamir harci karisimlari icin bu ¢alismada dayanim ozelliklerini incelemek amaciyla baslica iic
parametre irdelenmistir: Basing dayanmimi, egilme dayanimi Ve elastisite modiilii degerleri analizi. Ince tabaka tamir
harci karigimlarinin 1, 7, 28 ve 90 giin sonrasinda basing dayanimi sonuglar1 Sekil 11°de 6zetlenmistir. Buradaki
basing dayanim degerleri her bir seriden iicer adet test 6rneginin bulgularinin ortalamasini temsil etmektedir.

Her bir karigimin basing dayanim degerleri zamana bagli olarak artmigtir. Kontrol harci karigimin zamana bagl
dayanim degerleri 1, 7, 28 ve 90. giinde sirasiyla 24,8, 33,9, 48,1 ve 53,8 N/mm? degerlerine ulasmustir. Pomzanin
karisim bileseni olarak kullanildig: test 6rneklerinde ince boyut pomza orani arttik¢a tiim kiir siirelerinde dayanim
degerleri artis gdstermistir. Ince boyut pomzanin en diisiik oranda kullanildig1 karisimda (R1) zamana bagh (1, 7,
28 ve 90. giin) basing dayanim degisimi sirasiyla 14,7, 26,3, 33,5 ve 38,6 N/mm® dir. Dayanim degerlerinin kontrol
karisimina gore sirasiyla %40,7, %22,4, %30,4 ve %28,3 oranlarinda daha diisiik seviyede kalmigtir. Bununla
birlikte, ince boyut pomzanin en yiiksek oranda kullanildig1 karisimda (R7) zamana bagh (1, 7, 28 ve 90. giin)
basing dayanim degisimi ise sirasiyla 19,2, 29,4, 39,0 ve 42,8 N/mm?’dir. Dayanim degerlerinin kontrol karisimina
gore sirasiyla %22,6, %13,3, %18,9 ve %20,4 oranlarinda daha diisiik seviyede kalmistir.
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Sekil 11. ince Tabaka Tamir Harci1 Karisimlarinin Basing Dayanimi Analiz Bulgular

Pomza boyutu kiigtildiik¢e, agrega malzemedeki gézenek oraninin diismesi basing dayanim degerlerinin artmasina
katki saglamigtir. Bununla birlikte, 100 mikron boyut alt1 pomza malzemesi igerisinde 40 mikron ve daha diisiik
boyutlu tanelerin varligi, karisiminda yer alan kire¢ ile birlikte pomzanin daha aktif bir puzolanlik gorevi
sergiledigi ve harcin basing dayaniminin iyilesmesine de ilave bir katki sagladigi goriilmiistiir. Ayrica pomza tane
boyutunun inceligi, harcin matris yapisinda diger materyaller ile daha yiiksek bir bag dokusu olusturdugu
gdzlenmis olup, dayamimu pozitif yonde etkilemistir. ince tabaka uygulama amacgl tamir harclarimn endiistriyel
kullanimlar1 genel olarak literatiir baglaminda irdelendiginde zamana bagli basing dayanim degerlerinin genel bir
egilim olarak 1 giinlik dayamim degerinin >18 N/mm?®, 7 giinliik dayanim degerinin >30 N/mm’ ve 28 giinliik
dayanim degerinin ise >35 N/mm? oldugu tecriibe edinilmistir (EMACO 2022; Tarmac, 2022; Curtis, 2001). Bu
baglamda test bulgular1 analiz edildiginde, kontrol karisiminin basing dayamim degerleri genel egilimle
ortiismektedir. Ancak, pomza agregali tamir harci 6rneklerinin ise erken mukavemet saglama bakimimndan R6 ve R7
karigimlariin 1 giinliik basing dayanim degerleri ortlismektedir. 28 giinliik basing dayanim degerleri agisindan R4
ve sonrasindaki tlim seri test Orneklerinin 6ngoriilebilecek dayanim degerini saglayabildigi goriilmiistiir.

Test orneklerinde matris yapidaki gozeneklilik oranini “8” harcin basing dayanimina dogrudan etken bir faktor
oldugu belirlenmis olup, bu etkilesim 90 giinliik har¢ 6rneklerinin dayanimi “ccgy” i¢in grafiksel olarak Sekil 12°de
verilmistir. Bu analizden goriildiigii iizere, harcin matris yapisinda toplam gézeneklilik artig1 dayanimu diisiiriicii bir
rol Gistlenmistir. Matris yapida %10’luk bir gézeneklilik oraninin olugsmasindan sonra ileri yaslarda dahi tamir harci
dayanimimi oOnemli diizeylerde diistligi ve zayifladigi goriilmiistiir. Ancak, agrega biinyesindeki gdzenek
karakteristiginde kapali gdzenek orami arttikca, har¢ matrisinde hamur da dahil gozenekliligi artsa bile basing
dayanim degerinden esdeger oranda bir zayiflama meydana gelmemektedir. Burada edinilen temel tecriibe, pomza
agreganin dogal yapisinda yer alan gozeneklerin kapali ve/veya agik formda olmalari, dayanim performansini
dogrudan etkileyen faktérden biri olarak goriilebilmektedir. A¢ik gézenek miktarinin yiiksek miktarlarda yer
almasi, kapali gézenek oranina kiyasla daha diisitk dayanimli har¢ matrislerinin olugsmasina sebep olabilmektedir.
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Sekil 12. Test Orneklerinin Gézeneklilik Orani *8” - Basing Dayanimu Iliskisi ‘Gego” (90 Giin)

Arastirmada bir diger inceleme, tiim har¢ karigimlarinin 28 giin sonrasi egilme dayanim (o »5) degerleri analiz
edilmis olup, karisim tasariminda pomza ince/iri boyut oranina “y” bagli degisimi grafiksel olarak Sekil 13’de
gosterilmigtir.
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Sekil 13. Pomza (Ince/iri) Oran1 ‘y’- Egilme Dayanimi “‘G.z05” iliskisi (28 Giin)

Kontrol harci 6rneginin egilme dayanim 9,79 N/mm? olup, yaklasik esdeger kiir siiresinde basing dayaniminin
%20,35°i kadardir. Ince boyut pomza malzemenin diisiik oranda kullanimma (R1) ait harcin 28 giinliik egilme
dayanim degeri ise ortalama 7,0 N/mm”dir. Bu degerde ayni har¢ karisimuna ait esdeger kiir siiresinde basing
dayaniminin %20,9’u kadardir. Ancak, basing dayanimindaki bulgulara benzer sekilde, karsimda ince boyut pomza
miktar1 artiginda harcin egilme dayanim degeri de artmaktadir. Ince boyut pomzanin en yiiksek kullanimli (R7)
karisimmin egilme dayanimi kontrol harci degerinin yaklasik %8 daha diisiik olarak 9,02 N/mm?®dir. Karisim
tasariminda pomza agrega boyutu ve kullanim oranina bagli hemen hemen kontrol harci egilme dayanimi
degerlerine ulasilabilecegi ongoriilebilmektedir.

Tamir harci test Orneklerinin artan basing dayanimlarina bagli olarak elastisite modiilii “E” degerleri de
artmaktadir. Kontrol harct 6rneginin elastisite modiilii 17,68 kN/mm?dir. Pomza agregali tamir harci test
orneklerinin elastisite modiilii degerleri ise pomzanin ince/iri oran degisimine bagh 12,26 — 13,65 kN/mm
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araligindadir. Har¢ karisiminda pomzanin ince boyut oram arttik¢a elastisite modiilii de artmaktadir. Bu degisim
grafiksel olarak Sekil 14’de analiz edilmistir.
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Sekil 14. Pomza (Ince/iri) Orani1 ‘y’ - Elastisite Modiilii liskisi (28 Giin)

Ince boyutta pomzanin iri boyuta gore karisimdaki varlig: arttikca, harcin matris yapisinda gelisen kohezyona bagh
elastisite 6zelligini de gelistirmektedir. Ayrica, pomzanin ince boyutu ve harg bilesiminde kirecin varligi ile birlikte
gelisen puzolanik aktiviteye bagl matris yap1 daha da mukavemet kazanarak elastisite 6zelligini iyilestirmektedir.
Ancak, pomza ince/iri boyut orani 4,00 olan R7 karisiminda en yiiksek oranda ince boyutlu pomza kullanimiyla
birlikte, kontrol harcinin elastisite modiilii degerinden yaklagik %23 daha kiigiik bir degere ulagilmistir. Bununla
birlikte matris yapinin gozeneklilik durumu da harcin elastisite 6zelligini dogrudan etkileyen ana faktorler
arasindadir. Gozeneklilige bagh elastisite degisimi regrasyonel bir yaklagimla Sekil 15’de verilmistir.
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Sekil 15. Test Orneklerinin Gézeneklilik Orani *8’- Elastisite Modiilii Iliskisi (28 Giin)
Harcin gozenekliligi arttikca elastisite modiilii degeri diismektedir. Gozenekliligin artmast matris yapimin yiik
altinda daha kirilgan ve daha yerlesebilir bir nitelik kazanmasini saglamaktadir. Bu da harcin elastisite dzelligini

zayiflatan bir etki olarak goriilebilmektedir. Tamir harci uygulamalarinda ozellikle yiiksek elastisite degerinin
Ongoriildiigli durumlarda, gozenekliligi diisiik harg tasarimlar1 kullanmak dnem kazanirken, birim yogunlugu diisiik
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ancak elastisite modiilii yliksek bir malzeme uygulanmasi gerektigi durumlar i¢in bilesiminde ince boyut pomzanin
yer aldig1 harg karisimlart daha etkin bir sonug olusturacagi bu analiz bulgularindan 6ngoriilebilir.

Rétre Ozellikleri

Beton onarim malzemeleri ve/veya tamir harci performansi lizerinde en dnemli etkiye sahip 6zelligin genel olarak
kuruma biiziilmesi oldugu kaydedilmistir (Mirza et al., 2002). Har¢ karisimlarinin zamana bagli kuruma biiziilmesi
analiz bulgulart Sekil 16’de gosterilmistir. Bu analizde her bir deger en az {i¢ 6l¢iim degerinin ortalamasi olarak
degerlendirilmistir. Pomza agreganin yer almadig1 tamir harci 6rneginde ilk giinlerde kuruma biiziilme artis1 hizl
olup, ilerleyen zamanlarda biiziilme hiz1 diismektedir. Bu olgunun pomzanin kullanildig: tiim karigimlarda daha
belirgin bir egilim oldugu goriilmektedir. Kuruma biiziilmesi testleri tiim test ornekleri i¢in 175 giin siireyle
yapilmistir. 21. giinden sonra kuruma biiziilme artig hizlarinda belirgin bir yavaslamanin olustugu gériilmekle
birlikte, 60’inc1 giinden sonra neredeyse ihmal edilebilir diizeyde diisiik bir hizla artisin seyrettigi belirlenmistir.
Kontrol harcinin 175 giin sonrasinda kuruma biiziilmesi ortalama %0,018 iken pomza agregali karisimlarin kuruma
biiziilmesi oram1 %0,0193-%0,0227 araligindadir. Her ne kadar pomza agregali orneklerin kuruma biiziilmesi
oranlar1 kontrol harcindan gorece yliksek bir degerde olmasina ragmen, elde edilen sayisal biiyiikliikler rotre
acisindan kabul edilebilir diizeylerdedir. Karisimdaki pomza ince boyut miktar: arttikga, harcin kuruma biiziilmesi
de artmaktadir. Genel bir egilim olarak gozenekliligi yliksek bir agrega malzemenin ince tabaka harclarda
kullaniminda rotre degerlerinin yiiksek olabilecegi beklentisi kuvvetle ihtimaldir. Ancak, har¢ tasariminda gerek
agrega boyutu, malzemeler arasindaki uyum ve gerekse katki olarak kullanilan bilesenlerin hidratasyon siirecinde
olusturacag1 reaksiyonlara bagli olarak, harcin priz siiresi ve sonrasinda kuruma biiziilmesi degerleri kontrol
edilebilir ve arzu edilen sevilerde degisim gostermesi yapilacak ArGe caligmalariyla miimkiin kilinabilmektedir.
Harg tasariminda kullanilan rétre onleyici polimer katkinin da etkisiyle tiim har¢ 6rneklerinde diisiik seviyelerde
kabul edilebilecek bir kuruma biiziilme olgusu elde edilmistir. ASTM C928-92a (2005) standardina gore, beton
onarimlart i¢in hizli sertlesen c¢imento baglayicili har¢ orneklerinin kuruma biiziilmesi veya genlesmesinin
baslangi¢ uzunluklarinin %0,15’ini gegmemesi ve ikisinin toplam mutlak degerinin, diger bir degisle biiziilme ve
genlesmenin %0,20’yi gegmemesi gerektigi belirtilmistir. Bu baglamda, pomza agregali tamir harci karigimlarinin
kuruma biiziilmesi i¢in bu genel trendi sagladig1 goriilmektedir.
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Sekil 16. Test Orneklerinin Zamana Bagli Kuruma Biiziilme Oran1 Degisimi

Bilindigi gibi, ¢cimentonun ana baglayici olarak kullanildig1 ince tabaka harg tasarimlarinda, hidratasyon siirecinde
ve sonrasinda blinyede mevcut olan suyun zamanla kayb1 sonucu, matris yapida biiziilme olgusu gelisebilmektedir.
Bu sebeple, karisgimda yer alan malzeme bilesenlerinin karakteristiklerine de bagli matris yapimn gerek
gozenekliligi gerekse gecirgenlik Ozelligi, kuruma biiziilme davranisini onemli Olgekte etkilemektedir. Bu
baglamda, gozenekliligi en diisiik olan matris yapiyr olusturan karnsimlarin disiik gecirgenlik karakteristigi
sergilemesi olas1 bir sonugtur. Ancak, tamir harci drneklerinde pomzanin ince boyutta kullanimi arttiginda, azalan
gozeneklilik oranmna ragmen kuruma biiziilmesinin arttigi sonucu elde edilmistir. Pomzanin orijinde dogal
gozenekli yapisi sebebiyle tane boyutu kiiciiltiilmesine ragmen agrega yapisinda gozenekliligi tamamen



KSU Miihendislik Bilimleri Dergisi, 25(2), 2022 123 KSU J Eng Sci, 25(2), 2022

Arastirma Makalesi Research Article
L. Giindiiz, S.0. Kalkan

kaybolmamaktadir. Bununla birlikte, toplam go6zeneklilik icerisinde ince boyutta pomza malzemelerin kapali
gozenek orani agik gozeneklilik durumuna gore daha yiiksektir. Bu da karma suyu sonrasinda matris yapida daha
uzun siirede su tutulumunu saglamakta ve biinyeden su atilim siireci de gorece daha uzun zaman almaktadir.
Biinyeden suyun atilma siiresi uzadikca, matris yapinin biiziilme davraniginin da devam edebildigi goriilmektedir.
Bunun dogal bir sonucu olarak, ince taneli, su emme kapasitesi yiiksek ve ayn1 zamanda goézenekliligi olan agrega
malzemelerin ince tabaka har¢ tasarimlarinda kuruma biizilme davranislarinin da kontrol harci degerlerine gore
farkli bir davranig sergileyebilmesi miimkiin olabilmektedir. Pomza agregali tamir harglar icin hazirlanan test
orneklerinin kuruma biiziilme “ny” davranisindaki bu degisim, harcin gozeneklilik “5” oranina bagl olarak analiz
edilmis olup, 175 giin sonras1 degerlere iliskin grafiksel degerlendirme Sekil 17’°de verilmistir.
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Sekil 17. Goézeneklilik Orani “8”- Kuruma Biiziilme Orani “ny” Hiskisi

Grafiksel analiz irdelendigi gorildiigi tizere, tamir harci 6rneklerinde pomza ince boyut orani iri boyuta kiyasla
arttiginda, kuruma biiziilme degerlerinde bir diisme goriilmektedir. Bu analizde gozenekliligin artisi, karigimdaki iri
taneli pomza agregalarin varligi ve matris yapida agik gozenek oraninin yiiksek olusuna baglidir. Gozeneklilik
oraninin diisiikk oldugu pomzali karigimlar ince boyutlu pomza agrega malzemelerin yiiksek oranda oldugu
karisimlara ait olup, kapali gozenek varligi daha yiiksek olan matris yapilan temsil etmektedir. Kapali gdzenek
miktarinin artisi, matris yapida suyun daha uzun siirede tutulmasi ve dolaysiyla suyun daha uzun bir zaman
periyodunda kaybi, kismen daha yiiksek kuruma biiziilme davranisi sergilemesine neden olmaktadir. Ancak, test
bulgularinda nihai olarak elde edilen kuruma biiziilme orani degerleri gerek ASTM C 928 gerekse endiistriyel
olarak kabul edilebilen maksimum <%0,15 oran sartin1 sagladigi i¢in, uygun birer rotre degerine sahip oldugu
goriilebilmektedir. Bununla birlikte, dl¢iilen kuruma biiziilme oranmi1 degerleri ASTM C 928 (2005) standardinda
ongoriilen limit %0,15°1ik degerin yaklasik 6,5 kat daha az oraninda gergeklestigi igin bu harg tasarimlari rotresiz
harg olarak diigiiniilebilir.

Kuruma biiziilmesinin yogun olarak gelistigi har¢ uygulama yiizeylerinde ¢atlak olusumlar1 genelde gbzlenen bir
durumdur. Mirza et al. (2002) beton onarimu i¢in gelistirilen harglarda ¢atlama ve/veya ayrilmanin ¢ogunlugunun
ilk 3 giin i¢ginde meydana geldigini ve bundan sonraki zaman diliminde stabilize olma egilimin oldugunu
belirtmislerdir. Bu karakteristik davranigin, yiiksek derecede biiziilme gosteren harglarda belirgin bir sekilde
gozlendigini vurgulamiglardir. Catlak olusumlarmin genellikle ¢ok hizli kuruma davranisi gosteren yiizeylerde kisa
bir siirede olusurken, su atilim siiresi uzayan harglarda kuruma biiziilmesi degerine bagl olarak c¢atlak olusumlari
da zamanla gelisim gosterebilmektedir. Bu olgunun genel bir egilim olarak kuruma biiziilme oran1 %0,15’ten fazla
olustugu harg yiizeylerinde belirginlik kazandigr teknik olarak tecriibe edinilmistir. Ancak, ¢alisma kapsaminda
analiz yapilan tiim test 6rneklerinde kuruma biiziilme davranisi sonrasi ¢atlak olusumlari, mikroyap1 analizleriyle
degerlendirilmis olup, numune yiizeylerinde herhangi bir catlak olusumuna rastlanilmamistir.
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TARTISMA VE SONUC

Bu calismada, volkanik orijinli ve dogal gozenekli bir yapiya sahip olan pomza kayacinin ince tabaka tiksotropik
rotresiz tamir harglarinda kullanimi ile harcin performansina etkisi incelenmistir. Laboratuvar ortaminda test edilen
8 farkli karisim tasarimina sahip pomza agregali polimer modifiyeli ¢cimento esasli tamir harci drneklerinin detayl
performans bulgulari tartisilmigtir. Calisma sonuglarina gore;

1- Beklenildigi gibi pomza kullanimu ile birlikte tamir harci 6rneklerinin taze ve sertlesmis y1gin yogunluklari
azalmstir,

2- Benzer sekilde gozenekli ve hafif yapidaki pomza agregasi tamir harcinin gdzeneklilik oranini artirmustir.
3- Yapilan mikroskobik analizlerde agregalarin har¢ 6rnekleri igerisinde homojen dagilabildigini géstermistir.
4- Hafif yapisi sayesinde sertlesmis harglarda da hafif har¢ formunu olusturabilen pomza agregasi, bu

caligmada iiretilen tamir harclarimin da beklenildigi iizere hafiflemesini saglamis buna karsin birim hacim agirliklari
diisen harclarin yine beklenildigi iizere dayanimlarinda kontrol harcina kiyasla diislis kaydedilmistir.

5- Bununla birlikte pomzanin mikronize boyutta kullaniminin puzolanik 6zelligi oldugu bilinmektedir. Bu
calismada da ince pomza miktarinin artmasi ile uzun dénem basing dayanimlarinin iyilestigi tespit edilmistir.

6- Benzer sekilde ince pomza miktarindaki artis egilme dayaniminda da artisa sebep olmustur.

7- Tamir harci test 6rneklerinin artan basing dayanmimlarina bagli olarak elastisite modiilii “E” degerleri de
artmaktadir.

8- Kontrol harcinin 175 giin sonrasinda kuruma biiziilmesi ortalama %0,018 iken pomza agregali karigimlarin

kuruma biizilmesi oram1 %0,0193-%0,0227 araligindadir. Her ne kadar pomza agregali orneklerin kuruma
biiziilmesi oranlar1 kontrol harcindan gorece yiiksek bir degerde olmasina ragmen, elde edilen sayisal biiyiikliikler
rotre agisindan kabul edilebilir diizeylerdedir. ASTM C928-92a (2005) standardina gore, beton onarimlari igin hizli
sertlesen ¢imento baglayicili har¢ orneklerinin kuruma biiziilmesi veya genlesmesinin baslangi¢c uzunluklarinin
%0,15’ini gegmemesi ve ikisinin toplam mutlak degerinin, diger bir degisle biiziilme ve genlesmenin %0,20’yi
gegmemesi gerektigi belirtilmistir. Bu baglamda, pomza agregali tamir harci karisimlarinin kuruma biiziilmesi igin
bu genel trendi sagladigi goriilmektedir.

9- Bununla birlikte, ol¢giilen kuruma biiziilme oranmi1 degerleri ASTM C 928 (2005) standardinda 6ngoriilen
limit 9%0,15°1ik degerin yaklasik 6,5 kat daha az oraninda gergeklestigi i¢in bu harg tasarimlari rétresiz harg olarak
diisiiniilebilir.

Pomzanin uygun miktarlarda farkli boyut dagilimina sahip bir sekilde tamir harci karisimlarinda kullanima,
tiksotropik oOzellikte sarkma ve akma yapmayan, rotre davranisi sergilemeyen ve ayrica ilgili standartlarin
ongordiigi teknik limitleri saglayabilen harglarin elde edilebilecegini gostermistir.
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OZET

Bitkilerin yetistirilme siireci zahmetli ve uzun siiren bir islemdir. Bitki yetistiriciligi ile ugrasan kisilerin en énemli
sorunlarindan biri bitki hastaligidir. Hastalikla miicadelede ilk olarak yapilmasi gereken hastaligin taninmasidir.
Hastalikla miicadelede hastaligin dogru bir sekilde tespit edip gereken dnlemleri hizli bir sekilde alabilmek oldukga
onemlidir. Calismada domates yapraklarindaki hastalik belirlenmesinde derin 6grenme yontemleri kullanilmustir.
Calismada kullanilan veri setinde 9 hastalikli ve 1 saglikli siniftan olusan toplam 18.160 domates yapragi goriintiisii
bulunmaktadir. Goriintii hastalik siniflandirmasinda derin evrisimli sinir aglart (ESA) modellerden 6n egitimli aglar
olan GoogleNet, AlexNet, SqueezeNet, ShuffleNet ve ResNet-18 modelleri kullanilmustir. Analizlerde veri seti
%70 egitim, %15 dogrulama ve %15 test verisi olarak ayrilmistir. Egitilen aglarin test verisi ile performans
olgiitleri dogruluk, kesinlik, ozgiilliik ve f-puan1 degerleri hesaplanmistir. Modellerin dogruluk oranlar1 AlexNet,
GoogleNet, ShuffleNet, SqueezeNet ve ResNet-18 igin sirasiyla %93,93, %95.18, %94.82, %94.29 ve %81.79
olarak elde edilmistir. Yapilan analizlere gore on egitimli aglarin domates yapragi hastalik siniflandirma
calismasinda, en iyi performans gosteren modelin GoogleNet oldugu goriilmiistiir.

Anahtar Kelimeler: Derin Ogrenme, evrisimsel sinir aglari, goriintii simflandirma, domates bitkisi, hastalik
ABSTRACT

The process of growing plants is laborious and time-consuming. Plant diseases are one of the most significant
problems facing people who deal with plant breeding. The first thing to do in the fight against the disease is to
recognize the disease. It is essential to detect the disease quickly and take the necessary measures quickly. In the
study, deep learning methods were applied to determine the disease in tomato leaves. The data set included 18,160
images of tomato leaves, which were divided into 10 classes. GoogleNet, AlexNet, SqueezeNet, ShuffleNet, and
ResNet-18 networks, which are pre-trained deep convolutional neural networks (CNN) models, were used to
classify images of diseases. In the models, 70% of the training dataset is used for training, 15% for validation, and
15% for testing. Based on the test data of the trained networks, accuracy, precision, specificity, and f-score values
were calculated. For AlexNet, GoogleNet, ShuffleNet, SqueezeNet and ResNet-18, the accuracy rates were
93.93%, 95.18%, 94.82%, 94.29% and 81.79%, respectively. A study of pre-trained networks for the classification
of tomato leaf diseases showed that GoogleNet was the highest performing model.

Keywords: Deep Learning, convolutional neural networks, image classification, tomato plant, disease
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GIRIS
Diinyada bes yiiz bin den fazla bitki tiirii oldugu bilinmektedir. Her gegen giin yeni bitki tiirleri kesfedilirken bazi
bitki tiirleri de yok olmaktadir (Arivazhagan, Shebiah, Ananthi, & Varthini, 2013). Bitki tiirlerinin korunup gelecek
nesillere aktarilabilmesi ekolojik denge a¢isindan olduk¢a 6nemlidir. Diinyada degisen iklim kosullar1, hava
kirliligi, yetistirme asamasinda bakteri, mantar ve viriis saldirilarina maruz kalma gibi sebeplere bagl olarak
bitkilerde hastaliklar meydana gelmektedir. Giiniimiizde bitkilerdeki birgok hastaligin tespiti geleneksel yontemler
ile yapilmaktadir (Brahimi, Boukhalfa, & Moussaoui, 2017a). Hastalik belirlemede iiretici hastaligi fark edebilir
ama tanimlamasi zahmetlidir. Bazi durumlarda hastalik tanimini1 dogru yapsa da hastalig1 gidermek icin

uygulanmasi gereken yontem hakkinda bilgi sahibi olmayabilir (Ferentinos, 2018; Sannakki, Rajpurohit, Sumira, &
Venkatesh, 2013).

Gelisen teknoloji ve yapay zeka uygulamalari bir¢ok alanda oldugu gibi tarim alaninda hastalik tespiti ve bitki tiirii
smiflandirma ¢aligmalarinda kullanilmaya baslanmistir (Ferentinos, 2018). Yapay zeka yontemleri hizli ve yiiksek
givenilirlikle smiflandirma calismalari ile zaman ve is gilici bakimindan tasarruf saglamaktadir (Arsenovic,
Karanovic, Sladojevic, Anderla, & Stefanovic, 2019). Calismada domates bitkisinin yapraklarinda goriilen hastalik
siniflandirma ¢alismasi yapilmistir. Domates bitkisi subtropikal, tropikal ve 1liman bdlgelerde yetisen zengin besin
degeri olan bir sebzedir. Bir¢ok kullanim alani oldugu icin genis bir pazar payina sahiptir. Saglikli ve verimli
tretim igin bakim gerektiren bir sebzedir (Durmus, Giines, & Kirci, 2017; H. Sabrol & K. Satish, 2016). Bu
baglamda veri setinde RGB renkte gergek yaprak goriintiilerinden olusan 10 farkli sinifta toplam 18160 goriintii
bulunmaktadir (Kaggle, 2021). Calismada 6n egitimli ESA algoritmalarindan GoogleNet, ShuffleNet, SqueezeNet,
AlexNet ve ResNet-18 algoritmalari ile hastalik sinifi belirleme calismasi yapilmistir. On egitimli modellerin basar1
performanslari degerlendirilmistir.

Calismanin Onemi;

e Bitki liretiminde verimi etkileyen en énemli faktorlerden biri hastaliktir. Hastaligin geleneksel yontemlerle
tespiti uzun, zaman alic1, maliyetli ve ek is giicii gerektiren bir islemdir.
Derin 6grenme yontemleri hastalik tespiti hizli ve dogru sekilde analiz edilebilmektedir.
Hastalik tespitinde uzman kisilere ihtiyag duyulmamaktadir.
Calismada 6n egitimli evrigimli sinir aglarinin performans karsilagtirmasi detayli olarak incelenmistir.
Domates bitkisinin yapraginda goriilen hastalik konusunda bir¢ok siniflandirma caligmasi yapilmistir.
Calisma diger modellerden yiiksek performans gostermesi ve bes farkli 6n egitimli model sonuglarinin da
kiyaslanmasi agisindan literatiire katki saglayacaktir.

Calismada ilerleyen boliimlerde konu hakkinda literatiir aragtirmasi yapilmis, yapilan ¢alismalar hakkinda arastirma
sonuclarina yer verilmigtir. Materyal ve metot basligi altinda dnerilen derin 6grenme modeli, kullanilan veri seti
acgiklanmig, 6n egitimli evrigimsel sinir aglari, performans 6lgiitleri hakkinda bilgi verilmistir. Bulgular boliimiinde
calismada analizlerden elde edilen deneysel sonuclara verilmistir. Tartigma baghigi altinda bitki yapragi
siiflandirma caligmalari ile yapilan ¢alismalarla basar1 performanslari karsilastirilmistir. Ve son olarak sonuglar
boliimiinde ¢alismadan elde edilen ¢ikarimlar 6zetlenmis ilerideki yapilacak ¢alismalardan bahsedilmistir.

Literatiir Incelemesi

Bitki hastalik siniflandirmasi konusunda bir¢ok galisma yapilmistir. Derin algoritma yontemleri hizli ve giivenilir
performans gostermesi sebebi ile ¢alismalarda tercih edilmektedir. Bitki hastalik siniflandirma alaninda yapilmis
calismalar, caligsmada kullanilan model, veri seti ve dogruluk sonuglar1 bu boliimde 6zetlenmistir.

Liu ve dig. (Liu, Tang, Zhou, Meng, & Dong, 2016) 13.689 goriintiiden olusan 4 smifli bir ¢alisma yapmustir.
Calismada AlexNet ve GoogleNet yontemlerini kullanmis %97,92 dogruluk orani elde etmistir. Wang ve dig.
(Wang, Sun, & Wang, 2017) 2086 goriintiiden olusan 4 simf i¢in simiflandirma ¢aligsmasi yapmistir. Caligmada
VGG16, VGG19, Inception V3 ve ResNet50 yontemlerini kullanmis ve %90,42 dogruluk orani elde etmistir.
Ferentinos (Ferentinos, 2018) 87.848 goriintiiden olusan 58 simifli veri setini siiflandirmistir. Calismada VGGNet
yontemini kullanmis ve %99,53 dogruluk orani elde etmistir. Lu, Y. et al.(Liu et al., 2016) %95,48 basar1 oranini
AlexNet ile elde etmistir. Calismada 500 goriintii ve 10 smiftan olusan veri seti kullanilmigtir. Mohanty ve dig.
(Mohanty, Hughes, & Salathé, 2016) AlexNet ve GoogleNet yontemini kullanmis ve %99,34 basar1 orani elde
etmistir. Calismada 38 simifli 54.308 goriintiiden olusan veri seti kullanmistir. Sladojevic ve dig. (Sladojevic,
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Arsenovic, Anderla, Culibrk, & Stefanovi¢, 2016) CaffeNet yontemini kullanmis ve %96,30 basari orani elde
etmistir. Calismada 4483 goriintiiden olusan 15 smiflik veri seti kullanmigtir. Brahimi, M. et al.(Brahimi,
Boukhalfa, & Moussaoui, 2017b) AlexNet, DenseNet 169, Inception V3, ResNet 34, SqueezeNet 1.1 ve VGG 13
yontemlerini kullanmistir. Calismada %99,76 basari orani elde ettigi calismada 54,323 goriintiiden olusan 38 smiflt
veri setini kullanmigtir. Geetharamani ve dig. (G & J, 2019) ESA yontemini kullandigi 38 siniftan olusan 54.323
goriinden olusan veri setinde %99,76 dogruluk oran1 elde etmistir. Too ve dig. (Too, Yujian, Njuki, & Yingchun,
2019) VGG16, Inception-v4, ResNet50, ResNetl01, ResNetl52 ve DenseNetl2l yontemlerini kullanmigtir.
Calismada 38 smif ve 54.306 goriintiiden olusan veri seti kullanmis ve %99,75 dogruluk orani elde etmistir.
Arsenovic ve dig. (Arsenovic et al., 2019) AlexNet, VGG19, Inceptionv3, DenseNet201 ve ResNet152
yontemlerini kullanmis ve %93,67 dogruluk orani elde ettigi ¢calismada 139.011 ve 42 smiftan olusan veri seti
kullanmugtir.

Yapilan ¢aligmalardan incelendiginde yapilan ¢alismalarin biiyiik veri setlerinde yiiksek dogruluk oraniyla hastalik
tespit ve siniflandirma caligmasi yapilabildigi goriilmektedir. Bitkilerde hastalik siniflandirma konusunda yiiksek
performans saglamasindan dolayi yapilan bu ¢alismada da 6n egitimli ESA modelleri tercih edilmistir.

MATERYAL VE METOT

Bu caligmada uygulanan sistemin genel asamalari Sekil 1’de gosterilmektedir. Calismada domates yaprak
goriintiilerinin bulundugu 10 siniflik veri seti kullanilmistir (Kaggle, 2021). Veri setindeki goriintiiler ilk olarak 6n
islem agamasinda yeniden boyutlandirilmistir. Téim goriintiiler egitim modelinin giris boyutuna getirilmistir. Veri
etiketlerine gore sinif sayis1 belirlenmistir. Veri setinde sinif 6rneklerini en diisiik elemanli sinifa gore esitlemek
ornek indirgeme (undersampling) yontemi kullanilmistir. Aliman goriintiilerin %701 egitim, %15’1 dogrulama ve
%151 test verisi olarak ayrilmistir. Egitim seti ile model egitilip, modelin hi¢ gérmedigi test verileri ile test edilip
sinif etiketi belirlenmistir.

— En az veriye sahip

— E | =y | smuftaki goriinti
i BN BN N sayisini belirleme
Simif
Giris Veri Goruntilert Sinif Sayisinin
Seti Boyutlandlrma Belirlenmesi
2100 @Dogruluk @ Kesinlik u Ozgiinlik @F1-Skoru .
:\i 95 £ . .
§go > . .
:‘;* 85 = ’ . . R
£ %
2 AlexNet  GoogleNet ShuffleNet SqueezeNet ResNet-18
Model
Siniflandirma performans ESA model

: ) . Ornek Indirgeme
belirlenmesi egitim

Sekil 1. Onerilen Derin Ogrenme Metodunun Blok Diyagrami
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Veri Seti

Agik erisim veri tabaninda alinan toplam 10 smif ve toplam 18.160 domates yaprak goriintiisii bulunmaktadir
(Kaggle, 2021) . Veri setinde bulunan her bir sinifa ait 6rnek goriintii ve toplam veri setinde her sinifin yiizdelik
orani sirasiyla Sekil 2 ve Sekil 3’te verilmistir. Ayrica her sinifa ait goriintii sayilar1 Tablo 1’de belirtilmistir.

Bakteri Lekesi

Erken Yaniklik Saglikli

Septoria Yaprak Sari Yaprak

Lekesi Kivrilma Virisi

Sekil 2. Veri Setinde Bulunan Her Simif icin Ornek Gériintiiler (Kaggle, 2021)

Mozaik Virtsi Oriimcek Akarlari Hedef Nokta

0
Il Bakteri Lekesi 29%
I Erken Yaniklik 12%
I saglikl
I Geg Yaniklik
[ Yaprak Kalib: 6%
EMozaik
[ Yaprak Lekesi

[ Oriimeek Akarlar

[——JHedef Nokta 99,
[—JSan Yaprak Kivrilma

11%

5% 2%

Sekil 3. Veri seti sinif verilerinin dagilimi (Kaggle, 2021)

Tablo 1. Veri Setinde Bulunan Siniflara Ait Goriintii Sayis1 (Kaggle, 2021)

Simif Goriintii Sayisi Simif Goriintii Sayisi
Bakteri Lekesi 2127 Mozaik 373
Erken Yaniklik 1000 Septoria Yaprak Lekesi 1771

Saglikli 1591 Oriimcek Akarlart 1676
Geg Yaniklik 1909 Hedef Nokta 1404
Yaprak Kalib1 952 Sar1 Yaprak Kivrilma 5357

Veri seti bakteri lekesi, mozaik, erken yaniklik, septoria yaprak lekesi, saglikli, 6riimcek akarlari, geg
yaniklik, hedef nokta, yaprak kalib1 ve sar1 yaprak kivrilma smifindan olusmaktadir. Veri setinde bulunan
toplam 18160 goriintiiniin 2127 adeti bakteri lekesi, 1000 adeti erken yaniklik, 1591 adeti saglikli, 1909
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adeti ge¢ yaniklik, 952 adeti yaprak kalibi, 373 adeti mozaik, 1771 adeti septoria yaprak lekesi, 1676
adeti ortimcek akari, 1404 adeti hedef nokta ve 5357 adeti sar1 yaprak kivrilma yaprak goriintiilerinden
olusmaktadir. Veri setinde her goriintliniin ylizdelik olarak dagilimi incelendiginde en yiiksek ondalik
degere %29 ile sar1 yaprak kivrilma sinifindan olusurken en az veriye sahip sinif %2 ile mozaik sinifidir.
Calismada dengeli veri seti yapabilmek i¢in 6rnekleme indirgeme islemi yapilmustir.

On egitimli ESA Modelleri

On egitimli ESA’lar bir milyondan fazla sayida goriintii iizerinde egitilmistir. On egitimli ESA’lar yeni veri
kiimesini kullanarak egitilip tipik bir siniflandirma igin uyarlanabilir ve ince ayar yapilabilir. Calismada AlexNet,
GoogleNet, SqueezeNet, ShuffleNet ve ResNet-18 o6n egitimli ESA modelleri ile smiflandirma caligmasi
yapilmistir. Bu modellere ait derinlik, parametre sayisi ve girig goriintii boyutu verileri Tablo 2’de 6zetlenmistir
(Krizhevsky, 2012; Szegedy, loffe, Vanhoucke, & Alemi, 2017; Ucar & Korkmaz, 2020; X. Zhang, Zhou, Lin, &
Sun, 2018).

Tablo 2. Calismada Kullanilan On Egitimli Modellere Ait Derinlik, Parametre Sayis1 ve Giris Goriintii Boyutu
(Acikgoz, 2022; Atik, 2022a)

Model Derinlik Parametre sayis1 (Milyon) Giris goriintii boyutu
SqueezeNet 18 1.24 227-by-227
GoogleNet 22 7.0 224-by-224

ResNet18 18 11.7 224-by-224
ShuffleNet 50 1.4 224-by-224
AlexNet 8 61.0 227-by-227

Ogrenme parametresinin artmas1 modelin egitim siiresinin uzamasina sebep olur. Ornegin GoogleNet modeli
Alexnet’ten 12 kat daha fazla parametre igerir. SqueezeNet mimarisi AlexNet mimarisinden yaklasik 50 kat daha
az parametre sahiptir. Veri setindeki goriintiiler modelin giris boyutuna getirilmelidir (Szegedy et al., 2017; Ucar &
Korkmaz, 2020; X. Zhang et al., 2018).

Performans Olgiim Metrikleri

On egitimli modeller ile egitilen veri setlerinin dogru simiflandirma oranini hesaplamak igin dogru smifa atilan veri
bilgisinin elde edilmesi gerekir. Sekil 4’deki gibi hata matrisi olusturulur. Hata matrisinde tahmin ve gergek
degerlerin gergek pozitif, gercek negatif, yanlis negatif ve yanlis pozitif parametreleri verilir. Bu parametre
degerlerine gore dogruluk, duyarlilik, kesinlik ve F-skor performans 6l¢iim metrikleri hesaplanir. Tablo 3’de bu
metrikler ve esitlikleri verilmistir (Atik, 2022b; Oter, Aydogan, Kiymik, & Tuncel, 2016; Oztirk & Paksoy, 2018;
Ucar & Korkmaz, 2020).

Tahmin
Pozitif Negatif
é Pozitif Gergek pozitif (GP) Yanlis negatif (YN)
5 Negatif Yanlis pozitif (YP) Gergek negatif (GN)

Sekil 4. Hata Matrisi (Atik, 2022a)

Modelin simiflandirma performansin1 degerlendirirken kullanilan ifadelerden biri de ROC (Alict islem
karakteristikleri, Receiver Operating Characteristic) egrisi yontemidir. ROC egrisi dogru pozitif oran (duyarlilik )
ve yanlis pozitif oran (1-6zgiillik) parametrelerinin oraninin grafigidir. ROC puani 1 (bir) oldugunda, pozitifler
negatiflerden miikemmel bir sekilde ayrilmistir, ROC puant 0 (sifir) oldugunda ise herhangi bir pozitif
bulunamadigi ¢ikarimi yapilir. Kéti, iyi ve ¢ok iyi (mitkemmel) performans gosteren testlere ait ROC egrileri Sekil
5’de verilmistir (Hoo, Candlish, & Teare, 2017).
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Tablo 3. Siniflandirma Calismasinda Kullanilan Performans Olgiim Metrikleri (Dyrmann, Karstoft, & Midtiby,

2016; Krizhevsky, Sutskever, & Hinton, 2012)

Metrik Esitlik Tanim
o GP + GN Dogruluk degeri modelde dogru tahmin edilen
Dogruluk o . S S
GP +YP +YN + GN degerlerin toplam veri kiimesine oranidir.
- GpP Pozitif olarak tahmin edilen degerlerin gergekten kag
Kesinlik — - i b ) )
GP +YP tanesinin pozitif oldugunu gostermektedir.
Pozitif tahmin etmemiz gereken islemlerin ne
GP o . e
Duyarhlik kada'rm'l pozitif olarak tahmin ettigimizi gbsteren
GP + YN metriktir.
. GN Modelin negatif durumlari ne kadar iyi tahmin
Ozgiillik —_— e o
GN +YP ettigini gdsteren metriktir.
Fl-skor Kesinlik + Duyarlilik Kesinlik ve duyarlilik degerlerinin harmonik

’ Kesinlik + Duyarllik

ortalamasini gostermektedir.

Pogitif Oran

Dogru
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Yanlis Pozitif Oran

Sekil 5. Performanslarina Gore Temel ROC Egrileri (Hoo Et Al., 2017)

ROC egrisinde mitkemmel olan analizde egri (0,0), (0,1) ve (1,1) noktalarindan geger. Kotii bir olan ROC egrisi
(0,0) dan (1,1) e kadar uzanan kdsegen bigimindedir. Analiz sonucu bu iki egriye gore degerlendirilir (Hoo et al.,
2017).

BULGULAR

Calismada domates bitkisi yapragindaki hastalik tiirlerinin simiflandirma g¢aligmasi yapilmistir. Veri tabaninda
bulunan 10 smif ve 18.160 adet yaprak goriintiisiinden olusan veri seri kullanilmistir. Yaprak goriintiilerinin
boyutlar1 256 X 256 piksel iken 6n egitimli derin 6grenme algoritmalarinda kullanilmak i¢in 224 X 224 ve 227 X
227 boyutlarina getirilmistir. Veri setinde homojen dagilim saglanmasi i¢in en az veriye sahip sinif mozaik
siifindaki veri adeti kadar diger tiim siniflardan da veri rastgele alinmigtir. Bu goriintiilerin %701 egitim igin
%151 dogrulama ve %151 test igin kullanilmigtir.
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Egitim asamasinda model her iterasyonda egitilir ve test veri seti ile test edilerek basar1 performansi belirlenir.
Siirekli test veri seti ile test edilen modelde asir1 uyum (overfitting) durumu gergeklesebilir. Egitilen modelin test
veri setine agirt uyumunu engellemek igin dogrulama veri seti kullanilmigtir (Atik, 2022a). Kullanilan bilgisayar
sisteminde i7-10750 H CPU @2.60 GHz, NVIDIA Quadro P620 GPU, ve 16 GB RAM ozelliklerine sahip
donanim bulunmaktadir. Uygulama icin Matlab R2020a da tanmimli 6n egitimli derin 6grenme algoritmalar
AlexNet, GoogleNet, ShuffleNet and SqueezeNet ve ResNet-18 kullanilmustir. ESA modelleri i¢in hiperparametre
degerleri Tablo 4‘de verilmistir.

Tablo 4. ESA Modellerinde Kullanilan Egitim Hiperparametreleri

Hiperparametre Deger
Mini topluluk boyutu 16
Maksimum epoch 50
Baslangi¢ 6grenme orani le-4
Optimize yontemi SGDM

Veri seti ile egitilen modeller test veri seti ile test edilmistir. Test analizi sonuglarina gore elde edilen 6n egitimli
ESA modellerine ait dogruluk, kesinlik, 6zgiilliik ve F-skor parametre degerleri Tablo 5°de verilmistir. Her modelin
kesinlik, 6zgiillik ve F-skor parametrelerinin karsilagtirmasi Sekil 6’da goriilmektedir. Analiz sonuglarina gore,
AlexNet, GoogleNet, ShuffleNet, SqueezeNet ve ResNet-18 i¢in dogruluk oranlar1 sirasiyla %93,93, %95,18,
%94,82, %94,29 ve %81,79 olarak hesaplanmustir.

Modellerin kesinlik degerleri incelendiginde en yiiksek performansi %95,29 ile GoogleNet modeli gosterirken en
diisiik performans1 gosteren model %81,49 ile ResNet-18 modeli olmustur. Ozgiillik degerleri AlexNet,
GoogleNet, ShuffleNet, SqueezeNet ve ResNet-18 i¢in sirasiyla %99,33, %99,46, %99,42, %99,37 ve %97,98
olarak elde edilmistir. Son olarak F1 puami degerlerinde de benzer durum s6z konusudur. Modellerin basari
performansina gore yiiksekten diisiige dogru sirastyla GoogleNet, ShuffleNet, SqueezeNet, AlexNet ve ResNet-
18°dir.

Tablo 5. ESA Modelleri Performans Olgiit Degerleri (%)

Model Dogruluk Kesinlik Ozgiilliik F1-Puani
AlexNet 93,93 94,03 99,33 93,95
GoogleNet 95,18 95,29 99,46 95,17
ShuffleNet 94,82 94,86 99,42 94,79
SqueezeNet 94,29 94,37 99,37 94,29

ResNet-18 81,79 81,49 97,98 81,55
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Sekil 6. ESA Modelleri Performans Olgiit Degerleri Karsilastirma

Elde edilen sonuglara gore GoogleNet modeli diger tim ESA modellerine gére daha yiiksek bir basar1 gostermistir.
En iyi performans gésteren model GoogleNet i¢in her siifin belirtildigi ROC egrisi de Sekil 7°de verildigi gibidir.
Modelin performansi basar1 6l¢iit parametrelerinin belirttigi numerik degerlerin yan1 sira ROC egrisinde de
goriildiigii tizere 1’e yakin milkemmel degerlerdir.

ROC Egrisi
1 Bakteri Lekesi
= Erken Yaniklik
—— Saglikl
g 0.8 — ge(; Yaniklik
o ~——— Yaprak Kalib1
o Mozaik
[ . .
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o
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2
o 04
&}
0.2
0
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Yanlis Pozitif Oran

Sekil 7. GoogleNet Modeli Analiz Degerleri ROC Egrisi

Calismada en iyi performans gosteren model GoogleNet’in caligmada kullanilan diger 6n egitimli ESA
modellerinden yiizde ka¢ oraninda daha iyi sonug¢ elde ettigi de ¢alismada incelenmistir. Buna gére GoogleNet
modelin performans 6l¢iit metrikleri dogruluk, kesinlik, 6zgiilliikk ve F1-puani icin diger modellere gore iyilestirme
degerleri hesaplanmig Tablo 6’da verilmistir. Bu baglamda analiz sonuglar1 iyilestirme yiizdelerinin kargilagtirmasi
Sekil 8’de verildigi gibidir.
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Tablo 6. GoogleNet Modelin Diger ESA Modellere Gore lyilestirme Degerleri (%)

Model Dogruluk Kesinlik Ozgiilliik F1-Puam

AlexNet 1,33 1,33 0,13 1,30
ShuffleNet 0,37 0,45 0,40 0,40
SqueezeNet 0,94 0,97 0,09 0,93
ResNet-18 16,37 16,93 1,51 16,70

MResNet-18 ®SqueezeNet ®ShuffleNet ®AlexNet

] i

F1-Skoru

Specifity

Kesinlik ;
|
Dogruluk E

0 6 12 18
Performans iyilestirme degerleri (%)

Performans Basar1 Olgiitii

Sekil 8. GoogleNet Modelin Diger ESA Modellere Gore lyilestirme Degerleri (%)

Tablo 7’deki numerik degerler ve Sekil 8’deki gorsel grafikten goriildiigii tizere basar1 performanslar iyilestirme
degerleri karsilagtirmasinda GoogleNet modelin dogruluk degeri AlexNet, ShuffleNet, SqueezeNet ve ResNet-18
icin sirastyla %1,33, %0,37, %0,94 ve %16,37 daha iyidir. Kesinlik degerleri kiyaslamasinda GoogleNet modeli
AlexNet, ShuffleNet, SqueezeNet ve ResNet-18 i¢in sirasiyla %1,33, %0,45, %0,97 ve %16,93 daha iyi sonug elde
edilmistir. Analizlerde iistiin 6zellik gdosteren GoogleNet mimarisi baglangic modiillerinden dolay1 karmasik bir
yaptya sahiptir. Bu model konvoliisyon ve havuzlama katmalarimi {ist iiste istiflemekten uzaklasan ilk evrisimli
sinir ag1 modellerindendir. Model bu sayede bellek kullanimi1 ve gii¢ kullanimi yoniinde avantaj saglamaktadir.
Analiz yapilan veri seti i¢in en iyi siniflandirma peformansi gosteren GoogleNet mimarisi 22 derinlik degeri, 27MB
boyut degeri, 7 milyon parametreye sahiptir. Calismada ikinci en yiiksek performans gosteren ShuffleNet mimarisi
50 derinlik, 5.4MB boyut ve 1.4 milyon parametreye sahiptir. Bu modelin derinlik degeri GoogleNet’ten fazla
olmakla beraber parametre sayis1 GoogleNet’ten diisiiktiir. SqueezeNet mimarisi de dgrenme parametre sayist
bakimindan GoogleNet’ten diisiiktiir. AlexNet mimarisinin parametre sayisi GoogleNet’ten fazla olmakla beraber
derinlik degeri GoogleNet mimarisinden diisiiktiir. Modellerin analiz sonuglari her veri seti igin farklilik
gosterebilir. Modellerin performans karsilastirmasinda egitim ve test siiresi de 6zellikle biiyiik 6l¢ekli caligmalarda
onemlidir. Calismada kullanilan modellere ait egitim ve test siireleri Sekil 9’da verilmistir.

ResNet -18 150

GoogleNet 72
= ShuffleNet 49
I
=

SqueezeNet 25

AlexNet 24
0 20 40 60 80 100 120 140 160
Siire (dk)

Sekil 9. Modellere ait analiz siiresi
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Sekil 9’dan goriildiigii tizere analiz siireleri AlexNet, SqueezeNet, ShuffleNet, GoogLeNet ve ResNet-18 igin
sirastyla 24 dk, 25 dk, 49 dk, 72 dk ve 150 dk olmustur. Veri setinin boyutu, modellerin derinlik, parametre
degerleri, ve analiz yapilan bilgisayarin 6zelliklerine gore birgok etkene bagl olarak analiz siiresi degiskenlik
gostermektedir.

TARTISMA

Calismanin bu bolimiinde goriintii simiflandirma alaninda yapilan ¢alismalar ile onerilen ¢alismanin performans
karsilagtirmasina yer verilmistir. Bu baglamda, bu ¢alismalara ait, veri setindeki 6rnek sayilari, kullanilan veri seti,
siif sayilari, stniflandirma basar1 oranlar1 géz 6niine alinarak bir Tablo 7’de sunulmustur.

Tablo 7. Domates Yapragi Hastalik Smiflandirmasi Ile ilgili Yapilan Calismalar Ve Basar1 Performans Degerleri

Referans Model/Algoritma Veri seti Kul!anllan Basan ‘[)erfortnans olciitii ve
Veri elde edilen deger
(Yamamoto, Super-Resolution PlantVillage Domates Dogruluk degeri yaklagik
Togami, & Convolutional Neural yapragi ~%90 olarak elde edilmistir.
Yamaguchi, 2017) Network (SCRNN)
(Durmus et al., AlexNet and SqueezeNet PlantVillage Domates Siniflandirma Dogruluk
2017) vl.l yapragi degeri, AlexNet modeli ile
%95,65 olarak elde edilmistir.
(Fuentes, Yoon, AlexNet, GoogleNet, VGG-  Image taken in Domates Kesinlik degeri ResNet-50 ve
Kim, & Park, 2017) 16, real fields yapragi Region based Fully
ResNet-50,101, ResNetXt- Convolutional Network (R-
101, Faster FCN) modeli ile %85,98
RCNN, SSD, R-FCN, ZFNet olarak elde edilmistir.
Yapilan ¢alisma AlexNet, GoogleNet, PlantVillage Domates En iyi dogruluk degeri
ShuffleNet, SqueezeNet ve yapragi GoogleNet modeli %95,18
ResNet-18 olarak elde edilmistir.

Tabloda domates yapragi hastalik simiflandirma galigmalarin ile bu ¢alismada elde edilen basar1 performans degeri
karsilagtirmasi verilmistir. Tablodan da goriildigii tizere Yamamoto ve ark. SCRNN modeli ile dogruluk degerini
yaklastk %90 olarak elde etmistir. Durmus ve ark. On egitimli modellerden sadece AlexNet ve SqueezeNet
modellerini kullanmistir. En yiiksek dogruluk degerini AlexNet mimarisi ile %95,65 olarak hesaplamistir. Fuentes
ve ark. R-FCN modeli ile dogruluk degeri %85,98 olarak elde edilmistir. Domates yapragi siniflandirma
caligsmalari i¢in analizlerde bu ¢alismada elde edilen dogruluk degerinin (%95,18) diger ¢alismalardan daha yiiksek
oldugu goriilmektedir. Ayrica bu ¢alismada 6n egitimli bes farkli model i¢in analiz karsilastirma sonuglarma yer
verilmesi daha genis kiyaslama imkan1 sunmaktadir.

SONUCLAR

Bu calismada, domates yapragi hastalik goriintiilerinin siniflandirilmasi igin c¢esitli derin 6grenme tabanl
smiflandirma yaklagimlar1 kullanilmigtir. Calismada toplam 10 sinif ve toplam 18.160 domates yaprak goriintiisii
bulunan veri seti kullanilmistir. Analizlerde 6n egitimli derin 6grenme algoritmalarindan GoogleNet, ShuffleNet,
AlexNet, GoogleNet ve ResNet-18 modelleri kullanilmistir. Kullanilan modeller i¢inde en yiiksek performans
degerine GoogleNet mimarisi ile ulagiimistir. GoogleNet modeli ile yapilan siniflandirma ¢alismasinda dogruluk,
kesinlik, 6zgilliik ve Fl-puani degerleri sirasiyla %95,18, %95,29, %99,46 ve %95,17 olarak elde edilmistir.
Calismada kullanilan diger modeller iginde ikinci en yiiksek bagar1 gosteren model ShuffleNet modeli olmustur.
ShuffleNet modeli i¢in dogruluk, kesinlik, 6zgiillikk ve Fl-puani1 degerleri sirasiyla %94,82, %94,86, %99,42 ve
%94,79 olarak elde edilmistir. GoogleNet ve ShuffleNet modellerinden sonra en performans degerleri en yiiksekten
diisige dogru sirastyla SqueezeNet, AlexNet ve ResNet-18’dir. Bu modellere ait dogruluk degerleri SqueezeNet
icin %94,29, AlexNet i¢in %93,93 iken ResNet-18 i¢in %81,79 olarak elde edilmistir. Model performanslarinda
goriildiigli lizere en basarili model GoogleNet iken, en diisiik performans gosteren model ResNet-18 modeli
olmustur. ilerleyen calismalarda; Yapilan calisma hastalik tespit ¢alismalarinin gelistirilmesi bu alandaki en biiyiik
sorunlardan olan verim kaybini1 6nleyecektir. Hastaliklarin daha hizli ve daha kolay sekilde tespit edilmesi zaman
ve iggilicli bakimindan 6zellikle bu alanda ¢aligan kisilere biiyiik kolaylik saglayacaktir. Siniflandirma alaninda yeni
ve az parametreye sahip modellerin gelistirilmesi i¢in ¢alismalar yapilacaktir.
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OZET

Bu calismada dielektrik taban destekli es diizlemli dalga kilavuzlarinin (DTDEDDK) efektif dielektrik sabitini ve
karakteristik empedansini belirlemek amaciyla genetik programlama (GP) ile gelistirilmis dogru ve ¢ok basit quasi-
statik analiz modelleri sunulmustur, GP kullanilarak elde edilen quasi-statik analiz modellerinin gegerliligini ve
dogrulugunu gostermek i¢in, bu ¢alismada sunulan modelden elde edilen sonuglar literatiirde var olan quasi-statik
analiz sonuglar1 ile karsilastirilmigtir, Bu karsilagtirma sonuglar1 dnerilen quasi-statik analiz modellerinin sonuglari
ile literatiirdeki mevcut quasi-statik analiz sonuglar1 arasinda iyi bir uyum oldugunu géstermistir, Bu ¢alismadaki
tasarim parametrelerinin deger araliklar1 2<¢, <10, 10<¢,, <20, 20um<h<2000um, 0.1<w/h<1, 0.1<s/h<4ve

DTDEDDK larinin bu parametre degerlerine karsiik gelen karakteristik empedans degerleri 190<Z7 <1170

araligindadir, Bu c¢alismada onerilen DTDEDDK ’lar i¢in 6nerilen quasi-statik analiz modellerinin dogruluklarinin
pratik uygulamalar i¢in yeterince iyi oldugu gézlemlenmistir,

Anahtar Kelimeler: Quasi-statik analiz modeli, es diizlemli dalga kilavuzu, genetik programlama
ABSTRACT

In this study, accurate and very simple quasi-static analysis models developed with genetic programming (GP) are
presented in order to determine the effective dielectric constant and characteristic impedance of dielectric base
supported coplanar waveguides, In order to demonstrate the validity and accuracy of the quasi-static analysis
models improved by using GP, the results of proposed models in this work were compared with the quasi-static
analysis results available in the literature, These comparison results show that there is a good agreement between
the results of the proposed quasi-static analysis models and the quasi-static analysis results available in the
literature, The design parameter ranges in this study are 2<g, <10, 10<eg,<20, 20um<h<2000um,

r2 —
0.1<w/h<1, 0.1<s/h<4and the characteristic impedance values of dielectric base supported coplanar
waveguides corresponding these design parameter values are between 19Q <z <117Q, It has been observed that
the accuracy of the proposed quasi-static analysis models for dielectric base supported coplanar waveguides
proposed in this study is good enough for the practical applications.
Keywords: Quasi-static analysis model, coplanar waveguide, genetic programming

ToCite: KISIOGLU, H., & YILDIZ, C., (2022). DIELEKTRIK TABAN DESTEKLI ES DUZLEMLI
DALGA KILAVUZLARININ GENETIK PROGRAMLAMA ILE GELISTIRILMIS QUASI-STATIK
ANALIZ MODELLERI. Kahramanmaras Siitcii Imam Universitesi Miihendislik Bilimleri Dergisi, 25(2),
138-144.
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GIRIS

Es diizlemli dalga kilavuzlari (EDDK) ve ¢ok katmanli EDDK’lar, mikrodalga entegre devrelerin (MED)
tasariminda ve iiretiminde geleneksel mikroserit hatlar {izerindeki cazip 6zellikleri nedeniyle biiyiik ilgi gérmiistiir
(“Special Issue on, Microwave Integrated Circuits”, 1968; “Special Issue on, Microwave Integrated Circuits”,
1971; Gupta and Singh, 1974; Frey, 1974; Simons, 2001), MED ve monolitik MED uygulamalar1 igin ideal olan
EDDK ’lar1, sont ve seri baglant1 kolaylig1, diisiik radyasyon, diisiik dagilim, kolay imalat ve diizlemsel olmalar1
nedeniyle delik ihtiyacinin ortadan kaldirilmasi gibi birgok avantaj bulunmaktadir (Wen, 1969), EDDK’larin
analizi 1969 yilinda ilk kez Wen (1969) tarafindan konform doniisim teknigi (KDT) kullanilarak yapilmustir,
EDDK’lar, bir dielektrik tabakanin iistiine ayni diizlemde olmak iizere bir merkez iletken ve bu iletkenin iki
tarafina, iki yariktan sonra konulmus bulunan toprak diizlemlerinden olugmaktadir, Cok tabakali iletim hatti
yapilari, alt ve {ist tabakalara uygun dielektrik taban malzemesi kullanilmasiyla, tek bir dielektrik katmana sahip
iletim hatlarina gére temel frekans bolgesinin kontrol edilmesi ve kagak alanlar1 daha iyi onleyebilmektedir (Das
and Pozar, 1987; Frankel, Voelker and Hilfiker, 1994; Gevorgian, Linner and Kollberg, 1995; Erli and Chou,
1997), Ayrica EDDK yapilarinda dielektrik katmanin kirilgan olmasi durumunda yapimin mekanik dayanimini ve
ortalama gii¢ tasima kapasitesini arttirmak icin kirilgan alt katmanin bagka bir dielektrik alt katmana birlestirilmesi
ile ¢6ziim elde edilebilir (Shih and Itoh, 1982; Jackson, 1986; Riaziat, Bandy and Zdasiuk, 1987; Morkoc and
Aksun, 1988; Cai, Kooi, Leong and Yeo, 1993),

Literatiirde yaygin bir sekilde kullanilan ¢ok katmanli EDDK’lardan biride DTDEDDK ’lardir, DTDEDDK ’larin
karakteristik parametreleri ilk kez 1992 yilinda Bedair ve Wolff (1992) tarafindan KDT kullanilarak elde etmis ve
bu sonuglar spektral domain analizi (SDA) sonuglariyla kiyaslanmistir, Ayrica DTDEDDK ’larin quasi-TEM
parametreleri, gelistirilmis SDA (GSDA) metodunu kullanarak belirlenmistir (Cheng and Robertson, 1994), Goriir
vd, (1996) 1996 yilinda ¢ok katmanli asimetrik EDDK’larin quasi statik TEM parametrelerini hesaplamak igin
analitik formiiller onermislerdir, Yildiz, Guney, Turkmen ve Kaya (2007) ises DTDEDDK larin karakteristik
parametrelerinin hesaplamalarinda yapay sinir aglarini kullanmislardir,

Literatiirdeki bu modellerin baz1 dezavantajlar1 vardir, Literatiirde son model ( Yildiz et al,, 2007) disinda 6nerilen
analiz modelleri (Bedair and Wolff, 1992; Cheng and Robertson, 1994; Gériir et al, 1996), hesaplanmasi olduk¢a
glic olan eliptik integraller igerir ve DTDEDDK ’larin karakteristik parametrelerini belirlemek igin kapsamli
hesaplamalar gerektirir, Ref, (Yildiz et al,, 2007) ile literatiire Onerilen bulanik sinir aglar1 tabanli modeller ise
kapal kutu modelleridir ve kapali form denklemler igermemektedir,

Bu c¢alismada, DTDEDDK ’larin karakteristik parametrelerini belirlemek amaciyla GP kullanilarak elde edilmis
olan dogru ve ¢ok basit quasi-statik analiz modelleri 6nerilmistir, GP, evrimsel algoritma tekniklerinden biri olup,
DTDEDDK ’larin karakteristik parametrelerini basarili bir sekilde hesaplamaktadir, Onerilen quasi-statik analiz
modellerinin gegerliligini ve dogrulugunu kanitlamak amaciyla birgok kiyaslama yapilmistir, Bu kiyaslamalar
kapsaminda, Onerilen quasi-statik analiz modellerinden elde edilen sonuglar ile KDT (Bedair and Wolff, 1992),
SDA (Bedair and Wolff, 1992), GSDA (Cheng and Robertson, 1994)’dan elde edilen sonuglarla karsilastirilmustir,
GP ve mikrodalga diizlemsel iletim hatlarimin analiz ve tasarim problemlerine ait uygulamalar hakkinda ayrintili
bilgiler (Kisioglu and Yildiz, 2016; Yildiz and Kisioglu, 2017)’da verilmistir,

GENETIK PROGRAMLAMA KULLANARAK GELISTIiRILEN ANALiZ MODELLERI

DTDEDDK ’larin kesit goriiniimii Sekil 1’de verilmistir, Bu sekilde, w’lar yarik genisliklerini, w yarik genislikleri
arasinda kalan kisim S serit genigligini, h dielektrik tabakanin kalinligidir, & Ve &, ise tabakalarin bagil dielektrik
sabitleridir, Tletim hattinda kullanilan tiim iletkenlerin kalinliklarinin ihmal edilecek kadar ince ve miikemmel
iletken oldugu varsayilmistir, DTDEDDK’larin analiz modelleri GP kullanarak gelistirilmistir, GP,
DTDEDDK ’larin analizini gerceklestirmek i¢in giris ve c¢ikis degiskenleri arasinda fonksiyonel bir iliski
kurmaktadir, Onerilen analiz modellerinde giris parametreleri; bagil dielektrik sabitleri (er1, &), dielektrik
tabakanm kalinligi (h), iletim hattinin fiziksel boyutlar1 olan normalize yarik genisligi (W/h) ve normalize serit
genisligi (s/h), Cikis parametresi ise efektif dielektrik sabiti (&) veya karakteristik empedanstir (Z;),

DTDEDDK ’larin quasi-statik analiz modellerinin olusturulmasinda kullanmak amaci ile Bedair ve Wolff (1992)
tarafindan yapilan c¢alismadan 8000 adet wveri seti TUretilmistir, Veri setindeki tasarim parametreleri;

20um<h<2000um,2<¢, <10ve 10<¢,, <20o0larak alinmstir, Ayrica iletim hatt1 yapismin normalize yarik
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genisligi0.1<w/h <1 ve normalize serit genisligi 0.1<s/h <4 araliginda tutulmustur, Bu tasarim parametre
degerlerine karsilik gelen karakteristik empedans degerleri ise 19Q <7, <117Q) araliginda oldugu hesaplanmustir,

S

&

€n

RV AV AV AN AV AT A VA A Y AV A A VA AN AT AT A VA VAV AV AV AT AVAVAT AT
Sekil 1, DTDEDDK ’larin Kesit Goriintimii

DTDEDDK ’larin quasi-statik analizi i¢in GP kullanarak tiiretilen uygun analiz modellerini elde etmek amaciyla
bir¢cok deneme gergeklestirilmistir, Bu denemelerde GP’nin, ¢aprazlama orani, mutasyon orani, ¢ogalma orani ve
popiilasyon biiyiikliigli en uygun deger olarak sirasiyla 0,8, 0,1, 0,1 ve 150 olarak alinmistir, Bircok deneme
sonunda, belirli bir (&1, &2, h) dielektrik taban malzemesi ve iletim hattinin (w/h, s/h) geometrik boyutlar
secildikten sonra DTDEDDK ’larin (karakteristik empedans ve efektif dielektrik sabiti) karakteristik parametrelerini
hesaplayan hata oranlar1 diisiik, dogru ve cok basit analiz modelleri GP kullanarak tiiretilmistir, Tiretilen
DTDEDDK ’larin karakteristik empedansini (Z,) ve efektif dielektrik sabitini (&) hesaplayan analiz modelleri
strastyla denklem (1) ve (2)’de verilmistir,

. -1
xl-w+x2~h+x3-ar1-h
h w S
Zo=mq,- (x +X_-€ +X.-lo (i)-lo (x +Wix, ¢ )) 1)
00+45r269hg7h8r2
w
i Yo", ]
o ixne 18 W X488 X57ErpS XgoErp W
1 72 *r2 h h h h (2)
Ceff 7| xo-6.,-w X 'S
_07 "r2 -sin( 8 J
h h

Burada (X1, Xa,..., xg9) DTDEDDK ’lar i¢in 6nerilen analiz modellerinin katsayilaridir, no=120n Q ise hava ortaminin
0z empedansidir, Tablo 1’de DTDEDDK ’lar i¢in Onerilen karekteristik empedansa ve effektif dielektrik sabitine ait
analiz modellerindeki katsayilarin degerleri verilmistir,

Tablo 1, DTDEDDK ’lar igin Onerilen Analiz Modellerindeki Katsay1 Degerleri

X1 Xo X3 Xa X5 X6 X7 Xg Xg
(Zo) Karakteristik Empedans 1,1261 0,1446 0,0552 4,0994 0,3069 4,1489 0,3938 0,6735 0,6914
(eefr) Efektif Dielektrik Sabiti ~ 0,4789 0,5080 0,0780 0,0353 0,0339 0,0592 0,0442 0,5954  -—--

SONUCLAR VE TARTISMALAR

Bu c¢alismada DTDEDDK ’lar quasi-statik analizleri icin GP kullanilarak tiiretilmis analiz modelleri onerilmistir,
DTDEDDK ’lar i¢in bu g¢alismada oOnerilen analiz modellerin dogrulugunu ve gegerliligini kanitlamak amaciyla
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detayli kiyaslamalar yapilmistir, Bu kapsamda, onerilen analiz modellerinden bulunan sonuglar, KDT (Bedair and
Wolff, 1992), SDA (Bedair and Wolff, 1992), GSDA (Cheng and Robertson, 1994) sonuglari ile karsilagtirilmustir,

Ik karsilastirma farkli (g1, &r,) dielektrik sabiti degerleri ve farkli w/h degerleri icin karakteristik empedans ve
efektif dielektrik sabitinin (s/h) normalize serit genisligine gore degisimi hem Onerilen analiz modelleri hemde
literatiirdeki KDT (Bedair and Wolff, 1992) modeli i¢in yapilmistir, Elde edilen sonuglar Sekil 2 ve Sekil 3’te
gosterilmistir, Bu sekillerden agik¢a goriilebilecegi gibi, onerilen analiz model sonuglar1 ile KDT (Bedair and
Wolff, 1992) sonuglar1 arasinda ¢ok iyi bir uyum bulunmaktadir,

Ikinci karsilastirma ise dnerilen analiz modellerinden hesaplanan karakteristik empedans degerleriyle literatiirdeki
KDT (Bedair and Wolff, 1992), SDA (Bedair and Wolff, 1992), ve GSDA (Cheng and Robertson, 1994)
modellerinden hesaplanan karekteristik empedans degerleri i¢in yapilmis ve elde edilen sonuglar Tablo 2
verilmistir, Bu tabloda, w* ve s* gercek boyutlar olup bu degerleri kullanilarak hesaplanan KDT (Bedair and Wolff,
1992), SDA (Bedair and Wolff, 1992) ve GSDA (Cheng and Robertson, 1994) icin Zy(w", s*) karakteristik
empedans degerlerini ve bu c¢alismada Onerilen analiz modelinden bulunan karakteristik empedans degerleri
Zo*(W', s7) seklinde gosterilmektedir, Bu karsilastirmalardan da agik¢a goriildiigii gibi 6nerilen analiz modelinden
elde edilen sonuglar ile KDT (Bedair and Wolff, 1992), SDA (Bedair and Wolff, 1992) ve GSDA (Cheng and
Robertson, 1994) modellerinden elde edilen sonuglar arasinda ¢ok iyi bir uyum bulunmaktadir,

8 . | 160

140

120

100

80

Efektif Dielektrik Sabiti
Karakteristik Empedans(Ohm)

60

40

Sekil 2, DTDEDDK ’lar Karakteristik Parametreleri icin Onerilen Analiz Modelinin Sonuglariyla Literatiirdeki
Quasi Statik Analiz (Bedair and Wolff, 1992) Sonug¢lariyla Karsilastirilmasi (h=200 um, £1=3,78, £,=12,9),
— — — Karakteristik Empedans (Bedair and Wolff, 1992), Efektif Dielektrik sabiti (Bedair and Wolff,
1992), (o o o Karakteristik Empedans, + + + Efektif Dielektrik sabiti) Sunulan Analiz Modelleri
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Sekil 3, DTDEDDK ’lar Karakteristik Parametreleri icin Onerilen Analiz Modelinin Sonuglariyla Literatiirdeki
Quasi Statik Analiz (Bedair and Wolff, 1992) Sonuglariyla Karsilastirilmasi (h=200 um, £1=10, &,=20),
— — — Karakteristik Empedans (Bedair and Wolff, 1992) Efektif Dielektrik sabiti (Bedair and Wolff,
1992), (o o o Karakteristik Empedans, + + + Efektif Dielektrik sabiti) Sunulan Analiz Modelleri

Benzer iyi sonuglar analiz edilecek tiim DTDEDDK lar i¢in de gozlenebilir, nitekim karakteristik empedans ve
efektif dielektrik sabiti i¢in Onerilen analiz modellerinin literatiirdeki KDT (Bedair and Wolff, 1992) model
sonuglarina gore ortalama yiizde hatalari, 8000 adet DTDEDDK 6rnekleri igin sirasiyla %1,42 ve %0,61 olarak
belirlenmistir,

Sonug olarak, GP tarafindan gelistirilen analiz modellerinden elde edilen sonuglar ile KDT (Bedair and Wolff,
1992), SDA (Bedair and Wolff, 1992) ve GSDA (Cheng and Robertson, 1994) model sonuglar1 arasindaki bu ¢ok
iyl uyum, bu calismada o6nerilen analiz modellerinin gegerliligini ve GP'nin dogru ¢oziimler elde etmedeki {istiin
performansini da gostermektedir,

SONUCLAR

Bu ¢alismada DTDEDDK ’larin karakteristik empedansini ve efektif dielektrik sabitini hesaplayan, GP kullanilarak
tiiretilmis olan, dogru ve ¢ok basit analiz modelleri onerilmistir, Analiz modellerinin dogrulugunu ve gegerliligini
kanitlamak amaciyla elde edilen sonuglar literatiirdeki KDT (Bedair and Wolff, 1992), SDA (Bedair and Wolff,
1992), GSDA (Cheng and Robertson, 1994) model sonuglari ile karsilastirilmis ve aralarinda iyi bir uyum oldugu
gozlemlenmistir, Ayrica dnerilen analiz modellerinin hem dogrulugundan hem de basitliginden anlasilacag iizere,
GP’nin {istlin bir performansa sahip oldugu agik¢a goriilmektedir, Son olarak burada kullanilan yontem, farkli
fiziksel boyuttaki diger mikrodalga iletim hatlarinin analizi ve tasarimu igin arzu edilen basit ve dogru modelleri
tiiretmek amaciyla da kullanilabilir.
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Tablo 2, Farkli Taban Malzemeleri i¢in DTDEDDK ’larin Karakteristik Empedansi i¢in Onerilen Model Sonuglari
ile Literatiirdeki Mevcut Model Sonuglarinin Karsilastirilmasi

w s e =10,6,=20,h =200 m e = 3,78, e = 12,9, h =200 pm e =10, 2 =129, h =200 pm-
KDT SDA GSDA Onerilen KDT SDA GSDA Onerilen KDT SDA GSDA Onerilen
(,um) (/lm) (Bedair (Bedair (Cheng Analiz (Bedair (Bedair (Cheng Analiz (Bedair (Bedair (Cheng Analiz
and and and Modeli and and and Modeli and and and Modeli
Wolff, Wolff, Robertso Wolff, Wolff, Robertson, Wolff, Wolff, Robertson,
1992) 1992) n, 1994) 1992) 1992) 1994) 1992) 1992) 1994)
Z(w',s)  Z(whsT)  Zy(wisT) Zo(wsT) Zo(whsT) Zo(whsT) Zo(whs)  Zo(whst) Zo(whsT) Zo(whs') Zy(w'sT) zZ, (w',s7)
(@) (@) (@) (@) (@) (@) (%) (%) (@) (@) (@) (%)
20 20 45,51 45,85 45,38 4411 55,96 56,37 55,79 56,15 55,91 56,33 55,75 55,87
60 33,24 33,38 33,15 32,72 40,90 41,08 40,79 41,14 40,79 40,98 40,69 40,68
120 27,68 27,12 27,56 27,94 34,11 34,16 33,96 35,08 33,90 33,96 33,76 34,42
200 24,52 24,50 24,37 25,05 30,30 30,28 30,12 31,55 29,98 29,92 29,77 30,67
800 19,01 18,83 18,76 18,56 23,73 23,72 23,63 24,14 22,60 22,47 22,40 22,19
60 20 61,82 62,01 61,49 59,05 76,09 76,32 75,69 76,93 75,84 76,09 75,46 76,40
60 45,81 45,83 45,60 42,87 56,46 56,50 55,21 54,77 56,07 56,14 55,86 53,96
120 37.73 37,67 37,51 36,22 46,62 46,56 46,37 46,14 46,01 46,00 45,82 45,00
200 32.95 32,61 32,70 32,22 40,88 40,72 40,58 41,17 39,96 39,89 39,75 39,68
800 24,41 24.05 24,00 23,19 30,99 30,56 30,49 30,82 28,69 28,43 28,38 27,71
100 20 70,56 70,60 70,02 68,92 86,97 87,03 86,32 89,35 86,36 86,48 85,77 88,63
60 53.26 53.18 52,90 50,24 65,80 65,71 65,37 63,99 64,98 64,97 64,64 62,89
120 44,09 43.90 4373 42,44 54,65 54,44 54,23 53,99 53,92 53,42 53,22 52,44
200 38,47 38,19 38,07 37,71 47,91 47,60 47,44 48,18 46,39 46,22 46,07 46,15
800 27.98 27.48 27.43 26,78 35,76 35,16 35,09 35,87 32,61 32,25 32,22 31,73
200 20 83.77 83.24 82,62 83,71 103,80 103,20 102,42 104,89 101,80 101,50 100,60 103,89
60 65.28 64,80 64,45 62,98 81,22 80,66 80,21 78,37 78,85 78,94 78,12 76,72
120 54,87 5431 54,09 53,73 68,62 67,95 67,67 67,15 65,81 65,44 65,18 64,77
200 48,95 47,50 47.34 47,87 60,58 59,80 59,61 60,38 57,26 56,22 56,66 57,23
800 34,42 33,66 33,63 33,47 44,60 43,65 43,59 45,14 39,47 38,95 38,95 38,76
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OZET

Multipl Miyelom, diinyada kansere bagli oliimlerin yaklasik %2’sine sebep olan bir hastaliktir. Bu hastalik
nedeniyle normalde viicudun bagisiklik sistemi i¢in antikor iireten plazma hiicrelerinin sayis1 kontrolsiiz bir sekilde
artmaktadir. Dolayisiyla plazma hiicrelerin tespiti hastaligin teshisi i¢in 6nemli bir faktordiir. Hastaligin teshisi i¢in
kemik iliginden alinan 6rnekler oncelikle uzmanlar tarafindan boyanmaktadir. Daha sonra boyanan érneklerdeki
plazma hiicreleri mikroskopla incelenmektedir. Bu inceleme islemi insan hatalarina acik ve ayni zamanda da ¢ok
zaman alicidir. Bu calismada plazma hiicrelerinin tespiti i¢in yapay zeka tekniklerine dayali otomatik bir
siiflandirict gelistirilmistir. Plazma hiicrelerinin tespiti i¢in hiicre ¢ekirdegi ve sitoplazmasi farkli yontemlerle ayri
ayr1 segmente edilmistir. Hiicre ¢ekirdegine ait bolgeler Cok Seviyeli Esikleme yontemiyle, sitoplazmasi ise U-net
evrisimsel sinir ag1 kullamlarak segmente edilmistir. Segmente edilen bdolgeler morfolojik islemlerle
iyilestirilmigtir. Segmente edilen g¢ekirdek ve sitoplazma bolgelerinin birlikte degerlendirildigi goriintiilerdeki her
bir hiicre i¢in Cekirdek Hiicre Oram kriterine gore plazma hiicreleri tespit edilmistir. Veri setindeki 85 goriintii
tizerinde yontem uygulandiginda, toplam 320 plazma hiicresinden 279’u basarili bir sekilde tespit edilmistir.
Calisma sonucunda %87,19 duyarlilik, %74,6 kesinlik ve %80,4 F1-skor degerleri elde edilmistir.

Anahtar Kelimeler: Multipl Miyelom, Plazma Hiicresi, Segmentasyon, U-net, Cok Seviyeli Esikleme.
ABSTRACT

Multiple Myeloma is a disease that causes approximately 2% of cancer-related deaths in the world. Due to this
disease, the number of plasma cells that normally produce antibodies for the body's immune system increases
uncontrollably. Therefore, detection of plasma cells is an important factor for the diagnosis of the disease. Samples
containing plasma cells are examined under a microscope. This examination is prone to human error and also takes
a lot of time. In this study, an automatic system was developed for the detection of plasma cells. For the detection
of plasma cells, the cell nucleus and cytoplasm were segmented separately by different methods. The regions of the
cell nucleus were segmented by Multilevel Thresholding method and the cytoplasm was segmented using U-net
convolutional neural network. The segmented regions were enhanced by applied morphological operations. Plasma
cells were determined according to the Nuclear Cell Ratio criterion for each cell in the images in which the
segmented nuclei and cytoplasm regions were evaluated together. When the proposed method was applied on 85
images of the data set, 279 of 320 plasma cells were successfully detected. As a result of the study, 87.19%
sensitivity, 74.6% precision and 80.4% F1-score values were obtained.

Keywords: Multiple Myeloma, Plasma Cell, Segmentation, U-net, Multilevel thresholding

ToCite: GUNAY, M., & TAZE, M., (2022). MIKROSKOPIiK GORUNTULERDE MULTIPL
MIYELOM PLAZMA HUCRELERININ TESPITI. Kahramanmaras Siitcii Imam Universitesi
Miihendislik Bilimleri Dergisi, 25(2), 145-154.
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GIRIS

Plazma hiicreleri, kemik iliginde iiretilen bir tiir beyaz kan hiicresidir. Multipl Miyelom ise, kemik iliginde bulunan
anormal plazma hiicrelerinin olusturdugu bir kanser tiiriidiir (Saeedizadeh vd., 2016). Tiim kanser hastaliklar1
icinde Multipl Miyelomun goriilme orani yaklagik %1°dir (Paing vd., 2022). Bununla beraber tiim kansere bagl
Oliimler arasinda Multipl Miyelom %2’lik bir orana sahiptir. Bir¢ok kanser tiiriinde oldugu gibi Multipl Miyelom
kanserinin erken teshisi 6liim oranini azaltmaktadir (Paing vd., 2022; Saeedizadeh vd., 2016).

Kemik iligi aspirasyonu yontemiyle alman Omekler kimyasal boyama (lekelendirme) islemiyle
renklendirilmektedir. Sekil 1°de goriildiigi gibi 6rnek mikroskobik goriintii {izerinde lekeli hiicre ¢ekirdekleri mor
tonlarda ve sitoplazmalari ise mavi tonlardadir. Renklendirilen bu 6rnekler mikroskopla incelenmekte ve lekeli
plazma hiicreleri uzman tarafindan incelenmektedir. Fakat bu islem insan hatalarina agik, zaman alic1 ve yorucudur.
Bu sebeplerle Multipl Miyelom plazma hiicrelerinin yapay zeka teknikleriyle tespiti oldukca dnemlidir (Paing vd.,
2022; Gupta vd., 2018; Saeedizadeh vd., 2016). Kan hiicreleriyle ilgili literatiirde ¢ok sayida ¢alisma olmasina
ragmen Multipl Miyelomun goriintli isleme yontemleriyle tespiti igin yapilan segmentasyon c¢aligmalart 2015
yilindan sonra baglamistir (Saeedizadeh vd., 2016). Bunun sebebi plazma hiicrelerinin (6zellikle plazma hiicresine
ait sitoplazmanin) segmentasyonunun oldukc¢a zor olmasindan kaynaklanmaktadir. Literatiirde ortaya konan az
sayidaki ¢aligsma ii¢ farkli veri seti tizerinden galigilmustir.

Sekil 1. Veri Setinin Ilk Goriintiisii

Ik veri setinde 50 gériintii bulunmakta ve bu veri seti iki farkli ¢alismada calisilmistir. Bunlar; Saeedizadeh vd.,
(2016) calismalarinda, veri setine Onisleme, renk uzay1 doniisiimii, K-ortalama, Otsu esikleme, Watershed, SVM
siniflandiricilart barindiran ¢ok asamali yontemler uygulayarak Multipl Miyelom plazma hiicrelerini %55,49 F1-
score orantyla boliitlemistir (Gupta vd., 2018). Gupta vd., (2017) ayn1 veri setindeki goriintiiler iizerinde sirasiyla
renk normalizasyonu, renk uzay1 doniisiimleri, morfolojik yontemler ve level set yontemleri kullanarak tek plazma
hiicrelerini 141/165 oraninda ve kiime plazma hiicrelerini 16/21 dogrulukla segmente etmislerdir.

Diger bir veri seti tizerinde yapilan ¢alismalar (Gupta & Gupta, 2019) tarafindan 85 goriintii lizerinde denenmistir.
Gupta vd., (2018) calismasinda kontrast germe renk uzayr doniigsiimleri yaparak lekelenmemis hiicreler
goriintiilerden ayiklanmuis, ¢ok fazli level set ve morfolojik islemler yardimiyla ilgili alanlar segmente edilmistir.
Bu ¢aligmanin bagarimi Saeedizadeh vd., (2016) calismasi ile kiyaslanmis ve %81,66 Duyarlilik (Recall), %76,56
Kesinlik (Precision) ve %79,03’liikk F1-score oranlarma ulasildigi vurgulanmistir. Bu veri setiyle ilgili literatiirde
bagka yayima rastlanamamustir.
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Ucgiincii veri seti SegPC-2021 isimli bir gériintii segmentasyon yarismasinda yayinlanan ve 775 adet Multipl
Miyelom plazma hiicresi i¢eren goriintiilerden olusan veri setidir. Yarigmaya konu bu veri seti iizerinde daha ¢ok
Mask R-CNN (Faura vd., 2022; Paing vd., 2022; Qiu vd., 2022; Vyshnav vd., 2020), U-Net (Afshin vd., 2021,
Vyshnav vd., 2020), DeepLab3+ Modeli (Afshin vd., 2021), ResNet (Faura vd., 2022; Afshin vd., 2021) gibi yapay
zeka ve derin 6grenme temelli segmentasyon yontemlerinin kullanildigi uygulamalar yapilmistir. Bu ¢aligmalarda,
plazma hiicrelerinin dogru tespit edilmesi oran1 yerine; daha ¢ok yapay zeka temelli yontemlerin basarimini 6l¢gmek
adina IoU (Intersection-over-Union) degeri gozetilmis ve ¢ogu ¢alismada %90’1n iizerinde bagarim elde edilmistir.

Onerilen bu calismada yukarida bahsedilen ikinci veri seti kullamlmstir. Onerilen bu ¢alismada, calismanin esas
hedefi Multipl Miyelom kanserinin teshisi i¢in plazma hiicrelerinin dogru tespit edilmesi oldugundan bu dogrultuda
acgiklamali goriintiileri de beraberinde sunan, yukarida bahsedilen ikinci veri seti tercih edilmistir. Ayrica bu veri
seti lizerinde kullanilacak yeni yontemler sonucunda elde edilmis olan Duyarlilik (Recall), Kesinlik (Precision) ve
F1-score gibi basarim oranlar1 6nceki ¢alismalarla kiyaslanmgtir.

MATERYAL

Calismada kullanilan mikroskobik goriintiilere ait veri seti TCIA (The Cancer Imaging Archive) (Clark vd., 2013)
web kaynagi lizerinden elde edilmistir. Multipl Miyelom hastalarindan kemik iligi aspirasyonuyla alinan 6rnekler,
Jenner-Giemsa boyasiyla lekelenenmis lamlara konulmustur. Dijital kamerayla donatilmig Nikon Eclipse-200
mikroskop kullanilarak lamlar bin kat yakinlastirilmis ve BMP (bitmap) formatinda hiicre goriintiileri kayit
edilmistir. 85 adet farkli 6rnekten olusan veri setindeki tiim goriintiiler 2560x1920 piksel boyutlarindadir (Gupta &
Gupta, 2019). Veri setinde bulunan goriintiiler zaten normalize edilmistir (Gupta vd., 2020). Bu goriintiiler
igerisinde, calismada kesin referans olarak kullanilabilecek ve plazma hiicrelerinin isaretlendigi agiklama
goriintiilerini de igermektedir (Gupta vd., 2018). Yalniz burada ilgilenilen plazma hiicrelerinin siniri tam olarak
belirten maskeler verilmemis, sadece ilgili plazma hiicreleri okla gosterilmistir. Sekil 2’de plazma hiicrelerini
gosterir siyah oklara dair 6rnek gorsel verilmistir.

Sekil 2. Siyah Oklarla ilgilenilen Plazma Hiicrelerini Gésterir Agiklama Gériintiisii

Veri setindeki goriintiiler dort farkli sinifa ayrilabilir. Bunlar, lekelenmis hiicrelerin ¢ekirdegi, lekelenmig
hiicrelerin sitoplazmasi, lekelenmemis hiicreler ve arka plandir. Lekelenmis plazma hiicrelerinde, hiicre
cekirdekleri, birbirine ¢ok yakin mor tonlarda, sitoplazmalari ise koyu mavi ile agik mavi arasinda degisen, hatta
arka plana ¢ok yakin tonlarda bulunabilmektedir. Lekelenmemis hiicreler ise genelde belirgin kenarlara sahip,
sitoplazmaya ve arka plana yakin renk tonlarindadir. Arka plan ise genel olarak beyaza yakin, mavi-mor giiriiltiilere
sahip en acik renkli alan olarak tanimlanabilir.
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YONTEM

Bu calismada, Multipl Miyelom plazma hiicrelerinin tespiti i¢in hiicre ¢ekirdegi ve sitoplazmasi ayr1 ayri1 segmente
edilmigtir. Ciinkii Multipl Miyelom plazma hiicrelerinin tespiti i¢in her bir lekelenmis hiicrenin, Cekirdek Hiicre
Orami (CHO) yani; ¢ekirdek alani/toplam hiicre alan1 oraninin 0,8’den kiiciik olmas1 gerekmektedir. 0,8 veya daha
biiyiik bir orana sahip hiicreler ¢ekirdek hiicresi (sitoplazmasi yok veya c¢ok az) olarak adlandirilmaktadir
(Saeedizadeh vd., 2016).

Giris
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Goriintiisii

Kesin Referans
Gortintii

| |
1 N e R
1 Morfolojik Kapatma !
! 1
\ /

Sekil 3. Plazma Hiicrelerinin Segmentasyonu i¢in Onerilen Yéntemin Sematik Gosterimi

Birinci adimda, sitoplazma segmentasyonuna gore ¢ok daha kolay olan hiicre ¢ekirdeginin segmentasyonu i¢in
L*a*b* renk uzayr doniisimii ve Cok seviyeli Otsu Esikleme yontemi kullamlmustir. Ikinci adimda ise
sitoplazmanin segmente edilmesi i¢in derin 6grenme temelli U-net mimarisinden faydalanilmistir. Her iki adimdan
elde edilen sonuglar iizerinde goriintii agma, goriintii kapatma gibi temel morfolojik islemler uygulanmistir. Ugiincii
adimda goriintiilerde tespit edilen her bir hiicre ¢ekirdegi igin, -varsa- komsu olan sitoplazmalari etiketleyerek
Cekirdek Hiicre Oranini hesaplanmistir. Bu orana gore hiicrenin ilgilenilen plazma hiicresi olup olmadigina karar
verilmistir. Plazma hiicrelerinin segmentasyonu i¢in 6nerilen bu yontemin sematik gdsterimi Sekil 3’te verilmistir.

L*a*b* Renk Uzayr

CIE 1976(L*, a*, b*) veya CIE LAB adiyla da bilinen L*a*b* renk uzay1 insan goziiniin gorebilecegi tiim renkleri
tanimlayan, cihaz bagimsiz bir modeldir. Bu modelde L* katmani 0-100 aras1 koyudan agiga dogru aydinligi temsil
eder. a* katmani ve b* katmaninin teorik olarak limitleri olmasa da sayisallagtirilabilmesi adina genelde -128,+127
araliginda deger alirlar. a* katmani pozitif ugta kirmizi, negatif ugta yesil renk tonlarini temsil ederken, b* katmani
ise pozitif ucta sar1, negatif ugta mavi renk tonlarini ifade eder (Tasgetiren, 2019; Connolly & Fleiss, 1997).

Siyah

Sekil 4. L*a*b* Renk Uzay1 Gosterimi (Kuru, 2014)
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Cok Seviyeli Esikleme

Global (tekli) esikleme yontemleri, gériintiiye ait renk dagilimu {izerinde en uygun esik degerini belirlemeye ¢aligir.
Bulunan esik degeri ile ilgilenilen nesne ve arka plan segmente edilmis olur. Fakat goriintiide ikiden ¢ok bdlge
varsa global esikleme yOntemi istenilen basariyr saglamayabilir. Boyle durumlarda cok seviyeli esikleme
yontemleri goriintii histogrami tizerinde birden c¢ok esik degeri belirleyerek goriintiiniin ikiden fazla bdlgeye
segmente edilmesine olanak saglar (Merzban & Elbayoumi, 2019; Senthilkumaran & Vaithegi, 2016).

En popiler esikleme yontemi olan Otsu Esikleme yontemi, simflar arasi varyansin maksimize edilmesini
amaclamaktadir. Otsu esikleme yontemi, goriintli segmentasyonunda, yaygin olarak tek esik degeri belirlemek icin
kullanilsa da aslinda cok esik belirleme yetenegine de sahiptir. Kaynak goriintiide genel olarak k adet farkli ton
varsa, k-1 adet esik degeri Otsu yontemiyle hesaplanarak bu esik degerlere gore k-seviyeli goriinti elde edilir
(Tuba, 2014).

Iki seviyeli esikleme, bir goriintiiniin t esik degeriyle esiklenmesiyle, 1 goriintiisiinii t degerinden kiiciik olan gri
seviyeleri (M) ve t’ye esit veya daha biiylik olan gri seviye degerleri (M;) olmak tizere iki alt kiimeye ayirir.
Esiklemenin sonucunda, iki grubu temsil eden mantiksal 0 ve mantiksal 1’lerden olusan bir ikili gériintii elde edilir.
L adet gri seviyeden olusan bir goriintii igin, iki seviyeli esikleme Denklem (1)'deki gibi tanimlanabilir:

Mo={gxy)€l|0sgxy)<t—1}

M ={gxy)€l]tsgxy) <L -1} "
Cok seviyeli esiklemede ise birden fazla esik degeri i¢in ¢ok gruplu bir ¢ikis goriintiisii elde edilir. Bu durum
Denklem (2)’de su sekilde tanimlanmustir:

Mo={gxy)€l|0<sgxy)<tl -1}

Mi={gxy)€l/tisgxy)st: =1} @

M ={gxy)€lti<gxy) sttl—1}
Mn={gxy)€l|tn<gxy)<L—1}

Buradat; (i=1,..., m)i. Esik degeri olmak tizere m adet esik degeri bulunmaktadir (Akay, 2013).
U-net

Evrigimli sinir ag1 olan U-net, goriintiileri hassas ve hizl1 bir sekilde boliitlemede yaygin olarak kullanilmaktadir.
U-net, benzer algoritmalara gore daha basit yapiya sahiptir ve uygulamada daha az veriye ihtiya¢ duyar (Kog¢ &
Akgiin, 2021). U-net ortaya ¢ikis tarihinden(2015) itibaren tibbi goriintiilemede yaygin olarak kullanilmaktadir.
Cesitli aragtirmacilarin ¢aligmalarina 6zel bir sekilde gelistirilmesi nedeniyle zaman iginde U-net mimarisinde
gelismeler olmustur (Siddique vd., 2021).
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Sekil 5. U-net Mimarisi (Ronneberger vd., 2015)

Sekil 5°te verilen ve Ronneberger vd., (2015) tarafindan gelistirilen U-net mimarisinde, ag yapisi1 daralan ve
genisleyen bir yoldan olusmaktadir. Daralan yol evrisimli agin tipik mimarisini izler. Her biri alt-6rnekleme igin
adim 2 ile birlikte dogrultulmus dogrusal birim (ReLu) ve 2x2 maksimum havuzlama katmani tarafindan takip
edilen 3x3 evrisim katmaninin tekrarlanan iki uygulamasindan meydana gelmektedir. Her 6rnekleme adiminda,
Ozellik kanallarinin sayist 2 katina cikarilmistir. Genisletilmis yoldaki her adim, 6zellik haritasinin bir {ist-
orneklemesinin ardindan 6zellik kanallarinin sayisimi yariya indiren 2x2 evrisim katmanindan, her biri ReLu
tarafindan takip edilen 2 adet 3x3 evrisim katmani ve daralan yoldan gelen kirpilmis o6zellik haritasiyla bir
birlestirmeden meydana gelmektedir. Final katmaninda 64 bilesenli her 6zellik vektoriinii gerekli olan sinif sayisina
eslemek icin 1x1 evrisim katmani kullanilmigtir. U-net aginda toplam 23 adet evrisim katmani bulunmaktadir
(Ronneberger vd., 2015).

BULGULAR VE TARTISMA

Lekeli hiicrelerdeki ¢ekirdek segmentasyonu i¢in, Cok Seviyeli Otsu Esikleme yontemi secilmistir. Bu se¢imin
sebebi hiicre ¢ekirdeklerinin ¢ok yakin tonlarda ve genelde diiz bir dokuya sahip olmasidir. Bu tip bdlgelerin
segmentasyonu igin esikleme yontemleri basarili ve hizli sonuglar vermektedir. Cok Seviyeli Otsu Esikleme
yontemi goriintiideki piksellerin renk farklarindan yararlanarak boliitleme yaptigindan, boéliitleme bagarimini
artirmak icin goriintiiler, bu renk farkinin daha bariz oldugu L*a*b* renk uzayina doniistiirilmiistiir. Bu uzaydaki
a* kanali -a’dan +a’ya, sirasiyla yesilden kirmiziya olan renk degerlerini temsil etmektedir. Cekirdekler ise
goriintiideki diger alanlara goére en c¢ok kirmizi renk degeri iceren alanlar oldugundan a* katmaninda diger
alanlardan kolayca ayrilmaktadir (Saeedizadeh vd., 2016). Sekil 6’da 0-1 araligina normalize edilmis a* katmani
gosterilmektedir.

Sekil 6. Gortintiiye ait a* katmani.
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[k olarak veri setindeki tiim goriintiiler L*a*b* renk uzayina déniistiiriilerek a* katmani iizerinde Cok Seviyeli
Otsu Esikleme yontemi uygulanmistir. Bu yontemde iki esik deger belirlenmis ve goriintii {i¢ seviyeye ayrilmustir.
Elde edilen goriintiiler; ¢ekirdegi olusturan mor tonlar, sitoplazmay1 ve bazen de lekelenmemis hiicreleri i¢eren
mavi tonlar ve arka plan1 ve lekelenmemis goriintiileri iceren giirtiltiilii agik (beyaz) renk tonlar1 igeren 3 ana
seviyeden olustugundan yaygin olarak kullanilan iki seviyeli esikleme yontemi yerine {i¢ seviyeli esikleme yontemi
tercih edilerek segmentasyon kalitesi artirtlmistir. Bu goriintiiler Sekil 7(a)’da gosterilmistir. Her bir goriintii i¢in
ayr1 ayri belirlenen iki esikten biiyiik olaninin iistiindeki degerlere sahip olan pikseller mantiksal 1, diger pikseller
mantiksal 0 olarak belirlenmis ve boylece ¢ekirdek alanlarini ifade eden ikili (binary) goriintiiler olusturulmustur.

Sekil 7. a. 3-Seviyeli Esikleme Sonucu (Solda) b. Hiicre Cekirdeklerini Gosterir Ikili Goriintii (Sagda)

Boyar maddeden kaynaklanan ve hiicre ¢ekirdeginin renk tonlarina benzer tonlarda olusan mor renkli giriiltiiler
goriintliniin geneline yayildigindan, bu giiriiltiileri temizlemek i¢in alan1 10.000 pikselden kiigiik olan bagl
bilesenler ikili goriintiilerden kaldirilmistir. Bu islemin sonucunda giiriiltiiler azaltilmis olsa da hiicre ¢ekirdegi
sinirlarindaki bazi istenmeyen kisimlar giderilememistir. Bu sorunu ¢ézmek i¢in ikili goriintii iizerine morfolojik
acma islemi uygulanmistir. Boylece daire sekline benzer cekirdek alanlarmin sekli korunarak bu sekli bozan
cikintilar yok edilmistir. Sekil 7(b)’de segmente edilmis hiicre g¢ekirdeklerini gésteren ornek bir ikili goriintii
verilmistir. Bu iglemler sonucu elde edilen ikili goriintiiler segmente edilen sitoplazma goriintiisiileriyle beraber
degerlendirilmistir.

Sitoplazmanin segmantasyonunda ise klasik yontemler basarili sonuglar vermediginden (Saeedizadeh vd., 2016)
derin 6grenme temelli U-net ag1 kullanilarak segmentasyon islemi gergeklestirilmistir. Bu amagla veri setiyle
birlikte sunulan, plazma hiicrelerinin isaretlendigi agiklama goriintiileri esas alinarak, elle gizilen kesin referans
goriintiileri, modeli egitmek ve modelin kendi dogrulamasini yapmasi igin ham goriintiilerle beraber U-net agina
girig olarak uygulanmistir. 85 goriintiiye ait basarimlar bu veri setiyle yapilmis 6nceki ¢alismayla (Gupta vd., 2018)
kiyaslanacagindan, test edilecek goriintii sayisini azltmamak i¢in 85 adet goriintii egitim dogrulama ve test alt
kiimelerine sabit olarak ayrilmamistir. Bunun yerine goriintiiler; rasgele 17’ser adet goriintii iceren 5 alt kiimeye
ayrilarak her bir alt kiime, test verisi olarak kullanilmistir. Kalan 68 adet goriintiiniin kendi igerisinde %751 (51
adedi) egitim, %251 (17 adedi) dogrulama icin kullanilmistir. Her bir alt kiime U-net aginda ayri ayri test
edilmistir. Bu iglemlerin uygulamasi i¢in MATLAB iizerinde galisan Microscopy Image Browser (Belevich vd.,
2016) yazilim paketinin, derin 6grenme araci olan DeepMIB (Belevich & Jokitalo, 2021) kullanilmigtir.

Bu islemler sonucunda elde edilen sitoplazma alanlarinin belirlendigi ikili goriintiilerin igerdigi giiriiltiiler icin de
morfolojik yéntemler kullanilmustir. flk olarak morfolojik kapatma islemi uygulanarak ikili gériintiide sitoplazmaya
ait baglantisiz yakin bolgeler birlestirilerek sitoplazma alanmi daha iyi temsil etmesi saglanmustir. lyilestirilmis bu
goriintii sitoplazmanin nihai segmentasyonunu ifade eden ikili bir goriintiidiir. Sekil 8’de 6rnek bir hiicreye ait
sitoplazma segmentasyonu adimlari gosterilmistir.
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Sekil 8. Ilgilenilen Ornek Bir Hiicre Sitoplazmast Igin: A. Elle Cizilen Kesin Referans Maskesi B. 2D U-net
Segmentasyonu Sonucu C. Morfolojik Kapatma Sonucu D. Orijinal Goriintii Uzerinde Nihai Sitoplazma
Segmentasyonu Gosterimi

Hiicre cekirdekleri iizerine uygulanan Cok Seviyeli Otsu Esikleme yoOntemi herhangi bir egitime tabi
tutulmadigindan goriintiideki tiim lekelenmis ¢ekirdekleri segmente etmek igin kullanilmigtir. Buna karsin
sitoplazma segmentasyonunda egitim verisi kullanildigindan genellikle Multipl Miyelom plazma hiicreleri
segmente edilmistir Plazma hiicrelerinin mutlaka lekeli bir ¢ekirdek ve lekeli sitoplazmadan olusmasi gerektigi igin
cekirdeklere ait ikili goriintiiler ve sitoplazmalara ait ikili goriintiiler beraber degerlendirilerek birbiriyle komsu
olan ¢ekirdek ve sitoplazmalarin birlesim alanlari olan hiicre alanlari, CHO (Cekirdek Hiicre Orani) kriterine goére
degerlendirilmistir. CHO’su 0,8 degerinin altindaki hiicreler (komsu g¢ekirdek ve sitoplazmalar) ilgilenilen plazma
hiicresi olarak etiketlenmistir.

Sekil 9. Ornek Hiicre icin CHO:0,38. Mavi Cizgi: Kesin Referans Smirlari, Yesil Bolge: Hiicre Cekirdegi
Segmentasyonu Sonucu, Sar1 Bolge: Sitoplazma Segmentasyonu Sonucu

Sekil 9°da basarili olarak segmente edildigi degerlendirilen bir 6rnek hiicrenin, ayr1 ayr1 segmente edilen ¢ekirdek
ve sitoplazma alanlar1 sirasiyla yesil ve sar1 renklerde gosterilmistir. Gorsel basarinin degerlendirilebilmesi igin
kesin referans igin elle olusturulan hiicreye ait sinirlar ise mavi ¢izgiyle ¢izilmistir. Fakat ¢alismada Onerilen
yontemin amaci ilgilenilen plazma hiicrelerini tespit etmek oldugundan her bir hiicreye ait piksel bazli basarim
degerlendirmeleri yerine ilgilenilen plazma hiicrelerinin ne kadar dogru bulunabildigine dair istatistiksel basarim
degerleri Tablo 1°de verilmistir.

Onerilen yontem tarafindan tespit edilen hiicreler, agiklamal1 goriintiilerle karsilastirilarak basarim hesaplanmustir.
85 goriintii i¢in agiklamali gdriintiilerde belirtilen 320 Multipl Miyelom plazma hiicresinin 279 adedi dogru (TP:
True Positive) tespit edilmistir. 41 adedi ise tespit edilememistir (FN: False Negative). 95 adet lekeli hiicre ise
ilgilenilen plazma hiicresi olmamasma ragmen yanls etiketlenmistir (FP: False Positive). ilgilenilmeyen hiicre
say1s1 veri seti igerisinde ¢ok fazla oldugundan (TN: True Negative) sayisi literatiirdeki ayni veri setiyle calisan
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diger yayindaki (Gupta vd., 2018) gibi hesaplanamamistir. TN degeri, ilgilenilen plazma hiicreleri disinda kalan
hiicrelerin hangilerinin oldugu aciklamali goriintiilerde verilmediginden net olarak hesaplanamamustir.

Hesaplanabilen TP, FN ve FP sayilar ile Duyarlilik (Recall = TP / (TP + FN)), Kesinlik (Precision = TP / (TP +
FP)) ve Fl-skorlar1 (F1-Score = 2 * Precision* Recall / (Precision + Recall)) Tablo 1’de ayni1 veri setiyle ¢alisan
diger yayindaki degerlerle karsilastirmali olarak sunulmustur. Ozellikle Duyarlilik oranii, yani ilgilenilen tiim
plazma hiicreleri igerisinde dogru etiketlenen plazma hiicrelerinin oran1 onceki ¢alismaya kiyasla oldukca
basarilidir.

Tablo 1. Plazma Hiicresi Tespitinin Istatistiksel Sonuglar
Duyarhlik (%) Kesinlik (%) F1-Skor (%0)

(Recall) (Precision) (F1-Score)
Onerilen Yontem 87,19 74,6 80,4
Gupta vd., (2018) 81,66 76,56 79,03
Saeedizadeh vd., (2016) 58,88 52,47 55,49

SONUCLAR

Multipl Miyelom plazma hiicrelerinin tespitinde, sitoplazma segmentasyonu kritik énemdedir. Fakat sitoplazma
cok farkli sekillerde ve tonlarda olabileceginden segmente edilmesi olduk¢a zorlu olabilmektedir. Caligmamizin
sonucunda, derin 6grenme temelli segmentasyon algoritmalarinin, bu zorlu konuda klasik yontemlere gore daha
basarili oldugu degerlendirilmistir. Bu konuda gelecekteki ¢alismalarimizda, kisitli sayida olan Multipl Miyelom
kanserine ait mikroskobik goriintiilerin artmas1 durumunda derin 6grenme temelli algoritmalarin daha ¢ok egitim
verisine sahip olacagi, dolayisiyla da daha basarili sonuclar elde edilecegi dngoriilmektedir.
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ABSTRACT

REY (Rare Earth Elements + Y) and Sc are strategic materials that are needed globally for areas requiring high
technology such as the energy sector and electronics. Coals contain Rare Earth Elements along with many trace
elements in their composition. In recent years, as the gap between REE's global demand and supply increases, the
search for alternative sources has become increasingly important, especially for countries that depend heavily on
imports of these materials. Particularly considered as waste material, coal and coal ash are considered a possible
source for many elements, including REE. Turkish low-rank coals analyzed in this study have an average critical
mineral abundance of 73.73 ppm (on a dry whole coal basis). Materials collected from the various Neogene coal
fields in Turkey were found to contain a relatively higher amount of REY (>100 ppm) relative to the rest of the
samples, which may be attributed to the volcaniclastic character of the sediment associated with the seams. In this
study, it was determined that although the critical mineral contents of the investigated coals were higher than
Turkish, World, USA, and China coals, they were not economic for production and could be taken into
consideration by the development of production techniques.

Keywords: Rare earth elements, yttrium, Sc, Turkish lignites, critical minerals.
OZET

NTE (Nadir Toprak Elementleri + Y) ve Sc, enerji sektorii ve elektronik gibi yiiksek teknoloji gerektiren alanlar
icin kiiresel olarak ihtiya¢c duyulan stratejik malzemelerdir. Komiirler, bilesimlerinde birgok eser element ile
birlikte Nadir Toprak Elementleri igerir. Son yillarda, NTE'nin kiiresel talep ve arzi arasindaki ugurum arttikga,
ozellikle bu malzemelerin ithalatina biiyiik dl¢iide bagimli olan iilkeler i¢in alternatif kaynak arayislar1 giderek
daha &nemli hale gelmistir. Ozellikle atik madde olarak degerlendirilen kdmiir ve komiir kiilii, NTE dahil birgok
element igin olas1 bir kaynak olarak kabul edilmektedir. Bu ¢alismada incelenen Tiirk diisiik dereceli komiirleri
(kuru tam kémiir bazinda) ortalama 73,73 ppm kritik mineral bolluguna sahiptir. Tiirkiye'deki gesitli Neojen komiir
yataklarindan toplanan materyallerin, diger Orneklere gore nispeten daha yiiksek miktarda NTE (>100 ppm)
icerdigi bulunmustur, bu durum, komiir damarlarmin iligkili sedimanter birimlerin volkaniklastik 6zelligine
atfedilebilir. Bu ¢alismada incelenen komiirlerin kritik mineral igerikleri Tiirk, Diinya, ABD ve Cin kdmiirlerine
gore daha yiiksek olmasina ragmen liretim agisindan ekonomik olmadigi ve iiretim tekniklerinin gelistirilmesi ile
dikkate alinabilecegi tespit edilmistir.

Anahtar Kelimeler: Nadir toprak elementi, yitriyum, Sc, Tiirk Linyit, Kritik mineral

ToCite: YALCIN ERIK, N., (2022). A NON-TRADITIONAL RESOURCE FOR CRITICAL MINERALS: RARE EARTHS +Y (REY),
AND Sc CONTENTS OF SOME TURKISH LOW-RANK COALS. Kahramanmaras Siit¢ii imam Universitesi Miihendislik
Bilimleri Dergisi, 25(2), 155-172.
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INTRODUCTION

Rare earth elements (REE) are a group of seventeen elements of the periodic table, with the inclusion of fifteen
lanthanides (lanthanum, cerium, praseodymium, neodymium, promethium, samarium, europium, gadolinium,
terbium, dysprosium, holmium, erbium, thulium, ytterbium, together with lutetium) plus yttrium and scandium.
Rare Earth Elements and Scandium have gained more importance and started to be researched due to the
developing technology and the need for raw materials needed in this context. The need for these elements of
technological developments has caused them to be defined as the strategic elements of the century (Alonso et al.
2012, Franus et al. 2015; Haque et al. 2014, Kumar et al. 2018). The fact that REE-containing materials are more
stable, high-temperature and corrosion-resistant lightweight materials has been vital for the production of
indispensable components of normal life, especially refining technology, computers, hybrid vehicles, batteries,
mobile phones, flat television screens (U.S. Department of Energy, 2011; Humphries, 2013; Massari and Ruberti,
2013; Zhang and Honaker, 2018). Because of their critical role in the modern economy, both the European
Commission (2014, 2017) and the US Department of Energy (2011) refer to REE as critical raw materials. The fact
that their production is difficult and high in cost has also caused the development of production methods to meet
the market demand. Removing these elements from the earth's crust, then turning them into metals or alloys is
extremely costly, environmentally hazardous, especially dangerous for workers' health. For this reason, some
countries do not prefer to produce these elements despite the existence of reserves. As such, more than eighty
percent of global production is made by China alone due to the advantage of cheap and negligible craftsmanship
(Haxel et al. 2002).

The rare earth elements (REE) and yttrium (hereinafter referred to as REY) are a group of 16 elements, including
the lanthanides and yttrium, which exhibit similar physicochemical properties and tend to coexist in nature
(McLennan, 1989; IUPAC, 2005). Scandium is chemically similar to the lanthanides and yttrium and is sometimes
included in REEs (Long et al. 2012). The increasing global demand for REY (or REE and Y), especially in China,
and the decrease in supply in recent years necessitated the discovery of new source areas or production methods to
these materials. The increase in the variety of metal used in the industry and the high price of the end high-tech
products directed the countries to investigate their underground resources more effectively and to supply the mines
necessary for their domestic consumption either from their resources or through imports. For this reason, several
kind of research are ongoing around the world to obtain REE not only in ores but also in coal and coal-bearing
rocks (Zheng et al. 2007; Ketris and Yudovich, 2009, Catus-Moszko and Biatecka, 2013, Dai et al. 2011a and
2012; Adamczyk et al. 2015). Many studies have suggested that coal ash is a potential alternative source for REY
(Seredin and Dai, 2012; Franus et al. 2015; Hower et al. 2016; Hower et al. 2015; Zhang et al. 2015), and with
traditional REY deposits. In comparison, some fly ash generally contains a higher critical REY fraction (Seredin
and Dai, 2013; Seredin et al. 2012; Pazand, 2015; Taggart et al. 2016).

The coal industry globally generates significant amounts of mineral waste, both during mining and during its use,
the bulk of which consists of components of economic importance. Therefore, recovering REY from alternative
sources such as coal by-products and waste can maintain the sustainability of coal mining and ensure the reliable
supply of high-tech materials. REY recovery as a by-product from coal deposits actively mined in many countries
could alleviate the current raw material crisis and, from the environmental point of view, make “dirty” coals into a
REY source for “clean” energy. In this context, low-rank coal/lignite is especially noteworthy.

In this study, REY properties of low-quality coal in Turkey were evaluated and conducted an investigation as to
whether the production potential in future periods. The total coal reserves of Turkey reach around 19 Gt and are
mostly composed of Cenozoic, low-rank coals, which display high ash yields and total sulfur contents (Tuncali et
al. 2002; MTA, 2020). In addition, environmentally sensitive elements (B, Cr, As, Ni) have been enriched in these
coals (Querol et al. 1997; Karayigit et al. 2000; Palmer et al. 2004) and therefore have potential adverse effects on
the environment and human health. There are notable studies evaluating the major and trace element characteristics
of Turkish Tertiary low rank coals (Altunsoy et al. 2017; Altunsoy et al. 2016; Altunsoy et al. 2015; Cicioglu ve
Karayigit, 2015; Celik et al. 2017; Demir & Kursun, 2012; Eraslan et al. 2014; Eraslan & Ongiin, 2017; Erkoyun et
al. 2017; Giirdal, 2011; Giirdal, 2008; Hos Cebi et al. 2009; Kalender & Karamazi, 2017; Karayigit et al. 2019;
Karayigit et al. 2017; Karayigit & Celik, 2003; Karayigit et al. 2001; Karayigit & Gayer, 2000; Karayigit et al.
2000; Karayigit et al. 1999; Ozcelik et al. 2016; Palmer et al. 2004; Saydam Eker et al. 2016; Tozsin, 2014; Yal¢in
Erik & Ay, 2020; Yal¢in Erik, 2019; Yalgin Erik & Ay, 2018; Yal¢in Erik, 2018).
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Also, due to environmental concerns and inadequate competitiveness during mining, the REE supply of Turkey is
only covered by imports In this study, some literature data and the author's recent studies of REY values in some
Turkish coal basins are interpreted to explain whether coal deposits are potential new sources for REY elements.
Therefore, the study is of great importance in terms of protecting the environment from the effects of the harmful
components that emerge as a result of the use of coal and exposing the industrial use potential of Turkish coals.

Usage Areas, Industrial And Economic Importance Of REY

The demand for rare earth elements containing scandium and yttrium as well as lanthanides in the World has
increased over the last few decades (Zhao et al. 2017; Balaram, 2019). In modern life, they have unique magnetic
and chemical properties that are utilized in many areas such as crude oil extraction or refining, in the production of
electronic and optical products. They are also widely used in the manufacture of the special compounds, catalysts,
industrial ceramics, high-quality glass, superconductors, fiber optics, and accumulators. With the widespread use of
renewable energy sources on a global scale, the need for such elements has started to grow. For example, the
construction of electric vehicles and wind turbines requires high-tech generators and motors using super strong
magnets (Neomagnets) made of neodymium and dysprosium. Elements such as yttrium, terbium, and europium are
the most important components in laptops, mobile phones, and TV screens (Seredin et al. 2013; Balaram, 2019).

Conventionally, REY is extracted and taken it back from rare earth minerals such as monazite, xenotime, and
bastnasite or ion-adsorbed clays (Taggart et al. 2016). The production of REY has been limited to a few countries
due to the limited areas of reserve areas, technical difficulties, legal difficulties, and capital costs. Reserves are not
homogeneously distributed throughout the world for geological reasons, and China, Brazil, Vietnam and Russia
have more than 88% of the estimated global reserves (US Geological Survey, 2018). While supplying> 80% of all
REEs consumed, China has long been the leading REE producing country with proven reserves of more than 30%
(US Geological Survey, 2018). Increasing global REY demand with the continuous development of modern
technology, together with the tight export quota imposed by China, has led to significant fluctuations in the REY
global supply market, especially in the last decade. Given the global impacts of the rare earth element scarcity, a
large number of private companies and national governments have started promoting alternative REY resources.
World REE production is approximately 130x10° tons/year and the monetary value of this production is around
4x109 $/year and China is the main manufacturer country of this sector (WEC, 2007). A similar trend is also valid
for REY prices. For example, the price of some critical metals hit historic records in mid-2011 (Cox and Kynicky,
2018).

REY Geochemistry

"Rare earth elements nomenclature refers to scandium and yttrium together with lanthanide group elements
(lanthanides), which are chemically similar metallic elements” (IUPAC, 1968). These elements feature high
melting points, high density, high thermal and electrical conductivity (Huang et al. 2018). Lanthanide elements are
divided into two main groups as cerium and yttrium. The Cerium (or light) group consists of elements Ce, La, Pr,
Eu, Pm, Sm, and Nd, and the Yttrium (or heavy) group consists of Ho, Lu, Dy, Gd, Y, Tm, Yb, Th, and Er
elements.

According to geochemical evaluations, REY elements can be classified as total REY, light, medium, and heavy.
The light REY elements (also called cerium group; La, Pr, Nd, and Ce; LREY), medium (Sm, Gd, and Eu; MREY),
and heavy (also called yttrium group Lu, Er, Ho, Th, Yb, Dy, Sc, Tm and Y; HREY) groups (Zhang et al. 2015). In
addition, as suggested by Seredin and Dai (2012), according to abundance and potential uses of use, critical (Y, Dy,
Eu, Er, Nd, Tb), excessive (Lferenru, Tm, Ho, Yb, Ce), and non-critical (La, Pr, Sm Gd). Recently, the US
Secretary of the Interior (2018) classified the REY + Sc group as "critical minerals".

The total content of lanthanide in the Earth's crust is 0.0015% and is the same as the copper content. Traditionally,
REY is commercial product from rare earth deposits that contain REY-bearing minerals such as bastnaesite,
monazite, and xenotime (Haxel et al. 2002; Jordens et al. 2013). Also, ion-adsorbed clays are another important
source, especially for HREY (Jha et al. 2016). The world's rare earth reserves are estimated to be 130 million tons
in total, 44 million tons of which is in China. The other major producers are Australia, the USA, Russia, Malaysia,
and Vietnam (Balaram, 2019).

REY Characteristics In Coals and Abundance Of Coals
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Coal is a sedimentary rock formed as a result of a heterogeneous mixture of inorganic materials (quartz, clay
minerals, carbonate minerals, sulfur minerals, etc.), mainly terrestrial organic materials (Swain, 1990). Each coal
layer is unique due to its formation process (deposition environment, origin material, and other Pysico-chemical
factors) and has the different elemental composition (Swain, 1990). While many elements are related the mineral
matter in coal, some elements are also related to organic matter. Elements with inorganic affinity are mostly
concentrated in ash as a result of the combustion reaction (Dai et al. 2012). The primary sources of REES in coal
ash are clay minerals (Kokowska-Pawtowska et al. 2013). Coal contains many metallic elements that can be used
as a source of industrially valuable, critical elements. In particular, it reminds us that the major environmental
impacts of coal for domestic or energy purposes can be evaluated with different uses. Instead of burning low-
calorie and dense ash composition coals, the evaluation of mineral compositions seems to be a more appropriate
solution for the environment and industry (Kumar et al. 2018).

According to the abundance in coal, four different types of REY can be defined in terms of their origin; 1)
Terrigenous type, REY transported by surface waters; 2) tuffaceous type, relates to acid and alkali volcanic ash; 3)
meteoric water leaking from the surface or groundwater driven type, and 4) hydrothermal type. The first two types
are formed in the peat bog stage, while the seepage type is epigenetic and the hydrothermal type can occur at any
stage of coal formation (Ward, 1978; Eskenazy, 1987a,b, 1995; Finkelman, 1993; Hower et al. 1999; Arbuzov, et
al. 2000; Dill, 2001; Arbuzov and Ershov, 2007; Dai et al. 2010a, 2011c; 2008).

This elemental richness (REY) in coal-bearing units did not attract attention for a long time, because conventional
deposits (e.g., carbonatites, alkaline granites) were thought to have sufficient levels of these metals and there was
no need to search for different resources. Although this situation started to change significantly after 2009, by this
time the world economy was already faced with a crisis in REY supply (Lifton, 2009). Trace element studies in
coal and coal by-products in different coal areas indicate that the average abundance of REY + Sc varies between
coals (Hower et al. 1999; Arbuzov et al. 2000; Nifantov, 2003; Seredin et al. 2006b; Dai et al. 2011b). For
example, the average REY content of Chinese and US coals is reported to be 136 ppm (Dai et al. 2012) and 65.5
ppm (Lin et al. 2018), respectively. At the Far East coal mines in Russia with a content of 300 to 1000 ppm, in the
East Clayton Fire Clay coal bed at a content of 500-4000 ppm (Hower et al. 1999), in the Sydney Basin of Nova
Scotia, Canada, it has a high content of REE content of 72-483 ppm are found in coal deposits (Birk & White,
1991) and Mazino Coal Mine, Iran, this ratio range of 16.4184 mg/g with an average of 88.9 mg/g (Pazand, 2015).
A recent study suggests that combustion waste from the Appalachian coalfield may contain one of the largest
sources of REE in the United States (Taggart et al. 2016). Moreover, the coals of the Democratic People's Republic
of Korea contain about 77 ppm REY (Kumar et al. 2018) while Turkish coals contain about 116 ppm REY + Sc.
(Karayigit et al. 2000; Ozbayoglu, 2010; Palmer et al. 2004).

According to the studies on REY + Sc distributions, the total amount of critical minerals in the world's coal is
estimated to be 50 million metric tons; this equates to about 50% of the reserves detected in traditional rare earth
minerals (Zhang et al. 2015; Mohr & Evans, 2009; World Energy Council, 2007). Sun et al. (2016) and Ketris and
Yudovich (2009), 300 mg/kg REY content in coal constitute the minimum value for mining. Based on the
calculation of average lanthanide and Y concentration, the average total REY content of world coals (Ketris &
Yudovich, 2009) is estimated to be 68.5 million metric tons (Mohr & Evans, 2009; Wang et al. 2012; Zhang et al.
2015). The most interesting situation in this regard is; Rare earth concentrations in the ashes of some types of coal
are a hundred times higher than those found naturally in the Earth's crust (Zhang et al. 2015).

According to experimental data on REY production from combustion wastes of some Russian Far Eastern coals in
pre-crisis periods, the REO content in ash was >1000 ppm (0.1%), which was accepted as the threshold value for
useful recovery of metals from low carbonization grade coals (Seredin & Dai, 2012). However, current REY prices
are much higher than in the past and so it is believed that values below this value can be used for coals. In addition,
this threshold value can be reduced to 800-900 ppm for coal seams greater than 5 m thick; here, relatively thick
coal seams with REO>1000 ppm (in ash) suitable for selective mining can be found (Seredin & Dai, 2012).

In addition, as a result of electricity generation using coal in thermal power plants all over the world, a large
amount of trace element-rich coal by-products are obtained. For example, the USA produces about 81.0 million
tons of ash per year, of which about 44% is used for cement making and soil enrichment. The remaining part is
usually stored in open ground. When we consider the figures given for a single country (US) for countries that use
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coal as the primary energy source all over the world, the size of the figures will be remarkable (US Geological
Survey, 2018).

Physical And Chemical Characteristics Of Turkish Lignites

As mentioned earlier, Turkey's main energy source is low-grade coal. Among these coals, bituminous coals are
mostly in the Carboniferous Zonguldak Basin on the western Black Sea coast of Turkey, while lignite and to a
lesser extent lower bituminous coal are Tertiary Basins in the country (Figure 1) (Tuncal1 et al. 2002; Palmer et al.
2004). The maximum depth and thickness of lignite seams in Turkey shows significant differences between the
different basins: the Eocene basin 605 m and 0.35-14.90 m, in the Oligocene basin 332 m and 0.05 — 5.10 m, in the
Miocene basin 828 m and 0.10-57.00 m, and Pliocene basin respectively 426 m and 0.10-87.00 m (Tuncal1 et al.
2002).
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Figure 1. Location of Turkish Tertiary Coal Fields and Investigated Coal Mines

Basins containing lignite show quite different geological environment characteristics from each other (Goriir and
Okay, 1996; Sengiiler, 2010; MTA, 2010) but the most common basins are the grabens and half-grabens, which
were formed in the Aegean Region as a consequence of the westerly escape of the Anatolian continent during
Neogene (e.g., Barka et al. 1994). Lignite veins are mainly formed with volcano-clastics and carbonates
accumulating in lakes and streams in tectonically active basins (Tuncali et al. 2002). Lignites formed in such
environments are mostly limnic and the continuity of the veins is generally not found due to faults limiting the
coal-forming environments. In addition, the deposition conditions in these basins caused the coal seams and
mineral-dense layers (clay, carbonate alternation) to be abundant. These geological features both reduce the quality
of Turkish lignite and make the coal uneconomical for the mine as it is very thin and fragmented (MTA, 2010).

Lignites in Turkey are mostly low calorie, high volatile matter, moisture, ash, and sulfur content (Palmer et al.
2004; Tuncal1 et al. 2002). Chemical properties are quite different; for example, its calorific values vary between
1185 kcal/kg and 5574 kcal/kg (Tuncali et al. 2002). According to Sengiiler (2010), approximately 75% of Turkish
lignites have caloric values below 2500 kcal/kg, 17% between 2500 and 3000 kcal/kg and only 8% above 3000
kcal/kg.

Having performed proximate and ultimate analyses they found that the moisture, ash, volatile matter, fixed carbon,
and sulfur contents of Turkish lignites range between 1.2 and 57.7%, 5.2-56.1%, 18.3-43.8%, 8.9-44.1%, and 0.2—
10.7%, respectively. However, according to the ultimate analysis results, elementary carbon between 14.31% and
61.39%, hydrogen range between 1.30% and 4.29%, nitrogen 0.21% and 3.31%, and oxygen at 0.0%, It ranges
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from 8.0 to 23.20%. The most common minerals are oxides (quartz and opal), clays (kaolinite and smectite),
silicates (mica, chlorite, zeolite), carbonates (calcite, siderite, dolomite), sulfur (pyrite) and sulphates (gypsum).

MATERIALS AND METHODS

For this study, trace element data belonging to 26 coal fields made by different researchers and the research results
made by the author of this study were evaluated together (Table 1 and Fig.1). In the selection of these coal sites, it
was taken into consideration that coal fields to be of similar age (Tertiary), the data were the result of whole dry
coal-based analyzes and that the analyzes were performed in the same laboratories.

Data for 420 samples from 26 underground and open-pit mines, drill holes, and natural outcrops located outside of
mines are listed in Table 1. The content of some REY (Sc, Y, La, Ce, Nd, Sm, Eu, Th, Yb, Lu) was determined
using Instrumental Neutron Activation Analysis (INAA). Loss on ignition (LOI) was measured gravimetrically.
These tests were carried out at ACME Laboratories Ltd. (ACMELABS) in Canada.

RESULTS AND DISCUSSIONS
Rare Earth Element Characteristics Of Turkish Low-Rank Coals

In this study, Seredin and Dai (2012) REY classification was used and includes classes such as light (LREY),
medium (MREY) and heavy (HREY) REY and critical, Non-critical and extreme groups (Seredin, 2010).

The results of the REE and ash yield are provided in Table 1. Based on the results of the coals examined for this
study, the total REY concentration ranges from 18.69 ppm to 177.2 ppm, and for coal and coal-bearing lithologies,
a total average abundance of REY + Sc was found to be 73.73 ppm (21.83 to 185.20 ppm) on dry whole coal basis
(Fig.2). The Y LREE value in the analyzed samples is between 10.11 and 113.8 ppm (avg. 48.12 ppm). The Y LREE
/ Y HREE ratios in the studied coals range from 1.19 to 11.48 (avg. 3.36) and indicate that LREEs are enriched
according to HREEs (Table 2).
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Table 1. Rare-Earth Element (REE) Content (whole coal basis, in ppm) Of The Investigated Coal Area Samples.

Element Values (ppm)
Coal Area Referance égzz

Sc Y La Ce Nd Sm Eu Th Dy Ho Er Tm Yb Lu Ash
Saray (Tekirdag) Eraslan & Ergiin (2017) T1 5.5 9.09 7.8 15.64 7.08 1.38 0.34 0.26 141 0.32 0.99 0.15 0.99 0.15 28.31
Pmnarhisar (Kirklareli) Eraslan & Ergiin (2017) T2 3.94 12.64 8.58 16.18 7.34 1.57 0.39 0.3 5.39 0.77 1.18 0.17 1.14 0.18 24.36
Afsin-Elbistan Outcrop (K.Maras) Cicioglu & Karayigit (2015) | T3 1.82 437 6.03 11.93 5.48 1.05 0.26 0.15 0.95 0.17 0.5 0.07 0.43 0.06 31.15
Afsin-Elbistan Well (K.Maras) Cicioglu & Karayigit (2015) | T4 4.81 8.62 11.6 21.54 10.08 1.95 0.48 0.29 1.54 0.32 0.92 0.12 0.75 0.11 39.86
Orhaneli (Bursa) Karayigit et al. (2003) T5 3.9 4.8 10.0 16.0 7.0 1.2 0.4 0.2 1.0 0.2 0.5 0.1 0.5 0.1 41.0
Ozyurt (Giimiishane) Saydam Eker et al. (2016) T6 n.d. n.d. 7.72 1473 | 7.8 1.6 0.46 0.3 1.66 0.36 1.02 0.16 0.91 0.15 n.d.
Kayadibi (Giimiishane) Saydam Eker et al. (2016) T7 nd. n.d. 19.35 35.1 17.3 3.89 1.02 0.75 4.42 0.89 25 0.37 2.32 0.36 n.d.
Tarhanas (Giimiishane) Saydam Eker et al. (2016) T8 n.d. nd. 25.9 51.48 | 19.55 | 3.61 0.86 0.56 3.32 0.66 1.88 0.3 1.9 0.3 n.d.
Manas (Bayburt) Saydam Eker et al. (2016) T9 n.d. n.d. 30.85 47.3 21.88 4.43 0.93 0.71 4.27 0.88 2.59 0.39 2.62 0.42 n.d.
Can (Canakkale) Giirdal (2008) T10 | nd. 381 3.78 8.3 2.73 0.57 0.14 0.1 0.49 0.13 0.36 0.043 | 0339 | 0.07 11.69
Arguvan (Malatya) Yalgin Erik & Ay (2020) T11 6.83 7.05 7.77 13.85 5.93 1.17 0.27 0.19 1.31 0.24 0.73 0.09 0.74 0.11 63.26
Gemerek (Sivas) Yalgin Erik (2018) T12 3.8 3.47 43 7.43 33 0.59 0.15 0.1 0.57 0.12 0.33 0.06 0.33 0.06 37.0
Divrigi (Sivas) Yal¢m Erik (2019) T13 13.86 7.97 7.99 14.5 6.57 1.38 0.31 0.22 1.47 0.3 0.98 0.13 0.91 0.14 28.43
Cilhoroz (Erzincan) Yal¢in Erik & Ay (2018) T14 3.14 2.46 2.75 4.66 221 0.42 0.25 0.09 0.64 0.15 0.45 0.08 0.45 0.08 34.0
Ilgin (Konya) Altunsoy et al. (2017) T15 5.86 9.09 12.31 23.97 10.34 1.86 0.44 0.28 151 0.31 0.89 0.13 0.85 0.13 26.0
Cayirhan (Ankara) Karayigit et al. (2011) T16 | 44 8.1 12.0 23.0 10.0 2.1 0.6 0.4 2.0 0.4 1.2 0.2 1.2 0.2 n.d.
Isiklar (Mugla) Karayigit et al. (2017) T17 3.45 9.35 13.1 21.73 11.15 1.58 0.41 0.25 1.44 0.27 0.73 0.13 0.8 0.14 12.1
Denis (Mugla) Karayigit et al. (2017) T18 7.6 3.81 24 39.5 26.1 2.95 0.71 0.49 2.85 0.55 1.45 0.26 1.55 0.25 24.96
Yenikdy (Mugla) Celik et al. (2017) T19 8.78 5.74 5.54 10.43 5.3 0.81 0.22 0.15 0.89 0.34 0.48 0.1 0.5 0.13 13.6
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Kangal (Outcrop) (K;gf;;jer & Karamazi T20 | 259 | 418 | 495 |924 |400 |o076 |o018 |o012 |o0e8 | o014 |038 |025 |03 |o013 | 7323

Kalender & Karamazi

Kangal (well/core sample) (2017) T21 | 353 473 7.25 1407 | 583 1.08 0.26 0.12 0.84 0.14 0.41 0.25 0.45 0.14 37.27
Yatagan (Mugla) Karayigit et al. (2000) T22 | 80 29.0 26.0 55.0 26.0 54 11 0.9 52 11 3.2 05 3.0 05 39.0
Seyitomer Karayigit et al. (2000) T23 | 120 11.0 19.0 36.0 15.0 2.8 0.8 0.4 22 0.4 12 02 13 02 50.0
Tungbilek (A3) (Kiitahya) Karayigit et al. (2002) T4 | 44 8.1 14.0 29.0 12.0 2.2 05 0.3 15 0.3 0.8 0.1 0.8 0.1 23.0
Tungbilek (B4-5) (Kiitahya) Karayigit et al. (2001) T25 | 65 13.0 39.0 77 32,0 54 13 0.6 3.0 05 15 0.2 14 0.2 53.0

isaalan (Balikesir) Karayigit et al. (2017) T26 2.5 4.16 4.21 8.05 4.2 0.62 0.9 0.45 0.6 0.35 0.2 0.2 0.59 0.2 37.0
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Also, the relationship between ash ratio and REY and HREE / LREE ratios for coal samples are shown in Figures
3a and 3b, respectively. The correlation between the REY and coal ash yield is a nonlinear relationship (Fig.3).
Further, as shown in Figure 4 HREE / LREE ratio and yield visible in the ash sample are not inclined. This is
because HREY has a greater affinity with organic matter in coal (Eskenazy, 1987a, 1999; Arbuzov and Ershov,
2007; Pazand, 2015; Dai et al. 2016a, 2016b) and therefore HREY is released from coal and subsequently
incorporated or adsorbed into the fly ash. This result is not consistent with previous studies stating that REEs are
associated with aluminosilicate groups (Lin et al. 20173, b). In the samples, L / H ratios are greater than 1 (avg.
3.36; Table 2) and La/ Yb values (avg. 6.49) indicate that the coals are enriched in light REE and the LREE-HREE
is highly fractionated. Table 3 shows the correlation coefficients of REE (based on whole coal).

® Graph 1

SAMPLE REE/UPPER CRUST

Figure 2. Upper Continental Crust Normalized Rare-Earth-Element (REE) Content of Investigated coals

The light REY elements are slightly depleted in T-8 (Tarhanas), T-9 (Manas), T-18 (Denis), T-22 (Yatagan), and
T-25 (Tungbilek B4-5) coal samples. Heavy REY elements are slightly enriched in T-2 (Pinarhisar), T-13 (Divrigi),
T-22 (Yatagan), and T-25 (Tungbilek B4-5) samples but slightly depleted in the T-6 (Ozyurt) coal sample.

LREY elements are highly depleted in T-14 (Cilhoroz) coal samples, whereas MREY and HREY are moderately
depleted compared with the upper continental crust (Taylor & McLennan, 1995). Eu in all samples shows slight or
no anomalies. In addition, the critical element content of the investigated coal samples is 21.58 ppm (6.10ppm to
65.4 ppm) on average and the most important coalfield is Yatagan. Based on these results, the studied samples were
characterized by LREY enrichment types.

Comparison Of Turkish Lignites With Other Coals And Crustal Materials

As stated in the previous sections, the average REY abundance for studied Turkish coals is 73.73 ppm; this value is
slightly higher than the world, US an average rare-earth content and lower than Chinese coals (i.e. 69 ppm, 65.5
ppm, and 138 ppm, Ketris & Yudovich, 2009; Lin et al. 2018; Dai et al. 2008). According to an early study of Dai
et al. (2016b), the smoothness of a normalized REY distribution pattern (to Upper Continental Crust, UCC)
provides a simple but reliable way to validate the quality of REE chemical analyses of coal and other sedimentary
rocks.

The normalized REY dispersion model (Upper Continental Crust, UCC) is a simple but reliable way to validate the
quality of REE chemical analysis of coal and other sedimentary rocks (Dai et al.2016b). In this study, the
normalized REY distribution model of average World, Chinese, US and, Turkish coals is drawn (Fig. 4).
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Table 2. Various Rare Earth Element Ratios (based on whole coal) Of The Studied Coal Samples.

Coal Total Total Total Critical UnCrit | Excessive L/H REE+Sc | La/Sm | Gd/Yb | H/L Med.

Area Elements | ical EI. | El. Ratio Ratio Ratio Ratio Ratio Ratio REE

Symbol REE LREE | HREE Ratio Ratio

T1 54.42 32.33 18.86 190017 12.5 17.25 171 59.92 5.65 1.53 0.58 3.23
T2 63.40 33.93 25.71 27.24 13.78 18.44 1.32 67.34 5.46 1.58 0.76 3.76
T3 35.68 24.84 8.52 11.71 9.49 12.66 2.92 37.50 5.74 2.35 0.34 2.32
T4 67.74 45.89 17.48 21.93 18.16 22.84 2.63 72.55 5.95 2.59 0.38 4.37
T5 49.10 35 11.3 13.9 144 16.9 3.10 53.00 8.33 2.40 0.32 2.80
T6 39.77 31.38 4.56 10.62 12.84 16.31 6.88 39.77 4.83 1.95 0.15 3.83
T7 97.00 76.1 11.61 25.99 31.97 39.04 6.55 97.00 4.97 1.89 0.15 9.29
T8 119.30 | 102.37 8.92 26.17 38.49 54.64 11.48 119.30 7.17 1.86 0.09 8.01
T9 12751 105.76 11.88 30.38 45.52 51.61 8.90 127.51 6.96 1.72 0.11 9.87
T10 22.21 15.68 5.342 7.63 5.70 8.882 2.94 22.21 6.63 142 0.34 1.19
T11 49.00 29.11 17.29 15.48 11.66 15.03 1.68 55.83 6.64 1.57 0.59 2.60
T12 26.10 15.92 8.84 7.92 6.38 8 1.80 29.90 7.29 1.82 0.56 1.34
T13 59.83 30.8 25.98 17.52 12.47 15.98 1.19 73.69 5.79 1.49 0.84 3.05
T14 18.69 10.11 7.54 6.1 4.03 5.42 1.34 21.83 6.55 0.82 0.75 1.04
T15 72.37 49.3 19.05 22.55 18.57 25.39 2.59 78.23 6.62 2.02 0.39 4.02
T16 70.80 47.8 18.1 22.3 19.1 25 2.64 75.20 571 1.83 0.38 4.90
T17 69.15 48.73 16.56 23.33 19.3 23.07 2.94 72.60 8.29 2.34 0.34 3.86
T18 124.27 94.5 18.81 35.41 39.15 42.11 5.02 131.87 8.14 471 0.20 10.96
T19 41.73 22.55 17.11 12.78 8.67 115 1.32 50.51 6.84 2.08 0.76 2.07
T20 29.91 194 8.82 9.63 7.58 10.11 2.20 32.50 6.51 2.14 0.45 1.69
T21 41.64 28.78 10.61 12.19 10.87 15.05 271 45.17 6.71 2.02 0.37 2.25
T22 177.20 113.8 51.4 65.4 43.7 60.1 221 185.20 4.81 1.83 0.45 12.00
T23 109.40 74.2 28.9 30.6 28.7 38.1 2.57 121.40 6.79 2.08 0.39 6.30
T24 79.40 58.3 16.4 23.2 215 30.3 3.55 83.80 6.36 2.50 0.28 4.70
T25 125.60 87.4 26.9 514 57.7 10 3.25 132.10 7.22 3.29 0.31 11.30
T26 28.64 17.26 9.25 10.51 6.24 9.39 1.87 31.14 6.79 1.03 0.54 213
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Figure 3a. REY+Sc Content b) HREE/LREE Ratios For Investigated Coal Samples As A Function Of Coal Ash
Yield On The Bulk Analysis.

Table 3. Correlation Coefficients of Rare-Earth Elements (REE, whole coal basis) With Other Elements In
Investigated Coal Area Samples.

0.336

0.346  0.591

0.398 0.679 0.531

0.348 0.672 0992 0.573

0.343 0.602 0982 0.617 0.978
0369 0.785 0955 0.641 0.982 0.952

0.246 0.607 0.844 0473 0.853 0.836 0.852

0.363 0520 0.850 0.730 0.841 0.929 0.829 0.697

0.306 0.805 0.792 0.704 0.830 0.837 0.885 0.913 0.793

0.261 0.796 0595 0.604 0.628 0.634 0.708 0.547 0.660 0.724

0.318 0860 0591 0.691 0.642 0.659 0.739 0.657 0.699 0.861 0.935

0.437 0914 0724 0.797 0.782 0.778 0.872 0.661 0.784 0.872 0.835 0.897

0.193 0.705 0512 0.662 0571 059 0.652 0.600 0.629 0.773 0.613 0.735 0.762

0.441 0893 0727 0818 0.778 0.789 0.863 0.723 0.809 0919 0829 0917 0.985 0.798

0.341 0830 0599 0.748 0.657 0.679 0.747 0.713 0.718 0.906 0.737 0.890 0.888 0.927 0.934
0.037 0.009 0.113 0.139 0.116 0.049 0.120 0.140 0.049 0.043 0.083 0.127 0.003 0.212 0.016 0.039
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Areas In Comparison With REE Contents Worldwide (Ketris & Yudovich, 2009), US (Finkelman, 1993), Chinese (Dai et al.
2012, 2008, 2007) and Turkish coal (Palmer et al. 2004) Average Ratios.

CONCLUSIONS

In this study, 26 coalfield samples from Tertiary coal basins in Turkey were examined, evaluated in terms of rare
earth elements richness, and found that the > REE concentration based on of all coal varied between 18.69 and
177.2 ppm. It was determined that REE enrichment in the studied coal samples is related to both organic and
inorganic materials of coal components. The most important result obtained from this study is that the coals in the
Turkish Tertiary coal basins have an important richness in rare earth elements. For the analyzed coal samples, an
average of 73.73 ppm REY + Sc abundance was determined based on dry whole coal. Also, there is no linear
relationship between REY + Sc and sample ash yields. REE content normalized to the upper continental crust
indicates that it is a similar origin for all investigated samples and one of the possible REE sources identified as
volcanic ash. With the further development of extraction techniques for REE from coal, the increase in the
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production of these elements and the widespread use of clean coal technologies may provide great environmental
benefits.

Considering the environmental and industrial effects of coal and REE from coal and coal by-products, which are
indispensable, reliable and, cheap energy resources for Turkey, it is very important to create technologies and
methods that will provide selective production. The results of this study clearly show how important it is to conduct
detailed research on the extraction process of Turkish lignite CFA. Coal and coal by-products are a potential source
of REEs, but the concentration of REEs is currently very low compared to resources provided by REE and,
production technologies need to be improved to have commercial value.
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