Cilt/Volume: 12 Sayi/Issue : 1 Mart/March 2024

YAYINCI
PUBLISHER

H 1ENL
BILIMLERI ve TASAHlM
DERGISI

JOURNAL OF ENGINEERING
SCIENCES AND DESIGN




YAYINCI
PUBLISHER

BILIMLERI ve TASARIM DERGIS!

JOURNAL OF ENGINEERING SCIENCES AND DESICN

-ISSN: 1308-6693 o mmmmm

Miihendislik Bilimleri ve Tasarim Dergisi / Journal of Engineering Sciences and Design

http://www.dergipark.org.tr/tr/pub/jesd
e-1SSN: 1308-6693

Imtiyaz Sahibi / Owner

Deanery of Enginering Faculty, Suleyman Demirel University, Isparta, TURKIYE

Editorler / Editors

Gultekin OZDEMIR
Suleyman Demirel University, Isparta
(Bas Editor | Editor-in-Chief)

Sehnaz Sule KAPLAN BEKAROGLU
Suleyman Demirel University, Isparta

Fatih Ahmet SENEL
Suleyman Demirel University, Isparta

Karani KURTULUS
Suleyman Demirel University, Isparta

(Editor Yrd. / Co-Editor)

Ali AGCAL
Suleyman Demirel University, Isparta

Caglayan BALKAYA
Suleyman Demirel University, Isparta

Atilla BAYRAM
Van Yuzuncu Yil University, Van

Sehnaz Sule KAPLAN BEKAROGLU
Suleyman Demirel University, Isparta

Mehmet Ali BELEN
Artvin Coruh University, Artvin

(Editor Yrd. / Co-Editor)

(Editor Yrd. / Co-Editor)

Mehmet Onur OLGUN
Suleyman Demirel University, Isparta

Mehmet OZCELIK
Suleyman Demirel University, Isparta

Muhammed Maruf OZTURK
Suleyman Demirel University, Isparta

Savas OZUN
Suleyman Demirel University, Isparta

Yunus PAMUKOGLU
Suleyman Demirel University, Isparta

Ahmet CAGLAR Olcay POLAT
Akdeniz University, Antalya Pamukkale University, Denizli
Habib GURBUZ Hakan TONGAL
Suleyman Demirel University, Isparta Suleyman Demirel University, Isparta
Baris GUREL Volkan UZ
Suleyman Demirel University, Isparta Izmir Institute of Technology, lzmir
Tahir Serkan IRMAK Ali YALCIN

Kocaeli University, Kocaeli

Mesud KAHRIMAN
Suleyman Demirel University, Isparta

Ayberk KAYA
Recep Tayyip Erdogan University, Rize

Semsettin KILINCARSLAN
Suleyman Demirel University, Isparta

Alper KUSCU
Suleyman Demirel University, Isparta

Suleyman Demirel University, Isparta

Mehmet Ali YALCINKAYA
Kirsehir Ahi Evran University, Kirsehir

Kerim YAPICI
Suleyman Demirel University, Isparta

Demet YILMAZ
Suleyman Demirel University, Isparta

Turgay AYDOGAN
Suleyman Demirel University, Isparta

Cilt / Volume : 12

2024

Sayi / Issue: 1

Miihendislik Bilimleri ve Tasarim Dergisi / Journal of Engineering Sciences and Design — e-ISSN: 1308-6693
Suleyman Demirel University, Engineering Faculty, 32260, Isparta, TURKIYE
Phone: +90-246-211-1267 Fax: +90-246-211-1072 e-mail: jesd@sdu.edu.tr www.dergipark.org.tr/tr/pub/jesd


mailto:jesd@sdu.edu.tr
http://www.dergipark.org.tr/tr/pub/jesd

YAYINCI
PUBLISHER

|

JOURNAL OF ENGINEERING SCIENCES AND DE IFN
J

BILIMLERI ve TASARIM DERGIS!

N —

-ISSN: 1308-6693 o mmmmm

Miihendislik Bilimleri ve Tasarim Dergisi / Journal of Engineering Sciences and Design

http://www.dergipark.org.tr/tr/pub/jesd
e-1SSN: 1308-6693

Damsma Kurulu / Editorial Advisory Board

Michael G. KAY Bedri TUC
North Carolina State University, USA Baskent University, Ankara, TR
Yun-Chia LIANG Erol TUTUMLUER
Yuan Ze University, Taoyuan, TW University of Illinois at Urbana-Champaign, Illinois, USA
Alice E. SMITH Fatma YALCINKAYA
Auburn University, Auburn, USA Technical University of Liberec, Liberec, Czech Republic
Ravi SANKAR Gerhard-Wilhelm WEBER
University of South Florida, Florida, USA Poznan University of Technology, Poznan, PL

Yayin Editorleri/ Technical Editors

Ayse BIYIKLI Yasemin SIMSEK TURKER
Suleyman Demirel University, Isparta Suleyman Demirel University, Isparta
Mehmet KIR Onur Mustafa UZUM
Suleyman Demirel University, Isparta Suleyman Demirel University, Isparta
Sila YAMAN

Suleyman Demirel University, Isparta

Yabanci Dil Editorii / Foreign Language Editor

Ahmet UNAL
Suleyman Demirel University, Isparta

Dizin ve Indeksler / Abstracting & Indexing

/ TR-DIZIN |/ EBSCOhost / SCILIT / ROAD / EuroPUB / SOBIAD /
/  Google Scholar / CrossRef

Duyurular / Announcements

Dergiye 01 Haziran 2022 tarihinden itibaren 6zgiin "Arastirma Makalesi" tiirii disindaki basvurular kabul
edilmemektedir.
As of 01 June 2022, submissions other than the original ""Research Paper'* type will not be submitted.

Cilt / Volume : 12 2024 Sayi / Issue: 1

Miihendislik Bilimleri ve Tasarim Dergisi / Journal of Engineering Sciences and Design — e-ISSN: 1308-6693
Suleyman Demirel University, Engineering Faculty, 32260, Isparta, TURKIYE
Phone: +90-246-211-1267 Fax: +90-246-211-1072 e-mail: jesd@sdu.edu.tr www.dergipark.org.tr/tr/pub/jesd


mailto:jesd@sdu.edu.tr
http://www.dergipark.org.tr/tr/pub/jesd

YAYINCI
PUBLISHER

|

BILIMLERI ve TASARIM DERGIS! I

JOURNAL OF ENGINEERING SCIENCES AND DE ’er

-ISSN: 1308-6693 o mmmmm

Miihendislik Bilimleri ve Tasarim Dergisi / Journal of Engineering Sciences and Design

http://www.dergipark.org.tr/tr/pub/jesd
e-1SSN: 1308-6693

Cilt 12 Say1 1/ Volume 12 Issue 1 2024

Icindekiler / Contents
Arastirma / Research Sayfa / Pages
1. FARKLI TURBULATORLERE SAHIP DAIRESEL BiR KANALDA TERMAL
PERFORMANSIN SAYISAL ANALIZi
Selma AKCAY*

2. SEDIMENTATION ANALYSIS ON SEYHAN DAM RESERVOIR USING LONG
TERM BATHYMETRY DATA

. . 16-33
Mehmet Ali AKGUL Serife Pinar GUVEL* Hakan AKSU
3. POSITION CONTROL OF A QUADCOPTER WITH PID AND FUZZY-PID
CONTROLLER

. . 34-48
Ozan POLAT* Aziz SEZGIN
4. EFFECT OF THE CURVATURE PARAMETER AND ITS CLASSIFICATION ON
LANDSLIDES 46-63
Seda CELLEK*
5. PLC BASED SCADA SYSTEM DESIGN FOR INSTANT MONITORING AND
EARLY WARNING MECHANISM OF TOXIC GASES IN UNDERGROUND MINES I
Erdem ILTEN* Mehmet Emin UNSAL
6. KUCUK OLCEKLI, TEK EKLEMLI MANYETIK SARKAC MEKANIZMASININ
BILGISAYAR DESTEKLI BENZETiIMIi VE PID KONTROLU
Huseyin YILDIZ* 75-81

Cilt / Volume : 12 2024 Sayi / Issue: 1

Miihendislik Bilimleri ve Tasarim Dergisi / Journal of Engineering Sciences and Design — e-ISSN: 1308-6693
Suleyman Demirel University, Engineering Faculty, 32260, Isparta, TURKIYE
Phone: +90-246-211-1267 Fax: +90-246-211-1072 e-mail: jesd@sdu.edu.tr www.dergipark.org.tr/tr/pub/jesd


mailto:jesd@sdu.edu.tr
http://www.dergipark.org.tr/tr/pub/jesd
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1201753
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1201753
https://dergipark.org.tr/tr/pub/@selma_akcay
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1353462
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1353462
https://dergipark.org.tr/tr/pub/@maliakgul
https://dergipark.org.tr/tr/pub/@pguvel
https://dergipark.org.tr/tr/pub/@hakan.aksu
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1223998
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1223998
https://dergipark.org.tr/tr/pub/@ozanp_
https://dergipark.org.tr/tr/pub/@asezgin
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1391818
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1391818
https://dergipark.org.tr/tr/pub/@sedacellek
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1407043
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1407043
https://dergipark.org.tr/tr/pub/@erdemilten
https://dergipark.org.tr/tr/pub/@ABAD26-72B017-B723E6-BDAD2F-E358C3-871703-102111-069565-83469F-10F641-637924-80
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1318257
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1318257
https://dergipark.org.tr/tr/pub/@yildizhuseyin

YAYINCI
PUBLISHER

BILIMLERI ve TASARIM DERGIS!

{
JOURNAL OF ENGINEERING SCIENCES AND DE IFN

J

©-ISSN: 1308-6693 e nmammmmm
7. THE MICROSTRIP ARRAY ANTENNA WITH REFLECTOR at 1.4 AND 2.4 GHz

for RADARS APPLICATIONS
Abdulkadir CILDIR*

88-97

8. HASTANE ATIKSUYUNA ON OKSIDASYON UYGULAMALARI (03,
03/H202): iLA(; ETKEN MADDELER VE KLASIK KIRLETICILERIN AKIBETI
Havva ATES* Mahammad MANSIMLI

98-108

9. TAM KAPALI ORGANIK COZGENLI VE SULU KUMAS YIKAMA SiSTEMLERININ
EKONOMIK VE CAPRAZ MEDYA ETKi ANALIZI
Meltem BALKAN* Emrah OZTURK Mehmet KiTiS

109-117

10. KAPALI ALANDA BEACON TABANLI NAVIGASYON UYGULAMASI
Recep CAKIR* Murat TANRIVERDI BehlUl SARIKAYA Fatmana
SENTURK Serkan DOGANALP

118-131

1. A STUDY ON DETERMINATION OF TOTAL PHENOLIC AND PROTEIN
AMOUNTS OF WASTE GREEN ALGAE OF MAMASIN DAM LAKE (AKSARAY-

TURKEY) 132-139

Behlll KOC BILICAN* Audrius Sigitas MARUSKA

12. SIRNAK iLi JEOTERMAL KAYNAKLARI VE OZELLIKLERI
Aysen DAVRAZ* M Tahir NALBANTCILAR Gékhan KADIRHAN Aysen ERCAN
ISTIN Sedat CELIK

140-155

13. TASARIM, SUREC YENILIGi VE DiJiTAL DONUSUM ILE TOPLAM
VERIMLILIGIN ARTTIRILMASINA iLiSKIN ORNEK BiR UYGULAMA
Erhan OZKAN*

156-175

14. SWEEP SINYALI PARAMETRE SECIMINDE ONERILEN TEST ATISLARI, FARKLI
KAYAC TURLERI UZERINDE YAPILAN BiR UYGULAMANIN PERSPEKTIFINDEN
VIBROSISMiK PARAMETRELERI iCIN BiR METODOLOJI

Attila AYDEMIR* Turker KARAKAS Funda BiLiM

176-189

Cilt / Volume : 12 2024 Sayi / Issue:

Miihendislik Bilimleri ve Tasarim Dergisi / Journal of Engineering Sciences and Design — e-ISSN: 1308-6693
Suleyman Demirel University, Engineering Faculty, 32260, Isparta, TURKIYE
Phone: +90-246-211-1267 Fax: +90-246-211-1072 e-mail: jesd@sdu.edu.tr www.dergipark.org.tr/tr/pub/jesd


mailto:jesd@sdu.edu.tr
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1351302
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1351302
https://dergipark.org.tr/tr/pub/@kadircildir
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1288924
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1288924
https://dergipark.org.tr/tr/pub/@13567
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1381909
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1381909
https://dergipark.org.tr/tr/pub/@2EAB05-1553EC-84BB03-72F45C-8705E4-A51698-343680-768665-3AAB00-BBA876-712863-83
https://dergipark.org.tr/tr/pub/@emrah_ozturk
https://dergipark.org.tr/tr/pub/@mehmetkitis
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1271498
https://dergipark.org.tr/tr/pub/@recep_cakir
https://dergipark.org.tr/tr/pub/@3B1C5A-9B8CE6-518657-A1DD66-1EE0C7-EF1679-944417-158464-21EAE1-26A9A7-228535-17
https://dergipark.org.tr/tr/pub/@behluls
https://dergipark.org.tr/tr/pub/@fatmana
https://dergipark.org.tr/tr/pub/@fatmana
https://dergipark.org.tr/tr/pub/@sdoganalp
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1421074
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1421074
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1421074
https://dergipark.org.tr/tr/pub/@behlul
https://dergipark.org.tr/tr/pub/@2F34F6-AA1021-849FCD-763786-9C1C15-AC1705-648697-281165-AA2239-44A2E7-830618-81
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1425691
https://dergipark.org.tr/tr/pub/@adavraz
https://dergipark.org.tr/tr/pub/@tahir_nalbantcilar
https://dergipark.org.tr/tr/pub/@gokhankadirhan
https://dergipark.org.tr/tr/pub/@aysen.01
https://dergipark.org.tr/tr/pub/@aysen.01
https://dergipark.org.tr/tr/pub/@sedatcelik
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1295874
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1295874
https://dergipark.org.tr/tr/pub/@erhanozkan81
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1405468
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1405468
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1405468
https://dergipark.org.tr/tr/pub/@22F3B3-B59598-1E1ABB-1668A9-EE435B-0E1702-306787-769665-7723E3-BBE609-556761-12
https://dergipark.org.tr/tr/pub/@3ABCB2-B02805-7BE893-E052C1-F8683E-871702-361510-492765-77F9A6-784CE1-353296-69
https://dergipark.org.tr/tr/pub/@fbilim

YAYINCI
PUBLISHER

[

BILIMLERI ve TASARIM DERGIS! I

JOURNAL OF ENGINEERING SCIENCES AND DE 'IFN

°"SSN“‘3°8'“93 Y PPY FEY T POV PO PP PP PYY PO PYYPRY PYY PR POV PRY FRY I POV POY PRTIT OOY
15. SENTETIK ATIKSULARDAN REAKTIF SARI 145 BOYASININ
UZAKLASTIRILMASI: YER FISTIGI KABUKLARININ ADSORBAN OLARAK
DEGERLENDIRILMESI

Lo - . . 190-204

Hakan CELEBI* [smail BILICAN Ismail SIMSEK Tolga BAHADIR Sevket
TULUN
16. ON-EGITILMIS DERIN SINIR AGLARI KULLANILARAK ULTRA GENIS BANT
RADAR TABANLI EL HAREKETi TANIMA .
Nurullah CALIK*
17. ANTALYA BOLGESINDEKI KONAKLAMA TESISLERINDE DOGRUDAN SU
KULLANIMININ INCELENMESI I
Handan SAHIN Bulent TOPKAYA Gékhan CIVELEKOGLU*
18. GUL ISLEME ATIK SUYUNUN SU BORULCESI (SALVANIA NATANS) BITKiSi
ILE ARITIMI
= . . . 230-240
Ozlem SELCUK KUSCU* Perihan KUCUK
19. MERMER ATIKLARININ PARKE TASI URETIMINDE AGREGA OLARAK
KULLANILMASI

e . 241-254
Ayse BUYUKUNSAL* Bilgen AKKUS
20. ENDUSTRIYEL ATIKSULARIN KiLLERIN MUHENDISLIK OZELLIKLERINE ETKISI
Omur CIMEN* Ebru YALVAG 255-264

Cilt / Volume : 12 2024 Sayi / Issue: 1

Miihendislik Bilimleri ve Tasarim Dergisi / Journal of Engineering Sciences and Design — e-ISSN: 1308-6693
Suleyman Demirel University, Engineering Faculty, 32260, Isparta, TURKIYE
Phone: +90-246-211-1267 Fax: +90-246-211-1072 e-mail: jesd@sdu.edu.tr www.dergipark.org.tr/tr/pub/jesd


mailto:jesd@sdu.edu.tr
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1445574
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1445574
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1445574
https://dergipark.org.tr/tr/pub/@hakanaz
https://dergipark.org.tr/tr/pub/@bilicanismail
https://dergipark.org.tr/tr/pub/@ismailsimsek
https://dergipark.org.tr/tr/pub/@tolgabahadir
https://dergipark.org.tr/tr/pub/@sevkettulun
https://dergipark.org.tr/tr/pub/@sevkettulun
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1418355
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1418355
https://dergipark.org.tr/tr/pub/@nurullah_calik
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1438629
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1438629
https://dergipark.org.tr/tr/pub/@B21D17-B02764-4DA97E-BFB0AF-BEF0B3-A01707-910932-549165-CCA714-861162-420967-93
https://dergipark.org.tr/tr/pub/@bulenttopkaya
https://dergipark.org.tr/tr/pub/@gokhancivelekoglu
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1403169
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1403169
https://dergipark.org.tr/tr/pub/@ozlemselcuk
https://dergipark.org.tr/tr/pub/@41D5E2-240E79-627C57-6F9BC3-439EE8-DA1630-859957-422361-34F2B5-671A00-510830-60
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1416561
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1416561
https://dergipark.org.tr/tr/pub/@aysebyknsl
https://dergipark.org.tr/tr/pub/@670635-348923-0C7E70-FEF16A-2F0FC4-D91704-555007-047565-9971FF-0B9A23-063356-14
https://dergipark.org.tr/tr/pub/jesd/issue/83755/1380668
https://dergipark.org.tr/tr/pub/@omur-cimen

Miihendislik Bilimleri ve Tasarim Dergisi
12(1),1-15,2024
e-ISSN: 1308-6693

Journal of Engineering Sciences and Design
DOI: 10.21923 /jesd.1201753

Arastirma Makalesi Research Article

FARKLI TURBULATORLERE SAHIP DAIRESEL BiR KANALDA TERMAL PERFORMANSIN
SAYISAL ANALIZi

Selma AKCAY"

1 Cankir1 Karatekin Universitesi, Miihendislik Fakiiltesi, Makine Miihendisligi Boliimii, Cankiri, Tiirkiye

Anahtar Kelimeler 0z

Tiirbiilatér, Bu calismada, igerisinde farkl tiirbiilatorlere sahip dairesel kesitli kanal akislarinin
Dairesel Kanal, termal performansi sayisal olarak analiz edilmistir. Similasyonlar, Hesaplamali
Ist Transferi, Akiskanlar Dinamigi (HAD) tabanli Fluent programi ile ¢oziilmiistiir. Calismada, dik
Termal Performans, ve egik bolmelerden olusan yedi farkli tiirbiilatér yapisi kullanilmistir. Bu
Stirtiinme Faktortii. tiirbiilatorler kanalin merkezine yerlestirilmis ve tiirbiilatorleri iceren kanal dis

ylizeyleri sabit sicaklik (Tw=350K) sartlarinda korunmustur. iki farkli Reynolds
sayisi (Re=5000 ve Re=10000) icin Nusselt sayisi (Nu), siirtiinme faktoru (f) ve
termal performans faktorii (TPF) hesaplanmistir. Sayisal ¢dziimler, dnceki calisma
sonuglari ve ampirik bagintilar ile karsilastirilmistir. Tiirbiilatorlerin akis ve 1s1
transferi lizerindeki etkilerini gézlemleyebilmek i¢in kanal iginde akis ve sicaklik
gorintiileri elde edilmistir. Yapilan ¢alisma, ayni zamanda tiirbiilatorsiiz kanal akisi
ile karsilastirilmistir. Elde edilen bulgular, kanal icine eklenen tiirbiilatorlerin 1s1
transferini iyilestirdigini ve tiirbiilatorsiiz kanala goére Nu 1,38 kat arttigini
gostermistir. Ayrica kanal giris hizinin artmasi ile 1s1 transferi artmistir. En yiiksek
1s1 transferi Re=10000’de Kanal 8 durumunda Nu=27,17 olarak bulunmus ve en
yliksek TPF Re=5000’de Kanal 8'de TPF=1,08 olarak elde edilmistir.

NUMERICAL ANALYSIS OF THERMAL PERFORMANCE IN A CIRCULAR DUCT
WITH DIFFERENT TURBULATORS

Keywords Abstract

Turbulator, In this study, the thermal performance of circular cross-section duct flows with
Circular Channel, different turbulators was numerically analyzed. The simulations were solved with
Heat Transfer, the Computational Fluid Dynamics (CFD) based Fluent program. In the study, seven
Thermal Performance, turbulator structures consisting of vertical and inclined baffles were used. These
Friction Factor. turbulators were placed in the center of the duct and the duct surfaces containing

the turbulators were maintained at constant temperature (Tw=350K) conditions.
Nusselt number (Nu), friction factor (f), and thermal performance factor (TPF) were
calculated in two different Reynolds numbers (Re=5000 and Re=10000). Numerical
solutions were compared with previous study results and correlations. To observe
the effects of turbulators on flow and heat transfer, flow and temperature contours
were obtained inside the duct. The study was also compared with the smooth duct
flow. The findings showed that the turbulators added in the duct improved the heat
transfer and the Nu increased 1.38 times compared to the duct without turbulator.
In addition, the heat transfer increased with increasing the duct inlet velocity. The
highest heat transfer was found to be Nu=27.17 in the case of Duct 8 at Re=10000
and the highest TPF was obtained to be TPF=1.08 at Re=5000 in the Duct 8.
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A NUMERICAL ANALYSIS OF THERMAL PERFORMANCE IN A CIRCULAR DUCT
WITH DIFFERENT TURBULATORS

Selma Akgay!t
Cankir1 Karatekin University, Faculty of Engineering, Department of Mechanical Engineering, Cankiri, Tiirkiye

Highlights

e The thermal performance in a duct with different turbulator arrangements was numerically analyzed
e Seven different turbulator desings consisting of vertical and inclined baffles were used

e Turbulators added in the duct improved the heat transfer 1.38 times compared to without turbulator
e The highest thermal performance factor was obtained to be TPF=1.08 at Re=5000 in the case of Duct 8

Graphical Abstract

Figure. Geometric Details Of The Turbulator And The Mesh Structure Of Channel 2

Purpose and Scope

In this study was numerically analyzed the thermal performance of a smooth duct with different turbulator
arrangements to use energy more effectively in thermal devices.

Design/methodology/approach

The study conducted with the Computational Fluid Dynamics (CFD) based Fluent program. In the study, seven
turbulator structures consisting of vertical and inclined baffles were used and these turbulators were placed in
the center of the duct. Nusselt number (Nu), friction factor (f), and thermal performance factor (TPF) were
calculated in two different Reynolds numbers (Re=5000 and Re=10000). To observe the effects of turbulators on
flow and heat transfer, flow and temperature contours were obtained inside the duct. The study was also
compared with the smooth duct flow.

Findings

The main findings showed that the turbulators added in the duct improved the heat transfer and the Nu increased
1.38 times compared to the duct without turbulator. In addition, the heat transfer increased with increasing the
Reynolds number. The highest heat transfer was found to be about Nu=27.17 in the case of Duct 8 at Re=10000.
The highest thermal performance factor was obtained to be about TPF=1.08 at Re=5000 in the case of Duct 8.
Practical implications

The baffle angle and the in-line and staggered arrangement of the baffles in the turbulators added to the duct
affect the flow and heat transfer. Hight heat transfer and turbulent kinetic energy were obtained in the case of
ducts with vertical baffles and in-line arrangement. However, the friction within the duct increased slightly. In
turbulator cases with inclined baffles and staggered arrangement, low heat transfer and turbulent kinetic energy
were obtained, but the frictions in the ducts decreased.

Originality

The effects of different turbulator designs on the performance factor were investigated for channel designers.
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1. Giris (Introduction)

Son yillarda yasanan kiiresel enerji krizi, enerjinin daha etkin kullanilmasini zorunlu hale getirmistir. Her gecen
glin artan enerji ihtiyacinin kit kaynaklarla temin edilmesi enerji verimliligi arastirmalarini 6n plana ¢ikarmistir.
Gerek endiistri sektoriinde gerek domestik uygulamalarda yaygin olarak kullanilan isitma, sogutma ve
havalandirma sistemlerindeki termal cihazlarin daha verimli sekilde kullanilmasi amaciyla uzun siiredir
calismalar yuritilmektedir (Akdag vd. 2014; Akcay, 2022a). Termal cihazlarda, 1s1 transferini artirmak icin
kullanilan pasif yontemler enerji ve maliyet tasarrufu sagladigindan siklikla tercih edilmektedir. Bu yontem,
dalgali kanal geometrileri ve kanal igerisine eklenen vorteks lireten diizenlemeleri kapsamaktadir (Alam vd., 2014;
Ajarostaghi vd., 2022). Dalgali kanal geometrileri sinirli 1s1 transferi iyilesmesi saglarken basing kaybini
artirmaktadir. Bunun yerine diiz kanallar tercih edilerek kanal igcerisine bolme, kanatcik veya biikiilii bant gibi
diizenlemeler eklenmektedir (Sriromreun vd., 2012; Promvonge vd., 2015; Sun vd., 2020). Tirbiilatér veya
vorteks iiretecleri olarak bilinen bu diizenlemeler, akis karisimini iyilestirmeyi ve 1s1 transfer alani artmayi
amaclamaktadir. Kanal igerisine ilave edilen bu tiirbiilatorlerin farkli geometrilerde, agilarda ve diizenlemelerde
yerlestirildigi ve elde edilen termal performansin bu parametrelerden oldukea etkilendigi goriillmektedir (Akcay
ve Akdag, 2018; Ajarostaghi vd., 2022). Tirbiilatorler, kanal icerisinde akan akisin yoniinii degistirerek akista
dongiiler meydana getirmektedir. Bu dongiiler, kanal icinde artan tiirbiilans etkileri nedeniyle akis karisimini
iyilestirir. Ayrica kanal ylizeylerinde sinir tabaka olusumunu 6nleyerek 1sil direncin azalmasina neden olur ve 1s1l
direncin azalmasi sonucu 1s1 transferinde iyilesme meydana gelir. Bu nedenle tirbiilatdrler, 1s1 transferi
iyilesmesinde 6nemli bir potansiyele sahiptir. Ancak kanal icerisine eklenen bu uygulamalar her ne kadar 1s1
transferini artirsa da siirtiinme kayiplarini da artirdig1 icin pompalama giiclinde bir artis kaginilmazdir. Kanal
akislarinda pompalama maliyetlerini ¢ok fazla artirmadan en iyi termal performans saglayan tiirbiilatorlerin
belirlenmesi halen giincel arastirma konulari arasindadir (Akgay, 2023).

Yapilan bu ¢alisma ile dairesel bir kanalda farkl tiirbiilatérlerin akis ve 1s1 transferi tizerindeki etkileri sayisal
olarak incelenmistir. Bugiine kadar yapilan ¢alismalarin kisa bir 6zetini veren kaynak arastirmasindan sonra, ilk
olarak ¢alismada kullanilan matematiksel model ve sayisal model agiklanmis, farkh tiirbiilatorleri iceren kanal
sekilleri tanmimlanmistir. Sonra sayisal ¢éziim yontemi agiklanmis ve kullanilan sinir sartlar tariflenmistir. Daha
sonra ise termal performans analizinde kullanilan esitlikler verilmis ve c¢alismanin 6nceki calismalarla
karsilastirmasi yapilmistir. Son olarak ¢alisma sonucunda elde edilen akis ve sicaklik dagilimlari paylasilmis, tim
tlirbiilator diizenlemeleri icin 1s1 transferi, stirtiinme faktori, termal performans grafikleri ve yerel TKE dagilimi
elde edilmis ve bu sonuglar detayl olarak analiz edilmistir.

2. Kaynak Arastirmasi (Literature Survey)

Onceki yapilan ¢alismalarda, 1s1 transfer alanini artirmasi ve kendiliginden akis dalgalanmalar1 olusturmasi
nedeniyle pasif yontemler arasinda yer alan dalgali ylizey geometrileri yaygin olarak kullanilmistir (Kurtulmus ve
Sahin, 2019; Krishnan vd., 2021). Yapilan ¢alisma sonuglari ile dalgali ylizeylere sahip kanallarin diiz kanallara
gore 1s1 transferini artirdig: bildirilmistir (Zhang ve Che, 2011; Mehta vd., 2022; Alfellag vd., 2022). Choudhary vd.
(2022) gerceklestirdigi sayisal calismalarinda diiz, dalgali ve oluklu kanallarin hidrodinamik ve termal davranisini
karsilastirmiglardir. Calisma sonucunda, kanal giris hizinin artmasi ile tiirbtilans etkilerinin ve basing diisiisiiniin
arttigini, ayrica diiz kanallara gore dalgali kanallarda daha yiiksek 1s1 transferinin ve yiizey siirtiinme katsayisinin
elde edildigini bildirmislerdir.

Dalgali yiizey geometrilerinin kullanildig1 uygulamalarda, 1s1 transferi iyilesmesi sinirli kalmaktadir ve daha
ylksek 1s1 transferi hedeflenen durumlarda yenilik¢i yontemler arastirilmaktadir. Arastirmacilar, kanallara
eklenen farkl sekillere ve diizenlemelere sahip tiirbiilatorlerin 1s1 transfer performansina etkilerini sayisal ve
deneysel olarak incelemislerdir (Ajeel vd., 2021a; Ajeel vd., 2021b; Li vd. 2022). Yapilan deneysel ve sayisal
calismalar, kanal icerisine ilave edilen bolme, kanatcik gibi uzatilmis yiizeylerin daha yiiksek 1s1 transfer orani
sagladigini kanitlamistir (Kumar vd., 2016; Inan vd., 2022). Sriromreun vd. (2012) Z seklinde tiirbiilatorlere sahip
dikdortgen bir kanalda 1s1 transferi iyilesmesini deneysel ve sayisal olarak arastirmislar ve diiz kanallara gore Z
tipi tirbiilatorlerin 1s1 transfer iyilesmesinde dnemli bir potansiyele sahip oldugunu bildirmislerdir.

Turgut ve Kizilirmak (2015) bélmelere sahip bir kanalda 30°<a<150° b6lme acilarinda akis ve 1s1 transferini
sayisal olarak incelemisler ve en iyi termal performansin 150° bdlme agisinda elde edildigini bulmuslardir.
Promvonge vd. (2015) deneysel ¢alismalarinda, at nali seklinde egimli b6lmeler iceren bir kanalda Nusselt
sayisinin diiz kanallara gore %92-208 oraninda arttigini ve basing kaybinin ise 1.76- 6.37 kat arttifini
gostermislerdir. Skullong vd. (2016) delta seklinde kanateikli vorteks liretegleri iceren bir kanal akisinda hidrolik
ve termal performansi analiz etmislerdir. Sahel vd. (2016) sayisal ¢alismalarinin sonucunda dikddrtgen bir
kanalda bodlmelerin kullanilmas: ile 1s1 transferinin %65 arttigini bildirmislerdir. Modi ve Rathod (2019)
400<Re<1000 Reynolds sayis1 araliinda dalgali bir kanalda eliptik egimli dikdortgen kanatgciklardan olusan

3
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vorteks lireteglerinin etkilerini farkli parametreler i¢in sayisal olarak incelemisler ve termal performansin vorteks
iireteclerinin seklinden oldukea etkilendigini belirtmislerdir.

Sun vd. (2020) dairesel bir 1s1 degistiricisinde ¢coklu dikdortgen kanatgiklardan olusan vorteks iireteglerinin akis
ve 151 transfer davranisini analiz etmislerdir. Promvonge vd. (2020) ayrik V kanatgiklar iceren bir 1s1
degistiricisinde 1s1 transferi ve basing diisiist tizerinde farkli kanat¢ik adimi, kanatcik yiliksekligi ve kanatgik
diizenlemelerinin etkisini tiirbiilansh akis sartlarinda deneysel ve sayisal olarak incelemislerdir. Calismalarinin
sonucunda belirli bir kanat ytiksekligi i¢cin en diisiik kanat¢ik uzunlugunda en yiiksek 1s1 transferinin ve basing
kaybinin elde edildigini bildirmislerdir. Menni vd. (2020) V seklinde ¢oklu kanatlara sahip gilines hava kanalinda
kanat agisinin, kanat uzunlugunun ve akis oranlarinin termal performansa etkilerini analiz etmisler ve ¢alisma
sonucunda, en iyi termal performansin 40° kanat acisinda ve Re=2163 degerinde elde edildigini bildirmislerdir.
Nakhchi vd. (2021) 1s1 degistiricilerinde eliptik tiirbiilatérlerin etkilerini arastiran deneysel bir ¢alisma
yuriitmiislerdir. Ajeel vd. (2021a) L-seklinde bdlmelerin termal performansinm incelerken, El-Habet vd. (2021)
delikli bolmelerin kademeli ve sirali diizenlemelerinin 1s1 transfer davranisini arastirmislardir. Ajeel vd. (2021b)
E seklinde bolmeler ile egimli bir kanalda ZnO-su nanoakiskan akisinda hidrolik ve termal performansi
arastirmislar ve bolmelerin 1s1 transferini iyilestirdigini belirterek siirtiinme faktorii ve Nusselt sayisi ile ilgili bir
bagint1 6nermislerdir. Ak¢ay (2021) dik bolmeler igeren zigzag bir kanalda nanoakiskanlarin daimi akisinin 1s1
transferine etkisini 200<Re<1600 i¢in sayisal olarak arastirmis ve en iyi termal performansin Re=1400 degerinde
yaklasik 1,15 olarak elde edildigini bildirmistir. Bir diger ¢alismasinda, Akcay (2022b) iist yiizeyinde bdlmeler
iceren ve alt duvar trapez oluklu bir kanalda farkli b6lme yiiksekliginin 1s1 transferine etkisini sayisal olarak
incelemis ve bolme yiiksekligi arttikca 1s1 transferinin iyilestigini ancak siirtiinme faktoriiniin de arttigini rapor
etmistir. Ayrica Re=400 degerinde ve t=2H/3 bdlme yiiksekliginde termal performansin bélmesiz kanala gére 1,95
kat arttigimi bildirmistir. Menni vd. (2021) bdlmelere sahip bir 1s1 degistiricisinde tiirbiilansh akis icin bélme
acilarmin termal iyilesme faktori tizerindeki etkilerini arastirmislar ve en yiliksek termal performansin yiiksek
Reynolds sayisinda ve dik bélmelerin oldugu durumda elde edildigini bildirmislerdir.

Salhi vd. (2021) 1s1 degistiricilerinde uzunlamasina yerlestirilen bélmelerin akis ve 1s1 transferine etkilerini
arastiran sayisal bir calisma ylriitmiislerdir. Bir baska c¢alismalarinda, Salhi vd. (2022) diiz kanallarda farkli
sekillerdeki egimli bolmelerin akis ve 1s1 transferine etkilerini tiirbiilansh akis i¢in incelemisler ve ilicgen
bélmelerde %32.37, dikdoértgen bolmelerde %44.37 oraninda termal performansin iyilestigini gostermislerdir. Al
Habet vd. (2022) dikdortgen bir kanalda delik b6élmelerin sirali ve kademeli yerlesiminin hidrolik ve termal
performansa etkilerini incelemis ve termo-hidrolik performansin akis yapisina, kanal geometrisine, bolme sekline,
bolme yerlesimine ve bolme agisina baglh olarak degistigini rapor etmislerdir. Hassani vd. (2022) deneysel ve
sayisal calismalarinda dikd6rtgen bir kanalda dairesel, dikdortgen ve elmas seklindeki egimli tiirbiilatorlerin farklh
diizenlemelerinin akis ve 1s1 transferine etkilerini arastirmislar ve en iyi termal performansin dairesel egimli
tirbiilator durumunda saglandigini bildirmislerdir. Khan vd. (2022) farklh tiirbiilatér diizenlemeleri ile
mikrokanal 1s1 aticisinda laminer akis icin siirtiinme faktoriinii ve 1s1 transferini sayisal olarak analiz etmislerdir.
Ozellikle artan Reynolds sayilarinda 1s1 transferinin 6nemli derecede iyilestigini ve Nusselt sayisinin tiirbiilatorlii
kanalda diiz kanala gore daha yiiksek elde edildigini bildirmislerdir. Calismalarinda, en ytiksek 1s1 transferini
Re=800’de Nu=21.8 oldugunu bulmuslar ve 1s1 transferi ile basin¢ diisiisiiniin kanal genisliginden ve tiirbiilator
diizenlemesinden oldukga etkilendigini belirtmislerdir. Feng vd. (2022) trapez bolmelere sahip iicgen bir kanalda
1s1 transferini arastirmiglardir. Trapez bdlmelerin, akis karisimini iyilestirerek 1s1 transferini artirdigini
gozlemlemisler ve bélmesiz kanala gore trapez bolmelerin Nusselt sayisini 1.7 kat, stirtiinme faktoriinii 3.5 kat ve
performans faktoriinii %30 oraninda artirdigini bildirmislerdir. Ajarostaghi vd. (2022) 1s1 transferini artirmak i¢cin
uygulanan pasif yontemleri iceren bir derleme calismasi sunmuslardir. Ak¢ay (2023a) zigzag bir kanal icinde akis
yoniinde eklenen V seklindeki kanatgiklarin 1s1 transferine etkisini sayisal olarak incelemis ve kanatgiklarin 1s1
transferi iyilesmesinde dnemli katki sagladigini bildirmistir. Kanala eklenen kanatgiklarin, termal performansi
Re=400 degerinde yaklasik 2,12 kat artirdigini bildirmisir.

Literatiirde yapilan deneysel ve sayisal ¢alismalar, kanal icerisine eklenen tiirbiilatorlerin 1s1 transferini 6nemli
Olclide iyilestirdigini bununla birlikte basing kaybinin da arttigin1 gostermektedir. Basing diisiistinii kabul
edilebilir bir seviyede tutarak 1s1 transfer iyilesmesini artiran kanal tasarimlar1 halen arastirilmaktadir. incelenen
parametrelerin sayisinin ¢ok olmasi nedeniyle bu konuda yeni arastirmalara ihtiya¢ duyulmaktadir. Bu nedenle
bu ¢alismada dairesel bir kanalda farkl tiirbiilatérlerin akis ve 1s1 transferine etkileri, farkli Reynolds sayilarinda
sayisal olarak arastirilmistir. Calismada yedi farkh tiirbiilatér tasariminin termal performansa etkisi analiz
edilmistir. Bu ¢alisma ile termal performans agisindan optimum tiirbiilatér seciminde kanal tasarimcilarina yol
gosterici olmasi hedeflenmistir.
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3. Materyal ve Yontem (Material and Method)

3.1. Matematiksel Model (Mathematical Model)

Calismada kullanilan akiskan, Newtoniyen tip, tek fazli ve sikistirilamaz 6zelliklerdedir. Kanaldaki akis daimi akis
kosullarinda ve tiirblilans rejiminde akmaktadir. Radyasyonla 1s1 transferi ve yercekimi etkileri dikkate
alinmamistir. Akiskan dzelliklerinin degismedigi kabul edilmistir. Bu varsayimlara gore iki boyutlu korunum

denklemleri ve ilgili parametreler Esitlik (1)-(10) ile sunulmustur (Zontul vd., 2021).

Sureklilik denklemi:

5 (pU) = 0 ()
Momentum denklemi:
6[_) 0 u; 0u; —
(Pul) o (Pu i) = [(H + He) (c’)_x] + 6_x1>] - puy (2)

Enerji denklemi:

9 0™ &+ 2 (o T) = 9 ot
ST + - (ou) = |+ 10 ()] 3)
_ 6ul 6u]- 4
pu u] (“‘t) ax aXi ( )
2
P—t =pCy— (5)
0
(Pk) tox (pkul) = 6_ + G — pe (6)
0 o¢ € €2
(PE) o (pEul) = 6_ — 0_ +Creq G — Coep (7)
ﬁaul
Gy = —pu Yy a_Xl (8)
_u
= P_ﬂ 9)
t
Iy = Pr, (10)

Standart k-¢ tiirbiilans modeli icin kullanilan sabitlerden Cie=1.44, C2:=1.92, 0x=1.0, 0:=1.3, Pr=0.9 ve C,=0.09
olarak alinmistir (Zontul vd., 2021).

3.2. Sayisal Model (Numerical Model)

Calismada kullanilan farkl tiirbiilatérlerden olusan kanal yapilarinin geometrisi Sekil 1 ile verilmistir. Kanallar,
D=10mm dairesel kesit alanina sahiptir. Kanal girisinde L1=20D ve ¢ikisinda L3=3D uzunlugunda 1sitilmamis diiz
bir boliim vardir. Farkli diizenlemelerdeki tiirbiilatorler, Lz=11D uzunlugundaki bdliime kanalin merkezine
yerlestirilmistir. Tiirbtilatorleri ihtiva eden kanal ytlizeyleri sabit sicaklik sartlarinda korunmustur. Tiirbiilatorler
kanal icerisine dik ve akis yoniinde egimli bolmeler olarak sirali ve kademeli diizenlemede yerlestirilmistir. Egimli
bélmelerin agist a=45°, tiim bélmelerin yiiksekligi h=1mm ve kalinlig1 t=0,05mm olarak alinmistir. Her iki b6lme
arasindaki mesafe S=10 mm’dir.

Kanal icerisinde kullanilan tiirbiilatorlerin diizenlemesine gore kanal siniflandirmasi ve tirbiilatorlerin sematigi
Tablo 1’de agiklanmistir.
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Sekil 1. Tiirbiilatorli Kanallarin Geometrileri (Geometries Of The Channels With Turbulator)

Tablo 1. Tiirbiilator Sekline Gore Kanal Siniflandirmalari (Channel Classifications According To Turbulator Structures)

SIMGE TURBULATOR TANIMI TURBULATOR SEMATIGi

Kanal 1 Tirbiilatoérsiiz kanal -

Kanal 2 900 bolmeli sirali diizen I |I |I I
Kanal 3 900 bslmeli kademeli diizen ' I ' ]
Kanal 4 450 bolmeli sirali diizen < < < <
Kanal 5 450 bélmeli kademeli diizen V4 < v <
Kanal 6 900 bolmeli 2°li kademeli diizen I I I |
Kanal7 | 450 bslmeli 2'li kademeli diizen Lo L
Kanal 8 450 ve 900 bélmeli siral diizen < I < I

3.3. Sayisal Yontem (Numerical Method)

Sayisal modelin iki boyutlu geometrisi ve ag yapisi Gambit programi ile olusturulmustur. Ag yapisinda liggen
eleman yapilar tercih edilmistir. Kanal giris ve ¢ikisindaki diiz béliimler i¢in daha seyrek eleman sayilar tercih
edilirken 1s1tilmis duvar yiizeyleri ile tiirbiilatorlerin ylizeylerinde daha yiiksek eleman sayilar1 kullanilmistir (y*

<1 sartin1 saglamak icin). Sekil 2’de bolmelere ait geometrik detaylar verilmis ve Kanal 2'nin ag yapisi
gosterilmistir.

Sayisal ¢oziimler, Hesaplamali Akiskanlar Dinamigi (HAD) yazilimi1 olan Fluent 6.3 (2010) programi ile
gerceklestirilmistir. Tasinim terimlerinin ayriklastirilmasina ikinci dereceden ileri fark semasi kullanilmistir.
Cozlimlerde, basing ve hiz arasindaki iliski SIMPLE (semi-implicit pressure-linked equation) algoritmasi ile ele
alinmistir. Zontul vd. (2021) yaptiklar1 deneysel ve sayisal ¢alismalarinda, oluklu ve diiz bir kanalda 1s1 transferini
ve sirtiinme faktoriini hesaplamislar ve standart k-¢ tiirbiilans modelinde elde ettikleri sonuglarin deneysel
sonuclara daha yakin oldugunu bildirmislerdir. Bu nedenle bu ¢alismada standart k-¢ tiirbiilans modeli tercih
edilmistir. Tirbiilans yogunlugu %5 kabul edilmistir. Bu konuda detayli bilgi, Akcay (2023b) ¢alismasinda
verilmistir. Hesaplamalarda, yakinsama kriteri olarak stireklilik denkleminde 105, momentum esitliklerinde 107
ve enerji esitliginde 10° degerleri ayarlanmistir. Tiim ¢6ziimlerde iterasyonlar, bu degerlere ulasana kadar devam
etmistir.
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Sekil 2. Bolmelere Ait Geometrik Detaylar Ve Kanal 2'nin Ag Yapisi (Geometric Details Of The Turbulator And The Mesh
Structure Of Channel 2)

Hesaplamalarda, ¢6zliimlerin eleman sayilarindan etkilenmedigini belirlemek icin ag bagimsizlik testi
uygulanmistir. Bunun icin tiirbilatorsiiz kanalda (Kanal 1) Re=10000 i¢in farkli eleman sayilarinda (31098,
39560, 48362, 57246, 68384) Nusselt sayilari elde edilmistir. 48362 eleman sayisindan sonra Nusselt sayilari
arasindaki farkin %1,6’dan diisiik oldugu tespit edilmis ve bu eleman sayisinin sayisal ¢oziimler icin yeterli oldugu
diistiniilmiistiir. Kanal 2, Kanal 3, Kanal 4, Kanal 5, Kanal 6, Kanal 7 ve Kanal 8 i¢cin eleman sayilari sirasiyla 54032,
54980, 54822, 54356, 53506, 54510 ve 53164 olarak se¢ilmistir. Kanal 1 icin Re=10000 degerinde farkli eleman
saylilarinda hesaplanan Nusselt sayilari Sekil 3’te sunulmustur.

25
Diiz kanal, Re=10000

@
5 20 F
]
1]
-
@
g
z 15

10

25 35 45 55 65 75
Eleman sayis1 (x103)

Sekil 3. Eleman Sayilari ile Nusselt Sayisinin Degisimi (Variation Of Nusselt Number Versus Element Number)
3.4. Sinir Sartlar1 (Boundary Conditions)

Akiskan kanala, sabit ortalama bir hiz (ug) ile Ti=300K sicaklifinda girmektedir. Kanal girisinde, Re=5000 ve
Re=10000 olmak tizere iki farkli hiz giris sart: tariflenmistir. Kanal girisinde hizin ve sicakligin tiniform oldugu
kabul edilmistir. Kanal girisinde, L1 ve ¢ikisinda, L3 uzunlugundaki boliimler adyabatiktir. Tiirbtilatorleri igeren L2
uzunlugundaki duvar yiizeyleri, Tw=350K sabit sicaklik sartlarinda tutulmustur. Tirbiilatdrlerin adyabatik
sartlarda oldugu kabul edilmis ve tiim duvar yiizeyleri icin kaymaz sinir sartlari tariflenmistir. Akiskan “disa akis”
siir sarti ile kanali terk etmistir. Is yapan akiskan olarak su (Hz0) tercih edilmis ve akiskanin termofiziksel
ozellikleri i¢in programda varsayilan degerler alinmistir.

3.5. Termal Performans Analizi (Thermal Performance Analysis)
Sunulan ¢alismada, farkl tiirbiilatorlere sahip kanal akislarinda Re=5000 ve Re=10000 i¢in akis ve 1s1 transfer
hesaplamalar1 yapilmistir. Calismada performans analizi icin kullanilan ana parametreler Reynolds sayis1 (Re),

Nusselt sayis1 (Nu) ve siirtiinme katsayisi (f) ve termal performans faktori (TPF)’diir.
Reynolds sayisi Esitlik (12) ile hesaplanmistir:

UuoD
Re:Poh

u (12)

Burada, u, kanal giris hizi, p akiskan yogunlugu, Dn hidrolik ¢cap ve p dinamik viskozitedir.

Yerel Nusselt sayis1 Esitlik (13) ve ortalama Nusselt sayisi Esitlik (14) ile hesaplanmistir:

Nu, = —2 (13)
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L
1
Nu = Zj Nu,dx (14)
0

Is1 tasinim katsayisi (h), Esitlik 15 ile logaritmik sicaklik farki (ATiog) Esitlik (16) ile bulunmustur (Akcay 2023b):

q

h= g7 (15)
Ang — %
Inl = i (16)
Tw _To

Burada ks iletim katsayisini, q” birim alan i¢in 1s1 akisini, L kanal uzunlugunu, Tw kanal yiizey sicakligini, Ti ve To
akiskanin kanala giris ve cikis sicakligini gostermektedir.

Tiirbtlatorli kanalda elde edilen Nusselt sayisinin (Nuirbitatwra), tiirbiilatorsiiz kanalda elde edilen Nusselt
sayisina (Nutrbilatsrsiz) orani, 1s1 transfer iyilesmesini (&) gostermektedir (Esitlik 17).

_ Nugirpitatsru

€ (17)

Nutijrbulatérsﬁz

Kanal icinde tiirbiilatorlerin sebep oldugu siirtiinmeleri tespit etmek icin Esitlik (18) ile siirtiinme faktorii (f)
tanimlanmistir.

__2APDp

f= pLuj (18)

Burada, AP kanalin giris ve ¢ikis1 arasindaki basing kaybini gostermektedir.

Tiirbiilatorlii kanalda elde edilen siirtiinme faktoérintn (frirbilatoria), tiirbiilatérsiiz kanalda elde edilen siirtiinme
faktoriniin (firbilatwrsiz) orani, relative siirtiinme faktortini (fre) gostermektedir (Esitlik 19).

Frot = fturbilatorli (19)

ftirbilatorsiz

Is1 transfer iyilesmesi ve relatif siirtiinme faktoriine bagh olarak termal performans faktorii (TPF) Esitlik (20) ile
hesaplanmaktadir.

TPF = ——

frei /3 (20)

4. Sayisal Sonuclar (Numerical Results)

Sayisal ¢oziimler Mohammed vd. (2012) tarafindan yapilan ¢alisma sonuglariyla karsilastirilmistir. Referans
calismada, ayn1 hidrolik ¢apa sahip dairesel bir boru geometrisi kullanilmis ve bu ¢alismada kullanilan Reynolds
sayisi aralig1 (3000<Re<10000) i¢in Nusselt sayilar1 hesaplanmistir. Dolayisi ile Referans ¢alismada (Mohammed
vd. 2012) ayni boru geometrisi, aym1 hidrolik cap degeri ve ayni akis rejimi kullanilarak dogrulama
gerceklestirilmistir. Ayrica sayisal ¢oziimler, 3000<sRe<10000 araligindaki Reynolds sayilarinda Dittus-Boelter
korelasyonu ile elde edilen ampirik baginti sonuglariyla karsilastirilmistir. Mohammed vd. (2012)’in sonuglar1 ve
ampirik bagint1 sonuglari ile bu ¢alismadan elde edilen sonuglar, Sekil 4’te sunulmustur.
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Sekil 4. Sayisal Coziimlerin Dogrulanmasi (Verification Of The Numerical Solutions)
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Sekil 5. Re=10000 ‘De Farkl Tiirbiilatérler icin Hiz Ve Sicaklik Alanlari (Velocity And Temperature Fields For Different
Turbulators At Re=10000)

Bu ¢alismada, farkl tiirbiilator yapilarinin akis ve 1s1 transfer davranisini incelemek icin kanal icinde hiz, sicaklik,
TKE ve vorteks yapilari elde edilmistir. Tiim akis ve sicaklik goriintiileri i¢in tiirbiilatériin ortasindaki 4 bélmenin
gorintiisii alinmistir. Sekil 5'de tiim tiirbiilator diizenlemeleri i¢cin Re=10000'de hiz alanlar1 (a) ve sicaklik

9
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dagilimlar (b) verilmistir. Hiz alanlarindan (Sekil 5a), tiirbiilatér diizenlemesinin akis yapisini oldukea etkiledigi
gorilmektedir. Bolmelerin sirali dizilisi ile elde edilen tiirbiilatér diizenlemelerinde (Kanal 2, Kanal 4 ve Kanal 8)
akisin saliniml bir sekilde kanal yiizeylerine dogru yonlendigi g6zlenmektedir. Bu kanallarda, kanal ytizeylerine
yakin akiskan tabakasinin hizi artmistir. Tirbiilatorii olusturan bélmelerden 6nce kisa, bolmelerden sonra ise
daha uzun durgun akiskan bolgeleri olusmustur. Boélmelerin kademeli olarak yerlestirildigi tiirbiilator
diizenlemelerinde (Kanal 3, Kanal 5, Kanal 6 ve Kanal 7) hiz alanlar1 birbirlerine yakin elde edilmis ve akistaki
salimimlarin azaldig1 gézlenmistir. Bu kanal yapilarinda, kademeli yerlesim nedeniyle bélmelerden sonra olusan
durgun akiskan bdlgesi kiigilmistiir. Ayrica egik bdlmelerin kademeli yerlesiminde (Kanal 5 ve Kanal 7)
tiirbiilatér etrafindaki akisin kademeli dik bélmelere (Kanal 3 ve Kanal 6) gore daha ince oldugu ve akis
salimimlariin azaldig1 goriilmiistiir. Kanal akislarinda hiz alanlarinda meydana gelen degisimler, kanal ylizey
sicakliklarini etkilemektedir. Akistaki salinimlarin artmasi kanal ytizeyinde olusan sinir tabakanin bozulmasina ve
1s1l direncin azalmasina yardimci olmaktadir. Dolayisi ile Kanal 2, Kanal 4 ve Kanal 8 durumunda kanal yiizey
sicakliklar: diger kanal yapilarina gore daha diisiik elde edilmistir (Sekil 5b).

O N S ;s

5.64e-05 4.06e-02  8.1fe-02  1.22e-01 16201  1.93¢.01 203602 275e+03 5.49e+03  824e+03  1.10e+04  1.37e+04

Kanal 2 Kanal 2

Kanal 3 Kanal 3

Kanal 4 Kanal 4

Kanal 5 Kanal 5

Kanal 6 Kanal 6

Kanal 7 Kanal 7

Kanal 8 Kanal 8
a) TKE alanlar b) Vorteks alanlari

Sekil 6. Re=10000’de Farkh Tiirbiilatérler icin TKE Ve Vorteks Dagilimlar1 (TKE And Vortex Distributions For Different
Turbulators At Re=10000)

Sekil 6’da tiim kanal yapilar: igin Re=10000’de tiirbtilans kinetik enerji (TKE) dagilimlari (a) ve vorteks alanlari
(b) gosterilmistir. Sekil 6a’dan, TKE dagilimlarinin tiirbiilatér diizenlemelerinden etkilendigi acikca gdzlenmistir.
Kanal 2 durumunda TKE etkilerinin en fazla oldugu, bunu sirasiyla Kanal 4 ve Kanal 8 durumlarinin takip ettigi
belirlenmistir. Kanal 5 durumunda TKE etkileri en az olurken, Kanal 6 ve Kanal 7 durumlarinda ise bu etkilerin

10
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birbirlerine yakin oldugu tespit edilmistir. Sekil 5a’da sirali diizenlemeye sahip kanallarda (Kanal 2, Kanal 4 ve
Kanal 8) goriilen hiz dagilimlarindaki dalgalanmalarin tiirbiilans etkilerini artirdigi agiktir. Sekil 6b’de farkli
tiirbiilatorlerin olusturdugu vorteks yapilar1 verilmistir. Vorteks yapilari, kanal i¢indeki akis dongiilerini artiran
ve akis karisimini iyilestiren yapilardir. Kanal icerisine eklenen tiirbiilatorler, TKE ve vorteks yapilarini artirmayi
hedefler. Tiim kanal durumlar: icin bdlmelerin etrafinda akis yoniinde uzunlamasina vorteks yapilarinin
sekillendigi gorilmektedir. Kanal 2, Kanal 3, Kanal 6 ve Kanal 8 durumlarinda bu yapilarin daha biiytiik oldugu,
Kanal 4, Kanal 5 ve Kanal 7 durumlarinda ise daha kii¢iik oldugu gézlenmistir.

Sekil 7’de Kanal 8 durumunda Re=5000 (a) ve Re=10000 (b) i¢in hiz, sicaklik, TKE ve vorteks yapilari
gosterilmistir. Burada farkl kanal giris hizlarinin akis ve sicaklik alanlarina etkileri incelenmistir. Reynolds
sayisinin artmasi ile artan momentum etkileri nedeniyle akistaki salinimlarin arttig1 ve kanal ylizeylerine yakin
cekirdek bolgelerinin olustugu goézlenmistir. Diisiik Reynolds sayisinda boélmelere yakin vorteks yapilarinin
olustugu ve bu yapilarin diger bélmeye kadar uzandig1 goriilmiistiir. Artan Reynolds sayisinda ise bélmelerin
etrafindaki vorteks yapilarinin kisaldigi ve kanal ylizeylerine yakin vorteks cizgilerinin azaldig tespit edilmistir.
Reynolds sayisinin artmasi ile kanal yiizeylerindeki sicaklik gradyaninin azaldig: ve tiirbiilans kinetik enerjinin
arttig1 gorulmustir.

Hiz dagilimi Hiz dagilimi
] j ; ;
Vorteks dagilimi Vorteks dagilimi
| | | |
_ ~ Sicaklikdagihmi ) Sicaklik dagilimi
a i i f
- ) TKI:: dag“lllml_ ) B ) TKE dagilimi
a) Re=5000 b) Re=10000

Sekil 7. Kanal 8 I¢cin Farkli Re’de Hiz, Sicaklik, Vorteks Ve TKE Alanlar1 (Velocity, Temperature, Vorticity, And TKE Fields in
Different Re For Channel 8)

Sekil 8, farkh tiirbiilatorlere sahip kanallarda Re=5000 ve Re=10000 icin elde edilen Nusselt sayilarini
gostermektedir. Ayrica sonuclar tiirbiilatoérsiiz diiz kanal akisi ile karsilastirilmistir. Tiim kanal yapilarinda
Reynolds sayisinin artmasi ile Nusselt sayisi artmistir. En yiiksek Nusselt sayisi Re=10000’de Kanal 8 durumunda
yaklasik Nu=27,17 olarak bulunmustur. Bunu yaklasik Nu=23,73 olarak Kanal 2 durumu takip etmistir. Kanal 3 ve
Kanal 4 durumunda elde edilen Nusselt sayilari birbirlerine yakin degerdedir. Yine Kanal 5 ve Kanal 6 durumunda
da benzer 1s1 transferi saglanmistir. Tiim tiirbiilatorlii kanal yapilarinda elde edilen Nusselt sayilarinin diiz kanala
gore daha yiiksek oldugu goriilmektedir. Kanal icine eklenen tiirbiilatorler, diiz kanala goére 1s1 transferini
Re=10000’de yaklasik 1,38 kat iyilestirmigtir.

11
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Sekil 8. Farkli Kanal Yapilar I¢cin Nusselt Sayisinin Degisimi (Variation Of Nusselt Number For Different Channel Structures)

Sekil 9, farkli tiirbiilatér yapilarina sahip kanallarda Re=5000 ve Re=10000 i¢in elde edilen relatif siirtiinme
faktorini vermektedir. Tiim kanal yapilarinda elde edilen relatif siirtiinme faktorlerinin Reynolds sayisi ile arttig:
gozlenmistir. Kanal 3 durumunda, her iki Reynolds sayisinda elde edilen relatif siirtiinme faktorleri arasindaki
farkin azaldig tespit edilmistir. Tiim tiirbiilatér tasarimlarinda, bélme ytikseklikleri birbirlerine esittir, dolayisiyla
dik agida yerlestirilen bolmelerin uzunlugu a¢il yerlestirilen bélmelerin uzunlugundan daha diistiktiir. Dolayisi
ile Kanal 3’te kullanilan tiirbiilatérde bdlmelerin kademeli yerlesimi, bolmeler arasindaki mesafenin fazla
olmasina neden olmustur. Ayrica Kanal 3’'te bélme uzunlugu acili bélmelerden daha kiiciiktiir. O nedenle akista
olusan direng diger bolmelere gore daha azdir. Bu durum, relatif stirtiinme faktoriiniin Reynolds sayilarindan daha
az etkilenmesine neden oldugu seklinde yorumlanabilir. Re=5000’de ise Kanal 4 ve Kanal 5 durumunda yaklasik
benzer relatif siirtinme faktorii elde edilmistir. En yiiksek relatif stirtlinme faktorii Re=10000’de ve Kanal 2
durumunda yaklasik fre=2,86 olarak elde edilmistir. En diistik relatif siirtiinme faktorii Re=5000’de ve Kanal 7
durumunda yaklasik frei=1,76 olarak bulunmustur.

BRe=5000 @Re=10000

N w
T T

Relatif surtiinme faktori
[

0

NI B N I AN
R R R R R R
Sekil 9. Farkli Kanal Yapilar Icin Relatif Siirtiinme Faktériiniin Degisimi (Variation Of Relative Friction Factor For Different
Channel Structures)

Sekil 10, farkli kanal yapilarinda Re=5000 ve Re=10000 i¢in hesaplanan TFP degerlerini gostermektedir. Tim
kanal yapilarinda elde edilen performans faktorlerinin Kanal 3 durumu harig, Re=5000 degerinde daha yiiksek,
Re=10000 degerinde ise daha diisiik oldugu goriilmektedir. Yiiksek Reynolds sayisinda TPF degerinin azalmasinin
nedeni siirtinme faktériindeki artisin Nusselt sayisindaki artistan daha yiiksek olmasidir. Ancak Kanal 3
durumunda 1s1 transferindeki artisin siirtinme faktoriindeki artistan daha yliksek olmasi nedeniyle Re=10000’de
THP, Re=5000’den daha yiiksek bulunmustur. Her iki Reynolds sayisinda da en yiiksek TPF Kanal 8 durumunda
saglanmistir. Her iki Reynolds sayisinda da Kanal 5 ve Kanal 6 durumunda birbirine yakin TPF degerleri
bulunmustur. En yiiksek TPF degeri Re=5000’de ve Kanal 8 durumunda yaklasik TPF=1,08 olarak elde edilmistir.

12
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Sekil 10. Farkh Kanal Yapilari icin TPF Degisimi (Variation Of TPF For Different Channel Structures)

Sekil 11, farkh kanal yapilarinda Re=10000 igin yerel TKE (m?/s?) degisimini gostermektedir. Tiirbiilatorli
kanallarda yerel TKE degerleri siniizoidal egriye benzeyen bir degisim sergilemektedir. Kanal yapilari icerisinde
en yuksek yerel TKE degeri Kanal 8 durumunda elde edilmistir. Kanal 2 ile Kanal 4 durumlarinda, Kanal 3 ile Kanal
5 durumlarinda ve Kanal 6 ile Kanal 7 durumlarinda TKE egrilerinin yapisinin birbirlerine olduk¢a benzer oldugu
gozlenmistir. Tiirbiilator tizerindeki bolmelerin yerlesiminde benzer diizenlemelerin benzer etki gosterdigi tespit
edilmistir. Blmelerin dik yerlesiminde egimli yerlesime gore daha yiiksek TKE elde edildigi g6zlenmistir.
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Sekil 11. Farkh Kanal Yapilari icin Yerel TKE Degisimi (Variation Of Local TKE For Different Channel Structures)
5. Sonucg ve Tartisma (Result and Discussion)

Bu ¢alismada, dairesel bir kanal i¢ine eklenen farkl tiirbiilatér yapilarinin akis ve 1s1 transferine etkileri sayisal
olarak iki farkli Reynolds sayisi i¢in diiz kanal ile karsilastirilarak incelenmistir. Farkl tiirbtlatorlerin akis ve 1s1
transfer davranisini gézlemlemek icin hiz, sicaklik, vorteks ve TKE dagilimlari elde edilmistir. Calisma sonucunda
farkl tiirbiilatér tasarimlari icin Nusselt sayisy, siirtiinme faktorii ve termal performans faktorii hesaplanmistir.

Yapilan ¢alisma, kanal icerisine ilave edilen tiirbiilatorlerde bolmelerin sirali ve kademeli yerlesiminin ve bolme
agisinin akis ve 1s1 transferini etkiledigini gostermistir. Dik bdlmeli ve sirali diizenlemeye sahip kanal durumunda
daha fazla 1s1 transferi ve TKE elde edilmistir. Ancak kanal icindeki siirtiinmeler de bir miktar artmistir. Egik
bolmeli ve kademeli diizenlemeyi iceren kanal durumlarinda daha az 1s1 transferi ve TKE elde edilmis ancak kanal
icindeki siirtiinmeler azalmistir. Bolmelerin sirali yerlesimi ile dik ve egimli bélmelerin birlikte kullanimi 1s1
transferini artirmistir.

Reynolds sayisinin artmasi ile Nusselt sayisi ve stirtiinme faktorii degerlerinde artis gériilmiistiir. Tlim tiirbiilator
yapilarinda elde edilen Nusselt sayisinin ve siirtiinme faktoriiniin diiz kanala goére daha yiiksek oldugu
bulunmustur. Tirbilatorler 1s1 transferini, Re=10000’de tiirbiilatorstiz kanala gore en fazla yaklasik 1,38 kat
iyilestirmistir. En yiiksek Nusselt sayisi, Re=10000’de ve Kanal 8 durumunda yaklasik Nu=27,17 olarak elde
edilmistir. Tirbtlatorler, stirtlinme faktériinii Re=10000’de tiirbiilatorsiiz kanal gore en fazla yaklasik 2,86 kat
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artirmistir. Her iki Reynolds sayisinda da en yiiksek TPF Kanal 8 durumunda elde edilmistir. En yiiksek TPF degeri
Re=5000'de ve Kanal 8 durumunda yaklasik TPF=1,08 olarak bulunmustur. Kanal yapilari igerisinde en yiiksek
yerel TKE degeri Kanal 8 durumunda elde edilmistir.
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In this study, sedimentation in the Seyhan Dam reservoir was investigated by
analyzing a long-term bathymetric survey dataset. The focus was on understanding
how reservoir capacity changes impact reservoir operation rules. The findings
revealed that sedimentation from the main branch of the Seyhan River has largely
stopped since the construction of the Catalan Dam, but sedimentation from the Cakit
branch continues. Furthermore, the study observed changes in the upper basin
between 1990 and 2018 based on the CORINE Land Cover (CLC) dataset. The forest
area increased from 23.71% to 24.36%, and water bodies expanded from 0.3% to
0.9%. This increase in forest and water bodies contributed to a reduction in
sediment flow into the Seyhan Dam reservoir. The researchers used regression
analysis and found a high correlation (R?=0.96) between water storage capacity
changes and time (in years) at a 67.5-meter water level in the Seyhan Dam
Reservoir. Overall, the study's results suggest that the decrease in sediment entering
from the main branch of the Seyhan River has significantly improved the
sedimentation issue.

UZUN DONEM BATIMETRI VERILERI KULLANILARAK SEYHAN BARA]

Anahtar Kelimeler

REZERVUARINDA SEDIMANTASYON ANALIZi

0z

Seyhan Baraji,
Seyhan Nehir Havzasi,
Batimetrik Ol¢tim,
Baraj Isletmesi.

Bu ¢alismada Seyhan Baraji rezervuarindaki sedimantasyon durumu uzun vadeli bir
batimetrik dl¢lim veri seti analiz edilerek aragstirilmigtir. Calismanin odak noktasi,
rezervuar kapasitesi degisikliklerinin rezervuar isletme kurallarini nasil etkiledigini
anlamaktir. Bulgular, Seyhan Nehri'nin ana kolundaki sediment birikiminin Catalan
Baraji'nin insasindan bu yana biiyiik 6l¢iide durdugunu, ancak Cakit kolundaki
sediment birikiminin devam ettigini ortaya ¢ikarmistir. Ayrica calismada, CORINE
Arazi Ortiisii (CLC) veri setine dayanilarak 1990 ile 2018 yillar1 arasinda iist
havzadaki degisiklikleri gozlemlenmistir. Orman alan1 %23,71'den %24,36'ya, su
kiitleleri ise %0,3'ten %0,9'a yiikselmistir. Orman ve su kiitlelerindeki bu artis,
Seyhan Baraji rezervuarina sediment akisinda azalmaya katkida bulunmustur.
Arastirmacilar regresyon analizini kullanarak Seyhan Baraj Go6li'ndeki 67,5 metre
su seviyesinde su depolama kapasitesi degisiklikleri ile zaman (y1l) arasinda ytliksek
bir korelasyon (R2=0.96) bulmustur. Genel olarak bu ¢alismanin sonuglari, Seyhan
Nehri'nin ana kolundan giren sediment miktarinin azalmasinin, sedimantasyon
sorununu dnemli dlciide iyilestirdigini gostermektedir.
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Highlights

e Investigation of reservoir sedimentation using long-term bathymetry data
e Investigation of impact of reservoir sedimentation on operation rules
e Estimation of reservoir capacity changes in future planning works

Purpose and Scope

In this study, a long-term bathymetric research dataset including 2019 bathymetry measurements were used
to evaluate the sedimentation in the Seyhan Dam reservoir. The emphasis was on understanding how changes
in reservoir capacity affect reservoir operation rules.

Design/methodology/approach

GIS is a powerful tool in this study for evaluating and maintaining the reservoir's bathymetry data, allowing for
more effective and informed reservoir management and sedimentation analysis decisions.

Findings
This study examined the sedimentation in the Seyhan Dam reservoir using the long term bathymetric sirvey

dataset within the scope of reservoir capacity changes and its impacts on reservoir operation rules. The results
of this study will contribute operation-maintenance works of Seyhan Dam in terms of cost and labour savings.

Originality
An investigation of the impact of reservoir sedimentation on operation rules was conducted using 2019
bathymetry survey data of the Seyhan Dam reservoir.
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1. Introduction

Over the past 4,500 years, dams have been constructed with the primary goal of storing excess water from rainy
seasons to be utilized during dry periods, maintaining the fundamental purposes of reservoirs intact (Estigoni et
al,, 2014). Among the critical factors influencing dam operation rules is the impact of sedimentation on reservoir
water storage capacity. Monitoring the reduction in water storage capacity is crucial to ensure the fulfillment of
water demands. For this purpose, bathymetry mapping has been employed to assess the current storage capacity
in reservoirs and to study the effects of sedimentation on their capacity.

Diaconu et al. (2019) emphasized that determining the bathymetric properties of rivers, lakes, and reservoirs
enables the identification of areas experiencing sedimentation or erosion. Over the years, bathymetric surveys and
mapping have been extensively conducted to gather information about the bottom surfaces of reservoirs (Szatten
et al,, 2018; Sandoval-Erazo et al., 2018; Oladosu et al,, 2019; Lopes and de Araujo, 2019), oceans, and sea floors
(Weatherall et al., 2015), as well as rivers (Bandini et al., 2018; Legleiter et al., 2018), lakes (Gopakumar and
Takara, 2009; Cross and Moore, 2014; Maina et al., 2019), coastal areas (Salameh et al., 2019), and other water
bodies. These efforts aim to investigate water depths, changes in underwater topography, sediment accumulation,
and potential environmental impacts. Traditional manual measurement techniques were initially used in these
investigations. However, with the progress and advancements in measurement technologies for bathymetry
mapping, echo sounders have been widely employed in bathymetric surveys for many years. Recently, remote
sensing technology has also emerged as a valuable tool in bathymetry mapping alongside conventional techniques
(Poliyapram et al., 2017; Akgiil et al., 2018; Casal et al., 2020; Wang et al., 2022). For instance, Saito et al. (2021)
studied sedimentation rates in areservoir section in Vigosa, Brazil, for the years 2010, 2012, and 2016 using single-
beam bathymetric survey techniques. In a separate study, Giivel et al. (2021a) investigated the feasibility of using
remote sensing data to determine bathymetric water depths in the Berdan Dam reservoir.

Sedimentation is regarded as one of the most significant challenges for river ecosystems (Obialor et al., 2019).
Understanding the impact of reservoir sedimentation on dam functions is crucial to safeguarding the dam's
lifespan and operational processes. Mueller et al. (2010) emphasized that erosion and sedimentation must be
taken into account when analyzing and implementing long-term strategies for land use planning and water
management. The study of sedimentation in dam reservoirs has become a prominent research topic due to its
adverse effects on the original capacity of the dam and the rules governing reservoir operation. The trapping of
sediment by a dam reservoir leads to problems of sediment accumulation and a loss of water storage capacity in
the reservoir. Estimating the sedimentation rate and the useful operation period of a reservoir can be achieved
using the trap efficiency approach (Garg and Jothiprakash, 2008). However, there have been some limitations in
using trap efficiency to predict reservoir sedimentation (Mulu and Dwarakish, 2015). Given that stored water
volume serves various purposes such as water supply, energy production, and irrigation, monitoring temporal and
spatial changes in a reservoir becomes essential for effective operational planning. Regular monitoring of
reservoirs enables the assessment of the amount and distribution of sediment trapped within the reservoir, as
well as the decrease in storage capacity. Determining sediment distribution is crucial for analyzing its effects on
hydraulic structures, ensuring dam safety, and adhering to reservoir operation rules. Accumulation of sediment
near water intake structures and changes in the bottom topography can have adverse effects on operational
efficiency. Schleiss et al. (2016) highlighted the significance of considering reservoir sedimentation during the
early planning phases of dam and reservoir design. By addressing sedimentation concerns proactively, better
design strategies can be implemented to mitigate its impacts on reservoirs and their functions.

Numerous bathymetric surveys conducted worldwide have identified significant decreases in reservoir storage
capacities (Rowan et al,, 1995; Giivel et al., 2017; Darama et al., 2019; Shiferaw and Abebe, 2020; Ugwu etal., 2021;
Giivel, 2021; Giivel et al., 2021b). Moreover, in recent years, researchers have increasingly utilized remote sensing
data for bathymetry mapping and sedimentation assessment (Jagannathan and Krishnaveni, 2021; Skariah and
Suriyakala, 2021).For instance, Taruya and Fuji (1997) conducted a study on reservoir sedimentation in irrigation
dams in Japan, analyzing field data from 53 high dams. Estigoni et al. (2014) focused on the Lobo Reservoir in
Brazil to investigate the impact of using different techniques to calculate water volume and reservoir
sedimentation. In Australia, Cooper et al. (2018) explored the useful life of the Burdekin Falls Dam and discovered
that over 24 years, 65 million m3 of sediment had accumulated in the reservoir. Sun et al. (2022) examined
reservoir sedimentation in the Lancang reservoirs using empirical models and theoretical methods. They found
that by 2019, the storage capacity loss in the Manwan and Jinghong reservoirs reached 51.4% and 1.54%,
respectively. In Indonesia, Mardwiono et al. (2022) conducted a study on the sediment management of the
Sengguruh Reservoir and Sutami Reservoirs. They evaluated that the storage capacity of the Sengguruh Reservoir
could increase by 9.45% through flushing and dredging activities, along with the construction of a storage pond
and an additional intake guide wall. Additionally, they assessed that dredging efforts at a volume of 400,000
m3/year could enable the utilization of the Sutami Reservoir for the next 135 years. Overall, these studies
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emphasize the importance of monitoring reservoir sedimentation and employing various techniques to assess and
manage sediment accumulation for the effective operation and longevity of reservoirs (Giivel and Yurtal, 2020;
Ozsahin, 2023).

Estimating sediment yield is crucial for research on reservoir sedimentation (Kothyari and Jain, 1997). Sediment
yield variations in river basins can be influenced by natural and/or human-induced factors. In recent years,
numerous methods have been developed and utilized for research purposes in sediment yield estimation (de
Aratjo and Knight, 2005; Jain et al.,, 2010; Vemu and Pinnamaneni, 2012, Dutta, 2016; Colman et al., 2018; Chalise
etal, 2019; Abdul Razad et al., 2020; Patil et al., 2021; Ayele et al., 2021; Billi and Spalevic, 2022). These methods
play a significant role in understanding and quantifying the sediment load in river basins, which is essential for
managing and planning reservoirs and other water-related projects.

The Seyhan River Basin is located between 36° 30’ and 39° 15' northern latitudes and 34° 45' and 37° 00' eastern
longitudes in the southern part of Tiirkiye. The Ceyhan River Basin is to the east of the basin, the Konya and Berdan
Basins are to the west, and the Develi Basin is to the north. It extends to the Mediterranean sea in the south. Seyhan
Dam sediment yield is stated as 126.82 m3/km?/year (DSI, 2014). The Seyhan River basin stretches from high-
elevation mountainous regions to the Lower Seyhan Plain, which offers fertile lands vital for agricultural irrigation
and plays a significant role in agricultural production in Tiirkiye. Covering a vast area, the Seyhan River Basin
spans 22,035 km?2. Reports from previous years (IECO, 1966; DS, 2014) have elaborated on water resources
planning and development studies in the Seyhan River Basin. To address the region's irrigation, energy production,
and flood protection needs, the construction of the Seyhan Dam began in 1953 on the Seyhan River in Adana
Province, and the dam became operational in 1956. The Seyhan Dam's drainage area encompasses 19,254 km?.
However, climate change projections indicate that, until 2100, many parts of the Seyhan River Basin will confront
water scarcity (Selek et al,, 2016). This highlights the importance of prudent water resource management and the
implementation of sustainable practices to address the potential challenges posed by climate change in the basin.

Over the years, the investigation of sedimentation and changes in the bottom profile of the Seyhan Dam reservoir
since its operation has been a subject of interest for numerous researchers. Various techniques have been utilized
to explore these aspects (ilter and Agiralioglu, 1987; Gogiis and Adigiizel, 1991; Kirkgoz et al., 1992; Kirkgéz et al,,
1993; Fakioglu, 2005; Giivel, 2007; Giivel and Yurtal, 2020). In particular, Giivel (2007) conducted a study in which
the sediment accumulation and water storage capacity loss in the Seyhan Reservoir were investigated using a GIS
(Geographic Information System) environment. The research was based on bathymetry measurements taken until
2005, and sediment thickness maps were generated as part of the investigation. Such studies are crucial for
understanding the long-term changes in reservoir capacity due to sedimentation, helping in the management and
planning of reservoir operations.

In this study, the focus was on investigating sedimentation in the Seyhan Dam reservoir from the perspective of
sustainable management, utilizing a long-term bathymetry dataset. The researchers assessed deforestation
activities in the upper basin and analyzed sediment transport in the Seyhan River and its tributaries. Furthermore,
they evaluated sedimentation on water structures and sediment yield in the region. The primary goal of the study
was to examine sediment accumulation and the actual changes in water storage within the Seyhan Dam reservoir
over the past years. To achieve this, the researchers utilized bathymetry survey data collected between 1966 and
2019, within the context of reservoir operation activities. By analyzing this comprehensive dataset, the study
aimed to provide insights into the sedimentation patterns and potential impacts on water storage capacity,
facilitating informed decision-making for sustainable reservoir management.

2. Material and Method
2.1. Study Area and Data

The Seyhan Dam is a multi-purpose dam with 19,254 km? drainage area and is located on the Seyhan River in
Adana City, situated in the lower reaches of the Seyhan River Basin in the southern part of Tirkiye (Figure 1).
Seyhan Dam has the purposes of irrigation, energy production, and flood protection. (Table 1). Catalan Dam was
built and put into operation at the upstream of Seyhan Dam for drinking water supply and irrigation purposes.
The study area experiences a Mediterranean climate, characterized by warm and rainy winters, as well as hot and
dry summers. The Seyhan River is formed by the confluence of two streams: the Zamanti Stream, which stretches
for 317 km, and the Goksu Stream, which extends for 198 km. As it descends from the Taurus Mountains towards
the Mediterranean, the Seyhan River is joined by several other streams, including Eglence, Kérkiin, Uciirge, and
Cakit, which contribute to its flow.
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Figure 1. The Location Of Seyhan Dam in Tiirkiye

Table 1. Characteristics Of Seyhan Dam (DSI, 2014)

CHARACTERISTICS DATA
River basin Seyhan
Purpose Irrigation-Energy production-Flood control
Drainage area 19254 km?

Type Earthfill

Dam crest elevation 72,70 m
Dam crest length 1949 m
Installed capacity 54 MW

Date put into operation | 1956

Stage Operational

The Cukurova Plain, with its fertile lands, plays a vital role in contributing to the economic development of the
region through agricultural production. Located downstream of the Seyhan Dam, the plain benefits from the water
resources managed by the dam. To support and enhance agricultural activities on the plain, the Lower Seyhan
Plain Irrigation project was developed in previous years. This comprehensive project comprises four stages. The
construction of the first, second, and third stages was completed in 1968, 1975, and 1984, respectively. As of 2022,
the fourth stage has been put into operation, further enhancing the irrigation and drainage capabilities of the
region. As the demand for water in irrigation has increased over time, rehabilitation planning studies have been
initiated (DSI, 2022). These efforts aim to optimize water usage, ensure sustainable irrigation practices, and meet
the growing water needs of the agricultural sector in the region. By continuously improving and managing the
irrigation and drainage systems, the authorities seek to promote efficient and sustainable agricultural
development in the Lower Seyhan Plain.

20



AKGUL etal 10.21923/jesd.1353462

The storage capacity of the Seyhan Dam reservoir has been continuously monitored, given its significant role in
water resources management as a multi-purpose dam. The monitoring results have been instrumental in
establishing operation rule curves, which are essential for effectively managing the reservoir's water levels and
releases. Bathymetric mapping has played a crucial role in assessing the reservoir's storage capacity and sediment
accumulation over time. The first bathymetric map of the Seyhan Dam reservoir was prepared in 1966, providing
valuable insights into the initial state of the reservoir (Giivel, 2007). Subsequent bathymetric mapping studies
were conducted at various intervals to track changes in the reservoir's bottom profile and sedimentation patterns.
The most recent bathymetric mapping of the Seyhan Dam reservoir was carried out in 2019, providing up-to-date
information on the reservoir's current storage capacity and sediment distribution. This continuous monitoring
and mapping process has contributed to informed decision-making in reservoir management and sustainable
utilization of water resources for various purposes, including irrigation, energy production, and flood protection.

The reservoir's storage capacity and sedimentation analysis are crucial for understanding and maximizing the
benefits provided by the Seyhan Dam Reservoir. To achieve this, reservoir monitoring works have been carried
out through bathymetric surveys. Over the years, bathymetric surveys of the Seyhan Dam Reservoir have been
conducted at regular intervals to track changes in its bottom profile and sedimentation levels. The surveys were
performed in the years 1966, 1971, 1976, 1980, 1986, 1991, 2005, and 2019, providing valuable data at different
time points. Field investigations for bathymetric maps are typically conducted during the summer months due to
favorable weather conditions. For this study, the researchers utilized the standard topographic map of the Seyhan
Dam reservoir area before the construction of the dam, alongside all the bathymetric maps of the reservoir. These
comprehensive datasets were used to assess and analyze the updated sedimentation status in the reservoir. By
comparing the bathymetric data from different periods, the study aimed to gain insights into the sediment
accumulation and changes in the reservoir's storage capacity over the years. This information is essential for
effective reservoir management and planning to ensure the sustained benefits of the Seyhan Dam Reservoir.

In this study, changes in forest areas in the upper river basin of the Seyhan Dam were investigated using data from
the Coordination of Information on the Environment (CORINE) Land Use Cover. Specifically, the researchers
utilized CORINE Land Cover (CLC) data from multiple years, including 1990, 2000, 2006, 2012, and 2018. The
CORINE Land Cover data is an essential resource for monitoring and analyzing land use and land cover changes
across Europe. The data is publicly available and can be accessed from the Copernicus Land Monitoring Service
website (https://land.copernicus.eu/pan-european/corine-land-cover). By using the CLC data for different
periods, the study aimed to understand how forest areas in the upper river basin of the Seyhan Dam have changed
over the years. Such information is crucial for assessing the impacts of land use changes on the environment,
especially to water resources and reservoir management in the region.

2.2. Method

Estimating reservoir capacity loss resulting from sediment deposition can be achieved through the use of
bathymetric maps. Using bathymetric maps, the volume of water stored in a reservoir at each elevation is
calculated in GIS environment, and the difference between the two amounts is assessed as the sediment
accumulation volume. Over the years, various methods, including traditional and advanced techniques, have been
employed in the bathymetry mapping of dam reservoirs. In the case of the Seyhan Dam reservoir, traditional
methods were predominantly used in the past to generate bathymetric maps. However, with advancements in
technology and surveying techniques, new approaches have been adopted in the most recent measurements and
mapping processes. These modern methods likely offer enhanced accuracy, efficiency, and data resolution,
providing more detailed insights into the sedimentation patterns and changes in the reservoir's storage capacity.
By utilizing both traditional and advanced approaches in bathymetry mapping, researchers and reservoir
managers can obtain a comprehensive understanding of sedimentation trends make take more informed decisions
related to reservoir operation and sediment management. This combination of techniques ensures a holistic
assessment of the reservoir's condition and facilitates effective planning for sustainable reservoir management.

Making bathymetric maps of the reservoir bottom topography is the most reliable way for assessing sediment
deposition in dam reservoirs. Because some of the sediment entering the reservoir is moved downstream of the
dam, estimating the basin sediment yield and the sediment in the dam reservoir based on sediment yield is more
challenging. Bathymetry map creation, on the other hand, is an expensive engineering task. If monitoring studies
are delayed, it will have an impact on the present volume elevation table and dam operation activities.

Geographic Information System (GIS) is a powerful decision support tool that is utilized for data management and
analysis, streamlining the decision-making process and increasing efficiency. GIS-based approaches have been
widely employed in various research fields, including science, to aid in decision-making processes (Malczewski,
2006; Gharbia et al., 2016; Shaikh et al., 2021; Bwambale et al., 2022; Hagos et al., 2022; Xing et al., 2022). By
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creating digital models of spatial and temporal changes on the Earth's surface, GIS enables the evaluation of model
outputs to address problems and make informed decisions.

The use of GIS techniques allows researchers and managers to study alternative scenarios in planning and
management processes, leading to significant savings in labor, time, and costs. The computer-based systems offer
the capability to analyze and visualize data in a spatial context, facilitating better understanding and decision-
making.

In the specific context of this study, the researchers utilized ArcGIS software to analyze bathymetric survey data
of the reservoir within a GIS environment. The study's flowchart, as depicted in Figure 2, outlines the step-by-step
approach taken to conduct the analysis and draw conclusions based on the GIS-based evaluations. The application
of GIS in this study serves as a valuable tool in examining and managing the reservoir's bathymetry data, enabling
more effective and informed decisions related to reservoir management and sedimentation analysis.

"ok ) b WY N
Seyhan Dam reservoir area Seyhan Dam reservoir bathymetric CORINE Land Cover (CLC) data

map survey maps (https://land.copernicus.eu/pan-
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3. Results and Discussions

In this study, the evaluation of changes in the Seyhan Dam reservoir's water storage capacity is conducted through
a comparative analysis of volume-elevation data. The researchers compare the volume-elevation data of the
reservoir before the dam's construction with the volume-elevation data obtained from bathymetric surveys
conducted in the reservoir in previous years. To assess the sedimentation levels, the researchers analyze the
volumetric difference at the same elevation data points. This difference represents the volume of sediment
accumulated between the measurement years, and it is depicted in the graph of volume-elevation curves, as shown
in Figure 3. By examining the volume-elevation curve in Figure 3, the sediment accumulation value between the
pre-dam construction period and the years of the bathymetric surveys can be obtained. This information provides
crucial insights into the changes in the reservoir's storage capacity over time due to sediment deposition.

22



AKGUL etal 10.21923/jesd.1353462

Seyhan Dam Reservoir
(Volume-elevation curve)

1400
1200 1956
1000 1966

T 1971

E 800

o 1976
€

3 60 —1980

>

1991

200
2005
0 - =—2019

30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 67,5
Elevation (m)

Figure 3. Seyhan Dam Volume-Elevation Curve

As depicted in Figure 4, the water storage capacity of the Seyhan Dam reservoir has experienced a significant and
rapid decrease during the operation period, primarily due to the increase in sedimentation levels. However, the
trend in sedimentation volume shows a tendency to become stationary as of the last three bathymetric surveys
conducted up to 2019. The observed sedimentation patterns and the stability in sedimentation volume provide
valuable insights for estimating future water and sediment volumes. Based on the formulation created by
evaluating the results of bathymetric measurements, researchers and reservoir managers can develop predictive
models to estimate future changes in water storage capacity and sediment accumulation in the reservoir.

As presented in Figure 4, the volume of the Seyhan Dam reservoir experienced a rapid change during the first 24
years after the dam's construction, primarily due to significant sediment accumulation. However, starting from
1980, there was a noticeable decrease in the rate of change in the reservoir volume over the last 39 years.
Specifically, the change in the reservoir volume decreased by approximately 2.9% during this period. This finding
suggests that the sedimentation rate has become more stable or slowed down significantly in recent decades,
resulting in a relatively smaller impact on the reservoir's storage capacity compared to the earlier years.

This observation of a reduced change in reservoir volume over time can have implications for reservoir
management and future planning. It indicates that sediment management strategies and reservoir operation
practices implemented in recent years may have contributed to mitigating the impact of sediment accumulation
on the reservoir's storage capacity. Understanding these trends is essential for making informed decisions
regarding reservoir management and ensuring its sustainable use for various purposes.

Based on the data presented, it was estimated that during the first 24 years after the construction of the Seyhan
Dam reservoir, the total storage volume loss in the reservoir was approximately 1.22% per year. This indicates a
relatively rapid decrease in the reservoir's storage capacity during the initial operational period, primarily
attributed to sediment accumulation.

However, in the subsequent 39 years, the storage volume loss in the reservoir significantly decreased to
approximately 0.074% per year. This reduction in the rate of storage volume loss indicates a slower sedimentation
rate or improved sediment management practices during this period.

The comparison between the two periods highlights the effectiveness of sediment management efforts or changes
in reservoir operations that have helped to reduce the impact of sediment accumulation on the reservoir's storage
capacity in recent years. This information is valuable for reservoir managers and decision-makers as it provides
insights into the historical trends of sedimentation and the effectiveness of mitigation measures taken over time.
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It can guide future management strategies to ensure the sustainable utilization of the Seyhan Dam reservoir for
various purposes.

Regression analysis was applied to obtain the correlation between water storage and years at 67.5 meter water
level in Seyhan Dam Reservoir and found as,

y = —0.003 x3 + 0.4739 x? — 24.292 x + 1238.8 (1)

The results of the regression analysis indicate a high correlation between water storage capacity changes and the
bathymetric survey years in the Seyhan Dam Reservoir. The correlation coefficient (R?) value of 0.96 suggests a
strong positive linear relationship between the two variables.

Furthermore, the statistical significance of this correlation was assessed using a t-test, which indicated that the
correlation is significant at the 0.05 significance level. This means that the relationship observed between water
storage capacity changes and the bathymetric survey years is not likely due to random chance but is statistically
meaningful and reliable.

The high correlation and its statistical significance indicate that the bathymetric survey years can be used as a
valuable indicator for understanding and predicting water storage capacity changes in the Seyhan Dam Reservoir.
This information can aid in reservoir management and decision-making processes to ensure the optimal and
sustainable utilization of the reservoir's water resources over time.
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Figure 4. Water Storage Capacity Changes in Seyhan Dam Reservoir (Reservoir Water Level=67.5 Meter)

The investigation of changes in the reservoir storage capacity up to the dead volume upper elevation is depicted
in Figure 5. The results show that the dead volume changes in the reservoir were estimated to be approximately
2.17% per year during the first 20 years after the dam's construction. In contrast, during the last 43 years, the dead
volume changes in the reservoir were estimated to be significantly lower, at only around 0.022% per year.

Additionally, a regression analysis was conducted to determine the correlation between water storage and years
at 49 meters water level in the Seyhan Dam Reservoir. However, the specific correlation coefficient value (R2)
resulting from this analysis was not provided in the given information. To fully interpret the correlation result, it
is crucial to know the actual correlation coefficient value. This coefficient will indicate the strength and direction
of the linear relationship between water storage and years at the specified water level in the reservoir.

y = —0.0012 x3 + 0.1876 x2 — 9.1312 x + 300.17 (2)

The regression analysis revealed a high correlation between water storage capacity changes and the bathymetric
survey years in the Seyhan Dam Reservoir, with a correlation coefficient (R2) value of 0.88. This strong positive
linear relationship indicates that as the bathymetric survey years increase, the water storage capacity changes in
the reservoir also tend to increase. The coefficient of determination (R?) indicates that approximately 87.96% of
the variability in water storage capacity changes can be explained by the changes in the bathymetric survey years.
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Moreover, the statistical significance of this correlation was assessed, and it was found to be significant at the 0.05
significance level.

The high correlation and its statistical significance suggest that the bathymetric survey years are a robust indicator
for understanding and predicting water storage capacity changes in the Seyhan Dam Reservoir. Based on the data
from the last 6 bathymetric surveys, it is observed that sediment accumulation has significantly slowed down at
the elevation of 49 meters, which is the upper dead volume elevation in the Seyhan Dam Reservoir. This finding
suggests that sedimentation levels have decreased or become more stable in this particular region of the reservoir.
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Figure 5. Water Storage Capacity Changes in Seyhan Dam Reservoir (Reservoir Water Level=49 Meter)

The slowdown in sediment accumulation at the upper dead volume elevation is a positive observation for reservoir
management. It indicates that sediment management efforts or changes in reservoir operations have likely
contributed to reducing the sedimentation rate in this part of the reservoir.

Understanding these trends is crucial for making informed decisions regarding sediment management strategies
and ensuring the optimal utilization of the Seyhan Dam Reservoir's storage capacity. By focusing on areas where
sedimentation has slowed down, reservoir managers can implement targeted measures to further mitigate
sedimentation and optimize water storage for various purposes, such as irrigation, energy production, and flood
protection.

In the study, the formulas (1) and (2) are used to represent specific water levels in the Seyhan Dam reservoir.
These formulas likely provide mathematical relationships to estimate water levels at different stages of the
reservoir operation based on various variables and factors.

To evaluate the necessity of conducting bathymetry measurements and to support planning studies for future
research, it is recommended to perform regression analysis for each reservoir operation water level. This means
carrying out separate regression analyses for different water levels within the reservoir's operational range.

Furthermore, such detailed regression analyses can aid in optimizing the frequency and timing of future
bathymetric measurements, ensuring that resources are efficiently allocated to monitor critical areas of the
reservoir and support effective planning studies for reservoir operation and sediment management.

The primary focus of the study is to investigate the impact of the increase in forest and land cover area on reservoir
sedimentation accumulation. This is an important aspect as changes in land cover, especially forest cover, can
influence sediment transport and deposition in the reservoir. Forests play a crucial role in stabilizing soil and
reducing erosion, which, in turn, can affect sediment loads carried by rivers and streams that eventually reach the
reservoir.

Additionally, the study aims to evaluate the impact of the increase in water bodies within the Seyhan River basin's
drainage area. The presence of water bodies can influence sediment dynamics by altering flow patterns and
sediment transport processes. Understanding the changes in water bodies and their potential influence on
sediment accumulation is vital for predicting reservoir sedimentation and making informed decisions regarding
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reservoir management.

By considering both the increase in forest and land cover area and the changes in water bodies, the study seeks to
provide a comprehensive understanding of the factors influencing sediment accumulation in the Seyhan Dam
reservoir. This knowledge can support effective reservoir management strategies and sediment control measures,
ultimately contributing to the sustainable utilization of the reservoir's water resources and enhancing its multiple
benefits such as irrigation, energy production, and flood protection.

The CORINE Land Cover (CLC) data analysis between 1990 and 2018 reveals significant changes in water bodies
and forest areas in the upper basin of the Seyhan Dam reservoir.

As shown in Figure 6, there has been an increase in forest area over the 28 years, rising from 23.71% to 24.36%.
This indicates that the upper basin has experienced a positive trend in afforestation or reforestation efforts, which
can have beneficial effects on sediment control and erosion prevention. Forests play a critical role in reducing soil
erosion, stabilizing slopes, and enhancing water infiltration, which can lead to a decrease in sediment runoff into
the river system.

1:5.000,0008 1:5,000,000

¥

1:3,000,000

Legend
[] seyhan Dam Drainage Area N
|
5 [ ForestArea
1:5.000.000088 1:5,000,0000 : Il Reservoir Area /

Figure 6. Seyhan Dam Drainage Area

Moreover, Figure 7 demonstrates a notable increase in water bodies within the upper basin during the same time
frame. The water bodies' expansion from 0.3% to 0.9% suggests the creation or growth of natural or artificial
water features in the region. The presence of water bodies can alter sediment transport patterns, potentially
trapping sediment and reducing its transport downstream to the Seyhan Dam reservoir.
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Figure 7. Water Bodies And Forests in Hectares in Seyhan Dam Drainage Area

The observed changes in forest areas and water bodies are crucial factors to consider when assessing
sedimentation accumulation trends in the Seyhan Dam reservoir. These changes can have both positive and
negative effects on sediment transport, and understanding their impact is vital for effective reservoir management
and sediment control measures to ensure the sustainable utilization of the reservoir's water resources.

The previous studies have provided valuable insights regarding sedimentation patterns in the Seyhan River
system (Fakioglu, 2005; Giivel and Yurtal, 2020). According to these studies, it was observed that sediment from
the Cakit Stream branch contributed significantly to sediment accumulation in the Seyhan Dam reservoir. This
branch likely had higher sediment loads compared to the Seyhan main branch.

However, the construction and commissioning of the Catalan Dam, located upstream, had a positive impact in
reducing sedimentation from the Seyhan main branch. The presence of the Catalan Dam likely acted as a sediment
trap, preventing a significant amount of sediment from reaching the downstream Seyhan Dam reservoir.

The findings from these previous studies highlight the importance of understanding the sediment dynamics within
a river system, particularly in multi-dam contexts. The interactions between different river branches and the
presence of upstream dams can have varying effects on sediment transport and accumulation patterns. The study
conducted in the Seyhan Dam reservoir provides valuable insights into the sediment accumulation and
distribution over time. By comparing 3D models of the reservoir area before dam construction and the bathymetric
survey years, the researchers were able to investigate spatial and temporal changes in bottom topography and
sediment distribution, especially in the Cakit Stream side.

At the 49-meter water level, it was observed that significant changes occurred along the Cakit Stream branch and
the reservoir area on this side (Figure 8). These changes were likely caused by high sediment transport from the
upper basin side of Cakit Stream, especially during the major flood disaster that occurred in the Seyhan River
between 27 March and 6 April 1980 (DSi, 1980). The flood event led to a large amount of sediment being
transported from the Cakit Stream branch into the reservoir, causing floor scours, slope collapses, and landslides.
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Figure 8. A- The Changes in Cakit Stream Branch For 49 Meter Water Elevation, B- The Changes in Cakit Stream Branch For
67.5 Meter Water Elevation, C- The Changes in Seyhan River Main Branch For 49 Meter Water Elevation, D- The Changes in
Seyhan River Main Branch For 67.5 Meter Water Elevation Before The Construction Of Catalan Dam.

However, after the construction of the Catalan Dam, which was put into operation in 1997, the sediment
accumulation and distribution in the Seyhan Dam reservoir were further investigated (Figure 9). Bathymetric
measurements from 2005 and 2019 were used to evaluate the impact of the Catalan Dam construction. Because
these two maps were created after the Catalan Dam was built, and it is necessary to have at least two maps for
assessing the sediment effect. The results indicate that there were no significant changes in the Seyhan River main
branch for the 49-meter and 67.5-meter water elevations in the years 2005 and 2019, respectively, after the
construction of the Catalan Dam. This suggests that the dam's presence likely acted as a sediment trap, reducing
sediment transport downstream to the Seyhan Dam reservoir.
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Figure 9. The Changes in Seyhan River Main Branch For 67.5 Meter Water Elevation After The Construction Of Catalan Dam

Overall, the study provides important information on the effects of flood events and dam construction on sediment
accumulation and distribution in the reservoir. Understanding these dynamics is crucial for effective reservoir
management and sediment control strategies to ensure the long-term sustainability of the reservoir's water

resources.
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Figure 10. Sample Cross-Sections Showing Elevation Changes in The Seyhan Dam Reservoir Between 1956 And 2019.

Figure 10 depicts a sediment thickness map in Seyhan Dam Reservoir from 1956 to 2019 (with representative
cross-sections in the model). To analyze areas of silt deposition and underwater erosion, representative cross
sections were constructed. In order to investigate sediment deposition along the reservoir, 3D models of the
reservoir area representing bathymetric years were also evaluated in GIS environment.

4., Conclusion

The findings from the investigation of storage capacity loss caused by sedimentation in the Seyhan Dam reservoir
reveal important trends over time. The data indicate that in the first 24 years after the construction of the dam,
the total storage volume loss was estimated at 1.22% per year, while in the last 39 years, this loss decreased to
0.074% per year. Similarly, the dead volume changes in the reservoir were estimated to be higher in the first 20
years (2.17% per year) compared to the last 43 years (0.022% per year).

Given the slowdown in sediment accumulation in the reservoir and the high cost and effort involved in preparing
bathymetric maps, the study recommends using the formulas (1) and (2) to assess the necessity of bathymetry
map production in the future. These formulas can provide valuable estimates of water storage capacity changes
without the need for frequent bathymetric surveys, making the monitoring process more efficient.

Additionally, the study suggests evaluating the contribution of these formulas in planning studies before
conducting bathymetric measurements. This approach can aid in decision-making and resource allocation for
monitoring sedimentation in the reservoir.

The construction of the Catalan Dam has had a significant impact in reducing sediment accumulation in the Seyhan
Dam reservoir. This finding emphasizes the importance of considering upstream land and water management
practices in sediment management strategies for the entire Seyhan River basin.

Furthermore, the increase in forest area and water bodies in the upper basin, as shown by the CLC data comparison
between 1990 and 2018, is associated with a decrease in sediment flow into the reservoir. This highlights the
positive role of forests and water bodies in mitigating sedimentation and underscores the significance of
sustainable land and water management practices in the basin to ensure the long-term health of the reservoir and
its water resources. The sedimentation should be monitored not only in dam reservoirs but also in streams
concerning its impacts on environmental and social contexts.
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Keywords Abstract

Drone, In this study, PID based efficient control systems are designed and compared for position
Quadcopter, control of a quadcopter in six degrees of freedom. The main goal is to get the quadcopter
PID, to the desired position in three-dimensional space. Firstly, the desired position for the
Fuzzy, quadcopter to reach is determined. Then, the physical model of the system is selected,
Simulation. and mathematical model is derived according to the physical model. Initially, all external

disturbances like drag force and wind are neglected. However, various external
disturbances are then applied to the system to measure robustness of the designed
controllers. Firstly, PID controller is implemented to the quadcopter system. Secondly,
Fuzzy-PID controller is used. Necessary pitch and roll angles are found and control forces
are calculated by using both controllers. Also, angular velocities of the motors and
current values which are needed to be supplied to each motor are calculated and
compared to evaluate performance and applicability of the proposed controllers.
According to the results, it is observed that both controllers worked successfully,
quadcopter is able to reach the desired location in three-dimensional space. However,
Fuzzy-PID controller gives faster response and smaller overshoot levels than basic PID
controller. In addition, it is seen that the Fuzzy-PID controller is less affected by external
disturbances, and it recovers faster against these changes.

BiR DORTPERVANELININ PID VE BULANIK MANTIK-PID KONTROLCU iLE
POZISYON KONTROLU

Anahtar Kelimeler Oz

Insansiz Hava Araci, Bu ¢alismada, bir dértpervanelinin alt1 serbestlik derecesinde pozisyon kontrolii i¢in PID
Dortpervaneli, tabanli verimli kontrol sistemleri tasarlanmig ve Kkarsilagtirilmistir. Asil amacg,
PID, dortpervaneliyi i¢-boyutlu wuzayda istenen konuma getirmektir. Ik olarak
Bulanik Mantik, dortpervanelinin ulasmas1 istenen pozisyon belirlenmistir. Sonra sistemin fiziksel
Benzetim. modeli se¢ilmistir ve matematiksel model, fiziksel modele gore tiiretilmistir. Baslangicta

stirikleme kuvveti ve riizgar gibi tiim dis etkiler yoksayillmistir. Fakat, tasarlanan
kontrolciilerin saglamhigin1 6l¢mek icin cesitli dis etkiler sisteme daha sonra
uygulanmustir.ilk olarak PID kontrolcii dértpervaneli sistemine uygulanmustir, ikinci
olarak Bulanik Mantik-PID kontolcii kullanilmistir. Gerekli olan yunuslama ve yuvarlama
acilar1 bulunmus ve kontrol kuvvetleri her iki kontrolcii ile de hesaplanmistir. Ayrica
motorlarin agisal hiz1 ve her bir motora saglanmasi gereken akim degerleri, dnerilen
kontrolciilerin performansi1 ve uygulanabilirligini 6lgmek icin, hesaplanmis ve
karsilastirilmistir. Sonuglara gore, her iki kontrolcliniin de basarili sekilde ¢alistig
gbzlemlenmistir, dortpervaneli ic-boyutlu uzayda istenen konuma ulasabilmistir. Fakat,
Bulanik mantik-PID kontrolcii, temel PID kontrolciiden daha hizli ve daha az seviyede
asimla cevap vermistir. Ayrica, Bulanik Mantik-PID kontrolciiniin dis etkilerden daha az
etkilendigi ve bu degisiklikler karsisinda daha hizli toparladig1 gériilmiistiir.
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Highlights (At least 3 and maxium 4 sentences)

e Physical and mathematical model of the system were found,

e PID and Fuzzy PID controllers were designed for the quadcopters.

e Both controllers were implemented to the quadcopter system separately and simulated in the
Simulink.

e Results for both controllers were obtained and compared. According to the results, controllers have
highly satisfying results. However, Fuzzy logic increased the system’s overall performance.

Purpose and Scope

The main purpose of this study is to design efficient control systems to get the quadcopter to the desired position
in three-dimensional space. While doing this, it also compares two different control algorithms and shows the
success of the controllers in complex 6-DOF system.

Design/methodology/approach

Physical model for the quadcopter was determined and then mathematical model of the system was derived
acoording to free body diagram. Non-linear equations were linearized. DC Motor equations were used to find
necessary current values for each motor. Disturbances were added to system to test robustness of the
controllers. Both controllers were implemented to the system in Simulink and results were obtained.

Findings

According to the results, both control algorithm have successful results. PID controller can be used for such
complex systems that have six degrees of freedom and it can be combined with Fuzzy logic to increase
performance. Fuzzy-PID algorithm significantly increased the speed of the system and it has less overshoot than
the regular PID. Disadvantage of the fuzzy method is that it will require more powerful motor and battery to
reach higher speed and current.

Originality

This article presents simple and efficient way to control position of the quadcopters. The error founded in this
study is very low. It is a comprehensive study not limited with just controller design in MATLAB-Simulink. DC
motor, power consumption equations are also used to reach desired solution. Therefore, it can help readers for
motor and battery selection for their own applications.

" Corresponding author: ozan.polat@ogr.iuc.edu.tr, +90-537-317-1551
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1. Introduction

Drones or Unmanned Aerial Vehicles (UAV) are basically defined as aircraft without a human pilot which has been
an increasingly preferred topic for academic researches and industrial applications. Although their popularity
increased in recent years, researches about drones have started in the early 1900s. (Praveen and Pillai,2016).
There are numerous applications of UAVs such as military applications, traffic and security, photography, shipping,
mapping, health sector, agriculture and so forth. A quadcopter is one of the most commonly used type of drones
driven by four electric motors. They have the ability to take off and land safely using the thrust force generated as
aresult of the rotation of their propellers (Bozkurt and Dandil,2020).

Quadcopters have important advantages such as the ability of vertical landing (VTOL), small size and
maneuverability. Also, they have important mechanical design flexibilities and they are easier to manufacture.
Therefore, it is possible to generate more productive and efficient models than the other types of UAVs. Despite
the positive aspects of quadcopters, they are highly unstable systems and they have complex non-linear dynamics
which make them difficult to analyze (Suigmez and Kutay,2014).

Development in technology and control theory have become a strong factor in increasing the number of researches
about the control of quadcopters. Different control strategies have been applied to the quadcopters to solve
different problems like position control, velocity control, autopilot, path planning, object tracking, etc.

In this study, PID Controller and Fuzzy-PID controller were designed to control position of a quadcopter in three
dimensional space. The main aim of this study is to compare the robustness and success of PID and Fuzzy-PID
controllers on the quadcopter system. To achieve that, system model was designed on the Simulink and the success
of both controllers in position control was compared. Also, some disturbances were added to the system to
evaluate robustness of the controllers. Additionally, angular velocities of the motors and current values which are
needed to reach these velocities were found. Motor selection can be done by using the approach that will be
presented in this article. Mathematical model of the quadcopter was derived according to the chosen physical
model. Then, MATLAB/Simulink model of the system was created and controllers were implemented to the
system. Finally, performance of both controllers and simulation results were discussed. Results showed that an
easy PID control algorithm became successful to control complicated system which has six degrees of freedom
without error compared to some other similar studies. However, Fuzzy-PID controller improved the performance
of the system with higher speed and less overshoot. In addition, Fuzzy-PID controller was less affected by the
disturbances like mass increase and external forces, it had faster response and recovered faster than PID controller
against external disturbances.

2. Literature Survey

Praveen and Pillai (2016) designed a remote-controlled quadcopter using PID, implemented PID with Ardupilot
Mega board and tested quadcopter performance in MATLAB/Simulink. Romero, Pozo and Rosales (2014) used
PID controller to arrange four movements of a quadcopter which are row, pitch, yaw and altitude. They used
necessary sensors to implement PID to their system and wireless interface to observe data during flight. According
to the result of the study, PID became successful but disturbances affected its behavior and performance in a bad
way. Zouaoui, Mohamed and Kouider (2018) used PID controller for tracking of UAVs and they suggested that PID
is effective for trajectory guiding as a result of their MATLAB simulation. Cedro and Wieczorkovski (2019) worked
on quadcopter dynamics and created a model to tune the PID controller gains. He and Zhao (2014) designed PD
controller for simple attitude control of the quadcopter by using Ziegler-Nichols method to tune the PD parameters
which provided highly robust control system. As a similar perspective research, Sabo and Cohen (2012)
implemented Fuzzy Logic for motion planning problem in 2D and obtained a %3 failure rate which highlighted
one of the advantages of the fuzzy method with maintaining low control effort. Prayitno, Indrawati and Trusulaw
(2017) made a comparison of PID and fuzzy controller for position control of drones and emphasized that PID
control gave better performance despite the overshoot. Rahimi, Hajighasemi and Sanaei (2014) made
comprehensive research about vertical position control of UAVs by using three different control methods which
are LQR, Fuzzy and PID. According to their MATLAB and Simulink models, using Fuzzy PID controller significantly
improved the performance of control. Another study about trajectory and position control was made by
Reizenstein (2017) by implementing LQ and PID controllers. Also, GPS and LIDAR were added to the system to
measure position. As a result, both controllers became successful at controlling the quadcopter’s position in all
three dimensions . Li (2020) applied Fuzzy control algorithm to control the attitude of the quadcopter and to solve
problems about slow response and poor robustness. PID, Cascaded PID and Fuzzy-PID controllers were designed
in this research with step signal. Li's simulation results also showed that Fuzzy PID have the better result.
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3. Material and Method
3.1. Mathematical Model
Dynamic model of the quadcopter was derived according to the physical model which can be seen in figure 1. In

this model, two uniform rods having equal mass and length were attached perpendicular and symmetrical from
their centers.

F4 F1

yi

Figure 1. Physical Model

Quadcopters have six degrees of freedom (3 translational, 3 rotational). By changing the rotational speed of the
motors, all these six motions can be achieved. Since there is no force in the x and y directions, quadcopters have to
rotate to move in these directions because when it rotates, thrust force components will form in the x and y-axis.
Two different coordinate systems were defined in the dynamic model, the body frame which is fixed to the center
of gravity of the quadcopter and the ground (inertial) frame. These two coordinate systems were used to find the
equations of motion of the model.

Gravity force must be balanced for quadcopters to stay in air. This balancing force comes from the thrust generated
by the rotation of the motors. Motors 1 and 3 turn counterclockwise, while motors 2 and 4 turn clockwise as can
be seen from the dynamic model of the system (Figure 1). Rotational speed difference between motors 2 and 4
causes rotation about x-axis. This maneuver is known as roll motion which is represented by angle ¢. Similarly,
speed difference between motors 1 and 3 causes rotation about y-axis known as pitch motion and 8 represents
the pitch angle. Finally, there is rotation about vertical axis z represented by yaw angle 1.

The transformation matrix between the body frame and the ground frame can be defined by multiplying the three
rotation matrices which result from the rotation of the body frame. By ignoring drag forces, there are only thrust
forces on the body frame. These thrust forces were transferred to the ground frame by using rotation matrix
resulting from equation 1. (Long and He ,2014)

Fg = RFy

Co Cw S¢,Se Cl/) - C¢Sw C¢,S@ Cw + S¢S¢ 0 0

CgS,,/, S¢59Cw + C¢Sw C¢SQS¢, - S¢C¢ [V = 0 :| (1)
—sg 5¢Co CeCo Bl lmg

Result of Equation 1 defines the quadcopter’s linear dynamics in X, y and z positions.

. (cosgpsinfcosyp + singsinp) = F,
X =

(2)
m
. (cosgsinfsinyp — singcosy) * F,
y= (3)
m
7 = M — (4)

m
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Forces that are generated by the rotation of the propellers can be assumed as proportional to the square of the
rotational speed.
Thrust = F = b * w?

(5)
where b is the thrust coefficient and w is the rotational speed of the motors. Finally total thrust force can be
written as below:
F,=F +F,+F;+F,=bw}+w}+w?+w?) (6)

Rotational dynamics of the quadcopter can be analyzed in the body frame. Gyrosopic effect caused by the rigid
body rotation and drag forces were neglected for simplicity. Also, velocities at the body frame and ground frame
were considered as equal. Therefore, only thrust forces can produce torque on the quadcopter. Torque generated
in the different axes can be found by taking moments according to the center of gravity of the quadcopter.

Ty = L(F, — F;) = Lb(w§ — wj) (7)

7, = L(Fy — F3) = Lb(w{ — w3}) (8)
F, and F, create positive moment about x and y axis, respectively and F, and F;create negative moment about these
axes. L is the distance between the center of gravity of the quadcopter and the motors. Moment in the z-direction
is the net moment of the motors which is positive at counterclockwise and negative at clockwise directions.

T, = d(wi —wj + wi —wj) (9)

At equation 9, d is a new constant known as drag factor (Jiinec,2011). After finding moments from equations 7,8
and 9 angular accelerations can be written by Newton'’s laws of motion:

. Ty

¢=E (10)
5 T_y

0= Iy (11)
. Ty

Y = L (12)

Generally, brushless DC motors are used for drone applications. Needed current values to reach desired angular
velocities can be found theoretically by using brushless DC motor equations. Torque generated by each motor is
defined by the equation below (Gibiansky):

t=K.+x(I—-1,) (13)
where, 7 is the torque generated by each motor, K, is the torque constant, I is the current and I, is the no load
current. I, has a small value, therefore it can be taken as zero. With no motor resistance, voltage of the motors can
be written as:
V=K,*w (14)

where K, is the electromotive force constant and w is the angular velocity of the motor.

By using conservation of the energy, power of the motors can be calculated by multiplying thrust force and air
velocity. Also, V;, (air velocity while hovering) can be found from momentum theory (Gibiansky).

P=TxV, (15)
F

. 16

V= |5 (16)
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F3/2 (b *W2)3/2

P = = 17
A 2pA A 2pA (17)
where p is the air density and A is the area swept out by the motor.
Finally, current values needed for each motor can be found by equation:
I = P__P 18
TV K,rw (18)

3.2. PID Controller Design

PID controller is the most common control mechanism that can be used in many different systems. In this study,
PID control was implemented to the system to get the quadcopter to desired position. Since there are four inputs
to quadcopter, system is underactuated because there are six degrees of freedom to be controlled. Thrust force F,
and moments 7, T, and 7, can be taken as control inputs and controlled by PID to solve this problem.

According to the equations 2, 3 and 4, linear position of the quadcopter is only controlled by the force F, and
rotational degrees of freedom are controlled by moments 7,, 7, and 7,, respectively. Therefore, control inputs can
be written as:

U =F +F +F+F =bW?+w?+ w2+ w?)

(19)

U, = L(F, — F,) = Lb(wf — w3) (20)
Uz = L(F; — F3) = Lb(W{ —w3) (21)
U, =dWw? —w? +wi—w?2) (22)

Output of the PID controller calculates the necessary force inputs, and then from equations 19, 20, 21 and 22
angular velocities of each motor can be found.

U, Us U,
_ ’_ Us Uy 23
®1= 3590 T 2a (23)

_ U _ U2 U 24

©“2% 130" 20b 4d (24)
Up Us U,

_ (Y Us Us 25

®3= 195 " 20p T 2d (25)
U, U, U,

I O 26

©s= 5t 20p  2d (26)

Simulation model of the system was created in MATLAB-Simulink. Rotational dynamics were modeled based on
equations 10, 11 and 12 and linear dynamics were modeled after nonlinear equations of motions were linearized
by assuming roll, pitch and yaw angles are small. Linear equations of motion can be seen below:

0 * U.

P (27)
m

. GxUp

= 28

y p— (28)
Uy

7 = — — 29

i=——g (29)
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Assuming no external disturbances, if all motors turn with the same speed, quadcopter can only move up (in the
z-direction) when the generated thrust force become higher than the weight of the quadcopter. Higher than the
critical speed, quadcopter overcomes gravity force and starts moving upward. Also, quadcopters have thrust forces
only in z-direction. Therefore, for quadcopter to move in x and y directions, pitch or roll movement (rotations) are
needed. Pitch and roll angles must be calculated to find necessary control inputs. After finding desired angles, PID
controller can be designed to calculate control inputs U, , U, U; and U,.

Simulink model of the system can be seen at appendix (Figure 16). Desired positions were defined in ‘Reference
Path’ subsystem. Both desired roll and pitch angles to move x and y directions were calculated from ‘Angle
Control’ subsystem with PID controllers. Control inputs U, , U,, U; and U, were also calculated by PID controllers
inside the ‘Position Control’ subsytem. ‘Quadcopter Plant’ subsystem consists of linear and rotational dynamics
of quadcopter based on mathematical model. Finally, angular velocity and current values were calculated from
simulation.

3.3. Fuzzy-PID Controller Design

Fuzzy logic is one of the most preferred intelligent control methods. Rather than traditional boolean logic which
has 0 and 1 only, fuzzy logic design can have many values between 0 and 1. In this study, fuzzy logic was used to
find PID controller gains, Kp, Ki and Kd. In this way, a hybrid controller was designed with PID as the main
controller and fuzzy logic to tune the PID parameters.

The PID design presented in section 3.1 is still same and valid, but for controlling the roll, pitch, yaw angles and
also altitude, PID gains were found by Fuzzy-logic for each degree of freedom. Error and its derivative were
provided to fuzzy logic controller as inputs. Then, inputs were analyzed in the Fuzzy system with if-then logic
and as a result, Kp, Ki and Kd were outputted from the controllers. With this approach, system will automatically
tune the PID controller, gains will change according to time and an adaptive control will be provided to the
system.

Designed Fuzzy-logic controllers have two inputs and one output. Inputs are error and its derivative and they
have five membership functions namely Negative Large (NL), Negative Small (NS), Zero (Z), Positive Small (PS)
and Positive Large (PL). Outputs also have five membership functions which are Very Small (VS), Small (S),
Medium (M), Large (L) and Very Large (VL). In this study, Mamdani type Fuzzy system was used with centroid
defuzzification method. Range of the outputs and inputs were determined separately for each degree of freedom
and each gain for all Fuzzy systems. One example system can be seen in the figures below.

NL NS z ] PL NL NS Z PS PL

Figure 2a. Error Input Figure 2b. Error Derivative Input

40



POLAT and SEZGIN 10.21923/jesd.1223998

VS 5 M L VL

0 02 04 06 08 { 12 1.4
Figure 3. Kp Fuzzy Output
After defining inputs, outputs and their ranges, fuzzy control rules were defined based on if-then logic. Resulting

rule table can be seen below.
Table 1. Fuzzy Rules

NL NS Z PS PL
NL M L VL L M
NS S M L M S
Z 'S S M S VS
PS S M L M S
PL M L VL L M

4, Simulation Results

Main goal of the control systems is getting the quadcopter to desired position. This position was defined in three
dimensional space as x = 10, y=5 and z=20. Error between these values and actual positions calculated by the
model were given to PID controllers as an input. For Fuzzy-PID controllers, error and its derivative were given to
Fuzzy system as an input.

After performing position control, angular velocities can be found from the simulation. Angular velocities are
also necessary to find currents which are needed to supply to each motor. After simulation model was created,
necessary outputs were sent to MATLAB workspace from Simulink and results were obtained for both
controllers. Parameters used in this study can be seen from Table 4 at the appendix section (Lin et.al,, 2016)

14 Quadcopter x Position

Fuzzy-PID
PID

12

10

Position(m)

0 5 10 15 20 25 30
Time(s)
Figure 4. Quadcopter x Position
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Figure 6. Quadcopter z Position

Figure 4 is the quadcopter’s position at x axis. U, controls the quadcopter’s position at this axis. Quadcopter’s
position at y-axis is controlled with U; which can be seen in figure 5 above. Figure 6 shows the quadcopter altitude
control. Both desired roll and pitch angles were calculated from the simulation before finding U, and Us. As can be
seen from the figures 4,5 and 6, calculating PID gains with Fuzzy logic increased the system'’s speed. Also, it had
less overshoot than PID controllers. Actually, adaptive control is provided by Fuzzy logic with the time-dependent
variation of the PID controller gains Kp, Ki and Kd.

Equations 23, 24, 25 and 26 were used to find angular velocities. Then, current values which are needed to supply
to each motor were found by brushless DC motor equations.

Motor 1 Angular Velocity
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1000
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Motor 1 Current
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Fuzzy-PID
PID
g 15
=
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=
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0 — T T T
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@ 10 15 20 25 30
Time(s)

Figure 7. Motor 1 Velocity and Current

Fuzzy-PID
PID

Velocity(rad/s)
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Figure 10. Motor 4 Velocity and Current

As a next step, some disturbances were applied to system to measure robustness of the proposed controllers. To
compare the robustness of PID and Fuzzy-PID controllers, we added some effects for each direction. Firstly, in x

and y directions 10 N extra force was applied to the system for 1.5 seconds. Applied disturbance can be seen
below:
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Disturbance Force
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Figure 11. External Force

New results with disturbances can be seen below for both controllers in x and y directions.

” Quadcopter x Position

= Fuzzy-PID
PID
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Position{m)
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Figure 12. Quadcopter x Position with Disturbance

Quadcopter y Position
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PID

Position{m)
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Time(s)
Figure 13. Quadcopter y Position with Disturbance

Figures 12 and 13 show the reaction of the controllers after external force application at 10th seconds. As can be
seen, Fuzzy-PID controller was less affected by external disturbances. It also had faster response and recovered
faster than PID controller. Fuzzy PID gave faster response since it is more robust than PID controller. It
recovered faster with less overshoot and turned back to reference.

Secondly, to measure the performance of the controllers in z direction, mass of the quadcopter was increased
from 1.05 kg to 1.8 kg at the 10th seconds. Mass increase did not create any effect on x and y directions.
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Similar behavior about the performance of the controllers can be seen also in figure 15. At 10th seconds, mass of
the quadcopter was increased from 1.05 to 1.8 kg, Fuzzy-PID again adapted itself faster and tried to turn
reference earlier than PID controller.

5. Conclusion and Discussion

In this study, PID and Fuzzy-PID control algorithms were developed to control position of the quadcopter in
three-dimensional space. Firstly, simplified model for the quadcopter was selected and then free body diagram
(FBD) of the model was obtained to find mathematical model of the quadcopter. Non-linear equations of motion
were linearized before designing controller. Additionally, current values which must be supplied to each motor
were calculated. DC motor can be selected by using this approach. Finally, some disturbances were added to
model and robustness of the controllers was analyzed.

MATLAB and Simulink were used to simulate the system and obtain the results. Both controllers were
implemented to the system in Simulink. PID parameters were found by trial and error method. In each trial, the
model response was examined and the PID parameters were adjusted according to the system response.
Increasing Kp caused more overshoot but less steady-state error. Kd was increased to control overshoot, also it
helped system to adapt changes quicker, but increasing it too much caused unstability problem. Ki value was
used to reduce steady-state error. With Fuzzy-PID, gains were automatically adjusted according to the system
response and adaptive control of the system was achieved.

According to the results, quadcopter can reach the desired altitude without error but with some overshoot for
both controllers. However, fuzzy-PID algorithm significantly increased the speed of the system, also this
approach has less overshoot than traditional PID method. Position error table with respect to time can be seen in
table 2 for both controllers.
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Table 2. Position-Error Table
'(I‘Si)me PID X Error (m) Fuzzy - PID X Error (m) l()l:'; Y Error Fuzzy - PID Y Error (m) PID Z Error (m) | Fuzzy - PID Z Error (m)
0 10.00 10.00 5.00 5.00 20.00 20.00
1 6.89 0.45 3.62 -0.73 16.01 14.43
2 2.23 -1.31 1.32 -0.70 10.34 7.90
3 -1.09 -0.53 -0.58 -0.11 6.17 3.79
4 -2.60 -0.33 -1.65 -0.06 3.58 1.76
5 -2.83 -0.31 -1.95 -0.09 2.07 0.88
6 -2.42 -0.28 -1.73 -0.09 1.21 0.54
7 -1.81 -0.24 -1.25 -0.07 0.73 0.40
8 -1.25 -0.20 -0.74 -0.06 0.45 0.32
9 -0.82 -0.17 -0.31 -0.06 0.29 0.27
10 -0.52 -0.15 -0.02 -0.05 0.19 0.22
11 -0.33 -0.13 0.14 -0.04 0.13 0.18
12 -0.21 -0.11 0.20 -0.04 0.09 0.15
13 -0.14 -0.09 0.19 -0.03 0.07 0.13
14 -0.09 -0.08 0.14 -0.03 0.05 0.11
15 -0.06 -0.07 0.09 -0.02 0.04 0.09

Detailed investigation of angular velocities and current values of motor 1 can be seen in table 3 below for both

controllers. They are also in acceptable level and also relationship between them seemed true, for higher speeds

more current is needed. According to table 3, disadvantage of the fuzzy method is that it requires higher speed
and current to reach desired position. Therefore, more powerful motor and battery is required to apply this

method.
Table 3. Current-Angular Velocity Relation
Time (s) PID Current (A) PID- Angular Velocity(rad/s) Fuzzy-PID Current (A) Fuzzy- PID Angular Velocity(rad/s)
0 3.09 586.54 19.08 1457.22
1 1.03 337.82 0.81 299.39
2 0.58 254.74 0.25 165.36
3 0.50 236.44 0.62 262.55
4 0.56 249.65 0.67 273.55
5 0.65 268.39 0.49 234.39
6 0.70 278.99 0.87 310.51
7 0.73 285.00 0.68 275.68
8 0.73 285.97 0.71 281.96
9 0.80 298.72 0.68 274.58
10 0.67 272.34 0.64 267.80
11 0.73 284.43 0.66 271.68
12 0.73 284.65 0.82 302.58
13 0.83 304.61 091 317.42
14 0.70 278.23 0.90 316.70
15 0.77 291.88 0.89 314.21

Finally, results showed that both control algorithms have highly satisfying results. Simple PID controller can be
used for such complex systems that have six degrees of freedom and it can be combined with Fuzzy logic to
increase performance. Today, quadcopters are very popular, and definitely their popularity will increase in the
future. Therefore researches about controlling them will increase, too. This paper presents two simple and
efficient ways to control quadcopter’s position and to find necessary motor capacity. This method is easy to
understand and also apply to real systems. It can be combined with other control algorithms like Sliding Mode
Controller (SMC), convolutional neural networks (CNN) etc. In summary, it shows the power of the PID controller
and its efficiency even in complex systems.
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Appendix
Table 4. Parameters
Parameter Value
I, 0.0175 kgm?
I, 0.0165 kgm?
I, 0.0035 kgm?
L 0.72m
b 3.13*1075 Ns?
d 3.13*1075 Ng?
g 9.81 m/s?
m 1.05 kg
p 1.225 kg/m®
A 1.55 m?
K, 0.01 V/rad/sec
K, 0.01 Nm/A
Table 5. PID Parameters
Altitude X y Roll Pitch
P 1.2 1.5 1.5 0.3 0.45
0.2 0.02 0.02 0.1 0.1
D 2 0.6 0.6 0.5 0.6
R ——
g I
I e ﬁ =]
[ o———eum T =] Co > _ﬁz
= == -
________________ T -

Figure 16. Simulink Model of the System
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The first question that generally comes to mind about the curvature parameter is
whether this parameter is suitable for the study area. This question uses every
parameter to be asked, but some effects that are implemented incorrectly, such as
curvilinearity, raise question marks. As a result of technical errors and conceptual
confusion regarding the parameter, the landslide area defined as concave by one
researcher may be defined as convex by another researcher. For this reason, some
researchers state that they contradict the literature and produce results contrary to
their expectations. Due to such negativities, there is no consensus in the literature
regarding curvilinearity parameters. This determination was used for 64 areas
selected for curvature parameters in three different classes and the prices of their
changes in total. By examining the maximum and minimum distributions in the
landslide area, it was investigated what kind of change it caused in concave, convex
and flat areas depending on the terrain. As a result of the analysis, it was revealed
that class intervals that could not be determined correctly resulted in cracks in the
landslide capacity proportional distributions. Thus, the study achieves the main goal
that will facilitate the use of the curvature parameter.
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Egrisellik parametresini secerken akla gelen ilk soru, bu parametrenin ¢alisma
alanina uygun olup olmadigidir. Genellikle bu soru kullanilan her parametre icin
sorulur, ancak egrisellik gibi uygulama hatasi yapilan bazi parametreler soru
isaretlerine neden olur. Parametre ile ilgili yapilan teknik hatalar ve kavram
karmasasi sonucu, bir arastirmaci tarafindan i¢biikey olarak tanimlanan heyelanh
alan, diger bir arastirmaci tarafindan dis biikey olarak tanimlanabilmektedir. Bu
nedenle bazi calismalarda, arastirmacilar literatiirle ¢elismekte ve kendi alanlarinin
beklentilerinin aksine sonuglar verdigini belirtmektedir. Bu gibi olumsuzlular
nedeniyle, egrisellik parametresi konusunda literatiirde fikir  birligi
saglanamamaktadir. Yapilan bu c¢alismada segilen 64 alan igin ti¢ farkli siniftaki
egrisellik parametresi kullanilmis ve bunlarin toplamdaki degisimleri incelenmistir.
Heyelanli alandaki maksimum ve minimum dagilimlar incelenerek bunun araziye
gore icbiikey, disbiikey ve diiz alanlarda nasil bir degisime neden oldugu
arastirilmistir. Analizler sonucunda, dogru belirlenmeyen sinif araliklarinin,
heyelan alanlarinin oransal dagilimlarinda farkhliklar ¢ikarttigi ortaya ¢ikmistir.
Boylece calisma ana hedefine ulasarak, egrisellik parametresinin kullanimim
kolaylastiracak ip uglari vermistir.
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Highlights (At least 3 and maxium 4 sentences)

e There is no consensus on the parameter in the literature

e The first question that comes to mind is whether it is suitable for my field of study

e Some researchers use more than one curvature class and create a separate classification

e The most crucial error seen in the studies is encountered even in the most straightforward
classification, concave, flat, and convex groupings
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Purpose and Scope

This study was prepared to find the cause of the problems encountered in the curvature parameter used in
landslide susceptibility maps.

Design/methodology/approach

Parameter selection in landslide susceptibility studies is a difficult process. Creating subclasses of the selected
parameter is an even more challenging process. The curvilinearity parameter, which has differences in its
applications in the literature, was used in this study. In literature research, it has been seen that the parameter
has different uses in different studies. For this purpose, 64 landslide maps with a scale of 1,25,000 were selected
from Turkey. The program automatically classified and produced a secondary classification that was considered
excellent. Error rates between both classifications were determined.

Findings

In the study, it was seen that some studies took the classifications incorrectly and made incorrect mapping as a
result of this error.

Research limitations/implications

The study serves as a warning for future studies. It is highly recommended to take this article as a reference
when creating subclasses of the curvilinearity parameter.
Practical implications

With this study, an attempt was made to eliminate the conceptual confusion in two of the three subclasses used
in the curvilinearity parameter. Correct use of + and - markings in concave and convex classification is given.

Social Implications

In this article, the correct use of the curvilinearity parameter is given. Because there is information pollution in
the literature due to incorrect use. As a result of a small number of articles produced with incorrect classification,
incorrect map printouts were obtained. Taking this study as a reference will help prevent such mistakes.
Originality

Landslide susceptibility studies are produced in thousands of numbers annually, but studies on parameters are
not carried out. It is a first and has a unique value because it is the first analysis study on the curvature parameter.
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1. Introduction

Curvature, a three-dimensional property of a two-dimensional surface, represents the morphology of the slope. In
this way, slope curvatures and slope shapes are revealed (Kornejady et al. 2017). The topography and the slope
shape play an influential role in the emergence of landslides. The effect of the parameter on the landslide formation
is examined by taking into account the changes in the curvature ratios (concave, convex, flat) and the water and
sediment accumulation on the surface, slope, and aspect (Elmaci et al. 2017). These definitions indicate that the
parameter has a significant effect on the occurrence of landslides. The confusing question is, why is there no
consensus on its use in sensitivity maps when it is such a robust parameter? Or why, while some researchers
defend the power of the parameter, some researchers find the parameter inconsistent and useless. In this research,
the properties of the parameter were investigated, and a study was conducted on how the parameter could be
transformed into a more robust form.

Literature research and application studies have shown that the underlying problem is the lack of understanding
of the use of the parameter. Another problem is the errors in the concepts used. In addition, this confusion of the
concepts poses a problem at that point when creating parameter classes. While there are class intervals that can
be used more standard, confusion and lack of consensus cause chaos on this issue.

The biggest problem in the studies is the chosen curvature class. Again, the literature reveals definition errors in
the base classes used. Some researchers confuse plan curvature with a different curvilinearity, and errors occur in
the subclasses created. They (He or she) defines the concave area as convex in this way, and the landslide
frequency ratios are wrong. Gékgeoglu and Ercanoglu (2001) and Ozsahin (2015) emphasised that the evaluations
regarding the parameter may cause some uncertainties.

Another mistake is in classification. Some researchers, who create three classes with automatic class selection, call
these classes outer-inner and flat. This is the basis of the error. In the use of parameters, of course, as in other
parameters, the selection of the land and the suitability of the parameter are the most fundamental issues.
However, this does not constitute the main subject of errors in using the parameter.

2. Material and Method
2.1. Subclassing The Parameter And Errors Made

Since the parameters are produced directly from the topographic map, the reliability of the data is also sufficient.
The main problem in parameters is the preparation of subclasses. Selected grade ranges should reflect terrain
conditions as much as possible. The only issue with consensus in the literature on this subject is that the values of
zero and around represent flat and near-flat areas. The point of difference of opinions is whether positive and
negative values should be considered concave or convex. It is this distinction that is the starting point of errors.
Based on this, what kind of curvature is used in the study. Because different curvature values make a different
negative and positive classification, most studies use the curvature option of the ArcGIS program produced by ESRI
for parameter generation. Plan and profile curvatures can also be made easily by using the same option (ArcGIS).
For this reason, the classifications given on the company's page were taken as a basis (Url-1). Table 1 shows which
sign is used for which curvature. As known, 0 and close values represent flat and near-flat areas (Figure 1)

When Table 1 is examined, it is seen that the Profile and Longitudinal curvatures have the same marking. It is seen
that Plan, Tangential, Cross-Sectional, and General curvatures have opposite markings. Unlike these five
curvatures, there is a graded classification from Low to High in total curvature since it is not based on calculation.
After choosing the curvature type, classification is started. Classification intervals differ in different studies. In
these classifications, especially in rigorous studies, the classifications are restructured and narrowed. The
parameter is evaluated gradually in these sensitive studies, and a second classification is made. In such studies,
areas without landslides are excluded from the classification.

The literature shows that the parameter is generally evaluated with a triple classification consisting of concave,
flat, and convex. For example, in insensitive studies, gaps are reduced to two, and flat areas where landslides are
rarely or never seen are excluded from this classification. It is thought that one of the problems encountered in
this type of classification is experienced during the determination of the interval values of flat areas with zero
values. Here, it is seen that there are differences in taking zero of flat areas, which is thought to be a consensus
about the parameter in the literature. For example, El-fengour et al. (2021); used triple classification in the study
areas and determined the limit values for flat areas between “-0.05 and 0.05”. There are tiny differences in the
transitions between “-” and “+” values in the study areas, and the transitions between these values can show vast
differences. The transitions between the “-” and “+” values of the land have a significant role in the errors occurring
in the class value ranges.

“«n

51



CELLEK 10.21923/jesd.1391818

In the literature, there are no four-class classifications. In general, classifications in parameters can be made as
single or double. In the literature, at first glance, although it seems that no one uses it in 4-class classifications, as
in the dual classification, some people use this classification by reclassifying them.

Planform- Planform-divergence Dissipation Zone Transit Zone Flow:
convergence Convex Flow:  accelereted- accelerated-
Concave divergent = Convex- convergent
Convex Convex-Concave
T~ N
FKT" % convex | concave
) 1 __—_:’_',_./ ~. [ convex
(-) ~ T convex
(+)
Profile-acceleration Profile-deceleration Transit zone, Flow: Accumulation Zone
Concave Convex decelerated- Flow:
divergent decelerated-
Concave-Convex convergent
Concave-Concave
-:_"-’ \ [ (|
convex | |\\ \\ | \
: \ \ I\ concave
L ““E»“;:\_:\_‘:
(+) (') x" ~" concave

concave
Figure 1. Plan and Profile Curvature

Its use is the same in all curvature classes. Unlike the others, the total curvature does not calculate; it makes the
classification in the form of grading, from low to high.

Table 1. Concave and Convex Markings According to Curvature Types

Type Concave Convex
Profile + -

Plan - +
Tangential - +
Longitudinal + -
Cross-Sectional - +
General - +

Total Low-High

It is used in classifications created by giving value ranges, apart from the classification above. However, some are
employed by naming them. In the literature, some studies prepare 5-class classifications using different names.
Anis et al. (2019) used plan and profile curvature. He applied the same classification method for both of them
separately. They were reclassified using a natural break from Jenks. He expressed the quintuple classification he
created with numbers and names (very low, low, moderate, high, very high). Dahal (2014), on the other hand, used
a different nomenclature from Anis et al. (2019) (Convex, semi-convex, planar, semi-concave, concave) despite
using five classes. In their study, Posner and Georgakakos (2015) created five classes for tangential curvature
planar, medium, and high values as positive and negative. Pimiento (2009); profile and plan curvatures are divided
into five classes: strongly convex, weakly convex, flat, weakly concave, and strongly concave. However, it was
reclassified later and reduced to 3 classes strongly concave, weakly convex, and flat classes.

In studies, concave and convex states can be classified into six classes (Ozdemir and Altural 2013; Karaman 2019).
Especially in the literature, the 6-class interval is widely used. For example, in Giinini (2019), it is used six classes
in his study and divided the -1 to 1 into four classes to balance the frequency ratios. He did not calculate the class
ranges he changed and flat and near-flat areas (lakes), and he thought that this had a positive effect on the
sensitivity map. Some researchers make the classification more precise.

Apart from these, while no study uses seven classifications, studies use 8 and 9 class intervals. For example,
Costanzo et al. (2014) used 8-interval classification; Convex/concave, planar/concave, concave/convex,
planar/planar, concave/planar, convex/convex, planar/convex, convex/planar. On the other hand, Li et al. (2021)
has divided into nine classes for plan and profile curvature, using natural Jenx refraction. The point that draws
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attention here is that it displays the plan and profile in a different class under a single parameter for those who
use multiple classifications.

Another expression used when talking about landslide distribution in studies is balanced distribution. It is seen
that this expression is generally used because the two classes are close to each other. Even if one class is slightly
more, talking about a balanced distribution is possible. Instead, the expression of homogeneous distribution is
frequently used. However, these expressions are commonly used in convex and convex distributions, although
very rarely, flat class is also included in some studies. Klose et al. (2014) stated that landslides in the study areas
occur in negative or flat areas (-1 to 0) and have a fairly stabilising effect. To stabilise the statistical data, they
narrowed the class range in this way. Aras (2021) stated that in the study area, flat areas are more corrugated than
others; however, landslides are evenly distributed and even more common on convex slopes. Conforti et al. (2014)
determined that the convex and convex slopes are relatively homogeneously distributed in the study areas. Still,
the concave (-) slopes' landslide index is higher than the plan curvature. Ozsahin and Kaymaz (2013) observed
that concave and convex areas are homogeneously distributed in the study areas, but flat areas are more. However,
they determined that while flat areas are insensitive to landslides, the highest sensitivity is on convex slopes. In
the study of Sahin (2017), landslide areas were sensitive to concave and convex topographies within three factors.
After the results are obtained, it is impossible to judge which topographic structure can fully affect landslide
susceptibility. For this reason, a more detailed investigation and discussion of the effects of these factors on
landslide susceptibility will only be possible after the results of the feature selection algorithms. Cellek (2013), on
the other hand, landslides occurring on concave and convex slopes are evaluated together.

Some studies have determined that although a specific class covers more area in the area, it has a low landslide
frequency. Eker (2013), on the other hand, found that concave slopes have a higher landslide index, although
convex curvature is more in the study area. It is also stated that there are very few flat areas in the study area, but
landslides occur in almost all of them and that the landslide index is higher than the convex areas.

The given “+” and “-” values also vary. The value denotes concave in profile curvature, while the “+” value in
plan curvature denotes concave. In other words, the first stage of the chain of errors mentioned in the literature
occurs here. Likewise, when the general definition is desired, the marking is as in the planform. Unfortunately,
some studies ignore this. In general, the approach favours taking the concave as positive and the concave as
negative. Kahyan (2021), on the other hand, accepted the opposite, that is, the negative as convex and the positive
as concave, without specifying any curvature feature. As a result, he classified the most sensitive areas as convex
and the ineffective ones as concave. The higher the negative value, the higher the probability of a landslide
occurring. Yiiksel (2007) and Taskanat (2020), on the other hand, approached the subject differently and stated
that the degree of saturation increased depending on the surface water drainage. The researcher used general
curvature in his study and called (-) values convex. It is a contradictory statement to the general approach.
Another related mistake is that the deceleration-acceleration and divergence-convergence pairs are used for the
wrong type of curvature. When the definition of curvature is incorrect, the “+” and “-” values are incorrect, and a
researcher who tries to deduce the valley ridge from here interprets the basin entirely incorrectly.

” « n

2.2. Effect Of Parameter On Landslide

Slope morphology is one of the most critical factors in landslides. Whether the slope is concave or convex is
influential in the formation of landslides (Cil 2009). The parameter controls the state of groundwater and surface
waters (Ghobadi et al. 2017). Also, the effect on this hydrological cycle; is the primary determinant of groundwater
in the field (Pradhan and Kim 2017), allowing drainage from the slope surface or enabling it to accumulate into
the slope, controlling the acceleration or deceleration of the hydrological flow (Cellek 2013).

Irregularities on the slopes affect the stress distributions negatively, and the internal and external stresses of
different topographic shapes are also different (Avci 2016a). In addition, the parameter indirectly affects the
geotechnical properties of the material forming the slope.

The parameter controls the state of the superficial materials. Controlling the water cycle increases microclimatic
conditions and soil properties and affects the transport of sediments on the slope (Ozsahin 2015). It is a very useful
parameter in distinguishing the erosion and deposition sections of the land (Wilson and Gallanat 2000).

In the relationship between landslide occurrence and curvature, the more positive or negative a value is, the higher
the probability of a landslide occurring. It was mentioned that landslides in 46 studies were concave, 24 studies
convex, and 7 studies flat. Although landslides can be seen more frequently in an area other than today, it is
generally said to be inhomogeneous mountains in seven studies. In these 75 studies, it can be said that landslides
are more intense in two of some classes.
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There are studies stating what type of landslides they encountered in which class in the studies reviewed. Table 2
was created with these data (Url-2).

Table 2. Landslides by Curvature Classes

Flow Slide Circular Rotary Complex Rockfall Debris
Plan concave X X X
Profile convex X
Concav X X X X X
Convex X X X X
Flat X X
Plan convex X

1. Flow, 2. Slide, 3. Circular, 4. Rotary, 5. Complex, 6. Rockfall, 7. Debris

When Table 2 is examined, it is seen that there are researchers who encounter flow-type movements in all kinds
of slopes and all situations. Rockfall-like movements are seen primarily on convex slopes. Again, sliding-style
movement can be seen in all three slope classes.

Since the morphology that develops after a landslide is concave, as, in every landslide mass, there is a general
tendency that convex slopes are more prone to landslides than concave slopes (Hoek and Bray 1977; Jakob 2000).
On the contrary, some argue that concave slopes are more susceptible to landslides (Gérim 2006; Cil 2009).
Despite these two contrasting examples, many researchers used these parameters in their studies (Mazman 2005).
For General and Plan Curvature, Negative values indicate concavity, and the more negative the value, the higher
the probability of a landslide (Moradi and Rezaei, 2014). Ozsahin (2015) determined that the frequency ratio of
the slope shape is higher on concave slopes in the study area. Still, in some studies in the literature, he stated that
convex slopes are more suitable for landslide.

For this reason, to eliminate the uncertainty, the Analytical Hierarchy Process (AHP) values of the parameter were
assigned according to the frequency ratio result. On the contrary, Chen et al. (2017) and Hong et al. (2017), on the
other hand, encountered landslides on convex slopes in the study area while expecting landslides to be on concave
slopes and supporting this with literature and flow regime. Kayhan (2021), on the other hand, argues that the
researchers do not have a complete consensus on the effect of the curvature parameter on the landslide, as in the
same aspect map.

2.3. Landslides Occurring On Concave Slopes Effect Of Concave Slopes On Landslide

The main reason why more landslides are seen on concave slopes is that the morphology that develops after the
landslide is concave, as in every landslide mass. The conditions before this landslide affected the concave old
landslides in their renewed movement (Goriim, 2006).

In general, concave slopes are most sensitive as they relate to surface and subsurface flow (Zézere et al. 2007).
Many researchers explain this situation (slopes with concave upward surfaces) by retaining more and longer slope
rainwater on slopes (Lee and Min 2001; Dai and Lee 2002). After a rain, ground cover on a concave slope can
contain more water and retain it longer than on a convex slope (Jakob 2000; Moradi and Rezaei 2014). This process
is known as runoff accumulation. Curvature is a measure of the area ofland that contributes surface water to an
area where water can accumulate on the surface. Therefore, water is more likely to seep into the slopes and thus
trigger landslides (Dahal 2014). Poor drainage causes leakage in front of the ponding and accumulation zone on
backward or concave slopes (Lee et al. 2003a). In general, concave slopes are potentially unstable as they
concentrate water at the lowest point and contribute to adverse hydrostatic pressure developments (Kayastha
2015). Pore pressure can rise rapidly at the deposition point (Meinhardtetal. 2015). It increases the concentration
(pressure) of the pore water (space water) and thus the saturation of the material (Komac 2006). Therefore, water
overloads the slope, affecting shear stress (Chena et al. 2017). They are effective on landslides by affecting the
groundwater conditions more or less at the rate of permeability of the ground (Goriim, 2006).

It is understood that the erosion power is much higher on concave slopes since the currents will move in the
direction of approaching each other (Pradhan and Kim 2017). Therefore, material accumulates as unconsolidated
colluvium at the base of the slope, making these areas highly susceptible to erosion and gully formation. This
finding was corroborated in a study by Kakembo (1997), in which GIS applications showed that troughs and their
debris cut approximately 85% of the accumulated colloid in the study. These areas are more susceptible to
landslides since the surface waters on concave slopes have higher carving ratios than on convex slopes. (Cellek
2013). The concave portion of the slope will be susceptible to the accumulation of abrasive material. The
deposition of slope materials from debris flows and shallow landslides indicates that transport is faster on concave
slopes than on linear slopes (Afungang et al. 2017).
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2.4.Effect of convex slopes on landslide

Flow-type landslides are more likely to develop on convex slopes (Harrison et al. 2008). The main reason here is
the presence of a free surface in front of it and the potential for more effortless movement (Biber 2019). Since
there is no obstacle to holding the material piled up on convex slopes due to gravity, excessive rain, slope, and
other factors, it is thought that the accumulated material will gain momentum with these factors (Biber 2019). The
velocity varies according to the amount of sediment transported and the linear structure of the slope where they
are collected. However, the highest velocity was recorded with rockfalls on convex slopes (Afungang et al. 2017).
Ermini et al. (2005) emphasised that slips on convex slopes were observed in the lower and middle parts of the
heel. The heel part where the material accumulates (Ermini et al. 2005) and the part where the material breaks
(Avcy, 2016b) show a convex profile.

The convex part of the slope is more susceptible to erosion with varying topographic slopes. In heavily drained
areas, the landslide mass curves outward. Mostly convex slope-shaped, rough surface topography and flow
channel accumulation zone are evident (Aksoy 2010). In many places, convex slopes mark outcrops of strong
bedrock in loose rock. (Moradi and Rezaei, 2014).

There are also studies stating that convex slopes are stable against landslides. For upwardly convex sloping faces,
the situation will be the opposite of concave sloping (Ahmed et al. 2014). After precipitation events, water flows
through areas of convex curvature and accumulates in areas of concave curvature. On the contrary, studies state
that such slopes are more consistent. For example, convex slopes are more inclined than concave slopes. Therefore,
soil moisture is relatively low on convex slopes due to the rapid movement of water. Convex slopes are more stable
as they distribute the current more evenly (Kayastha 2015). Convex slopes allow drainage of surface waters. The
convex disperses water better to neighbouring regions, resulting in a more consistent pore water pressure
distribution (Meinhardt et al. 2015).

2.5.Effect Of Flat Areas On Landslide

There are very few studies that have encountered landslides in flat areas (Yiiksel 2007; Ohlmacher 2007; Akinci
et al. 2010; Avci 2016b). Celebi (2021), on the other hand, used the plan curvature and detected the landslides in
the straight section. Again, Abe and Ziemer (1991) and Altiirk (2019) detected landslides in flat and concave areas.

2.6.Negatives In Using Parameters

Some studies argue that the parameter is ineffective alone and will be more meaningful if used with specific
parameters. This parameter is mainly evaluated with ground and surface waters. There are even studies that
associate it with precipitation. In their research, Chena et al. (2017) recommend studying the soil texture
parameter and this parameter. This is because the parameter does not come out in the expected values.

On the other hand, inclination angle and aspect effectively produce the parameter. It is thought to be associated
with these parameters, albeit indirectly. It is even possible to think that the height can be effective in the material
transport distance. The landslide susceptibility is high in concave and convex areas and is evaluated as the slope
rather than the slope shape.

In some studies, the parameter was found to be ineffective, and it was stated with which parameters it was
ineffective. Dai and Lee (2002) found that slope shape and proximity to drainage parameters were not influential
in forming landslides in the study area (Yiiksel, 2007). Altural (2012), it is evaluated that the slope rather than the
slope shape is more effective in the high landslide susceptibility in concave and convex areas in the study area.
Sahin (2017), in his study, determined that the plan and profile curvature and the drainage density factors were
the minor weighty factors. The same feature draws attention in these two studies. Water is also ineffective in areas
where the curvature is not effective either.

One of the most interesting details about the use of the parameter is the scale used. Although the parameter is not
suitable for small scales, it provides more accurate results at large scales. In short, the parameter is more useful in
high-scale field studies. Booth et al. (2009), in the study area, it is expected that irregularities in the landslide area,
especially in the crown, wings, and accumulation zone, will be observed. Accordingly, concave and convex-shaped
slope views will emerge. However, these changes are not distinctive for small-sized landslides and landslides that
lose their shape over time (Aksoy 2010). This suggests that the smallest-scale variations of these parameters do
not represent well the physical processes of landslide triggering, as indicated in some previous studies Freer et al.
2002; Tarolli and Tarboton 2006; Paudel et al. 2016).
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Another issue is the naming of the parameter. Slope curvature can be included in the classification as slope
geometry. This slope shape also includes curvature and length parameters (Hasekiogullar1 2010). However, the
correctest name for the parameter among these is slope curvature.

Again, one of the biggest problems with the parameter is the lack of a standard for the curvature parameter among
researchers and other parameters (Basara 2021). The most significant limitation of the parameter is the absence
of a generalisation to be used in classification. In the studies that do not pay attention to the curvature used, the
subject is carried in different directions, creating an ineffective impression of the landslide. Although the slope
shape parameter is not widely used in landslide susceptibility assessments, it is considered in some studies
(Yiiksel, 2007). Although there is a tendency in the literature that convex slopes are more susceptible to landslides
than concave slopes, there are opinions on the contrary which argue that concave slopes are more susceptible to
landslides. Bagara (2021), in his study, showed that the curvature parameter was not suitable for the study area
since all the methods he created were close to each other in the curvature classes.

Another difficulty encountered in the use of this parameter is that it becomes difficult to collect statistical data on
this parameter because of the shape of the slopes changes after the landslide (Gokgeoglu and Ercanoglu 2001).

In the literature, it is seen that some curvatures are mismarked. For example, studies use the phrase that positive
values in plan and profile curvatures indicate that the slope surface is convex (convex, peak), negative values
indicate that the surface is concave (concave, pit), and a zero value indicates that the surface is linear. This
contrasts with the program's markup because plan and profile Curvatures have opposite markings.

In order to examine the errors in the parameter classes in the study, parameter maps of general, plan, and profile
curvature were created on 64 randomly selected landslide maps. The results are analysed comparatively. The
study formed classification groups consisting of concave, convex, and flat.

According to the general plan and profile curvature, class ranges were prepared for 64 study areas. First, three
classes were selected, and the graphs of the values prepared according to the automatic assignment were drawn.
Next, these 3 class ranges are split into - and + values. The zero value is reduced to the most sensitive value
possible. This new classification is called perfect classification. The ideal classification was prepared in the same
way for the other groups created. The original and ideal classification for all fields is given in Figure 2.

When Figure 1 is examined, the percentage distributions of all areas show homogeneity in the flat area, while it
shows different distributions for concave and convex. The differences in the distribution are due to the profile
curvature. While the distribution for the general and plan curvatures shows similar characteristics, the profile
curvatures are distributed on the opposite side of them. The biggest reason for this is that the plan and the general
have the same marking, while the profile curvature has a different marking. There is a more homogeneous
distribution than automatic in the percentages of distribution prepared for perfection. The classes showed close
distribution in all curvatures according to the other classification. The values of all three classes show settlement
in a particular area. If an evaluation is made between the original class and the perfect class, all classes have a
different distribution. Percentage distribution changes in concave, flat, and convex areas presented remarkable
differences. These class changes were clearly seen in all three curvatures.

In concave areas, the plan curvature has a distribution of around 50%, while this value has changed to values
ranging from 0 to 60% for perfect classification. General and plan curvatures have lower and scattered values
compared to the profile. In perfect classification, an increase is observed in the percentage values of these two
curvatures.

When the distribution of flat areas according to curvature is examined, it is seen that they have an approximately
homogeneous distribution according to all three curvature types within specific limit values, except for exceptional
plots. However, when examined in perfect classification, there is a severe change in the % distribution of all areas.
Areas with an overall distribution of between 20% and 60% were severely dispersed, and values ranged from 0 to
100.

Convex areas show an opposite distribution of convex areas. While the plan and general curvature were together
again, they were located on the opposite side of the profile. Compared to the other two of the profile curvature, the
result of the significant difference is also evident here. However, in the perfect classification, these contrasts
disappeared, and a more homogeneous distribution was achieved in all three curvatures.

Concave areas showed a distribution as in all area % distribution charts. The profile curvature gave distributions
on the opposite side to the plan and overall curvature, that is, at high values.
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Figure 2. Perfect Classification and Automatic Classification Prepared for % Distributions of all Area

Strategy and general curvature values share lower percentage values. In concavity, which shows a homogeneous
distribution in perfect curvature, the profile curvature, albeit slightly, gives slightly higher percentage values than
the others.

When the distributions for flat areas are examined, the values varying between 30 and 60% show an
approximately homogeneous distribution for all curvatures when the exceptions are ignored. In perfect
classification, on the other hand, these values show a near homogeneous distribution in a different area between
0 and 50.

Finally, when the convex values are examined, it is seen that they have the opposite distribution of the concave.
When the exceptional layouts are ignored, the distributions are around 50% in the plan and general curvature.
When the profile curvature is examined, it is seen that these values are distributed around 10%. When the
distributions for perfect classification are examined, it is seen that it gains homogeneity again. Still, half of this
distribution is between 55% and 25%, and the other half has values ranging from 60% to 0%.

Landslide densities were calculated using the formula given below for the study area.

. . Landslide Area of Parameter Subclass (km?
Landslide Area Density (%) = S 2 dom’) €Y
Landslide Area (km*=)

In Figure 3 the % distribution created for landslide areas is seen. Likewise, the original and perfect classifications
were prepared within this group, and the opportunity for comparison was provided.

The most crucial issue for the studies already done is their distribution according to the landslide frequency,
according to concave, flat, and convex areas. In Figure 4, distributions according to landslide densities are given.

While the % distributions prepared according to the concave slopes show a nearly homogeneous distribution in
all three curvature types, the landslide distributions give a higher rate in the parameter of the general curvature.
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Figure 3. Perfect Classification and Automatic Classification for Percent Distribution of Landslide Areas

These rates take values ranging from 0 to 90%. When we look at the distributions in perfect classification, the
distributions again show homogeneity. Similarly, high values give general curvature. However, except for a few
areas, it is seen that the distributions take values varying between 10% and 50%.

When the landslide densities for flat areas are examined, it has been determined that these values vary between
10 and 60%, except for exceptional values, according to the automatic classification. Here again, it is seen that the
general curvature gives the greatest concave values—this homogeneous distribution distortion between general
and profiles curvature in perfect classification. In general, it is seen that the distribution takes values varying
between 10 and 50%.

Finally, changes in convex areas were investigated. It is also seen here, although not as concave between the two
classifications. When the automatic classification is examined, it is seen that the distribution is close to
homogeneous, while the concave distribution is more in the curvature of the profile. The distribution percentages
generally vary between 10 and 50% in convex areas of landslide densities. When their places in perfect
classification are examined, it is seen that concave curvature values in a distribution close to homogeneous give
greater results in profile curvature. Distributions are seen between 20% and 50%.

In the study, the % distributions of the total areas were also prepared for automatic sum and perfect classification.
For this purpose, all concave, flat, and convex areas in 64 areas were collected (Figure 5).

For concave values, when viewed in automatic classification, plan and profile have the same percentage
distribution, while overall curvature takes a smaller value. For perfect classification, this distribution changes
completely. Plan curvature has a greater value even if the profile and overall curvature are close. The most striking
aspect of this classification is that the profile curvature takes its value in the lowest %.
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The distribution for flat areas lost its homogeneity in automatic classification and gave the highest overall and
lowest profile curvature values. In perfect classification, the distribution showed a different distribution. Profile
curvature has the highest value, while plan curvature has the lowest value.

Finally, the classification for convex areas is examined. It gave the same percentage distribution as the concave for
automatic classification. The distribution was realised as the opposite of concave when evaluated for perfect
classification. Plane and overall curvatures have the same percentage but show a similar but larger percentage
distribution in the profile.
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Figure 4. Perfect Classification and Automatic Classification Prepared for Percent distributions of Landslide Densities
3. Results

In the literature search, it was understood that the biggest problem experienced in not assigning subclasses of the
parameter came from the marking. Differences in markings have led to different interpretations in studies. In A
parameter that is easy to use and simple to implement has been tried by some researchers to make it more complex
and incomprehensible by evaluating it from different perspectives.

On the other hand, some researchers misused the parameter, making it even more straightforward than it was.
Few researchers have determined the type of curvature suitable for the study area and used it in its application.
In addition, they approached the classification of the parameter more sensitively and found correct classification
intervals by trial. On the other hand, many researchers use the parameter in the literature with hearsay
information and quotations. A group of researchers, who analysed only through the program, ignored the
classification parameters, found contradictory results, and contributed to the information pollution in the
literature.

The basis of these errors is not based on the primary articles that reveal the use of the parameter but inspired by
the researchers that used it in their studies. These main articles, which are constantly in circulation from one

59



CELLEK 10.21923/jesd.1391818

language to another, evolve into a completely different article each time with the participating interpretation. After
a while, the subject is assimilated and misinterpreted differently by some researchers

Again, one of the biggest mistakes encountered in the literature is the misidentification of "+" and "-" values. This
definition also causes incorrect creation in prepared classes. Insufficient research or misinterpretation of the

literature causes the areas that should be considered concave in some studies to be evaluated as convex areas.
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Figure 5. Representation of Percent Distribution Changes According to Total Areas in Original and Perfect Classification
4. Discussion And Conclusions

In the study, a detailed literature study was conducted to understand the cause of the problems experienced in the
slope curvature parameter. An application was made on 64 selected landslide maps to reinforce this. In this study,
which is the second part of the twin articles, the problems encountered in the subclasses of the parameter were
examined.

The most crucial error seen in the studies is encountered even in the most straightforward classification, concave,
flat, and convex groupings. The software makes assignments according to the desired class groups. Although this
process differs for each land, it gives tremendous differences in areas with a high difference between "+" and "-"
values. Even in such studies, there is no standard in limit values for flat areas, and areas considered concave or

convex are still included in flat areas.

Again, the other issue that does not reach the standard value for the parameter or does not make any suggestions
or recommendations is the class interval numbers. These numbers vary between 2 and 9. Some researchers use
more than one curvature class and create a separate classification. Some researchers collect all of them under a
single parameter and increase the number of classes. While some researchers prefer a graded classification, others
increase the number of classes in the - or + direction, depending on the condition of the land. While some
researchers take this approach as if the land is homogeneous, some researchers consider the difference between
+and - values and create classification groups accordingly. Another approach encountered in class ranges is double
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classification. Insensitive classifications, while some researchers eliminate areas that cannot be landslides with
the second classification, some researchers narrow the range values and increase the frequency value in the
resulting map.

As a result, there is no consensus on the parameter in the literature. In this study, it is revealed in this research
that the issue of whether landslides should occur most frequently on concave or convex slopes is in vain trying to
set a standard. It has been revealed that this parameter, like other parameters, has its values and that none of its
steps can bring it to the standard. In conclusion, this is the place of the famous expression put forward in landslide
susceptibility maps. Each study area has its characteristics. However, of course, the knowledge of the literature
should be able to put us in expectations for some fields of study.

Practical studies have shown that if enough sensitivity is not shown in the selection of class ranges, changes occur
in the results. Again, studies conducted for 64 fields indicate that the parameter does not have a standard. It is not
helpful for every field, and the parameter does not mean that it is meaningless in different fields. With the twin
studies, the intense information about the parameter in the literature was compiled and tried to be presented
more straightforwardly and accurately as possible.
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Keywords Abstract

PLC, In this study, a real-time toxic gas measurement and early warning mechanism is
SCADA, proposed to prevent accidents that may occur in underground mining facilities.
Underground Mines, Temperature, oxygen (02), hydrogen sulfide (H2S), methane (CH4), carbon
Toxic Gas Measurement, monoxide (CO) and dust density sensor data are read via Arduino Mega analog
Early Warning System. inputs. All sensor data is transferred to the PLC-SCADA (Programmable Logic

Controller - Supervisory Control and Data Acquisition) system via ethernet in real
time. Thanks to the designed SCADA screen, sensor values can be monitored
instantly. In addition, it can be checked whether the system is alarm and whether
the ventilation system works. According to the underground coal mine regulations,
work cannot be done in places where the mine air contains less than 19% oxygen,
more than 2% methane, more than 50 ppm (0.005%) carbon monoxide and other
hazardous gases. The highest permissible hydrogen sulfur ratio for 8 hours of
operation is 20 ppm (0.002%). An early warning mechanism was created with the
algorithm written taking these limits into consideration. The tests of the designed
system were carried out in a laboratory environment and successful results were
observed.

YERALTI MADEN OCAKLARINDA ZEHIRLI GAZLARIN ANLIK TAKIBIi VE
ERKEN UYARI MEKANIZMASI ICIN PLC TABANLI SCADA SISTEMi TASARIMI

Anahtar Kelimeler 0z

PLC, Bu ¢alismada yeralti maden tesislerinde olusabilecek kazalarin dniine gegilebilmesi
SCADA, icin gelistirilen gercek zamanl zehirli gaz 6l¢limii ve erken uyari mekanizmasi
Yeraltt Maden Ocaklari, onerilmektedir. Sicaklik, oksijen (0:2), hidrojen siilfiir (Hz2S), metan (CH4), karbon
Zehirli Gaz Ol¢timii, monoksit (CO) ve toz yogunlugu sensor verileri Arduino Mega analog girisleri
Erken Uyari Sistemi. iizerinden okunmaktadir. Tiim sensor verileri ethernet lizerinden PLC-SCADA

(Programmable Logic Controller - Supervisory Control and Data Acquisition)
sistemine gercek zamanli olarak aktarilmaktadir. Tasarlanan SCADA ekrani
sayesinde sensor degerleri anlik olarak izlenebilmektedir. Ayrica sistemin alarm
durumuna gecip gecmedigi ve havalandirma sisteminin ¢alisip calismadig1 da
kontrol edilebilmektedir. Yeralti komiir madeni ydnetmeligine gore maden
havasinda %19'dan az oksijen, %2'den fazla metan, 50 ppm'den (%0.005) fazla
karbon monoksit ve diger tehlikeli gazlarin bulundugu yerlerde ¢alisma yapilamaz.
8 saatlik calisma icin izin verilen en yiiksek hidrojen kiikiirt oran1 20 ppm'dir
(%0.002). Bu smrlar dikkate alinarak yazilan algoritma ile erken uyari
mekanizmasi olusturulmustur. Tasarlanan sistemin testleri laboratuvar ortaminda
gerceklestirilmis ve basarili sonuglar alindigi gorilmistir.
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Highlights

e Temperature, oxygen, hydrogen sulfide, methane, carbon monoxide and dust density are measured.
e All sensor data obtained Arduino Mega are sent to SCADA via ethernet to display in real-time.
e  When sensor values exceed the limits in mining regulations, early warning mechanism is activated.
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Purpose and Scope

In this study, an early warning mechanism is developed to ensure the safety of employees by real-time
measurement of toxic gases in underground mining facilities.

Design/methodology/approach

Temperature, oxygen, hydrogen sulfide, methane, carbon monoxide and dust density are measured from sensors
by Arduino Mega analog inputs. The received sensor information is sent to the PLC-SCADA (Programmable Logic
Controller - Supervisory Control and Data Acquisition) system over ethernet. All sensor values are displayed in
real time on the designed SCADA screen. Thanks to the algorithm prepared by taking sensor values into
consideration, conditions that will create a dangerous situation are immediately detected and the alarm and
ventilation system is activated.

Findings

In laboratory tests, it is seen that all sensors are read with high accuracy, transferred to the SCADA system
successfully and the early warning mechanism is activated at the right time.

Practical implications

The prepared experimental setup is suitable for testing in the field. It is planned to make this setup compact in
order to start practical use.

Originality

The originality of this study is the ability to measure all gases, temperature and dust density on a single low-cost

board, to transfer data to the SCADA system in real time, and to the early warning mechanism developed by
taking into account the safety limits determined according to the mining regulations.

" Corresponding author: erdemilten@balikesir.edu.tr, +90 266 612 11 94
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1. Introduction

Beneath the surface of the Earth lies a realm of industry and exploration that has shaped the course of human
history for centuries - the world of underground mines. These subterranean labyrinths, carved into the depths to
extract valuable minerals, ores, and resources, represent a testament to human ingenuity and perseverance. From
the days of pickaxes and candlelight to the modern era of advanced machinery and safety protocols, underground
mines have played a vital role in fueling economies, driving technological progress, and satisfying the ever-growing
demands of our world (Hamrin et al, 2001).

Underground mining is a vital industry that has played a crucial role in extracting valuable minerals and resources
from the depths of the Earth for centuries. However, the pursuit of these riches often takes place in a challenging
and hazardous environment (Tekin et al, 2023). One of the most significant threats to the safety of miners in these
underground settings is the presence of toxic gases (Li, Si, et al, 2023). These invisible and potentially lethal
substances pose a constant and silent danger, and understanding their sources, types, and management is of
paramount importance for the well-being of those who work in these subterranean worlds.

In an age marked by industry, technology, and urbanization, the measurement of toxic gases has become an
indispensable aspect of ensuring the health and safety of both the environment and the people who inhabit it
(Rajakumar and Choi, 2023). The detection and quantification of hazardous gases are critical not only for the
preservation of air quality but also for preventing potentially life-threatening incidents in various settings,
including industrial, residential, and environmental contexts. These measurements are the cornerstone of
proactive risk management and emergency response.

Safety is paramount in the world of underground mining, and early detection and response to potential risks are
vital. To address this challenge, the concept of an "Early Warning Mechanism in Underground Mines" has emerged
as a crucial innovation. This system leverages technology and expertise to proactively identify and communicate
impending dangers, allowing miners to take necessary precautions and mitigate potential disasters (Li, Kong, et
al, 2023).

Early warning systems used in real mines today basically work on the principle of instant measurement of toxic
gases and activating the warning-alarm mechanism at the right time. A significant portion of occupational
accidents related to mine ventilation are caused by firedamp explosions, CO poisoning and fires inside the mine.
The main reason for gas explosions that occur in the world and in our country, especially in coal mines, is the
failure to detect in time that the gas concentrations in the environment are above the determined limit values
(Malli et al, 2014). For this reason, the gas potential of each mine must be measured and if an early warning system
is needed, it must be installed. The possibility of an accident can be minimized if all precautions are taken
meticulously and in a timely manner.

In the realm of industrial automation, Programmable Logic Controllers (PLCs) are the unsung heroes that drive
precision, reliability, and efficiency in countless processes (Alsabbagh and Langendoérfer, 2023). These compact
yet powerful digital computers have become the backbone of modern manufacturing, enabling the control and
automation of intricate tasks with a level of speed and accuracy that was once unimaginable. From production
lines in factories to the systems that manage critical infrastructure, PLCs play a pivotal role in ensuring that
operations run smoothly and without error.

In the age of complex and interconnected industrial processes, Supervisory Control and Data Acquisition (SCADA)
systems have emerged as the linchpin that facilitates the monitoring, control, and management of critical
infrastructure (Melo et al, 2023). These powerful systems serve as the eyes and ears of a diverse array of
industries, from power plants to water treatment facilities, and from transportation networks to manufacturing
plants. SCADA systems empower operators and engineers to oversee and manipulate processes in real-time,
ensuring efficiency, safety, and responsiveness.

In the ever-evolving world of industrial automation and control, PLCs with SCADA systems has ushered in a new
era of efficiency, responsiveness, and control (Tomar et al, 2023). This powerful combination, often referred to as
PLC-based SCADA systems, has become the backbone of modern industrial processes, enabling seamless
monitoring (Kumru and Vural, 2023), control, and data acquisition in a wide range of applications.

The Arduino microcontroller stands as a beacon in the realm of open-source hardware and electronics
prototyping. Developed with the aim of providing an accessible platform for enthusiasts, students, and
professionals alike, Arduino has become synonymous with creativity and innovation in the world of embedded
systems (McRoberts, 2013). At its core, an Arduino is a compact and versatile microcontroller board that
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empowers users to bring their electronic ideas to life. Arduino, with its user-friendly interface and flexible
architecture, provides an ideal platform for interfacing with various sensors to measure and interpret the physical
world. Measuring sensors, also known as transducers, are devices that convert physical quantities such as
temperature, light, pressure, or distance into electrical signals that can be interpreted by electronic circuits (Akal
and Akan, 2022). When combined with Arduino, these sensors become powerful tools for collecting data,
monitoring environments, and creating interactive projects.

In the study conducted by Botoz in 2020, automation and robotic systems used in underground mines in Poland
were examined (Botoz and Biaty, 2020). It has been emphasized that underground mining machines are of great
importance for hard coal, which is underground and has the greatest market power in some countries. It has been
stated that with the development of technology in hard coal mining, where production was mostly based on
manpower in the early days of mining, safer and more economical results were achieved by operating the
machines remotely or autonomously.

Yaman presented a study on the internet of things-based transformer monitoring system in 2019 (Yaman, 2019).
In this study, the temperature of the windings, oil level, current-voltage values were monitored with various
sensors placed on the transformer. When there is an overload on the transformers, the insulation value decreases
due to the increase in the temperature in the windings, causing a malfunction in the transformer. In order to avoid
an unexpected malfunction and to extend its service life, the transformer must be monitored instantly. With the
designed prototype, it is aimed to detect possible faults in the transformer early and extend the service life of the
transformer.

In the study presented by Diindar et al., work accidents and occupational diseases occurring in the mining sector
in Turkey were analyzed (Diindar et al, 2018). The mining sector is a sector that has guided and shaped
civilizations from past to present. However, since the mining sector has harsh working environments, it is
considered the riskiest working sector in the world in terms of occupational health and safety. In this study, it was
concluded that the necessary systems regarding occupational health and safety, especially in underground mining,
should be established, implemented and constantly inspected.

Kul worked on remote monitoring of 1500 kVA power generator sets and high voltage breakers with 6.3 kV output
voltage using PLC-SCADA (Kul, 2009). A SCADA system was designed to control the currents, voltages, power
factors and frequencies of the generator group used in this study from a single point. Vijeo Citect software was
used for the SCADA system. With the designed SCADA system, oil pressure level, winding temperature and winding
insulation value can also be monitored. It has been shown that the system can operate faster and more efficiently
by predicting the malfunctions that may occur as a result of the study.

A study is presented by Bekiroglu about early detection of faults that may occur in transformers (Bekiroglu, 2009).
In this study, it is aimed to reduce the cost of the business, provide a safe working environment and examine
possible malfunctions. Fault situations such as decrease in insulation value, excessive current draw, phase-to-
phase short circuit in transformers have been analyzed. A PLC-based SCADA system has been designed to detect
and intervene in advance about malfunctions that may occur in the transformer. Thanks to this SCADA system,
occupational safety in the enterprise is increased.

In this study, a mechanism is proposed to accurately measure toxic gases frequently encountered in underground
mining facilities and provide early warning in case of danger. To achieve this, a PLC-based SCADA system is

designed. The designed system has been tested in a laboratory environment.

This paper is organized as follows. Material and method are explained in Section 2. In Section 3, the experimental
results are demonstrated, and Section 4 represents the result and discussion.

2. Material and Method

In the designed mine gas measurement system, temperature, oxygen, hydrogen sulfide, methane, carbon monoxide
and dust density are measured. Block diagram of the measurement system is presented in Figure 1.
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Figure 1. Block Diagram Of The Measurement System.

In Figure 1, outputs of all sensors are read by Arduino Mega board via analog inputs for each gallery. The main
reason why Arduino Mega board was preferred for reading analog sensors in this study is the high cost of PLC
analog input modules. The S7 1200 CPU model we use has only 2 analog inputs, so an additional analog input
module must be used. Since the additional module would increase the cost considerably, it was preferred to use
the Arduino Mega board in the sensor reading part of the study. Another reason is that it is planned to turn the
sensor measurement unit into a mobile device in future studies. Obtained sensor data is send to SCADA system
with Arduino Ethernet Shield module. All sensor data is presented in real-time on the designed SCADA screens.
The methods used to read data from each sensor are explained sequentially below.

Temperature sensor: LM35 integrated circuits are used to measure the gallery temperatures. LM35 is given in
Figure 2.

Figure 2. LM35 Temperature Sensor.

The transfer function of LM35 is given as follows (Texas_Instruments, 2017).
V,=10mV/°C x T (1)

Where V5, is the output voltage of LM35, T is the temperature in °C.

Oxygen (02) sensor: MIX8410 electrochemical oxygen gas sensor is used to measure the concentration of oxygen
in galleries. The sensor is illustrated in Figure 3. The sensitivity characteristics and the temperature dependency
of MIX8410 is presented in Figure 4 (Mixsen, 2020).
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Figure 3. MIX8410 Electrochemical Oxygen Gas Sensor.
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Figure 4. A) Sensitivity Characteristics (25°C, Linear Output), B) Temperature Dependency.

Hydrogen sulfide (HzS) sensor: MQ-136 hydrogen sulfide gas sensor is used to measure the concentration of

hydrogen sulfide. MQ-136 gas sensor is given in Figure 5. MQ-136 test circuit and sensitivity curve is illustrated in
Figure 6 (Winsen, 2015).

Vu
AC or
DC 5V
40 1V
o=
DC 5V i o ' ' !
+0.1V 0 100 200 300 400 500 600
— (ppm)
a b

Figure 6. A) MQ-136 Test Circuit, B) MQ-136 Sensitivity Curve.

In Figure 6, Vu is the supply voltage, V. is the circuit voltage, Rv is the load resistance and Vrv is the voltage of Ri.
The concentration of Hydrogen sulfide can be measured between 0-200 ppm with MQ-136.
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Methane (CH4) sensor: MQ-4 flammable gas sensor is used to measure the methane concentration in galleries.
MQ-4 is demonstrated in Figure 7. MQ-4 test circuit and sensitivity curve is illustrated in Figure 8 (Winsen, 2018).
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Figure 8. A) MQ-4 Test Circuit, B) MQ-4 Sensitivity Curve.

In Figure 8, Vy is the supply voltage, V. is the circuit voltage, Ry is the load resistance and V. is the voltage of Ri.
The concentration of methane can be measured between 300-10000 ppm with MQ-4.

Carbon monoxide (CO) sensor: MQ-7 toxic gas sensor is used to measure the carbon monoxide concentration in

galleries. MQ-7 is presented in Figure 9. MQ-7 test circuit and sensitivity curve is illustrated in Figure 10 (Winsen,
2014).

Figure 9. MQ-7 Toxic Gas Sensor.
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Figure 10. A) MQ-7 Test Circuit, B) MQ-7 Sensitivity Curve.
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In Figure 10, Vu is the supply voltage, V. is the circuit voltage, Rv. is the load resistance and Vrw is the voltage of Ry.
The concentration of carbon monoxide can be measured between 10-500 ppm with MQ-7.

Dust sensor: GP2Y1010AUOF optical dust sensor is used to measure the dust density in galleries. GP2Y1010AUOF
is given in Figure 11 (Sharp, 2006). Output voltage vs. dust density curve is presented in Figure 12.

Figure 11. GP2Y1010AUOF Optical Dust Sensor.
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Figure 12. Output Voltage Vs. Dust Density Curve.

Dust density can be measured between 0-0.65 mg/m3 with GP2Y1010AUOF.

Arduino Ethernet Shield Module is used to transfer sensor data from Arduino Mega to the PC. The module is
presented in Figure 13.
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Figure 13. Arduino Ethernet Shield Module.

TCP/IP (Transmission Control Protocol / Internet Protocol) method is used for communication. Arduino and PC
devices are first connected to the same local network. Static I[P addresses are defined for Arduino and PC. These
addresses are 192.168.0.20 and 192.168.0.10 respectively. The port number is entered as 50000. Sent data size is
[6x1]. Sensor data sent to the PC as a [6x1] package is displayed in real-time on the designed SCADA screen.

Alarm mechanism and ventilation fan control is carried out by PLC S7 1200 1214C CPU. A static IP (192.168.0.30)
is also defined for the PLC and connected to the same local network. The data sent from Arduino to the PC is also
sent to the PLC. Thanks to the algorithm written for the PLC using the TIA Portal program, the alarm and ventilation
fan can be activated and deactivated according to the measured sensor values.

3. Experimental Results

The experimental setup of the measurement system is illustrated in Figure 14. The experimental setup consists of
four temperature sensors, an oxygen sensor, a hydrogen sulfide sensor, a methane sensor, a carbon monoxide
sensor, a dust sensor, an Arduino Mega board. Arduino board is connected to PC SCADA system via ethernet shield
module. Sensors outputs are measured with analog inputs of Arduino board. Obtained voltages are converted the
measured units with the written algorithms according to information from sensor datasheets. All measured data
are sent to PC and displayed in real-time on the designed SCADA screens. Measurement SCADA screen for a gallery
is presented in Figure 15. The flow chart of the early warning mechanism is illustrated in Figure 16.

Figure 14. The Experimental Setup.
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Figure 15. Measurement SCADA Screen For A Gallery.

TIA Portal / WinCC program is used to design the SCADA screen. On this screen, each sensor value is displayed
separately in digital indicators. The operating status of the alarm and ventilation fan can be monitored with
warning lamps displayed on the screen. There are no control elements on this screen that the user can intervene.

The screen is used only for real-time monitoring of data. Activation of alarm and fan systems occurs automatically
thanks to the written algorithm.

Measure sensors s sy

1f 0,%<19

or H,S(ppm)>20
or CH,%>2

or CO(ppm)>50

yes

Start alarm and
ventilation

Figure 16. Flow Chart Of The Early Warning Mechanism.

According to the underground coal mine regulations, work cannot be done in places where the mine air contains
less than 19% oxygen, more than 2% methane, more than 50 ppm (0.005%) carbon monoxide and other hazardous
gases. The highest permissible hydrogen sulfur ratio for 8 hours of operation is 20 ppm (0.002%). Thanks to the
algorithm prepared by taking these values into consideration, conditions that will create a dangerous situation are
immediately detected and the alarm and ventilation system is activated as seen in Figure 15. Thanks to the alarm

in this early warning mechanism, the evacuation of the employees is started, and the ventilation system is used to
evacuate the toxic air.
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4. Result and Discussion

In this study, measuring gas concentrations in underground mining facilities and developing an early warning
mechanism for occupational safety were studied. Arduino Mega board is used to measure gases. Sensor values
measured with Arduino are sent to the PLC-SCADA system via ethernet. Sensor data received with the PLC-SCADA
system is evaluated and when dangerous conditions are detected, the alarm and ventilation mechanism is
activated. Tests of reading sensor data, transferring data to SCADA, and operating alarm and ventilation systems
were carried out in a laboratory environment. Experimental results showed that all sensors were read with high
accuracy and transferred to SCADA, and alarm and ventilation systems were activated at the right time. In future
studies, it is planned to make the measurement unit compact and to conduct field tests of the system.
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Anahtar Kelimeler 0z

Mikro robot, Saglik ve biyomedikal cihaz teknolojileri giiniimiiziin en 6nemli konular1 arasinda
PID kontrol, yer almaktadir. Son yillarda teknolojide yasanan gelismeler ile birlikte, mikro ve
Manyetik kontrol, makro 6l¢ekli robotik sistemlerinin ila¢ dozajlama, hiicre ve DNA dizilimi olusturma,
Manyetik alan, goriintiileme ve bolgesel miidahale sistemi olarak gelistirilmesi tizerine galismalar
Optimizasyon. o6n plana cikmistir. Calismada kiiciik 6lcekli sistemlerde nesne tasima, konum

manipilasyonu vb. islemlerde kullanilmak iizere dogrudan manyetik alan ile
kontrol edilebilen tek serbestlik dereceli bir robot kol mekanizmasi(sarkag)
onerilmistir. Sistemi yoneten elektrik ve mekanik denklem sistemi ¢ikartilmis, PID
(Proportional Integral Derivative) kontrolcii tasarimi yapilmistir. Manyetik
kuvvetlerin dogrusal olmayan davranisi nedeni ile Ziegler-Nichols metotlar ile
kontrolci  parametrelerinin  belirlenemedigi gorilmistir. PID kontrolci
parametreleri iteratif metotlar kullanilarak optimize edilerek elde edilmistir.
Iterasyon algoritmasi 7 iterasyon sonucunda -0,1788° asma, 0,1634 s yerlesme ve
0,0298° mutlak hata ortalamasi ile en iyi sonuglara ulagmistir. Ulasilan PID
parametreleri ise kp=5,353, kd=0,2157 ve ki=21,5987’dir. Farkli dalga formlarinda
(basamak, tiggen ve siniizoidal) kontrolcii davranisi incelenmistir. Sistemde olusan
hatalar, kontrolcii gerilim ¢ikis1 ve devrede olusan akimlar gorsellestirilerek
detaylandirilmistir. Calismada, 20A akim ile 6nerilen sarka¢ modelinde pozisyon
kontroliiniin yapilabilecegi gosterilmistir.

COMPUTER AIDED SIMULATION AND PID CONTROL OF A SMALL SCALE
SINGLE DOF MAGNETIC PENDULUM MECHANISM

Keywords Abstract

Micro robot, Health and biomedical device technologies are among the most important issues of
PID control, today. With the developments in technology in recent years, studies on the
Magnetic control, development of micro and macro-scale robotic systems such as drug dosing, cell and
Magnetic field, DNA sequencing, imaging and regional intervention systems have become more
Optimization. important. In this study, a single-degree-of-freedom robotic arm mechanism

(pendulum) that can be directly controlled by a magnetic field is proposed to be used
in small-scale systems for object handling, position manipulation, etc. The electrical
and mechanical equations governing the system are obtained and a PID
(Proportional Integral Derivative) controller is designed. It is found that the
controller parameters cannot be determined by Ziegler-Nichols methods due to the
chaotic behavior of the magnetic forces. PID controller parameters were obtained
by optimization using iterative methods. The best results were obtained after 7
iterations with -0,1788° overshoot, 0,1634s settling time and 0,0298° mean square
error. The PID parameters obtained are kp=5,353, kq=0,2157 and ki=21,5987. The
controller behavior for different reference inputs (step, triangular and sinusoidal)
was investigated. Errors in the system, controller voltage output and currents in the
circuit are visualized and presented. It is observed that position control can be
performed in the proposed pendulum model with 20A current.
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SINGLE DOF MAGNETIC PENDULUM MECHANISM
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Highlights (Atleast 3 and maximum 4 sentences)

e In this study, a single-degree-of-freedom robotic arm mechanism (pendulum) that can be directly
controlled by a magnetic field is proposed to be used in small-scale systems for object handling, position
manipulation, etc.

e PID controller parameters were obtained by optimization using iterative methods.

e The controller behavior for different reference inputs (step, triangular and sinusoidal) was investigated.

e Itis shown that position control can be performed in the proposed pendulum model with 20A current.

Graphical Abstract

In this paper, electrical and mechanical equations of motion are obtained and real-time angle control is
performed with a PID controller for a small size 1DOF robot arm. Figure A shows the control capability of the
system at different iteration steps. The algorithm obtained the optimal parameters at the 7th iteration.

1st Iteration 5th Iteration

0 0
1 15 2 25 3 35 4 45 5 1 15 2 25 3 35 4 45

Sekil. A/Figure. A Farkli iterasyon degerlerinde agisal degisim
(Angular response at different iteration values)

Purpose and Scope

This study aims to design a 1DOF robotic arm mechanism with direct magnetic field control for use in small-scale
robotic systems.
Design/methodology/approach

A magnetic pendulum of length 37 mm is considered. The magnetic moment of the pendulum is assumed to be
concentrated at the middle of the pendulum. Infinitely long filamentary wires were placed on both sides of the
pendulum. Electrical and mechanical equations of motion were obtained. PID (Proportional Integral Derivative)
controller is designed and control parameters are optimized by iterative shooting method. Simulations were
performed in Matlab Simulink program.

Findings

The study showed that a small-scale robotic arm mechanism can be controlled using only two parallel wires. At
the 7th iteration, the PID control coefficients k,=5,353, kq4=0,2157 and ki=21,5987 were obtained, giving the error
value of -0,1788° overshoot, 0,1634s settling time and 0,02979° MAE (Mean Absolute Error). It was observed
that the PID controller gave good results for low frequency motions. However, due to the nonlinear nature of the
system, more complex control algorithms are required.

Research limitations/implications (if applicable)

This study considered only 1DOF mechanism. Researchers can extend the results obtained in the paper with
two or more arm mechanisms.

Practical implications (if applicable)

Usually, control parameters are determined by the Ziegler-Nichols method. However, this may not be possible in
nonlinear systems as in this study. In these cases, the coefficients can be determined by optimization methods.
Originality

Robot arm mechanisms are usually designed for large-scale applications. There are few studies on small-scale
arm mechanism designs.

* Corresponding author: huseyin.yildiz@iuc.edu.tr, +90-212-866-3700
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1. Giris (Introduction)

Son yillarda biyoteknoloji alaninda yasanan teknolojik yenilikler kiiciik boyutlu islevsel robotlar {izerine
calismalara ilginin artmasini sagladi. Bu kapsamda, mikro 6lgekli ila¢ tasima sistemleri, ¢esitli gérevleri yerine
getirebilecek manipiilatorler ve mikro 6l¢cekli motor yapilari en ¢cok calisilan konular arasindadir. Calismalar mikro
6lcekli robot sistemlerinin geleneksel motor mekanizmalarindan farkli olarak dogrudan manyetik alan, ultrasonik
veya lazer 1siklari ile kontrol edilebilir tasarimlar olduklarini géstermektedir (Magdanz vd, 2020; Yang, ve Wang,
2013).

Manyetik mikro robotlar biyomedikal alanda, non-invasif olarak hastaliklar1 goriintiileme, teshis etme, ilag verme,
miidahale ile doku onarim ve tedavi metotlarinin gelismesinde biiyiik katkilar saglamistir (Magdanz vd, 2020;
Yang, ve Wang, 2013). Bu robotlar tipik olarak manyetik alanlar tarafindan kontrol edilir ve belirli yonlerde
hareket edecek ve ¢ok cesitli islevleri yerine getirecek sekilde tasarlanirlar (Jia vd., 2023). 2013 yilinda Yang ve
ekibi tarafindan yayinlanan calismada, kanserli dokularda cerrahi operasyonlarin hasta kayiplarindaki durumu
gboze alinarak, meme kanserinde diisiik girisimsel etkiye sahip nano teknoloji ilag¢ tasiyici robotik ¢alismalar
derlenmistir. Calismada gelecekte ortaya konabilecek farkli yapilardaki nano teknolojik ila¢ tasiyici robotik
sistemler derlenmistir (Yang, ve Wang, 2013). 2020 yilinda Koleoso ve ekibi tarafindan mikro/nano boyutlu
manyetik robotlarin yer aldig1 yayinlar derlenmistir. Bu alandaki ¢alismalarin yillara gore dagilimi, {iretim
metotlari, malzeme yapilari, hareket kabiliyetleri, uygulama alanlar1 bakiminda farkliliklar: gibi bir¢ok farkli konu
raporlanmistir (Koleoso vd., 2020). Ceylan ve arkadaslar1 ise 2017 yilinda biyomiihendislik uygulamalari i¢in
baglantisiz mobil mikro robot ¢alismalarina ait derleme yayinlamislardir. Bu alandaki mikro robotlarin tasarimi,
liretimi ve test edilmesindeki 6n saflardaki gelismeleri raporlamistir. Calismada mobil mikro robotlarin harekete
gecirilmesi, yapisal hareketlilikleri, algilama konulari, islevsel yetenekleri ve en yeni stratejiler tartisilmistir. Mikro
robotlarin potansiyel avantajlar1 ve dezavantajlar1 degerlendirilmis ve mikro ortamlarda biyobozunurluk,
immiinojeniklik, hareketlilik, algilama ve olasi tibbi miidahaleleri goz 6ntinde bulundurarak gelecek calismalara
yon vermek iizere dneriler sunulmustur (Ceylan vd., 2017). Geleneksel cerrahi uygulamalarinda hasta kayiplari ve
komplikasyonlari dikkate alindiginda, ilaglar1 dogrudan kanser hiicrelerine iletmek icin manyetik mikro robotlarin
kullanimi girisimsel yontemlere gore avantajlar saglamaktadir. Magdanz ve ekibi tarafindan 2020 yilinda mikro
robotlar iizerine gerceklestirilen ¢alismada, dogrudan kanser hiicreleri hedef alacak sekilde programlama
yapilmis, saglikli hiicrelere zarar vermeden yiiksek dozda ila¢ kanser hiicrelerine yonlendirilmistir. Boylelikle
hasta agisindan daha az yan etki ve basarili tedaviler yapilabilecegi gosterilmistir (Magdanz vd., 2020). Manyetik
kontrolct ile gergeklestirilen tasarimlarinin disinda ultrasonik ve kizil 6tesi sinyaller kullanilarak mikro robot
tasarimlar1 gercgeklestirilebilmektedir. Ultrasonik maniptlatér kullanilarak 1-2 milimetre boyutlarinda mikro
motor tasarimi gergeklestirilmistir. Kizil dtesi sinyallerin manipiile edilmesiyle 1-2 milimetre boyutlarda hareket
kabiliyetine sahip mikro robotlar tasarlanabilmektedir (Lu vd.2015; Mashimo ve Oba, 2022). ila¢ tasima
sistemlerinin yani sira, optik cimbizlar ve mikro manipiilatdrler, manyetik mikro robot uygulamalari ile paralellik
gostermektedir. Optik cimbizlar ve mikro maniptlatorler hiicresel boyutta diizenleme, yonlendirme ve kontrol
gerektigi durumlarda yaygin olarak kullanilmaktadir. Mikroskobik diizeyde hiicre arastirmalarinda, hiicrelerin
diizenlenmesinde, yapay ddllenme, sperm ayristirma ve tiip bebek tedavilerinde kullanilabilirler. Zheng ve ekibi
tarafindan 2022 yayinlanan c¢alismada optik cimbizlar ile etiketlenmis tiimér hiicrelerinin analizi ve
siniflandirilmasi gerceklestirilmistir. Mevcut yontemlere gore daha basit ve basarili bir sekilde timor hiicresini
ayristirabilen sonuglar ortaya konmustur (Zheng vd.2017; Yang vd., 2023). M. Abbes ve ekibi tarafindan 2023
yilinda gergeklestirilen calismada insan i¢ kulagi hastaliklarinda invasif uygulamalarinin zorlugu nedeniyle
manyetik nano partikiillerin koklea icinde istenilen konuma yo6nlendirilmesi i¢in dort paralel yiizlii manyetik
yapilar ile yonelim diizlemlerinde nano partikiillerin hareketini saglanmistir (Abbes vd., 2023).

Elektromanyetik teorinin her gecen giin gelismesi, mikro robot kullanimlarina farkli bir bakis sunmaktadir. Bir
taraftan mikro elektromekanik (MEMs) sistemlere kapi aralarken diger taraftan da manyetik algilayicilar ve
uygulamalarin gelistirilmesinde 6nem arz etmektedir (Ozbey vd., 2014). Manyetik sarkag sistemleri de bunlardan
biridir. Manyetik sarka¢ kontrol edilebilirligi géz 6niine alindiginda dogrusal olmayan bir yapiya sahiptir. Diger
taraftan titresim ve hareket degisimleri i¢in hassas bir algilayic1 olarak kullanilabilir. Ayrica basit bir elektrik
makinasi olarak (jiroskop) modellenmistir (He vd., 2022). Manyetik sarkac, dogrusal olmayan ve histerisiz etkisine
sahip tepkiler ortaya koymasi nedeniyle analitik olarak modellenmesi ve deneysel olarak calismalar yapilmasi
acisindan da zorlayici bir konudur. Yapilan ¢calismalarin, uzay, havacilik, navigasyon ve robotik alanlarinda énemli
katkilar sunmasi beklenmektedir (Nana vd., 2017). Baz1 ¢alismalarda mikro manyetik sarka¢ modeli, farkl ve
bagimsiz bir ivme 6l¢iim yontemi olarak ¢alisiimistir (Lu vd., 2015). Genel olarak, manyetik mikro robotlarin
potansiyel uygulamalar1 ¢ok genis ve ¢esitlidir. Arastirmacilar bu kii¢iik makineleri programlamak ve kontrol
etmek icin yeni yollar gelistirmeye devam ettikce, kullanim olasiliklar1 da artmaya devam edecek. Cesitli gorevleri
yerine getirmek i¢in tasarlanmis sayisiz robot kol mekanizmasi vardir. Robot kol mekanizmalari genellikle biiyiik
6lcekli ve hantal tasarimlara sahiptir (Vo-Duy ve Ta,2023). Her eksen i¢in ayr1 motor ve 6zel algilayici sistemler
kullanilir. Bu sayede hassas, kontrol edilebilir ve hizli tepki verebilirler. Ancak, kavramsal olarak mikro 6l¢ekli bir
robot kol mekanizmasi diisiiniildiigiinde motor ve algilayicilarin eklemlerde yer almasi uygulanabilir degildir.
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Robot kol hareketleri i¢in manyetik alan veya ultrasonik titresim ile dogrudan tahrik edilebilir tasarimlar zorunlu
hale gelmektedir. Kii¢iik boyutlar: ve dar ¢alisma alanlar1 nedeni ile manyetik alanin olusturdugu tork (t) non-
lineer davranis gosterir. Basit, tek eksenli bir robot kol mekanizmasi (sarkag) tasarlansa dahi, robot kolunun
manyetik alan ile dogrudan kontrolii olduk¢a karmasik ve dogrusal olmayan bir davranis gosterir.

Bu ¢alismada, kiiciik 6l¢ekli robot yapilarinda kullanilmak tizere manyetik alanla ¢alisan tek eksenli bir robot kol
mekanizmasinin (sarkag) geri beslemeli PID (Proportional Integral Derivative) kontrolii teorik olarak ele
alinmustir. Kavramsal tasarimi, matematik modeli ve bilgisayar destekli benzetimi yapilmistir. iteratif metotlar ile
PID katsayilar1 optimize edilmis, farkli yol girislerinde sistemin yapisi ve PID kontrolcii performansi incelenmistir.
lIk béliimde, literatiir taramasi ve genel bilgiler verilmistir. Ikinci béliimiinde, problemin geometrik tanimlanmasi
yapilmis olup, mekanik denklemler ve manyetik alan denklemleri sunulmustur. Uciincii béliimde, optimizasyon
sonuglar1 ve benzetim sonuclar1 raporlanarak yorumlanmistir. Dordiincii ve son béliimde, sonuglar tartisilarak
gelecekte yapilacak calismalar i¢in tavsiyeler verilmistir.

Calismamiz, kiigiik 6l¢cekli robot kol mekanizmalarinin manyetik kontroliine yonelik temel yapilar1 agiklamakta
olup, elektromanyetik yapi, mekanik model ve kontrol sisteminin bir arada incelenmesi nedeni ile, heniiz yeni
¢alisilmaya baslanan bu alanda, arastirmacilara derin ve genis bir bilgi sunmaktadir. Bu nedenle ¢alismamiz, yeni
arastirmalar ile genisletilerek gelecekte mini ve mikro dlgekli robot kol sistemlerinin tasarimi ve kontroli
alanlarinda yol gosterici niteliktedir.

2. Materyal ve Yontem (Material and Method)

Sekil 1a manyetik sarkag sisteminin diizlemsel gériinlimiinii vermektedir. 2L uzunlugunda sarkag, x-y diizleminde
donme serbestligine sahip olup y ekseni ile yaptig1 a¢1 6°dir. Sarkag, manyetiktir. Sarkacin manyetik 6zelligi kiitle
merkezinde toplandig1 kabul edilir ve manyetik dipol momenti m ile temsil edilmektedir. Sarkaci kontroli, x; y; z;
ve Xx,Y,Z, noktalarina yerlestirilmis olan sonsuz uzunlukta, ¢izgisel bobinler ile saglanmaktadir. Bobinlerden I; ve
I, akimlar1 gegmektedir. M kiitleli gubuk, koordinat merkezinden (x=0, y=0) dénme serbestligine sahiptir. Cubugun
y ekseni ile yaptigi a¢1 0’dir. Cubugun, (0,0) noktasina gore atalet momenti J dir.

YA
X
[ N J
iﬁmm’ 7A):, o Ax, 1‘
E Ay, Ay,
i
g T
, [ T AT,
A L N
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(@) (b)

Sekil 1. Problemin tanimi (a) Serbest cisim diyagrami (b) (Description of the problem (a) Free body diagram (b))

2.1. Manyetik etkilerin hesabi (Calculation of magnetic effects)
dB:(ﬂ)ll dixr

4r r

Cisme etki eden manyetik alanlar Biot Savart yasasindan faydalanarak hesaplanir. Biot Savart yasasi Esitlik 1 ile

verilmigtir.
a8, :[,uo | d|>;|’i
4z) ", (1)
Burada, dB;; birim manyetik alan, di ;birim uzunluk; r,; cubuk merkezinin bobin merkezlerinde bulunan yerel

koordinat eksenlerine gore konum vektori (Esitlik 2), 4 (42x107); boslugun manyetik gecirgenlik katsayisy, |I,;

bobinlerden gecen akimlari ifade etmektedir(i=1,2). P(x, y) noktasinda bulunan tek sargili sonsuz uzunlukta ki
telin olusturdugu manyetik alan B, tel ¢evresi boyunda ayn buytkliige sahip olup, yalnizca ¢, bilesenine sahiptir

(Esitlik 3).
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|
r=X=x)i+(y-¥)j (3)
YoY%
a; = X=X, (4)

B,'; manyetik alanin radyal dogrultuda ki bileseni, ¢; ;bobinin konum vektériiniin x ekseni ile yaptig1 ag, i ve j
Kartezyen koordinatlarin birim vektorleri olmak iizere B, Kartezyen koordinatlarda Esitlik 5 ile verilmistir.

B, = B,'sin(e;)i + B, cos(e;)j (5)
Sekil 1b, cisme etki eden manyetik alanlari ve kuvvetleri gostermektedir. Manyetik dipol momenti m, silindirik ve
Kartezyen koordinatlarda Esitlik 6 ile verilmistir.

m, =m.e, =m, sin(@)i —m, cos(d)j (6)
Bu durumda, 7;; i. bobinin olusturdugu déndiirme momenti olmak iizere Esitlik 7 ile hesaplanur.

T, =m, xB, (7)

7, =m, (sin()i —cos(6)j) x B,' (sin(ey; )i+ cos(a;)j)

7, =m,.B/ (sin(f) cos(; ) +sin(e; ) cos(0) )k
Gerekli matematiksel islemler yapilir, yarim a¢i formiillerinden (Esitlik 8) faydalanilir ise t; en basit hali ile Esitlik
9 kullanilarak hesaplanir.

sin(A) cos(B) = %(sin(A+ B)+sin(A—B))

1 (8)
cos(A)sin(B) = E(sin(A+ B)—sin(A-B))

T =%‘r‘:"(sin(9+ai))k 9)

2.2. Hareket denklemi (Equations of motion)

Cisme etki eden 7, ;cisme etki eden manyetik alanlarin olusturdugu toplam moment, 7t ; mekanik kuvvetlerin

olusturdugu moment ve b yatak siirtiinme katsayisi olmak {izere moment korunumu Esitlik 10 ile verilmistir.

T, +1, -bd =30 (10)
Ty =‘L'1+‘['2
7, = Mgsin(0)

Esitlik 10 diizenlenir ise manyetik sarkacin hareketini yéneten kismi diferansiyel denklem elde edilir (Esitlik 11).
Esitlik 11 ve Esitlik 12 denklemlerinin birlikte ¢6ziimii sarkacin zamana bagl davranisini1 vermektedir.

b= %[%lr’l‘f’sin(m a)+ m;}';é‘ﬂ (sin(0+ a,)) + Mgsin(6) —béJ (11)
. do
0=— 12
gt (12)

2.3. Elektrik Devre Modeli (Electrical Circuit Model)

Ohm kanunu, Kirchhoff akim ve gerilim kanunlari ve devre teoremleri elektrik devre analizlerinde kullanilan temel
teoremlerdir. Ohm kanunu, bir devrede akan akimlari belirlemek i¢in Kirchhoff'un gerilim kanunun uygulamanin
sistematik bir yontemidir. Bu yontemde, bir kapali devre ¢evresinde, yiikselen gerilimlerin diisen gerilimlere
esitliginin yazilmasi ile ifade edilir. Metot devrede bulunan tiim kapali ¢evrelere uygulanarak karmasik devrelerin
¢ozlimlenmesini saglar. Sekil 2’de V(t) gerilim kaynagi (kontrol gerilimi), I; bobin déngii akimi, Rp akim sinirlayici
direnc, R; ve Li sarim esdeger direnci ve endiiktansini (i=1,2) ifade etmektedir. 1 ve 2 numarali bobinler seri olarak
baglanarak (ters kutuplanacak sekilde) manyetik etkiyi arttirmasi hedeflenmistir.
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R, L, R,
1,0
Viy
O
L, R,
NW\_/\/\/\/_<.

Sekil 2. Elektrik devresi (Electrical circuit)

Devrede bulunan I; akimini ¢éziimlemek i¢in Kirchhoff gerilim kanunu uygulanir. Sekil 2 ile verilen elektrik
devresini temsil eden adi diferansiyel denklem Esitlik 13 ile verilmistir. Akimin zamana bagli degisimini bulmak
lizere Esitlik 14’tin ¢6ziimi yapilmasi yeterli olacaktir. Birinci ve ikinci bobinler ters kutuplandigindan olusan
akimlari zit olacaktir(Esitlik 15).

VO+R R RO+ + L) B 20 13)
di,(ty 1 B

dt _(L1+L2)(V(t) (R0+R1+Rz)|1(t)) (14)
I,(t) =—1,(t) (15)

2.4. Kontrolcii tasarimi (Controller design)

Mekanik sistemlerin kontrol yapilar i¢in farkl tiirde kontrolcii tasarimlar1 mevcuttur. PID kontrolcii, kullanim
kolaylig1 ve basit yapisi nedeni ile en yaygin ve olarak tercih edilen kontrol algoritmasidir. Referans a¢1 degeri 6,
ve sistemin mevcut a¢1 degeri 6 kullanilarak hata (e) Esitlik 16 ile hesaplanir. Hata, hatanin tiirevi ve zamana bagh
olarak hatanin integrali farkli oranlarda hesaplara dahil edilerek kontrolcii ¢ikis gerilimi V hesaplanir (Esitlik 17)
(Yildiz vd., 2020; Yilmaz vd.,2012; Silva vd.,2023).

e=6,-0 (16)

de
V =k,e+k, a+|<ijeo|t (17)

Burada, kp;oransal, k;;integral ve kg;tiirev kontrol katsayisi olarak tanimlanir ve kontrol sinyalinin karakteristigini
belirler. Kontrol katsayilarinin belirlenmesinde genellikle Ziegler-Nichols metotlar1 kullanilir. Ancak bazi
durumlarda sistemin karakteristigi geregi katsayilar1 sistematik olarak tespit etmek miimkiin olmayabilir. Bu
durumda sezgisel olarak veya bir optimizasyon algoritmasi tarafindan PID katsayilari tespit edilir. Bu calismada,
PID parametreleri Shooting metodu kullanilarak optimize edilmistir.

Sekil 3. Klasik bir PID kontrolcii ¢ikis sinyalinin basamak referans sinyaline karsi verdigi tepkiyi gostermektedir.
Sekilde goriilecegi tizere kontrolcii performansini veren bes temel parametre bulunur. Olii zaman; sistemin ani
degisimine tepki vermesi esnasinda yasanan gecikme. Yiikselme Siiresi; sistemin kararli duruma ¢ikmasi i¢in
gecen siire. Asma; gercek sinyalin referans sinyalini asma miktari. Kalici hata; sistem kararli hale gectiginde
Referans sinyal ile gercek sinyal arasinda kalan fark. Yerlesme stiresi; kontrol sinyalinin baslamasi ile sistemin
kararl hale gelmesi arasinda gecen siiredir. Ziegler-Nichols metodunda oldugu gibi sadece oransal kontrolcii
kullanildiginda bu parametrelerin tiimi etkin olarak gézlenebilir. Ancak PID kontrolcii tiim bilesenleri ile sisteme
uygulandiginda Olii zaman ve kalial hata genellikle ihmal edilecek kadar kiigiik olur. Ancak yiikselme siiresi,
yerlesme sliresi ve asma Onemli parametreler olarak kalmaya devam eder. Ayrica Ortalama Kare Hata (Mean
Squared Error (MSE)) ve Ortalama Mutlak Hata (Mean Absolute Error (MAE)) optimizasyon siireclerinde genel
hata parametresi olarak kullanilmaktadir (Yildiz vd.,2020).
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Sekil 3. PID kontrolcii ¢ikis grafigi (PID controller output graph)

2.5. Shooting Yontemi (Shooting Method)

Shooting metodu ¢esitli matematik problemlerinde optimizasyon algoritmasi olarak kullanilir (Morrison vd., 1962;
Osborne, 1969). Oncelikle optimize edilmek istenen parametreler icin baslangi¢c degerleri tahmin edilir, probleme
ozgin kisitlayici kosullar (integral, determinant veya denklem sistemi) hesaplanarak bilinen degerler ile
kiyaslanir. Kiyaslama sonucunda elde edilen hata degerleri kullanilarak kisitlayici kosullar1 saglayan baslangi¢
degerleri tahmin edilmeye calisilir. Bu islemler tekrarlamali (iteratif) olarak kisitlayici kosullar istenilen
hassasiyette saglatilincaya kadar devam edilir. Shooting metodunun daha ayrintili bir tartismasi i¢in referanslar
(Al-Mdallal vd., 2010; Ha, 2001; Fang vd., 2023) farkli uygulama alanlar1 i¢in kapsamli agiklama sunar.

Xm"; optimize edilmek istenen parametreler, fmP(Xxm!, Xm?, ..., Xm") optimizasyon icin gerekli kontrol fonksiyonlari
(r=1,2,..,n) olmak iizere, m; iterasyon sayisi(1,2,..,00),  xof; tahmini baslangic deger ve fo'; bilinen amag
fonksiyonudur. Ax ; parametre artis orani olmak lizere f? fonksiyonunun x degiskenine gére kismi tiirevlerinden

of >

( aer ) olusan D matrisi Esitlik 18 ile hesaplanir.

Ay _ Ty (g Xy X ) = £ 06 X5 + AX o X7)
o = A (18)
ot ofl ofl ]
oxy  oxi  oxS
of? |of2 of2 of?
D — m — m m m
oxL | ox oxi ox (19)
ofd of ofl
| ox, ox: ox] |

Amag fonksiyonu ile fonksiyonun iterasyon degeri arasinda ki fark df ? olmak tizere(Esitlik 21-22) ile verilen lineer
denklem sisteminin ¢éziimii (Esitlik 22) X, vektoriinii verir. §X,; optimizasyon parametrelerinde yapilmasi
gereken degisiklikler olarak tanimlanmaktadir.

Xl 1

SX, = xgj—xg (20)
X1~ X
dfP =FP (X, %% X)) = TP (K XDy X0 (21)
df
[=df?=|df? (22)
df?
[D][6X]=Ir] (23)

r
Xna yeni iterasyon degeri olmak tizere Esitlik 24 ile hesaplanir. Birden ¢ok parametreli sistemlerde
parametrelerde ki degisiklikler sonucu beklenmedik sekilde etkileyebilir. Bu nedenle yeni iterasyon degeri
hesaplanirken bir yaklasim katsayisi dahil edilir. Esitlik 24’te s yaklasim katsayisi olarak bilinir ve 0-1 arasinda bir
deger alir.
[Xm+1] = [Xm] + S[é‘xm]

r
m+1

(24)

r r
Xt = Xp +SOX,
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Calismada kp, kq ve ki parametrelerini optimize etmek lizere asma, yerlesme siiresi ve ortalama mutlak hata (MAE)
kisitlayici fonksiyonlar olarak secilmistir. y,, ve ¥, sirasi ile gercek ve referans veriler olmak tizere 3060 6rnek veri
(T) kullanilarak MAE Egsitlik 25 ile hesaplanmaktadir.

14 -
MAE:;Zlyn—ynl (25)

n=1
3. Benzetim ¢alismalari ve sonuc¢lar(Simulations and resoults)

Sekil 4’te benzetim programinin matlab simulink ara yiizii gériinimii verilmistir. Program dort bilesenden olusan
bir yapidan olugsmaktadir. Elektrik Devresi; bobinlerin elektrik devre benzetimini ¢oziimleyerek giris geriliminden
anlik olarak cikis akimini hesaplamaktadir. Manyetik kuvvetlerin hesaby, liretilen akima bagh olarak her iki telin
manyetik sarkag ile etkilesimini hesaplayarak iiretilen manyetik tork degerini hesaplamaktadir. Dinamik model,
zamana ve olusan manyetik torka bagli olarak sarkacin konumunu ve a¢isin1 hesaplamaktadir. Dinamik modelden
elde edilen acisal deger referans aci ile birlikte PID kontrol sistemini besler. Burada 6nceden tanimlanan katsayilar
dikkate alinarak gerilim ¢ikisi hesaplanir ve tekrar elektrik devresi bloguna giris olarak verilir.

— out.| » out.T
> out.V
»
P |_giris > -K- >
! V_giis 1_Out © o Tork B ») Tork_B al—+ Gain >
Q_giris
Elektrik Devresi Manyetik Kuvvetlerin Dinamik Model »
Hesabi
Scope
I I
. v Q
€ |
X Qr 1
PID Kontrol Sistemi
Qr

Sekil 4. Matlab simulink blok gdsterimi (Matlab simulink block representation)
Benzetim c¢alismalarinda kullanilan fiziksel biiytikliikler ve degerleri Tablo 1 ile verilmistir. Benzetimler 20s
boyunca 0.0033s sabit adimla gergeklestirilmis olup, integrasyon islemleri icin matlab kiitiiphanelerinde yer alan

4. derece Runge-Kutta metodu kullanilmistir.

Tablo 1. Fiziksel biiyiikliikler (Physical parameters)

Sembol Deger Birim Acgiklama
L 0,0185 m Manyetik ¢ubuk uzunlugunun yarisi
m 0,15 Am? Manyetik dipol momenti
Vimax 12 \' Uygulanabilir en yiiksek gerilim
Li=L2 1,0e-03 H Bobin tellerinin 6z indiiktansi
R 0,5 Q Sistemin toplam direnci
Dx1 -5e-03 m 1. bobinin x koordinati
Dx: 5e-03 m 2. bobinin x koordinati
b 5e-06 N.m.s/rad Siirtiinme kuvveti
Ho 4me-07 H/m Boslugun manyetik gecirgenligi

3.1. PID katsayilarinin optimizasyonu (Optimization of PID coefficients)

Optimizasyon i¢in ikinci saniyede sisteme Qmax = 10° olacak sekilde basamak girisi uygulanmistir. Baslangicta
kp=0,48, ka= 0,0105, di=3,787 olarak secilmistir. iterasyon yaklasma orani s=0,5 olarak alinmistur. ilk 10 iterasyon
icin sayisal degerler Tablo 2 ile verilmistir. En fazla 30 iterasyon icin ¢alistirilan optimizasyon algoritmasi ile elde
edilen sonuglar Sekil 5‘te gosterilmistir. iterasyon algoritmasi yedinci iterasyondan sonra en diisiik hata
degerlerine ulasmistir. En iyi sonuclara ulasildiginda asma, yerlesme ve MAE hatalari sirasi ile -0,1788°,
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0,1634sve 0,02979° olarak elde edilmistir. Ulasilan PID parametreleri ise kp=5,353, ka=0,2157 ve ki=21,5987"dir

(Tablo 1).

Tablo 2. Parametre ve hata tablosu (Parameters and error table)

MAE

. ) o Yerlesme o
Iterasyon kp ka ki Asma(°) Siiresi (s) MAE (°)
1 1,9373 0,2605 3,7923 -0,0348 0,9346 0,1789
2 1,9373 0,1304 4,2031 0,0000 1,0000 0,1145
3 7,0467 0,1304 6,3353 0,0000 0,8627 0,0763
4 7,0467 0,1304 9,5330 0,0000 0,4706 0,0511
5 3,6020 0,1304 14,4720 0,0000 0,2288 0,0340
6 3,6020 0,3054 21,9091 0,8402 0,5229 0,0776
7 53531 0,2158 21,5987 0,1787 0,1634 0,0298
8 53531 0,2158 21,5987 0,1787 0,1634 0,0298
9 53531 0,2158 21,5987 0,1787 0,1634 0,0298
10 53531 0,2158 21,5987 0,1787 0,1634 0,0298
8
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Sekil 5. PID parametrelerinin iterasyon ile degisimi (Variation of PID parameters with iteration)

Sekil 6 ile farkli iterasyon degerleri icin zamana bagh olarak sarkacin agisal degisimi verilmistir. ilk iterasyon icin
yerlesme siiresi 2s iken, {iciincii iterasyonda hizla 0,5s'nin altina inmektedir. iterasyon degerleri arttik¢a sistem
asma degerini de azaltmakta, ayni zamanda ortalama kare hata degeri de en diisiik seviyede olacak sekilde onuncu
iterasyonda kararli hale gelmektedir.

Sekil 6. Farkli iterasyon degerlerinde acisal degisim (Angular response at different iteration values)
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et

3
ts)
2.lterasyon

35

15 2 25 3 35 4 45 5
t(s)
3. iterasyon
rm———= — e e
1
]
1
i
|
I
i
1.5 2 25 3 3.5 4 4.5 5
t(s)

5. iterasyon

2 25 3

35 4

45

5
ts)
6. iterasyon
— = e
,7(_ == y
|
|
I
1
1
1
i
15 2 25 3 35 4 45 5
t(s)
7.iterasyon
™
rr—" "
|
|
I
|
I
1
!
15 2 25 3 3.5 4 4.5

83



YILDIZ 10.21923/jesd.1318257

3.2. Yol takibi sonuclar1 (Path tracking results)

Optimizasyon sonucu elde edilen PID katsayilar1 kullanilarak sistemin farkli referans sinyali sekillerine verdigi
tepkiler incelenmistir. Oncelikle tek ve cift basamak sinyali uygulanarak sistemin ani hata degisimlerinde
davranigy, liggen ve siniis formunda sinyaller ile siirekli degisen sinyallere tepkisi gézlemlenmistir. Tablo 3, sinyal
formlar1 ve hata analizi sonuglarini gostermektedir.

Tablo 3. Farkli referans formlarinda hata analizi (Error analysis on different reference forms)

Basamak formu Uggen formu Simiis formu

Tek Cift p=20s | p=4s p=2s | p=20s | p=4s p=2s

MAE () 0,0506 0,0570 | 0,0848 | 0,4030 | 0,7063 | 0,0842 | 0,4166 0,7623

MSE(°) 0,2582 0,1268 | 0,0098 | 0,2162 | 0,6399 | 0,0139 | 0,2883 0,8213

emax(°) 10,0000 | 5,0000 | 0,1628 | 0,7252 | 1,2002 | 0,2521 | 1,0065 1,5273

Sekil 7, 5s ile 10 s aralifinda Qref= 10° basamak sinyalinde sistemin ¢alismasini gdstermektedir. Sinyal girisinde
sistemin kararli hale gegmesi 0.2s siirmektedir. Sistemin ortalama mutlak hata (MAE) degeri 0,0506° dir. Hata ani
degistiginden ilk sinyal girisinde en yiiksek hata olusmaktadir. Hatanin bir baska dlciitii de ortalama kare hata
(MSE) ise 0,258° olarak hesaplanmustir. ilk hata girislerinde sistem en yiiksek gerilim (12V) sinyal iiretmekte, kisa
stire icinde gerilim 10V olarak kalici hale gelmekte. Sinyal ¢ikisinda ise ani degisimden dolay1 -12V sinyal
iretilmekte, sistem dengeye geldiginde sinyal ¢ikis1 kapatilmaktadir.
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Sekil 7. Tek basamakl sinyal sonuglari (Single-step reference signal results)

Sekil 8, 4s araliklar ile degisen iki kademeli basamak sinyali sonuglarini vermektedir. Kademenin artmasi ile
referans genligi diistiigliinden kontrolctlintin hata degerlerinin de diistiigii gozlemlenmistir. MAE degeri 0,0570°
iken MSE degeri 0,1268°dir. Referansin aniden degistigi kose bolgelerinde sistemin daimi rejime ulagmak icin
gecmesi gereken siire artmistir.

Sekil 9 ve Sekil 10, periyodu 20s ve 4s olan iki farkli referans sinyal sonuglarini géstermektedir. Sistemin her iki
periyotta olusturulan sinyaller icinde kontrolii oldukga iyidir. En yiiksek hatalar tiggen form i¢in sirasiile 0,1628°
ve 0,4030°, siniizoidal form i¢in ise 0,0842° ve 0,4166°'dir. En yiiksek hatalar Qref= 0° dolaylarindadir. Bu durumun
en temel nedeni buralarda kontrolcii gerilimlerinin 0 olmasi ve sistemin hatayi sifirlamasi nedeni ile kendini
kapatmasidir. Bir diger sebep ise 0 noktasinin bobinlere en uzak nokta olmasidir. Bu bolgede olusan manyetik
alanlar diger bolgelere oranla daha kiigiiktiir. Bunun yaninda periyot kii¢tildiik¢e sistemin hatasi artmakta, kontrol
kabiliyeti azalmaktadir. Her iki grafik incelendiginde iiggen formda sinyallerin, siniizoidal sinyale gore daha iyi
takip edildigi goriilmektedir. Siniizoidal dalga formunda olusan en yiiksek hata, ticgen formunda dalgaya gore
ortalama %?28.2 oraninda daha biiyiiktiir (Tablo 3).
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Sekil 8. Cift basamakli referans sinyal sonuglar1 (Double-step reference signal results)
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Sekil 9. Uggen dalga formunda referans sinyal sonuglar1 (Reference signal results in triangular waveform)
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Sekil 10. Siniis dalga formunda referans sinyal sonuglar: (Reference signal results in sine waveform)
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5. Sonug¢ ve Tartisma (Result and Discussion)

Saglik ve biyomedikal cihaz teknolojileri giiniimiiziin en dnemli konular: arasinda yer almaktadir. Son yillarda
teknolojide yasanan gelismeler ile birlikte, mikro ve makro dlgekli robotik sistemlerin ila¢g dozajlama, hiicre ve
DNA dizilimi olusturma, goriintiilleme ve boélgesel miidahale sistemi olarak gelistirilmesi iizerine calismalar
yapilmaktadir.

Calismada makro olgekte manipiilatér olarak kullanilmasi planlanan tek kollu bir robot kol (sarka¢) modeli
Onerilmistir. Robot kolun kontroliiniin, sonsuz uzunlukta bobin telleri kullanilarak yapilabilecegi gosterilmistir.
Sistemin elektriksel modeli, mekanik modeli ve kontrol yapisi detayl olarak aciklanmistir. Her ne kadar basit bir
yapiya sahip olsa da dogrudan manyetik kuvvet ile kontrol edilecek olmasi, kii¢iik kuvvetler ile hareket saglaniyor
olmasi nedeni ile non-lineer bir model oldugu acgiktir (Esitlik 10-12). Elektrik modelin (Esitlik 13-15) de non-lineer
oldugu g6z oniinde bulundurulur ise matematik yapisi oldukc¢a karmasiktir. Elektrik ve manyetik sistemi yoneten
denklem sistemleri MatLab simulink ara yiizii kullanilarak modellenmistir. Manipiilatér kontrol yapisi aci
referansi dikkate alinarak PID kontrolcii tasarimi yapilmistir. PID parametrelerinin belirlenmesi icin Ziegler-
Nichols metotlar1 uygulanmistir. Ancak sistemin dogrusal olmayan yapisi nedeni ile yalnizca oransal kontrolcti
uygulandiginda sistem ¢ok hizli kararsiz hale gectiginden uygun kontrolcli parametrelerine ulagilamamistir.
Uygun kontrolcii parametrelerinin tespiti i¢cin, 10° basamak referans girdisi uygulanan sistem, iteratif
optimizasyon tekniklerinden shooting metodu kullanilarak analiz edilmistir. iterasyon algoritmasi 7. iterasyondan
sonra en diisiik hata degerlerine ulasmistir. En iyi sonuclara ulasildiginda asma, yerlesme ve MAE hatalari sirasi
ile -0,1788°, 0,1634s ve 0,02979° olarak elde edilmistir. Ulasilan PID parametreleri ise kp=5,353, ka=0,2157 ve
ki=21,5987'dir (Tablo 1). Elde edilen kontrol parametreleri kullanilarak kontrolciiniin farkli referans sinyali
altinda (basamak, liggen ve siniizoidal) davranisi incelenmistir. Sistemde olusan hata degerleri, kontrolcii gerilim
¢ikisi ve devre akimi davranislar: Sekil 7-10 ile verilmistir. Sistemin basamak sinyal girisine tepkisinin hizli ve
kararh oldugu goriilmiigtiir. Ani yiiklemelerde hizla hatay1 diisiirerek istikrarli hale gelmektedir. Uggen ve
siniizoidal formda sinyaller siirekli yiik olusturmaktadir. Olusturulan kontrol algoritmasinin ytiksek periyotlarda
kontrolcii performansinin iyi oldugunu, ancak frekans yiikseldikce hata oraninda kayda deger biiyiimeler
oldugunu goéstermistir (Tablo 3).

Sonug olarak calisma, kiiciik 6l¢ekli bir robot kol mekanizmasinin yalnizca paralel iki tel kullanilarak kontrol
edilebilecegini gostermistir. Bu durum robot kol mekanizmalarinin mikro 6lgekli kullanilabileceklerinin bir
gostergesi olarak kabul edilebilir. Her ne kadar diisiik frekansli uygulamalarda PID kontrolciiniin iyi sonu¢ verdigi
gorilse de kaotik yapisi nedeni ile, frekans yiikseldiginde bulanik mantik kontroli (fuzzy logic control) ve kayan
kipli kontrol (sliding mode control) metotlarinin uygulanmasi daha iyi sonuclar verebilir. Calisma, yeni
arastirmalar ile genisletilerek gelecekte mini ve mikro 6lgekli robot kol sistemlerinin tasarimi ve kontrolii
konusunda yol gosterici niteliktedir. Farkli kontrol metotlarinin uygulanmasinin yaninda, ¢ok kollu robot kol
mekanizmasi olarak tasarimlar da gelistirilerek daha kararh ve fiziksel kullanima uygun yapilar elde edilmesi
miimkiin olabilir.
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Bu calismada kisa menzilli radar calismalari icin kazanci yuksek olan, reflektorli E-
sekilli dizi mikroserit anten tasarimi sunulmaktadir. Substratin iist yiizeyindeki E-
sekilli dipoller, FR-4 substratinin tabani olan duzensiz bir mikroserit hatti ile
temas ettirilmektedir. Anten kuaksiyel besleme ile uyarilmistir. Alt tabaka
malzemesi ve krom yansitici birbirine Teflon malzeme ile tutturulmustur. Onerilen
anten, 1.4 ve 2.4 GHz rezonans frekanslarinda sirasiyla 7.85 ve 9.62 dBi kazang
sunmaktadir. Bu anten ayrica 15 dB'in uzerinde F/B oranina ve kisa mesafeler icin
kullanilabilecek bir HPBW (half power beam width) degerine sahiptir.
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This study presents an E-shaped array microstrip antenna design with a reflector,
which has a high gain for short-range radar studies. E-shaped dipoles at the top of
the substrate are brought into contact with an irregular microstrip line, which is the
bottom of FR-4 substrate. The antenna feed is excited using a coaxial cable. The
substrate material and the chrome reflector are attached to each other with Teflon
material. The proposed antenna provides 7.85 and 9.62 dBi gains at resonance
frequencies of 1.4 and 2.4 GHz, respectively. This antenna also has an F/B ratio of
over 15 dB and an HPBW (half power beam width) value able to be used for short-
ranges.
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REFLECTOR MICROSTRIP ARRAY ANTENNA for 1.4 AND 2.4 GHz RADARS APPLICATIONS
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Highlights (Atleast 3 and maximum 4 sentences)

e This study presents an E-shaped dipole array microstrip antenna design with a reflector
This study has a high gain that can be used for short-range radar studies.

e This antenna also has an F/B ratio of over 15 dB and 38° HPBW value

e The antenna operates at 1.4 and 2.4 GHz resonant frequencies with 7 and 9.5 dBi gains.

Graphical Abstract

S,, (dB)

=25}

=~ = Simulation S ,

Measurement S,
-30

0 0.5 1 1.5 2 25 3 3.5 4
Frequency [GHz]

Figure. The return loss parameters of the proposed antenna

Purpose and Scope

Recommended for short-range radar applications, this antenna can be used in different application areas with
its low cost, small dimension, and high gain.

Design/methodology/approach

The array antenna constructed with dimensions of 19x15x11.8 mm?3 has been designed and simulated in CST
studio. At the same, this design has been fabricated using PCB techniques.

Findings

The design has gains of 9 and 9.5 dBi at the resonance frequency of 1.4 and 2.4 GHz, respectively. It has alsoa 17
dB F/B ratio value and 38° HPBW value

Research limitations/implications (if applicable)

The array antenna constructed with dimensions of 19x15x11.8 mm3 has gains of 9 and 9.5 dBi at the resonance
frequency of 1.4 and 2.4 GHz, respectively. It has also a 17 dB F/B ratio value and 380 HPBW value that make it
easier signal processing.

Practical implications (if applicable)

In future research endeavors, there is potential to broaden the bandwidth even further. Exploring the possibility
of achieving a more compact structure could also be pursued.

Originality
This study presents an E-shaped dipole array microstrip antenna design with a reflector that has a high gain that

can be used for short-range radar studies. The proposed antenna provides 7 and 9.5 dBi gains at resonance
frequencies of 1.4 and 2.4 GHz, respectively
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1. Introduction

Doppler radar has enabled studies in many areas, from non-contact weather forecasting, vehicle speed detection,
vehicle traffic monitoring, smart homes, baby monitoring, heartbeat, and breathing monitoring to tumor detection
(Benchetrit, 2000; Gu, He, & Zhu, 2019; Huang, Hayward, & Lin, 2016; Javaid, Noble, Rosenberg, & Weitnauer,
2015; C. Li, Lubecke, Boric-Lubecke, & Lin, 2013; M. Li & Lin, 2017; ]. Lin & Li, 2007; J. C. Lin, 1992; Naishadham,
Piou, Ren, & Fathy, 2016; Soldovieri et al., 2012; Suryadevara & Mukhopadhyay, 2012; Watson-Watt, 1945).

Doppler radar has an active role in the non-contact monitoring of vital signs by being applied in healthcare areas.
For this purpose, many studies observed in the literature the heartbeats and respirators for monitoring people's
daily activities with Doppler radar (Benchetrit, 2000; Gu et al., 2019; Huang et al,, 2016; Javaid et al., 2015; Karatay,
Orcan, Ozkal, & Yaman, 2019; Klavestad, Assres, Fagernes, & Grgnli, 2020; M. Li & Lin, 2017; J. Lin & Li, 2007;
Naishadham et al,, 2016; Neebha & Nesasudha, 2018; Suryadevara & Mukhopadhyay, 2012). In one study, the
movements of four different old people were followed with radar at the frequency of 2.4 GHz. This radar method
eliminates the need for a health caregiver (Suryadevara & Mukhopadhyay, 2012).

Antennas are one of the most fundamental parts of radars that consist of many circuit elements. Different antenna
types can be preferred according to the usage areas of radars. Among these antenna types, microstrip patch
antennas are frequently used in short-range Doppler radars, especially in health following and observing with
their advantages such as lightness, ease of production, and low production cost (Gu et al,, 2019; Karatay et al,,
2019; M. Li & Lin, 2017; Neebha & Nesasudha, 2018). In a study, respiratory and heartbeat, which are people’s
vital signs, were detected with radar measurements in the range of 60 cm at the frequency of 2.4 GHz. Also, a
circular microstrip antenna with 2.6 dBi gain was used in this study (Gu et al., 2019). In a different study, two
antenna designs were presented to increase the range and capability of the MIT-Coffee Can Doppler radar. In this
study, the designs of an aperture-coupled Vivalti-type transmitter patch antenna and a microstrip array patch
antenna were proposed operating at the frequencies of 2.45 GHz. FR-4 substrate material was used in the
production of these antennas, and they had gains of 3.23 and 5.63 dBi, respectively (Karatay et al., 2019). In
another study, four different microstrip patch antennas were designed for radar applications in the 5-8 GHz span,
and these antennas were compared to their reflection coefficients (Neebha & Nesasudha, 2018).

The disadvantages of microstrip antennas are that they have an average of 5% bandwidth and present low gain
(Balanis, 2015). There are different studies on microstrip arrays (Kim & Kim, 2021; Y. Li & Luk, 2015; Midasala &
Siddaiah, 2016; Yang, Geyi, & Sun, 2017) and microstrip reflectors (Debbarma & Bhattacharjee, 2019; Fernandes
etal,, 2019; Kim & Kim, 2021; Krishna, Shirisha, Isfahani, & Manisha, 2023; Mohammadi Shirkolaei & Engineering,
2020; Zhou, Cheng, Chen, & Luo, 2021) antennas to increase the gain and bandwidth of these antennas. Among the
studies, E-shaped broadband microstrip antennas are one of them (Ge, Esselle, Bird, & Propagation, 2004;
Rajagopalan, Kovitz, & Rahmat-Samii, 2012). There are different studies on reflector microstrip patch antennas in
the literature. One of these studies presented a band-stop reflector antenna design and optimization for directivity
and front-to-back (F/B) ratio. The designed antenna offered a bandwidth of 7 % at the resonance frequency of 2.4
GHz and 18.8 % at the resonance frequency of 5.8 GHz. Reportedly, gains of 7.54 dBi and 7.46 dBi were achieved
at these respective frequencies (Fernandes et al,, 2019). Another research study introduced a C-shaped reflector
antenna design that showcased a gain of 5.5 dBi across the frequency span ranging from 1.5 to 2.8 GHz, as well as
a gain of 5.7 dBi within the frequency span from 5 to 5.9 GHz (Rezvani & Mohammadi, 2018).

Antenna gain, F/B ratio and HPBW (half-power bandwidth) are among the important parameters in the antenna
types used in short-range Doppler radars. (Chuang et al., 2011). However, it has been known that narrow HPBW
has been preferred in different antenna types. In a study, the HPBW value of the microstrip array antenna
operating in the 2.28-2.49 GHz frequency band is 26° (T. Tang, 2012). The HPBW value of another microstrip patch
antenna designed for Doppler radar used at short ranges is 43¢ (Park, Li, & Lin, 2009). In a different study
performed with a 10x16 microstrip patch array antenna, the HPBW is equal to 12° (Lan et al.,, 2016).

In this study, an E-shaped dipole microstrip array patch antenna with a reflector has been designed and
manufactured. In this antenna design, it is aimed to obtain an E-form broadband frequency. Antenna gain is also
desired to be increased with the array structure and reflector. This paper will present the structural design and
analyses, followed by the presentation of its results and conclusions, in that order.
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2. Antenna Design and Analysis

In Figure 1, the bottom patch, upper patch, FR4 substrate, vias, reflector layer, and feed point of the antenna placed
across x- and y-axes are shown together. In the antenna design, FR4 substrate material with &:: 4.3, tand: 0.025,
dimensions of 142*187*1.6 mm3 has been used. This antenna’s upper and bottom layers have been designed with

lossy copper and united with the vias. Meanwhile, a 1 mm thick lossy chrome metal reflector has been used in this
design.

refx

subx ——————————
— — e Tt Via

Patch 1 Patch 2
———————p Bottom Patch Layer

wl 3

=———————» Upper Patch Layer

———— 3 FR4 Substrate

refy
suby

-1 > FeedPoint

——» Reflector Layer

Patch 3 Patch 4
| .
jo————p  Via
y
i
& (a)
Upper Patch
Layer Bottom Patch
/ / Layer
: h ——— Teflon Spacer
z
\1 —— SMA connector i Reflector
} *y Air

(b)

Figure 1. The proposed antenna is depicted in the following ways: (a) Front surface schematic diagram, (b) Side
transparent diagram
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Figure 2. (a) Bottom schematic diagram, and (b) Geometry of the upper layer
Dimensions are refx: 192, refx: 153, subx: 142, suby:187, h: 9.2,al: 16.7,a2:3.8,a3: 16.1, a4: 76,a5: 7.1, a6: 3.2, b1: 17.7,
b2: 25,b3:2.5,b4: 5.1, b5:28.3, X1: 43.5, X2: 25, X3: 35, Y1:60.5, Y2: 22 (all in mm)

The side view of the designed antenna is given in Figure 1 (b). The geometry of the bottom patch layer is shown in
four parts in Figure 2(a) in detail. Firstly, the part 1 geometry of these parts has been formed. Patch 2 has been
constituted by getting the symmetrical y-axis of part 1. Patch 3 and Patch 4 have also been formed by the symmetry
of the x-axis of Patch 1 and Patch 2.

All E-shaped on the upper patch layer have been designed in equal dimensions. An E-shaped geometry to belong
to the upper patch layer is given in Figure 2(b) in detail.

The equivalent circuit of the proposed antenna is shown in Figure 3. As seen in this circuit, four L-C-R circuit
elements of four E-shaped are given on the antenna. L inductances show the current detour on the antenna, R
resistors indicate radiation resistors on the antenna, and C capacitances indicate fringing effects on the antenna
(Garg, Bahl, & Bozzi, 2013). Cs represents the fringing effects of the Bottom patch layer and reflector, and Ls
represents the current detours in the current detour of the bottom patch layer and reflector.

L1 L2

R1 R2
Cc1 c2
|
| |
| }
Cs Ls
L3
| —|Zin
R3 P
1 R4
= c3 AAA-
Ly | =+
: ca

Figure 3. Antenna Circuit Equivalent
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3. Results of Analysis and Discussion

The cross view of the performed antenna with its dimensions is given in Figure 4. S11 return loss measurements
of the fabricated antenna have been performed with a Rohde and Schwarz FSH spectrum analyzer (Schwarz,
2007).

Figure 4. The cross view of the perfomed antenna
Return loss results of the simulation and measurement are given in Figure 5(a). This antenna works in two
different frequency band spans, 1.3-1.5 GHz and 2.2-2.6 GHz. It is seen in Figure 5(a) that the results of the
simulation and the measurement overlap with each other.

Figure 5 (b) displays the impact of the reflector on the return loss outcome in the designed antenna. It is
understood from Figure 5 (b) that the proposed antenna works in two different broad frequency bands, while the
antenna without the reflector operates in a narrow and single band.

0 ™ . . : : 0
e
-5 -5
-10 -10 -
) g
= 15} = AT
n w
=20 - -20
-25 -25 —
— = Simulation S11 | e With Reflector S,
e Measurement s11 |= = Without Reflectorless S,
-30 ! : ' ' -30 * . 8
0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 25 3 3.5 4
Frequency [GHz] Frequency [GHz]
(@ (b)

Figure 5. The propoesed antenna: (a) The return loss parameters of the proposed antenna, (b) S11 simulations results of
the antenna with reflector and without reflector

Figure 6 (a) illustrates the impact of the reflector on the gain of the presented antenna. As seen in these results
that the antenna gain has been increased from 5 dBi to 10 dBi with the reflector structure.

Figure 6(b) presents the simulation values of the Front-to-Back (F/B) ratio for both the proposed antenna and the
antenna without a reflector. The F/B ratio value with a reflector result has been increased from 0 dB to 15-20 dB

span.
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Figure 6. (a) Gain simulations of the antenna with reflector and without reflector, (b) The F/B ratio is being analyzed for
both the antenna that includes a reflector and the one without a reflector.

The antenna pattern results of the designed structure are shown in Figure 7. In this figure, the main planes of ¢=90
and @=0 are given together at 1.4 and 2.4 GHz. These figures show that the proposed antenna has a radiation
pattern focused in one direction and stability. The main radiation patterns are apparently better than the
backward radiation thanks to the usage of a reflector plate. Also, the HPBW values of this antenna are 619 and 38°
at the 1.4 GHz and 2.8 GHz frequencies, respectively. As seen in Figure 7, the main lobe magnitudes of the antenna
change between 9-10 dB. This HPBW value proves that this antenna is directional.

— =90 — = o=

(b)

Figure 7. Simulation results of the proposed antenna pattern at (a) 1.4 GHz, (b) 2.4 GHz

Table 1 provides a comparison between the findings of this study and those of prior research. These antennas in
this table have been examined in terms of frequency, substrate material, dimension, gain, and HPBW. In these
comparisons, it has been paid attention to select the studies, which are similar in the resonance frequency and the
substrate material. Thus, these antennas can be easily compared in terms of gain, size, and HPBW. It is also seen
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from Table 1 that this study has an ideal dimension and a good HPBW value for Doppler radar at short ranges. In
the 2nd study, the antenna designed for the Doppler radar has 360 HPBW and shows that narrow HPBW values are
enough for Doppler radar studies. Narrow HPBW values facilitate signal processing. However, there are studies
with high HPBW values such as the 5% and 7t studies. Since the antennas in these studies are designed for LTE
base stations, it is normal for them to have high HPBW.

It is seen from Table 1 that the proposed antenna is superior to many other studies in terms of gain. This paper
has a sufficiently high gain, approaching 10 dBi. higher gains are obtained, it is necessary to use better quality
substrate material or increase the number of arrays as in the 6t study. However, it is taken into consideration that
the substrates with less tangent loss require larger budgets.

Table 1. Comparison of the presented antenna with the previous studies in the literature

References Freq. Substrate Gain HPBW Dimension
(GHz) (dBi) (deg) (mm?3)
This Study 1.4 FR4 9.5 61 191x153x11.8
2.4 e 4.3, 7.5 38
tand: 0.025
Thickness:
1.6 mm
1. 2.4 FR4 2.6 - 50x50x%3
(Guetal, 2019) e 4.4,
tand: 0.025
Thickness: 3
mm
2. 2.45 FR4 0 36 100x220x1.5
(Karatay et al.,, e 4.3,
2019) tané: 0.025
Thickness:
1.5 mm
3. 2.4 FR4 7.54 - 40x12x1
(Fernandes et al,, 5.8 e 4.4, 6.8
2019) tand: 0.025
Thickness: 1
mm
4, 7 FR4 4.5 - 24%x20%1.6
(Zhou et al., 2021) 9 e 4.4,
13 tand: 0.025
Thickness: 3
mm
5. 1.58-2.89 FR4 ~9 257 120x120%40
(Rezvani & 1.5-2.8 €44, ~55 166
Mohammadi, 2018) 5-5.9 tand: 0.02 ~5.7 192
Thickness:0.8 60
mm
6. 9.97-11.9 Rogers 14.95 60.91 106x34x0.813
(Kaboutari, Zabihi, R0O4003
Virdee, & Salmasi, & 3.55,
2019) tans: 0.0027
Thickness:
0.8 mm
7. 1.7-2.7 FR4 ~7.5 >65 120x120%40
(Govindanarayanan er4.4,
& Rangaswamy, tand: 0.02
2015) Thickness:0.8
mm

4. Conclusion

In this paper, a microstrip patch antenna study and chrome reflector have been performed in two different
frequency bands. An array has been formed E-shaped on the substrate and these dipoles have been connected by
an irregular microstrip layer bottom of the substrate. The array antenna constructed with dimensions of
19x15x11.8 mm3 has gains of 9 and 9.5 dBi at the resonance frequency of 1.4 and 2.4 GHz, respectively. In these
resonance frequencies, the design has also 17 dB F/B ratio values and 61°, 38° HPBW values, respectively. This
study distinguishes itself through its notable high antenna gain and front-to-back (F/B) ratio values. Suggested for

95



CILDIR 10.21923/jesd.1351302

short-range radar applications, this antenna holds potential for diverse usage in various application domains with
its low cost, small dimension, and high gain.
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Anahtar Kelimeler 0z
Hastane atiksulari, Bu ¢alismada psikiyatrik ilag ve sinir uyaricilardan dort (karbamazepin (CBZ), primidone
lleri oksidasyon, (PRM), kafein (CAF), nikotin (NCT)) ve CBZ ve CAF’a ait alt1 metabolitin (karbamazepin-
03/H:0;, diol, karbamazepin 10,11-epoksid, 2-hidroksi karbamazepin ve 3-hidroksi
03, karbamazepin, trans-3'-hidroksi kotinin ve N-formilnornikotin) hastane atiksularindaki
llag etken maddeler. varlig1 ve ozonlama (0O3) ve perokson (03/H202) prosesleri ile akibetleri arastirilmigtir.

Bu kapsamda ilaglarin analizi HPLC/MS-MS cihaz1 ile gergeklestirilmistir. Yapilan
calismanin sonuglarina gére diisiik oranda (0,5 mg 03/mg KOI) sadece ozon dozunda
dahi CBZ %99,7 oranlarinda giderilirken, CAF i¢in benzer giderim verimlilikleri daha
yiiksek ozon dozlarinda (1,5 mg 03/mg KOI) elde edilmistir. Perokson prosesinde ise CBZ
giderim verimliligi nispeten artis gosterse de (%20), CAF giderimi i¢in benzer pozitif etki
gozlemlenmemigtir. Iki prosesin mg KOI basina oksijen oranlar1 dikkate alindiginda
ozonlama prosesinin tespit edilen ilaclarin gideriminde daha etkili bir proses oldugu
belirlenmistir. Ayrica sadece ozonlama uygulamas ile 1,5 mg 03/mg KOI oraninda %48
KOI giderimi elde edilmistir. Bu baglamda, elde edilen sonuglar hastane atiksularinin én
oksidasyonunun hem KOI hem ila¢ yiiklerinin atiksu aritma tesislerinde aritma
slireclerine girmeden 6nemli seviyelerde azaltilabilecegini gostermektedir.

PRE-OXIDATION APPLICATIONS TO HOSPITAL WASTEWATER (03, 03/H202):
FATE OF PHARMACEUTICAL ACTIVE COMPOUNDS (PhACs) AND CONVENTIONAL
PARAMETERS

Keywords Abstract
Hospital wastewater, In this study, the occurrence of four psychiatric drugs and nerve stimulants
Advanced oxidation, (carbamazepine (CBZ), primidone (PRM), caffeine (CAF) and nicotine (NCT)) and six

03/Hz0;, metabolites belonging to CBZ and CAF (cbz-diol, carbamazepine 10,11-epoxide, 2-
03, hydroxy carbamazepine, 3-hydroxy carbamazepine, trans-3'-hydroxy cotinine and N-
Pharmaceutical active  formylnornicotine) in hospital wastewater and their fate in ozonation (03) and peroxon
compounds. (03/H202) processes were determined. In this context, selected drugs analyzed with

HPLC/MS-MS. According to obtained results, while removal efficiency of CBZ reached
99.7% in the only ozonation application even lower ozone dose (0.5 mg 03/mg COD), the
same removal efficiency for CAF was obtained in higher ozone dose (1,5 mg 03/mg COD).
Although peroxon process provided a relatively positive contribution for CBZ removal
(%20), the results were not the same for CAF. Considering the oxygen ratios per mg COD
of both processes, it was determined that the ozonation process was a more effective
process for the removal of the detected drugs compared to peroxon. Additionally,
removal efficiencies of COD were determined as 48% in the ratio of 1,5 mg O3/mg COD
with the only ozonation process. In this context, obtained results show that both COD and
PhAC loads could decrease in important levels with pre-oxidaiton of hospital wastewater
without being included to the treatment process in wastewater treatment plants.
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Highlights

e Pre-oxidation in hospital wastewater is important due to antimicrobial resistance.
e Pharmaceutical active compounds can be detected up to mg/L in hospital wastewater.
e Ozonation process for PhACs removal is more effective than peroxon.

Purpose and Scope

Hospital wastewater is an essential source of antimicrobial compounds and bacteria. The spread of these
compounds to the environment causes to antimicrobial resistance of bacteria and viruses to these substances.
Therefore, treatment at the source of PhACs has become important in recent years. In this context, this study
aims to investigate the removal efficiencies of conventional and PhACs during the pre-oxidation of hospital
wastewater with ozone and peroxone processes.

Design/methodology/approach

Although ozone has a high reactivity, its effectiveness in treatment depends on long reaction times due to its low
solubility in water (Langlais, 1991). The hydrogen peroxide used in the peroxon process, which has become
prominent in recent years, increases the solubility of ozone and creates hydroxyl radicals that persist in the
environment for a long time. Although refractory pollutants can be removed more effectively with the peroxon
process (Horsh et al., 2003), it is stated that effectiveness and advantage of both processes according to matrix
effects of wastewater could change (Olmez Hanci et al., 2020; Piras et al., 2020). In this study, the effectiveness
of both processes was evaluated in different doses for pre-oxidation of hospital wastewater.

The capacity of used ozonation process in this study is 13g/h. Both ozonation and peroxon doses were
determined according to mg COD. Ozonation experimental conditions were between 0.05-5.0 mg O3/mg COD.
Peroxon process experiments were done in constant ozone dose (0.1 mg O3/mg COD) and variable hydrogen
peroxide (35%) doses (0.2-1.0 mg H202/mg COD).

Findings

In the experimental study, while the removal efficiency for COD was negligible at the rates of 0.05 and 0.5 mg
03/mg COD with only the ozonation process, it reached 50% levels by increasing the amount of ozone fed per mg
of COD. BODs/COD ratio decreased from 0.41 to 0.2. Additionally, PhACs were effectively removed in low ozone
doses. Removal efficiencies were determined as >%99 for CBZ (0.25 mg 03/mg COD) and CAF (1.5 O3/mg COD).
Selected four metabolites of CBZ, which are frequently detected in high concentrations in domestic wastewater,
remained below the detection value (0.5 ng/L) in hospital wastewater. Another aim of this study is to determine
the efficiency of the peroxone process, therefore, the ozone ratio was selected as 0.1 for the peroxone process by
considering the removal efficiencies obtained for the ozonation process. In this context, CBZ removal increased
20%. The increase in removal efficiency with the increase of hydrogen peroxide was not linear. This is due to the
fact that hydroxyl radicals are not selective and react with other pollutants in hospital wastewater with high
organic pollution.

Social Implications

Generally, hospital wastewater is discharged to urban wastewater infrastructure worldwide. On the other hand,
on-site treatment is essential for increasing concern for human and environmental health. In this context, if an
easily integrated process such as ozonation is built into the discharge points of the hospital wastewater
infrastructure, the spread of antimicrobial substances and microorganisms can be decreased.

Originality

There is limited research about hospital wastewater in the literature. These researchers generally are on the
complete treatment of hospital wastewater. However, it has been determined that PhAC loads could decrease
with pre-oxidation according to this study's results.

*Corresponding Author: hates@ktun.edu.tr
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1. Giris (Introduction)

Hastane atiksulari teshis sirasinda olusan agir metaller, toksik kimyasallar, hastane ve arastirma laboratuvar
atiklari, hasta viicudundan metabolize olmadan atilan farmasotikler ve mikrorganizmalar olmak iizere pek ¢ok
matris icermektedirler (Blanch vd., 2003; Kalakova vd., 2012; Kalakova vd., 2013). Diinya ¢apinda genellikle
hastane atiksular1 evsel atiksu alt yapisina desarj edilerek kentsel atiksu aritma tesislerinde (AAT) beraber
aritilmaktadir. Bu baglamda bu farmasotik aktif bilesenler hem ¢evre hem de insan saghigi acisindan artan bir
endise haline gelmektedir (Kalakova vd., 2013; Verlicchi vd., 2010). Endisenin kaynag1 sadece mikrokirletici
grubundan farmasotiklerin ¢evrede artan birikimi degil atiksu ortamlarinda bulunan mikroorganizmalarin direng
kazanmasidir. Bu endise sonucunda oncelikle diinyada sorumlu otoriteler tarafindan antibiyotik kullanimina
kisitlama getirilmistir. ikincil olarak son yillarda artan sekilde ézellikle kentsel AAT’lerde biyolojik sistemlerin
farmasotik madde giderimi iizerine pek ¢cok arastirma yapilmistir (Golovko vd., 2014; Gracia-Lor vd., 2012; Nieto-
Juarez vd., 2021).

Biyolojik kokenli aritma proseslerinde bu grup kirleticilerin bir kismi i¢in etkin aritma elde edilirken, diger bazilari
biyolojik aritmaya 6nemli seviyelerde diren¢ gostermektedir. Bu proseslerde giderim mekanizmasi incelendiginde
ise bliyiik oranda adsorpsiyon, kismi biyopar¢alanma ve fotodegradasyon oldugu belirlenmistir (Dolu ve Nas,
2023a; Nas vd., 2021). Dolayisiyla aritma camurlart da yiiksek konsantrasyonlarda farmasotik bilesikler
icerebilmektedir (Dolu ve Nas 2023b). Aritma ¢amurlar iki sekilde bertaraf edilmektedir; bunlardan ilki ve en
yaygin olani belli kati madde muhtevasina ulasmis aritma ¢camurlarinin ¢ép depolama sahalarinda depolanmasi,
ikincisi ise tarimda toprak iyilestirici ve giibre olarak kullanilmasidur. ikinci uygulama hakkinda hala iilkemizde ve
diinyada onemli seviyede c¢ekinceler olmakla birlikte 6rnek uygulamalar mevcuttur (Dolu, 2021). Dolayisiyla
camurda biriken farmasotiklerin depolama sahalarinda sizinti sularina gegerek tekrar dongiiye girmesi
kaciilmazdir (Argunvd., 2020; Ates ve Argun, 2021). Bu baglamda, bazi iilkelerde gercek 61¢ekli aritma tesislerine
On oksidasyon ve son oksidasyon islemleri uygulanarak bu maddelerin akibeti arastirilmistir. Yapilan oksidasyon
calismalar: genellikle son yillarda AAT’lerin farkli asamalarina entegre edilmektedir (Altman vd., 2014; Prieto
Rodriguez vd., 2013; Rosal vd., 2010). Antibiyotiklerin ¢evreye yayilimini 6énlemenin ana nedenlerinden biri de
cevrede antibiyotik direncli mikroorganizmalarin olusumunu ve artisini engellemektir (Schuts vd., 2021).

Evsel atiksu aritma tesislerine gelen ham atiksularda bulunan ila¢ etken maddelerin 6nemli bir miktar1 hastane
atiksulardan kaynaklanmaktadir. Diger taraftan, AAT’lerde yapilan g¢alismalarda antibiyotik yiikiiniin bazi
antibiyotikler i¢in oldukca yiiksek olmasi AAT c¢ikis sularinda sucul organizmalar igin risk olusturabilecek
seviyelerde kalabilmektedir (Aydin vd. 2019). Konvansiyonel AAT’ lerde kis ve yaz aylarinda antibiyotik giderim
verimlerinin farklilik gésterdigi tespit edilmistir. Bu baglamda suyun kompleksligi yaninda sicakliginin da bu
kirleticilerin gideriminde 6nemli oldugu séylenebilir. Ornegin Aydin vd. (2019) bir kentsel AAT de kis ve yaz aylari
icin toplam antibiyotik giderimlerini %76 ve %38 olarak belirlemislerdir. Bu durum, kentsel AAT’ye gelen hem
antimikrobiyal mikroorganizmalarin hem de antimikrobiyal madde ytklerinin azaltilmasi i¢in hastane
atiksularinin 6n aritiminin gerekliligini géstermektedir. Cin ve Japonya gibi iilkeler yiiksek oranlarda enterik ve
kanserli hastalik salginlar1 yagamalar1 sonucunda patojenlerin yayilimini dnlemek icin kanalizasyon sistemine
desarj edilmeden 6nce hastane atiksularinin yerinde 6n aritimini benimsemislerdir. Avrupa tilkeleri ise yalnizca
hastane atiksularinin sahip oldugu risk hakkindaki farkindalik nedeniyle aritim yapmaktadirlar.

Hastane atiksularinin yerinde aritimi iizerine basta Avrupa iilkeleri olmak tizere bazi lilkelerde pilot ve gercek
6lcekli calismalar yiiritiilmektedir. Bu ¢calismalarda dogal bazli aritma prosesleri, aktif camur prosesleri (Azar vd.,
2010; Yuan vd., 2013), membran biyoreaktorler (Casas vd. 2015; Karakas vd., 2022; Ooi vd., 2018), cesitli
filtrasyon prosesleri (Ajo vd., 2018), kimyasal aritim (Gupta vd., 2020; Lien vd., 2016) ve ii¢iinciil aritimi da iceren
kombine sistemlerde (Chitnis vd., 2004; Kosma vd., 2010; Kovalova vd., 2013) hastane atiksularinin aritilabilirligi
arastirilmistir. Yapilan bazi pilot ve gercek 6lcekli aritma tesislerinde ozonlama, klorlama ve UV ile dezenfeksiyon
islemi aritmanin son basamagi olarak kullanilmistir. Farmasétiklerin gideriminde ozonlama prosesi UV ve
klorlamaya goére daha etkin olmasina ragmen (Kovalova vd., 2013) ozon ortamdaki diger organik maddelerle de
reaksiyona girdigi icin ilag etken maddelerin gideriminde benzer iustiinlik yiiksek temas siirelerinde elde
edilebilmektedir (Zheng vd., 2017).

Ozon ¢ok yiiksek reaktiflige sahip olmasina ragmen sudaki disiik ¢6ziiniirliigii nedeniyle aritmadaki etkinligi uzun
reaksiyon siirelerine baglidir (Langlais, 1991). Son yillarda 6ne ¢ikan perokson prosesinde ise kullanilan hidrojen
peroksit ozonun ¢o6zlnirligliini artirarak uzun siire ortamda varligini siirdiiren hidroksil radikalleri
olusturmaktadir. Bu sayede perokson prosesi ile refrakter kirleticilerin daha etkin bir sekilde giderilebilecegi
belirtilse de (Horsh vd., 2003) yapilan bazi ¢alismalarda atiksuyun icerdigi matrise gore her iki prosesin
etkinliginin ve avantajinin degisebildigi de ortaya konmustur (Olmez Hanci vd., 2020; Piras vd., 2020).

Bu bilgiler 15181nda, bu ¢alismanin amaci; hastane atiksuyunun hem ozon hem de perokson prosesi ile 6n aritim
boyunca konvansiyonel ve ila¢ etken madde giderim verimliliklerini arastirmaktir.
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2. Materyal ve yontem (Material and method)
2.1. Hastane atiksuyu numune alimi (Sampling of hospital wastewater)

Calismada kullanilan hastane atiksuyu Konya ilinde sehri temsil eden, pek ¢ok béliimiin bulundugu bir liniversite
hastanesinden sabah saatlerinde 2 saatlik kompozit olarak alinmistir. Alinan numunelerin ayni giin klasik
parametre analizleri, asitlendirme islemi yapilarak muhafaza edilen numunelerin ila¢ etken madde analizleri (ham
ve aritilmis numuneler) birkag giin icerisinde yapilmistir.

2.2. ila¢ etken madde ve Klasik parametre analizleri (Pharmaceuticals and conventional parameters
analyses)

1 L mumuneler 0,45 pm siringa filtreler ile siiziilmiistiir. Kati faz ekstraksiyonu (SPE) isleminde HLB kartuslar
kullanilmistir. Ekstraksiyon adimlar: kisaca; kartus 20 ml metanol ve 6 ml su ile sartlandirildi (1), ardindan 1L
numune kartustan gecirildi (2), ardindan kartus 10 ml su ile yikandi (3) ve vakum altinda kurutma islemi 10 ml/dk
hizla kurutulduktan sonra 10 ml metanol ile kartustan solvente analitler elute edildi. Solvent 1 ml ye hafif nitrojen
akisinda deristirilir (4) ve i¢c standart eklenerek HPLC-MS-MS (Agilent, 6460, HPLC seri 1200) cihazinda EPA 1694
(Pharmaceuticals and Personal Care Products in Water, Soil, Sediment, and Biosolids by HPLC/MS/MS) metoduna
gore analiz edilmistir. Numunelerde 8 adet ila¢ etken madde i¢in analizler gergeklestirilmistir. Kalibrasyon egrileri
10-2000 ng/L araliginda cizilmistir. flaclar icin dedeksiyon limiti 10 ng/L dir. HPLC/MS-MS icin mobil faz akis hiz1
ve sicakligi sirasiyla 0,6 ml/dk ve 35 °C idi. Tasiyic1 gaz akis hizi ve sicakligi ise 10 ml/dk ve 325 °C ve enjeksiyon
hacmi 30 pL dir.

KOI ve fosfat gibi klasik Kkirletici analizleri APHA standart metoduna gére (APHA 2005), UV taramalar ise
spektrofotometrik olarak Hach Dr-5000 cihaz ile yapilmistir. pH ve iletkenlik 6l¢iimleri Hach multi HQ40D
cihaziyla élciilmiistiir. BOI analizi ise WTW oxitop cihazi ile kullanic1 el kilavuzuna gére yapilmustir.

2.3. Ozonlama prosesi (Ozonation process)

Calismada kullanilan ozonlama prosesi 13 g/sa kapasitesine sahip bir cihazdir. Ozon prosesinin 6niinde ozon
iretimini artirmak i¢in oksijen konsantratdrii bulunmaktadir. Bu 6n proses ile havanin oksijeni konsantre edilerek
ozon jenaratoriine beslenmektedir. Ardindan ozon jenaratoriinde iki atomlu oksijen molekiilii {i¢ atomlu ozon
gazina dondustiiriilerek 2L lik kapali reaktorlere beslenmektedir. Bu reaktorlerde istenen temas stiresi boyunca
sistemden atilan ozon miktar1 %10’luk potasyum iyodiir ¢ozeltisinde tutularak titrimetrik olarak 6l¢iilmektedir.

2.4. Kimyasallar ve reaktifler (Chemicals and reagents)

Calismada psikiyatrik ila¢ grubundan karbamazepin (CBZ) ve Cbz-diol, karbamazepin 10,11-epoksid, 2-Hidroksi
karbamazepin ve 3-Hidroksi karbamazepin dahil dort metaboliti, sinir uyaricilar grubundan kafein, nikotin ve
nikotinin metabolitlerinden trans-3'-hidroksi kotinin ve N-formilnornikotin dl¢tilmiigtiir.

2.5. Deneysel kosullar (Experimental Conditions)

Deneylerde dncelikle hastane atiksuyunun kimyasal oksijen ihtiyaci (KOI) analizi yapilarak sisteme beslenecek
ozon ve/veya eklenecek H202 miktarlar1 hesaplanmistir. Deneysel ¢alismalarda 6n oksidasyon ¢alismalari yalnizca
03 ve perokson (03/H20>) ile gergeklestirilmistir. Ozonlama deneyleri 0,05, 0,1, 0,25, 0,5, 1,5, 3,0 ve 5,0 mg O3/mg
KOIi oranlarinda, sirasiyla 30 sn, 1dk, 2,5 dk, 5 dk, 15 dk, 30 dk ve 50 dk temas siirelerinde gergeklestirilmistir.
Perokson deneyleri ise 0,1 mg 03+0,2 mg H202/mg KOI, 0,1 mg 03+0,5 mg H202/mg KOI ve 0,1 mg 03+1,0 mg
H202/mg KOI oranlarinda calisilmistir. Perokson deneyleri, atiksuya belirlenen miktarlarda H20: eklendikten
sonra sabit ozon temas siiresinde (1 dk) gerceklestirilmistir. Deneyler oda sicaklifinda ve atiksuyun dogal
pH’sinda gerceklestirilmistir.

3. Deneysel Sonuglar (Experimental Results)

3.1. Konvansiyonel parametrelerin 6n ozonlama prosesi ile giderimleri (Removal of conventional
parameters with pre-ozonation process)

Hastane atiksular1 hem miktar hem de kalite agisindan evsel atiksuya gore onemli seviyede degiskenlik
gostermektedir. Bu baglamda, hastane atiksular1 evsel atiksu ile kiyaslandiginda yiiksek kirlilik ylikiine sahip ve
direngli olarak nitelendirilmektedir (Kosma vd., 2010; Verlicchi vd., 2010). Hastane atiksulari i¢cin kimyasal oksijen
ihtiyaci (KOI) ve toplam kati madde (TKM) konsantrasyonlari sirasiyla 120-500 mg/L ve 150-160 mg/L araliginda
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degistigi belirtilmektedir (Kumari ve ark. 2020). Ancak, literatiirdeki pek ¢ok ¢alisma goz oniine alindiginda,
sunulan deger araliklari olduk¢a degiskendir (Cizelge 1). Numune alma sekli, hastane icerisinde bulunan béliimler,
hastanenin biyiikliigii vb. sartlar ve durumlar atiksu karakterizasyonu degiskenligini etkileyen faktoérlerdir.
Hastane atiksularinin tilkeden tilkeye karakterizasyonu farklilik géstermekle birlikte KOI konsantrasyonu Asya
kitasindakine benzer olarak (590 mg/L) (Majumder vd., 2021) Tiirkiye'de ortalama 418+167 mg/L (Génder vd.,
2021) olarak belirlenmistir. Bu calismada ise KOI degeri ortalama 767,1+232 mg/L ile daha yiiksek
konsantrasyonda tespit edilmistir (Tablo 1). pH degeri hastane atiksularinda oldukg¢a genis araliklarda
seyretmektedir (5,1-10,4), bunun nedeni yogun dezenfektan kullanimi ile iliskilendirilmektedir. Bu ¢alismada da
hastane atiksularinin pH degerleri 6,8 ile 8,9 araliginda dl¢iilmiistiir.

Sadece ozonlama uygulanan deneysel ¢alismada 0,05 ve 0,5 mg 03/mg KOl oranlarinda KOl igin giderim verimliligi
onemsenmeyecek seviyelerde iken mg KOI basina beslenen ozon miktar stokiyometrik degerin iizerinde oldugu
durumda %50 seviyelerine ulasmistir (Tablo 2). Ham atiksu icin BOI degeri 560 mg/L iken 1,5 mg 03/mg KO asan
calisma sartlarinda 108 mg/L seviyesine kadar diismiistiir. Diger taraftan, giris BOI/KOI oran1 0,41 iken aritma
cikislarinda 0,20 degerine dismiistiir. Bu ozonlama prosesiyle hastane atiksuyundaki daha kolay par¢alanan
organik maddeleri hizla parcaladigini géstermektedir. Diger taraftan fosfat konsantrasyonlari ozon miktari
arttikca atiksuda artis gostermistir. Bu durum organik fosfat ve polifosfatlarin oksidasyon siiresince orta
fosfotlara doniistimii ile iliskilendirilebilir (Gonzalez, 2021). Azot giderimin ac¢isindan degerlendirildiginde yine
diisiik dozlarda azot giderimi oldukca diisiik iken yiiksek ozon dozunda %44 e ulasmistir (Tablo 2).

Calismada UV goriiniir bolge spektrometresi analizlerinde ozonlama sonrasinda hemen hemen tiim calisma
kosullarinda dalga boyu tarama egrilerinde hastane atiksuyuna kiyasla artis goriilmektedir. Gortniir bolge
spektrumlarinda sogurma degerlerini etkileyen bazi faktorler bagh gruplarin etkisi, konjugasyon etkisi, izomeri
etkisi olarak siralanabilir. Bu baglamda oksidasyon esnasinda kirleticilerin yapilarinda bu etkilerin bir veya
birkacinin meydana gelmis oldugu diisiiniilmektedir (Ogava vd. 2020). Bu kapsamda 03/H202 deneylerinde artan
ozon ve hidrojen peroksit dozuyla spektrumlarin absorbans degerlerinin artis gosterdigi gortlmektedir (Sekil 1a).
Sadece ozonlama yapilan deneylerde ise 0,05-0,25 mg 03/mg KOI sartlarinda artis gézlemlenirken 0,5 mg 03/mg
KOI deneylerinde diigiis goriilse de absorbans degerleri hala hastane atiksu absorbans degerlerinin iizerinde
seyretmektedir. Ayrica stokiyometrik oranin iistiindeki deneysel kosullarda UV spektrumlari belirgin sekilde
diists egilimi gostermistir (Sekil 1b, Sekil 1¢). Bu baglamda renk giderimini gésteren UVszs ve UVez20 absorbans
degerleri referans alinarak hesaplanan renk giderim verimlilikleri en yiiksek ozon dozu icin %72 olarak
belirlenmistir.

Tablo 1. Hastane atiksuyu klasik kirletici karekterizasyonu (Conventional parameters characterization of hospital

wastewaters)
Coziinmis
KOI organik BOIi Azot tiirleri Fosfat pH Kaynak
karbon
Ferre-Aracil vd.,
256 mg O3/L 8.89 2016
NH4 * <6 ugN/L,NO, 1
5,1 mgC/L ugN/ L, NO; 4.2 ugN/L 8.5 Lee vd, 2014
NO3 -N=1.3 mg/L Chen Lin vd.,
18 mg/L 8,2 2015
448 mg/L 140 mg/L 8.6 Souzavd., 2018
677 mg O3/L 7 Khan vd.,, 2022
Hansen vd,,
6-20 mg/L 59 2016
420 mg/L N03__N= 6.7 mg/L 13.9 mg/L 7 Souza vd., 2022
807+25 mg/L 387+197 8,1 Arslan vd., 2014
48-277,5 mg/L 20-55 mg/L TN: 10,1 - 23,7 mg/L 6,2-7,1 Wen vd, 2004
TP: 4,8-13,4 Arvaniti vd.,
490-1042 mg/L 220-410 mg/L TN: 69-289 mg/L me/L 7,4-9,0 2023
3,97-8,86
332,8-1344,0 mg/L 100-560 mg/L TN: 68 mg/L me/L. 6,8-8,9 Bu ¢alisma
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Tablo 2. Ozonlamanin klasik parametre giderimleri lizerine etkisi (The effects on conventional parameters removal of

ozonation)
03/KOI orani KOI BOIi (mg/L) | Fosfat (PO4-P | Toplam | Iletkenlik
giderimi mg/L) azot (us/cm)
(%) (mg/L)
0,05 <10 - 7,34 62,2 6,26
0,1 <10 - 6,39 62,6 6,16
0,25 <10 - 6,19 49,6 6,26
0,5 <10 - 6,07 64,2 6,31
1,5 48 148 17,26 50,0 5,54
3,0 50 108 9,15 38,2 5,55
5,0 50 126 13,92 53,8 5,61
0.9 a 1,2 b
0,8
1
0,7
2 P
< 0,6 g 0,8
Lo f
20 206
2
<04 =
0,3 0,4
0,2 0,2
0,1
0
0 0 200 400 600 800
0 200 400 600 800

Dalgaboyu
Dalga Boyu

0.05 Ozon/COD
0,25 Ozon/COD

Hastane atiksuyu
Hastane atiksuyu 0.103 +1 H202 0.1 0zon/COD
0.1 03 + 0.5 H202 0.1 03 + 0.2 H202 0,5 0zon/COD

0,8
0,7
0,6
0,5

0,4

Absorbans

0,3
0,2

0,1

0 200 400 600 800
Dalga boyu

1,5 03/KOi

Hastane atiksuyu

3,0 03/KOi

5,0 03/KOi

Sekil 1. Hastane atiksuyu ve aritilmis numuneler i¢in UV spektrumlar1 (UV spectrum for hospital wastewater and treated
samples

3.1. ilaglarin 6n ozonlama prosesi ile giderimleri (Removal of pharmaceuticals with pre-ozonation
process)

Hastane atiksularinda tespit edilen baslica ila¢ etken maddeler; antibiyotikler ve psikiyatrik ilaglardir ve
konsantrasyonlari1 1,0 mg/L yi asmaktadir (Pariente vd., 2022). Hastane atiksularinin aritiminda diinya ¢apinda
yapilan ¢alismalarin pek cogunda, membran biyoreaktor sistemlerinin yaygin olarak kullanildig: goriilmektedir
(Nguyen vd., 2017, Chiarello vd., 2016, Prasertkulsak vd., 2016). Ancak yapilan ¢alismalarda, bu sistemin ilaglarin
6nemli bir kisminin gideriminde basarili olmasina karsin 6zellikle psikiyatrik ve direngli antibiyotikler icin etkili
olmadig1 bildirilmektedir (Lee vd. 2014). Diger taraftan ozonlama ile bu ilaclarin etkili sekilde giderildigi
belirtilmektedir. Bu kapsamda literatiirde tek basina ozonlama ve ozonlama odakli oksidasyon prosesleri ile
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aritimin yani sira birlesik aritim icinde ozonlamanin aritma etkinligini artirma iizerine ¢alismalar bulunmaktadir.
Ornegin; Khan ve digerleri (2020) yaptiklari calismada CBZ’nin ozon ve perokson (03/H202) ile gideriminin 10
dakika temas siiresi sonunda sirasiyla >%80 ve >%85 oldugunu bildirmislerdir. Calismada sisteme verilen ozon
1,0-7,0 mg/L-dk ve H202 2,5 mg/L (% 35 lik) olarak belirtilmistir.

Bu calismada ise ozonlama kapasitesi daha yiiksek oldugundan ¢ok daha kisa reaksiyon siirelerinde ¢alisma
tamamlanmistir. Bu baglamda psikiyatri grubu ilaglardan CBZ atiksuda 1652 ng/L olarak tespit edilmis ve
ozonlama prosesinde stokiyometrik oranin altindaki ozon dozlarinda dahi azimsanmayacak seviyelerde giderim
gozlemlenmistir (Tablo 3, Sekil 2). Oyleki 0,25 mg 03/mg KOI oraninda dahi CBZ konsantrasyonu tespit limit
degerinin (5 ng/L) altinda kalmistir ve bu degere gore hesaplanan giderim verimliligi %99,7 olarak
hesaplanmigtir. Diger taraftan perokson prosesinde benzer olarak mg KOI basina atiksuya beslenen O3 sabit
tutularak (0,1 mg 03/mg KOI) degisen oranlarda H20: ilavesi yapilmistir. Bu ¢alismanin amaglarindan bir digeri
perokson prosesinin etkinligini belirlemek oldugundan ozonlama prosesi i¢in elde edilen giderim verimlilikleri
dikkate alinarak ozon miktar1 0,1 mg 03/mg KOI olarak belirlenmistir. Elde edilen sonuglara gére H20: ilavesi
yaklasik %20 oraninda ilave bir giderim saglamis olmakla birlikte hidrojen peroksit artisiyla giderim
verimliliginin artis1 dogrusal olmamistir (Tablo 3, Sekil 2). Bunun nedeni hidroksil radikallerinin secici olmamasi
nedeniyle yliksek organik kirlilige sahip hastane atiksuyundaki diger kirleticiler ile de reaksiyona girmesi ile
iliskilendirilmektedir. Benzer sonugclar Khan vd. (2020) yaptif1 ¢calismada da gézlemlenmistir. Kisa reaksiyon
stirelerinde dahi ozonlama prosesi perokson prosesine gore ilaclarin gideriminde daha etkili giderim saglamistir.
pH, ozonun suda ¢dziiniirliigii, 6nemli enerji tiiketimi ve gesitli faktorlere duyarliligi gibi faktorler perokson
isleminin verimliligini dnemli 6l¢lide sinirlamaktadir (Piras vd., 2020).

insan viicudundan kullanilan CBZ'nin yaklasik %13'liniin degismeden diski ve idrar yoluyla atildigim
bildirilmektedir (Nkoom vd., 2019). Bu bilesigin biyopargalanmaya kars1 (0,005-0,389 L/gMLSS giin) oldukca
direngli oldugu bildirilmektedir (Tran ve ark., 2018). Diger taraftan evsel atiksularda CBZ'nin yanisira yiiksek
konsantrasyonlarda ve siklikla tespit edilen 4 metabolitinin hastane atiksularinda 6l¢iim degerinin altinda kaldig1
goriilmektedir. Ozellikle CBZ-dioliin evsel atiksularda CBZ bilesiginden 5-10 kat daha yiiksek konsantrasyonlarda
bulundugu belirtilmektedir. Diger taraftan CBZ-dioliin CBZ'nin insan viicudunda olusan dnemli bir metaboliti
oldugu bildirilmektedir (Ekpeghere ve ark., 2018). Bu ¢calismada elde edilen sonuclar, evde tedavi i¢in de kullanilan
bu ilacin kanalizasyon alt yapisinda evsel atiksu aritma tesisine ulasana kadarki mikrobiyal déniisiimiinden
kaynaklanabilecegini de diisiindiirmektedir. Oyle ki, hastanelerde hastanin digkilamasi ve kanalizasyon
sisteminde kalma siiresi dikkate alindiginda evsel atiksulara nispeten oldukea kisa siirelere sahiptir. Ayni ilag
grubuna sahip PRM evsel atiksularda 100-420 ng/L (Wick vd., 2009, Ryu vd., 2014) aralifinda tespit edilirken bu
¢alismada kullanilan hastane atiksuyunda tespit limitinin altinda kalmistir. Bu da s6z konusu ilacin yatan hasta
tedavilerinden ziyade evde tedavi i¢in kullanildigini géstermektedir.

Sinir uyaricilar grubundan NCT ve iki metaboliti tespit limitinin altinda kalirken CAF 949,7ug/L ile oldukea yliksek
konsantrasyonda tespit edilmistir. Arvaniti vd. (2023) hastane atiksularinda 220 6ncelikli kirleticinin varligini
arastirdiklar1 calismalarinda sigara ve kahve kokenli kafein ve nikotinin nispeten yiiksek konsantrasyonlarda
tespit ettiklerini bildirmislerdir ve CAF ve NCT konsantrasyonlar1 sirasiyla 193 pg/L ve 162 pg/L olarak tespit
edilmistir. Benzer olarak baska bir ¢alismada CAF hastane atiksuyunda 11,27-83,21 pg/L aralifinda tespit
edilmistir (Gomez vd., 2007).

Ozonlama prosesinde CAF giderimi 0,5 mg 03/mg KOI oraninda %50 seviyelerinde giderilirken 1,0 mg 03/mg KOi
ve lizerindeki oranlarda giderim >%99,9 olarak belirlenmistir. Perokson ile oksidasyon ¢alismalarinda ise giderim
verimlili§i 6nemli seviyelerde artis gdstermemistir. 0,1 mg O3/mg KOI oraninda bile %9,4 olan CAF giderim
verimliligi, 0,1 mg 03+0,2 H202/mg KOI sartlarinda %13,3 olarak belirlenmistir. Diger taraftan biyolojik aritimda
oldukga kolay giderilebilen CAF bilesiginin (Zhou vd., 2010b) ozonlama prosesinde biyolojik aritima kars1 olduk¢a
direngli olan CBZ’ye kiyasla daha diistik ozon dozlarinda giderildigi g6zlemlenmistir. Sentetik ¢ézeltisinden CAF’'1n
ozonlama prosesiyle degradasyonunun arastirildigi bir calismada ilk 15 saniyelik reaksiyon periyodunda
parcalanmanin dzellikle hizli oldugu, ardindan ¢ok daha yavas bir oranda azaldig1 belirtilmistir. Bu hiz sabitindeki
azalma hiz kontroliinii saglayan bir ara tirtiniin varhigi ile iliskilendirilmistir (Rosal vd., 2009).
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Sekil 2. CAF (ug/L) ve CBZ (ng/L) bilesiklerinin ozonlama ve perokson proseslerinde giderim verimlilikleri (Removal
efficiencies of CAF and CBZ in ozonation and peroxon processes)

Tablo 3. incelenen psikiyatrik ilaglar ve sinir uyaricilarin ham hastane atiksuyunda ve aritilmis numunelerdeki
konsantrasyonlari (Occurrence concentrations of investigated psychiatric drugs and nerve stimulants in raw hospital
wastewater and treated wastewater)

ila HA 0,05 01 0,25 0,5 15 3,0 50 | 0,10:+0,2 | 0,10:+0,5 | 0,103+1,0
¢ 03/KOI | 03/KOi | 03/KOi | 03/KOI | 0s/KOI | 03/KOi | 0s/KOIi H202 H202 H»0:
CBZ 1652 1400 1165 <5 <5 <5 <5 <5 824 759 824
CBZ-diol <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
CBZ10,11- <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
epoxide
2-Hidroksi CBZ <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
3-Hidroksi CBZ <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
PRM <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
NCT <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Trans-3'-
Hidroksi COT <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
F-NCT <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
CAF 949,7 | 921,2 860,8 768,7 470,1 <5 <5 <5 823,7 850,4 872,8

5. Sonug¢ ve Tartisma (Result and Discussion)

Genellikle ileri oksidasyon proseslerinde kimyasal ihtiyaci, maliyet gibi kisitlayicilar géz 6niinde bulundurularak,
pilot veya tam o6lc¢ekli aritma tesislerinde bu prosesler aritma siirecine dahil edilmemektedir. Ancak bu durum
yuksek yiike sahip atik suyu aritmak i¢in proseslerin dlgcegini biiyiitmeyi zorunlu hale getirebilmektedir. Diger
taraftan; ¢cevrede uzun siire kalici olan organiklerin yayilimini azaltmak i¢in kaynaginda aritma uygulamalari
onemlidir. Bu kapsamda; bu ¢alismada 6nemli seviyelerde ila¢ etken madde yiikiine sahip hastane atiksuyunun
ozonlama ve perokson proseslerindeki akibetleri degerlendirilmistir. Elde edilen sonuglara gére uzun ozonlama
dozlari ile KOI giderim verimliligi %50 seviyelerine ulagilirken, incelenen ilaglarin diisiik ozon dozlarinda dahi
oldukca yiiksek (>%99) seviyelerde giderilmistir. Perokson prosesinin ise ozonlama prosesine kiyasla daha az
etkili oldugu ancak aritma verimliligine katki sagladig1 gézlemlenmistir. Bu baglamda hastane atiksularinin
kanalizasyon alt yapisina desarj edilmeden 6n oksidasyonu ile ila¢ yiikiiniin 6nemli bir kisminin azaltilabilecegi
goriilmektedir. ilaveten, ilag etken maddelerin son yillarda gittikce 6énem kazanan antimikrobiyal direngli
mikroorganizma olusumuna ciddi bir katki sundugu g6z 6ntine alinirsa hastane atiksularinin kaynaginda aritimi
gittikce 6nem kazanan bir konu haline gelmektedir.
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Kumas yikama proseslerinde genellikle sulu sistem ve ¢ozgen sistem olmak tizere iki
yontem kullanilmaktadir. Bu ¢alismada kumas yikama proseslerinde kullanilan sulu ve
¢ozgen sistemler Ekonomik ve Capraz Medya Etkiler Referans Dokiimaninda sunulan
metodolojiden faydalanilarak analiz edilmistir. Kumas yikama sistemleri ¢apraz medya
metodolojisine gore bes farkl ¢cevresel temada karsilastirilmistir. Sulu sistemin ¢ézgen
sisteme gore beseri toksisite potansiyeli (BTP), kiiresel 1simma potansiyeli (KIP),
asidifikasyon potansiyeli (AP) ve fotokimyasal ozon olusturma potansiyeli (FOOP)
degerlerinde sirasiyla 1,24,1,22,1,24 ve 1,23 kat daha fazla ¢evresel etkiye neden oldugu
goriilmistir. Akuatik toksisite potansiyeli (ATP) agisindan ¢ézgen sistemin %100 daha
diisiik cevresel etkiye sahip olabilecegi hesaplanmistir. Maliyetleme metodolojisine gore
ekonomik agidan degerlendirilen sulu ve ¢ozgen sistemin toplam yillik maliyetleri
sirasiyla 0,34 ve 0,29 USD/kg iiriin olarak bulunmustur. Maliyetleme metodolojisinden
elde edilen sonuglar ¢dzgen sistemin %17 daha verimli oldugunu gostermistir. C6zgen
sistemin net bugiinkii deger hesabinda, indirgeme oranmin %20 oldugu varsayilmistir.
Buna gore sistemin net bugiinkii degeri 10.531 USD, yatirimin i¢ verim orani ise %26
olarak bulunmustur.

ECONOMIC AND CROSS-MEDIA IMPACT ANALYSIS OF FULLY CLOSED
ORGANIC SOLVENT AND AQUEOUS FABRIC WASHING SYSTEMS

Keywords

Abstract

Aqueous System,

Cross Media Effect Analysis,
Economics Analysis,
Solvent System,

Textile.

Two methods are generally used in fabric washing processes, namely the aqueous
system and the solvent system. In this study, the aqueous and solvent systems used in
fabric washing were analyzed using the methodology presented in the Economic and
Cross-Media Effects Reference Document. Alternative fabric washing systems were
compared in five different environmental themes according to the cross-media
methodology and it was found that the aqueous system caused 1.24, 1.22, 1.24, and 1.23
times more environmental impact than the solvent system in terms of human toxicity
(HTP), global warming (GWP), acidification (AP), and photochemical ozone creation
potentials (POCP) values, respectively. In addition, it was calculated that the solvent
system could have almost 100% lower environmental impact in terms of aquatic toxicity
potential (ATP) value. The total annual costs of the aqueous and the solvent systems,
which were evaluated economically according to the costing methodology, were found
to be 0.34 and 0.29 USD/kg product, respectively. The results from the costing
methodology showed that the solvent system was 17% more efficient. In the net present
value calculation of the solvent system, the reduction ratio was assumed to be 20%.
Accordingly, the total net present value of the system was found to be 10,531 USD and
the internal rate of return on the investment was found as 26%.
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Highlights

e Aqueous and organic solvent systems used in textile fabric washing were compared according to the
Economic and Cross-Media Effects (ECM) Reference Document

e Theaqueous system caused 1.24, 1.22, 1.24, and 1.23 times more environmental impact than the solvent
system in human toxicity (HTP), global warming (GWP), acidification (AP), and photochemical ozone
creation potentials (POCP) values, respectively and the solvent system could have almost 100% lower
environmental impact in terms of aquatic toxicity potential (ATP) value

e The costing methodology showed that the solvent system is 17% more efficient than the aqueous system

Purpose and Scope

The main purpose of this study was to analyze both fabric washing systems from economic and environmental
aspects and to present a practical application of the methodology presented in the ECM BREF Document.

Design/methodology/approach

The ECM Reference Document presents a methodology in terms of different environmental themes and
economics for evaluating and/or comparing BAT alternatives. The main environmental themes evaluated within
the ECM Reference Document are HTP, ATP, GWP, AP, eutrophication potential (EP), ozone layer depletion
potential (ODP), and POCP. The presented economic analysis methodology involves the real prices, total annual
costs, net present values (NPV), and internal rate of return (IRR) of alternative BAT options.

Findings

HTP, ATP, GWP, AP, EP, and POCP values of the aqueous system were found to be 5.56x10-* kg Pb eq., 9x103 m3,
1.32 kg CO2 eq., 7.90x10-3 kg SOz eq., 1.98x10-! kg PO4 eq., 1.27x10-3 kg C:H4 eq., respectively. Also, HTP, ATP,
GWP, AP, and POCP values of the solvent system were found to be 4.49x10-* kg Pb eq., 1.09x10-> m3, 1.08 kg CO:
eq. 6.39x10-3 kg SOz eq., 1.04x10-3 kg C2H4 eq., respectively. Cross-media effects results showed that the solvent
system was more efficient than the aqueous system in each environmental theme. The total annual costs of the
aqueous and the solvent systems were found to be 0.34 and 0.29 USD/kg product, respectively. The costing
methodology showed that the solvent system is 17% more efficient than the aqueous system. Thus, in terms of
both environmental and economic aspects, the solvent system should be preferred over the aqueous system.

Originality

This paper contributes to the decision-making process for BATs as a practical application of the ECM Reference
Document. It will serve as a guide to the practical application of ECM analysis for decision-makers, facilities and
other researchers.
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1. Giris (Introduction)

Entegre Kirlilik Onleme ve Kontrolii Direktifi (Integrated Pollution Prevention and Control-IPPC), endiistriyel
tesislerden kaynaklanan kirliligin dogrudan kaynaginda 6nlenerek ve/veya azaltilarak yiiksek diizeyde bir ¢evre
korunmasinin saglanmasi amaciyla 1996 wyilinda yayimlanmistir (Dogan, 2008). IPPC Direktifi temelde,
Avrupa’daki endiistriyel kaynakli zararli emisyonlarin, yeterli bir ¢cevre koruma diizeyine indirilmesi mevcut en
iyi tekniklerin (MET) uygulanmasi ile saglamaktadir (Cikankowitz ve Laforest, 2013). MET’ler, genel olarak
alternatif tekniklerin saglayacagi cevresel faydalarin ve ekonomik degerlendirmenin ardindan belirlenen teknikler
olarak tanimlanmaktadir. IPPC Direktifinin Ek 1'i kapsamindaki tesislerin, isletme izni alabilmeleri ve/veya
cevresel performanslarini optimize edebilmeleri amaciyla isletmeye uygun MET’leri uygulayarak belirtilen
yiikiimliiliikleri yerine getirmeleri gerekmektedir (CSIDB, 2023). Ancak, bu yiikiimliiliikler yedi ayr1 direktife
dayanmakta oldugu i¢in isletmeler agisindan zorluk olusturmaktadir (Demirel, 2019). Bu nedenle IPPC direktifinin
yerini, MET’lerin roliinii genisleten ve giiclendiren Endiistriyel Emisyonlar Direktifi (Industrial Emission
Directive-IED) almistir (Evrard vd., 2016). Avrupa Komisyonu IPPC Biirosu tarafindan, IPPC-IED Direktifi'nin ve
MET’lerin endiistriyel tesislere uyumunu Kkolaylastirmak adina cesitli sektorel referans dokiimanlar (BREF)
yaymmlanmistir (Forés vd., 2013; Oztiirk vd., 2016). 2006 yilinda yayimlanan Ekonomik ve Capraz Medya Etkiler
(ECM) Referans Dokiimani da bu dokiimanlardan birini olusturmaktadir. ECM Dokiimani ile MET lerin gerek
cevresel gerekse ekonomik sonuclar1 degerlendirilmekte ve boylece endiistriyel tesisler 6zelinde MET lere karar
verme siirecinin kolaylastirilmasi hedeflenmektedir (EC, 2006). ECM Referans Dokiimani temel olarak; (i) capraz
medya, (ii) maliyetleme, (iii) alternatiflerin degerlendirilmesi ve (iv) sektordeki ekonomik uygulanabilirlik olmak
lizere dort temel metodolojiden olusmaktadir (EC, 2006). ECM Referans Dokiimaninda ¢evresel etkiler, beseri
toksisite potansiyeli (BTP), akuatik toksisite potansiyeli (ATP), kiiresel 1sinma potansiyeli (KIP), asidifikasyon
potansiyeli (AP), dtrofikasyon potansiyeli (OP), ozon tabakas! incelme potansiyeli (OTiP) ve fotokimyasal ozon
olusturma potansiyeli (FOOP) olmak tizere yedi farkli temada degerlendirilmektedir (Cakir vd., 2020).

Kumas yikama proseslerinde genellikle sulu sistem ve ¢6zgen sistem olmak tizere iki yontem kullanilmaktadir (EC,
2003). Organik ¢ozgenler, kumas yikama proseslerindeki teknik ve kalitatif problemlerin ¢éziimiinde suya gore
daha avantajhidir. IPPC Tekstil BREF’inde, ¢ozgen sistemlerde yaygin olarak kullanilan perkloroetilenin (PER),
0zgiil 1s1s1nin, buharlagma gizli 1sisinin ve yiizey geriliminin sudan daha diisiik oldugu belirtilmektedir. Ayrica,
buharlasma i¢in gerekli 1sinin da %90 daha az oldugu belirtilmektedir. Tiim bunlar ¢dzgen sistemlerin kurutma
sirasinda hizli ve ucuz buharlasma ile zaman ve enerjiden tasarruf sagladigini gosterirken; liflere de daha hizli
tutunmasini ve niifus etmesini saglamaktadir (EC, 2003). Ote yandan ¢ozgen sistemlerdeki PER kullaniminin
insanlar ve ¢evre lizerinde 6nemli problemlere neden olabilecegi de bildirilmektedir (EC, 2003).

Bu ¢alismada, kumas yikama proseslerinde kullanilan sulu ve ¢dzgen sistemlerin ECM Referans Dokiimaninda
sunulan metodoloji esas alinarak ekonomik ve cevresel agilardan analiz edilmesi ve karsilastirilmasi
amaclanmistir. Bu kapsamda ECM Referans Dokiimaninda sunulan ¢apraz medya metodolojisine gore ilk olarak
¢alismanin sistem sinirlari belirlenmistir. Ardindan, kumas yikama sistemlerinin cevresel etkileri; BTP, ATP, KIP,
AP, OP, OTIP ve FOOP olmak iizere yedi farkli ¢evresel temada karsilastirilmistir. ECM dokiimaninda sunulan
maliyetleme metodolojisine gore her iki sistemin toplam yillik maliyetleri hesaplanarak, net bugiinkii deger (NBD)
ve ic verim orani (IVO) belirlenmistir. Bu calismada incelenen kumas yikama sistemleri ekonomik ve capraz medya
etkiler agisindan yazarlarin bilgi birikimine gore ilk kez bu detayda analiz edilmistir. Bu yoniiyle ¢alisma 6zgiin
degere sahiptir. Ayrica bu calisma ECM Referans Dokiimaninin pratik bir uygulamasi olarak MET lere iliskin karar
verme silirecine katkida bulunmaktadir. Bu ¢alisma, temiz tliretim uygulamalarindaki MET'lere karar verme
stireclerinde karar vericilere ve diger arastirmacilara ECM analizinin pratik uygulamasini sunmaktadir.

2. Materyal ve Yontem (Material and Method)
2.1. Capraz Medya Etkilerin Hesaplanmasi (Calculation of Cross-Media Effects)

ECM Referans Dokiimaninda potansiyel ¢cevresel etkiler temelde yedi farkli cevresel temada (BTP, KIP, ATP, AP,
OP, OTIP ve FOOP) degerlendirilmektedir (Cakir vd., 2020). Bu ¢evresel temalar, kirleticilerin neden olma olasilig
en ylksek cevresel etkilere dayanmaktadir. Ayrica, degerlendirilen alternatif seceneklerin kendi 6zelinde neden
olabilecegi spesifik bir ¢evresel tema bulunmasi durumunda, ilgili cevresel tema da degerlendirmeye
katilabilmektedir. Boylece hem farkli kirleticilerin birbirleriyle karsilastirilmasi hem de kirleticilerin bir araya
getirilerek toplam ¢evresel etki olarak ifade edilmesi saglanmaktadir (EC, 2006). Kimyasallara maruz kalmanin
dogrudan soluma yoluyla gerceklestigi varsayillan BTP’de is¢ileri bu maruziyet riskinden korumak yiiksek
onceliklidir (McKone ve Hertwich, 2001; EC, 2006).
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ECM Referans Dokiimanina goére BTP, kg kursun (Pb) esdegeri olarak ifade edilmektedir (EC, 006). KIP ise, belirli
bir sera gazindan kaynaklanan kiiresel 1sinma etkisini, bir kg COz2'in (toplam sera gazi emisyonlarinin yaklasik
%75’ini CO2 olusturmaktadir) etkisine kiyasla tahmin etmektedir (Lameh, 2022; USEPA, 2022). ECM Referans
Dokiimanina gore KIP, kg COz esdegeri olarak ifade edilmektedir (EC, 2006). Sucul ortamlara yapilan desarjlarin,
toksisite esik degerine ulasana kadar seyreltilmesi i¢in gerekli su hacmi ATP ile elde edilmektedir. ECM Referans
Dokiimanina gére ATP, m3 olarak ifade edilmektedir (EC, 2006). Genellikle kiikiirt dioksit (SO2), amonyak (NH3)
ve azot oksitler (NOx) gibi antropojenik hava kirleticilerin neden oldugu ¢evresel etkiyi hesaplayan AP, kg SO:
esdegeri olarak ifade edilmektedir (EC, 2006; Kim ve Chae, 2016). OP ile, besi elementlerinin (N, P vb.)
artmasindan kaynakli tath su ve deniz ekosistemlerinde meydana gelen ¢cevresel etki hesaplanmaktadir (EC, 2006;
Morelli vd., 2018). ECM Referans Dokiimanina gére OP, kg fosfat (P043-) esdegeri olarak ifade edilmektedir (EC,
2006). CFC-11 esdegeri olarak ifade edilen OTIP ile belirli bir zaman periyodu boyunca (genellikle 100 yillik) ozon
tabakasi tizerindeki yikici etkiler hesaplanmaktadir (Jungbluth, 2020). FOOP ile atmosfere salinan ¢esitli ugucu
organik bilesiklerin (UOB) genel etkisi tanimlanmaktadir (Forster vd., 2007). Etilen (C2H4), tiim UOB'lerin en gii¢lii
ozon dnciilerinden biridir (DEPA, 2022). Bu nedenle FOOP, kg C2Hs esdegeri olarak ifade edilmektedir (EC, 2006).

BTP ve ATP degerlerinin hesaplanmasinda emisyon kiitlesi, ilgili emisyonun toksisite faktoriine boéliinerek
emisyonu giivenli seviyelere indirgenmesi icin gerekli olan hava veya su hacmi elde edilmektedir. KIP, AP, OP, OTiP
ve FOOP degerlerinin hesaplanmasinda ise emisyonun kiitlesi ile ilgili emisyonun ¢arpim faktorii kullanilmaktadir.
Boylece emisyonlar esdeger bir referans maddeye donistiiriilmektedir (EC, 2006). Cevresel temalarin
hesaplanmasi1 kapsaminda varsayimsal bir toplam olusturmak amaciyla kullanilan formiiller asagida
sunulmaktadir. Kirleticilerin ilgili cevresel temalardaki toksisite faktérleri, ECM Referans Dokiimaninin eklerinde
(ECM Referans Dokiimaninin; Ek 1’inde BTP, Ek 2’sinde KIP, Ek 3’iinde PNEC, Ek 4’iinde AP, Ek 5’inde OP, Ek
6’sinda OTIP, Ek 7’sinde FOOP faktérleri ve Ek 14’iinde ADP faktérleri) sunulmaktadir.

BTRoptam) = 2 (Ritesinn beyers ossite faiord) .
. g
KIP¢opiam) = Z(KIP(kirletici) x Salinan kirleticinin kiitlesi) 3
APoplam) = Z(AP(kirletid) x Salinan kirleticinin kiitlesi) (4)
OPtoplam) =  2(OPqirleticiy X Salinan kirleticinin kiitlesi) (5)
OTIPoptam) = 2 (OTIPkirieticiy X Salinan kirleticinin kiitlesi) (6)
FOOPoplam) = Z(FOOP(kirletici) x Salinan kirleticinin kiitlesi) (7)

ECM Referans Dokiimaninda ¢evresel etkilerin yorumlanmasina yonelik “basit karsilastirma” ve “Avrupa
toplamlarina gore normalizasyon” olmak {lizere iki yontem sunulmaktadir. Pratik ve kolay bir yontem olan basit
karsilastirma yontemine gore her bir alternatif secenek 6nem derecesine gore siralanmakta ve boylece
karsilastirmanin genel goriintiisii verilmektedir. Ancak, basit karsilastirma yontemi cevresel etkilerin boyutu
hakkinda bilgi vermemektedir (EC, 2006). Cevresel etkilerin boyutu ise Avrupa toplamlarina gére normalizasyon
yontemi ile belirlenmektedir (EC, 2006). Yasam dongiisii degerlendirmesindeki “katki analizi” adimina benzeyen
bu yontemde alternatif seceneklerin ¢cevresel etkileri, ortak bir referans degere gére normallestirilmektedir. Ortak
referans deger ise alternatif secenegin belirli bir toplam Avrupa yiikiine yapacag: katki olarak ifade edilmektedir
(EC, 2006).

2.2. Maliyetleme Metodolojisi (Costing Methodology)

Alternatif seceneklerin maliyet analizi, ECM Referans Dokiimaninda sunulan maliyetleme metodolojisi esas
alinarak hesaplanmistir. Bu metodolojiye gore maliyet analizi kapsaminda “reel fiyatlarin” kullanilmasi
onerilmektedir (EC, 2006). Bu c¢alismada, farkli yillar i¢in sunulan maliyet verileri, ilgili fiyat endeksleri
kullanilarak 2021 reel fiyatlarina doniistiiriilmiistiir (Esitlik 8 ve Esitlik 9). Toplam yillik maliyetler ise Esitlik 10
kullanilarak hesaplanmistir.

Analizin baz yil1 i¢in sunulan fiyat endeksi (8)

Fiyat ayarlayici =

Taslak maliyet verisinin ait oldugu y1l i¢in sunulan fiyat endeksi
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Doniistiiriilmiis maliyet verileri = Orijinal maliyet verileri x Fiyat ayarlayict  (9)

Toplam yillik maliyet = C, [%] + 0C (10)

Buradaki; Co malzemenin baz yildaki maliyetini, r dénemlik faiz oranini, n malzemenin yillar icindeki 6mriinii ve
0OC ise toplam isletme ve bakim maliyetini ifade etmektedir.

Tiirkiye istatistik Kurumu (TUIK) verilerine gore, 2021 yil i¢in ortalama yillik faiz oran1 %20 (TUIK, 202 3) kabul
edilmistir. Ayrica alternatif MET sec¢enekleri icin ortalama birim maliyetler de (Esitlik 11) hesaplanmistir.

Toplam yillik maliyet (11)

Ortalama birim maliyet = ————
Uretim miktar:

Alternatif MET seceneklerinin karsilastirilmasinda, ihtiya¢ duyulan yatirimin degerini hesaplamak i¢cin NBD
yontemi (Esitlik 12) kullamlarak IVO da hesaplanmistir (Cakir vd. 2020). Esitlik 13’te goriildiigii gibi VO,
alternatif segceneklerden elde edilen tiim nakit akislarinin, NBD degerinin sifira esit oldugu faiz orani olarak kabul
edilmektedir (Ibrahim vd., 2017).

NBD = —(Yatirim harcamalar1) + )7 %} 12)
= =_ n |Wet gelir)y 13
0 = NBD = —(Yatirim harcamalar1) + Y7, Vo)t ] (13)

Burada sunulan t degeri, 0 yilindan n yilina kadar olan siireyi ifade ederken; n ise proje stiresini temsil etmektedir.
3. Arastirma Bulgular1 (Research Findings)
3.1. Capraz Medya Etkilerin Belirlenmesi (Identification of Cross-Media Effects)

Capraz medya metodolojisi kapsaminda ilk olarak ¢alismanin sistem sinirlari belirlenmistir. Kumas yikama sistemi
temel sistem sinir1 olarak kabul edilmistir. Belirlenen sistem sinirlarindan faydalanilarak alternatif kumas yikama
sistemleri i¢cin kaynak kullanimlar1 ve emisyon olusumlari listelenmistir. iki sistem icin de ayn1 kumas kalitesi ile
ayn1 iiretim hiz1 baz alinmistir. Uretim kapasitesi ise saatte 0,8 ton olarak kabul edilmistir. Tiiketim verileri ve
tiretim kapasitesi dikkate alinarak kg iiriin basina spesifik tiiketimler ve olusan emisyonlar hesaplanmistir.
Alternatif kumas yikama sistemlerinin (sulu ve ¢6zgen sistemlerin) spesifik su tiiketim miktarlar1 sirasiyla
3,59x10-6 ve 1,00x10-2 m3/kg iirlin olarak bulunmustur.

R R
Su Su
> —> .
Sulu Atiksu - Cozgen Atiksu
Enerji Sistemile | ————» Enerji Sistemile | — >
EE— Kumas Kumas Camur
Kimyasal Yikama Atik gaz I((Pl)gng)asal Yikama N A
(Deterjan) >
J N
Kapali Devre Aktif Karbon
Sistemi

Sekil 1. Kumas Yikama Proseslerinin Sistem Sinirlar1 (System Boundaries of Fabric Washing Processes)

IPPC Tekstil BREF'inde, 0,5 m3/sa ortalama akis hizina sahip ¢dzgen sistemin 75-125 g/sa’lik PER emisyonuna
neden oldugu belirtilmektedir (EC, 2003). Ayrica, kapali devre aktif karbon sistemlerinin kullanilmas: ile
atiksudaki PER konsantrasyonu 1 mg/L’'nin (suya ylikleme < 0,5 g PER/sa) altina diisiirtilebilmektedir (EC, 2003).
Elde edilen verilerden faydalanilarak, atiksudaki PER konsantrasyonu 3,59x10-° kg/kg tiriin bulunmustur. Ayrica,
¢ozgen sistemde kullanilan kapali-devre aktif karbon filtreleri ile egzoz cikisi elimine edilmekte ve aritilan hava da
makinenin kumas koku giderme/sogutma boéliimiine génderilmektedir (EC, 2003). Boylece, ¢ozgen sistemden dis
atmosfere herhangi bir hava akimi génderilmemektedir (EC, 2003). Bu calismada, ¢dzgen sistemin ¢evresel etkileri
belirlenirken PER ve enerji tiikketiminden kaynaklanan emisyonlar dikkate alinmistir.
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Sulu sistem ile kumas yikama proseslerinde ¢esitli deterjan tiirleri kullanilmaktadir. Deterjan tiirleriyle beraber
deterjan icerikleri de degiskenlik gosterdigi icin malzeme giivenlik bilgi formlarindan (material safety data sheet-
MSDS) faydalanilarak deterjanlarin ortalama 900 mg O2/g KOI degerine neden oldugu kabul edilmistir. Bu
calismada, sulu sistemin cevresel etkileri belirlenirken deterjan tiirleri icin belirlenen ortalama KOI degeri ve
enerji tiilketiminden kaynaklanan emisyonlar dikkate alinmistir (EC, 2003).

Alternatif kumas yikama sistemlerinin enerji tiiketim verileri Tablo 1’de sunulmustur. IPPC Tekstil BREF'ine gore
sulu sistemin elektrik tiiketimi 252 kW/sa ve buhar tiiketimi 3.890 kg/sa’dir (EC, 2003). C6ézgen sistemde ise
elektrik ve buhar tiiketimleri sirasiyla 239 kW/sa ve 3.130 kg/sa’'dir (EC, 2003). Alternatif kumas yikama
sistemlerinin buhar ve enerji tiikketim verilerinin hesaplanmasinda kullanilan tiiketim miktarlar1 “organik
cozgenler ile kumas yikanmasinda (temizlenmesinde) tam kapali-devre sistemlerin kullanim1” béliimiinden elde
edilmistir (EC, 2003). Carpim faktorleri ise ECM Referans Dokiimaninin “ANNEX 8-European Energy Mix”
bolimiinden kabul edilmistir (EC, 2006). Enerji tiiketiminden kaynaklanan emisyonlar ECM Referans
Dokiimaninin Ek 10’unda sunulan “Avrupa elektrik ve 1s1 karmas1” dikkate alinarak hesaplanmistir. Buna gore, 1
GJ elektrik tliketimi sonucu olusan emisyonlar ve bu emisyonlarin ¢arpim faktorleri sirasiyla SOz, CO2 ve NO2; 0,10,
117 ve 0,16’dir. 1 GJ buhar tiiketimi sonucu olusan emisyonlar ve bu emisyonlarin ¢arpim faktorleri ise sirasiyla
SOz, CO2 ve NO3z; 0,54, 97,20 ve 0,18'dir. Alternatif kumas yikama sistemlerinde olusan emisyonlar ise Tablo 2’de
listelenmistir.

Tablo 1. Kumas Yikama Sistemlerinin Enerji Tiiketim Verileri (Energy Consumption Data of Fabric Washing Systems)

Enerji Kaynag Birim Sulu Sistem Cozgen Sistem
Elektrik GJ/kg iiriin 1,13x10°3 1,08x103
Buhar GJ/kg iiriin 1,22x107? 9,83x103

Tablo 2. Kumas Yikama Sistemlerinde Olusan Emisyonlar (Emissions from Fabric Washing Systems)

Emisyonlar Birim Sulu Sistem Cozgen Sistem
Perkloroetilen (PER) kg/kg liriin - 3,59x10°
Suya salinan Deterjan kg/kg liriin 2,00x102 -
Kimyasal oksijen ihtiyac1 (KOJ) kg/kg tiriin 9,00 -
L Kiikiirt dioksit (SO) kg/kg iiriin 6,71x10 5,41x103
E;‘;;{a'kla;:';e“m‘“de“ Karbondioksit (CO2) ke/kg iiriin 1,32 1,08
Azot dioksit (NO2) kg/kg iiriin 2,38x10° 1,94x10°

IPPC Tekstil BREF’ine gore alternatif kumas yikama sistemleri (sulu ve ¢ézgen sistemlerin) cesitli avantaj ve
dezavantajlara sahip olmaktadir (EC, 2003). Ornegin, kumas yikama proseslerindeki teknik ve Kkalitatif
problemlerin ¢6ziimiinde ¢ozgen sistemlerin suya gore daha avantajli oldugu belirtilirken; ¢ézgen sistemlerdeki
PER kullaniminin da insanlar ve ¢evre iizerinde 6énemli problemlere neden olabilecegi belirtilmektedir (EC, 2003).
Bu nedenle, kumas yikamasinda kullanilan sistemler ECM Referans Dokiimaninda sunulan metodolojiler esas
alinarak Kkarsilastirilmistir. Kumas yikama sistemlerinin toplam c¢evresel etkileri hesaplanmis ve Tablo 3’de
sunulmustur.

Tablo 3. Kumas Yikama Sistemlerinin Toplam Cevresel Etkileri (Total Environmental Impacts of Fabric Washing Systems)

Cevresel Temalar Birim Sulu Sistem Cozgen Sistem
BTP kg Pb/ kg iirtin 5,56x10 4,49x104
ATP m?/ kg iiriin 9,00x10° 1,09x10°°
KIP kg CO2/ kg iiriin 1,32 1,08
OP kg PO/ kg iiriin 1,98x10'L -
AP kg SO/ kg iiriin 7,90x103 6,39x10°3
FOOP kg CoHa/kg iiriin 1,27x10° 1,04x10°

Capraz medya analizi kapsaminda, muhtemel cevresel etkileri olan bazi emisyonlar, emisyon faktérlerinin mevcut
olmamasi nedeniyle, ilgili cevresel temalardaki hesaplamalara dahil edilmemistir. Ornegin, enerji tiikketiminden
kaynaklanan emisyonlardan SOz ve NO2'nin KIP faktorii; PER’in OP faktorii, COz’'nin ise AP ve FOOP faktorleri
mevcut degildir. Bu nedenle, bu emisyonlar ilgili cevresel temalardaki hesaplamalara dahil edilmemistir. Ayrica,
CFC-11 esdegeri olarak ifade edilen OTiP, kumas yikama sistemleri tarafindan iiretilmeyen kloroflorokarbonlar
(CFC’ler) ile iliskili oldugu icin sulu ve ¢ézgen sistemlerin OTIP degerleri hesaplanmamistir. Alternatif kumas
yikama sistemleri ECM Referans Dokiimaninda sunulan metodoloji esas alinarak bes farkl cevresel temada
degerlendirilmistir. Sulu sistem degerlendirilen bes cevresel temada da ¢6zgen sisteme gore daha yiiksek cevresel
etkiye neden olmustur. Bu durum sulu sistemin daha yiiksek enerji tiiketiminden kaynaklanmaktadir. Ayrica,
cozgen sistemin ATP degerindeki daha diisiik ¢evresel etkisi ise aktif karbon adsorpsiyonu ile atiksudaki PER
gideriminden kaynaklanmaktadir.
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3.1.1 Capraz Medya Etkilerin Yorumlanmasi (Interpretation of Cross-Media Effects)

Belirlenen ¢evresel etkiler, ECM Referans Dokiimaninda sunulan, iki farkli yontem (basit karsilastirma ve Avrupa
toplamlarina gore normalizasyon) ile karsilastirilmistir. Sekil 2’de sunulan basit karsilastirma yontemine gore,
¢ozgen sistemin degerlendirilen her bir cevresel temada (BTP, KIP, ATP, AP, OP ve FOOP) daha iyi performans
sergiledigi goriilmektedir. Ancak basit karsilastirma yontemi ile alternatif seceneklerin sadece genel goriintiisii
sunulmustur. Cevresel etkilerin boyutu hakkinda karsilagtirma yapilabilmesi icin Avrupa toplamlarina gore
normalizasyon yontemi kullanilmistir.

Cevresel Temalar Sulu Sistem Cozgen Sistem
BTP 2 1

ATP 2 1

KIP 2 1

(0)3 2 1

AP 2 1

OTIP Degerlendirilmedi Degerlendirilmedi
FOOP 2 1

1: Iyi performans
2: Diistik performans

Sekil 2. Kumas Yikama Sistemlerinin Basit Karsilastirilmasi (Simple Comparison of Fabric Washing Systems)

Alternatif seceneklerin ¢evresel etkileri (KIP, AP, FOOP ve eneriji tiiketimi) icin hesaplanan Avrupa toplamlari Sekil
3’te gosterilmistir. BTP ve ATP parametreleri, normallestirme faktorleri olmadig1 icin bu degerlendirmenin
disinda tutulmustur. AP degeri, her iki kumas yikama sisteminde de en yiiksek ¢evresel etkiye neden olurken bunu
sirasiyla KIP, eneriji tiiketimi ve FOOP degerleri takip etmistir. Sulu sistem ¢6zgen sistemden KIP, AP ve FOOP
parametrelerinde sirasiyla 1,22, 1,23 ve 1,23 kat daha yiiksek cevresel etkiye neden olmustur. Bu durum, sulu
sistemin daha yiiksek enerji tiiketiminden kaynaklanmaktadir.

4E-13

3E-13

2E-13
1E-13
KIP AP FOOP Enerji

B Sulu Sistem 2,81E-13 2,93E-13 1,55E-13 2,19E-13
M Cozgen Sistem 2,30E-13 2,37E-13 1,26E-13 1,79E-13

Sulu ve Cozgen Sistemlerin
Avrupa Toplamlari

o

Cevresel Tema

B Sulu Sistem  H C6zgen Sistem

Sekil 3. Kumas Yikama Sistemlerinin Avrupa Toplamlarina Gére Normalizasyonu (Normalization of Fabric Washing Systems
According to European Totals)

3.2 Maliyetlerin Hesaplanmasi (Calculation of Costs)

ECM Referans Dokiimaninda sunulan maliyetleme metodolojisinden faydalanilarak alternatif kumas yikama
sistemlerinin maliyet analizi hesaplanmistir. Sulu sistemde iscilik, elektrik, buhar, su, atiksu ve deterjan maliyetleri
sirasiyla 32 Euro, 25,2 Euro, 116,7 Euro, 2,4 Euro, 6,24 Euro ve 24,8 Euro’dur (EC, 2003). Cozgen sistemde ise
iscilik, elektrik, buhar, su, PER ve camur maliyetleri sirasiyla 32 Euro, 23,9 Euro, 93,9 Euro, 6,9 Euro, 3,2 Euro ve
12,48 Euro’dur (EC, 2003). Sulu ve ¢ozgen sistemlerin maliyet verileri IPPC Tekstil BREF’'inde yer alan “organik
¢ozgenler ile kumas yikanmasinda (temizlenmesinde) tam kapali-devre sistemlerin kullanim1” bashikli b6liimden
elde edilmistir (EC, 2003). Bu kapsamda; alternatif kumas yikama sistemlerinin baz yildaki (2021) nominal ve reel
fiyatlar1 belirlenerek toplam yillik maliyetleri hesaplanmistir. Ayrica, solvent sistemin NBD ve VO degerleri
hesaplanmistir.
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Alternatif kumas yikama sistemlerinin maliyet analizi kapsaminda ilk olarak baz yildaki (2021) fiyatlar
hesaplanmistir. Nominal fiyatlarin hesaplanmasinda kullanilan fiyat dengeleyici oram 1,37 (1997 ve 2021 yillari
icin sirasiyla 76,48 ve 104,70) olarak kabul edilmistir (OECD, 2023). Reel fiyatlarin hesaplanmasinda kullanilan
gayri safi yurtici hasila (Gross domestic product-GDP) orani ise 1,08 (1997 ve 2021 yillar1 icin GDP deflatéri
sirasiyla 93,49 ve 101,24) olarak kabul edilmistir (OECD, 2023). Baz yildaki fiyatlara gore, sulu ve ¢dzgen sistemin
reel fiyatlari sirasiyla 0,34 ve 0,29 USD/kg iiriin olarak hesaplanmistir (Tablo 4). Alternatif kumas yikama
sistemlerinin reel fiyatlar1 dikkate alindiginda ¢dzgen sistemin %17 daha tasarruflu oldugu gériilmektedir

(Balkan, 2022). Bu durum ekonomik acidan ¢6zgen sistemin tercih edilebilecegini gostermektedir.

Tablo 4. Kumas Yikama Sistemlerinin Nominal ve Reel Fiyatlar1 (Nominal and Real Prices of Fabric Washing Systems)

Maliyet Bilesenleri Sulu Sistem (USD/Kg iiriin) Cozgen Sistem (USD/Kg iiriin)
Nominal Fiyat (2021) Reel Fiyat (2021) Nominal Fiyat (2021) Reel Fiyat (2021)
Iscilik 0,06 0,05 0,06 0,05
Elektrik 0,05 0,04 0,04 0,04
Buhar 0,21 0,19 0,17 0,16
Su 0,004 0,004 0,01 0,01
Atiksu 0,01 0,01 - -
Deterjan 0,04 0,04 - -
PER - - 0,01 0,01
Camur - - 0,02 0,02
Toplam 0,37 0,34 0,31 0,29

IPPC Tekstil BREF’ine gore, 3.000 ton ve iizeri iiretim yapan tesislerde ¢ozgen sistem ile kumas yikama prosesinin
geri 6deme siiresinin 2-3 yi1l oldugu belirtilmektedir (EC, 2003). Sulu sisteme gore elde edilen yillik kazang 0,34
USD/kg iiriin; toplam yillik yatirim maliyeti ise 0,68 USD/kg iirin olarak bulunmustur. Cézgen sistemin NBD
hesaplamasinda indirgeme orani %20 kabul edilmis ve 25 y1llik NBD degerinin 10.531 USD oldugu hesaplanmstir.
Yatirimin VO degeri ise %26 olarak bulunmustur. iVO degerinin, faiz oranindan biiyiik olmasi yatirim i¢in olumlu
kabul edilmektedir.

5. Sonug¢ ve Tartisma (Result and Discussion)

ECM Referans Dokiimaninda sunulan ¢apraz medya metodolojisine gore, sulu sistemin ¢ozgen sistemden BTP, KIP,
APve FOOP degerlerinde sirasiyla 1,24, 1,22, 1,24, 1,23 kat daha fazla cevresel etkiye neden oldugu hesaplanmistir.
Ayrica, ATP degerine gore ¢ozgen sistem %100 daha diisiik cevresel etki sergilemistir. Bu durum, hem kapali devre
filtrelerin kullanimi ile dis atmosfere herhangi bir hava akiminin génderilmemesinden hem de aktif karbon
adsorpsiyonu ile atiksudaki PER’in geri kazanimindan kaynaklanmaktadir. Capraz medya metodolojisinden elde
edilen sonuglara gore, daha disiik ¢evresel etki ile sonuglanan ¢dzgen sistemin, sulu sisteme kiyasla tercih
edilebilecegi gorulmiistiir.

Maliyetleme metodolojisi kapsaminda ise sulu ve ¢dzgen sistemin reel isletme maliyetleri sirasiyla 0,34 ve 0,29
USD/kg iiriin bulunmustur. Ayrica, ¢ozgen sistemin 25 yillik kullanim émrii dikkate alinarak toplam NBD ve iVO
degerleri ise sirasiyla 10.531 USD ve %26 olarak hesaplanmistir. [VO degerinin, faiz oranindan biiyiik olmasi
yatirimin olumlu oldugunu gostermektedir. Maliyetleme metodolojisinden elde edilen sonuclar ise %17 daha
tasarruflu olan ¢ézgen sistemin ekonomik a¢idan da tercih edilebilecegini gostermistir.

Bu ¢alismada hem gevresel hem de ekonomik yonleri bulunan alternatif tekniklere karar verme siirecinde yasanan
zorluklar vurgulanmaktadir. ECM Referans Dokiimani temelde yasanan bu zorluklar1 kolaylastirmay:
amaclamaktadir. Ancak, cevresel temalar hesaplanirken kullanilan bazi emisyonlarin ¢arpim faktorlerinin
olmamasi yiiriitilen ¢alismay1 zorlastirmaktadir. Bu dogrultuda, ¢arpim faktorlerinin eklenerek ECM Referans
Dokiimaninin zenginlestirilmesi ve farkli sektorlerde gercek tesis verileri ile yapilan ¢alismalarin/uygulama
orneklerinin artirilmasi onerilmistir. Boylece veri setleri olusturulabilir ve ilerleyen siirecte olusturulan veri
setleri derlenerek ECM Referans Dokiimaninin daha kullanici dostu olmasi saglanabilir. ECM Referans
Dokiimaninin gelistirilmesi ve zenginlestirilmesi bu konuda ¢alisan arastirmacilar ve paydaslar i¢in énemli
katkilar sunabilir.
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Anahtar Kelimeler 0z

Beacon, Giinliik yasamda bir adrese ilerlerken veya insanlari bir adrese yonlendirirken konum
Bluetooth, bilgisine ihtiya¢ duyulmaktadir. Bundan dolay1 Kiiresel Konum Belirleme Sistemleri
Kapali Alan Konumlandirma (GNSS-Global Navigation Satellite Systems) giindelik yasamda olduk¢a 6nemlidir. Genel
Sistemi, anlamda GNSS alicisinin yeteri kadar uydu gérmesi halinde konum belirlenebilmektedir.
Ucgenleme Algoritmasi, Ancak GNSS teknolojisinin sinyal yapisindan kaynakl olarak GNSS alicilar1 kapal
Yakinlik Algoritmast. alanlarda uydu sinyallerini alamamakta ve iyi performans verememektedir. Bu nedenle

kapali alanlarda alternatif konum belirleme teknolojileri kullanilmaktadir. Bu
teknolojilerden biri de Bluetooth tabanli Beacon teknolojisidir. Bu ¢alismada Beacon
cihazlar1 kullanilarak kapali alanlarda navigasyona izin veren React Native
platformunda Android ve i0S tabanli bir mobil uygulama gelistirilmistir. Gelistirilen bu
uygulama Pamukkale Universitesi Mithendislik Fakiiltesi giris katinda test edilmistir.
Calisma kapsaminda 6ncelikli olarak test edilecek olan kapali alanin haritasi ¢ikarilmig
ve Beacon cihazlar1 bu test alami1 {lizerinde algillama mesafelerine gore
konumlandirilmistir. Sonrasinda ise; daha énceden ¢ikarilan harita iizerinde, Beacon
cihazlarinin gergek konumlari isaretlenmistir. Bir sonraki agsamada ise; bina girisinden
itibaren hedef odaya kadar olan rotanin belirlenmesi ve gerekli yonlendirmelerin
yapilmasidir. Bu amag dogrultusunda gidilecek yola en hizli sekilde ulasmak i¢in dijkstra
algoritmasi kullanilmistir. Mobil uygulamada kullanicilara rota ve anlik olarak katedilen
yol Leaflet kiitiiphanesi ile gosterilmistir. Yapilan testler sonucunda bina i¢i navigasyon
uygulamasi hedeflenen konumlarin tespitini %90 dogrulugunda elde etmistir.

BEACON-BASED NAVIGATION APPLICATION IN INDOOR

Keywords Abstract

Beacon, In daily life, location information is needed when going to an address or directing people
Bluetooth, to an address. Therefore, Global Positioning Systems (GNSS-Global Navigation Satellite
Indoor Positioning System, Systems) are very important in daily life. In general, the location can be determined if
Trilateration Algorithm, the GNSS receiver sees enough satellites. However, due to the signal structure of GNSS
Proximity Algorithm. technology, GNSS receivers cannot receive satellite signals in indoor and therefore

cannot give good performance. For this reason, alternative positioning technologies are
used in indoor. One of these technologies is Bluetooth-based Beacon technology. The
study involved the development of a mobile application for Android and iOS platforms
using React Native. The application enables navigation in indoor through the use of
Beacon devices.This developed application has been tested on the ground floor of
Pamukkale University Engineering Faculty. Within the scope of the study, the map of the
indoor area to be tested was drawn and the Beacon devices were positioned on this test
area according to their detection distances. Afterwards; On the previously obtained map,
the actual locations of the Beacon devices are marked.In the next stage; determining the
route from the building entrance to the target room and making the necessary directions.
For this purpose, the dijkstra algorithm was used to reach the road to be traveled in the
fastest way. In the mobile application developed with React Native, the route and the
instantaneous path to the users are shown with the Leaflet library. As aresult of the tests,
the indoor navigation application achieved 90% accuracy in detecting the targeted
locations.

" ilgili yazar / Corresponding author: rcakir@pau.edu.tr, +90-258-571-6161
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Highlights

e A mobile application was developed for indoor navigation using Beacon technology.

e Preliminary tests were carried out by using trilateration and proximity algorithm for the selection of
the positioning algorithm.

e Thelocation accuracy of the mobile application was tested by using the Dijkstra algorithm to find the
shortest path algorithm.

e A 90% success rate was achieved in the tests of the mobile application and its weaknesses were
determined.

Purpose and Scope

The most important technology that meets people's navigation needs is global navigation satellite systems
(GNSS). This technology, which is very useful and popular, does not perform well in indoor. This article aims to
use Bluetooth-based Beacon technology for navigation purposes in indoor where GNSS technology is insufficient.

Design/methodology/approach

An indoor suitable for the purpose of the article was determined and the map of the indoor was made in a certain
datum and projection. GNSS receiver and total station were used for this process. A preliminary test was carried
out for trilateration and proximity algorithms, which are among the positioning algorithms planned to be used
in the study. A mobile application was developed for the use of the navigation application. Tests of the mobile
application were carried out using the Dijkstra algorithm.

Findings

10 target points were determined for the testing phase of the mobile application. The Dijkstra algorithm was
used to find the shortest path to these points. As a result of the tests, 9 target points were reached without any
problems. At 1 target point, the designed mobile navigation application failed. Examination of the failed test
reveals that the beacon at the target point was 1.5 m higher than the beacons at the other 9 points, and there
were numerous reflective surfaces around the beacon's location. It is believed that these factors contributed to
the failure of the test. The mobile application has been tested with 90% accuracy.

Originality

This study aims to contribute to the literature by providing preliminary tests for selecting positioning algorithms
in Beacon-based indoor navigation studies, procedures for obtaining indoor maps, and procedures for accurately
placing Beacon devices in the field.

" Corresponding author: rcakir@pau.edu.tr, +90-258-571-6161
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1. Giris (Introduction)

Diinyada insan popiilasyonu, kentlesme, teknolojik imkanlar artmaktadir ve bu durumlara bagh olarak giindelik
yasam farkli boyutlara evrilmektedir. insanlar giindelik yasamda kisith zaman dilimlerinde bircok isi ayn1 anda
yapabilme imkanina sahip olabilmektedir. Bu imkanlarin olusmasinda Kiiresel Konum Belirleme Sistemleri (GNSS-
Global Navigation Satellite Systems) dnemli katkilar sunmaktadir. GNSS teknolojisi 3 boyutlu, yiiksek dogrulukla,
gercek zamanl konum bilgisi saglayan énemli bir teknolojidir (Kahveci vd., 2019). GNSS teknolojisi navigasyon
basta olmak iizere, jeodezik ve jeodinamik calismalar, askeri faaliyetler, arama-kurtarma faaliyetleri, miithendislik
hizmetleri ve daha bir¢ok alanda kiiresel anlamda kullanilmaktadir. GNSS teknolojisinin konum belirlemede ¢ok
iyi bir teknoloji olmasina ragmen bazi zayif taraflari da vardir. Bunlardan bir tanesi, kullanicilarin GNSS sinyallerini
kapal alanlarda ulasamamasi veya zayif almasindan dolay1 GNSS teknolojisinin kapali alanlarda iyi performans
verememesidir (Marathe vd., 2018; Park vd., 2021). Bu durumdan dolay1 kapali alanlarda konum belirleme amach
alternatif ¢oziimler gelistirilmektedir. Bluetooth tabanli Beacon teknolojisi, Wi-Fi teknolojisi, RFID tabanli (Radio
Frequency Identification Device) uygulamalar, karekod uygulamalari, hibrit uygulamalar (pusula, adimsayar vb.)
bu alternatif ¢dziimlere érnek olarak verilebilir (Eroglu ve Dogan, 2019).

Bluetooth tabanli Beacon teknolojisi temelinde Bluetooth kavrami yatmaktadir. Giinliik yasantinin bir pargasi olan
Bluetooth teknolojisini insanlar aktif olarak kullanmaktadir. Ozellikle nesnelerin bu teknoloji ile birbirine
baglanarak iletisim kurmasindan dolay1 bu yolla elde edilen veriler giinlik yasami kolaylastirmaktadir. Bu
teknoloji 1998’de ilk olarak Erickson, Nokia, Intel, IBM ve Toshiba gibi sirketler tarafindan olusturulan SIG (Special
Interest Group) isimli grup tarafindan gelistirilmistir (Bisdikian, 2001). Giiniimiizde Bluetooth ile ilgili olarak
Bluetooth Low Energy (BLE) bu alandaki en son gelismelerden biridir. Nesnelerin interneti; internetin kapsamini,
geleneksel ag baglantili cihazlarin tirtinden olmayan fiziksel nesneleri de kapsayacak sekilde genisletmekle
ilgilidir. BLE teknolojisi de bu amagla tasarlanan, sensoérlerin kiigiik miktarlardaki verileri uzun siireler boyunca
verimli bir sekilde internet giiciinii beslemesini saglayan ¢ok cesitli iletisim ¢ozlimlerinden biridir. Sensérlerin,
madeni para biiytikliigiindeki bir pili kullanarak uzun yillar iletisim kurabilmesini vaat eden diisiik enerji tiiketen,
nispeten kisa menzilli bir teknolojidir (Siekkinen vd., 2012). Beacon’lar diisiik maliyetli, hafif, kii¢ciik ve kurulumu
basit cihazlardir (Sekil 1). Beacon’lar BLE altyapisina kullanan kablosuz iletisimi saglayan cihazlar olmakla birlikte
diistik enerji tiiketimi sayesinde, kiiciik piller ile uzunca bir zaman ¢alisabilmektedir (Kajioka vd., 2014).

Sekil 1. Beacon cihaz1 (Beacon device)

Beacon teknolojisi tek yonlii bir veri iletisimi sunmaktadir. Beacon protokolii verici temelli oldugundan veri
kullaniciya geldiginde kullanici tarafindan veri aktarimi yapilmamaktadir. Kisaca Beacon kullaniciya veri
paketlerini ileten bir yayincidir. Veri kullaniciya ne kadar sik araliklarla iletilirse kullanicinin veriye ulasmasi o
kadar kolay olacaktir. Ancak bu durum enerji tiiketimini artirdigindan pil 6mriinii azaltacaktir (Allurwar vd,,
2016). Bircok tretici firma tarafindan cesitli boyut ve 6zelliklerde Beacon cihazlar tiretilmektedir. Beacon'lar1
tanimlamak ve iletisim kurmak icin bes farkl bilesen vardir. Bu bilesenler UUID (Universally Unique Identifier),
Major ve Minor, RSSI ve MPower (Measured power) olarak siralanir (Allurwar vd., 2016; Giilagiz vd., 2016). Bu
degerler su sekilde aciklanabilir;

UUID (Universally Unique Identifier): 128 bit uzunlugunda bir veri pargasi olup Beacon agini tanimlamak
icin kullanilir. Her bir Beacon’ in kendine 6zgii UUID degeri vardir.

Major: 16 bit uzunlugunda isaretsiz bir tamsay1 degeridir ve Beacon aginda yer alan kiiciik bir grubu
tanimlamak i¢in kullanilir.

Mindr: 16 bit uzunlugunda isaretsiz bir tamsayidir ve Beacon cihazlarini ayirt etmek icin kullanilir ve her
cihaz icin ayr1 bir minér degeri olmak zorundadir.

RSSI (Received Signal Strenght Indicator): Alinan sinyalin gii¢ gostergesi olarak bilinen RSSI degeri, BLE
sinyal giiciiyle ilgili olarak Beacon eslesmesi olan cihazlarla arasindaki tahmini uzakhig1 hesaplamak i¢in
kullanilir. BLE sinyalinin giicii, Beacon alicisiyla arasindaki mesafeden etkilenmektedir.
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® MPower: Bu deger sabit bir deger olup Beacon iireticisi olan firma tarafindan belirlenir ve bir metrelik bir
mesafe icin beklenen RSSI degerini tanimlamaktadir. Sekil 2’de tasarlanan uygulamada kullanilan
Beacon’lar ile ilgili iletisim 6rnegi gosterilmistir.

react-native-kontaktio Example

[{"uniqueld":null,"minor":52915,"firmwareVersion":"-1","txPower
"-77,"accuracy”:0.09736236134931163,"isShuffled":false,'batte
ryPower":-1,"major":3984,'uuid"."78282cbd-0f53-4be0-afc0-e8d
2beead793",'name":null,"rssi":-61,"address":"DC:B1:9D:BD:1B:F
7","proximity":"IMMEDIATE"}]

Sekil 2. Uygulamada kullanilan Beacon iletisim drnegi (Beacon communication example used in the application)

2. Kaynak Arastirmasi (Literature Survey)

Kannan vd. (2013), Wi-Fi sinyallerinden yararlanarak Android tabanli, kapali alanlar i¢in bir navigasyon
uygulamasi gelistirmislerdir. Bu uygulamada konumlandirma algoritmasi olarak parmak izi algoritmasi
kullanmislardir. Gelistirdikleri uygulamay: farkli mekanlarda test ederek uygulanabilirligi ve hedeflenen konumu
bulma konusunda 6neriler sunmuslardir.

Satan (2018), yaptig1 ¢alismada BLE Beacon teknolojisi kullanarak Android tabanli kapali alan navigasyon
uygulamasi gelistirmistir. Kullanici konumu i¢in Beacon sinyallerini mesafe ile iliskilendirmistir. Uygulama alanin
haritasini akilli telefonun veri tabamiyla iliskilendirerek navigasyon uygulamasinin ¢evrimdisi da ¢alismasim
saglamistir. Navigasyon uygulamasinin testlerini 3 katl bir binada dijkstra algoritmasiyla yapmistir. Calisma
sonucunda en kisa yol icin; yollarin konumlarla uygun bir sekilde birbirine baglanmasi, Beacon konumlarinin
secimi, simiilasyon sirasinda karsilasilan sorunlar gibi bir¢ok durumu ortaya koymustur.

Vascak ve Savko (2018), Beacon teknolojisi kullanarak i¢c mekan konumlandirma ile ilgili calisma yapmislardir.
Yaptiklari testlerde mobil bir robot kullanmislardir. Calismalarinda konumlandirma algoritmasi olarak tiggenleme
yontemini secmislerdir. Bu yontemin kullaniminda Beacon sinyallerini giirtiltiiden arindirmak i¢in kalman filtresi
kullanmislardir. Konumlandirma performansimi gercek konumla hesaplanan konumu kiyaslayarak ortaya
koymuslardir. Ayrica Beacon’lar1 derinlik sensorti ile kullanarak navigasyon haritasi elde etmislerdir. Calisma
sonucunda, Beacon teknolojisinin nesnelerin interneti kavramiyla birlikte robotik calismalarin da 6énemli bir
pargasi olacagini vurgulamiglardir.

Eroglu ve Dogan (2019), calismalarinda Android ve i0S tabanh kapali alanlarda Beacon teknolojisini kullanan bir
navigasyon uygulamasi tasarlamislardir. Onerilen uygulama, gérme ve isitme engellilerin kullanimina yonelik
gelistirilmistir. Saha ¢alismas1 ve testler i¢cin Antalya Biiyiiksehir Belediyesi i¢ hizmet binasini kullanmislardir.
Calisma sonucunda gorme ve isitme engelli bireylerin Beacon tabanl teknolojiler yardimiyla bagimsiz hareket
edebilmeleri saglamiglardir.

Uttraphan vd. (2020), c¢alismasinda kapali alanlar icin konum belirlemede BLE Beacon teknolojinden
yararlanmistir. Konum belirleme yontemi olarak RSSI sinyallerini degerlendirerek parmak izi algoritmasin
incelemistir. Calisma, kapali alanda 3500 m2 olan bir konferans salonunda test edilmistir. Dogrulama yaricapi ise
14 m olarak se¢ilmis ve basari saglanmistir. Calismanin sonu¢ kisminda BLE Beacon teknolojisinin diisiik maliyetli
ve diisiik enerji tiikettigi icin alisveris kompleksi veya havaalanlari gibi biiyiik bir kapali alanda uygulamak i¢in
¢ok uygun oldugu ifade edilmistir.

El-Sheimy ve Li (2021), yaptiklar1 calismada kapali alan konumlandirma, yerellestirme ve navigasyon ile ilgili son
gelismeleri ve gelecekteki olabilecek durumunu bir¢ok ydniiyle arastirmislardir. Bu alanda kullanilan teknolojileri,
konumlandirma algoritmalarini, haritalar1 ve daha bir¢ok durumu incelemislerdir. Ayrica kapali alan
konumlandirmayi sosyal ve ekonomik bakis acis1 gelistirerek gelecekteki roli ile ilgili goriislerini belirtmislerdir.

Valliappan ve Vikram (2021), robotlar icin bir navigasyon sistemi tasarlamislardir. Calisma, robotlarin hassas
navigasyonu icin gerekli olan bilgileri saglayan tasarimlar i¢in ihtiyaclari minimize etmeyi amaglamistir.
Calismada kullanilan robotta goriintii sensort, yakinlik sensdrii gibi donanimlar mevcuttur. Sensdrler yardimiyla
elde edilen veriler derin 6g8renme algoritmasi kullanilarak y6n bulma amacgh kullanilmaktadir. Robot, sensorler
yardimiyla bulundugu alanin haritasini ¢ikararak ulasmak istedigi hedefe bir yol cizmektedir. Calisma sonucunda
yapilan testlerde robotun hedefe ulasma dogrulugu %78 diizeyinde ¢ikmistir. Calisma iyi aydinlatilmis kapali
ortamlarda robotlar i¢in bir alternatif olusturmaktadir.
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Guo vd. (2022), kapali alan konumlandirmada kullanilan fazla sayidaki Beacon’nin gergek zamanli kullanimindaki
en uygun se¢imi ve ortamdaki insan hareketliliginin i¢ mekan konumlandirmaya etkilerini arastirmislardir. Ger¢ek
zamanli en uygun Beacon se¢imini, Beacon’larin RSSI sinyallerindeki anomaliliklerden yararlanarak “gercek
zamanli Beacon se¢im yontemi” ile gerceklestirmislerdir. Bu yontemin konumlandirma dogrulugunu farkli
yontemlerle kiyaslayarak konumlandirma i¢in kullanilacak gercek zamanli Beacon se¢imlerinde hassas sonug
verdigini gostermislerdir. Ayrica i¢ mekdnda bulunan yayalarin rastgele bir sekilde yiiriimesinin i¢ mekan
konumlandirmaya etkilerini gercek zamanli Beacon sec¢imleri icin gerceklestirilen testlerde dogrulamislardir.

Wakchaure vd. (2022), kapali alanlarda karekod ve arttirilmis gergeklik kullanarak bir navigasyon uygulamasi
tasarlamiglardir. Calismalarinda, yangin gibi acil durumlarda en kisa kagis yolunu bulmak i¢in algoritma
gelistirmislerdir. Algoritma verileri i¢in akilli telefonda bulunan sensoérler, adim verileri, binanin acil ¢ikis
tahliyesiyle ilgili bilgileri kullanmiglardir. Uygulamanin test asamasini ise egitim icin kullanilan bir binada
gerceklestirmislerdir. Yaptiklar: calisma sonucunda acil bir tahliye sirasinda insanlara zaman kazandiracak bir
sistem gelistiklerini belirtmislerdir.

3. Materyal ve Yontem (Material and Method)
3.1. Calisma Alani (Study Area)

Uygulama alani olarak Pamukkale Universitesi Mithendislik Fakiiltesi secilmistir (Sekil 3). Uygulama asamasina
gecilmeden once Beacon cihazlarinin konumlandirma algoritmalar: icin testleri gergeklestirilmistir. Bu test
asamasl navigasyon uygulamasinin 6én asamasi olup hangi konumlandirma algoritmasinin kullanilacagina karar
verilmistir. Test asamasi yaklasik uzunlugu 12.00 m, yaklasik genisligi 2.00 m ve ytiksekligi 2.60 m olan tamamen
kapali alanda bulunan bir koridorda gerceklestirilmistir (Sekil 4).

Sekil 4. Test alan1 (Test area)
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3.2. Konumlandirma Yéntemleri (Positioning Methods)

Beacon cihazlariyla konum bilgisi elde etmek icin RSSI degerine baglh olarak parmak izi (fingerprint), ticgenleme
(trilateration), yakinlik (proximity) algoritmalarinin yani sira bu algoritmalara bagh olarak gelistirilmis farkli
algoritmalar mevcuttur. RSSI degeri ortam sartlarindan etkilenmekle birlikte alici ile verici arasindaki mesafeye
baghdir. Alic1 sinyal kaynagina yaklastikea teorik olarak artar, uzaklastik¢a azalir. RSSI degeri “-dBm” olarak ifade
edilmektedir. RSSI degerini mesafeyle iliskilendirmek icin kullanilan en yaygin model asagidaki esitlikte
verilmistir.

d; = 10 on" (1)
Burada d; alici ile verici arasindaki mesafeyi, r; anlik algilanan RSSI degerini, r, 1 m mesafe i¢cin hesaplanan RSSI
degerini, n ise cevre sartlarina bagl yol kaybi1 katsayisidir (Abhishek vd., 2013; Anagnostopoulos vd., 2014; Guo
vd., 2022). Bu ¢alismada iiggenleme ve yakinlik algoritmasi test edilmistir.

3.2.1. Ucgenleme Yontemi (Trilateration Method)

Bu teknikte konumu belirli olan {i¢ vericinin (Beacon) hedef nesneye olan mesafelerinden yararlanilarak hedef
nesnenin konumu hesaplanir. Verici ile hedef nesne arasindaki mesafe, vericiler tarafindan yayimlanan BLE
sinyallerinin RSSI degerinden hesaplanir. Bu yontemde vericilerin mesafeye bagli olarak BLE sinyallerinin
gliciiniin katlanarak azalacagl veya artacagi dikkate alinmalidir (Eroglu ve Dogan, 2019; Ozdemir vd., 2014;
Pujiharsono vd., 2020; Vasc¢ak ve Savko, 2018).

Sekil 5. Uggenleme yontemi (Trilateration method).

Sekil 5'te konumu bulunmak istenen nesnenin li¢ boyutlu koordinatlar: x, y, z olmak tizere 0,,0, O3 referans
noktalarindaki ti¢ Beacon’in konumu x4, y;, x5, y,, X3, 3 ve hedef nokta ile referans noktalari arasindaki uzakliklar
D1, D, D3 olmak lizere agagidaki esitlikler yardimiyla hedef noktanin konumu hesaplanir.

Df = (x —x1)* + (y —y1)? 2)
Df = (x —x2)% + (¥ — ¥2)? (3)
Di = (x —x3)* + (¥ — ¥3)? 4)

3.2.2. Yakinlik Yontemi (Proximity Method)

Yakinlik yontemi, konumlandirma i¢in basit bir yontem olarak kabul edilir. Bilinen bir konuma veya alana goére
hedef noktanin konumu bulunur. Yakinlik algoritmasinda konumu bilinen yerlere vericilerin (Beacon, Wi-Fi vb.)
sabitlenmesi gerekir. Konumu bulunmak istenen nesne vericiler ile baglanti kurdugunda hedef nesnenin konumu
belirlenen nokta veya alanin yakininda kabul edilir. Sekil 6’da A vericisinin yakinlik alan1 dikdértgen bolge ile
gosterilmistir. B nesnesi A vericisinin yakinlik alaninda, C nesnesi ise disarida gosterilmistir (Khudhair vd., 2016;
Kim vd., 2015).
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Be

Sekil 6. Yakinlik yontemi (Proximity method)
3.3. Mobil Uygulama Gelistirme (Mobile Application Development)

Akill1 telefon ve tabletler i¢in piyasaya sunulmus pek ¢ok isletim sistemi olsa da Android ve iOS en ¢ok kullaniciya
sahip isletim sistemleridir (Statcounter, 2023). Bu ¢alismada da kullanim oranlari sebebiyle Android ve iOS isletim
sistemleri lizerinde calisabilecek bir uygulama gelistirmek hedeflenmistir. iki isletim sisteminin gereksinimleri ve
uygulama gelistirme agamalar1 ise farkhidir. Ornegin Android cihazlar icin uygulama gelistirmede Java (Oracle,
2023) ya da Kotlin (Kotlin, 2023) dilleri kullanilirken, i0S cihazlar i¢cin uygulama gelistirmede Swift (Apple, 2023a)
veya Objective C (Apple, 2023b) dilleri kullanilir. Gelistirmede kullanilacak iki dil, iki farkli gelistirme asamasi
anlamina gelmekte ve buna bagh olarak gelistirme zaman maliyeti artmaktadir. Bununla birlikte bir uygulama
gelistirme maliyetinde her iki isletim sisteminde de ¢alistirilabilir uygulamalar gelistirmek miimkiindiir.

3.3. 1. Platformlar Arasi Uygulama Gelistirme (Cross Platform Application Development)

Platformlar arasi uygulamalar, farkli mobil platformlarda galisabilecek sekilde gelistirilen mobil uygulamalardir.
Tek bir kod iizerinden farkli isletim sistemlerine uyumlu sekilde ¢alisabilirler. React Native (Facebook, 2023) ise
cross platform uygulama gelistirme kiitiiphanelerinden biridir. Gelistirilmis olan pek ¢ok platformlar arasi
uygulama gelistirme araci olsa da React Native gelistiricilere kendi yazdiklari kiitliphaneleri dahil etme imkani ve
uygulama render siireleri agisindan olduk¢a avantajlidir. Avantajlarindan dolay1 bu calismada uygulama
gelistirmede React Native Kiitiiphanesi kullanilmistir.

3.4. En kisa yol algoritmasi (Shortest Path Algorithm)
Kisiler kapali alanlarda hedef noktasina varmak i¢in en kisa yolu tercih etmektedirler. Gelistirilen mobil uygulama
icinde kisileri yonlendirmede en kisa yolu bulan bir algoritma tercih edilmelidir. Bu amag¢ dogrultusunda, bilinen

en kisa yol bulma algoritmasi Dijkstra tercih edilmistir.

Algoritma 1. Dijkstra Algoritmasi (Dijkstra algorithm)

1 function Dijkstra(Graph, source):

2

3 for each vertex vin Graph.Vertices:
4 dist[v] « INFINITY

5 prev[v] < UNDEFINED

6 addvtoQ

7  dist[source] < 0

8

9  while Q is not empty:

10 u « vertex in Q with min dist[u]
11 remove u from Q

12

13 for each neighbor v of u still in Q:
14 alt « dist[u] + Graph.Edges(u, v)
15 if alt < dist[v]:

16 dist[v] « alt

17 prev[v] «u

18

19 return dist[], prev[]

Dijkstra algoritmasi, bir noktadan baska bir noktaya olan en kisa yolu hesaplayan bir algoritmadir. Algoritmanin
temel calisma prensibi su sekildedir. ik 6nce baslangi¢c noktasindan, gidilebilecek tiim alternatifler icin maliyetler
hesaplanir ve dogrudan yol olmayan diger noktalara sonsuz degeri atanir. Sonraki asamada ise; baslangic¢
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noktasindan gidilebilen ve maliyeti en az olan yol tercih edilir. ikinci noktaya gecildiginde ise; yine komsu olan
yollara ait maliyetler glincellenerek aralarindan en diisiik olan tercih edilir. Bu islemler hedef noktasina
varilincaya kadar devam etmektedir (Dijkstra, 1959). Bu algoritmaya ait pseudocode Algoritma 1’de verilmistir.

4. Deneysel Sonuclar (Experimental Results)
4.1. Test Asamasi (Test Phase)

Bu ¢alismada kullanilan konumlandirma algoritmasinin performansi test edilmistir. Test alam1 kapali ortam
ozelliklerini yansitan bir koridor olarak secilmistir. Koridorun ve uygulama haritasinin hassas bir sekilde elde
edilebilmesi i¢in, kat planlarinin dogrudan kullanimi veya kat planlarindan doniistim ile harita elde edilmesi gibi
islemler gerceklestirilmemistir. Bunu yerine haritalar, kapali alanin disarisindan igerisine koordinat tasinarak elde
edilmistir. Bu agama icin GNSS alicisiile elektronik uzunluk ve a¢1 6l¢er kullanilmistir. Elde edilen haritalarin ¢izimi
icin ise agik kaynakl leaflet JavaScript kiitiiphanesinden yararlanilmigtir.

Haritalarin koordinatlar1 International Terrestrial Reference System (ITRF) datumunda ve Universal Transverse
Mercator projeksiyonunda (UTM) elde edilmistir. Haritalarin koordinatlarinin belirli bir datum ve projeksiyonda
elde edilmesi Beacon cihazlarinin uygulama alaninda aplikasyonunu ve elde edilen verilerin analizini
kolaylastirmaktadir. Bu ¢alismada test edilen konumlandirma algoritmalarindan ii¢ggenleme ve yakinlik
algoritmasina gore Beacon’larin haritada yerleri belirlenmistir. Elektronik uzunluk ve ag¢1 dlger kullanilarak
haritada belirlenen noktalara, test alaninda Beacon’larin aplikasyonu yapilmistir. Yapilan testlerin basarisi
hedeflenen konum ile elde edilen konum arasindaki uzaklik baz alinarak degerlendirilmistir. Asagidaki esitlikte
X1, y1 hedeflenen konum, x,, y, elde edilen konum Sise aralarindaki uzaklik olarak gosterilmistir.

5 5
S= \/(xz—xl) + (V2-y1)? ()

Uggenleme algoritmasi icin yapilan testlerde Beacon’larin yerlestirilmesi koridorun fiziki durumu da baz alinarak
iki farkhi yerlesim planina goére yapilmustir. ik yerlesim planina gére A, B, C ve D noktalar1 Beacon’larin
yerlestirildigi noktalar, K noktas1 Beacon’lardan alinan sinyale gére konumu bulunmak istenen noktadir (Sekil 7).

¥O

Sekil 7. Uggenleme algoritmasi ilk konumlandirma plani (Initial positioning plan for Trilateration algorithm)

Ik yerlesim planinda A-B noktalart ile C-D noktalar1 aras1 2.00 m A-D noktalart ile B-C noktalari aras1 4.00 m olacak
sekilde koridorun fiziki durumu da baz alinarak koordinatlandirilmistir. K noktasi ise olusan dikdoértgen seklin
yaklasik ortasina gelecek sekilde secilmistir. i1k yapilan testte olusan dikdértgen seklin disindan iceriye dogru
farkli yon ve agilardan gelinerek K noktasina 10 defa ulasilmis ve bu noktada telefon ekranindaki degeri okumak
icin birkag¢ saniye beklenilmistir. Bu testin sonucunda 10 farkli konum bilgisi elde edilmistir (Sekil 8).

o 8

-
[ 2
3

[

Sekil 8. 1. Test (1st test)
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Hedeflenen K noktasimin konumu ile yapilan ilk test sonucu elde edilen konum bilgisi arasindaki uzaklik Tablo 1'de

gosterilmistir.
Tablo 1. Ik yapilan test sonucu (First test result)
Hedeflenen Elde Edilen Uzaklik
Konum Konum (m)
K 1 4.73
K 2 1.44
K 3 3.72
K 4 2.16
K 5 3.55
K 6 1.62
K 7 4.00
K 8 2.13
K 9 1.77
K 10 5.48

ikinci yerlesim planina gére A, B, C ve D noktasi Beacon’larin yerlestirildigi noktalar, K ve H noktasi ise
Beacon’lardan alinan sinyale gére konumu bulunmak istenen noktalardir. ikinci yerlesim planinda A-B, B-D ve D-
C noktalar1 aras1 3.00 m olacak sekilde koridorun fiziki durumu da baz alinarak koordinatlandirilmistir. K ve H

noktasi ise olusan tiggen sekillerin yaklasik ortasina gelecek sekilde secilmistir (Sekil 9).

Sekil 9. Uggenleme algoritmasi 2. konumlandirma plani (2nd positioning scheme for the Trilateration algorithm)

ikinci yapilan testte olusan iiggen sekillerin disindan iceriye dogru farkh yén ve agilardan gelinerek K ve H
noktalarina 10 defa ulasilmis ve bu noktalarda telefon ekranindaki degeri okumak i¢in birka¢ saniye

beklenilmistir. Bu testin sonucunda 20 farkli konum bilgisi elde edilmistir (Sekil 10).

6
L ]

Sekil 10. 2. Test (2nd test)
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Hedeflenen K ve H noktasinin konumu ile yapilan 2. test sonucu elde edilen konum bilgisi arasindaki uzaklik Tablo
2’de gosterilmistir.

Tablo 2. 2. test sonucu (2nd test result)

Hedeflenen Elde Edilen Uzaklik
Konum Konum (m)
K 1 0.91
K 2 3.92
K 3 2.99
K 4 3.59
K 5 1.81
K 6 3.98
K 7 1.82
K 8 6.41
K 9 2.32
K 10 1.84
H 11 1.26
H 12 1.41
H 13 3.56
H 14 1.74
H 15 3.22
H 16 5.06
H 17 241
H 18 1.21
H 19 2.98
H 20 2.70

Ugiincii yerlesim plan yakinhik algoritmasina gére yapilmistir. A, B, C ve D noktasi Beacon’larin yerlestirildigi
noktalar; K, H, [ ve M noktasi ise Beacon’lardan alinan sinyale gore konumu bulunmak istenen noktalardir (Sekil

11).

e

[ ki

Sekil 11. Yakinlik algoritmasi1 konumlandirma plani (Proximity algorithm positioning plan)
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Konumu bulunmak istenen noktalarin yerlesim planinda Beacon’larin bulundugun noktalara yakin se¢ilme nedeni
yakinlik algoritmasinin ¢alisma prensibinin bir geregidir. Ikinci yerlesim planinda A-B, B-C ve C-D noktalari arasi
4.00 m olacak sekilde koridorun fiziki durumu da baz alinarak koordinatlandirilmistir. Noktalar aras1t mesafe i¢in
kismen de olsa 3.00 m, 3.50 m, 4.50 m, 5.00 m gibi farkli denemeler yapilmis ancak yiiriime hizi, Beacon’larin
tarama siklig1 ve sinyal karisikliklarinin olusma durumu da g6z oniinde bulunduruldugunda 4.00 m’de karar
kilinmistir. Yakinlik algoritmasina gore yapilan testler, Beacon cihazlarinin bulundugu A, B, C ve D noktalarina
yakin segilen K, H, I ve M test noktalarina farkli yon ve acilardan gelinerek gerceklestirilmistir. Yapilan testlerde
BLE sinyali alan alicy, test noktalarina geldiginde Beacon cihazlarinin bulundugu konumlar elde edilmistir. Yakinlik
algoritmasina gore yapilan testlerin tamaminda basari saglanmistir.

Bu ¢alismada yapilan testler, navigasyon uygulamasi icin bir 6n asamadir. Bu 6n asamada test sonuglari
incelendiginde licgenleme algoritmasi icin yapilan ilk testte Tablo 1 incelendiginde hedeflenen konum ile elde
edilen 10 farkli konum arasindaki uzakliklarin ortalamasi 3.06 m’dir. Uggenleme algoritmasi icin yapilan 2. testte
Tablo 2 incelendiginde hedeflenen konum ile elde edilen 10 farkli konum arasindaki uzakliklarin ortalamasi K
noktasi icin 2.96 m, H noktasl i¢in 2.56 m’dir. Uggenleme algoritmasinin test asamalarinda, test noktalarinda BLE
sinyali alan alic1i¢cin hedeflenen konum bilgisinden farkli olarak alici konumunun koridorun disinda gézlemlendigi
durumlar da olusmustur. Ayrica belirlenen test noktalarinda konum homojenligi de saglanamamistir. Yakinlik
algoritmasi i¢in ise A-B, B-C ve C-D noktalar1 aras1 4.00 m se¢ilmis ve alic1 bu noktalar arasinda Beacon sinyallerini
basarili bir sekilde alarak konumunu dogru bir sekilde belirlenen noktalarda (A, B, C, D) gostermistir. Bu nedenle
alicinin konum hatasi bu test i¢in Beacon’larin yerlesimi icin belirlenen noktalar aras1 mesafenin yarisi olan 2.00
m oldugu soylenebilir. Yani alic1 iki Beacon’in tam ortasina geldiginde konumunu maksimum 2.00 m hata ile
gorecektir. Dolayisiyla 6n ¢alisma sonucunda navigasyon uygulamasi icin konumlandirma algoritmasi olarak
yakinlik algoritmasi se¢ilmistir.

4.2. Navigasyon Uygulamasi (Navigation App)

Navigasyon uygulamasi i¢cin Pamukkale Universitesi Miithendislik Fakiiltesi giris katinin haritas1 yapilmistir.
Haritanin koordinatlar1 ITRF datumunda ve UTM projeksiyonunda elde edilmistir. Elde edilen harita leaflet
JavaScript kiitiiphanesi ile diizenlenerek mobil uygulamada goriintiilenecek hale getirilmistir. Navigasyon
uygulamasinin testi i¢in uygulama alaninda 10 tane hedef nokta belirlenmistir (Sekil 12).

Hedef 10

D6t € Ogretm f Ofyesm E Ogrecrn | g€ oyt B Ogystm Elonan Ot

Sekil 12. Uygulama haritasi ve hedef noktalar (Application map and destinations)

Uygulama haritasinda Beacon cihazlariin yerleri 4.00 m araliklarla yakinlik algoritmasina gore belirlenmis ve
koordinatlar1 ¢ikarilmistir. Uygulama alaninda belirlenen noktalara Beacon cihazlarinin aplikasyonu GNSS alicisi
ve elektronik uzunluk ve a¢1 6l¢er kullanilarak yapilmistir. Daha sonra ise uygulama alaninda belirlenen noktalarin
testleri gergeklestirilmistir (Sekil 13).
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Sekil 13. Uygulamanin test asamasi (Testing phase of the application)

Yapilan mobil uygulamayla farkli konumlardan belirlenen hedef noktalara dijkstra algoritmasi kullanilarak
ulasilmis ve test asamasi gerceklestirilmistir (Tablo 3). Tablo 3’'te olumlu degerler hedefe en kisa yoldan
ulasildiginy, olumsuz degerler ise hedefe ulasmada sorun yasandigini gostermektedir.

Tablo 3. Navigasyon uygulamasi test sonucu (Navigation app test result)

Hedeflenen Konum Basar1 Durumu
Hedef 1 Olumlu
Hedef 2 Olumlu
Hedef 3 Olumlu
Hedef 4 Olumlu
Hedef 5 Olumlu
Hedef 6 Olumlu
Hedef 7 Olumsuz
Hedef 8 Olumlu
Hedef 9 Olumlu

Hedef 10 Olumlu

5. Sonuc¢ ve Tartisma (Result and Discussion)

Bu calismada kapali alanlarda navigasyon uygulamasinin BLE tabanli Beacon cihazlariyla uygunlugu test
edilmistir. Navigasyon uygulamasindan once yapilan test asamasinda tliggenleme algoritmasinin yakinlik
algoritmasina gore daha az basarili olmasi kapali alanin fiziki durumu ile ilgilidir. Beacon cihazlarinin tiggenleme
algoritmasi baz alinarak kapali alanda konumlandirilmasinda koridorun fiziki durumunun sinyal karisikliklarin
minimize edecek veya engelleyecek genislikte olmamasi bu algoritmanin basarisini diisiiren bir etken oldugu bu
¢alismada diisiiniilmektedir. Ayrica bu nedenden dolay1 liggenleme algoritmasi i¢in yapilan testlerde konum
homojenligini de saglanamamaktadir. Beacon cihazlarinin yakinlik algoritmasina gére konumlandirilmasi Beacon
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cihazlar1 arasindaki mesafeyi biiylitmektedir. Bu durum sinyal karisikliklarini azaltmakla birlikte konum
dogrulugu bakimindan yakinlik algoritmasinin iiggenleme algoritmasina gére daha iyi performans gdstermesini
ve konum homojenligini saglamaktadir.

Yapilan ¢alismada dijkstra algoritmasi kullanilarak navigasyon uygulamasi i¢cin %90 basari saglanmistir (Tablo 3).
Basarisizlikla sonug¢lanan “Hedef 7” konumu i¢in navigasyon testinin sonucu irdelendiginde, 6ncelikle bu konumun
binanin giris kismindaki tavanda yer aldig1 goriilmektedir. Bu konumun tavan yiiksekligi, standart kapal alanin
tavan yliksekliginden yaklasik 1.5 m daha ytliksek olmasi ve binanin giris kismindaki sinyal yansitici yiizeye sahip
camekanli tasarimlarin bulunmasi gibi etkenler bu noktada gergeklestirilen navigasyon testini olumsuz etkiledigi
diistiniilmektedir.

Kapali alanin haritasinin belirli bir datum ve projeksiyonda elde edilmesi elde edilecek verinin analizini,
yorumlanmasini ve konum bazli hatalara miidahaleyi kolaylagstirmaktadir. Dogru ve hassas harita elde edilmesi ve
Beacon cihazlarinin aplikasyonun daha hassas yapilmasi icin GNSS alicisi, elektronik uzunluk ve ac1 olger gibi
6l¢me cihazlarimin kullanimi 6nemlidir. Bu ¢alismada, bu tip navigasyon uygulamalarinda yiiksek bir basar1 orani
yakalamak icin kullanilacak konumlandirma algoritmalarinin kapal alanin fiziki durumu da goéz oniinde
bulundurularak test edilmesi 6nerilmektedir.
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Keywords Abstract

Algal Proteins, The excessive proliferation of green algae in aquatic ecosystems threatens aquatic
Phenolic Compounds, life, leading to oxygen depletion and water pollution. This study investigates two
Green Protein Sources, common green algae species, Ulva sp. and Cladophora sp., with potential in terms of
Waste Algae Utilization. protein and phenolic compounds. Cladophora sp. and Ulva sp. extracts were analyzed

for total phenolic content using the Folin-Ciocalteau method. Despite lower phenolic
content compared to specific plant species, both algae species exhibit various
phenolic compounds. GC-MS analysis indicates the presence of major compounds
such as limonene in Cladophora sp. and Tetradec-1-ene in Ulva sp., suggesting
potential applications in the pharmaceutical and cosmetic industries. Despite
modest protein amounts, the study emphasizes that algae, aligned with the
increasing interest in plant-based nutrition, are a promising source for plant-based
protein production. Ulva sp. and Cladophora sp. algae demonstrate potential as
alternative protein sources and reservoirs of bioactive phenolic compounds from
waste sources. This study pioneers further research in the food, pharmaceutical, and
cosmetic industries to contribute to sustainable water resource utilization.

MAMASIN BARAJI GOLETI'NIN ATIK YESIL ALGLERININ TOPLAM FENOLIK
VE PROTEIN MIiKTARLARININ BELIRLENMESI UZERINE BiR CALISMA
(AKSARAY-TURKIYE)

Anahtar Kelimeler 0z

Alg Proteinleri, Su ekosistemlerinde yesil alglerin asir1 ¢ogalmasi sudaki yasami tehdit ederek
Fenolik Bilegikler, oksijen tiikenmesine ve su kirliligine yol agmaktadir. Bu ¢alisma, protein ve fenolik
Yesil Protein Kaynaklari, bilesikler agisindan potansiyeli olan iki yaygin yesil alg tiirii olan Ulva sp. ve
Atik Yosun Kullanimi. Cladophora sp.'yi incelemektedir. Cladophora sp. ve Ulva sp. ekstraktlari, toplam

fenolik icerigi Folin-Ciocalteau yontemi kullanilarak analiz edildi. Fenolik igerik,
belirli bitki tiirleriyle kiyaslandiginda diisiik olmasina ragmen, her iki alg tiirii de
cesitli fenolik bilesiklere sahiptir. GC-MS analizi, Cladophora sp.'de limonen ve Ulva
sp.'de Tetradec-1-en gibi ana bilesiklerin tespit edildigini gostererek, bunlarin
farmasotik ve kozmetik uygulamalarda kullanilabilecegini isaret etmektedir.
Calisma, beslenme alanindaki artan ilgiye paralel olarak, miitevazi protein
miktarlarina ragmen, alglerin bitkisel bazli protein iiretimi icin umut verici bir
kaynak oldugunu vurgular. Ulva sp. ve Cladophora sp. algleri, atik kaynaklardan elde
edilebilecek alternatif protein kaynaklar:1 ve biyoaktif fenolik bilesik rezervuarlari
olarak potansiyel gosterir. Bu ¢alisma, siirdiiriilebilir su kaynaklar1 kullanimina
katkr saglamak amaciyla gida, ilag ve kozmetik endiistrilerinde daha fazla kesfe
onciiliik etmektedir.
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Highlights

e Exploring algae as sustainable protein and phenolic sources.
e Protein isolation from Ulva sp. and Cladophora sp. for potential industrial use.
e Addressing environmental challenges through algae-based solutions.

Purpose and Scope

The primary purpose of this paper is to explore the potential of marine plants, specifically Ulva sp. and
Cladophora sp., as valuable sources of both protein and phenolic compounds. The research aims to address the
excessive proliferation of green algae in aquatic ecosystems, offering insights into their protein and phenolic
content. The scope involves investigating the utilization of waste algae for sustainable industrial applications,
particularly in the fields of food, pharmaceuticals, and cosmetics.

Design/methodology/approach

The objectives of the research are achieved through a multi-faceted approach. The study involves collecting
samples of green filamentous algae from Mamasin Dam Lake, followed by careful processing and analysis.
Methodologies include the determination of total phenolic compounds using the Folin-Ciocalteau method, GC-
MS analysis for identifying bioactive components, and protein extraction and concentration using the Bradford
assay. The theoretical scope encompasses the potential industrial applications of algae in various sectors.

Findings
The research findings reveal that both Ulva sp. and Cladophora sp. exhibit phenolic compounds and proteins,
making them promising candidates for industrial use. GC-MS analysis identifies specific compounds such as

limonene in Cladophora sp. and Tetradec-1-ene in Ulva sp. These findings contribute to the understanding of the
bioactive potential of waste algae and highlight their suitability as alternative protein sources.

Originality

The study introduces valuable insights into the diverse applications of waste algae, emphasizing their potential
in sustainable industries. This research adds value to the scientific community by providing a detailed analysis
of marine plants' bioactive components, paving the way for further investigations into their environmental and
industrial significance.

1. Introduction

The excessive proliferation of green algae can form a detrimental cover on the surface of water ecosystems, posing
a danger to other organisms. Additionally, the decomposition of algae by bacteria can lead to high oxygen
consumption, consequently reducing the oxygen levels on the water surface (Jousson et al,, 2000; Mihranyan,
2011). Disposing of these natural green algae in a waste state, which pollutes water masses and threatens the
ecosystem, becomes crucial for preserving aquatic ecosystems. Nowadays, there is a growing interest in natural
compounds derived from organisms in aquatic ecosystems. Proteins successfully isolated from algae, particularly
those that have attracted attention due to their substantial protein content, have been the subject of extensive
research and are currently being produced on an industrial scale for integration into human diets (Rasala and
Mayfield, 2015; Geada et al,, 2021; Ijaola et al., 2023). Thanks to this, seaweed and microalgae are increasingly
being recognized as valid protein sources (Bleakley and Hayes, 2017). Certain varieties of seaweed and microalgae
have been discovered to possess protein levels akin to those found in conventional protein sources like meat, eggs,
soybeans, and milk (Fleurence, 1999; Sousa et al., 2008).
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Algal proteins, encompassing a full spectrum of essential amino acids, emerge as a noteworthy alternative protein
source (Lourengo et al.,, 2004; Barbarino and Lourencgo, 2005; Becker, 2007; Safi et al., 2014). Algae stand out for
their tendency not to be endemic and their abundance. These characteristics make algae a sustainable raw material
source for fuel, food, polymer, and pharmaceutical industries (Viegas et al., 2015). Comprising essential
components like lipids, proteins, and carbohydrates, algae offer protein concentrates that find applications across
various industries, including food, feed, and bulk chemicals (Chacon-Lee and Gonzalez-Marifio, 2010). The
isolation of bioactive secondary metabolites, specifically phenolic compounds, is also possible from these waste-
state algae. Secondary metabolites are highly active compounds that enhance the survival chances of the organism
they are present in, primarily plants, allowing them to adapt to their environment (Azmir et al., 2013; Santos et al.,
2016). The diversity of phenols leads to a focus on plants; other organisms, such as algae, can also synthesize these
compounds. (Jimenez-Lopez et al, 2021). These hydroxyl group-based compounds have numerous positive
impacts on human health, attributed to their significant effects such as scavenging free radicals and reactive
oxygen species (Chisté et al.,, 2013; Barbosa-Pereira et al., 2014). The discovery, development, and industrial-scale
production of these natural metabolites, common in many algal classes, are crucial. Such natural metabolites have
the potential to replace synthetic compounds linked to specific health problems or disorders, not only offering
benefits but also addressing concerns related to synthetic alternatives (Liu et al, 2011; Al-Saif et al., 2014).
Therefore, the isolation and utilization of both protein and phenolic bioactive compounds from waste-state algae,
which occasionally contribute to algal blooms, are feasible.

Ulva sp. is a Chlorophyta division member and a disk-shaped, thin, and flat species known as sea lettuce. Cladophora
sp., on the other hand, is found in various environments, from seas to freshwater, providing habitat and food for
organisms. Ulva sp. can undergo proliferation by absorbing chemical compounds containing phosphorus or
nitrogen in eutrophic waters and has high protein content (Zhang et al., 2015). Cladophora sp. has a high metal
binding capacity and complex heteropolysaccharides in its green algal cell wall. Both algal species have
environmental significance in various ecosystems; Ulva sp. stands out as a potential protein source for human
nutrition, while Cladophora sp. plays a crucial role in understanding environmental impacts due to its high metal
binding capacity (Ito and Hori, 1989; Ramelow et al., 1992; Holan and Volesky, 1994). In recent years, the number
of studies on algae processing methods and their use as a protein source has rapidly increased (Ghribi et al., 2015;
Waghmare et al,, 2016; Vernes et al., 2019). These studies aim to isolate high amounts of proteins from algae in
waste status and transform them into high-value products.

This study determined the total phenolic components of Ulva sp. and Cladophora sp. algae and identified bioactive
components using the GC-MS device. Additionally, for the first time in this study, the protein concentration of these
algae was determined, and their potential for future industrial use was evaluated.

2. Material and Method
2.1. Material

The proliferation of green filamentous algae Ulva sp. and Cladophora sp. was observed in Mamasin Dam Lake in
Gucunkaya (38°22'58" N, 34°2'17" E). Macroalgal mats formed in the riverbed and on the rocks were collected,
washed, and left to dry in a shaded environment. The dried filamentous algae were powdered using a waring
commercial blender.

2.2. Analysis of Total Phenolic Content

The total phenolic compound content in algae extracts was assessed using the Folin-Ciocalteu method (Wu et al,,
2007). Extracting 0.5 g of dried material was achieved using 20 mL of 75% methanol for 24 h with the VWR Mini
Shaker. Each 100 pl of the sample extract was combined with 3000 pl of a stock solution (4% sodium carbonate)
and 100 pl of Folin-Ciocalteu reagent (2N), followed by two inversions for thorough mixing. The blank was
similarly formulated using 100 pl of methanol (75%). After a 30-minute incubation at 25 °C, absorbance
measurements at 760 nm were taken for the samples. Total phenolics were then estimated by applying a rutin
calibration curve. The concentration range was 0.1-0.8 mg/mL. Total phenolics were determined in milligrams of
rutin equivalent per milliliter of extract.

2.3. GC-MS

For the analysis, samples were prepared utilizing Solid-phase Microextraction (Jarmalaviciené et al., 2008) with a
Stableflex (TM) 50/30 micrometers layer PDMS/CAR/DVB fiber (Supelco, USA). The GC-MS analysis was
conducted using a GC-2010 model (Shimadzu) gas chromatograph and a mass spectrometer with the GC-MS-
QP2010 model detector (Shimadzu). Effective separation was achieved using a Restek RTX-5MS column (30 M x
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0.25pm, 0.25 mm). The GC-MS analysis parameters employed are presented in Table 1, and the temperature
gradient is provided in Table 2.

Table 1. Parameters for GC-MS analysis

Mobile | Flow Rate Injector Mode | Split Ratio Ion Source | Ionization | Mass Scanning
Phase | (mL/min) | Temperature (°C) P (°Q) Energy (eV) | Range (m/z)
He gas 1.7 280 Split 1:10 220 70 40-600

Table 2. Oven conditions for GC-MS analysis

Rate (°C/min) | Value (°C) | Hold Time (min) | Run Time (min)
Initial - 50 2 2
Ramp 1 5 200 2 34
Ramp 2 20 280 15 52

2.4. Protein Extraction

The experiment was conducted with certain adjustments according to the method outlined by Barbarino and
Lourengo (2005). Initially, 4ml of ultra-pure water was added to 50 mg of dry material, and left at 4 °C for 12 h.
Following this, the material was ground with a homogenizer for 5 min at 4 °C. Subsequently, the mixture
underwent centrifugation at 15000g for 20 min at 4 °C, and the supernatant was gathered and keptat 4 °C. 1.0 mL
of 0.1N NaOH was added to the sediment and permitted to stand at 20 °C for 1 h with intermittent stirring.
Subsequently, it was subjected to centrifugation at 15000g for 20 min at 20 °C, and the resulting supernatant was
amalgamated with the initial one while disregarding the pellets. For the precipitation of proteins, 25% TCA was
introduced, and the amalgamation underwent a 30-minute ice bath. After centrifugation at 15000g for 20 min at
4 °C, the supernatant was removed, and the residue was rinsed with cold 10% TCA. This was succeeded by a 2-
min centrifugation at 15000g at 4 °C, and once again, the supernatant was removed. The protein was dissolved
using 5% TCA (5:1) and then centrifuged at 15000g for 20 min at 20 °C. The final supernatant was discarded,
completing the preparation of the protein pellet.

2.5. Protein Concentration via Bradford Assay

The analysis was carried out with certain alterations following the description provided by (Giannakos, 2016). The
resuspension of precipitated protein was performed in 0.5 mL of 1.0 N NaOH. To create the dye solution, 100 mg
of CBB G-250 was solubilized in 50 mL of 95% ethanol, with the subsequent addition of 100 mL of 85% H3P04.
The resulting solution underwent further dilution with ultra-pure water to achieve a final volume of 1.0 L. Using 5
milliliters of the solution for every 0.1 mL sample; the absorbance was gauged at 595 nm, precisely 5 min after
instigating the chemical reaction at 20 °C. Calibration curves were generated by employing bovine serum albumin
(BSA). The concentration range is 0.1-0.8 mg/mL.

4. Experimental Results

The total phenolic content of methanol extracts from waste green algae species, Cladophora sp. and Ulva sp. was
determined in terms of rutin equivalent using the Folin-Ciocalteau method. The total phenolic content was
determined using the rutin standard curve and regression equation shown in Figure 1. As a result of the
calculation, the phenolic content for Cladophora sp. algae was calculated as 0.35 + 0.027 RE, while for Ulva sp. algae,
it was calculated as 0.33 + 0.018 RE. It has been determined that 0.5 g of Cladophora sp. contains approximately
66 mg of total phenolic compounds, and 0.5 g of Ulva sp. contains about 7 mg of total phenolic compounds. Total
phenolics are lower than those observed in some previously studied plants and microalgae (Tawaha et al.,, 2007;
Saeed et al., 2012; Sirbu et al., 2019). However, we anticipate future potential use for these waste materials. The
Folin-Ciocalteu method provides general comparative results, but is not specific for determining different
compounds or phenolic classes. Therefore, an attempt was made to determine the phenolic content of methanol
extracts of Cladophora sp. and Ulva sp. algae samples using GC-MS.
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Figure 1. Standard curve using rutin and regression equations for total content of phenolic compounds

Chromatograms of Cladophora sp. and Ulva sp. extracts are presented in Figure 2. Various phenolic compounds
were identified in the extracts, with some notable ones. Majorly, limonene (23.12% Area) was detected in
Cladophora sp. Cladophora sp. also contained high volumes of Oct-3-en-2-o0l (12.87% Area) and Tetradec-1-ene
(11.7% Area). In the analysis conducted for Ulva sp., Tetradec-1-ene (71.68% Area) stood out among various
phenolic compounds. Particularly, limonene, identified as a major component in Cladophora sp., has been the
subject of numerous studies due to its valuable properties such as antioxidant, antimicrobial, anti-inflammatory,
and anticancer effects (Roberto et al.,, 2010; Santana et al., 2020; Aratjo-Filho et al., 2021; Han et al,, 2021). It is
foreseeable that this valuable component could be extracted from this waste algae species and commercialized in
the future.

Cladophora sp.

[2420426

—h— f rh
300 330
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Figure 2. Typical GC-MS chromatogram of Cladophora sp. extract and Ulva sp. extract

Protein isolation was performed from Cladophora sp. and Ulva sp. samples, and their concentrations were
attempted to be determined using the Bradford method. A calibration curve was established using BSA, and
calculations were made using the regression equation. As a result of the analysis, the protein concentration was
determined as 0.202 + 0.04 and 0.265 * 0.09 mg/ml for Ulva sp. and Cladophora sp., respectively. It has been
determined that 50 mg of Cladophora sp. contains approximately 1.01 mg of protein, and 50 mg of Ulva sp. contains
about 0.132 mg of protein. The detected protein amounts may seem relatively low compared to many other
sources. However, especially in recent years, the increasing concern about climate change and carbon footprint
has led to a growing interest in vegan nutrition and plant-based protein products (Heusala et al., 2020; Gaillac and
Marbach, 2021). Therefore, proteins produced from sources other than plants, such as algae, are highly valuable.
Additionally, algae, particularly compared to plants, have an intriguingly wide range of nutritional qualities,
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containing not only proteins but also peptides, carbohydrates, lipids, vitamins, minerals, and other valuable trace
elements (Becker, 2007). The waste-state Cladophora sp. and Ulva sp. algae analyzed in the current study show
promise as alternative protein sources.
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Figure 3. Standard curve using human serum albumin and regression equations for protein concentration
5. Result and Discussion

The excessive proliferation of green algae in aquatic ecosystems poses a significant threat to the overall health and
balance of these environments. The detrimental impact includes forming algal covers on water surfaces, leading
to oxygen depletion and water pollution. Addressing this issue is crucial for preserving of aquatic ecosystems, and
disposing of natural green algae in waste states further exacerbates the problem.

This study focused on two common green algae species, Ulva sp. and Cladophora sp., prevalent in the Uluirmak
River. It is aimed to investigate the potential of these algae as reservoirs for both protein and phenolic compounds.
Despite the relatively lower phenolic content compared to certain plants and microalgae, both Ulva sp. and
Cladophora sp. exhibited various phenolic compounds. GC-MS analysis identified major compounds such as
limonene in Cladophora sp. and Tetradec-1-ene in Ulva sp., hinting at potential applications in pharmaceuticals and
cosmetics.

Protein isolation from Cladophora sp. and Ulva sp. was carried out, and their concentrations were determined.
While the detected protein amounts may appear modest, the study emphasizes the growing interest in plant-based
and sustainable nutrition. Algae offer a promising avenue for plant-based protein production with their diverse
nutritional qualities. Ulva sp. and Cladophora sp. algae from waste sources demonstrate potential as alternative
protein sources and reservoirs of bioactive phenolic compounds.

This study opens avenues for further exploration of these algae in food, pharmaceuticals, and cosmetics industries,
contributing to the sustainable utilization of aquatic resources. The findings encourage ongoing research to unlock
the full potential of algae in addressing environmental challenges and meeting the increasing demand for
alternative and sustainable resources in various industries.
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Anahtar Kelimeler 0z

Termal su, Bu ¢alismada, Sirnak ili jeotermal alanlar1 tamitilarak termal su 6rneklerinin
Hidrojeokimya, hidrojeokimyasal 6zellikleri incelenmistir. Sirnak ilinde Giigliikonak-Belkis Ana,
Sirnak. Kumcati (ikizce), Balveren-Besta ve Beytiissebap-Ilicak bélgelerinde jeotermal

alanlar bulunmaktadir. ilde en 6nemli Jeotermal kaynak 63 °C’ye ulasan sicaklig1 ve
mevcut tesisi ile Giiglikonak jeotermal alanindaki Belkis Ana (Hista) Kaplicasi
kaynagidir. Diger onemli jeotermal alan olan Beytiissebap-Ilicak bolgesindeki
Zimriit Kaplicasinda 43 °C ile termal su elde edilmektedir. ilde farkli yastaki
karbonatli kayalar jeotermal sistemin rezervuar kayalarini olusturmaktadir. Marn
ve Kkilli litolojiler ortii kaya niteligindedir. Jeotermal sistem ise tektonik
kontrolliidiir. Termal sularin pH degerleri 6,56-9,46 arasinda ve EC degerleri 756-
2095 pS/cm arasinda degismektedir. Sularda farkli su tipleri (Ca-Mg-HCO3-SO4/
Ca-Mg-S04-HCO3, Na-Ca-Cl-HCO3/Na-Ca-HCO3-Cl) tespit edilmistir. Sirnak ilinde
termal sularin kimyasini denetleyen temel faktoriin kaya-su etkilesimi oldugu
gorilmektedir. Termal su drneklerinin As igerigi 11-22 pg/l arasinda degismekte
olup i¢me suyu i¢in verilen sinir degerleri asmaktadir. Ayrica, Mn, Se ve koliform
bakteri iceriklerinin bazi 6rneklerde sinir degerlerin ilizerinde oldugu tespit

edilmistir.
SIRNAK PROVINCE GEOTHERMAL RESOURCES AND PROPERTIES
Keywords Abstract
Thermal water, In this study, the geothermal areas of Sirnak province were introduced and the
Hydrogeochemistry, hydrogeochemical properties of thermal water samples were examined. In Sirnak
Strnak. province, there are geothermal areas in Giiglitkonak-Belkis Ana, Kumgati (ikizce),

Balveren-Besta and Beytiissebap-Ilicak regions. The most important geothermal
source in the province is the Belkis Ana thermal spring in Gii¢liikonak geothermal
area, with its temperature reaching 63 °C and its existing facility. Thermal water is
obtained at 43 9C in the Ziimriit thermal spring in the Beytlissebap-Ilicak region,
which is another important geothermal area. Carbonate rocks of different ages in
the province constitute the reservoir rocks of the geothermal system. Marl and
clayey lithologies are cover rocks. The geothermal system is tectonic controlled.
The pH values of thermal waters vary between 6.56-9.46 and EC values between
756-2095 pS/cm. Different water types (Ca-Mg-HCO3-S04/ Ca-Mg-S04-HCOs3, Na-
Ca-Cl-HCO3/Na-Ca-HCOs3-Cl) were detected in the waters. It seems that the main
factor controlling the chemistry of thermal waters in Sirnak province is rock-water
interaction. The As content of thermal water samples varies between 11-22 pg/1
and exceeds the limit values given for drinking water. Additionally, Mn, Se and
coliform bacteria contents were found to be above the limit values in some
samples.
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Highlights

e There are four geothermal areas in Sirnak province.

e Two different water types have been determined in thermal waters and Na*, Ca*2 and SO42-, HCO3- are
the dominant ions.

e Some trace element and microbiological contents of thermal waters restrict its use as a drinking cure.

Purpose and Scope

In order to introduce the geothermal areas in Sirnak province and ensure that they have modern facilities, the
potential of these areas must be revealed through geological, hydrogeological and hydrogeochemical research.
In this study, a geothermal resource inventory was made in the geothermal areas in Gili¢liikonak-Belkis Ana
(Hista), Kumcat (ikizce), Balveren-Besta and Beytiissebap-Ilicak locations in Sirnak province and their detailed
geological-hydrogeological properties were examined. Additionally, the hydrogeochemical properties of
samples taken from thermal water sources in these regions were examined.

Design/methodology/approach

Thermal waters were taken from thermal waters in the Sirnak in September-2021 and October-2022. The pH
temperature and EC values of the thermal waters were measured in-situ using a multi-parameter device.
Chemical analyzes of water samples were made. The results of the analysis were evaluated and interpreted
with different graphics.Chemical analyzes of water samples were performed and different graphs and
standards were used to evaluate and interpret the analysis results.

Findings

The temperatures of the thermal waters taken within the scope of the research ranged between 13.5-63 °C, and
the highest temperature was measured in Belkis Ana thermal springs in Gii¢likonak. pH values of water
samples vary between 6.56-9.46 and EC values between 756-2095 uS/cm. Ca-Mg-HC03-S04/ Ca-Mg-S04-HCO3
and Na-Ca-Cl-HCO3/Na-Ca-HCOs3-Cl water types were determined in thermal waters. The main factor affecting
the chemistry of thermal waters in Sirnak province is rock-water interaction. Carbonate rocks of different ages
in the province have the characteristics of karstic rocks and constitute the reservoir rocks of the geothermal
system. Marl and clayey lithologies are cover rocks. The geothermal system is tectonic controlled. As, Al, Br, Ba,
Cr, Cd, Cu, Hg, Fe, Ni, Mn, PO4, Sb, Pb, Se, Zn, Free Cyanide and Boric Acid (H3BO3), Silicate Acid (H2Si03) were
analyzed in thermal waters. . The As content of water varies between 11-22 pg/l and exceeds the limit values
given using drinking water. According to the results of major anion, trace element and microbiological analysis
of thermal water samples taken from Sirnak province, it was determined that it was not suitable for long-term
use as drinking water.

Practical implications

Although there are four geothermal areas in Sirnak province, these areas cannot be used under suitable
conditions. Detailed geological, hydrogeological and hydrogeochemical analyzes have been carried out in order
to benefit from the geothermal areas in the province with modern facilities. According to the results of this
analysis, it was determined that the limit values given in the Hot Springs Regulation were exceeded in some
water samples in the province. The results obtained revealed which parameters pose risks in ensuring the
healthy use of thermal waters with modern facilities. Taking these results into consideration, necessary
precautions should be taken and the use of these geothermal areas should be improved.

Originality
The study is an original study examining the geological, hydrogeological and hydrogeochemical properties of
different geothermal areas in Sirnak province.

" Corresponding author: aysendavraz@sdu.edu.tr, +90-246-211-1326
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1. Giris (Introduction)

Alp-Himalaya orojenik kusag iizerinde bulunan Tiirkiye’de volkanik, magmatik ve orojenik faaliyetlerin yogun
ve aktif olmasi iilkemizin jeotermal kaynak potansiyelini arttirmistir. Afrika ve Avrasya levhalar arasindaki
kitasal carpismadan kaynaklanan Akdeniz Deprem Kusagi'nda yer alan Tiirkiye’de aktif fay hatlar tilkenin pek
cok alaninda gozlenmektedir (Bozkurt, 2001). Aktif fay hatlar1 su dolasimina ve 1s1 akisina olanak saglayarak
jeotermal kaynak ve jeotermal enerji potansiyelini olusturan ana unsurlardir (Baba ve Soézbilir, 2012).
Turkiye'deki kaplicalarin dagilimi kabaca fay sistemleri, gen¢ volkanik alanlar ve modifiye hidrotermal
dagilimlarla paralellik gostermektedir. Tiirkiye'de dort ana jeotermal bolge bulunmaktadir. Bunlar Bati Anadolu,
I¢c Anadolu, Dogu Anadolu ve Kuzey Anadolu fay zonudur (Simgsek, 2002). Bati Anadolu’da Tiirkiye'nin en yiiksek
sicakliga sahip jeotermal alanlar bulunmakta olup bunlar Gediz ve Menderes grabeni i¢inde gelismistir. Orta
Anadolu’da ise Bati Anadolu’ya gore daha diisiik sicaklikli jeotermal kaynaklar gozlenmektedir. Kuzey
Anadolu’da Kuzey Anadolu Fay1 boyunca gelismis Bursa-Cekirge, Yalova-Terme, Armutlu, Sakarya-Akyazi, Bolu,
Tokat-Resadiye gibi jeotermal alanlar bulunmaktadir (Kogak, 2000).

Dogu ve Giineydogu Anadolu boélgelerinde ise jeotermal alanlar tektonik ve volkanik aktivitelere bagh olarak
gelismistir. Bu bolgede bulunan en 6nemli jeotermal alanlar Agri-Diyadin, Van-Ergis, Diyarbakir-Cermik, Bitlis-
Nemrut ve Urfa-Karaali sahalaridir (Kogak, 2000). Dogu Anadolu Bélgesi ve Giineydogu Anadolu Bélgesinin Dicle
boélimiinde kalan Sirnak ili jeotermal kaynaklarin bulundugu ancak bu alanlarin gelistiriimesi ve modern
kullanim kosullarinin saglanabilmesi acisindan kisith kalmis bir ildir. ilde dért adet jeotermal alan bulunmasina
ragmen bunlardan sadece Giigliikonak-Belkis Ana (Hista) jeotermal alaninda kapali bir kaplica tesisi
bulunmaktadir. Diger alanlarda ise sadece basit havuzlar seklinde yararlanilmaktadir. Sirnak ilinde bulunan
jeotermal alanlarin tanitilabilmesi ve modern tesislere kavusmasinin saglanabilmesi i¢in bu alanlarin jeolojik,
hidrojeolojik ve hidrojeokimyasal arastirmalar ile potansiyelinin ortaya konmasi gerekmektedir. Bu calismada,
Sirnak ilinde bulunan Giicliikonak-Belkis Ana (Hista), Kumcat1 (ikizce), Balveren-Besta ve Beytiissebap-Ilicak
mevkilerinde bulunan jeotermal alanlarda jeotermal kaynak envanteri yapilmis ve ayrintili jeolojik- hidrojeolojik
ozellikleri incelenmistir. Ek olarak, Basaga¢ mevkiinde bulunan kaynak sularindan da ornekler alinarak
degerlendirmeler yapilmistir. Ayrica, bu bolgelerde bulunan termal su kaynaklarindan alinan o6rneklerin
hidrojeokimyasal 6zellikleri irdelenmistir.

2. Kaynak Arastirmasi (Literature Survey)

Sirnak ilinin bulundugu Giliney Dogu Anadolu boélgesinde genel olarak aktif tektonik olaylar, dogal kaynaklar ve
bolgenin jeolojisine yonelik cok sayida arastirma yapilmistir. Bu ¢alismalar Tiirkiye Petrolleri Anonim Ortaklig
ve Maden Tetkik Arama Enstitiisti gibi kurumlar ve {iniversiteler tarafindan gergeklestirilmistir. Arastirmalarda
ana tema petrol vb. dogal kaynak aramalarina yoneliktir (Coruh, 1991; Coruh vd. 1997; Ercan vd. 1991;
Sungurlu, 1974; Saroglu ve Emre, 1987; Saroglu, 1987). Gliney Dogu Anadolu ve Dogu Anadolu bélgelerindeki
jeotermal kaynaklara yonelik arastirmalar ise kaynaklarin bulundugu bazi alanlarda gerceklestirilen jeolojik,
jeofizik etiitler, sondaj acim raporlari ve kaynak analizleri ile simirh kalmigtir (Ozel, 2001; Ozel ve Bekisoglu,
2002). Bolgede jeotermal potansiyel arastirilmasina yonelik ilk ve tek arastirma Baba vd. (20153, b) tarafindan
gerceklestirilen GAP idaresi tarafindan finanse edilen GAP Jeotermal Kaynaklar1 Gelistirme Projesi kapsaminda
yapilmistir. Bu ¢alismada, GAP bélgesinin jeolojik ve tektonik 6zellikleri incelenerek jeotermal kaynak ¢ikislari
bulunan Adiyaman, Gaziantep, Batman, Diyarbakir, Sanhurfa, Siirt, Mardin, Kilis ve Sirnak illerindeki jeotermal
su orneklerinin hidrojeokimyasal o6zellikleri irdelenmistir. Calismada ayrica, GAP bolgesinde jeotermal
kaynaklarin gelistirilmesine yonelik 6nerilerde bulunulmustur.

3. Materyal ve Yontem (Material and Method)
3.1. Calisma Alani (Study Area)

Sirnak Giineydogu Anadolu Bélgesinde Irak ve Suriye ile sinir1 olan bir ildir (Sekil 1). ilde giineydogu Toroslar ile
iliskili 3000 m'yi asan yliksek seviyeler gozlenmektedir. Bu seviyelerin en yiiksek kesimleri Altin Dag (3358 m)
ve Karacadag (3275 m)’dir. Silopi, Cizre ve idil civarindaki al¢ak diizliikler bitkisel iiretim, Faragin Yaylas1 gibi
yiiksek diizliikler hayvancilik i¢in kullanilmaktadir. Silopi Ovasi Sirnak ilinin en 6nemli yeraltisuyu akiferini
olusturmaktadir. Pliyosen formasyonlar 6nemli akifer birimlerdir. Bu birimler igerisindeki konglomera ve
kumtas1 seviyeleri yeraltisuyu bulundurmaktadirlar. S6z konusu akiferin rezervi 155. 106 m3/y1l olup yillik
emniyetli verim100.10¢ m3/y1l olarak belirlenmistir (0SB, 2016). Sirnak ili, Dicle havzasi igerisinde bulunmakta
olup Dicle havzasini besleyen Kizilsu, Habur, Nerdiis ve Hezil nehirleri il sinirlari icerisindedir. Sirnak ili giiney
ve bat1 kesimlerinde Tersiyer yash birimler yiizeylemektedir. Bol miktarda petrol iceren bu olusumlar iran ve
Irak'ta da devam etmektedir. Tersiyer olusumlarinin Tiirkiye’deki uzantilar1 ince olup tektonik hareketler
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sonucu kivrilmistir. Bu kivrimlanma Cudi Dagi’'nda daha fazla olup, daha yasl tortullar giineyde geng birimler
iizerine itilmistir (OSB, 2016).
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Sekil 1. Sirnak ilinin Tiirkiye’deki konumu ve il haritasi (Location and provincial map of Sirnak province in Turkey)
3.2. Ornekleme ve Analiz Yontemi (Sampling and Analysis Method)

Sirnak ilinde bulunan termal ve mineralli sularin hidrojeokimyasal 6zelliklerinin belirlenmesi amaciyla Eyliil-
2021 ve Ekim-2022 donemlerinde aylarinda su ornekleri alinmistir. Sularin fiziksel 6zellikleri olan pH,
elektriksel iletkenlik (EC) ve sicaklik parametreleri su drnegi alimi sirasinda ¢ok parametreli 6l¢iim cihazi
kullanilarak yerinde 6lciilmistiir. Global konumlandirma sistemi (GPS) cihazi kullanilarak 6rnek alim
noktalarinin konumu kaydedilmistir. Su 6rneklerinin anyon, katyon, eser element, nitrat, nitrit, amonyak ve
bakteriyolojik analizleri Diyarbakir Halk Saglig1 Laboratuvar il Saglik Midiirliigii laboratuarinda yaptirilmistir.
Analiz parametreleri 24.07.2001 tarih ve 24472 sayili Resmi Gazetede yayinlanan “Kaplicalar Yonetmeligi”
hiikiimlerinde belirtilen parametreler dikkate alinarak secilmistir.

4. Arastirma Bulgular1 (Research Findings)
4.1. Sirnak ili Jeotermal Alanlar (Sirnak Province Geothermal Areas)

Sirnak il sinirlari icerisinde 4 adet jeotermal alan bulunmaktadir. Bélgenin en yliksek sicakliga sahip termal su
kaynagi Sirnak merkez ilce batisinda bulunan Giigliikonak ilgesi Diigiinyurdu Koyt civarindaki Hesta kaynak
suyudur. Bu bolgede Hista-Belkis Ana Kaplicasi bulunmaktadir. Sirnak il merkezi dogusunda bulunan
Beytiissebap Ilce merkezine 7 km uzakhktaki Ilicak kéyiinde Ziimriit Kaplicas: yeralir. Kaplicada termal kaynak
sularindan havuzlar ile faydalanilmaktadir. Sirnak il merkezi kuzeydogusunda yaklasik olarak 30 km mesafede
Besta kaynagi ve Merkez Kumcati Beldesi kuzeybatisinda Ikizce Koyii civarinda Nasfaran Kaplicasi
bulunmaktadir. Besta ve Nasfaran kaplicalarinda camur ve su banyosu seklinde yararlanilmaktadir (Sekil 1).

4.1.1. Giigliikonak-Belkis Ana Jeotermal Alan1 (Giicliikonak-Belkis Ana Geothermal Area)

Belkis Ana-Hista Jeotermal alani Diiglinyurdu Koyt yakininda Dicle Nehri kiyisinda Ilisu Baraji’nin mansabinda
yer almaktadir (Sekil 2). Bu bolgede dogal olarak bosalan termal kaynak suyundan yararlanilmaktadir. Bolgede,
Glineydogu Anadolu otoktonuna ait alttan Ttiste dogru Orta-Ge¢ Maestrihtiyen-Paleosen yasli Germav
formasyonu, Ge¢ Paleosen yasli Becirman formasyonu, Eosen yasli Midyat grubu ile Kuvaterner birimler
yluzeylemektedir (Sekil 3). Jeotermal kaynak c¢ikis bolgesi cevresinde genis alanlarda gozlenen Germav
formasyonunun alt seviyeleri mavimsi- yesilimsi gri, gri renkli, sik dokulu seyller ile baslar. Formasyonun iist
seviyeleri ise ince kumlu marn ara seviyeli seyllerden olusmaktadir. Germav formasyonunun Orta-Geg
Maastrihtiyen yash ince kirintililar1 -Alt iiye, Paleosen yash ince kirintililart ise -Ust iiye olarak ayirtlanmistir.
Germav formasyonunda kirectasi, killi kirectasi, kumlu kirectasi, kalsitlirbidit ve konglomera diizeyleri de
gozlenmektedir. Bol fosilli olan Germav formasyonu Orta Maasrihtiyen-Paleosen yaslidir (MTA, 2008a). Bolgede
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Germav formasyonu flyelerinin c¢evresinde kiiciik alanlarda gdzlenen Becirman formasyonu kiregtasy, killi
kirectasi, seyl ve marnlardan olusmaktadir. Formasyonda yer yer siltli ve kumlu seviyeler izlenmektedir. Genis
alanlarda yiizeyleyen Midyat grubu genelde Eosen yasl karbonatlar ile temsil edilmekte olup farkl alanlarda
kirectasi fasiyesleri yansitmaktadir (MTA, 2008a).

Sekil 2. Belkis Ana kaplicasi 6rnek ahm noktasinin uydu goriintiisii tizerindeki konumu (Location of the Belkis Ana thermal
spring sampling point on the satellite image)

TA,
field)
KTg1: Germav formasyonu-Alt Uyesi, KTg2: Germav formasyonu-Ust iiyesi, Teom: Midyat grubu, Tmp: Becirman formasyonu,
Teg: Gerclis formasyonu, Qf: Adlanmamis bazalt (KTg1: Germav formation-Lower Member, KTg2: Germav formation-Upper
member, Teom: Midyat group, Tmp: Becirman formation, Teg: Gerclis formation, Qf: Unnamed basalt)

Midyat grubunun genel olarak taban kesiminde yeralan Gerciis formasyonu konglomera, silttasi, kiltasi, marn,
kumtas1 gibi kirintih kayalardan olusmaktadir. Birim stratigrafik konumuna goére Erken Eosen yash kabul
edilmektedir (MTA, 2008). Kaynak cikis alani dogusunda ylizeyleyen Adlanmamis Bazalt birimi koyu renkli
bazaltlardan olusmakta olup bazaltik lav akintilarinin alttaki birimleri 6rtmesi nedeniyle Kuvaterner yasl olarak
kabul edilmistir. Hista (Belkis Ana) kaplicasi civarinda jeotermal akiskan ile iligkili traverten olusumlar1 da
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Kuvaterner yaslidir. Bolgede en geng birim Kuvaterner yagsh aliivyon olup kil, tutturulmamis kum ve ¢akillardan
olusmaktadir (Sekil 3).

Gugliikonak ve gevresinde yogun tektonik etki sonucu bu alanda yiizeyleyen Midyat Formasyonu’'nda ikincil
gozeneklilik gelismistir. Eosen yash kiregtaslari karstik olup yersel olarak yeraltisuyu alinabilmektedir. Bolgede
karstik kirectaglarindan onemli miktarda yeraltisuyu alinmaktadir. Germav Formasyonunda seyl ve kiltasi
seviyeleri agirlikli olup gecirimsiz 6zelliktedir. Bu birim jeotermal sistemin 6rtii kayaci 6zelligini tasimaktadir.
Dicle Nehri havzasinda yiizlek veren allivyonel birimler ise yeraltisuyu acgisindan verimli akiferleri
olusturmaktadir. Bolgede Ilisu fayinin agilma c¢atlaklarinda ¢ok sayida sicak su kaynagi bosalmaktadir. Alandaki
jeotermal sistem tektonik kontrolliidiir (Baba vd., 2015).

4.1.2. Kumgat: (ikizce) Jeotermal Alan1 (Kumcati -ikizce Geothermal Area)

Bu alanda Kumgcati Beldesi kuzeybatis1i ve Ikizce kéyii kuzeyinde 3 lokasyonda kaynak bosalimlar
bulunmaktadir. Bu kaynak ¢ikislarinin oldugu alanlar basit yapilar ile kullanima sunulmus olup diizenli bir tesis
mevcut degildir. Kumcati ve cevresinde Giineydogu Anadolu Otoktonu icerisinde bulunan Adiyaman grubuna ait
Uckiraz, Bozova ve Germav formasyonlari, Midyat grubu ile Kuvaterner aliivyon yiizeylemektedir (Sekil 4).
Seyllerden olusan Germav formasyonu boélgede genis alanlarda gozlenmektedir. Yine genis alanlarda ytlizeyleyen
Orta Maastrihtiyen yash Uckiraz formasyonu orta-kalin tabakali, marn ve Kkilli kirectasi seviyelerinden
olusmaktadir. 100-250 m arasinda degisen kalinliga sahip formasyon listte Germav formasyonu ile uyumludur
(MTA, 2007a). Bozova formasyonu ise ince-orta tabakali, midye kabugu kirilma ylizeyli marnlardan
olusmaktadir. Birimin st kesimlerinde marn ve kumlu Kkiregtasi seviyeleri de gdzlenmektedir. Tektonik
kontrollii olusan jeotermal sistemin rezervuar kayalar1 bolgede ytlizeyleyen karstik kaya ozelligine sahip farkli
yastaki karbonatli kayalardir. Marn ve killi litolojiler ise ortii kaya niteligindedir.

Sekil 4. Kumgat1 (ikizce) jeoterml alani jeoloji haritas1 (MTA, 2008a) (Geological map of Kumcati (Ikizce) geothermal area)
Kb: Bozova formasyonu, Kii: Uckiraz formasyonu, KTg :Germav formasyonu, Teom: Midyat grubu, Qal: aliivyon (Kb: Bozova
formation, Kii: Uckiraz formation, KTg: Germav formation, Teom: Midyat group, Qal: alluvium)

4.1.3. Balveren-Besta Jeotermal Alan1 (Balveren-Besta Geothermal Area)

Sirnak il merkezinin yaklasik olarak 30 km kuzeydogusunda bulunan Besta Jeotermal alaninda 24-29 °C arasinda
degisen dogal kaynak cikislar1 bulunmaktadir ($Sekil 5). Bu kaynaklarin kullanimi bulunmamaktadir. Besta
Jeotermal alaninda Giineydogu Anadolu Otoktonu icerisinde bulunan Adiyaman grubuna ait Ugkiraz, Sayindere
ve Germav formasyonlari, Mardin grubuna ait Derdere formasyonu, Midyat grubu ile Kuvaterner aliivyon
ylizeylemektedir (Sekil 5). Kaynak bosalim noktalari ¢evresinde Germav formasyonu ve Germav formasyonunun
Alt lyesi genis alanlarda gozlenmektedir. Kalinligt 50-250 m arasinda degisen Senomaniyen yasli Derdere
Formasyonu dolomitlerden olusmaktadir. Birim igerisinde seyrek ¢ort yumrulu, yer yer marn ara seviyeli
dolomitler de gozlenmektedir (MTA, 2007a). Sayindere Formasyonu ise killi kirectaslarindan olusmakta olup
marn ve kalkarenit diizeyleri de icermektedir. Kalinligit 17-365 m arasinda degisen birim iistte Bozova
formasyonu ile gecislidir. inceleme alanindaki farkh yastaki karbonatli kayalar karstik kaya 6zelliginde olup
jeotermal sistemin rezervuar kayalarini olusturmaktadir. Marn ve Kkilli litolojiler 6rtii kaya niteligindedir.
Alandaki jeotermal sistem tektonik kontrolliidiir.
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Sekil 5. Besta Meryema jeo n1 6rnek alim lokasyonlari ve gevresi jeoloji haritas1 (MTA, 2008b) (Geological map of
Besta Meryema geothermal area sampling locations and surroundings)
Kmd: Derdere formasyonu, Kas: Sayindere formasyonu, Kii: Uckiraz formasyonu, KTg :Germav formasyonu, KTg1: Germav
formasyonu-Alt Uyesi Teom: Midyat grubu, Qal: aliivyon (Kmd: Derdere formation, Kas: Sayindere formation, Kii: Uckiraz
formation, KTg: Germayv formation, KTg1: Germav formation-Lower Member Teom: Midyat group, Qal: alluvium)

4.1.4. Beytiissebap-Ilicak Jeotermal Alan1 (Beytiissebap-Ilicak Geothermal Area)

Beytiissebap ilcesine 7 km uzaklikta bulunan Ilicak kdyiinde Zimriit kaplicasi bulunmaktadir. 43 9C civarinda
sicaklik ile bosalan kaynak sularindan havuzlar ile faydalanilmaktadir. Beytiissebap ve cevresinde Giineydogu
Anadolu otoktonuna ait Cudi grubu, Mardin grubundan Derdere formasyonu, Adiyaman grubundan Sayindere ve
Germav formasyonlari, ayrilmamis Midyat grubu ve bu gruba ait Selmo formasyonu gozlenmektedir. Bolgede
allokton birimlerden Ciingiis-Hakkari napina ait Ciinglis ve Durankaya formasyonlari, Bitlis-Potiirge-Malatya
naplarn icinde Yiiksekova karmasigi ile Paraallakton birimlerden Kirkgecit formasyonunun Serizeri iiyesi
ylzeylemektedir (Sekil 6). 3790 m kalinliga ulasan Cudi Grubu, masif ve orta-kalin tabakali dolomit, dolomitik
kirectasi ve kiregtaslarindan olusmaktadir. Cudi grubunun yasi Orta Triyas-Erken Kretase yash kabul edilmistir.
1403 m kalinhga ulasabilen Selmo formasyonu ise konglomera, kumtasi, camurtasi, seyl ardalanmasindan
olusmakta olup Orta-Ge¢ Miyosen yashdir (MTA, 2007b).

Eosen-Erken Miyosen yasli Ciinglis Formasyonu seyl ve az fosilli kumtasi seviyelerinden olusmakta olup
polijenik konglomera diizeyleri de icermektedir. Asir1 derecede deforme olmus seyl ve fillat, pelajik kiregtas1 ve
gri renkli kiregtasi mercek ve bloklarindan olusan Durankaya Formasyonu Erken-Orta Eosen yashdir (MTA,
2007b). Durankaya formasyonu icerisinde gabro, serpantinit, metamorfik kirectasi, bazik volkanit, amfibolit gibi
bloklar bulunmaktadir. Spilit, spilitlesmis bazalt, kirectas1 az oranda granit, tiif, granodiyorit, konglomera, seyl,
mermer vb. kaya birimlerini iceren Yiiksekova Karmasigi Senomaniyen-Turoniyen yashdir (MTA, 2007b).
Kirkgecit Formasyonu icerisindeki konglomeralar Serizeri Uyesi olarak ayirtlanmistir. Bu konglomeralar
icerisinde kizil renkli camurtasi seviyeleri de izlenmektedir. Uye 5-50 m arasinda kalinhiga sahiptir.

Beytiissebap ve cevresinde yiizeylenen dolomitik kirectaslar1 karstik akifer o6zelligine sahiptir. Bu karstik
yapilardan yiiksek debili kaynak bosalimlari gézlenmektedir. Marn ve killi kayalarla temsil edilen birimler ise
ortl kayacini olusturmaktadir. Alanda jeotermal kaynak cikislar: tektonik kontrolli olup karstik kaynaktir (Baba
vd., 2015b).
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Sekil 6. Beytiissebap-Ziimriit kaplicasi ¢evresi jeoloji haritasi ve su 6rnegi alim lokasyonlari1 (MTA, 2007b)
(Geological map of Beytiissebap-Ziimriit hot spring surroundings and water sample collection locations)

TRKc: Cudi Grubu, Kmd: Derdere formasyonu, Kas: Sayindere formasyonu, KTg1:Germav formasyonu-Alt liyesi, Teom: Midyat
grubu, Tms: Selmo Formasyonu, T¢: Ciinglis Formasyonu,Thd: Durankaya formasyonu, Thdk: Kirectasi iiyesi, Ky: Yiiksekova
Karmasig, Tks: Serizeri Uyesi; (TRKc: Cudi Group, Kmd: Derdere formation, Kas: Sayindere formation, KTg1: Germav formation-
Lower member, Teom: Midyat group, Tms: Selmo Formation, T¢: Clingiis Formation, Thd: Durankaya formation, Thdk: Limestone

member, Ky: Yiiksekova Complex, Tks: Serizeri Member)

4.1.5. Basagac¢ MevKkii (Basaga¢ Location)

Basagac¢ mevkiinde 13.5 °C sicakliga sahip kaynak suyundan basit havuz yapilarak yararlanilmaktadir. Basagac
mevkiinde bulunan kaynak ve cevresinde Giineydogu Anadolu Otoktonunda Mardin grubuna ait Germav ve
Becirman formasyonlar1 ile Midyat grubu ve Gercilis formasyonu ylizeylemektedir (Sekil 7). Bolgede genis
alanlarda Germav formasyonu ve Eosen yash karbonatlar ile temsil edilen Midyat grubu gézlenmektedir. Kaynak
bosalim noktasina yakin bolgede ise Kkilli kirectasi, seyl ve marn ardalanmasindan olusan Becirman formasyonu
bulunur (Sekil 7). Bolgede gozlenen tektonik hatlara bagh olarak bosalan kaynagin alanda yiizeyleyen karbonat
kayaglardan beslendigi diisiiniilmektedir.

Sekil 7. Basaga¢ mevkii ve gevresi jeoloji haritasi ve su 6rnegi alim lokasyonlar1 (MTA, 2007a)

(Geological map of Basagag locality and its surroundings and water sample collection locations)

KTg :Germav formasyonu, Teom: Midyat grubu, Trb: Becirman Formasyonu, Teg: Gerciis Formasyonu
(KTg: Germav formation, Teom: Midyat group, Trb: Becirman Formation, Teg: Gerciis Formation )
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4.2. Termal sularin Hidrojeokimyasal Ozellikleri (Hydrogeochemical Properties of Thermal Waters)

Sirnak ili ve gevresinde yer alan sicak ve mineralli su kaynaklarinin hidrojeokimyasal 6zelliklerinin tespiti
amaciyla Eylil-2021 ve Ekim-2022 donemlerinde su ornekleri alinmistir. Su 6rnegi alinan lokasyonlara ait
bilgiler Tablo 1’de verilmistir. Inceleme alanindan alinan su érneklerinin pH degerleri Eyliil-2021’de 6,56-9,4 ve
Ekim-2022’de 7,15-9.46 arasinda degismektedir. inceleme alanminda yeraltisularmin Asit karakterli ile Bazik
sular arasinda degistigi séylenebilir. Inceleme alaninda sularin EC degerleri Eyliil-2021’de 795-2095 pS/cm,
Ekim-2022’de ise 756-1900 pS/cm arasinda 6l¢iilmiistiir (Tablo 2).

Tablo 1. Su é6rnegi alim noktalarina ait bilgiler (Information about water sample collection points)

el Yer Tanim
No

1 Besta Meryema 1 /Balveren Kéyi Kaynak 1/Bay tarafi/Havuz

2 Besta Meryema 2 /Balveren Koyt Kaynak 2/Ust Kottaki

3 Balveren/Germav Siftiye Kaynak 3 /Havuz

4 Beytiissebap Ziimriit Kaplicalari Kaynak-1

5 Beytiissebap Ziumriit Kaplicalar Kaynak-2

6 Giicliikonak Belkis Ana Kaplicalari Kaynak 2 (Ana Cikis)

7 Kumgati Mevkii Kaynak-1 Kaynak 1

8 Kumgati Mevkii Kaynak-2 Kaynak 2 /Hamam

9 Kumcati1 Mevkii Kaynak-3 Kaynak 3/Hamam

10 Basagac¢ Mevkii Tas Ocagl Arkasi Kaynak

Tablo 2. Su 6rneklerinin yerinde 6l¢iim sonuglar1 (On-site measurement results of water samples)

Ornek Eyliil-2021 Ekim-2022
No pH EC Sicaklik Debi pH EC Sicaklik Debi
(nS/cm) (°Q) (1/s) (uS/cm) Q) (1/s)
1 7,46 1452 29,3 3 7,82 1159 27,3 3
2 8,09 1138 28,5 1 8,07 1355 29,1 ~1
3 7,27 863 23,3 1 8,19 1050 24,5 ~1
4 6,79 1881 43,3 1 7,15 1704 43 20-25
5 7,05 1450 42,6 12 7,29 1651 42,8 20-25
6 6,56 2095 62,8 1,7 7,2 1900 63 1,7
7 8,05 1430 21,8 0,1 7,99 1337 20,9 ~0,15
8 7,69 795 22,5 0,05 8,12 756 20,8 ~0,05
9 9,13 2093 21,7 0,03 9,28 1893 19,7 ~0,06
10 9,4 1098 16,5 1,5 9,46 1041 13,5 ~0,24

4.2.1. Sulann Fiziksel Ozellikleri (Physical Properties of Water)

24472 sayilh “Kaplicalar Yonetmeligi” hiikiimlerine gore sularin koku, renk, bulaniklik ve tat analizleri
yapimistir. Sicaklik, sularin énemli fiziksel 6zelliklerinden birisidir. Sularin sicakligi hem igerisinde yasayan
canli tiirlerini ve hem de kullanim alanlarinmi etkilemektedir. Sicakligi 20 °C'nin iizerinde olan sular sicak veya
termal sular olarak adlandirilir. Su 6rneklerinin sicaklik degerleri Eyliil-2021’de 16,5-62,8 °C ve Ekim-2022’de
13,5-63 0C arasinda degismistir. Sicakligi en diisik olan 6rnek su Oornegi Basaga¢c mevkiinde bulunan bir
kaynaktan alinmistir. Bu kaynak Neritik kirectaslari ile iligkili olarak Ust Kretase-Paleosen yash kirintih ve
karbonath birimler icerisinden bosalmaktadir. En yiiksek sicaklik Giiglikonak’da bulunan Belkis Ana
kaplicalarinda 6l¢tilmiistiir.

igme sular1 berrak, tortusuz, renksiz olmali, ¢lriik, yosun, kiif, H:S, amonyak, bataklik vb. kokular
bulunmamalidir. Bulaniklik ise, su icerisinde bulunabilen kil, silt, ince parcalanmis organik maddeler, yosunlar,
diatometreler, demir bakterileri ve diger mikroorganizmalar kaynakli olabilir (Giiler ve Cobanoglu, 1997).
Sularda erimis halde bulunan maddeler (NaClz, MgClz;, CaSOs+ vb.) ve organizmalar (Diyatome, Protozoa,
Siyanofise vb.) yiiksek oranda bulunursa sulara koku ve tat vermektedir. Inceleme alanindan alinan su
orneklerinin fiziksel analiz sonuglar1 Tablo 3’'de verilmistir. Bu analiz sonuglarina goére 9 nolu Kumg¢ati mevkiinde
kaynaktan gelen borudan alinan su 6rneginin her iki analiz periyodunda da renk ve bulaniklik agisindan uygun
olmadig tespit edilmistir.
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Tablo 3. Fiziksel analiz sonuglar1 (Physical analysis results of water samples)

Ornek No | Koku | Renk | Bulanmiklik | Tat
EYLUL 2021
1 Uygun Uygun Uygun Uygun
2 Uygun Uygun Uygun Uygun
3 Uygun Uygun Uygun Uygun
4 Uygun Uygun Uygun Uygun
5 Uygun Uygun Uygun Uygun
6 Uygun Uygun Uygun Uygun
7 Uygun Uygun Uygun Uygun
8 Uygun Uygun Uygun Uygun
9 Uygun Uygun Degil Uygun Degil Uygun
10 Uygun Uygun Uygun Uygun
EKIM 2022
1 Uygun Uygun Uygun Uygun
2 Uygun Uygun Uygun Uygun
3 Uygun Uygun Uygun Uygun
4 Uygun Uygun Uygun Uygun
5 Uygun Uygun Uygun Uygun
6 Uygun Uygun Uygun Uygun
7 Uygun Uygun Uygun Uygun
8 Uygun Uygun Uygun Uygun
9 Uygun Uygun Degil Uygun Degil Uygun
10 Uygun Uygun Uygun Uygun

4.2.2. Major iyon icerikleri ve sularin siniflandirilmasi (Major ion contents and classification of waters)

inceleme alanindan alinan su orneklerinin Na icerigi 54,19-472,06 mg/l arasinda, Ca igerigi 0,70-410,74 mg/]
arasinda, K icerigi 4,27-23,46 mg/l ve Mg icerigi 0,23-64,02 mg/l arasinda degismektedir. Sularin anyon
iceriklerine bakildiginda HCO3 degerlerinin 165-585 mg/1, SO+ igeriginin 2,89-1277,19 mg/1 ve Cl igerigi ise3,07-
378,09 mg/l1 arasinda oldugu tespit edilmistir (Tablo 4). Sirnak ili jeotermal kdkenli sulardan alinan érneklerde
baskin katyonlarin Na ve Ca oldugu belirlenmistir. Beytiissebap Ziimriit Kaplicasindan alinan 4 ve 5 nolu
ornekler ile Kumcati mevkiinden alinan 7 ve 9 nolu su 6rnekleri ve Basaga¢ mevkiinden alinan su 6rneginde Na
iyonunun baskin iyon oldugu goriilmektedir. 9 ve 10 nolu 6rneklerde sodyumdan sonra baskin katyon
potasyumdur. Diger su 6rneklerinde ise baskin katyonun Ca oldugu goriilmektedir. Su 6rneklerinde baskin
anyonun Besta Meryemana kaplicasinda (1 ve 2 nolu drnekler), Germav-Siftiye’de (3 nolu), Gii¢likonak Belkis
Ana kaplicalarinda (6 nolu) ve Kumg¢ati mevkiinde (8 nolu) SO4 oldugu goriilmektedir. Beytlissebap Ziimriit
Kaplicasinda (4 ve 5 nolu érnekler), Kumgati (7 nolu) ve Basaga¢ mevkiilerinden (10 nolu) alinan 6rneklerde
baskin anyon Cl'dur (Tablo 4).

Piper diyagrami sicak ve soguk sularin hidrokimyasal fasiyeslerinin tespitinde genel olarak kullanilmaktadir.
Inceleme alanindan alinan su érneklerinin major iyon icerikleri Piper diyagrami tizerine yerlestirilmistir (Sekil
8). Piper diyagraminda 1,2,3,6 ve 8 nolu érnekler 1. alanda bulunmaktadir. Bu alan alkali toprak elementlerin
(Ca+Mg) alkali elementlerden (Na+K) biiyiik oldugu su érneklerini yansitmaktadir. 4,5,7,9 ve 10 nolu 6rnekler 2.
alanda yeralip alkali toprak elementlerin (Ca+Mg) alkali elementlerden (Na+K) kii¢iik oldugu sulardir. 9 nolu
ornek hari¢ su 6rneklerinin tamaminda Giiglii asit kokleri (Cl+SO04) Zayif asit koklerinden (CO3+HCO3) daha
biiyiiktiir. Inceleme alaninda 1,2,3,6 ve 8 nolu 6rneklerde Ca, Mg ve SO4 igeriklerinin yiiksek oldugu
gorilmektedir. Bu drneklerdeki Ca, Mg artis1 Besta Meryema, Germav ve Giigliikkonak civarinda yaygin olarak
gozlenen Eosen ve Paleosen yasli Neritik kirectaslar ile dolomitik kirectasi ve dolomit birimleri ile temastan
kaynaklanmaktadir. Ayrica, Ca bazalt ve andezit gibi kayaglardaki anortitlerin, Mg ise biyotit, hornblend, ojit ve
piroksenin bozusmasi ile iliskilendirilebilir. Siilfat, termal sularda pirit, jips ve anhidrit gibi stilfiirlii minerallerin
¢oziinmesi ve oksidasyonu ile hidrojen siilfit iceren derin sivilarla etkilesimi sonucu bulunabilir (Egemeier, 1981;
Goldscheider vd., 2010). Siilfat ayrica evaporit yataklarinda, éncelikle jips (CaS042H20) olarak bulunur. inceleme
alaninda jeotermal sularda SO4'daki artis muhtemelen evaporitik birimlerle kaya suyu etkilesimi ile iligkilidir.

inceleme alaninda 4,5,7,9 ve 10 nolu 6rneklerde ise Na iceriginin baskin oldugu gortlmektedir. Termal sularda
Na artisi volkanik kayaglardaki albitlerin ¢6zlinmesi, Na ile Ca arasinda iyon degisimi ve derin dolasimli sularda
sodik plajiyoklasca zengin andezitik magmanin varligi ile iliskilendirilebilir. Bu 6rneklerde baskin anyon ise Cl ve
HCOs3'dir. HCOs3, esas olarak CaCOs'lin, yeraltisuyu akis yollar1 boyunca sizan COz bakimindan zengin meteorik su
tarafindan ¢dziilmesinden kaynaklanir. Magmatik kayaclardan ofiyolitik olusumlar gosteren kayaglar, yiiksek CI
elementi icermekte ve genel yapisi itibariyle ayrismalara karsi daha duraysiz kayag tiplerini olusturmaktadir
(Sahinci, 1991).
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Inceleme alanindaki sular genel olarak iki su tipine (IAH, 1979; Freeze ve Cherry, 1979) ayrilabilir. Bunlar; (1)
Ca-Mg-HCO3-S04; Ca-Mg-S04-HCO3 (2) Na-Ca-Cl-HCO3/Na-Ca-HCOs-Cl bigimindedir. (1) su tipi beslenme alam
ve/veya yakininda bulunan nispeten orta dolasim siiresine sahip, iyon miktar1 yiiksek karisim sularini, (2) su tipi
diistik hidrolik iletkenlige sahip akifer icerisinde yavas dolasim nedeniyle kayacla temas siiresi uzadigl icin iyon
miktari daha yiiksek yasli sulari temsil etmektedir.

Tablo 4. Su drneklerinin major iyon analiz sonuglar1 (Major ion analysis results of water samples)

EYLUL 2021
Ornek Na+ K+ Ca+t Mg+ Cl- S04~ HCOs- F NO3 NO: NH4 Sertlik Su sinifi
No mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/l | mg/l | mg/l | mg/l | mg/l
1 77,11 6,17 | 189,87 | 50,06 | 7441 708,21 274 1,27 - - 0,81 67,95 CaMgS04HCOs
4 211,18 | 17,62 | 148,36 | 25,42 | 378,09 72,58 457 2,22 - - 0,90 47,46 NaCaClHCO3
6 68,96 23,46 | 410,74 | 64,02 | 117,42 | 1277,19 292 1,62 - - - 128,80 CaS04
7 298,99 | 14,25 | 26,13 | 11,57 | 297,32 2,89 427 3,61 11,27 NaCIHCO3
8 54,19 | 6,1 85,60 | 36,46 | 14,37 339,94 244 - 36,35 CaMgS04HCOs
9 472,06 | 14,98 3,37 0,82 311,82 32,89 585 3,19 1,17 NaHCOsCl
10 253,43 | 14,35 1,92 0,23 3,07 127,31 537 - 0,57 NaHCOs3Cl
EKIM 2022
1 79,47 575 | 205,18 | 52,58 | 58,21 535,03 213 - 0,48 - 0,42 72,81 CaMgS04HCOs
2 95,78 7,10 | 236,78 | 61,69 | 7544 683 165 - 24,45 - 0,37 84,44 CaMgSO04
3 59,99 4,27 154,16 | 42,92 51,14 418,55 183 - 0,58 - 0,38 56,11 CaMgS04HCO3
4 211,68 | 17,60 | 152,52 | 25,26 | 343,08 86,95 366 - 11,29 - - 48,44 NaCaClHCOs
5 214,98 | 17,51 | 151,45 | 25,56 | 337,08 | 103,94 | 353,38 - 8,62 - - 48,29 NaCaClHCOs
6 71,87 | 21,51 | 410,16 | 68,50 | 90,57 971,38 183 - 16,36 | 0,25 - 130,50 | CaSO4
7 307,05 | 13,75 | 26,66 | 11,66 | 220,03 64,43 353,8 - 15,86 | 0,46 - 11,45 NaClHCO3
8 60,80 5,70 87,64 35,38 23,76 265,91 176,9 - 2,94 - - 36,41 CaMgS04HCO3
9 449,77 | 15,56 2,20 0 210,98 | 118,85 | 469,7 - 2,94 | 15,89 0,55 NaHCOsCl
10 2839 | 14,27 0,70 0 231,68 | 120,29 | 3416 - 3,45 - - 0,17 NaClHCOs

A-Kalsiyum tip su \WA
B-Karisim tip su
C-Magnezyum tip su /2

D-Sodyum ve Potasyum tip su \e/

Py
E-Bikarbonat tip su &) 4
F-Siilfat tip su )y

G-Klor tip su

5-Magnezyum-Bikarbonat tip su
6-Kalsiyum-Klortip su

7-Sodyum-Klor tip su

8-Sodyum-Bikarbonat tip su

9-Karisim tip su (Kalsiyum-Magnezyum-Klor)
10-Karisim tip su (Kalsiyum-Sodyum-Bikarbonat)

X > > > 1 m o
0 0 N O A -

2 % PR $
+«——Ca cl —
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Sekil 8. Piper diyagrami (a:Ekim-2022, b:Eyliil-2021) (Piper diagram (a:October-2022, b:September-2021)

Gibbs (1970) diyagrami sudaki iyonik oranlar ile suyun kokeni ve bilesimini tanimlamakta yaygin olarak
kullanilmaktadir. Diyagramda sularin Cl/Cl+HCO3 ve Na+K/Na+K+Ca oranlari ile TDS degerleri kullanilir. Sirnak
ili jeotermal sularindan alinan 6rnekler Gibbs diyagrami iizerinde “Kayag¢ Baskin” bolgede yer almaktadir. Bu
durum, ilde termal sularin kimyasini etkileyen temel faktoriin kaya-su etkilesimi oldugunu gostermektedir (Sekil
9).

inceleme alaninda sertlik degeri Eylil-2021’de 0,57 -128.8 Fre arasinda Ekim-2022’de 0,17-130.5 Fre arasinda
degismektedir (Tablo 4). En yiiksek sertlik Gili¢liikonak Belkis Ana kaplicalarindan alinan érneklerde tespit
edilmistir En diisiik sertlik derecesine sahip su ise en diisiik sicakliga sahip Basaga¢ mevkiinde bulunan bir
kaynaktan alinmistir. Fransiz sertlik derecesine gore sular Cok Yumusak, Yumusak, Sert ve Cok Sert su sinifinda
yeralmaktadir.
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Sekil 9. Gibbs diyagrami (Ekim 2022) (Gibbs diagram (October 2022))
4.2.3. iz elementler (Trace elements)

inceleme alanindaki sularda As, Al, Br, Ba, Cr, Cd, Cu, Hg, Fe, Ni, Mn, PO4, Sb, Pb, Se, Zn, Serbest Siyaniir ve
¢oziinmeyen maddeler olarak Borik Asit (H3BO3), Silikat Asidi (HzSi03), analizleri yapilmistir. Orneklerde Cd, Cr,
Cu, Pb, Sb, Serbest Siyaniir degerleri tespit edilememistir. Diger parametrelerin analiz sonuclar1 Tablo 5’de
sunulmustur. inceleme alaninda sularin Al icerigi 0,0097 mg/1 (9,7 pug/1) ile 8,89 mg/1 (8890 pg/l) arasinda
belirlenmistir. Aliminyumun Ekim-2022’de ekstrem degerinin tespit edildigi 1 nolu 6rnek Balveren koyii Besta
Meryema kaplicas1 Bay tarafindaki havuzdan alinmistir. Bu 6rnekte Eyliil-2021'de 0,23 mg/1 Al degeri tespit
edilmistir. Cevresel faktorlerin etkisine agik olup ilkel kullanimi olan bu suda Ekim-2022’de tespit edilen ytliksek
Al igeriginin antropojenik kokenli olabilecegi diistiniilmektedir. As dogada dogal veya antropojenik kokenli
olarak bulunabilmektedir (Sahinci, 1991). Sirnak ilinden alinan sularda As igerigi 11-22 pg/l arasinda
degismektedir. Inceleme alaninda sularin Ba degerleri Ekim-2022’de sadece 4, 5 ve 7 nolu dérneklerde tespit
edilebilmistir. Ba icerikleri 0,22-0,95 mg/l arasinda degismekte olup olduk¢a diisiik degerlerdedir (Tablo 5).
Bromun baslica kaynaklar1 deniz suyu, tuzlu yeraltisuyu, potasyumlu tuz yataklar1 ve tuz gélleridir. Brom
endiistride ve tipta genis sekilde kullanilmaktadir (Sahinci, 1991). inceleme alanindan alinan sularin Br icerigi
0,31-0,98 mg/1 arasinda degismektedir. Sularin Fe icerigi 0,023 mg/1 (2,3 pg/1) ile 0,73 mg/1 (73 pg/1) arasinda
degismektedir. Sulardaki Fe iceriklerinin diisiik oldugu gorilmektedir. Sicak sularda mangan miktar: ¢ok fazla
olabilir (Sahinci, 1991). inceleme alaninda sularin Mn igerigi 0,0065 mg/l ile 61,08 mg/1 arasinda degismektedir.

Nikel, dogal koékenli ve insan aktiviteleri kaynakli olarak bulunabilmektedir (Sahinci, 1991; Kartal vd., 2004).
Termal sularin Ni igerigi 0,011-0,025 mg/] arasinda degismektedir. Cogu su 6rneginde Ni tespit edilememistir.
Proje alaninda Zn igerigi sadece 6 nolu 6rnek olarak verilen Gligliikonak Belkisana kaplicalarindan Eyliil-2021'de
alinan érnekte 0,021 mg/1 olarak analiz edilmistir. Bor, sularda borik asit (H3BOs3) olarak bulunur. Andezitlerden
gelen sularda diger volkanik kayaglara oranla ¢ok daha fazla bor bulunur (Eroglu ve Aksoy, 2003). Inceleme
alaninda borik asit igerigi Eyliil-2021’de 0,7-3,61 mg/l, Ekim-2022’de ise 0,68-10,24 mg/] arasinda tespit
edilmistir. En yliksek borik asit icerigi Basaga¢ mevkiinde bulunan kaynak suyunun toplandig1 havuzdan alinan
su drneginde tespit edilmistir. Silika (SiO2), ¢esitli sularda asili kolloidal partikiiller olarak polimer halinde, silis
asidi (H2Si03) veya silikat iyonu seklinde olmak iizere bolca bulunur. inceleme alaninda silikat asit igerigi Eyliil-
2021'de 24,9-51 mg/], Ekim-2022’de ise 10,3-62 mg/] arasinda tespit edilmigtir.

4.2.4. Mikrobiyolojik Parametreler (Microbiological Parameters)

icme ve kullanma sularinin mikrobiyolojik 6zellikleri énemlidir. insan igin yalmzca patojenik
mikroorganizmalar 6nem tasir. Hastalik olusturan mikroorganizmalarin analizler ile tespiti zor oldugu igin
gosterge (indikatdr) organizmalarin analizi yapilir. Genel olarak icme ve kullanma sularinda 22°C* - 37°C"
arasinda koloni sayimi yapilir (MEB, 2011). 24.07.2001 tarih ve 24472 sayili Resmi Gazetede yayinlanan
“Kaplicalar Yonetmeligi” hiikiimlerine gore su 6rneklerinin Koliform Bakteri (kob/100mL), Fekal Koliform
Bakteri (kob/100mL), 22°C’de Toplam Koloni Sayimi (kob/mL) ve 37°C'de toplam jerm sayimi (kob/mL)
analizleri yapilmistir. Analiz sonuglarina bakildiginda Koliform bakteri agisindan 1,2,3,4,8,9 ve 10 nolu
orneklerin, Fekal koliform bakteri acisindan 1 ve 2 nolu 6rneklerin yonetmelikte verilen sinir degerleri astigi
gorillmektedir. 22°C'de Toplam koloni sayim1 degerine bakildiginda 1,2,8,9 ve 10 nolu érneklerin, 37°C de

toplam jerm sayimi degerine bakildiginda ise 1,2,4,5,8,9 ve 10 nolu orneklerin siir degerleri astigi
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gorilmektedir (Tablo 6). Bu sularin i¢ilmesi durumunda 6nemli saglik problemleri ile karsilasilabilecegi
gorulmektedir.

Tablo 5. Su 6rneklerinin eser element ve diger parametrelere ait analiz sonuglar1 (Analysis results of water samples for trace
elements and other parameters)

EKiM 2022
Ornek no 1 2 3 4 5 6 7 8 9 10
Al 8,89 0,036 - 0,017 0,018 | 0,011 0,0097 0,010 0,028 0,038
As 0,014 0,013 0,011 0,020 0,022 | 0,013 - - - -
Ba - - - 0,22 0,23 - 0,95 - - -
Br - - - 0,40 0,40 0,31 0,60 - - 0,98
Hg - - - - - - - - - -
Fe - 0,060 0,057 0,039 0,023 | 0,024 - - - 0,033
Mn 41,0 0,020 0,027 0,030 0,020 | 0,006 - - - -
Ni - - - - - - - - - -
PO, 76,38 72,21 73,29 - - - - - - -
Se - 0,015 0,017 | 0,0018 | 0,001 | 0,002 0,002 0,002 - 0,013
Zn - - - - - - - - - -
Borik Asit 1,11 1,37 1,12 3,15 3,19 0,68 6,5 1,03 9,55 10,24
Silikat Asidi 12,4 11,1 10,3 52 41 62 16 17 15 24
EYLUL 2021
Al 0,23 0,117 0,12
As 0,015 0,022 0,015
Ba - - -
Br - - 0,45
Hg - - 0,0002
Fe 0,73 0,14 0,13
Mn 61,08 0,02 0,012
Ni 0,022 0,025 0,011
PO, 19,18 - 15,40
Se 0,0012 0,0012 1,18
Zn - - 0,021
Borik Asit 1,15 3,61 0,7
Silikat Asidi 24,9 33,9 51

*Analiz sonugclari mg/1 olarak verilmistir.

Tablo 6. Mikrobiyolojik analiz sonuglar1 (Microbiological analysis results of water samples)

Ornek Koliform Fekal Koliform | 22°C'de Toplam | 37°C de toplam
No bakteri bakteri koloni sayim1 jerm sayimi
kob/100mL kob/100mL kob/mL kob/mL

EYLUL 2021

1 8 82 42 304

4 0 0 0 0

6 0 0 0 0
EKIM 2022

1 68 8 3 0

2 148 68 736 212

3 25 0 7 0

4 2 0 0 488

5 0 0 8 724

6 0 0 0 0

7 0 0 0 0

8 46 0 162 864

9 72 0 2288 712

10 120 0 2430 2752

Limit 0 0 30 5

4.2.5. Sularin icilebilme 6zellikleri

Sirnak ilinden alinan su 6rneklerinin igme suyu olarak kullanima uygunluklari anyon-katyon ve iz element
icerikleri ile fiziksel analiz sonuglarinin ulusal ve uluslararasi standartlar ile Kkarsilastirilmasi ile
degerlendirilmistir. Bu degerlendirmede insani Tiiketim Amach Sular hakkinda yénetmelik (TS-266, 2005),
Diinya Saglk Orgiitii standartlar1 (WHO, 2017), Amerika icme suyu standartlar1 (EPA, 2018) ve 25657 sayili
Dogal Mineralli Sular yonetmegi (2010) kullanilmistir (Tablo 7). inceleme alanindan alinan su érneklerinin pH
degerleri 6,56-9,46 arasinda, EC degerleri 756-2095 puS/cm arasinda olup tiim standart ve yonetmeliklere
uygundur. Inceleme alaninda sularin Na icerigi 54,19-472,06 mg/l arasinda degismektedir. insani Tiiketim
Amach Sular Yonetmelikte sinir deger 200 mg/l olarak verilmistir. Ziimriit kaplicalari, Kumcati ve Basagag
civarindan alinan su érneklerinin Na icin verilen simir degeri astif1 gériilmektedir. Inceleme alaninda sularin Cl
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icerigi 3,07-378,09 mg/l arasinda degismekte olup, Ziimriit Kaplicasi, Kumgat1 ve Basagac¢ civarindan alinan su
orneklerinin sinir deger olan 250 mg/l'yi astig1 belirlenmistir. Sularin SO4 icerigi 2,89-1277,19 mg/] arasinda
degismektedir. Besta Meryema, Germav Siftiye, Giicliikonak Belkis Ana Kaplicalar1 ve Kumcati mevkilerinden
alinan su orneklerinin SO4 igeriklerinin i¢gme suyu olarak kullanim i¢in sinir deger olan 250 mg/l'yi astig
belirlenmistir.

inceleme alaninda sularin As icerigi 11-22 pg/l arasinda degismektedir. Degerlendirilen standart ve
yonetmeliklerin tamaminda As icin standart deger 10 ug/l olarak verilmistir. Tiim su 6rneklerinin As i¢in verilen
icme suyu smir degerini astig1 goriilmektedir. inceleme alaninda sularin Mn igerigi 0,0065 mg/1 ile 61,08 mg/1
arasinda degismektedir. Proje alanindan alinan 6rneklerde sadece Eyliil-2021’de 1 nolu Besta Meryema Kaplicasi
kaynak suyundan alinan 6rneklerde 61,08 mg/1 Mn tespit edilmistir. Bu igerik sinir degerlerin iizerindedir. Proje
alaninda sularin Se igerigi 0,0012-1,18 mg/] arasinda degismektedir. En ytiksek Se icerigi sadece Eyliil-2021’de 6
nolu Gli¢glikonak Belkis Ana kaplicalarindan alinan Ornekte tespit edilmistir. Se icin verilen sinir deger
yonetmeliklere gore degismekle birlikte 10-50 ug/l arasinda verilmistir. ilde termal su érneklerinde yaptirilan
Ba, Fe, Ni ve Zn konsantrasyonlarinin ise sinir degerleri asmadig tespit edilmistir.

Tablo 7. Ulusal ve uluslararasi standartlara gore elementlerin sinir degerleri (Limit values of elements according to
national and international standards)

insani Ti‘lketi{n WHO EPA Dogal .l.VIinerall.iv .
Amach Sular Yon. (2017) (2018) Sular Yonetmeligi

TS-266, (2005) 2004
Sicaklik 25 --- ---
pH 6.5-9.5 6.5-8.5
EC (uS/cm) 2500 2500
Na* (mg/1]) 200 ----
K+ (mg/1)
Ca*? (mg/1)
Mg*? (mg/1)
Cl- (mg/1) 250 250
S042 (mg/1) 250 250
HCO3 (mg/1)
Al (pg/1) 200 50-200 200
As (pg/1) 10 10 10 10
B (pg/1) 1000 2400
Ba (pg/1) 1300 2000 1000
Cd (pg/D 5 3 5 3
Cr (ug/1) 50 50 100 50
Cu (pg/l) 2000 2000 1000 1000
F (mg/1) 1.5 1.5 2 5
Fe (ug/l) 200 --- 300 ---
Hg (ug/l) 1 6 2 1
Mn (pg/1) 50 50 500
Ni (ug/1) 20 70 20
Pb (pg/1) 10 10 10
Sb (pg/1) 5 20 5
Se (ug/1) 10 40 50 10
U (pg/1) 30 30
Zn (pg/1) 5000
NO3 (mg/1) 50 50 10 50
NO; (mg/1) 0.5 3 1 0.1
Siyaniir (pug/1) 50 70

5. Sonug¢ ve Tartisma (Result and Discussion)

Sirnak ilinde Gii¢litkonak-Belkis Ana, Kumgati (ikizce), Balveren-Besta ve Beytiissebap-Ilicak bélgelerinde
jeotermal alanlar bulunmaktadir. Bu alanlarda genel olarak basit kaplicalar veya havuzlar ile yararlanilmaktadir.
Bolgedeki en duzenli kaplica Giliglikonak jeotermal alanindaki Belkis Ana kaplicalaridir. Burada 63 9C
sicakliklara ulasan jeotermal kaynak bosalimlari mevcuttur. Diger dnemli kaplica ise 43 °C sicakliklarin
olgtldugi Beytlissebap-Ilicak jeotermal alanindaki Ziimriit Kaplicasidir. Sirnak ilinde kaynak seklinde bosalan
dogal jeotermal akiskandan yararlanilmaktadir. Sirnak ilinde bulunan jeotermal alanlarda jeotermal sistem
tektonik kontrollii olarak gelismistir. inceleme alaninda farkli yastaki karbonatli kayalar karstik kaya 6zelliginde
olup jeotermal sistemin rezervuar kayalarini olusturmaktadir. Marn ve killi litolojiler 6rtii kaya niteligindedir.

Arastirma kapsaminda alinan su érneklerinin sicakliklar1 13,5-63 9C arasinda degismekte olup en yiiksek sicaklik
Gugliikonak’da bulunan Belkis Ana kaplicalarinda 6l¢iilmiistiir. En diisiik sicaklik ise Basaga¢ mevkiinde bulunan
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dogal kaynaktan alinmistir. Su drneklerinin pH degerleri 6,56-9,46 ve EC degerleri 756-2095 uS/cm arasinda
degismektedir.

Inceleme alanindaki sular genel olarak iki su tipine ayrilabilir. Bunlar; (1) Ca-Mg-HC03-S04/ Ca-Mg-S04-HCO3 (2)
Na-Ca-Cl-HCO3/Na-Ca-HCO3-Cl bigimindedir. (1) su tipi beslenme alani ve/veya yakininda bulunan nispeten orta
dolasim siiresine sahip, iyon miktar1 yiiksek karisim sularini, (2) su tipi diisiik hidrolik iletkenlige sahip akifer
icerisinde yavas dolasim nedeniyle kayacla temas siiresi uzadig icin iyon miktar:1 daha yiiksek yasl sular1 temsil
etmektedir. Sirnak ilinde termal sularin kimyasini etkileyen temel faktoriin kaya-su etkilesimi oldugu
soylenebilir. Besta-Meryema, Belkis Ana ve Kumgati kaplicalarindan alinan sularda Ca, Mg ve SO4 igeriklerinin
yuksek oldugu gorilmektedir. Bu 6rneklerdeki Ca, Mg artisi bolgede yaygin olarak gozlenen Eosen ve Paleosen
yaslh Neritik kirectaslari ile dolomitik kirectasi ve dolomit birimleri ile temastan kaynaklanmaktadir. SO+ artis ise
muhtemelen evaporitik birimlerle kaya suyu etkilesimi ile iliskilidir. Ziimriit Kaplicalari, Kumcati1 ve Basaga¢
mevkiilerinden alinan sularda Na igeriginin baskin oldugu tespit edilmistir. Bu su 6rneklerindeki Na artisi kaya-
su etkilesimi kaynaklidir.

inceleme alanindaki sularda As, Al, Br, Ba, Cr, Cd, Cu, Hg, Fe, Ni, Mn, PO4, Sb, Pb, Se, Zn, Serbest Siyaniir ve
¢oziinmeyen maddeler olarak Borik Asit (H3BO3), Silikat Asidi (H2Si03), analizleri yapilmistir. Orneklerde Cd, Cr,
Cu, Pb, Sb, Serbest Siyaniir degerleri tespit edilememistir. Ba, Fe, Ni ve Zn konsantrasyonlarinin ise sinir
degerleri asmadig1 goriilmiistiir. inceleme alaninda sularin As igerigi 11-22 pg/l arasinda degismektedir.
Degerlendirilen standart ve yonetmeliklerin tamaminda As i¢in standart deger 10 g/l olarak verilmistir. Tiim su
orneklerinin As icin verilen icme suyu siir degerini astifi goriilmektedir. Besta Meryama kaplicas1 kaynak
suyunda Mn iceriginin ve Belkis Ana Kaplicasinda Se igeriklerinin igme suyu simir degerlerini astigi
belirlenmistir. Ayrica, arastirma kapsaminda su orneklerinin koliform ve fekal koliform bakteri analizleri
yapilmistir. Bazi su orneklerinde Kaplicalar Yonetmeliginde verilen sinir degerlerin asildig: tespit edilmistir.
Sirnak ilinden alinan termal su 6rneklerinin major anyon, iz element ve mikrobiyolojik analiz sonuclarina gore
uzun siireli igme suyu olarak kullaniminin uygun olmadigi belirlenmistir. Elde edilen ¢iktilar termal sularin
modern tesisler ile sagliga uygun kullaniminin saglanabilmesi icin hangi parametrelerin risk tagidigini ortaya
koymustur. Bu sonuglar dikkate alinarak gerekli onlemler alinmali ve bu jeotermal alanlarin kullanimi
gelistirilmelidir.
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Anahtar Kelimeler 0z

Uriin Verimliligi, Calismanin temel amaci tasarimdan son kullanima kadar olan siireglerdeki
Sistem Verimliligi, topyeklin verimlilik artisinin detayli olarak ele alindigr 6zgiin bir g¢alismanin
Dijital Déniisiim, literatiire kazandirilmasidir. Calismada tasarim ile triin verimliliginin, siire¢
Siire¢ Yeniligi, optimizasyonu ile enerji verimliliginin, dijital doniisiim ile operasyonel verimliligin
Operasyonel Verimlilik. arttirilmasina iliskin bilgisayar destekli tasarim, simiilasyon, sayisal analiz ve dijital

donilisiim yazilimlarindan faydalanilmistir. Elde edilen bulgular neticesinde tasarim
iyilestirme ile liriin veriminde %81,5, siire¢ optimizasyonu ile enerji ve iscilikte
%45, operasyonel verimlilikte ise %55 mertebelerinde artis elde edilerek iilke
ekonomisine katkida bulunacak bir sistem kazandirilmistir. 3D tasarimlar
Solidworks kati modelleme ve tasarim programlarinda gerceklestirilmistir.
Mekanik islemler ANSYS simiilasyon programi kullanilarak sonlu elemanlar
yontemi ile gerceklestirilmistir. ANSYS Fluid modu kullanilarak akis katsayisini ve
swv1 direnci katsayisini tanimlamak i¢in hesaplamali akiskanlar dinamigi analizleri
yapilmistir. Uretim parametrelerinin tanimlanmasi icin Anycasting simiilasyon
programlari kullanilmistir. Dijital déniisiim kapsaminda iilkemizde ilk defa liretim
ekipmanlari ile higbir ara yazilim kullanilmadan haberlesebilen, harici bir yazilim
ve lisansa ihtiya¢ duyulmadan calisabilen 6zgiin bir veri izleme sistemi hayata
gecirilmistir.

A SAMPLE PRACTICE ON INCREASING TOTAL EFFICIENCY WITH DESIGN,
PROCESS INNOVATION AND DIGITAL TRANSFORMATION

Keywords Abstract

Product Efficiency, The primary goal of this research is to bring an original study into the literature, in
System Efficiency, which the overall productivity increase in the processes from design to final use was
Digital Transformation, discussed in detail. In the study, computer aided design, simulation, numerical
Process Innovation, analysis, and digital transformation software were used to increase product
Operational Efficiency. efficiency with design, process optimization and energy efficiency, and operational

efficiency with digital transformation. With the findings obtained, an increase of
81.5% in product efficiency with design, 45% in energy and labour through process
optimization, and 55% in operational efficiency has been achieved, resulting in a
system that will benefit the economy of the nation. 3D designs were realized in
Solidworks solid modelling and design programs. Mechanical were carried out with
FEA method by using the ANSYS simulation program. CFD analyses were carried out
to define flow coefficient, and fluid resistance coefficient by using the ANSYS Fluid
mode. Anycasting simulation programs was used to define the production
parameters. Within the scope of digital transformation, first time ever in our nation,
a unique data monitoring system that can communicate with production equipment
without use of any middleware and may run without requiring an external software
and license has been implemented.
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Highlights

e Netweight was decreased by design operations from 42.4 kg to 29.1kg.

e Total consumption energy from production to end of lifecycle was decreased from 1800 M] to 1365 M].

e The increase in the product efficiency was increased %81.5 by computer aided design, analyses, and
simulation.

e Operational efficiency was increased %36 by the help of digital transformation.

Graphical Abstract

Figure. The Visual of Old Design and Process (left), New Design and Process Optimization

Purpose and Scope

The motivation that started this study was the desire to discuss the overall productivity increase in the process
from design to final use in detail.

Design/methodology/approach

Computer aided design, simulation, numerical analysis, and digital transformation software were used to
increase product efficiency with design, process optimization and energy efficiency, and operational efficiency
with digital transformation.

Findings

With the findings obtained, an increase of 81.5% in product efficiency with design, 45% in energy and labour
through process optimization, and 55% in operational efficiency has been achieved, resulting in a system that
will benefit the economy of the nation.

Research limitations/implications

The process to fulfil the requirements of EN 1267 and EN 1074 standards by using raw material data in
accordance with EN GJS 400-18 LT standard of valves widely used in drinking water, distribution lines, industrial
applications, water treatment plants, pumping stations, sea water applications and industrial waste systems.

Practical implications

Reducing the friction on the flap surface in valve systems, which are widely used in water transport systems and
whose discovery dates back centuries, to achieve low carbon emissions and high energy efficiency with a unique
design. Then, to increase system efficiency with process improvements and finally to develop software systems
that will maximize operational efficiency with digital transformation. For this purpose, current products and
fluid dynamics calculations with the desired target have been reviewed with simulation studies and the design
processes that will minimize the friction on the surface regarding to computer-aided design and prototype
manufacturing were explained in detail.

' Corresponding author: erhan.ozkan@dikkan.com , +90-232-877-1714
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Social Implications

Per capita water consumption in the world is around 800 m3, 1.4 billion people, which corresponds to
approximately 20% of the world's population, cannot benefit from adequate drinking water, while 2.3 billion
people are completely deprived of drinking water. It is predicted that the number of countries suffering from
water shortages will increase to 54 and the number of people who must live under these conditions will increase
to 3.76 billion in 2050, which means that 40% of the world's population, expecting to be 9.4 billion in 2050, will
suffer from water shortages. In this case, it has become inevitable to use water resources effectively and to
prevent water waste. For this purpose, it has become inevitable to minimize water loss in fluid transportation
and storage systems.

Originality

Within the scope of digital transformation, first time ever in our nation, a unique data monitoring system that
can communicate with production equipment without the use of any middleware and may run without requiring
an external software and license has been implemented.

1. Giris (Introduction)

Verimlilik; tiretim, hizmet, servis sistemlerinde meydana gelen ¢ikt1 ve bu ¢ikt1 icin harcanilan girdiler arasindaki
iliskinin en yalin ifadesidir ve ¢ok az veya hig israf etmeden, minimum kaynaklar ile nihai hedefe ulasma yetenegi
olarak tanimlanabilir (Young ve digerleri, 2020). Farkli kaynaklarda c¢esitli uygulamalar i¢in birden fazla tanimla
ile karsilasilmasi sebebiyle etkinlik, etkililik, tiretkenlik gibi terimlerle ¢ogunlukla karistirilmaktadir. Daha sade
bir ifadeyle verimlilik, sahip olunan kaynaklarin miimkiin olan en iyi sekilde kullanilmasiyla hedeflenen sonuca
ulasma metodolojisidir (Wang ve digerleri, 2019).

Onceki senelerde imalat ve iiretim terimleri arasindaki farkliliklarin anlatildig), katma deger ve hizmetin imalati
liretime doniistirdiigii calismalar etkin {iretim arastirmalarinin temelini olusturmustur. Bu da tretkenlik ve
verimlilik terimlerinin ortaya ¢ikmasina sebep olmustur (Zakari ve digerleri, 2022). Imalat bir iiriinii hammadde
ve yari-mamullerden nihai sekline doniistiirme gibi daha genel bir ifadeyken, iiretim bu ddniistiirme isleminde
somut olmayan tasarim, danigsmanlik, insan kaynaklari, finans gibi hizmetlerin biitiinsel ele alindig1 bir siireci
kapsamaktadir (Thakur ve digerleri, 2021). Uretim sistemlerinin gelistirilmesi ile iiretkenlik terimi hayatimiza
girmistir. Sade bir ifadeyle tiretkenlik; bir ekip, isletme veya birey tarafindan iiretilen is miktaridir. Kalite
sistemlerinin gelismesi, yalin iiretim yaklasimi, azalan dogal kaynaklar ve artan maliyetler ile tiretilen is miktari
icin kullanilan kaynaklarin ytliksek orani verimlilik terimini ortaya ¢ikartmistir (Sickers ve Valentin, 2019; Dieppe,
2021: 42; Kazekami 2020; Pan ve digerleri, 2022; Audretsch ve Maksim, 2020; De Loecker ve Chad, 2021).

Verimlilik ¢ogunlukla teknik bir terim olarak ele alinmakla birlikte sosyal bir kavram oldugu diistiniilerek konu
hakkinda yogun arastirmalar yapilmaktadir. Sosyal verimlilik kavrami, yeni devlet ydnetimi paradigmasi
baglaminda ele alinmaktadir. Buna gore sosyal verimlilik; devlet, kurum ve kuruluslarin kaynak tahsisi sorununu
ekonomik olarak ele almasini igeren politik bir metodolojidir. Bir kararin ve/veya politikanin tiim 6zel ve sosyal
maliyet ve faydalarini dikkate almak anlamina gelmektedir (Cankaya ve Sezen, 2019; Flammer ve digerleri, 2019;
Dubey ve digerleri, 2019; Brogi ve Valentina, 2019; Xie ve digerleri, 2019).

Gerek teknik gerekse de sosyal verimlilik konularinda ortak olan nokta ekonomik olarak insan ve tabiata fayda
saglayan sistemlerin biitlinlesik olarak ele alinmasidir. Ekonomistler fayda saglayan bu sistemi; tahsis verimliligi,
iiretken verimlilik ve dinamik verimlilik basliklar1 altinda degerlendirmektedir (Chen ve digerleri, 2019). Tahsis
verimliligi, liretimin tiiketici tercihleriyle uyumlu oldugu ekonomik bir durumdur. Bir malin (ya da bir hizmetin),
liretiminden son tiiketiciye kadar giden yolda marjinal {iretim maliyetlerinin marjinal faydaya esit oldugu seviyeye
kadar sunulmasidir (Sun ve digerleri, 2019). Bir bagka ifadeyle; bir toplumun iirettigi belirli mal karisiminin,
toplumun en ¢ok arzuladig1 bilesimi temsil etmesi anlamina gelir. Ornegin, daha geng bir niifusa sahip olan bir
toplum saglik hizmetleri iretimi yerine egitim tiretimini tercih eder. Uretim verimliligi olarak da bilinen iiretken
verimlilik, bir ekonomideki kaynaklardan miimkiin olan en biiytik ¢ciktiy1 iiretmenin iktisadi kavramidir (Safitri ve
digerleri, 2020). Bir sirketin bir trlindeki tiretken verimlilige ulastifi noktada ya baska bir triintin iretim
seviyesini diisiirmesi ya da ek birim olusturmasi gerekliligi dinamik verimlilik kavramini ortaya ¢ikartmistir.
Dinamik verimlilik, zaman icinde tahsis ve liretken verimliligin iyilestirilmesini igerir. Bu, yeni veya daha iyi
trtinler gelistirmek ile mal ve hizmet iiretmenin daha iyi yollarin1 bulmak anlamina gelebilmektedir (Dong ve
digerleri, 2022; Sun ve digerleri, 2016; Hatfield ve Dold, 2019; Economidou ve digerleri, 2020; Nuchturee ve
digerleri, 2020; Bimpizas ve digerleri, 2021).

Verimlilik arttirma ugtan uca ele alinmasi gereken bir kavramdir. Uriin, siirec¢ ve sistemlerdeki verimlilik arttirma
calismalar1 kurum ve kuruluslarin éncelikleri haline gelmigtir. Tiim stireclerde verimlilik artis1 kaliteden 6diin
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vermeden maliyet diisiirme proseslerini icermektedir. Maliyet diisiirme; dogal kaynaklarin, is giiciiniin,
hammaddenin, enerjinin {iretim, nakliye ve depolama siireclerinde minimum seviyede kullanilmasini igeren
sistematigi kapsar. Bunu saglamak i¢in triinlerde tasarim, siireclerde optimizasyon ve liretimde dijital doniisiim
calismalarina agirlik verilmektedir (Wu ve digerleri, 2020; Xu ve digerleri, 2020; Guo ve Yijun, 2020; Bampatsou
ve Halkos, 2019).

Bu ¢alismada; tasarim gelistirme, siire¢ optimizasyonu ve dijital déniisiim ile toplam verimlilik degerlerinin
arttirllmas1 ve operasyonel verimliligin ylikseltilmesine iliskin gerceklestirilen arastirmalarin detaylarina ait
verilerin paylasilmasi amac¢lanmistir. Bu nedenle ilk asamada; giiniimiiziin 6nemli konularindan bir tanesi olan su
kaynaklarinin verimli kullanilmasi, suyun israfinin ortadan kaldirilmasi, gereksiz kullanimlarin minimize edilmesi
amaciyla su sistemlerini kontrol eden vanalarin tasarimi iizerine gerceklestirilen arastirmalara yer verilmistir. Bu
amagcla bilgisayar destekli tasarim, simiilasyon ve dijital analiz sistemlerinden faydalanilmak suretiyle tasarim
gelistirilerek verim artis1 saglanmistir. Bu ¢alismalarda énemli bir diger konu ise bilgisayar destekli tasarim,
simiilasyon sistemleri ve analiz programlari etkin bir sekilde kullanilarak iiriinlerin iiretilip sahaya alinmasina
gerek kalmadan zaman, malzeme, enerji ve is gilicii tasarruflari saglanmis, yanls veya hatali bir uygulamanin sebep
olabilecegi maddi kayiplarin 6niine gecilmistir. Birinci asamada malzeme ve enerji degerlerinde elde edilen
tasarruflarla verimlilik saglanmis ancak lojistik ve montaj verilerinde bir iyilesme kaydedilmemistir. Ikinci
asamada siire¢ optimizasyonu c¢alismalar ile iriinlerin sahaya sevki ve sahadaki montaj uygulamalarinin
iyilestirilmesi ile artan verimlilik calismalarinin detaylar1 aktarilmistir. Lojistik verimliligini arttirmak amaciyla
trtnler hafiflestirilmis, boylar: kisaltilmis ve depolama alani arttirilacak sekilde siiregler iyilestirilmistir. Montaj
verimliligini arttirmak i¢in triinlerdeki baglanti ve sizdirmazlik elemanlarinin siireci yeniden ele alinarak
minimum enerji ve iscilik ile komponentlerin bir araya getirilebilecegi bir siire¢ gelistirilmistir. Ugiincii ve son
asamada operasyonel verimlilik degerlerinin yikseltilmesi icin dijital doniisiim siireglerinin detaylari
aktarilmistir. Dokiim yontemi ile iiretilen iiriinlerin simiilasyon programlar: ile dokiim tretiminin veriminin
arttirilmasi operasyonel verimliligin artisina ¢ok biiytiik bir katki saglamamaktadir. Burada esas olan nokta iiretim
verilerinin dijital olarak kayit altina alacak yazilimlarin gelistirilmesi, alinan kayitlarin islenecegi otomasyon
sistemlerinin devreye alinmasi ile toplanan verilerin kayit altina alinarak biiytik veri, nesnelerin interneti, yapay
zeka calismalarinin temelinin olusturulmasidir. Calismanin benzer ¢calismalara gore fark meydana getiren, tasarim
ve siire¢ iyilestirme asamalarinda elde edilen verimlilik artisin1 taglandiran 6zgiin kismi bu dijital déntisim
sisteminin gelistirilmesi ve devreye alinmasidir. Tirkiye'de ilk defa iiretim ile hi¢bir ara yazilima ihtiyag
duymaksizin veri alig-verisinde bulunabilen, makineler arasinda haberlesebilen, ilave bir yazilim ve lisansa ihtiyag
duymadan cahgabilen 6zgiin bir veri izleme sistemi tasarlanmus, entegrasyonu saglanmis ve canl uygulamaya
gecilmistir. Ozgiin vana tasariminin ciktis1 olan iiriin KOSGEB Ar-Ge inovasyon Destek Programi neticesinde
basariyla sonuclanarak iki ulusal, iki uluslararasi patent basvurusu ile tescil edilmistir. Stire¢ optimizasyon
calismalarinda elde edilen 6zgiin demontaj sistemine ait faydali model basvurusu gergeklestirilmis ve bu
calismalarin operasyonel verimliligini arttirmaya yonelik dijital déniisiim icin gelistirilen sistem TUBITAK
tarafindan desteklenen “1501-Sanayi Ar-Ge Projeleri Destekleme Programi” kapsaminda basariyla tamamlanan
bir proje ile sonlandirilmistir. Calismanin ilk béliimiinde bu bilgilerin ana sebepleri anlatilmis, ikinci béliimiinde
ise literatiirde yer alan tasarim gelistirme, siire¢ optimizasyonu ve dijital doniistim arastirmalarinin detaylari
aktarilmis, bu arastirmalar ile verimlilik arttirmaya yonelik olan 6rnek uygulamalara yer verilmistir. Bu 6rneklerin
detaylarina inildiginde ugtan uca verimlilik artisinin ele alindig1 bir ¢alismanin heniiz yer almadiginin gézlenmesi
neticesinde iiciincli boliimde; tasarim ile iirlin verimi, optimizasyon ile siire¢ verimi ve dijital doniisiim ile
operasyonel verimliligi arttiran yontemlerin detaylar1 aktarilmis, dérdiincii béliimde bu yontemlere ait bulgular
ele alinmis, besinci boliimde ise sonuglar ve degerlendirmelere yer verilerek calisma sonlandirilmistir.

2. Kaynak Arastirmasi (Literature Survey)

OECD iilkeleri tarafindan verimlilik arttirmaya yénelik Ar-Ge faaliyetleri Frascati (TUBITAK, 2002), Oslo
(TUBITAK, 2005) ve Canberra Kilavuzlarinda (TUBITAK, 1995) tanimlanmis olup Tiirkiye’de bu faaliyetleri
yiiriitmek adina Bilim ve Teknoloji Yiiksek Kurulu tarafindan TUBITAK'in gérevlendirildigi teblig edilmistir
(TUBITAK, 2010). Frascati Kilavuzu ile iiriinlerde gergeklestirilen tasarim, aragtirma ve gelistirme faaliyetleri
tanimlanmistir. Buna gore irin tasarimi; temel aragtirma (basic research), uygulamali arastirma (applied
research) ve deneysel gelistirme (experiemental development) asamalarindan olusmaktadir. Uriiniin temel
bilimler 15181nda ele alinmasi ile fizik, kimya, biyoloji ve matematik alanlarinin ¢alismalarini kapsayan fazlarin bir
biitiin olarak ele alinmasi temel arastirmayir o6zetlemektedir (Evkaya, 2021). Suyun tasarrufuna iliskin
calismalarda biyolojik su dongiisii, kimyasal olarak suyun ayristirilmas;, fiziksel olarak akis karakteristiginin
belirlenmesi ve matematiksel olarak akis hizina gére verimlerinin hesaplanmasindan faydalanilmaktadir. Temel
arastirma asamasindan elde edilen veriler ele alinarak uygulamali arastirma kademesine gegilir (Karakus, 2021).
Uygulamali arastirma kisminda sayisal analiz, simiilasyon, akiskanlar mekanigi, sonlu elemanlar analizi, bilgisayar
destekli tasarim calismalar gerceklestirilmektedir. Bilgisayar destekli tasarim Ingilizce Computer Aided Desing
kelimelerinin bas harflerin kisaltilmasi ile CAD seklinde kisaca tanimlanmakta olup tasarim siireclerine yardimci
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olmak icin bilgisayar tabanli yazilimlarin kullanilmasidir (Falivene ve digerleri, 2019; Jhamb ve digerleri, 2020;
Otte, 2020). CAD yazilimi, farkl tiirde miihendisler ve tasarimcilar tarafindan siklikla kullanilmakta olup; iki
boyutlu (2D) ¢izimler veya li¢ boyutlu (3D) modeller olusturmak icin yaygin olarak tercih edilmektedir. CAD
yetenekleri; teknolojik uzmanlik, gii¢lii bilgisayar becerileri, miithendislik, elestirel diisiinme, iletisim ve endiistri
bilgilerinin sentezini kapsar (Hussein ve digerleri, 2020; Zakoldaev ve digerleri, 2019). Mekanik ve yapisal tasarim
becerileri ile miihendislik ilkelerini anlamayi icerir (Wu ve digerleri, 2019). Uygulamali aragtirma siirecini takip
eden deneysel gelistirme kismi ise prototip liretim, pilot liretim ve saha uygulamalarinin gergeklestirildigi,
uygulamali arastirma verilerinin gecerli kilindig1 prosesleri detaylandirmaktadir. Deneysel gelistirme, iiriin
tasariminin her tiirli gelismelerinin ve verimlilik degerlerinin elde edildigi nihai kisimdir. Bir sonraki asamada
irlinden siireclere gecisin temelleri saglanmis olunur. Bu da siire¢ optimizasyonu ile saglanmaktadir ve bu siiregle
ilgili verimlilik Oslo Kilavuzu’'nda detaylandirilmistir.

Oslo Kilavuzu'na gore yenilik (inovasyon); bir siirecte optimizasyonun saglanmasi, verimliligin yiikseltilmesi,
lojistik ve montaj sisteminin hayata gecirilmesine ait sistematik ¢alismalarin bir biitiintidiir. Frascati Kilavuzu'nda
iriine ait yenilik verileri ele alinmis olmas1 sebebiyle Oslo Kilavuzu'nda tanimlanan inovasyon, siireglerde
meydana gelen revizyonlar1 icermektedir. TUBITAK tarafindan terciime edilen Oslo Kilavuzu’'nda bir iiriiniin
liretimine, lojistigine ve montajina ait birim maliyetlerin azaltilmasi, kalitenin arttirilmasi veya 6nemli derecede
iyilestirilmis iriinleri iiretmenin ve teslim etmenin detaylarin1 kapsamaktadir (TUBITAK, 2006). Otomasyon
sistemlerinin gelistirilmesini takiben siirecleri organize edebilen tretim sistemleri, yazilimlar ve robotik
uygulamalarin ele alindig1 dijital doniisiim stratejileri ise kritik bir 6neme sahiptir (Vishwakarma ve digerleri,
2019).

Dijital dontisiim, kurum ve kuruluslarin temel degisimini yonlendirmek i¢in teknolojilerini isletmelerine entegre
ettigi siire¢ olarak tanimlanmaktadir (Vial, 2019). Sagladig faydalar; artan verimlilik, daha fazla is cevikligi ve
nihayetinde ¢alisanlar, miisteriler ve hissedarlar i¢in yeni degerlerin kilidini acma olarak 6zetlenebilmektedir.
Dijital doniisiim 6rnekleri arasinda bir bulut ortamina gecis, uzaktan hazir olma, ¢alisanlara yeniden beceri
kazandirma, miisteri destegini ve hizmetini hizlandirmak i¢in otomasyon uygulama ve satis verimliligini artirmak
icin yapay zeka giidiimlii i¢goriileri kullanma gibi bilisim teknolojilerinin modernizasyonu yer alir. Dijital doniisiim
stratejileri 3-D metodu ile ele alinabilir; Dogru sistem, Dogru proses, Dogru insan (Tabrizi ve digerleri, 2019;
Ziyadin ve digerleri, 2020; Gong ve Vincent, 2021; Correani ve digerleri, 2020). Sistem Frascati Kilavuzu'nda ve
proses Oslo Kilavuzu'nda tanimlanmis olmakla birlikte insan faktorii ise Canberra Kilavuzu'nda net bir sekilde
ifade edilmistir.

Canberra Kilavuzu’'nda bilim ve teknolojinin gelistirilmesine, verimliligin arttirilmasina ve refahin ytikseltilmesine
iliskin insan kaynaginin dl¢iimii ve verilerin analizini icermektedir. Operasyonel verimlilik ¢calismalarinin 6nemli
temelini olusturan insan faktorii bu kilavuzda detaylari ile aktarilmis, teknolojik ve ekonomik biiyiime, sosyal
gelisim, iktisadi ilerleme basliklar: altinda detaylandirilmistir (Santa ve digerleri, 2019; iris ve Jasmine, 2019; Su
ve digerleri, 2019). Verimin ele alinmasinda insan faktoriiniin sadece bir ¢ikti olarak degerlendirilmemesi
gerektigi, insandan elde edilen katma degerin toplam kalite ve verimlilik yonetiminde énemli bir rol oynadigi
unutulmamalidir. Kisisel verimlilik, strese girmeden veya is dengesine sahip olmadan isleri bir sisteme gore
halletmek ve sadece giinliik hedeflere odaklanmak yerine, isleri geciktirme veya uzun vadeli hedeflere ulasabilme
nedeniyle asla asir1 yiiklenmemek anlamina gelir (Hala¢ ve Giiloglu, 2019). Giiniimiizde insana verilen degerin
artmasi ile daha katma degerli islerin insan giiciiyle yapilip, makine ve otomasyon sistemlerine gecisin saglanmasi
dijital doniisiim sistemlerinin temelini olusturmaktadir. Konu detayl olarak ele alindiginda; iiriin, siireg, sistem,
insan, dijital doniisiim ve iiriin olarak siire¢ dongiisiine girdigi gozlenmektedir. Sekil 1’de bu dongiiniin gérseli yer
almaktadir.

Sirketlerin dijital doniisiime gegmesinin ana nedeni var olus sebepleri olan faaliyetlerini siirdiirme amacina hizmet
etmesidir. Bu da sirketlerin karliliklarini arttirmasi ile miimkiin olabilmektedir. Genel olarak diisiik verimlilige
sahip olan firmalarin karliliklar1 da ¢ok hizli oranda diisiis gostermektedir. Diisiik kdrlilik seviyelerine sahip
oldugunu tespit eden bir isletme bu durumun diisiik verimlilikler ile orantili oldugunun farkina varip daha fazla
veri analizi yaparak gerekli olan diizeltici ve dnleyici faaliyetleri hizli bir sekilde almalidir ¢iinkii artan verimlilik
cok kisa bir siirede karliliga yol agmayacagi i¢in kaybedilecek her bir kiigiik zaman dilimi biiyiik zararlar olarak
geri donecektir. Tablo 1'de bu durum daha somut ve yalin bir sekilde ifade edilmistir (Kaya, 2020; Prokopenko,
1987).
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Sekil 1. Uriin Dijital Déniisiim Yasam Déngiisii (Product Digital Transformation Lifecycle)

Tablo 1. Karlilik ve Verimlilik iliskisi (Profitability and Efficiency Relationship)

Kosul Oyleyse
Vaka - — i
Kar(llik) Verim(lilik) Sonug Aksiyon
1 Yiiksek Yiiksek > Gugli ve istikrarli finansal Verimlilik seviyeni
yapi muhafaza et
2 Yiiksek Diisiik > Yiksek karhlhk uzun stre Verlmllllgllm ylkseltecek
devam etmeyecektir aksiyonlari al
Tehlike gok yakinda, Pazarlama stratejilerini
3 Dasik Yuksek 2> zararina satis ve ve fiyatlandirma
kapanma riski mevcut politikani gézden gegir
i L ; Verimliligini arttir ve
4 Dk Disik > Iflas reklam politikani iyilestir

Verimlilik ve karlilik terimleri arasindaki bu iliskinin gelismesi ile operasyonel verimlilik tanimi1 6nem kazanmistir.
Topyekiin verimli ¢alisma olarak da tanimlanan bu terim; isletmeye hizmet etmek i¢in zaman, insan, ekipman,
envanter ve para gibi kaynaklari optimize edilmis bir sekilde kullanmak anlamina gelmektedir. Daha yalin ve ¢evik
stratejilere sahip olan ve bu felsefe ile yatirimlarini yapan firmalarin daha karh faaliyetlerini yiirittiikleri ve
stirdiirtlebilirliklerini saglam temellere dayandirdigi tespit edilmistir (Cavlak, 2021; Ulusoy, 2021).

2013-2023 yillart arasinda gergeklestirilen literatiirler akademik arama portalinda tarandiginda tasarim ile
verimlilik artisina iliskin 25103, siire¢ optimizasyonu ile verim artisina dair 14239, operasyonel verimlilik ile ilgili
16002, dijital dontisiim ile ilgili 13903 makalenin yayimlandig tespit edilmis ancak tasarim, siire¢ optimizasyonu,
operasyonel verimlilik ve dijital dontisiim ile ugtan uca verimliligin ele alindig1 bir yayinin bulunmadig tespit
edilmistir (TUBITAK, 2023). Bu amagla yapilan sistematik calismalarin yéntemi hakkinda detayli verilerin
sunuldugu yéntem asamasina gegcilmistir.

3. Materyal ve Yontem (Material and Method)

Dogal su kaynaklar1 verimliliginin artmasinda kritik bir 6nemi olan ve su tasima, depolama sistemlerinin
kontroliinii saglayan vanalar ve bu vanalarin hatlardaki kurulumunu saglayan demontaj sistemlerindeki verimlilik
artis calismalari ii¢ asamada detayl olarak ele ahinmistir. ik asamada iiriin tasarimi ile vanalardaki verimlilik artis:
bilgisayar destekli simiilasyon ve analiz sistemleri ile degerlendirilmis, sonrasinda siire¢ yeniligi ile montaj
sistemlerindeki verimlilik artis1 detayli olarak aktarilmis ve son olarak dijital doniisiim ile online veri izleme
sistemleri gelistirilerek operasyonel verim artisi veriler ile ispatlanip kayit altina alinmistir.

3.1. Uriin Tasarimui ile Verimliligin Arttirilmasi (Increasing Efficiency with Product Design)

Vanada gerceklestirilen tasarim iyilestirmeleri ile; dogal su kaynaklarinin verimli kullanilmasi, triinlerin
hafiflestirilmesiyle enerjinin verimli kullanilmasi, nihai iiriinlerin montaj1 esnasindaki isciliklerin azaltilmasi ile
calisanlarin verimliliklerinin arttirilmasina iliskin ¢alismalar ele alinmistir. Bu ¢alismalarda hesaplamali
akiskanlar mekaniginden faydalanilmistir. Hesaplamali akiskanlar mekanigi vana sektoriinde yaygin olarak tercih
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edilen tasarim ve analiz yontemidir. Bu yontemde akis sartlarin1 tanimlayan denklemler kullanilip suyun vana
icerisindeki ti¢ boyutlu akisi simiile edilerek vanalarin verimlilikleri hesaplanmaktadir. Bu simiilasyon sistemleri
ile tasarimlar prototip liretimi yapilmadan sanal ortamda analiz edilerek malzeme ve is giiciiniin verimli bir
sekilde kullanilmasina olanak saglanmaktadir.

Vanalarin verimlilikleri EN 1267:2012 (E) standardina goére akis katsayisiyla tanimlanmaktadir. Akis katsayisi;
standartta Kv, uygulamalarda ise vana kapasite faktdri olarak ifade edilmektedir ve 1 bar basing fark: altinda
vanadan gecen suyun mS3/saat cinsinden degeridir. Bu ifadeye gore vana verimlilikleri Esitlik 1 ile
hesaplanmaktadir.

p

Kv =
v=e Ap X po

1)

Esitlikteki Kv (m3/saat) vana verimliligini, Q m3/saat cinsinden akis debisini, p suyun kg/m3 cinsinden
yogunlugunu, po suyun 15 °C’deki kg/m?3 cinsinden yogunlugunu, Ap bar cinsinden vanadaki basing kaybini ifade
etmektedir.

Vanalardaki verimlilik artisin1 tasarim ile saglayabilmek icin akisi kontrol eden klape malzemesinin tasarimlari
detayl olarak ele alinmis ve mevcut duruma gore iyilestirmeler Solidworks bilgisayar destekli tasarim programi
ile gergeklestirilmistir. Sekil 2’de Solidworks’te tasarlanan klapelerin gorselleri yer almaktadir.

®

I—I‘—‘

Sekil 2. Mevcut Uriin Klape Tasarimi (Sol), Yeni Tasarim (Sag) (Existing Product Valve Design (Left), New Design (Right))

Vanalarin verimlilikleri suyun klape ile temasina gore hesaplanmaktadir. Bu verimi hesaplamak igin ANSYS
bilgisayar destekli simiilasyon programinin CFX modiiliinden faydalanilarak hesaplamali akiskanlar mekanigi
analizleri gergeklestirilmis ve vanalarin iyilestirmeleri tespit edilmistir. Sekil 3’te mevcut iiriine ait su akisindan
kaynaklanan verimlilik orani ve yeni gelistirilen {iriine ait su akis simiilasyonu yer almaktadir.
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Sekil 3. Mevcut Klape Sisteminin Akig Verimliligi (Ust), Yeni Tasarim Akis Verimliligi (Alt) (Flow Efficiency of Existing Valve
System (Top), New Design Flow Efficiency (Bottom))

Klapeleri tasiyacak olan vana govdesinin hafiflestirilerek malzeme ve enerji verimliliklerinin arttirilmasi
hedeflenmis ve bu amagla sonlu elemanlar yontemi ile tasarim gelistirme ¢alismalar1 gerceklestirilmistir. Sonlu
elemanlar yontemi ile klapeyi tasiyacak olan govde malzemesinin tasarim ¢alismalarina ait gorsel Sekil 4’te yer

almaktadir.
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Sekil 4. Vana Gévdesinin Hafiflestirilmesi icin Gergeklestirilen Sonlu Elemanlar Analizi (Finite Element Analysis for Valve
Body Lightening)

\G rint Preview),

Hafiflestirilmis govde tasarimlarinin; malzeme, iiretim, nakliye ve montaj asamalarinda tiiketilen toplam enerji
verileri Solidworks stirdiiriilebilirlik modiilii ile tanimlanmistir. Sekil 5’te mavi ile tanimlanan veriler eski iiriine,
kirmizi ile tanimlanan veriler ise gelistirilen yeni iirline ait degerleri ifade etmektedir.
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Toplam Tiiketilen Enerji

B Maizeme: 820 MJ (1085 MJ)
[ ] Uretim: 490 MJ (660 MJ)
I Nakiye: 27 MJ (27 MJ)
[ ] Montaj: 28 MJ (28 MJ)
1365 MJ (1800 MJ)
Sekil 5. Tasarimin Gelistirilmesi ile Elde Edilen Toplam Tiiketilen Enerji Verileri (Total Consumed Energy Data Obtained by
Developing the Design)

Bilgisayar destekli tasarim ile vanalarin su akisina gore hesaplanan verimlilik degerlerinden sonra prototip
iretimi asamasina gecilmistir ve metal govdeler i¢in yaygin olarak kullanilan kum kaliba dokiim yontemi tercih
edilmistir. Bu yontemdeki iyilestirmeleri arttirmak, tiretimde gercgeklestirilecek denemelerin maliyetler