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From the Editors

Journal of Innovative Engineering and Natural Science (JIENS) intends to provide an academic meeting
platform for researchers who conduct research in the field of engineering and natural sciences, present
possible solutions in line with scientific approach for existing problems in these disciplines and have the

request to share their scientific studies in the fastest way possible with academia and industry.

Regarding our vision driven by “academic discipline” and “ethical values”, we are greatly pleased to
announce you that the first issue of Journal of Innovative Engineering and Natural Sciences (JIENS)
has been published. We acknowledge our respect and appreciation to people who encourage and
support us. Following are some of those whom we shall always thank to their various contributions: our
editorial board members, referees and authors who willing to publish their valuable researches in our

journal.

By publishing our first issue gained enthusiasm we would like to be one of exclusive journals in national
and international areas. We would like you to share your precious studies in the fields of engineering

and natural sciences with us for following issues.



Editorden

Yenilik¢i Muhendislik ve Doga Bilimleri Dergisi, kurulusu itibariyle, mihendislik ve doga bilimleri alaninda
arastirmalar yapan, bu disiplinlerde mevcut sorunlara bilimsel yaklasimlarla ¢bztmler éneren ve bilimsel
calismalarini akademi ve sektdrle hizli bir sekilde paylasma ihtiyaci duyan arastirmacilar igin akademik

bir bulusma alani saglamayi amaglamaktadir.

Bu vizyonla, “akademik disiplin” ve “etik degerler” ilkeleri temelinde, dergimiz Yenilik¢i Muhendislik ve
Doga Bilimleri Dergisi’'nin (JIENS) ilk sayisim sizlere sunmaktan kivan¢ ve mutluluk duyuyoruz.
Dergimizin ilk sayisinda katkida bulunan, yayin kurulu Gyelerimiz, hakemlerimiz ve kiymetli calismalarini
dergimizde yayinlama tevecclhiU gdsteren yazarlar basta olmak lzere tim paydaslarimiza tesekkur

ediyoruz.

Bu disiplin ve hevesle, ulusal ve uluslararasi Olgekte seckin dergiler arasinda yer alma hedefimizi
yineliyor, muhendislik ve doga bilimleri alaninda hazirladiginiz degerli galismalarinizi gelecek

saylarimizda da bizlerle paylasmanizi arzu ediyoruz.
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OZET

Anahtar Kelimeler:

FeMn

Metalotermik Rediiksiyon
Termodinamik Modelleme
Tufal

Geri Doniigim

Celik malzemelerin dokiimiinde karsilasilan zorluklarin iistesinden gelmek ve mekanik ozelliklerini
gelistirmek igin, ferroalagimlar yaygin bir bigimde kullanilan malzemelerdir. Bu malzemeler genel olarak
yiiksek maliyet ve enerji gereksinimi olan yontemler ile tiretilmektedir. Bu ¢alismada bu alagimlardan biri
olan FeMn alternatif bir metot olan metalotermik rediiksiyon ile tretilmistir. Rediiksiyon sistemleri
FactSage 7.1 programi ile modellenmistir. Caliymada demir kaynag: olarak Tufal ve Hematit, Manganez
kaynagi olarak da MnO kullanilmistir. Rediiksiyon sistemlerinde indirgeyici olarak Mg ve Al kullanilmugtir.
Deneysel ¢alismalarda kullanilan Tufal tiretilmis gelik yiizeylerde soguma esnasinda olusan demir oksitge
zengin yapidir. Bu malzemenin geri doniisiimii 6nem arz etmektedir. Bu ¢aligmada malzeme hammadde
olarak degerlendirilerek rediiksiyon kosullar incelenmistir.

2021 JIENS Tiim haklari saklidir.

Comparison of magnesiothermic and aluminothermic methods in metallothermic FeMn
production and thermodynamic modeling of reduction systems
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ABSTRACT

Keywords:

FeMn

Metallothermic Reduction
Thermodynamic Simulation
Millscale

Recycling

Ferroalloys are widely used materials to overcome the difficulties encountered in casting steel materials and
to improve their mechanical properties. These materials are generally produced with methods that require
high cost and energy. In this study, FeMn, one of these alloys, was produced by metallothermic reduction,
which is an alternative method. The reduction systems are modeled with the FactSage 7.1 program. In the
study, Millscale and Hematite were used as a source of iron, and MnO was used as a source of Manganese.
Mg and Al are used as reductants in reduction systems. Millscale used in experimental studies is an iron
oxide-rich structure formed during cooling on steel surfaces produced. Recycling of this material is
important. In this study, the reduction conditions have been investigated by evaluating the material as a raw
material.

2021 JIENS All rights reserved.

I. GIRiS

Metaliirji endiistrisinde, ferroalagimlar, refrakterler ve antioksidanlar gibi oksijensiz bilesik iceren bircok
malzeme kullanilmaktadir. Ferromanganez bu alagimlardan biri olup; %78 oraninda manganez igerir ve demir-

¢elik sanayinde kullanilir. Manganez elementi; demir bazli alasimlarda sertlik, tokluk, agimma direnci ve

*Sorumlu yazar. Tel.: +90-535-695-72-68; e-mail: mehmet.bugdayci@yalova.edu.tr
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mukavemet gibi Ozellikleri attirdigi i¢in ve antioksidan Ozelliklerinden dolay1 ¢elik iretimi igin olduk¢a
onemlidir. Ayrica; aliiminyumla alasimlandirilmis formunun, korozyon direnci oldukga yiiksektir. Diinyada
demir-gelik sanayinde; {retilen manganezin %90-95’i ferromanganez ve ferrosilikomanganez olarak

kullanilmaktadir. Ayrica Turkiye’de de gelik iiretilirken bu manganez alasimlarindan faydalanilmaktadir [1-3].

Ferromanganez, genel olarak yiiksek firinlarda veya elektrik ark ocaklarinda MnO’in indirgenmesiyle
iiretilirken; bu yonteme ek olarak endiistriyel bazda kullanilmasi i¢in metalotermik rediiksiyon ydntemiyle retim
kosullar1 da arastirilmaktadir [4]. Ferroalyajlar ve intermetalik bilesikler ile birlikte ¢ok ¢esitli metaller ve
alagimlar tiretmek i¢in kullanilan bu yontemin tercih edilmesi ve incelenmesindeki 6nemli faktorler; kisa iglem

stiresi ve yiiksek saflikta karbon igermeyen {iriin elde edilebilme olanagidir [5-7].

Ayrica manganez (Mn) igeren demir alagimli dokiimde, sarjdaki Mn miktar1 %20'yi astiginda eriyik ¢ok viskoz
bir yapiya doniisiir. Metal akigindaki zorluk nedeniyle malzemenin dokiimii ¢ok zordur. Ayrica kalipta dokiilen
malzemenin katilagma agamasi da oldukg¢a sorunludur. Metalden yeterli akiskanlik elde edilemedigi igin, kalip

hizla bozulmali ve numune ¢abuk sogutulmahdir [4, 8-11]

Tim bu sorunlar géz dniine alindiginda s1vi demir banyosuna FeMn olarak Mn eklenmesi islemi ¢ok daha kolay
hale getirecektir. Ciinkii ¢eligin sivi fazinda malzeme benzer yogunlukta olacak ve istenilen bilesim kolaylikla

elde edilecektir. Viskoziteyi artirmadan dokiim yapmak, yukarida bahsedilen sorunlar1 6nleyecektir [12—15].

Metalotermik rediiksiyon yontemi, kendi enerjisini kendi {ireten, basit bir proses olmasi agisindan avantajli bir
yontem. Bu yontemin en biiyiik dezavantaji pahali rediiktan gereksinimidir. Fakat metalotermik rediiksiyon
yonteminin gelistirilmesiyle birlikte ham madde olarak metaliirjistlerin kendi {iirettigi; biiylik 6l¢lide demir
alagimlari, intermetalik alasimlarin kullanilmasi, yiiksek saflikta baslangi¢ tozlari yerine ucuz/kolay erisilebilir
ferroalagimlar kullanilmasi metalotermik rediiksiyon yontemiyle iiretimi, avantajli bir pozisyona sokmaktadir.
Metalotermik rediiksiyon yontemi direkt olarak reaksiyona giren malzemelerin 6z 1sisina bagli olup, proses
ekzotermik karakterde gergeklesmektedir. Proseste reaktan olarak oksitli metal tozlar1 kullanilirken, rediikleyici

olarak Al-Mg-Si gibi metaller kullanilir [16-19].

Bu caligmada oksitli demir kayna@i olarak tufal ve hematit kullamilmistir. Tufal; tretilmis ¢elik tiriinlerin
sogutulmasi esnasinda ylizeyde olusan metal oksitlerin karisimindan olusan atik bir malzeme olmasina ragmen,
yiiksek demir icerigine sahip olmasi, onu demir kaynagi olarak kullanilabilmesi i¢in olanak saglar. Diinyada atik
olarak meydana gelen tufal miktarinin yillik 13,5 milyon ton gibi biiyiik bir miktarda olmasi, geri doniigim
yapilmasinin gerekli oldugunu ortaya koymaktadir. Bu siirecte hammadde olarak tufalin kullanilmasi geri
doniisiim i¢in alternatif bir kaynak sunmaktadir. Bunun yani sira metalotermik rediiksiyon tekniginin kullanimi
ekonomik acidan basit ve uygulamasi kolay bir yontem olmasi itibariyle konuya 6zgiin deger katmaktadir [5],
[11, 20-23]. Bu ¢alisma kapsaminda, celigin dokiimii sirasinda ortaya ¢ikan tufalin metalotermik rediiksiyon
yontemi ile farkli metaller kullanarak indirgenmesi sonucu ferromanganez iiretimi gerceklestirilmesi

amaglanmistir.

Il. DENEYSEL METOT

Deneysel c¢alismalarda yontem olarak metalotermik rediiksiyon teknigi kullanilmistir. Bu ydntemde metal

oksitten olugan yapi, oksijen afinitesi daha yiiksek olan metalik bir malzeme ile reaksiyona sokularak indirgenir.
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Bahsi gecen ydntemde hangi malzemenin oksijen afinitesinin daha yiiksek oldugu oksitlerin Ellingham
diyagramina bakilarak belirlenir. Ellingham diyagramina gore asagida olan malzemelerin AG degerleri daha
negatiftir. Dolayisiyla reaksiyonlar ekzotermik karakterde gerceklesir. Bu da reaksiyonun tetiklenmesi ile ilave
bir enerji gerektirmeden kendi kendine ilerleyebilecek bir mahiyette oldugunu gostermektedir. Oksitlerin
Ellingham diyagrami Sekil 1’de gosterilmigtir. Buna gore diyagramin en altinda Al, Si, Mg ve Ca’nin oldugu,

dolayisiyla bu malzemeler ile biitiin oksitli yapilarin rediiklenebilecegi goriilmektedir.
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Sekil 1. Oksitlerin ellingham diyagrami[24]

Ellingham diyagramina gore demir oksitli yapilarin AG degerinin -500kj, MnO’nun ise -720kj seviyesinde
oldugu goriilmektedir. Aluminyum ve magnezyum igin AG degerleri sirasiyla -1020kj ve -1160kj olarak
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goriilmektedir. Dolayisiyla Tufal, hematit ve manganezoksit bu malzemeler ile rahatlikla rediiklenebilecek

konumdadir.

Deneysel ¢aligmalarda ilk olarak rediiksiyon sistemleri termodinamik olarak modellenmis sorasinda, elde edilen
bulgulara gore deneyler tasarlanmistir. Tufal, Hematit ve MnO yapilarim rediikleyebilecek Al ve Mg miktarlar
%100 stokiyometrik oran olarak belirlenmis, sonrasinda %5’lik araliklar ile bu oran %100°den %115’ kadar
degistirilmistir.

Metalotermik rediiksiyon genellikle olusturulan karisimin yilizeyine direng teli, elektrik veya lazer gibi 1s1 akisi
saglayan tetikleyiciler kullanilarak baslatilir. Reaksiyon tetiklendikten sonra enerji ihtiyact olmadan
kendiliginden ilerlemektedir ve 1sinma siiresi tutusma siiresine kiyasla daha kisadir. Reaksiyonun gerceklestigi
ilk katmanda olusan 1s1 bir sonraki katmana verilerek devamlilik saglanir ve reaksiyona girmeyen kismin
kalmamasi hedeflenir. Boylece bir taraftan iriin(metal) olusurken diger taraftan reaksiyon devam eder.
Reaksiyon hizinin yiiksek olmasi ise daha ekonomik ve verimli bir iiretim imkani saglar. Bu reaksiyonlarin
gerceklesebilmesi i¢in; yiiksek aktivasyon enerjisi ve ¢ok yiiksek derecede 1s1 liretimi gerekir. Ferro mangan

iretimindeki asamalar, akis semas1 Sekil 2°de verilmistir.

Termodinamik Inceleme

& Y

Tufal, Manyetnt Alimmyum, Magnezyum

2 »

Kurutma( 105 C* 24 saat)

Y

Kanstirma

4

Mectalotermik rediksiyon

Ferro Alayimi Coruf Reaksiyona Girmeyen
Tozlar

Karaktenzasyon

r

Degerlendirme ve Sonuglar

Sekil 2. Metalotermik rediiksiyon yontemi akis semasi



Metalotermik FeMn J. Innovative Eng. Nat. Sci., c. 1, s. 1, ss.1-14, 2021.

2.1 Malzemeler ve Hazirlama Teknikleri

Ferromanganez iiretimi i¢in gerceklestirilen ¢aligmalarda, demir kaynagi olarak Tufal ve hematit, manganez
kaynag1 olarak manganez oksit kullanilmistir. Bahsi gecen numunelerden tufalin Mg ile rediiksiyon sartlar
incelenirken, hematit Al ile indirgenmistir. Tufal titrasyon yontemi ile karakterize edilerek %70.91 oraninda
demirli yapilardan olustugu belirlenmistir. Tufaldeki demir dagilimi Fe®, Fe*? ve Fe*® yapilarindan olusmaktadir.
Oksitli manganez kaynagi olarak 1344-43-0 CAS numarali malzeme kullanilmistir. Rediiktan olarak kullanilan
aluminyumun kimyasal analizi Tablo 1°de verilmistir, diger rediiktan magnezyum ise %99.7 safiyette ve 55 um
boyutundadir. Deneylerde kullanilan tufal Sekil 3’te gosterilmistir. Sekil 3’te goriilen tufal ogiitiilerek ortalama
tane boyutu 100 mikrona getirilmistir.

Tablo 1. Aluminyum AAS Sonuglart

Hammadde Fe,% Cr,% Ni,% 2Zn,% Mn,% Mg, % Al,% Mo, % Si, %

Al 0,028 0,29 0,004 0,556 0,45 4,65 denge eser 0,12

Sekil 3. Tufal goriniim

2.1.1. Malzemelerin karakterizasyonu

Alagimlarin  kimyasal bilesimini belirlemek igin Thermoscientific Qualitative XL2 arti model XRF
kullamlmistir. Hammadde analizleri (AAS, Perkin Elmer Analyst 800) kimyasal analiz ve atomik absorpsiyon
spektrometresi kullanilarak gergeklestirilmistir. Numuneler Turbula mikserde karistirilmig, Nsmart™ EN 032N -
EN 055N - EN 120N ETUV’ de kurutulmustur. Schimatzu marka 2 digit hassasiyetli terazide tartim islemleri
yapilmig, Yamer marka optik mikroskopta makro yapilar incelenmistir. Elde edilen indirgeme cirufunun
karakterizasyonu i¢in XRD (X-1is1mm1 kirmim spektrometrisi, PANalytical PW3040 / 60) kullanilmistir.
Coziimlemeler Expert Highscore programi ile yapilmistir. Termodinamik benzetim caligmalar1 FactSage 7.1

programi ile gerceklestirilmistir.

11l. BULGULAR VE TARTISMA

FeMn {iiretimi i¢in yapilan ¢aligmalarda hematit aluminyum ile Tufal ise magnezyum ile rediiklenerek, bulgular

kiyaslanmistir. Oksitli yapilar1 rediikleyebilecek Al ve Mg miktar1 %100 stokiyometrik oran olarak

5
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belirlendikten sonra degisen rediiktan stokiyometrilerinde karisimlar hazirlanmistir. Hazirlanan karisim igerikleri

Tablo 2’de gosterilmistir.

Tablo 2. Hazirlanan karigim i¢erikleri

Hematit, gr Al gr MnO, gr Stok.%
6.077 100
6.381 105
15,08 6.685 3.842 110
6.988 115

Tufal, gr Mg, gr MnO, gr Stok.%
7.34 100
7.71 105
12.2 8.08 5.43 110
8.44 115

Deneysel c¢alismalara ilk olarak termodinamik modelleme calismalari ile baglanmis. FactSage programinin
reaction modiliinden faydalanilarak reaksiyon entalpileri, buradan hareketle spesifik 1s1 (SI) degerleri

hesaplanmuistir. Spesifik 1s1 AHzeg degerinin, lirlinlerin molar agirlik toplamina boliinmesi ile belirlenmistir.

Fe,0s + 2MnO + 3.33Al— 2FeMn + 1.66 Al;,0s  AHaes: -1197190.4 S1:3109 j/g 1)
FesO4 + 3MnO + 7Mg — 3FeMn + 7MgO AHes: -1938313.5 SI:3162 j/g @)
Fe,0s + 2 MnO+ 5Mg — 2FeMn + SMgO AHyes: -1411857.1 S1:3345 j/g ®)

Hematitin aluminotermik rediiksiyonu Esitlik 1°e gore ilerlerken, tufalin magnezotermik reaksiyonu Esitlik 2 ve
3’e gore ilerlemektedir. Esitlik 1°de goriilen SI degerinin 3109 j/g’lik degerle 2250-4500 araliginda kaldigt ve
reaksiyonun, problemsiz bir bigimde ilerleyecegi ongoriilmektedir. Ancak magnezotermik iiretim kosullarinda

iki reaktanin yiiksek Mg gereksinimi bir araya geldiginde 4500 j/g degerini asabilecek durumda gorilmektedir.

Reaksiyonlarin spesifik 1s1 degerlerinin yani sira adyabatik sicakliklar1 ve muhtemel fazlari ayni programin
equlibrium moduyla incelenmistir. Hematitin Tad sicaklik degisimi artan Al stokiyometrisine gore Sekil 4’te

verilmistir.

Sekil 4’e gore 3 mol aluminyum ilavesi ile sistemin adyabatik sicaklig1 2315 °C’ye ¢ikarken, sonraki miktarlarda
diistis gostermistir. Ancak bu sicaklik 1527 °C’den biiyiikk oldugu igin rediiksiyon sisteminin sorunsuz bir
bi¢imde ilerleyebilecegi goriilmiistiir. Hematitin Al ile indirgenmesindeki adyabatik kosullar belirlendikten sonra

tufalin artan Mg stokiyometrisi ile rediiksiyon kosullar1 incelenmis, bulgular Sekil 5 (a) ve (b)’ de gosterilmistir.
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Hematitin Mg rediiksiyon kosullarinda artan stokiyometrik oranla adyabatik sicaklik 2320 °C’den 1470 °C’ye
kadar diiserken, manyetitte 5 mole kadar yiikselip bir siire sabit kalmig 8 molliikk ilaveden sonra diisiis

gostermigtir. Burada da Taq 2300 °C’ye kadar gikarak 1527 °C’nin oldukga iizerinde bir degere ulagmistir.

Termodinamik simiilasyon calismalarina muhtemel fazlarin tespiti ile devam edilmis, bunun i¢in FactSage
programini equlibrium modiiliinden faydalanilmistir. Bu ¢alismada magnezotermik sistem modellenmis hematit
rediiksiyonu Sekil 6’da verilirken, manyetit rediiksiyonu Sekil 7°de verilmigtir. Hem Sekil 6, hem de Sekil 7°de
artan Mg stokiyometrisinde Fe her oranda sivi fazda elde edilebilmektedir. Ancak Sekil 6’da 6 mol, Sekil 7°de 8
mol Mg orantyla Mn’nin biiyiik oranda gaz faza gectigi ve yapidan uzaklastigi gorillmektedir. Bu durum Mg ile
yapilan metalotermik rediiksiyon isleminde sonug iiriinden énemli oranda kayip olabilecegini gostermektedir. Bu
tespit yapilmasina ragmen simiilasyon kosullar ile gergek deneylerin uyusmayabilecegi ihtimaline karsilik,

magnezotermik deneyler bagtan belirlendigi bigimde yapilmistir.
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Sekil 6. Tufal, Manganez oksit sisteminin artan Mg stokiyometrisi ile olusan muhtemel fazlari (Hematit)
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Termodinamik benzetim ¢aligmalarindan sonra deneysel ¢aligmalara gegilmis ilk olarak hematitin aliminyum ile
rediiksiyon kosullar1 incelenmistir. Metal olusum miktarlar1 Sekil 8'de incelenirken, metal kazanim verimleri

Sekil 9°da verilmistir.

25
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Aluminyum Stokiyometrisi

Sekil 8. Hematit deneyinde farkli Al stokiyometrileri igin Griinlerin metalik dagihmi

Sekil 8 incelendiginde metal olusum miktarinin oldukga diisiik oldugu goriilmektedir. Denklem 1'de verilen
0zgiil 1s1 degerleri karsilastirildiginda, hematit ile reaksiyonda elde edilen 3109 j/g degerinin sagilmay: arttirdigi
belirlenmistir. Burada, en yiiksek metal olusum miktari, Al'in bir 1s1 diigiiriicii olarak goérev yaptigi %115'lik

stokiyometrik bilesimde goriilmiistiir. Verimler Es. 5’e gore hesaplanmistir.
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Sekil 9. Hematit deneyinde farkl Al stokiyometrileri igin Fe ve Mn verimleri
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Demir kaynagi olarak hematitin kullanildigi bu sette demir verimleri %90'm altinda degerler almis en ok
%85’lik verim elde edilebilmistir. Mn verim degerleri %115'lik stokiyometrik karigimda %60’dan, %42'ye
diiserek artan Mg stokiyometrisi ile kotii sonuclar vermistir. Buna gore, hematitin reaksiyonu gergeklestiren
toplam enerjinin 6nemli bir kismin1 kullandigi, dolayisiyla MnQO'i indirgemek i¢in yeterli enerjinin kalmadigi
belirlenmistir. Ayrica iretilen enerji, metal olusumundan ¢ok sagilmaya neden olarak Fe verimini de olumsuz

etkilemigtir. Karakterizasyon g¢alismalarina XRD analizleri ile devam edilmis, numuneler Cu ka spektrumunda

incelenerek, ciiruflarin XRD sonuglar1 Sekil 10’da sergilenmistir.
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Sekil 10. Hematit deneyinde farkli Al stokiyometrileri igin clruflarin XRD paterni

10



Metalotermik FeMn J. Innovative Eng. Nat. Sci., c. 1, s. 1, ss.1-14, 2021.

XRD paternleri incelendiginde, ana fazin demir aluminat oldugu bunun yam sira bir miktar FeMn fazinin da
clirufa gectigi goriilmektedir. %110 stokiyometrik aluminyum deneyi diginda biitiin deneylerde benzer siddette
pikler elde edilmis, bu deneyde piklerin siddeti diigiis gostermistir.

Optik mikroskop ile mikro yap1 goriintiileme ¢alismalart gergeklestirilmistir. Bu ekipmanda goriintii alabilmek
icin numune 180, 320, 600, 800 ve 1000 grid agindirict boyutlarinda zimparalanmis ve bir mikronluk elmas
stispansiyonu ile parlatma islemine tabi tutulmuslardir. Bu islem sonrasinda numune distile su ve etil alkol ile
yikanmigtir. Parlatilan numuneler, keller ¢ozeltisinde (2ml HF + 3ml HCl + 5ml HNOjz + 190ml saf su)
daglanarak, goriintiilenmeye hazir hale getirilmistir. Bu siirecte en yiiksek manganez veriminin goriildigii %100

stokiyometrik bilesimdeki numune incelenmis, bulgular Sekil 11°de gosterilmistir.

Sekil 11. %100 stok. Al igeren numunenin optik mikroskop goruntusu

Sekil 11°e gore demir matrisi tizerinde farkli kontrastlarda yeni fazlarin olustugu goriilmektedir. Buna gore
manganez iceren yapilar bu bilesim degerinde basari ile elde edilmistir. Bu kontrasti olusturan yapmin XRD’de

goriilen FeMn’dan olustugu diigiiniilmektedir.

Deneysel c¢alismalara magnezotermik deneyler ile devam edilmis, ancak termodinamik ¢aligmalarda
Ongoriildigii gibi metalik bir yapi elde edilememistir. Mg toz boyutunun olduke¢a diisitk olmasi spesifik 1s1y1
daha da arttirmis zaten yiliksek olan bu deger yiiksek oranda gazlagsma yaparak malzeme kaybina sebebiyet
vermigtir. Metalik bir yapi elde edilemedigi igin bu numuneler ile ilgili karakterizasyon c¢aligmalari

gerceklestirilememistir.

IV. SONUCLAR

FeMn firetimi igin yapilan ¢alismada hematit Al ile rediklenmis Fe %85, manganez ise %60 verimle
kazanilabilmistir. Indirgeyici olarak magnezyumun kullanildigi deneylerde metalik bir yapi elde edilememis,

termodinamik incelemelerde bunun sebebi arastirilmis ve yiiksek spesifik 1s1 degerlerinin malzemeleri gaz faza

11
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geemeye tesvik ettigi bulgusuna ulasilmistir. Aluminotermik deneylerde stokiyometri %100°den %115°¢ kadar

%35’lik araliklarla yiikseltilmis, ancak en miispet sonu¢ %100 stokiyometrik bilesimde elde edilmistir.

Termodinamik simiilasyonlar incelendiginde tufalin de aluminyum ile rediiklenebilecegi, bunun yani sira her iki

rediiktanin bir arada oldugu kosullarda daha yiiksek verimle arzulanan alasimin elde edilebilecegi

ongoriilmektedir.

TESEKKUR

Makalenin termodinamik incelemelerindeki katkilarindan dolayi yazarlar Faruk Kaya’ya tesekkiir eder.

KAYNAKLAR

[1] Cota TG, Reis EL, Lima RMF, Cipriano RAS (2018) Incorporation of waste from ferromanganese alloy
manufacture and soapstone powder in red ceramic production. Appl Clay Sci 161:274-281.

[2] Ghafarizadeh B, Rashchi F, Vahidi E (2011) Recovery of manganese from electric arc furnace dust of
ferromanganese production units by reductive leaching. Miner Eng 24(2):174-176.

[3] Bafghi MS, Zakeri A, Ghasemi Z, Adeli M (2008) Reductive dissolution of manganese ore in sulfuric
acid in the presence of iron metal. Hydrometallurgy 90(2-4):207-212.

[4] Falodun OE, Oke SR, Okoro AM, Olubambi PA (2019) Characterization of cast manganese steels
containing varying manganese and chromium additions. Mater Today Proc 28:730-733.

[5] Cho S, Lee J (2008) Metal recovery from stainless steel mill scale by microwave heating. Met Mater Int
14(2):193-196.

[6] Coetsee T (2018) MnO reduction in high carbon ferromanganese production: practice and theory. Miner
Process Extr Metall Rev 39(5):351-358.

[7] Surup GR, Trubetskaya A,Tangstad M (2021) Life cycle assessment of renewable reductants in the
ferromanganese alloy production: A review. Processes 9(1):1-19.

[8] Cerra FMA, Da Silva Lima MN, Aragjo WS, Da Silva MJG (2019) Characterization and comparative
analysis of corrosion resistance of 4 high manganese steels models in agueous solution of NaCl. Mater
Res 22(1):1-13.

[9] Subhi AD, Abdulrazag OA (2007) Phase Transformations of Hadfield Manganese Steels Eng Technol
25(6):808-811.

[10] Yesiltepe S, Bugdayct M, Yiicel O, Sesen MK (2019) Recycling of alkaline batteries via a carbothermal
reduction process. Batteries. https://doi.org/10.3390/batteries5010035

[11]  Yesiltepe S, Sesen MK (2020) Production of composite pellets from waste coffee grounds, mill scale and
waste primary battery to produce ferromanganese; a zero waste approach. Acta Metall Slovaca 26(2):45—
48.

[12] Bugdayci M, Alkan M, Turan A, Yiicel O (2018) Production of Iron Based Alloys from Mill Scale
through Metallothermic Reduction. High Temp Mater Process 37(9-10):889-898.

[13]  Oncel L (2020) Production of Ferromolybdenum from Mill Scale via Aluminothermic Process. Sinop

12

Universitesi Fen Bilim Derg 5(1):64-76.



Metalotermik FeMn J. Innovative Eng. Nat. Sci., c. 1, s. 1, ss.1-14, 2021.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Bugdayci M, Deniz G, Ziyreker C, Turan A, Oncel L (2020) Thermodynamic modeling and production
of FeCo alloy from mill scale through metallothermic reduction. Eng Sci Technol Int0 J 23(5):1259-
1265.

Oncel L (2020) Production of ferronickel from mill-scale via metallothermic process. El-Cezeri J Sci
Eng 7(2):824-834.

Turan A, Bugdayci M, Yucel O (2015) Self-propagating High Temperature Synthesis of TiB2. High
Temp Mater Process 34(2):185-193.

Akkas B, Alkan M, Derin B, Onuralp Y (2010) Production of Zirconium Diboride Powder by Self
Propagating High Temperature Synthesis. Adv Sci Technol 63:251-256.

Merzhanov AG (2004) The chemistry of self-propagating high-temperature synthesis. Journal of
Materials Chemistry 14(12):1779-1786.

Odabas OC, Bugdayc1 M, Kan S, Turan A, Yiicel O (2021) Effects of reductant type on the combustion
synthesis of NiB. Solid State Sci. https://doi.org/10.1016/j.solidstatesciences.2020.106447

Murthy Y1 (2012) Stabilisation of expansive soil using mill scale. Int J Eng Sci Technol 4(2):629-632.

Yucel O, Demirci F, Turan A, Alkan M (2013) Determination of direct reduction conditions of mill
scale. High Temp Mater Process 32(4):405-412.

Rajshekar Y, Pal J, Venugopalan T (2018) Mill scale as a potential additive to improve the quality of
hematite ore pellet. Miner Process Extr Metall Rev 39(3):202-210.

Martin MI, Lépez FA, Torralba JM (2012) Production of sponge iron powder by reduction of rolling mill
scale. Ironmak Steelmak 39(3):155-162.

TURAN A, BUGDAYCI M (2020) CoB On Alagimlarinin Aliiminotermik Rediiksiyon Y&ntemiyle
Uretilmesi ve Termokimyasal Modellenmesi. EI-Cezeri Fen ve Miihendislik Derg 2020(2):436-447.

13


https://doi.org/10.1016/j.solidstatesciences.2020.106447

J. Innovative Eng. Nat. Sci., c. 1, s. 1, ss.1-14, 2021.

Metalotermik FeMn

14



J. Innovative Eng. Nat. Sci., vol. 1, no. 1, pp. 15-24, 2021.
http://dx.doi.org/10.29228/JIENS.49913

Journal of Innovative Engineering
Q JIENS and Natural Science

(Yenilikgi Miihendislik ve Doga Bilimleri Dergisi)

Original Paper journal homepage: https://jiens.org

Hot shortness mechanism and heat treatment of Cu containing carbon steel

Selcuk Yesiltepe®*, "/ Mustafa Kelami Sesen®

2Korkut Ata University, Osmaniye, Turkiye.

SIstanbul Technical University, Istanbul, Tiirkiye.

ARTICLE INFO ABSTRACT

Article history: Hot shortness mechanism in low carbon steels is studied with 1.0% wt. Cu containing steel. Slabs were
Received: 12 March 2021 prepared with scrap rebar steel and Cu billets. Slab was smelted in induction furnace and casted in mould.
Received in revised form: 5 May 2021 Casted sample was investigated with optical microscopy and chemical analysis was done with optical emission
Accepted: 25 May 2021 spectroscopy. Slab was heated up to 1200 °C and annealed for 1 hour before the hot rolling process. Hot rolling

process was carried out with hot rolling press capacity of 25 tonnes for height reduction of 60%. Hot rolled
slab was investigated with optical microscopy and scanning electron microscopy (SEM) techniques to observe
the segregation of Cu. Hot rolled samples were heat treated at 800 °C, 900 °C and 1000 °C for 1 and 4 hours.
Samples were cooled at air and water quenched. All samples were observed with optical microscopy and
selected samples were examined with SEM. Cu segregation did not occur in as-cast condition but after hot
rolling process Cu segregation occurred. Heat treatment decreased the segregation degree of Cu yet Cu
particles were observed in microstructures.

Awvailable online

Keywords:

Hot Shortness
Heat Treatment
Tramp Element

Steel
2021 JIENS All rights reserved.

1. INTRODUCTION

Steel is the most produced metal worldwide [1]. High production amounts of steel oblige the recycling of steel.
Recycling of the steel is mainly done with Electric Arc Furnace process [2]. The most common industrial practice
of recycling the steel via using Electric Arc Furnace (EAF) is followed by continuous casting technique for semi-
finished products. Quality of the re-produced steels by recycling is mainly depend on scrap quality [2, 3]. Chemical
composition of the scrap directly affects end product in EAF. Ladle furnace operations of secondary metallurgy is
insufficient for refinement some of the impurities in molten steel. Secondary metallurgy of recycled steel is based
on oxidation of impurities then floating the oxides to slag. Impurities that have lower oxygen affinity than iron are
unable to be refined from steel by oxidation. These elements are known as tramp elements in steel [4]. Tramp
elements are; Cu, Sn, Zn, Pb, Bi, Sh, As, Ni, Cr, Mo and V [4]. Tramp elements effect steel properties in different
ways. Formation of solid solution or precipitation may enhance steels mechanical performance while intergranular
or surface segregation which originated from tramp elements effects steel performance in detrimental means [4,
8].

Hot shortness is segregation of tramp elements known as tramp element presence in recycled steels produced via
Electric Arc Furnace (EAF) [9]. Recycling of steel decreases the carbon footprint nevertheless accumulation rate

of tramp elements increase in recycled steels [10]. Increase in tramp element amounts in steel requires; dilution,
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refining operation, control of tramp element behaviour with alloying or heat treatment [3-7]. Dilution is decreasing
copper content of steel by using cleaner scrap or different iron sources like Hot Briquette Iron (HBI) or Direct
Reduced Iron (DRI). Ammoniac, Chloride and Sulphide based slags were studied for copper removal from steel.
Results showed that decopperization is possible above 70% [13]. Using sulphur in steel slags increases
decopperization but the effect of sulphur-based slag in end product was not studied. Tee and Fray suggested
oxychlorination process to remove the copper from steel before smelting. Copper chlorination during the oxidation
of iron is called oxychlorination. It is basically based on simultaneous oxidation and chlorination processes of iron
and copper at 800 °C. Oxidation of iron prevents copper condensation on iron oxide surfaces. Copper chloride is
removed from the system in gas phase. Authors indicated that removing chlorined copper from steel is technically
feasible [14]. Nickel alloying to steel increases both copper containing phases melting temperature and copper
solution in austenite [15]. Increasing copper solubility in austenite prevents intergranular copper segregation and

hot shortness.

Studies are focused on refining of copper or other tramp elements from steel in steelmaking process. On the other
hand, effect of copper on mechanical or corrosion properties is studied to foresee possible difficulties in using
tramp element containing scrap in steelmaking. This study is aimed to understand heat treatment effect on 1% Cu
containing steel after hot shortness formation. Slabs are hot rolled and hot shortness is observed in steels with
different amount of copper. Heat treatment process is applied after hot shortness in 1% Cu containing low carbon

steel slab to investigate hot shortness mechanism.

1. EXPERIMENTAL METHOD

This study aimed to understand and explain hot shortness behaviour in carbon steels. Carbon steel is smelted from
scrap rebar in induction smelting furnace. Smelted steel scrap was alloyed with extra copper for artificial tramp
element observation. Prepared steel composition was casted in resin moulds that shaped as slab with measurement
of 20x500x200 mm. Chemical composition of casted slab was determined with optic emission spectroscopy.
Microstructure analysis of as-cast sample was done with Olympus X-70 microscope, after metallographic sample
preparation and etching with 3% Nital solution. Slab was hot rolled after annealing at 1200 °C for 1 hour. The slab
was hot rolled for 60% height reduction. Hot rolled slab was analyzed with both optical and electron microscopy.
Heat treatment samples were collected from hot rolled slab. Heat treatments after hot shortness were done for 800,
900 and 1000 °C for 1 and 4 hours with air cooling and water quenching. Heat treated samples were prepared for
metallographic observation. Heat treated samples were etched with 10 ml FeCI3- 100 ml H20 etchant to reveal

possible Cu segregations in samples.

111. RESULTS AND DISCUSSIONS

Chemical analysis of casted sample is given in Table 1. It is seen in Table 1 steel has composition of plain carbon
steel except copper content. Copper content is desired to be 1.00 %wt. however result has deviation from desired

composition.
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Table 1. Chemical analysis of steel casting
Elements C Mn Si Cr Ni Cu
% 0.279 0.45 0.43 0.10 0.09 0.90

Casted sample is metallographically evaluated with optical microscopy. Result showed that there is no copper
segregation in sample in as-cast situation. Optical microscopy image of casting is given in Figure 1. Optical
microscopy showed that as-cast metallographic situation of casting has dendritical structure of casting.

Hot rolled slab height is reduced by 60% in 15 passes. Mill scale on annealed slabs are cracked by mechanical
force before hot rolling nevertheless new mill scale formed afterwards hot rolling. Macro cracks on slab could be
seen on slab. Photograph of hot rolled slab is given in Figure 2. Edge cracks and heavy mill scale formation can

be seen clearly.

Figure 2. Hot rolled slab surface
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Optical microscopy result of hot rolled slab is given in Figure 3. Segregation of copper can be seen in optical
microscopy image. Segregated copper has settled in grain boundaries of steel. Rolling process has manipulated

copper through the rolling direction.

Madhlficatiopiiorx
Figure 3. Optical microscopy image of hot rolled slab with 10x magnification

Excessive copper segregation in crack propagation points are revealed. Optical microscopy images of cracks of
hot rolled slabs are given in Figure 4 and 5, respectively.

Maqnification: 5

Figure 4. Crack propagation point with copper segregation, 5x magnification
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Figure 5. Crack propagation point with copper segregation, 10x magnification

SEM imaging and EDS analysis of crack starting points were done. Results showed that copper is segregated in
crack propagation region with intergranular characteristic. Result is given in Figure 6 for SEM image and EDS
analysis is given Table 2. EDS points 1 and 2 are chloride containing corrosion products which are result of etching
with ferric chloride. EDS point 3 is copper segregation in crack propagation region.

Figure 6. SEM image of crack in casting
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Table 2. EDS results

EDS Point Fe%, wt. Si%, wt. 0%, wt. Cl%, wt. Cu%,wt.
1 70.91 2.39 21.20 5.50 -
2 79.89 0.65 12.00 7.46 -
3 7.07 0.80 1.36 - 90.77

Heat Treatment Results

Heat treatment of samples was done in electric resistance furnace. Samples were placed in furnace then heated to
desired temperature. Samples were annealed for 1 and 4 hours, cooling of samples were done with air cooling and
water quenching. Heat treated samples were metallographically examined. Surface region of samples observed
with 10x magnification inner matrix of samples observed with 20x magnification.

1 hour annealed and air-cooled sample microstructure is given in Figure 7. Upper microstructures indicate surface
region while lower microstructures inner regions. Annealing temperature increase does not have vital effect on
copper segregations in 1 hour. Copper segregation decreases in annealing process, yet full recovery could not
obtain. Inner matrix has only particulate copper segregates in ferrite regions.

Figure 7. Heat treatment microstructure of casting 1 (Annealing Time: 1 hour, Cooling: Air Cooling, Temperature: 800 (a,b), 900 (c,d), 1000
(e,f) °C).

1 hour annealed and water quenched sample microstructure is given in Figure 8. Upper microstructures indicate
surface region while lower microstructures inner regions. Heavy copper segregation can be observed in samples.
Copper segregates on austenite grain boundaries at elevated temperatures and water quench keeps high temperature
structure of samples. Inner matrix has similar results as air cooled samples. Particulate copper segregation can be
seen in matrix. General microstructure of 800 and 900 °C annealed samples are ferrite — pearlite while 1000 °C
annealed sample is martensitic.
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Ny B n: o | T ' T T
Figure 8. Heat treatment microstructure of casting 1 (Annealing Time: 1 hour, Cooling: Water Quench, Temperature: 800 (a,b), 900 (c,d),
1000 (e,f) °C).

4 hours annealed and air-cooled samples are examined for microstructure with optical microscopy. Results of
investigation are given in Figure 9 with 10x magnified photographs above and 50x photographs in bottom. 10x
magnified photographs are collected from surface — mill scale intersection while 50x photographs show inner
matrix. Decarburized region in surface has large portion of copper segregation. In 900 °C annealed sample some
of copper segregation can be seen in mill scale. Inner matrix investigation showed that particulate copper
segregations are in ferritic regions likewise to 1 hour annealed samples.

f casting 1 (An

ig 9. Heat treatment microstructure o hours, CBoIing: Air C, Temperature: 800 (a,b), 900 (c,d), 1000

(ef) °C).

ealing Time: 4

4 hours annealed and water quenched sample microstructures are given in Figure 10. Photographs are given in
order of 10x above and 50x bottom likewise previous figures. Decrease of copper segregation areas and segregation
intensity can be seen in surface observations. Copper segregation intensity is decreased with increasing
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temperature. Martensitic transformation can be seen in 900 and 1000 °C annealed then quenched samples.
Particulate copper is found in central microstructure. Copper is segregated in ferrite phase in the sample which
annealed at 800 °C while at 900 and 1000 °C samples copper segregation is occurred without any selectivity.

Figure 10. Heat treatment microstructure of casting 1 (Annealing Time: 4 hour, Cooling: Water Quench, Temperature: 800 (a,b), 900 (c,d),
1000 (e,f) °C).

IV. CONCLUSIONS

Heat treatment process in ambient conditions applied to steel with high tramp element content. Results have
showed that copper segregation due to hot shortness cannot be prevented in heat treatment process. Ambient
conditions in heat treatment process supports further copper segregation thus forming solid solution of copper in

austenite could not be achieved under these circumstances. Further conclusions can be drawn from this study as;

1. Hotrolling process in tramp element containing steels causes macro cracks with liquid embrittlement due
to liquified copper on austenite grain boundaries. Copper enrichment in steel occurs with selective
oxidation of iron on steel surface. General copper segregation is observed in crack propagation regions
under the steel surface.

2. Heat treatment of steel samples retarded copper segregation to some extent. 1 hour annealed samples with
air cooling have better results than water quenched samples. Slow cooling rate promotes diffusion of
copper into austenite grains. Nevertheless, copper segregation could not be completely dissolved in
austenite.

3. Increasing the annealing time to 4 hours did not decrease copper segregation to minimal degree.
Segregated copper diffused to inner parts of steel following austenite grain boundaries. Oxidation of steel
in high temperature continues due to annealing in ambient conditions. Protective annealing conditions
could be studied to restrain further oxidation of steel. Oxidation of steel causes segregation of copper in

steel scale.
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4. Decarburization of surface increases ferrite — austenite transformation temperature on surface. Austenite
has higher copper solubility than ferrite thus surface copper segregation occurs on surface with two
reasons; selective oxidation of iron on surface, decarburization and retarded austenite transformation.
Decarburization and oxidation of steel must be prevented to increase copper solubility and restraining

further copper segregation.

Copper segregation mechanism in hot shortness can be explained by 4 steps. Oxidation of Fe on the steel surface,
metallic Cu segregation in oxide scale, melting and diffusion of Cu to steel surface and grain boundaries, mechanic
force on steel that causes macro cracks due to decreased grain boundary cohesion because of Cu segregation. Heat
treatment in oxidative environment causes continuous oxidation and decarburization of steel. Decarburization of
steel increases austenite transformation temperature and oxidation promotes Cu segregation. These results explain

ineffective heat treatment on Cu segregation.
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1. INTRODUCTION

Titanium alloys, Co-Cr alloys and stainless steels are metallic bio alloys that are prominent for hard tissue
replacement applications and are frequently used due to their various properties. The mentioned properties can be
listed as mechanical, corrosion resistance and biocompatibility. When these implants are used, a second surgical
intervention is required to be removed from the body after recovery. The development of biodegradable implant
materials for stents used in vessels and screws and plates used in hard tissues is in high demand by the biomedical
market. The development of biodegradable materials applies not only to metallic, but also to polymers and bio
ceramics. Only metallic biomaterials can simultaneously provide both the necessary mechanical properties and

biodegradability for the applications listed above [1 - 4].

Traditional bio alloys are desired to be bio-inert and not to interact with surrounding tissues. Mg and its alloys are
biodegradable. Because of its low corrosion resistance and dissolution in the body, Mg and its alloys have been
considered insufficient as bio alloys for many years. However, the idea of using biodegradable implants as a result
of increasing corrosion resistance by alloying and surface modification has been adopted and attracted attention
by researchers in the last decade. In addition, as a result of the fact that the mechanical properties of Mg are very
close to the bone and it has been demonstrated that it accelerates the bone healing process by about 30%, the

interest shown on it is increasing exponentially [5 - 9].
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Hydroxyapatite is a material that is used for many different purposes and attracts attention in the biomedical field.
Due to their excellent biocompatibility, osteoconductive properties and similarity to the inorganic component of
human bones, they have uses such as bone fillings, bone tissue engineering scaffolds, bioactive coatings, soft tissue

repairs, drug/protein/gene loading and delivery systems [2, 10, 11].

Pure Hydroxyapatite is a stoichiometric apatite phase with a molar ratio of 1.67 Ca/P, the most stable calcium

phosphate salt at normal temperatures and pH between 4 and 12. It has the chemical formula Caso (PO4) OH2[12].

Many studies have been carried out for years on the hydroxyapatite coating of traditional bio alloys such as
stainless steels and Titanium alloys and some basic methods have been developed. However, not all these methods
can be applied on Mg, because the melting temperature of Mg is much lower than the other mentioned ones (316l
~ 1400 °C, TigAlsV ~ 1660 “C Mg ~ 650 °C). In addition to hydroxyapatite coating techniques applied to other bio
alloys, there are techniques developed for coating magnesium only. The 6 most commonly used coating methods
are: Electrophoretic Coating, Sol-Gel Deposition, Pulse Electroplating, Radio Frequency Magnetron Sputtering,

Electrostatic Spray Coating, Plasma Spray Coating [1, 13].

Il. COATING METHODS
2.1 Electrophoretic Coating

Conventional electrophoretic coating (EPD) is a 2-step process. The first step is to prepare the suspension
containing the nano HA particles. In this process, Nano-HA particles are dissolved in a suitable liquid (isopropanol,
methanol, acetic anhydride or ethanol). Then, carbon black is added to the mixture in the amount that only HA can
be used. This suspension is then stirred for 24 hours on a magnetic stirrer and dispersed ultrasonically. It is then
rested for one hour (for particles to collapse if only HA is used). As a second step, this suspension is placed in a
cell. The bio alloy plate is attached to this cell as a cathode. A smaller plate of the same bio alloy is connected as
the anode. Voltage is applied to this cell. Positively charged nano HA particles are collected to form a dense coating
on the cathode. Before characterization, the coated cathode is subjected to another process. There are 4 commonly
used methods for this process. 1) The coated sample is dried either in air at room temperature or in a humid stove
at 60 °C for 24 hours. 2) The coated sample is dried and sintered. 3) The coated electrode is sintered for one hour
at 800 °C or heated to 800 °C in a pre-degassed furnace, then kept in an argon atmosphere until the temperature
reaches 1000 °C, the samples are kept at 1000 °C for 1 hour and left to cool slowly in the furnace. The samples are
removed after they reach room temperature (argon sintering) or removed at 800 °C in the degassed furnace and
then heated to 1040 °C in vacuum. It is kept at 1040 °C for 1 hour. Then it is cooled in the oven. Then it is taken.
(vacuum sintering). 4) It is dried at room temperature for 24 hours. It is sintered for 1.5 hours at 900 °C in an argon
atmosphere. The coating on AZ91 samples is practically uncracked homogeneous and the surface roughness is
good. (Supports adhesion and supports growth. Provides cell germination and high bone integration) Corrosion
test results showed a significant decrease in corrosion rate. The coated samples showed a 90% reduction in
corrosion rate compared to the uncoated samples. These results show that the coating effectively prevents corrosion
[14, 15].
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2.2 Sol-Gel Deposition

It is a 2-stage process. Firstly, Sol-gel solution is prepared and mixed. Then the alloy is dipped vertically. It is
rotated in the solution at a speed of 2000 rpm and then the sample is taken out. In the 2nd step, the coated sample
is kept at room temperature for 24 hours or dried in an oven at a temperature below 100 °C. It is then sintered at a
temperature suitable for the alloy. In this method, coating thickness, homogeneity and degree of crystallinity

change depending on the sintering temperature [5, 6, 14, 15].

2.3 Pulse Electroplating

It is a 3-step process. First, the electrolyte is prepared. Electrolyte is a solution containing Ca(NO3)2, NH4H2POs.,
and H,0,. The pH of the solution is brought to 4.5 and mixed at a speed of 400 cycles/minute until it becomes
uniform. The mixture prepared in step 2 is taken into a cell where the implant cathode, platinum electrode anode
and reference electrode are located. In the 3rd stage, the coating is made by providing a sudden voltage change

with the help of a voltage generator [15].

2.4 Radio Frequency Magnetron Sputtering

With the help of Radiofrequency Magnetron source, the particles to be coated are sprayed onto the sample surface
and coating is done. This process is carried out in an argon atmosphere and generally the radiofrequency is at the
level of 500W [15].

2.5 Electrostatic Spray Coating

It is a method that can be applied in 2 different ways. In the first method, crystalline hydroxyapatite powders are
sprayed onto the sample surface. These powders are subjected to electrostatic fields and make them charged. These
charged particles follow the electric field lines and travel to the grounded alloy and begin to accumulate there.
Therefore, hydroxyapatite is negatively charged, and the litter material is positively charged. The coated samples
are then sintered in the Microwave oven. In the second method, the hydroxyapatite suspension is prepared in
ethanol. The suspension is fed into the capillary tube via a peristaltic pump. Voltage is applied to the tube and
grounded substrate material and the suspension is allowed to atomize. This directs the droplets onto the alloy
surface and leaves a coating layer on the sample surface after the suspension evaporates. As a last step, the sample
is washed with deionized water and dried at room temperature. Heat treatment can be applied to increase the

bonding strength [5, 6, 14, 15]. In figure 1 schematic representation of electrostatic spray coating is shown.
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Figure 1. schematic representation of electrostatic spray coating [16]

2.6 Plasma Spray Coating

It is a very suitable method for covering implants used in orthopedic surgery, due to the ease of applying the
procedure, high deposition rates, the fact that the litter material does not get too hot and is economically viable. It
stands out as the most suitable method for coating metals with relatively low melting temperatures, such as Mg,
since the temperature of the litter material does not rise too much. In the plasma spraying process, the coating is
created by spraying molten or heat softened hydroxyapatite particles onto a metallic substrate. Typically, He, Ar,
N2, Hz and a mixture of these gases are used as the plasma gas, while Ar is generally chosen as the main gas. Two
main types of plasma are used for hydroxyapatite coating. Radio frequency (RF) and Direct current (DC). The
plasma jet generated in the torch can heat the gas flowing between the electrodes to 6000-10,000 K. Compared to
DC plasmas, RF plasma provides more homogeneous plasma temperature and particle velocity distributions,
provides a higher purity coating due to the relatively non-contact processing to electrodes and results in a longer
residence time of particles in the plasma as a result of lower plasma velocities. However, DC plasma has lower
setup costs and is easy to use. In this coating process, only one surface of the sample can be covered. Therefore,
the process must be applied again for other surfaces. Since the process cannot be done in a single step, different

coating thickness can be observed on different surfaces [5, 6, 15, 17].

Table 1 shows the comparison of different coating methods in terms of some features. Coating thickness,
advantages and disadvantages have been compared separately. Among these methods, plasma spray coating,
electrostatic spray coating and dip coating methods similar to sol-gel coating were determined and applied as the
methods to be applied within the scope of the thesis. The processing speed and ease of application of the plasma
spray coating and electrostatic spray coating methods have been extremely important in these choices. In addition,
electrophoretic coating has been applied many times in researches on Ti alloys and stainless steel, and plasma
spray coating is recommended as a new trend. Although there are examples of electrophoretic coating on Mg
alloys, the applications of plasma spray coating and electrostatic spray coating methods are extremely limited.

However, in recent years, these 2 methods have emerged as promising methods [5, 6, 13-18].
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The comparison of different coating methods is given in table 1. According to table 1, the most important coating
method that stands out is seen as plasma spray coating. However, the need to apply the application repeatedly to
the surfaces makes the process difficult. With electrostatic coating, it is possible to achieve coating thicknesses
close to plasma spray, but the need for a secondary heat treatment makes the process difficult. The coating
thicknesses made with Sol-gel are very thin, and the process steps and application are both complicated and long-
lasting [19].

Table 1. comparison of different coating methods

Coating
Thickness

Coating Method Advantages Disadvantages

- Single surface

-Thick layers can be coated at .
coating can be made.

high deposition rates.

Plasma Spray Coating ~ ~30-300um _Surface cracks may

occur due to rapid
cooling.

- Increases biocompatibility, wear
and corrosion resistance.

It is very difficult to

_Quick coating. make a crack-free

Electrophoretic ~0.1-2mm coating.
Coating
-Complex surfaces can be coated. . .
Requires high
sintering temperature.
- Complex surfaces can be - Requi " heri
coated. equires atmospheric
control.
Sol-Gel Coating <lpm

-Low processing temperature. .
P g P -Raw materials are

Thin film coating. quite expensive.

-Uniform coating
thickness is very

Elect_rostatic Spray ~1-200um -Quick coating difficult to obtain
Coating K

-Ease of application

-High Sintering

-High deposition rates temperature

I11. CORROSION TESTS

When biomaterials which are Mg based are used on the human body, they are generally used in an aqueous
environment. For this reason, it is appropriate to apply corrosion tests applied in aqueous environments. There are
3 methods that can be applied when conducting corrosion studies on Mg alloys. These are weight loss method,
Hydrogen collection and electrochemical methods. If it is desired to observe the passivation film and the phases
formed on the surface of the material during the corrosion test, the electrochemical methods should be used. If it
is desired to determine the material loss and corrosion rate due to corrosion in a long time, the weight loss method
should be preferred. Especially in load-bearing parts such as screws and plates used in the skeleton system, it is
extremely important to test the weight loss method in order to observe the changes in the surface and volume due
to the long-term corrosion effect. However, the disadvantage of the weight loss method is that it takes an extremely
long time. With the electrochemical methods, the corrosion rate data to be obtained in a few days can be reached
in months with the weight loss method [20-24].
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Potentiodynamic polarization (PDP), Potentiostatic polarization, Galvanostatic and Galvanodynamic polarization,
Electrochemical impedance spectroscopy, Scanning vibrating electrode technique, Scanning electrochemical
microscopy, Atomic emission spectroelectrochemistry methods can be considered as electrochemical methods
[20]. PDP uses a reference electrode counter electrode and a potentiostat to scan the potential of an electrode at a
constant speed over a fixed range. Potentiostat requirements for the PDP in recent years has led to the increasing
importance of this method. This method works in the same way as potentiodynamic measurements, but here only
one fixed potential is applied, and the current is measured. Potentiostatic polarization measurements can be useful

when it is desired to investigate certain processes [20].

Galvanostatic polarization measurements are widely used for Mg based alloys. In electrochemical reactions,
potential and current are interdependent. Therefore, it is possible to control one and measure the other. With the
introduction of potentiostats, in most methods, the current is measured by applying it in a potential-controlled
manner. Electrochemical impedance spectroscopy (EIS) method actually consists of measuring the response of an

electrode to small-amplitude sinusoidal potential shaking at different frequencies [20].

The primary cathodic reaction in dissolution of Mg and its alloys in aqueous electrolytes is the reduction of water
that causes the formation of hydrogen gas. It makes sense to collect hydrogen to determine the cathodic reaction
rate. Unless there is an external influence, for the charge to be neutral, the anodic reaction rate must be equal to
the cathodic reaction rate. (ianod = | icatn |). Consequently, under open circuit conditions, it is possible to determine

the instantaneous corrosion rate from the rate at which HE is formed at the electrode surface [20].

When applying the weight loss method, the samples are dipped into a container containing that solution or the
solution is sprayed on the sample surface, in whatever environment it is desired to perform a corrosion test.
Generally, dipping method is used for Mg alloys, while simulated body fluid is used as a corrosive medium [17,
20].

IV. CONCLUSIONS

The use of magnesium and its alloys as biomaterials shows an increasing interest day by day. Surface modification
is extremely important before these alloys are used as biomaterials. In this research, hydroxyapatite coating
methods of magnesium alloys and corrosion tests used in determining the corrosion behavior afterwards were

investigated.

Coating methods that do not require a secondary heat treatment, especially afterwards, have great advantages due

to the low melting temperature of magnesium. Plasma spray coating stands out as the most affordable alternative.

Electrochemical methods should be used if it is desired to observe the corrosion zone and the formed phases while
performing the corrosion test, and if the corrosion surface is to be observed for a long time, the weight loss method

should be preferred.
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Poly(lactic acid) is one of the most widely used bioplastics. PLA is derived from lactic acid monomer which
is produced by fermentation using microorganisms. It is renewable, biodegradable, biocompatible, and low-
cost aliphatic thermoplastic bioplastic. However, it displays low barrier properties to use packaging
applications compared with conventional polymers. PLA has brittle, low toughness, and low thermal
resistance properties. To improve the weak properties of PLA, copolymers of lactic acid are synthesized or
blends of PLA with other synthetic and biodegradable polymers are prepared. PLA has been used as mulching
films, biomedical devices, packaging, and membrane materials. In this study, PLA films were prepared by
solution casting method using a high shear mixer for 90 sec. PLA films were blended with different
concentrations of poly(ethylene glycol) (PEG) and Montmorillonite (MMT). Properties of mechanical,
thermal, and optic of biodegradable films were determined using mechanical testing machine Zwick Z 1.0 kN,
thermogravimetric analysis, differential scanning calorimetry (DSC), and optical microscopy, respectively.

2021 JIENS All rights reserved.

Poly(ethylene glycol)

I. INTRODUCTION

Biodegradable polymers can be produced by microorganisms, animals, and plants naturally besides petrochemical
resources [1, 2]. They are important because of environmental and economic interests [3, 4]. Poly(lactic acid)
(PLA) is a renewable and biodegradable polymer that is used in different areas as packaging, automotive, and
disposal parts [5]. It has been used in the medical industry and tissue engineering for drug releasing immobilization
material and implants, biodegradable mulch, and coating, and releasing fertilizer and pesticides for agricultural
application [4, 6-9]. Blend and composites of PLA are employed to enhance mechanical and thermal properties.
[10, 11]. Polymer composite and blends have been used to enhance mechanical, thermal, and rheological properties
[12]. Zeolites also have been used for active packaging applications because of their oxygen consumption abilities
[13, 14]. Erpek et. al. studied with halloysite (HNT), carbon nanotubes (CNT), thermoplastic polyurethane (TPU)
with PLA. The tensile strength of the PLA increased with CNT, however, decreased with HNT. PLA was
toughened by TPU [15]. Wu et. al. prepared biodegradable PLA/MMT nanocomposites using the solution casting
method. Chitosan was used to increase the chemical connection between the PLA and MMT [16]. PLA and
chitosan composite films were studied by Sebastien et. al., to enhance bio-based and antifungal packaging film
[17]. Varying chemicals have been investigated to plasticize PLA such as citrate esters to prevent the fragility of
PLA [18]. The plasticization of PLA with triacetin [19], glycerol [20-23], sorbitol [23, 24], acetyl triethyl citrate
[24-27], acetyl(tributyl citrate) [28-30] were reported in the literature. In this study, PLA was plasticized with
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PEGA400 to enhance flexibility. In addition, Montmorillonite was used to increase the mechanical properties of
PLA.

1. EXPERIMENTAL METHOD
2.1 Materials and Preparation Techniques

4032 D grade Ingeo PLA was obtained from Resinex from Turkey. Montmorillonite was obtained from Sigma-
Aldrich. Dioxane and Poly(ethylene glycol) (PEG400, Mw=400 g/mol) were bought from Merck and ZAG

respectively. All chemicals were used without further purification.

PLA was dissolved in dioxane and mixed different concentrations of Montmorillonite (MMT) using by high shear
mixing apparatus (Mazerustar KK-2503). MMT-based biodegradable films were prepared with solution casting
method with MMT and PEG in PLA matrix. PLA was prepared at 10% (w/v) concentration in dioxane. PEG400
was added to polymer solution at different concentrations such as 5%, 7.5%, and 10% (w/v) with respect to the
contents of the polymer matrix. PLA/PEG400 was blended by a magnetic stirrer at room temperature. PLA/PEG
blend was cast on the glass flat surface by a manual film applicator.. This film was then immediately immersed in
an ethanol/water coagulation bath for phase inversion separation. Films were incubated in a coagulation bath for

2 hours and dried at room temperature for 24 hours.

111. RESULTS AND DISCUSSIONS

Biodegradable and miscible blends are consisting of PLA and PEG. The tensile strength value of PLA/PEG blends
decreases with increasing PEG content. PEG increases with interfacial adhesion and reduces the Tg of the polymer
[31]. PLA displays brittle and low thoughness material properties [32]. PLA was blended with PEG400 to increase
flexibility in this study. PLA exhibits low strain properties in Table 1. PLA/PEG blend films have higher elongation
values than PLA. As shown in Table 1, the brittleness of PLA in PEG/PLA blend films was reduced by PEG 400.
In this study, improving poor properties of PLA, PLA blends and composites were prepared with PEG400 and
MMT, respectively by using high shear mixing apparatus.

Table 1. Mechanical properties of PLA/PEG blend films

Sample Tensile Strenght Elongation at Break Young Modulus
(MPa) (%) (GPa)

Neat PLA 30.72 10.28 2.98

PLA 95%/PEG 5% 28.20 60.27 0.47

PLA 92.5%/PEG 7.5% 24.99 106.37 0.3

PLA 90%/PEG 10% 20.41 39.82 0.51

The mixing of hydrophobic polymers with hydrophilic polymers has been used to grow the hydrophilicity of the
polymer matrixs, and enhance their anti-fouling properties [33]. The PLA/PEG blends were studied using a twin-
screw extruder by melt blending method with different concentration and molecular weight PEG. Li et al. reported
that the tensile stress at break of the PLA/PEG 10,000 blend significantly increased when the PEG 10,000 content
was 5-15% by weight, and then decreased when the PEG 10,000 content exceeded 15% by weight [34].
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The addition of plasticizer to modify PLA is a method that is used widely in the plastics industry with respect to
thermoplastic materials such as PLA. The addition of plasticizers to the matrix should meet several necessary
requirements. In addition to improving the deficiencies mentioned previously, it is essential to retain the main
properties. The compatibility of the plasticizers with polymers should be evaluated. In addition, they should hardly

migrate toward the surface of the polymer matrix to amplify the plastic effects and increase the longevity

PLA/PEG blend films have higher elongation values than PLA. Brittleness of PLA was gradually disappeared with
PEG400 at PEG/PLA blend films and was obtained tough structures. PEG decreased young modulus of the blends
films due to lowering stress values and low strain properties as shown in Table 1. Effects of some plasticizer were
summarized and compared our results in Table 2. Plasticizers enhanced the elongation at break and elasticity of
PLA blend films.. PLA is a brittle material with low toughness PLA shows low strain properties. PLA/PEG blend
films have higher strain and elongation than PLA in Fig. 1. In addition, 92.5-7.5% wt PLA-PEG films displayed
a higher elongation value than PLA/PEG-5%, and PLA/PEG-10% films. Up to a certain extent, the additive of
PEG improved the mechanical properties of PLA. However, the addition of 10% by weight PEG exhibited the
lowest mechanical properties. The best mechanical properties were achieved in 7.5% PEG added PLA film. Chieng
et. al. studied with 10% wt PEG200 content to plasticize PLA by the melt blending process. They reported 29.76,
413.1, and 424 values for tensile strength (MPa), elongation (%), and tensile modulus (MPa) [35].

35
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Figure 1. Strain-stress curves of PLA and PLA/PEG blends

PLA films have higher stress values but does not show high elongation values in Fig. 1. This brittleness of PLA
disappeared with PEG200 at PEG/PLA blend films and obtained a tough structure. PEG decreased the young

modulus of blend films with lowering stress values as shown in Table 1.
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Table 2. Comparison obtained results with the literature

Ty Modulus Elongation
Sample (°C) (GPa) at break Ref.
(%)

PLA 58 2.050 9 [36]
Neat PLA 64.4 2.98 10 This study
PLA90%/10% OLA 37 1.256 32 [36]
PLA 95%/PEG 5% n.d 0.47 60 This study
PLA 92.5%/PEG 7.5% nd 0.3 106 This study
2PLA 90%/PEG 10% n.d 0.51 40 This study
PLA90%/10% PEG400 30 1.488 26 [36]
PLAB80%/20% PEG400 19 0.5 71 [37]
PLAB80%/20% PEG10 KDa 34 0.7 130 [37]
PLAB80%/20% ATBC 24 0.1 298 [37]
PLLA 80%/Starch 20% 59 2.8 2.5 [38]
PLLA 80%/ Starch 20% + 5% PEG400 49.4 1.1 3.0 [38]
PLLA 80%/ Starch 20% + 5% Gycerol 49.9 0.7 4.7 [38]
PLLA 80%/Starch 20% + 5% Laurly alcohol 47 15 1.5 [38]

PEG400: Polyethylene glycol. ATBC: Acetyl tributyl citrate. OLA: oligomeric lactic acid n.d: not defined

As the concentration of PLA in the solution increased from 5% to 10%, the melting point increased from 168.9 to
169.1. With the increase in the concentration of the polymer in the solution, there was no significant change in the
increase in the melting point. Adding MMT to PLA increased the melting point of PLA (5%wt)-MMT (0.01%)
PLA (5%wt)-MMT (1%) PLA from 167.9 to 168.9 °C.

30.00 |-

25.00 |-

é 20.00 |- PLA (10% wt.)- 1% MMT
S PLA (5% wt.) - 1% MMT

E 15.00 |- PLA (5% wt.) - 0.01% MMT
a

10.00 -

S.00 |-

560 J\

1 1 1 1 1 1 1 1 by i

50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0
Temp Cel

Figure 2. TGA results of PLA (10% wt.)- MMT (1% wt.), PLA (5% wt.)-MMT (1%), PLA (5%)-MMT 0.01%)

As seen in Fig. 3, the PLA concentration of 5% or 10% in the PLA solution did not affect the degradation rate of
PLA. Increasing the concentration of MMT in solution from 0.01% percent to 1% decreased the degradation rate
of PLA and provided thermal stability.

Table 3. Mechanical properties of PLA-MMT composites

Slow Shigh Et SMm em SB es e
Sample MPa  MPa MPa MPa % MPa % %
PLA (5% wt.)-1% MMT 0.44 1.23 386.45 6,22 135 6.22 1.35 1.35
PLA (5% wt.)-0.01%MMT 0.45 1.50 480.15 65,63 3.15 65.63 3.15 3.15
PLA (10% wt.)- 1% MMT 0.48 1.58 546.49 16,65 271  15.95 2.61 3.07
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Figure 3. Optical Microscopy images of PLA composites with different amounts of PLA and MMT; a) PLA (10%wt.) and MMT (1%), b)
PLA (5%wt.) and MMT (0.01%), ¢) PLA (wt5%) and MMT (%1)

As seen in Figure 3, it is seen that as the concentration of PLA in the solution increases, the agglomeration is
higher (10% by weight of PLA), agglomeration decreases as the polymer concentration decreases to 5% and the
blends are mixed more homogeneously. In addition, As seen in Fig 3, more homogeneous distribution was obtained
with the addition of 1% of MMT to PLA.

In Fig. 3, 10% PLA (w/w) was prepared high content 1% MMT concentration. The high content of MMT caused
to agglomeration of particles. Homogeneous distribution is more difficult espacially at high concentrations of the
MMT particles than low concentration such as 5% (w/w) PLA and 0.01% MMT. PLA has studied with higher
molecular weight PEGs [34] and low molecular weight PEG200 [35] in the literature. But the blend of PEG 400
did not studied in our knowledge. The high molecular weight of PEG will reduce the diffusion of PEG plasticizer

from the amorphous phase into the polymer solution [35]. Therefore, low molecular weight PEG was preferred.

IV. CONCLUSIONS

Blend and composites of PLA are employed to enhance mechanical and thermal properties. PLA blends and
composites were prepared with PEG400 and MMT respectively in this study to improve mechanical properties of
PLA. xOnce developing new methods for PLA synthesis and decrease the cost, biodegradable and synthetic PLA
blends will be commonly used in agriculture and packaging industry. In addition to this PLA, composites are
suitable for other areas such as medical, tissue engineering and automobile industries. Finally, PLA will gain wide
acceptance for different applications instead of polyolefins and polyethylene terephthalate. Biodegradable blends
and composites of PLA are predicted to be used more and more today than petroleum-derived polymers for

potential applications in the future.
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MAKELE BILGISI OZET

Makale Gegmisi: Metal tozu patlamalari, gesitli yanict malzemelerin tozlarini iireten, kullanan ve/veya isleyen endiistrilerde
Gelis 22 Haziran 2021 giivenlik agisindan kritik bir tehdit olusturmaktadir. Toz patlamalari ne yazik ki genellikle ciddi
Diizeltme 7 Temmuz 2021 yaralanmalara, can kayiplarina ve maddi hasara neden olur. Metal tozlari, yanma reaksiyonlari sonucu olugan
Kabul 29 Temmuz 2021 yiiksek sicaklik dereceleri, daha 1ginimsal 1s1 transfer etkileri ve su ile yiiksek derecedeki reaktif etkilesimleri

nedeniyle artan bir patlama siddeti ve hassasiyeti sergilemektedirler. Endiistriyel tesislerde ger¢ek ortam

Cevrimici meveut kosullarindaki patlama gelisimini tahmin edecek yontemlerini gelistirmek karmasik ve zordur. Bir metal toz

tirdl i¢in, toz bulutlarmin tutusma olasiligi ve yanma oranlari, toz bilimi ve teknolojisinde belirtilen
parametreler ile 6nemli 6l¢iide degismektedir. En tehlikeli siiregler, tutusmaya en duyarli ve reaktif olan daha
kiiciik pargaciklar1 igermektedir.

Anahtar Kelimeler: Avantajlariyla dikkat ¢eken eklemeli imalat yontemleri, gesitli ilkeler ve hammaddeler kullanan tasarimlar ile
Toz patlamasi daha genis kullanim alanlari bulmaktadir. Ancak bu teknoloji, benzersiz bir iiretim potansiyelinin yani sira
Metal toz bulutu toz patlama riskini de beraberinde getirmektedir. Bu ¢alismada, bir toz patlamasi i¢in gerekli olan kosullar,
Eklemeli imalat 1s1 kaynaklar1 agiklanmis ve toz 6zelliklerinin patlama tizerindeki etkileri tartisildiktan sonra eklemeli imalat
Patlama giivenligi yontemlerinde artan metal tozu Kullanimi ile patlama risk iliskisi analiz edilmis ve alinabilecek koruyucu

Gnlemler ile bu 6nlemlerin metal tozu igeren stireglerdeki uygulama zorluklari tizerinde durulmustur.

2021 JIENS Tiim haklari saklidir.

Metal dust explosion risk in additive manufacturing and prevention methods
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Article history: Metal dust explosions pose a critical safety threat in industries that produce, use and/or process dusts of various
Received 22 June 2021 combustible materials. Unfortunately, dust explosions often cause serious injury, death and financial loss.
Received in revised form 07 July 2021 Metal powders exhibit increased explosion severity and sensitivity because of their large heats of combustion,
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Developing methods to predict explosion progression in real ambient conditions in industrial plants is complex
and difficult. For a metal powder type, the ignition probability and combustion rates of dust clouds differ
considerably with the parameters specified in powder science and technology. The most dangerous processes
involve the smaller particles that are most sensitive and reactive to ignition.
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Additive manufacturing methods, which attract attention with their advantages, are commonly used with
designs using various principles and raw materials. However, this technology brings with it a unique
production potential as well as the risk of dust explosion. In this study, the fundamental requirements for an
explosion, heat sources are explained and after discussing the effects of dust properties on the explosion, the
relationship between the increased use of metal powder in additive manufacturing methods and the explosion
risk is analysed. In addition, the protective measures to be taken against the risk of metal dust explosion and
the difficulties of applying these measures are emphasized. 2021 JIENS All rights reserved.
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I. GIRiS

Toz pargaciklari, ¢ap1 genellikle 1 mm’den kiigiik, hava ortaminda asili kalabilen ve sartlara bagli olarak ¢okebilen,
birimsel olarak belirli bir hacim igerisindeki agirliklarma (m3/mg) veya toz sayisia (m®%tane) bagli olarak ifade
edilen pargaciklardir [1]. Partikiillerin alt grubunu olusturan toz tanelerinin boyutlar1 0.10-300 um arasinda
degismektedir. Tozlarin havada asili kalip kalmama davraniglar1 ise cap, biylklik, sekil, yogunluk vb.

aerodinamik 6zelliklerine bagli olarak degismektedir [2].

Genel olarak, organik maddelerin ¢ogu, birgok metal ve bazi metal olmayan inorganik maddeler; belirli bir
parcacik boyutu degerlerinde kiigiik olduklarinda ve havada yeterli konsantrasyonu olusturacak sekilde dagilim
sergileyip asil1 olarak kalabildikleri kosullarda yangin veya patlama meydana getirebilmektedir [3]. Toz patlamas1
olarak adlandirilan olgu temel yanma prensiplerine dayanan ve giinliik hayatta kolayca gerceklesebilecek bir
olaydir. En basit olarak bir odun parcasinin tutusturulduktan sonra yavas bir yanma gercgeklestirerek belirli bir
zaman diliminden sonra 1s1 enerjisini serbest biraktigini gorebiliriz. Ancak odun parcasi daha kiigiik parcgalar haline
getirildiginde, havayla temas eden yiizey alanin artmasina bagli olarak yanma hizi da artar. Odun pargasi boyutlari
maksimum 0.1 mm boyutunda olan daha kiigiik partikiiller haline getirildiginde ise bu pargaciklar havada yogun
bir bulut halinde yayilir. Bu partikiiller olusan bulut bir 1s1 kaynagi ile karsilastiginda yangin veya yeterli basing
saglandiginda patlama ile sonuglanabilir. Bu durum bir toz patlamasini ifade etmektedir [4,5]. Yangin ve patlama
arasindaki en temel fark ise enerji salinim hizlaridir. Yanginda enerji salinimlar1 uzun siirelerde gerceklesirken
patlamalar i¢in bu siire ¢ok kisa ve anidir. Patlama i¢in bir yangin olusumu ve kimyasal tepkimenin ger¢eklesmesi
gerekmeyebilir. Ancak yangin bir patlama i¢in oncii olabilirken, ayni sekilde patlama da bir yangina dnciilitk

edebilir, ortamda diger yanici gaz ve sivilarin bulunmast ise ikincil patlamalara sebebiyet verebilmektedir [6].

Metal sektorii diinyada oldugu gibi Tiirkiye iginde 6nemli bir sektor kolunu temsil etmektedir. Her ne kadar uzman
olmayan kisilerin ortak deneyimi, metallerin tipik olarak yanmayacagi yoniinde olmasina ragmen bir¢ok metal,
ince bir toz olarak bulundugunda yangin ve patlama tehlikesi olugturmaktadir. Ulusal Yangindan Korunma Birligi
(NFPA)’nin Yanici Metaller Standart’ina (NFPA 484) gore, "yeterince ince formdaki metal yanici ve/veya
patlayict olabilir" seklinde ifadesi vardir. Buna iyi bir 6rnek, oksitlenmemis ince bir toz olarak bulundugunda

demir tozunun yaniciligidir [7,8].

Son yillarda artan rekabet kosullart ve liretim hizi, metal aritma, isleme ve depolamadaki biiylime, metal tozu
patlamalar1 kazalarinin olugmasina yol agmistir. 2010 yilinda, New Cumberland, WV'de bir metal iireticisi olan
AL Solutions sirketinde arizali bir karistiricida siirtiinmeli 1sitma veya kivilcimlar tarafindan tetiklenen yikict bir
metal tozu patlamasi yagsanmistir. Bu titanyum ve zirkonyum tozu patlamasi ii¢ kisinin 6limiine ve bir ciddi
yaralanmalara yol agmustir [9,10]. Agustos 2014'te Cin'in dogu Jiangsu Eyaletinde General Motors'a parca
saglayan bir fabrikada ¢ok daha yikici bir bagka metal tozu patlamast meydana gelmistir. Yetersiz tesis bakimi ve
yetersiz izolasyon teknikleri, aliminyum alasimi tozunun tehlikeli bir sekilde birikmesine ve yeterli bir tutusma
kaynagi bulmasi ile patlamasma sebep olmustur. Bu patlamanin ise 146 kisinin 6lmesi ve 114 kiginin
yaralanmasiyla sonuglanmasi, toz patlamasindan kaynaklanan kazalar1 dnlemek i¢in daha etkili yontemler ve

maddeler gelistirme ihtiyacina yol agmigtir [10,11].

Bu calisma kapsaminda ciddi bir saglik, ¢evre ve giivenlik problemi olusturabilecek metal tozu patlamalarinin

olusum sebepleri ve kaynaklarinin belirlenmesi, dnlemek i¢in uygulanmasi gereken tedbirler agiklanacaktir.
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Ayrica dzellikle son yillarda popiiler hale gelen toz metaliirjisi (TM) ve eklemeli imalat teknikleriyle (EI) birlikte

artan metal tozu kullaniminda dikkat edilmesi gereken hususlarin incelenmesi hedeflenmektedir.

1. TOZ PATLAMASI
2.1 Toz Patlamasinin Olusmast I¢in Gerekli Sartlar

Bir oksitleyicinin varlig1 ile meydana gelen yanmada ayristirilan yakita bagli olarak cesitli iirlinler aciga
¢ikmaktadir. Oksidatif reaksiyonlar sirasinda organik hidrokarbon ayrigmasi genellikle karbondioksit, su buhart
ve 1s1 yayar. Organik maddelerin aksine, metal yanmasi, olusan {iriinlerde ¢ok daha fazla degiskenlige sahiptir.
Oksijen altinda tutugsmanin ardindan, saf metal tozlar tipik olarak 1s1 ve ilgili metal oksit olusturmak i¢in ayrisir.
Yakit cinsi ne olursa olsun patlama olmasi igin saglanmasi gereken ve yanma besgeni olarak isimlendirilen

evrensel kriterler s6z konusudur (Sekil 1’de gosterilmistir.). Bunlar:
(1) yanict tozun varligi,

(2) oksitleyici (havada 02),

(3) tozun havadaki konsantrasyonu,

(4) yeterli atesleme kaynagi,

(5) kapali ortam olarak sayilabilir [10].

Tutusturucu
Kaynak

Kapah simirh
alan

Toz
Parcalarimin
Dagilm

Sekil 1. Toz Patlama Beggeni [10]

Havadaki oksijen, ¢ogu yanict madde i¢in en yaygin oksitleyicidir. Bununla birlikte, materyali oksitleyebilen diger
gazlar da yanic1 bir toz olayinda bir oksitleyici gorevi gorebilir. Ornegin bazi metaller, diger yakitlar i¢in séndiirme
ajan1 olarak kullanilan halojenler ile, hatta karbondioksitle reaksiyona girebilmektedir. Malzemeye bagl olarak,
yanic1 bir toz olaymi tutusturmak igin statik elektrik, elektrikli ekipmandan gelen kivilcimlar, sicak yiizeyler,

stirtiinmeli 1s1itma ve agik alevler gibi ¢esitli tutusma kaynaklarindan olusmaktadir. Tozlar kat1 fazda oldugundan
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tutusabilmesi igin tozun oksitleyici bir ortamda uygun konsantrasyonlarda dagitilmasi gerekmektedir. Toz, toz
isleme siirecleri veya ekipmandan istem dig1 salinimlar veya bir tesisteki birikimlerin dagilmasiyla dagilabilir.
Yiiksek derecede basinca neden olan hasarli bir patlamanin olugmasi igin sicak yanma {iriinlerinin geniglemesini
sinirlayarak bir basing artisina neden olacak sekilde bir miktar hapsetme gereklidir. Hapsedilme ise bir toz toplayici
veya bir binanin duvarlar1 gibi ekipmanin dis kabugundan veya ¢ok sikisik bir alanin varliindan kaynaklanabilir
[12].

2.2 Tozlarmm Smniflandirilmasi

Bir toz tabakasi, yabanci bir kaynakla tutusturulabiliyorsa ve bu sekilde olusan yangin, dis kaynak
uzaklastirildiktan sonra yeterince yayiliyorsa "yanict" olarak kabul edilir. Tiim patlayici tozlar yanici 6zellikte
olmalidir, ancak tiim yanici tozlar kolayca patlayict degildir [13,14]. Ornegin, antrasit ve grafit, yiiksek yanma
sicakliklarina sahip olmalarina ragmen kolay patlayici degildir. Bir toz tabakasinin tutusabilirliginin ve bir toz
tabakasinin yanma yogunlugunun bir bagka Ol¢lisii “yanma sinifi”dir. Uluslararasi Sosyal Giivenlik Dernegi
(ISSA) standard: dikkate alinarak yapilan bu sinmiflandirma, bir gaz alevi veya sicak platin tele maruz kaldiginda
tanimlanmis bir y1§inin yanma davranigini esas almaktadir.

(1) CC1: atesleme yok; kendi kendine yanma yok.

(2) CC2: kisa atesleme ve hizli sondiirme; kisa siireli yerel yanma.

(3) CC3: bolgesel yanma veya yayilmadan parlama; yerel siirekli yanma, ancak yayilma yok.

(4) CC4: parlayan bir yanginmn yayilmasi; yayilma i¢in igin yanan yanma.

(5) CCs5: agik atesin yayilmast; agik alev yaymak.

(6) CCé: patlayabilir yanma; patlayict yanma.

Metal tozlari yanma tehlikesi olugturabilme ihtimalleri acisindan ¢esitli siniflara ayrilmaktadir. Bunlar reaktif
(demir, ¢elik, ¢inko vb.), oldukea reaktif (silikon vb.) veya asir1 derecede reaktif (aliiminyum ve magnezyum vb.)
olarak sayilabilir. Her reaktiflik derecelerine karsilik gelen tehlike sinifi bulunmaktadir. Bu smiflandiriimalarin
belirlenmesinde laboratuvar ortaminda 6l¢iilen ve toz patlamasinin ciddiyetini ifade eden Kg; degeri ve maksimum
yanma basinct (Pmax) degeri dikkate alinir. Kiip kok yasasi olarak dayandirilan ve Bartknecht tarafindan tanimlanan
"Kst degeri" terimi, bir toz tutusturuldugunda 1 m® tanktaki maksimum basing artis oranm diger bir deyisle "toz
patlamasi siddeti" temsil etmektedir. "St" kisaltmasinin kékeni, toz anlamina gelen Almanca “staub” kelimesinden
gelmektedir.

Patlama endeksleri testi EN 14034-1: 2004 (toz bulutlarinin maksimum patlama basincinin Pmax'mn belirlenmesi)
ve EN 14034-2: 2006 (toz bulutlarinin maksimum patlama basinct artis hizinin belirlenmesi Ks;) standartlarina
uygun olarak yapilmalidir [16]. Testler, en zorlu sartlardaki proses tesisi kosullarini simiile etmek icin yiiksek
tiirbiilans durumunu yeniden iireten 20 litrelik bir kiire aparatinda gergeklestirilir ve maksimum patlama basinct

artig hiz1 Es.1°de belirtilen sekilde hesaplanir.
dpP
Ks = (E) max x V1/3 (D

Burada V test odasmin hacmini (m®) ifade etmektedir. Bu iliski genellikle kiibik yasa olarak adlandirilir. 1 bar ve

oda sicaklig baslangic kosullart ile 1 m? kiireye oranlanmis maksimum basing artis hizin1 esas almaktadir. Kst
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endeksinin gecerliligi test diizeneginde kullanilan oda hacmindeki patlamalar i¢in gegerli olmaktadir. Ciinki
laboratuvar test kosullari ile bir tesis veya fabrikadaki fiili durum arasinda farkliliklar s6z konusudur. Bu nedenle,
islenen gercek toz (veya toz kombinasyonlari) lizerinde testler yapmak ve ayrica galigma alaninda deneyimlenen
gercgek ortami (yani sicaklik, nem, tiirbiilans vb.) miimkiin olan en yakin degerlerde simiile etmek 6nemlidir. Belirli
bir malzemenin farkli cihazlarda belirlenen Ks; degerlerinin, ortam kosullarina bagli olmasi ve farklilik géstermesi
toz patlama siddetini goreceli olarak ifade eden bir sabit olmasina neden olmaktadir. Genel olarak, Ks; degeri ne
kadar biiyiikse, patlama o kadar siddetli olmaktadir. Kst ayn1 zamanda tozun yanma 6zelliginin siniflandirilmasinda

kullanilan parametrelerden biridir. Tablo 1’de Ks: degerlerine gore tozlarin siniflandirilmasi verilmektedir [16].

Tablo 1. Ks; Degerine Gore Toz Patlama Siniflari [15]

Toz Patlama Simifi Kst Karakteristik
(bar.m/s)
Sto 0 Patlamaz
Stl >0 ve <=200 Zay1f Patlayici
St2 >200 ve <=300 Kuvvetli Patlayici
St3 > 300 Cok Kuvvetli Patlayici

2.3 Toz Ozelliklerinin Patlama Olayna Etkisi

Toz metaliirjisi ve bagli teknolojilerinde meydana gelen toz patlama olaylarini dogru bir sekilde analiz edebilmek
ve gerekli onlemleri alabilmek igin toz bilimi ve uygulamalarint dogru bir sekilde analiz etmek gerekmektedir. Bu
nedenle pargacik veya toz karakterizasyonu, toz mekanigi, kirma, 6giitme ve agindirma yoluyla ince parcaciklarin

tiretimi ve toz bulutu olusumu gibi konular iizerinde yogunlagiimalidir.

Genel olarak bir toz bulutu igerisinden pargacik boyutu ne kadar kiiciik ise toz bulutunun tutusabilirligi o kadar
kolay ve patlama siddeti daha yiiksek olmaktadir. Yanma prosesinin temelinde yanict bir gaz ile havadaki oksijen
reaksiyonu s6z konusudur. Partikiil boyutu gazlastirma sirasinda giiglii bir etkiye sahiptir, daha kii¢iik pargaciklar,
genis yiizey alanlart nedeniyle hizla gazlastirilabilir [17]. En az 1 mm'ye kadar olan partikiil boyutu dlgiimleri,
metal tozlarmin tutusabilirligi ve patlayabilirligi agisindan biiyiik 6nem tagimaktadir. Mikron ve nano seviyedeki
partikiillerin toz patlamasi riski daha fazladir. Ancak toz boyutu ve risk oraninin sonsuz bir dogrusal iliskide
gidecegi konusunda bir kesinlik s6z konusu degildir ve smirlayici bir alt boyutun oldugu belirtilmektedir [18].
Alliminyum igin parcacik boyutunu nanometre araligina diisirmenin aglomerasyon etkisi sayesinde daha diisiik

Kstdegerinin elde edildigi ¢aligmalar mevcuttur [16,19].

Partikiil boyutunun yani sira sekilleri de yanma karakteristigine etki eden parametrelerdendir. Bagaria P. ve
digerlerinin yapmis olduklari ¢alismada benzer kimyasal bilesime, partikiil boyut dagilimina sahip kiiresel sekilli
ve diizensiz gekilli aliminyum tozlar1 segilmistir. Sonuglar, diizensiz sekilli tozun minimum tutugma enerjisinin
(MTE), kiiresel sekilli tozun MTE'sinden daha diisiik oldugunu gostermektedir. Bu deger bir toz patlamasim
baglatmak i¢in gereken en az miktarda kivilcim tutusturma enerjisini ifade etmektedir [6,20]. Diizensiz sekilli
parcaciklar, toz bulutu dinamiklerini etkileyen ve daha diisiik iletken 1s1 direncine yol agan daha genis bir 6zgiil
ylizey alanina sahiptir, boylelikle tozun tutusmasini1 ve alevin yayilmasini kolaylastirir. Partikiil morfolojisinin
MTE degeri lizerine etkilerinin incelenmesiyle daha az tehlikeli formdaki tozun islenmesi igin rehberlik

saglanabilir [21].

45



J. Innovative Eng. Nat. Sci., c. 1, s. 1, s5.41-60, 2021. Eklemeli imalat

Toz boyutu parametresiyle ilgili olarak verilebilecek diger bir drneklem ise ultra ince pargaciklar (<1 um) piroforik
ozellikte (yani hava ile temas ettiklerinde kendiliginden yanabilirlik) olmasidir. Ornegin ince aliiminyum
pargaciklari, St3 smiflandirmasina karsilik gelen yiiksek Ks; (> 300 bar.m/s) ve Pmax (> 10 bar) degerleri ve diisiik

minimum tutugma enerjisi (MTE <10 mlJ), bu tiir alevlenmelerin 6nlenmesini ve hafifletilmesini zorlagtirir [20].

11l. TOZ PATLAMASI TETIKLEYiCIiLERI

Teorik olarak ele alindiginda, toz patlamasi tehlikesi proseslerde yapilan diizenlemeler ve 6nlemler ile ortadan
kaldirilabilir, ancak pratikte, bu tiir modifikasyonlar yapilmasi ¢ogu endiistriyel kurum ag¢isindan ekonomik bir
zorluk olarak goriilmektedir. Bu durumda toz patlamasi kalict bir tehlike haline gelmektedir. Yiiksek maliyetli
diizenlemelerin miimkiin olmadig1 durumlarda imkanlar dahilinde ilk adim énlemlerinin alinmasi gerekir. ilk adim
patlamay tetikleyen faktorleri (parlama noktalarini) belirlemek ve bu faktdrlerin devreye girmesini 6nlemektir.
Bir toz patlamasini tetikleyebilecek olan nedenler, alev ve dogrudan 1stya maruz kalmak, sicak is uygulamalart ve
sicak ylizeyler, elektrostatik ve elektriksel kivilcimlar, statik elektrik, siirtiinme 1s1s1 sonucunda olusan kivileimlar,
kendi kendine 1s1 olusturan prosesler, yildirim olarak sayilabilmektedir. Bu tutusturma kaynaklar: sicaklik, enerji
ve glic agisindan farklilik gosterir; tozlar 6zelliklerine bagli olarak diisiik enerjili ve yiiksek enerjili tutusma

kaynaklari ile tutugabilir.

3.1 Alevier ve Dogrudan Isinma

Is1 kaynaklari arasinda en belirgin olan ¢esittir. Sistemdeki 1s1 kaynaginin dolayli kaynaklar sistem uzaklastirilmasi
ile 6nlem almabilir. Sicak su veya buharin borulardan sirkiile edilmesi ve sicak su / buhar banyolarinin kullanilmasi

gibi dolayl1 1sitma ydntemleri kullanilarak risk azaltilabilir.

3.2 Kendi Kendine Isinma

Ekzotermik reaksiyonlar nedeniyle kendiliginden 1sinma veya kendiliginden yanma meydana gelebilmektedir.
Cok cesitli reaksiyonlar kendi kendine 1sinmaya neden olabilir. Bunlar, oksidasyon reaksiyonlarinin yani sira
belirli tozlarin su veya ahsapla reaksiyonunu igerir. Nispeten diigiik sicakliklarda oksidasyon yoluyla kendi kendine
1siabilen malzemelerin 6rnekleri arasinda ABS regine tozu, aktif karbon, komiir ve ¢esitli kKimyasal ara maddeler
bulunmaktadir. Bu tiir reaksiyonlarin baglama siireleri uzun ve ilerleme hizlar1 yavas olabilmektedir. Yag ve termal
bozunma gibi {irlinler de kendi kendine 1sinma siirecine katkida bulunabilir. Depolama ve iglem siireci sirasinda
yiizey sicaklik kontroliiniin saglanmas1 énemlidir. Ozellikle tozun kuru tutulmas1 amaciyla yiiksek bir sicaklik ile
depolanmaya baslandig1 durumlar daha ¢ok dikkat gerektirir. Kurutucudan gelen sicak tozun hazneye bosaltilmasi
sirasinda kaza riski daha da artar. Depolamadan 6nce tozun sogutulmasi gerekebilir. Farkli numune boyutlart ve
bilesimleri i¢in kendi kendine 1sinma baslangic sicakliklarmi belirlemek igin c¢esitli laboratuvar testleri
gelistirilmistir. Bunlar, izotermal bir firinda toz paketi testi, yavas bir hava sicaklig1 artis hiziyla 1sitilmig hava
akis1 testi ve kendiliginden hizlanan ayrigma sicakligini belirlemek i¢in bir paket testidir. Laboratuvar verilerinin
ve dlgeklendirme denklemlerinin kombinasyonu daha sonra kendi kendine 1sinmay1 ve kendiliginden tutugsmay1

onlemek i¢in uygun tesis seviyesinde dnlemleri olusturmak amaciyla kullanilabilir [14,22].
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3.3 Sicak Is Prosesleri ve Yiizeyler

Kaynak ve kesme gibi islemler sirasinda iiretilen asiri 1s1, islem yapilan ¢evre etrafindaki diisiik tutusma esigine
(100200 °C) sahip toz oldugunda bir bagka belirgin tetikleyicidir. Kazalar genellikle bu tehlikenin farkina

varilmadigi ve sicak is baglamadan 6nce ekipmandaki toz temizlenmedigi i¢in meydana gelir.

Buhar borusu veya elektrik lambasi gibi sicak bir yiizeye sahip ekipmanlar veya asir1 1sinmig hareketli ekipmanlar,
bu kategoriye girmektedir. Bir toz tabakasinin tutusmasina neden olabilecek yiizey sicakligi genellikle 100—-200
°C araligindadir. Tutugma sicakligi, tabakanin kalinligi arttik¢a bu araligin alt sinirina yaklasir. Bunun temel sebebi
tozlarm zayif bir 1s1 iletken olmas1 ve ekipman iizerindeki toz tabakasinin artmasiyla atmosfere 1s1 kayb1 6nlenerek
ve toz yigimi altindaki yiizey sicakliginin, toz tutugsma noktasina yiikselmesidir. Sicak yiizey iizerinde biriken bir
toz yiginin yanma ozellikleri de farklilik gostermektedir. Bazi tozlar dogrudan kati fazda alevle veya igin i¢in
yanarken, bazilari s1v1 olarak erir ve yanar. Bazi tozlar ise biiyiik miktarlarda yanici gazlar agiga ¢ikarabilir. Farkli
tozlarin irettigi alevlerin boyutlar1 da degisiklik gdostermektedir. Pompa ve motor gibi makinelerde yasanan
sikintilar sonucunda sicak yiizeyler de olusabilir. Bu durumlarda yiizey sicakliklar1 gibi 6zelliklerin izlenmesi

gerekehilir.

3.4 Akkor Malzeme

Yanan parcaciklar veya diger akkor malzemeler, toz isleme ekipmaninin i¢inde bir toz patlamasina neden olabilir.
Patlama daha sonra kanallardan ve bagli parcalardan gegebilir. Dogrudan atesleme sistemleri, akkor parcaciklarin
potansiyel kaynaklaridir. Dogrudan ateslemeli kurutucularda, bu tiir akkor malzemenin girisini dnlemek i¢in hava

girigi ince bir ara tabaka ile korunmalidir.

3.5 Elektrostatik Kivileimlar

Elektrikli ekipmandan elektrostatik desarj, bir kivilcima neden olabilir ve bu da bir toz bulutunu tutusturabilir.

Elektrikli ekipman, tahrik kapasitesi veya endiiktif desarj olusmayacak sekilde tasarlanmalidir.

3.6 Elektrik Kivilcimlar:

Anahtarli ve rélelerin normal ¢alismasinda ve arizali elektrikli ekipmanlarda elektrik kivilcimlart meydana gelir.
Bu tipteki ekipmanlarin tercihinde 6zellikle aleve dayanikli olan ve toz gecirmez ve tamamen tozu digarida tutan
ekipman tercih edilmelidir. Elektrikli ekipman ve kablo tesisati, toz bulutlarin1 kivilcimlar, arklar veya isitilmis

ylizeylerle tutusturabilecek kaynaklardir.

3.7 Stirtiinme Kivilcimlar

Stirtinme krvileimlari, bir katinin digeriyle temas ettigi her yerde veya taslama sirasinda meydana gelebilir.
Siirtiinme demiri gibi yabancit maddeler de kivilcimlara neden olabilir. Ayrica tozun kendisi ekipmanin ¢aligmasina
engel olursa, agir1 yiiklenmeye neden olarak kivilcim olusturabilir. Siirtlinme kivilcimlarini 6nlemek igin, toz akisi

kontrol edilmeli ve makine asir1 yiiklemeyi engelleyecek sekilde tasarlanmalidir. Yabanci cisimlerin
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uzaklastirilmasi, Ozellikle malzeme tasinimi sirasinda manyetik veya pndmatik aymrma islemleri
gerceklestirilmelidir. Toz tagima ve karigtirma iglemleri sirasinda tozun isinmasi da siirtiinme kaynakli bir 1s1
kaynag1 olabilir. Ogiitiiciiler, ¢ekicli degirmenler ve diger boyut kiiciiltme ekipmani dzellikle ¢alisma sirasinda
tutugmaya egilimlidir. R. Eckhoff tarafindan agiklanan tek darbeli kivilcim atesleme deneyleri, bir misir nisastasi
toz bulutunun tutusma olasiliginin artan darbe enerjisi ile arttigini ve ayni zamanda ¢arpma hizina da bagh
oldugunu gostermistir. Daha diisiik hiz darbeleri, belirli bir ¢arpma enerjisi i¢in daha yiiksek hiz etkilerinden ¢ok
daha bityiik bir tutugma olasilig1 iiretmistir. Darbeye maruz kalan metal kombinasyonlar1 da tutugsma olasiliginda
onemli bir rol oynamaktadir. Celik-gelik darbeleri ve aliiminyum-celik darbeleri misir nigastasi toz bulutlarini
tutusturmazken, pash ¢elige karsi titanyum darbeleri kabaca 10 mJ'nin altinda MTE degerlerine sahip tozlari

tutusturabilmektedir.

3.8 Statik Elektrik

Statik elektrik, bir nesnenin belirli bir alana hizla girip ¢ikmasiyla kivilcimlara doniisebilir. Bazi toz isleme
tesislerinde, statik elektrik kolayca iiretilir. Uretim noktalar1 degirmenleri, konveydr bantlarini ve pnomatik tasima
sistemlerini igerir. Zayif iletken bir boru kullanilarak yapilan uzun mesafeli tagimalarda, yiikli parcaciklarin boru
sisteminin bosaltilmamis boliimiine akist ve yiiklii pargaciklarin yiiklii boliime akisi siirekli olarak tekrarlanir ve
bu statik elektriklenmeyi etkiler [23]. Bir toz bulutunun statik elektrik tarafindan tutusmasi, partikiil boyutu
dagilimi1 ve atesleme enerjisi uygulama siiresinden ve hizindan 6nemli 6lglide etkilenir. Ayrica kanallarda
kullanilan plastik gibi yiizeyler ve tozlari tasimak i¢in kullanilan ¢antalar kivilcima neden olabilir. Tozun polietilen
torbalardan yanici ¢oziiciilere dokiilmesi sirasinda olusan kivilcimlar ¢esitli kazalara yol agmistir. Tozlarin manuel
olarak taginmasinda, tozun minimum tutugma enerjisi 25 mJ'den az ise insan viicudundan statik elektrik tehlikesi
onem kazanir. Neyse ki, tozlarin genellikle yiiksek minimum tutusma enerjisi belirtilen seviyenin {izerinde olmast
ve tozlarin korona desarj1 verme egilimi bu tip kaynakli riskin azaltilmasina katkida bulunmaktadir. Risklerin
azaltilmasmin diger yollar1 da uygun topraklama sistemlerin tasarlanmasi, malzeme giris depolama kutular
tizerindeki pasif bosalticilarin bulundurulmasi, insan viicudunun kivilcim olusturmasini 6nlemek igin elektrostatik
dagitic1 (ESD) antistatik ayakkabilar ve iletken zeminler kullanilmasidir. Taginan tozun minimum tutusma enerjisi

10 mJ'den azsa, antistatik zemin désenmesi ve antistatik giysi ve ayakkabi kullanilmasi zorunludur [14].

IV. TOZ PATLAMASINDA DOMINO ETKISi

Domino etkisi, bir birincil kazanin ikincil kazalari tetikledigi ve kaza sonuglarinin insan ve mal kayiplari agisindan
birincil kazadakinden cok daha agir olan bir kaza zincirini ifade etmektedir (Sekil 2). Uretim tesislerinde,
genellikle yiliksek basing ve yiiksek sicaklik kosullar1 altinda biiyiik yanici ve patlayici madde envanterleri iceren
bir¢ok biiyiik tehlikeli tesisin varlig1 nedeniyle, birincil bir kazanin bir domino etkisine doniismesi olasidir. Birincil
toz patlamasi olasiligini ortadan kaldirmaya ¢aligmak 6nemli olsa da, ilk patlamanin bir dizi bagka patlamay1
baslatmasi olasiligini azaltmak daha da énemlidir. ikincil / {igiinciil toz patlamalar1 genellikle birincil patlamanin
meydana geldigi yerden uzakta gézlemlenir. Proses tesisinin farkli birimlerinde birincil ve ikincil toz patlamalari
meydana gelebileceginden, bazen birincil patlama tarafindan iiretilen basincin ve alevin yayilmasini engellemek

icin farkl tehlikeli birimler arasinda giivenlik bariyerlerinin uygulanmast domino etkisi olasiligini azaltmak igin
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alinan dnlemlerden biri olmasina ragmen bir¢ok durumda, bu tiir giivenlik 6nlemlerinin uygulanmasi, sinirlayici
operasyonel hususlar nedeniyle zor olmaktadir. Tipik bir drnek olarak, 2003 yilinda ABD'deki CTA Acoustics
firmasinda meydana gelen fenolik regine tozu patlamasidir. ilk (birincil) toz patlamasi, iiretim hattinda (405)
meydana gelirken, ikincil toz patlamasi, ilk patlamadan 25 m daha uzakta olan 401 hattinda gergeklesmistir
[24,25]. Domino etkisinin ismini aldigi domino devrilmesi oyununu olusturan mitkemmel domino etkisinde, her
bir dominonun bir sonrakini devirdigi ivme, ilk vurustan itibaren (momentum bir sonraki domino tasini devirmek
icin yetersiz oldugu degere ulasana kadar) istikrarl bir sekilde azalmaya devam ederken, toz patlama olayindaki

domino etkisi, zincir ilerledikge azalma yerine yiikselen degerler ile karakterize edilir [26].

1lk toz patlamasindan gelen
patlama dalgalari

Tk toz N Toz bulutu
patlamasi il
4

WAL Toz tabakasi

— D

Ikinci toz patlamasindan

! ) ol fkinci toz
gelen patlama dalgalan patlamasi
. A /f“
N A A
Diger toz b~
tabakas1

G  ¢m—

Sekil 2. Toz patlamasinda domina etkisi [28]

V. EKLEMELI IMALAT TEKNOLOJISINDE TOZ PATLAMASI RiSKi

Ug boyutlu baski, hizl iiretim veya EI olarak da bilinen yontem, Amerikan Test ve Malzeme Kurumu (ASTM)
tarafindan “Ug boyutlu model verilerinden nesneler yapmak igin genellikle katman iizerine katman seklinde
malzemeleri birlestirme islemi” olarak tanimlanmaktadir. Ei teknolojisi, son yillardaki gelismelerle birlikte
yalnizca plastik, kagit veya betondan degil, ayn1 zamanda kompozit malzemelerden veya metallerden de ¢esitli
bilesenler ve nesneler iiretilen endiistrilerde yer almay1 basarmistir. Ei teknolojisi geleneksel iiretim teknolojilerine
kiyasla daha iyi mekanik 6zellikler elde edilebilmesi, geleneksel iiretim siireglerini kullanarak iiretilmesi neredeyse
imkansiz olan ¢cok karmasik sekiller ve yapilar olusturabilmesi gibi avantajlara sahip olmasina ragmen, ¢alisanlarin
saghg1 ve gevre etkileri agisindan sinirlamalari ve tehlikeleri bulunmaktadir [28]. Bu tehlikelerin eklemeli imalat
stireglerine gore smiflandirilmasi Tablo 2°de verilmektedir. Uygulamalardaki ve benimsenmedeki ¢arpici artiga
ragmen, toz metaliirjisi ve EI teknolojilerinin is¢i giivenligi ve saglhg1 iizerindeki potansiyel etkileri hakkinda

yayimlanan az miktarda akademik literatiir bulunmaktadir [29].

El iiretim yontemleri, hammadde malzemeleri, hammadde bigimi (s1v1, kat1 veya toz gibi faz veya durum), islemler

(malzemeleri baglamak icin kullanilan mekanik kuvvetler ve enerjiler) ve makine mimarisi esas alinarak
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tanimlanir. Yénlendirilmis enerji biriktirme ve toz yatag fiizyon gibi EI proseslerinde, bir lazer veya bir elektron
15101, hedef malzemenin erimesi beklenen noktay1 hedeflemektedir. Ancak bir 1s1 kaynagi olarak bir lazer veya bir
elektron 1511 kullanmak, sistemin bir inert gaz veya yiiksek bir vakum kombinasyonundan olusmasini gerektirir;
bu nedenle, hazneye verilen hasar sonunda bir patlamaya yol agabilir. En 6nemlisi, ikincil patlamalar, artan miktar
ve dagilmis yanici toz konsantrasyonu nedeniyle birincil patlamadan ¢ok daha yikici olabilir. Bunlar potansiyel
olarak oliimlere ve yaralanmalara ve hatta bir iiretim tesisinin tahrip olmasima neden olabilir [30,31]. EI ve
geleneksel teknolojiler arasinda benzerlikler olsa da, malzemelerdeki, uygulamalardaki ve ig organizasyonundaki
degisiklikler, tamamen yeni olan veya yeniden degerlendirmeyi gerektirecek kadar farkli olan potansiyel tehlikeler
yaratabilir. Bu siire¢ kategorilerinin bir 6zeti ve potansiyel olarak ortaya ¢ikan tehlikelerin bir listesi asagidaki

tabloda verilmektedir.

Tablo 2. Eklemeli imalat siireg kategorisine gore ilgili potansiyel tehlikeler [29]

Hammadde En belirgin
Yontem Hammadde malzemeleri Hammadde formu baglama/kaynastirma . gir
. . potansiyel tehlikeler
yontemi
Organik ugucu
Elektrikli 1sitma bilesenlere (OUB),
Malzeme Ekstriizyonu Termoplastikler Makar\a]lél f;la;;lzgf, pelet kaynakl partikiillere, katki
yag eritme/sogutma maddelerini soluma
maruziyeti, yaniklar
. - Toza, dumana soluma
Yiiksek giiclii lazer e .
Toz Yatak . . maruziyeti; patlama;
Metal, seramik veya plastik Toz veya elektron 1g1n1
Kaynagtirma lazer/radyasyona
1s1tma
maruz kalma
OUB'lerin solunmast;
. - . . Ultraviyole lazer reginelere ve
Stereolitografi Fotopolimer Sivi regine - solventlere maruz
kaynakl1 kiirleme .
kalma, ultraviyole
maruz kalma
OUB'lerin solunmast;
Ultraviyole 151k reginelere ve
Malzeme Jeti Fotopolimer veya balmumu Sivi miirekkep yole 15 solventlere maruz

kaynakl kiirleme kalma, ultraviyole

maruz kalma
Toz soluma
maruziyeti; patlama;
Toz Yapistirici OUB!'lerin solunmast,
baglayicilara cilt
yoluyla maruz kalma

Metal, seramik, plastik

Binder Jeti
veya kum

Dumanlarin

. - - Haddelenmis film veya Yapistirict veya solunmasi, OUB!'ler;

Katman Laminasyonu  Metal, seramik veya plastik levha ultrasonik kaynak sok, lazer/radyasyona
maruz kalma

EI teknolojilerinde aliiminyum, titanyum, magnezyum gibi bircok metal tozu ve alasim tozlari kullanilmaktadir.
Bir metalin alasimlanmasi, yanicilik / patlayicilik ve diger pargacik dinamikleri dahil olmak iizere malzemenin
ozelliklerini degistirir. Yanici bir tozun kiigiik partikiil boyutu veya genis yiizey alani / hacim orani, onu yanici bir
katidan ayiran seydir. Yigin katilarin yanma hiz1 tipik olarak oksitleyici (hava) ile temas halindeki katinin yiizey
alaniyla sinirhidir ve bu nedenle bir malzemenin parcacik boyutu kiiciildiikge, 6zgiil yiizey alan1 artar ve malzeme
kiitlesi bagina yanma hiz1 artar. Toz metalurjisinin (TM) ve eklemeli iiretim (EI) tekniklerinin popiilaritesindeki
artig, metallerin toz formunda kullanimini artirmakta ve geleneksel kodlar ve standartlar tarafindan agikga
kapsanmayan yeni isleme teknikleri agi3a ¢ikarmaktadir. TM ve EI tipik olarak gok kiigiik ortalama partikiil
¢aplarina sahip oksitlenmemis metal tozlarmin kullanimini igermektedir. Kiigiik pargacik boyutu nedeniyle, bu

tozlar c¢ok diisik minimum atesleme enerjilerine sahip olma egilimindedir. Proses ¢ogu zaman tozlarin
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depolanmasi, aktarilmasi, islenmesi ve 1sitilmasini gibi adimlari igerir, bu durum da ekipman ve personel i¢in dzel
onlemlerin alinmasini gerektirir. Yanict metal tozlarinin geleneksel organik yanici tozlara kiyasla daha farklh

zorluklar1 s6z konusudur. Bunlar;

e Bazi yanict metal tozlari, 4500 °C kadar yiiksek yanma sicakliklariyla hidrokarbon bazli tozlardan ¢ok
daha sicak yanabilir [32,33].

e Bazi yanici metaller, ¢ogu organik toza kiyasla bir parlama sirasinda (parlama indeksi, Ks; ile 6lgiilen)
cok daha hizli basing artislari iiretebilir. Ornegin aliiminyum ve magnezyum metal tozlari, literatiirde
bildirilen en yiiksek Ks; degerlerinden bazilarina sahiptir [8,33,34].

e Bircok yanici metal su ile reaksiyona girdiginden dolay1 ve su yangin sndiirme araci olarak kullanilamaz.
Ayrica metal tozlari i¢in yangin sdndiirme sistemlerinin standardizasyonu zordur ¢iinkii bazi yanici metal
tozlari, su veya karbondioksit gibi geleneksel yangin sondiirme maddeleriyle uyumlu degildir.

e Biiyiik miktarlarda yanici metal tozu iceren yanginlari sondiirmek son derece zordur ve genellikle
malzemenin kendi kendine yanmasina izin verilmesini gerektirir.

e  Metal tozlarinin yiiksek yanma sicakliklart ve Kst degerleri nedeniyle patlama bastirma ve izolasyon
sistemi tasarimi karmasiktir.

e  Yanici metal tozlari, bir termit reaksiyonunda diger metallerin oksitleri ile ekzotermik olarak reaksiyona
girebilir. Bu nedenle yanict metal tozlari diger metaller igin kullanilan ekipmanlarda islenmemeli veya

tasinmamalidir [8,35].

El alanindaki birincil giivenlik endiselerinin cogu, ince metal tozu besleme stoklarmin (tipik olarak 10 pm ile 250
pm cap arasinda) kullanilmasindan kaynaklanmaktadir; bu tiir pargaciklar, yigmn halindeki besleme stogu
malzemesine gore reaktivitelerini artiran yiiksek bir ylizey alani/hacim oranina sahiptir. Bu yiiksek reaktivite, bu
hammaddelerin ¢gogunu aerosol haline getirildiginde yanic1 ve hatta patlayici hale getirebilir ve toz parcaciklarinin

solunmasini operatorler i¢in tehlikeli hale getirebilir.

El'de halihazirda kullanilan ¢ok cesitli metalik tozlar vardir. Toz secimi, {iriiniin istenen dzelliklerine ve kullanilan
EI teknolojisine baglidir. Ei'de kullanilan yaygin metal tozlarindan bazilari nikel, ¢elik, aliiminyum, kobalt-krom
ve titanyum alagimlaridir. Metal tozlarinin ¢ogu, metal iriinler iizerinde yapilan birim operasyonlarin yan
iiriinleridir ve saglik nedenleriyle ¢alisma ortamindan toplanmalar1 ve uzaklastirilmalari gerekir. Cogu durumda,
kimyasal yapilar islenmekte olan iiriinlerin kimyasal bilesiminin dogrudan bir sonucudur, ancak havada yiiksek
bir sicaklik anlamina gelen bu islemler, partikiillerin kismi oksidasyonunu belirleyebilir ve bu da onlarin
reaktivitesini azaltir. Ornegin, aliiminyum alasimlarindan olusan numuneler, oksit icerikleri cogunlukla demir
alagimlarindan olusan diger toz tiirlerinden daha fazla olmasina ragmen yiiksek Ks: degerleri gostermektedir. Bu
sonug, aliminyumun diger bircok metale gore yiiksek reaktivitesini dogurur. Aliiminyumun oksijene yiiksek
afinitesi nedeniyle, tozun olasi tutusmasini veya havada asili kalan ince toz fraksiyonunun patlamasini 6nlemek
icin dikkatli olunmalidir. Sekil 3’te farkli morfolojideki aliminyum toz sekillerinin, toz bulutu MTE ve
patlayabilirlik iizerindeki etkisini arastirmak i¢in kullanilan {i¢ farkli tozun taramali elektron mikroskobu
goriintiileri verilmistir. Tablo 3’te ¢esitli sekil yapilarinsa sahip aliiminyum tozlarinin yanma &zellikleri ifade
edilmistir. Artan partikiil sekli diizensizligine sahip aliiminyum tozlar, parlama hassasiyetinin (daha diisiik MTE)
ve siddetinin (daha yiiksek Ks; Ve Pmax) net bir sekilde arttigin1 géstermistir. Bu durum diizensiz morfolojiye sahip

pargaciklara sahip toz bulutlari igindeki bitisik pargaciklarin 1ginimsal 1s1 transferi etkileriyle tutusma olaylar igin
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bir potansiyel sunmasindan kaynaklanabilmektedir. Pargacik sekli ve spesifik yiizey alani, dikkate alinmasi
gereken temel faktorlerdir ve bunlarin degerlendirilmesi, pnomatik tagima ve metal tozu isleme endiistrileri i¢in
gergeklestirilen risk/tehlike analizi sirasinda standart prosediir olarak kabul edilmelidir [38]. Ayrica toz halindeki
malzemelerin partikiil boyutunun yanma 6zelliklerine etkileri incelendiginde yalnizca medyan ¢apinin (D50) degil,
ayni zamanda tiim parcacik boyutu dagilimimin 6nemli oldugu goriilmektedir. Toz boyut dagilimi D10, D50 ve
D90 ile ifade edilmektedir. D10 tozlarin %10'unun, D50 tozlarm %50'sinin ve D90 tozlarin %90'1nin hangi
boyutun altinda oldugunu gostermektedir. Bununla birlikte, birgok durumda, kiimiilatif dagilim egrisinin yalnizca
D10, D50 ve D90 yiizdelikleri verilir. Dagilim/yigilma sirasinda toz yogunlugu ve efektif partikiil boyutu da
degisecegi i¢in, yanma O6zelliklerinin de degismesi kaginilmazdir. Partikiilleri homojen dagilmis tozlar ¢ok daha
iyl yanma gostermektedir. Dagilim derecesi, genellikle tozun dagilim sekline ve toz bulutu igindeki tiirbiilans
derecesine baglidir. Son yillarda, bu malzemelerin partikiil boyutu dagilimimi karakterize etmek igin polidispersite
indeksi onerilmistir. Ancak polidispersite indeksinin patlama siddeti ile tutarli bir sekilde korelasyon géstermemesi

sebebiyle, partikiil boyutu dagilimini raporlamak igin polidispersite tavsiye edilmemektedir [39].

Sekil 3. Tiim aliiminyum parcacik morfolojilerinin SEM goriintiileri (kiiresel [sol], diizensiz [orta] ve pul [sag]) [38]

Tablo 3. Kiiresel, diizensiz ve pul aliiminyum toz 6rnekleri icin patlama duyarliligi ve siddeti sonuglarinin 6zeti [38]

Morfoloji Kiiresel Sekilli Aliiminyum Diizensiz Sekilli Aliiminyum Pul Aliiminyum
MTE [mJ] 39 21 11

Kst [bar-m/s] 125 279 545

Poax [bar-g] 7.28 8.19 9.71

Ayrica aliiminyum tozu {iretimi i¢in gaz atomizasyon teknolojisi tehlikeli bir siiregtir ve iiretim maliyetlerini
onemli 6lgiide artiran 6zel glivenlik 6nlemleri gereklidir. Aliminyum ve alasimlarmin yiiksek 1sil iletkenligi,
bunlarin dokiimiinii ve kaynaklanmasini zorlastirir. Toz yataginda difiizyon imalat yontemi igin isler daha da
kétiilesir, ¢iinkii aliiminyum tozlar1 dogas1 geregi hafiftir ve yeni katmanin islenmesi sirasinda zayif akiskanliga
sahiptir. Ayrica yiiksek oranda yansiticidirlar, lazer bazli EI teknolojileri igin sorun yaratirlar ve diger

malzemelerle karsilastirildiginda yiiksek termal iletkenlige sahiptirler.

El imalat teknolojilerinde siklikla kullanilan tozlardan biri olan titanyum, en yanici metal tozlarindandir. Titanyum
patlamasi, yalnizca El igin degil, titanyumla yapilan tiim kaynaklar igin bir risktir. Argon kullanimi patlamay1
onler, ancak tozun oksijene maruz kaldig1 ve hava akimmin tutusma kaynagi olabilecegi havalandirmada risk
olusur. Argon gibi inert gazlarin kullanilmasi da saglik risklerini beraberinde getirir. Gaz havadan agirdir, bu da
oksijen eksikliginden bayilma riskine yol agar. Kaynakg¢ilarin zehirli dumanlar1 ve kaynak partikiillerini soluma
riski de vardir. Zeminlerde ve basamaklarda toz birikmesi de kayma ve diisme tehlikesi olusturur. Bu nedenle, yiiz

maskeleri ve eldivenler dahil uygun koruyucu giysilerin yan sira uygun giivenlik siirecleri de 6nemlidir [40].
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Geligen teknoloji ile birlikte nano boyuttaki metal tozu kullanimi da ilgi gekici hale gelmistir. Bu konuya yonelik
olarak, M. Mittal, yapmis oldugu ¢alismada magnezyum nano tozlarmim (<200 nm) patlama siddetinin mikron
tozlarindan daha diisiik oldugunu, ancak magnezyum nano tozlarinin ¢ok diisiikk tutusma enerjileri nedeniyle
patlama olasiliginin oldukga yiiksek oldugunu belirtmektedir. Nispeten diisiik miktarlar ve ¢ok diisiik kivileim
enerjileri, nano magnezyum tozunun tutugmasina ve ciddi patlamalara yol agmasina neden olabilir. Mikro 6l¢ekli
tozlar i¢in bulunan patlama verileri, nano tozlar igin herhangi bir giiven 6lgegi i¢erisinde tahmin edilebilir degildir.
Bu nedenle NFPA 484'teki (NFPA, 2012) azaltma teknikleri ve tutusma kaynagindan kacinmaya yonelik
hazirlanan bu tlir diger standartlar, nano Olcekli metal tozlar icin degistirilmelidir. Nano tozlarin patlama
tehlikelerini degerlendirmek i¢in, tozlart isleyen tesisler i¢in patlama giivenlik 6nlemleri tasarlamak i¢in her iki

Olgekteki malzemenin deneysel veri sonuglarini gerektirmektedir [37].

Kullanilan yénteme El yontemine gére potansiyel riskler farklilik olusturmaktadir. Segici lazer ergitme, elektron
151 ergitme ve dogrudan ergite gibi toz yatakl EI teknolojileri, agirlikli olarak bireysel temel veya 6n alasimli
tozlarin kullamlmasina dayanir. Istenmeyen hapsedilmis veya adsorbe edilmis gazlar ve nem, iiretilen
bilesenlerdeki gozeneklerin kaynag: haline gelir ve EI islemi sirasinda reaksiyona girerek mikro yap1 sinir
ylizeylerinde oksit veya nitriir kapanimlar1 ve katmanlar olusturabilir. Bu oksitler, ince, dogal olarak zayif tane

sinirlart ile sonuglanir ve El isleme sirasinda tek tek toz pargaciklari arasindaki baglanma kuvvetlerini smirlar [40].

Gaz atomizasyonu ile iiretilen titanyum alagimli tozlarm bir rnegini alarak farkli El sistemlerinin gerektirdigi
tipik toz tane boyutu dagilimimin incelendigi ¢aligmada, elektron 1gin ergitme, 45 ile 106 pm arasinda bir nominal
partikiil boyutu dagilimi kullanirken, segici lazer ergitme, 15 ile 45 um arasinda daha ince tozlar kullanildig:
belirtilmistir. Parcacik boyutu dagilimy, ilgili EI teknolojisinin yetenekleri iizerinde ciddi bir etkiye sahiptir. Daha
ince taneli tozlar, piiriizliiliigiinii azaltirken bask1 ¢6ziiniirliigiinii artiran katman kalinligi tizerinde daha iyi kontrol
elde edilmesini saglar. Ote yandan, daha biiyiik boyutlu toz iceren daha kalin katmanlar, potansiyel olarak daha
hizli {iretime olanak tanir. Dagitimda daha ince toz fraksiyonlarinin mevcudiyeti, kiigiik pargaciklar daha biiyiik
olanlar arasindaki bosluklar1 doldurmaya yardimci oldugundan, toz tabakasindan iiretilen kati metal hacmini
arttirdigindan daha siki bir paketleme yogunluguna izin verir. Kiigiik partikiiller (10-15 pm'den kiigiik) tozun
akiskanligini azaltir ve tozun islenmesi sirasindaki riskleri artirir. Bu nedenle, yiiksek paketleme yogunlugu ve iyi
akis ozellikleri elde etmek igin pargacik boyutu dagiliminda optimum bir deger araliginin se¢ilmesi gerekmektedir
[40].

VI. PROSES GUVENLIGI VE RiSK YONETIiMi

Patlama olaymi engellemek igin yanma besgeni icerisinde yer alan unsurlardan birinin kaldirilmas: yeterlidir.
Spesifik olarak degerlendirildiginde metal tozlar1 organik tozlardan daha yiiksek alev sicakliklar1 (Tf) sergiler,
ancak partikiil boyutu dagilimi ve bir oksit filminin varligina bagl olarak daha diisiik veya daha yiiksek maksimum
patlama basinglarina sahip olabilmektedirler. Metal tozlari igin yangin sdndiirme sistemlerinin standardizasyonu
zordur ¢iinkii yanici metal tozu, su veya karbondioksit gibi geleneksel yangin sondiirme maddeleriyle uyumlu
degildir. Biiyilk miktarlarda yanici metal tozu igeren yanginlari sondiirmek son derece zordur ve genellikle
malzemenin kendi kendine yanmasina izin verilmesi gerekir. Metal tozlarinin yiiksek yanma sicakliklari ve Kg

degerleri nedeniyle patlama siddetinin azaltilmas1 ve izolasyon sistemi tasarimi karmagiktir. Ayrica yanict metal
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tozlari, bir termit reaksiyonunda diger metallerin oksitleri ile ekzotermik olarak reaksiyona girebilir. Bu nedenle

yanici metal tozlar1 diger metaller i¢in kullanilan ekipmanlarda islenmemeli veya tasinmamalidir [16].

Sekil 4. Silo altinda (a) ve proses ekipmanindan asiri malzeme sizmasi nedeniyle toz tabakasi birikmesi (b), kanallar, kirisler, kablo kanallar

vb. yiikseltilmis, yatay yiizeylerde toz birikmesi (c) [42]

Dogasi geregi daha giivenli tasarim ilkeleri tehlikelerin kaynaginda ortadan kaldirilmasi esasina dayanan bir temel
proses gilivenligi konseptidir. Genel olarak proses tesislerinde ve 6zellikle toz patlamalariyla ilgili olarak bu ilkenin
dikkate alinmasi1 6nemlidir [41]. Toz bulutu patlama risklerini dogru bir sekilde yonetmek igin tozun/tozlarin
patlama 6zelliklerinin anlasilmasi, normal ve anormal ¢aligma kosullar: sirasinda yanict toz bulutu ortamlarinin
bulundugu veya bulunabilecegi yerlerin belirlenmesi, normal ve anormal kosullar altinda bulunabilecek potansiyel
tutusturma kaynaklarimin belirlenmesi, toz patlamalarinin meydana gelmesini 6nlemek ve/veya en aza indirmek
ve insanlar1 ve tesisleri bunlarin sonuglarina karsi korumak igin uygun proses ve tesis tasarimi, tutusturma
kaynaklarini ve toz salinimimi en aza indirmek icin tesislerin yeterli bakimi gibi adimlarin uygulanmasi

gerekmektedir. Sekil 3’te metal tozunun kullanildig: tesislerdeki potansiyel tehlike noktalar1 gosterilmektedir.

Ortam kontroliinii saglamanin yontemleri arasinda seyreltme havalandirmasi ve yerel €gzoz havalandirma
sistemleri yer almaktadir. Seyreltme havalandirmasi ortamin igine ve digina temiz hava akisini saglayarak ¢alisma
alanindaki yanici atmosferin arka plan konsantrasyonunu azaltir, ancak salinim kaynagida yanici atmosferin
kontrolii saglanamaz. Yerel egzoz havalandirmasi ise yakit: tahliye kaynaginda durdurmak, atmosferi seyreltmek
ve yakit malzemesini, geri kazanildig1 veya yok edildigi bir sisteme yonlendirecek sekilde tasarlanmistir. Dogru
sekilde tasarlanmig yerel egzoz havalandirma sistemleri, toz bulutu ortamlarinin yayilma kaynagmin yayilmasini

sinirlamada oldukga etkilidir.

Yanmay1 olusturan temel etmenlerden biri de ortamdaki oksijen varligidir. Cogu metal tozu, hava ile temas
ettiginde hizli bir sekilde oksitlendiginden ve kimyasal olarak inert bir metal oksit tabakasi olugturdugundan, metal
oksit(ler)in erime ve kaynama noktalari ile alev sicakliklar1 dikkate alinmalidir. inert bir elementin veya bilesigin
eklenmesi, bir metal tozunun reaktivitesini 6nemli Gl¢iide azaltabilir. Metal oksitleri gevrek yapilart nedeniyle
tozlarin islenmesi sirasinda uygun bir segenek olmayabilir, ancak toz atiklarin bertaraf edilmesi sirasinda toz
partikiillerinin oksidasyonu, 6zellikle partikiil boyutu kii¢lik oldugunda, bir inertleme etkisine neden olacagi i¢in

tercih edilebilmektedir Inert bir gaz ekleyerek oksidan konsantrasyonunun yanma olusumu engelleyecek
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siirlayici oksidan konsantrasyonu (SOK) seviyesinin altina diigiirmek Onleyici olabilir. Oksidan seviyesini
diistirmek ig¢in sisteme azot, argon, helyum gibi asal gazlar veya diger atil gazlardan karbondioksit ve baca gazi
(yerinde proseslerden kaynaklanan atik gaz) sisteme verilebilmektedir. Ayrica oksidan vakum altinda ¢aligilarak

da uzaklastirilabilir [43].

Cogu dokme malzemenin aksine, metal tozlar1 sicaklik ve nem gibi gevresel kosullara duyarlidir; metal tozu
besleme stoklar1 kullanan herhangi bir tesis, iklim kontrollii yeterli depolama kapasitesi saglayacak sekilde
tasarlanmalidir. Mevcut uygulamalarin cogunda, iki veya ii¢ EI makinesi, kiiciik hacimli kaplar yoluyla metal tozu
ile beslendigi bir odada tipik olarak bulunur. El makinelerinin sayis1 diisiik oldugunda ve yapim siireleri giinler
aldiginda bu kabul edilebilir. Bununla birlikte, EI makineleri iiretim ortaminda kagmilmaz olarak arttigindan ve
sirayla hem {iretim oranlar1 hem de basili bilesenlerin boyutu arttik¢a, teknik istenen bir gereklilikten ziyade yogun
metal tozlarinin etkin bir sekilde tedarik edilmesi esastir. Bununla birlikte, metal tozunun bu etkili transferi i¢in
patlama riski ana faktoriiniin Gistesinden gelinmelidir. Metal tozlariin otomatik olarak kapanan yanici dolaplarda
ve/veya ek yangin gecirmezlik seviyelerine sahip "kontrol alanlarinda" saklanmasi tavsiye edilmektedir ve bazi
yetki alanlarinda gereklidir. Ek olarak, belirli yetki alanlarinda, “yiiksek katli” bir binada depolanabilecek yanict
kat1 miktarlar icin 6zel kisitlamalar gecerlidir. Baz1 EI makinelerinin toz haznelerinin boyutu bu yasal depolama

limitlerine yaklasabileceginden veya asabileceginden, bu kisitlamalara 6zel dikkat gosterilmelidir.

Birgok EI makine iireticisi, dokiilen tozu bosaltmak icin anti-statik elektrikli siipiirgelerin kullanilmasini
onermektedir. Genel olarak, bu vakumlarin basingli hava ve bir topraklama noktasina erigim gerektirdigini
unutulmamali; toz dokiilmesine maruz kalabilecek herhangi bir alan bu goz Oniinde bulundurularak

tasarlanmalidur.

——

S ,!é

Sekil 5. Toz patlamasini 6nleme yontemlerinden biri olan elektrostatik dagitict zemin kaplamasi (ESD) sematigi [44]

Aerosol halindeki toz yanginlari i¢in en yaygin tutugma kaynaklarindan biri elektrostatik kivilcim oldugundan,
elektrostatik dagitici (ESD) ayakkabi kayislartyla birlikte ESD zemin kaplamasi yangin riskini azaltabilir. Diizgiin
tasarlanmig bir doseme malzemesinde, statik kontrol 6zellikleri zeminin kendisi kadar uzun siire dayanmalidir
(Sekil 5). Cogu iletken ve statik enerji tiiketen zeminler, karbon, grafit ve giimiis gibi temel iletken veya enerji
tiikketen malzemeler kullanilarak diretilir. Bircok EI makinesi topraklama kayislari ve antistatik paspaslarla
donatilmis olsa da, oda ¢apinda ¢oziimler makine operatorlerine daha fazla hareket kabiliyeti saglar ve kisisel

statik korumanin unutulma olasiliin1 azaltir.
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Cogu metal tozu, solundugunda veya yutuldugunda zararli olarak kabul edilir. Tam yiiz P100 solunum
maskelerinin (veya esdeger korumanin) kullanilmas: maruz kalma riskini azaltir ve toz ¢evreye maruz kaldiginda
kullanilmalidir. Metal tozlar1 kullanan tiim ekipmanin uygun isaretler ve erigim kontrolleri olan ve daha kaliteli
hava degisim sistemleriyle donatilmis ayr1 bir odaya ayrilmasi, operatdr olmayanlara maruz kalmay1 onleyebilir,
asil1 toz parcaciklarinin miktarini azaltabilir ve acil ¢ikis yollarindaki tehlikeleri ortadan kaldirabilir. Temiz oda
yapigkan paspaslari, laboratuvar disindaki alanlarin ve personelin kontaminasyonunu dnlemek i¢in operatorlerin

ve misafirlerin ¢alisma alanindan ¢ikarken ayakkabilarindaki tozu temizlemek i¢in kullanilabilir [45].

Tim onlem prosesleri arasindaki en yaygin yaklagim ise dogal olarak giivenli siire¢ tasarimidir. Cogu zaman,
mevcut bir siirece dnleyici ve hafifletici onlemler ekleyerek toz patlamasi tehlikesiyle miicadele etmeye calisir.
Ancak, alinan teknik dnlemler genellikle pahalidir ve giivenlik prosediirleri basarisiz olabilir. Dogal giivenlik,
stirecin kendisinin higbir patlama tehlikesi olmayacak sekilde tasarlanmasini ima eden alternatif bir yaklagimdir.
Dogal olarak giivenli siire¢ tasarimi konseptinin 'babasi’ olan Kletz (1999), temel felsefesini 6zetledi ve miimkiin
oldugunda kullanilmasini tavsiye etti. Toz patlamalarini 6nleme ve hafifletme baglaminda, dogas: geregi giivenli
proses tasarimi, toz bulutu olusumunun minimumda tutuldugu iiretim, aritma, nakliye ve depolama

operasyonlarinin kullanimint igerebilir.

El yontemlerinde patlama onlemlerinin alinmasina ydnelik birgok madde belirtilmis olsa da, toz olusumu
nedeniyle patlama tehlikesi olustursa da, ii¢ boyutlu yazicilarin Patlamadan Korunma Yo6netmeligi'ne gore
sertifikalandirilmasina gerek yoktur. Ciinkii 2006/42/EC AB Makine Direktifi tanimina gore ii¢ boyutlu yazici bir
makinedir. ATEX Direktifine (2014/34/EU) ek olarak, genel hiikiimlerinde (Madde 1 — Kapsam) uygulama
araligini “potansiyel olarak patlayici ortamlarda kullanilmast amaglanan ekipman ve koruyucu sistemler” olarak
tanimlar. Bu nedenle makine, bir “ekipman” olarak bir patlama alanina yerlestirilmeyecegi i¢in herhangi bir

patlama koruma standardina uymak zorunda degildir [46].

VI. SONUCLAR

Birgok EI teknolojisinde metal tozlar1 kullanilmaktadir. Bu tozlar yanls kullanilirsa toz bulutlar olusturarak olast
yanginlara ve hatta patlamalara neden olabilir. Uygun isleme prosediirleri ok 6nemlidir. Prototiplerin yaratilmasi
ve yiiksek degerli parca ve bilesenlerin kiigiik hacimli iiretimi i¢in endiistri tarafindan zaten iyi bir sekilde
benimsenen El, biiyiik 6l¢ekli iiretim operasyonlarinda kullanilmak iizere hizla gelismektedir. Diger gelismis ve
gelismekte olan akilli endiistriyel teknolojilerin uygulanmasiyla birlikte EI, {iretim maliyetlerini diisiiriirken,
pazara sunma siiresini iyilestirme, kaynak korumasini artirma ve iiretim kalitesini iyilestirme potansiyeline
sahiptir. Uzun vadeli basaris1 igin, EI teknolojilerinin daha genis capta benimsenmesi, biiyiik &lgiide bu
teknolojilerin benzersiz saglik ve giivenlik sorunlarinin ele alinmasina baglidir. Endiistri ve standart gelistirme
kuruluglarmin isbirlik¢i cabalari, gelecekte yeni ve ortaya gikan Ei giivenligi sorunlarim ele almak igin uygun
giivenlik yonergelerinin ve standartlarinin siirekli olarak gelistirilmesini ve evrimini saglamaya yardimci olmak

icin ¢ok dnemlidir.

Endiistriyel tesislerde hakim olan toz patlama riskleri, basing ve sicaklik gibi proses parametrelerinin yani sira
hareketli elemanlarin varhigi, bu tiir toz isleme ekipmanlarmin mekanik mukavemeti, havalandirma, temizlik ve

koruyucu Onlemler dahil olmak iizere ¢ok gesitli faktorlere baglidir. Bu nedenle, biiyiik 6lgekli testler, patlama
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izolasyon sistemlerini dogrulamak ve ayrica metal tozlarini isleyen siiregler gibi 6zel uygulamalar igin tasarimlari

dogrulamak i¢in gereklidir.

Reaktif metal tozu patlamalart i¢in dnleme tekniklerinin ve azaltma ¢éziimlerinin gelistirilmesinin zor oldugu
tartigmasizdir. Toz bulutu yanma dinamikleri iizerine mevcut literatiir, boyut, polidispersite ve karisim bilesiminin
Oonemini belirtmig ancak malzeme islemenin dogasimin bagimsiz etkilerinin incelenmesine yonelik aragtirmalar

yeterli seviye degildir.

Ikincil patlamalara engel olmak toz patlamasi tehlikesiyle miicadeleye yonelik tiim ¢abalarda en 6nemli sorun
olmaya devam etmektedir. Yeterli temizlik, bu amaca ulasmanin 6nemli bir yoludur. Bununla birlikte, gereken
temizlik diizeyine iligkin yanitlanmasi gercken sorular hala vardir. Cesitli kosullar altinda ikincil toz alev
yayllmasini Onlemek i¢in ylizeyin birim alani bagina maksimum kabul edilebilir biriken toz kiitlesinin

degerlendirilmesi i¢in daha fazla aragtirmaya ihtiyag vardir.
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I. INTRODUCTION

Water is the most basic need for human health as well as for industrial and agricultural activities. Economic
and social achievements of sustainability primarily come from ensuring environmental sustainability. Although
three-quarters of our planet is covered with water, few of them are usable. Discharge of agricultural, industrial
and municipal wastes is the main source of organic and inorganic pollutants, which accumulate in surface
waters, sediments, soil and marine organisms. Many organic and inorganic pollutants, which enter to aquatic
environment by discharging, mobilize from pollution source by stream currents, and join into food chain.
Because all these pollutants have mutagenic and carcinogenic effects onto endocrine system of organism, the
entrance of these pollutions into surface and marine water must be controlled by periodic determination of water

quality.

Various statistical techniques have been applied to characterize and to evaluate quality of surface waters.
Many researchers have dealt with to develop and to improve the water quality prediction models over the past
decade. [1]-[3]. Although the parametric, statistical and deterministic models are traditional approaches for
modeling the water quality, they require vast information on various hydrological subprocesses to achieve the
result. Most commonly, the water quality monitored by the methods based on the physicochemical parameters [4].

Villas-Boas et al. considered thirteen water quality parameters and identified how some of them were redundant and

*Corresponding author. Tel.: +90 226 8155391 e-mail: hizalyucesoy@gmail.com
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could be removed without significant loss of information. However, obtaining many in situ measurements is both very
costly and difficult to implement in many river basins, so some approaches have been developed based on pollutant
simulations given by hydrological models [5]. McCaffrey (2012) determined water quality in terms of many
parameters by evaluating their effect on each other (such as temperature dependency of dissolved oxygen) [6]. On the
other hand, there are many studies on analysis of water quality using linear and nonlinear regression techniques [7]-
[10] . Mustapha and Abdu (2012) evaluated surface water pollution sources in Jakara Basin (Nigeria) by using
Principal Component Analysis (PCA). They estimated the contribution of the significant parameters to water quality
variation using multiple linear regressions model [11]. Majeed et al. explored the relationship between climate change
factors and the Water Quality Index (WQI) of the Euphrates river in Karbala City over the period between 2008 and
2016 using Artificial Neural Network (ANN) and nonlinear multi-regression models [12].

In this study, the water quality was determined as regards pH, conductivity, dissolved oxygen, alkalinity and
inorganic nutrients (nitrate, nitrite, phosphate). The analyses were performed for the samples picked from five
stations on Samanli and Safran Rivers. The sampling was carried out every week beyond a year (53 weeks). The
results were evaluated by linear and nonlinear equations applied by using Matlab and Microsoft Excel programs
and using Multiple Linear Regression Model. Standard deviations belonging the correlations between the
experimental data and the theoretical data calculated from the linear and nonlinear models were determined, and
their compatibility with each other was examined. Excellent match of the experimental and theoretical values
showed that the quality parameters whose analyzes require a long time and/or high cost could be calculated by

the aid of these linear and nonlinear models.

1. EXPERIMENTAL METHOD
2.1 Study Area

Samanli River: It enters the provincial borders of Yalova, named Bedesten River, by feeding from the springs in
Tagpnar, Kolagan and Bedesten Hills in the borders of Gemlik District. It is fed with other rivulets around it.
The length of Samanl River is 22.33 km. It has a water collection area of 81 km? with an average flow rate of

1.43 m¥s and an annual average water volume of 120 million m2,

Safran River: It rises from the northern slopes of Taspmar and Bespinar Hills within the borders of Gemlik

district and is fed by many rivulets around it. Total length is 23.52 m and its flow rate is 0.81 m®/s [13].

Safran and Samanli Rivers, which pass through the agricultural fields and the city center, and pour out to
Marmara Sea, carry pesticides residues and domestic wastes into the sea (Figurel.). It is foreseen the rivers will
become more polluted in this urbanization process, and it is important to determine the extent of the pollution in

rivers and examine pollution prevention elements in order to ensure environmental sustainability.

62



Modelling water quality J. Innovative Eng. Nat. Sci., vol. 1, no.1, pp. 61-84, 2021.

\
N
\'-. %
'\\“.
Ny
N
P S§eym'arn5ey
ru PN 7
deen Bayraktej
Samanh Yalova _
“Akkdy i
| , 2
1 e o
Vi Hacimehmet 4 g
1" | o
o
W Yenimahalle Safran i
Termal !
Uvezpinar
Pasakent
3
Kurtkdy

Figure 1. Regions with 5 stations on Samanli and Safran Rivers

2.2 Sampling and analysis

A total of five stations on Samanli and Safran Rivers were selected for inspection of water quality (Figure 1).
The network of sampling stations was designed to cover a wide range of determinants at key sites to reasonably
represent the pollution/sewage characteristics of the study area. The water samples were collected from 1
October 2017 to 31 September 2018. The samples were weekly collected from the depth approximately 10 cm
below the surface of the water using bottles. The samples were stored in cooling chests and transported to the

laboratory and analyzed within the same day after collection. The determination of quality parameters was
according the EPA methods listed in Table 1.

Table 1. Main analysis items and methods

Parameter Analysis Method Reference
pH EPA Method, 150.2 [14]
Electrical Conductivity EPA Method, 120.1 [15]
Dissolved Oxygen EPA Method, 360.1 [16]
Alkalinity EPA Method, 310.1 [17]
Suspended Solids (SS) EPA Method, 160.2 [18]
Nitrite & Nitrate EPA Method, 353.3 [19]
Phosphate EPA Method, 365.3 [20]
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2.3 Modeling of Experimental Data

Multiple Linear Regression Method was used to model the data obtained from the experiments. This method has
been evaluated in recent years to estimate the efficiency of removing various pollutants from wastewater and
environment[21]-[25].

Multiple Linear Regression Analysis is an extension of the simple linear regression method for two or more
independent variables. It provides an explanation of the effect and contribution of more than one independent
variable for a single continuously dependent variable of a process. The model is produced from experimental
data obtained for a complex system [22]. It is generally expressed as equation (1):

Vi = Bo + BiXix + Boxip + -+ Brexix 1)

where g is the model coefficients from 0 to n (it also refers to the contribution of the relevant variable (x) to the
process), Y is the estimated dependent variable (y) for any parameter i, x; denotes different independent (x)
variables from 1 to k. In this study, n=14 and k were 52. The matrices from which the model equations will be
formed are prepared as follows:

Y1 X1,1%2,1%31 | Xna11 B1
Vs X1,2%X22%X32 . Xn21 B2
V3 _ | ¥13%23%33" "Xn3l B3 @)
\J’k/(k*l) X1kX2k X3k ™ Xnk 1/ eni1y \Bg (-1*1)
_ =y
b a B

In this way, the model is briefly represented as b=axf. Then, using the equation (3), the matrix systems are

solved and the coefficients () to be used in the model equations are calculated.
B=alx(@)txa xb (3)

Nonlinear equations were calculated using the Matlab 2015 program, and the coefficients of determination were

calculated using the Matlab 2015 program, using the formula given in equation (4):

_\2
2 _ (CL0i-»0:i-9)
(1, 0-9)2) (S, (9:-9)7)

4)

The quality parameters corresponding to the x; independent variables used in modeling studies and the quality

parameters corresponding to the y; variables were given in Table 2.

Table 2. Quality parameters corresponding to x; and y; independent variables

Xi Quality Parameter Xi Quality Parameter Yi Quality Parameter
X1 Air temperature Xo Phosphate Vi Dissolved oxygen
X2 Humidity X10 Nitrite Yo Electrical conductivity
X3 River temperature X11 Nitrate Y3 pH
X4 Dissolved oxygen X12 Air temperature of the | y, Alkalinity
week to be predicted
Xs Electrical conductivity X13 Humidity of the week to be | s Suspended solid
predicted
Xs pH X14 River temperature of the | ys Phosphate
week to be predicted
X7 Alkalinity Y7 Nitrite
X8 Suspended solid Vs Nitrate
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I1l. RESULTS AND DISCUSSIONS
3.1. Results of Multiple Linear Regression Analysis

The equations obtain from application of Multiple Linear Regression Analysis were introduced in Table 3.

Table 3. The model equations evaluated from the experimental results of collected samples from each station

Station Equation R?
y1=0.96 *x1 + 21.39 * x2 — 1.21 * x3 — 0.05 * x4 — 0.01 * x5 + 3.45 * x6 — 0.005 * x7 + 0.01 * x8 — 1.79 * x9 — 8.83 * x10 0.283
+0.03*x11+0.11*x12+ 1.86 *x13 — 0.22 * x14 — 19.58
y2=—-112%x1—-5588*x2+4.22 xx3+ 1.14 x x4 + 0.23 * x5 — 2.66 * x6 — 0.33 * x7 — 0.06 * x8 — 122.57 * x9 — 131.26 0.655
*x10 4+ 2.43 * x11 —9.32 % x12 — 78.99 * x13 — 0.36 * x14 + 573.77
y3 = —0.009 * x1 — 0.25 * x2 — 0.02 * x3 + 0.005 * x4 + 0.001 * x5 4+ 0.41 * x6 — 0.001 * x7 + 0.003 * x8 — 0.014 * x9 — 0.44 0.463
*x10 — 0.008 * x11 — 0.035 * x12 — 0.503 * x13 4+ 0.073 * x14 + 4.99
y4 = —0.05%x1—23.22 *x2 + 1.66 * x3 + 0.84 * x4 + 0.13 * x5 — 26.46 * x6 + 0.03 * x7 — 0.07 * x8 — 43.96  x9 + 48 * x10 0.663
1 —4.63 *x11 —3.64 x x12 — 8.42 x x13 — 1.56 * x14 + 443.62
¥5 =0.65 *x1 — 0.47 * x2 — 0.46 * x3 — 1.34 * x4 4+ 0.08 * x5 — 20.913 * x6 — 0.07 * x7 — 0.252 * x8 + 33.023 * x9 — 70.13 0.320
*x10 — 2.742 * x11 4+ 1.57 * x12 4+ 25.06 * x3 — 1.975 * x14 + 172.66
y6 = 0.013 * x1 4+ 0.238 * x2 —.013 * x3 — 0.002 * x4 + 0.001 * x5 — 0.034 * x6 + 0.002 * x7 + 0.065 * x9 + 0.413 * x10 0.517
—0.054*x11 —0.012 * x12 — 0.194 * x13 + 0.007 * x14 + 0.156
y7 =0.002 *x1 + 0.1 * x2 — 0.019 * x6 — 0.024 * x9 — 0.133 * x10 — 0.007 * x11 + 0.003 * x12 + 0.119 * x13 — 0.005 * x14 0.218
+ 0.041
y8 = 0.066 * x1 4+ 1.673 * x2 + 0.031 * x3 — 0.004 * x4 + 0.006 * x5 — 0.42 * x6 — 0.012 * x7 — 0.008 * x8 — 1.605 * x9 — 4.949 0.396
*x10 + 0.124 * x11 — 0.09 * x12 + 0.044 * x13 — 0.097 * x14 + 6.618
y1 =0.886*x1+ 17.873 * x2 — 1.679 * x3 — 0.005 * x4 — 0.714 * x6 — 0.01 * x7 — 0.006 * x8 + 4.903 * x9 — 19.372 * x10 0.410
—0.037 *x11 — 0.003 * x12 + 4.67 * x13 + 0.659 * x14 + 4.498
y2 = —241.11 % x1 — 7098.40 * x2 + 39.00 * x3 — 64.18 * x4 4+ 0.17 * x5 — 796.49 * x6 + 65.04 * x7 — 27.11 » x8 — 8954.04 * x9 0.235
+48816.27 * x10 — 311.97 * x11 — 1073.31 * x12 — 25125.40 * x13 4+ 876.87 * x14 + 35374.40
y3 = —0.005*x1 4 0.166 * x2 — 0.01 * x3 + 0.006 * x4 + 0.174 * x6 — 0.001 * x7 — 0.047 * x9 — 0.330 * x10 — 0.004 * x11 0.283
—0.021 *x12 — 0.162 * x13 4+ 0.029 * x14 + 6.677
y4 =3.79 * x1 4+ 59.537 * x2 — 3.356 * x3 + 0.633 * x4 + 0.001 * x5 — 5.504 * x6 + 0.293 * x7 + 0.051 * x8 — 33.009 * x9 0.309
2 +96.077 *x10 + 0.721 * x11 — 3.564 * x12 — 33.029 * x13 + 2.767 * x14 + 174.007
y5 = —=2.115*x1 —23.631 * x2 + 5.57 * x3 — 1.319 * x4 — 0.001 * x5 + 0.995 * x6 + 0.056 * x7 — 0.001 * x8 + 31.364 * x9 0.116
+ 37.478 * x10 — 1.488 * x11 + 2.821 * x12 + 49.73 * x13 — 6.962 * x14 + 27.441
y6 = 0.007 * x1 + 0.134 * x2 — 0.007 * x3 + 0.002 * x4 + 0.028 * x6 + 0.001 * x7 + 0.21 * x9 — 0.327 * x10 — 0.002 * x11 0.467
—0.014 *x12 — 0.198 * x13 + 0.003 * x14 + 0.155
y7 = —0.001 * x1 + 0.029 * x2 + 0.004 * x3 + 0.001 * x4 + 0.004 * x6 + 0.009 * x9 + 0.019 * x10 — 0.002 * x11 + 0.019 * x13 0.370
—0.002 * x14 — 0.102
y8 = —0.068 * x1 — 2.845 * x2 — 0.289 * x3 — 0.234 * x4 + 1.289 * x6 — 0.011 * x7 — 0.006 * x8 — 6.506 * x9 — 39.572 * x10 0.563
+0.539 * x11 — 0.275 % x12 + 3.819 * x13 + 0.38 * x14 + 6.805
y1 = 0.458 * x1 4+ 11.85 * x2 — 0.787 * x3 + 0.096 * x4 + 0.005 * x5 — 4.251 * x6 — 0.053 * x7 — 0.001 * x8 — 3.219 * x9 — 5.547 0.338
*x10 —3.611 * x11 + 0.311 * x12 + 3.543 * x13 — x. 308 * x14 + 66.508
y2 = —2.68 % x1 — 40.67 * x2 + 7.47 * x3 + 0.234 * x4 + x0.36 * x5 + 40.64 * x6 + 0.066 * x7 + 0.102 * x8 — 25.133 * x9 0.561
+ 80.647 * x10 + 12.238 * x11 — 2.729 x x12 — 48.27 * x13 + 7.03 * x14 — 167.161
y3 = —0.013 xx1 — 0.075 * x2 4+ 0.055 * x3 + 0.006 * x4 + 0.001 * x5 + 0.337 * x6 — 0.003 * x7 — 0.007 * x9 + 1.731 * x10 0433
—0.018*x11 —0.017 * x12 — 0.284 * x13 4+ 0.002 * x14 + 5.799
y4 = —2.13 % x1 — 28.152 * x12 + 2.537 * x3 + 0.852 * x4 — 0.117 * x5 + 28.696 * x6 + 0.633 * x7 + 0.074 * x8 — 32.131 * x9 0.380
3 + 22551 *x10 + 5.21 * x11 — 0.625 * x12 + 12.643 * x13 + 4.16 * x14 — 142.27
Y5 =8.25xx1 4+ 217.46 * x2 — 24.895 * x3 — 4.82 * x4 4+ 0.63 * x5 — 141.712  x6 — 0.44 * x7 — 0.138 * x8 — 51.98 * x9 0191
—712.462 % x10 — 81.104 * x11 + 10.629 * x12 + 279.636 * x13 — 19.437 * x14 + 1156.66
y6 = 0.001 * x1 + 0.137 * x2 — 0.009 * x3 4+ 0.006 * x4 — 0.009 * x6 + 0.001 * x7 + 0.022 * x9 — 0.883 * x10 — 0.157 * x11 0423
—0.015 *x12 — 0.151 * x13 — 0.011 * x14 + 0.583
y7 = 0.001 * x1 + 0.043 * x2 — 0.002 * x3 — 0.004 * x6 + 0.003 * x9 — 0.141 * x10 — 0.003 * x11 + 0.002 * x12 + 0.055 * 13 0.220
—0.003 * x14 — 0.069
¥8 = 0.012 * x1 + 0.528 * x2 + 0.003 * x3 + 0.008 * x4 + 0.002 * x5 + 0.005 * x6 — 0.004 * x7 — 0.55 * x9 + 1.248 * x10 + 0.569 0.607
*x11—0.013 * x12 + 0.209 * x13 — 0.019 * x14 + 0.477
y1 =0.331*x1 4+ 7.876 * x2 — 0.429 * x3 + 0.034 * x4 + 0.003 * x5 — 0.176 * x6 + 0.011 * x7 + 0.003 * x8 + 0.5 * x9 — 25.612 0.221
4 *x10 — 0.332 * x11 4+ 0.531 % x12 + 7.133 * x13 — 0.867 * x14 + 3.055
y2 =—5.19 * x1 —93.88 * x2 + 7.964 * x3 — 1.004 * x4 + 0.51 * x5 + 16.816 * x6 + 0.425 * x7 + 0.048 * x8 — 41.439 * x9 0.744

—25.014 * x10 + 4.435 * x11 — 7.829 * x12 — 125.448 * x13 + 10.419 * x14 + 98.229
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y3 = —0.019 * x1 — 0.23 * x2 + 0.031 * x3 + 0.004 * x4 + 0.498 * x6 — 0.209 * x9 + 1.16 * x10 + 0.015 * x11 — 0.009 * x12

—0.078 * x13 — 0.004 * x14 + 4.403 0430
y4 =0.927 % x1 4+ 0.787 * x2 — 4.094 * x3 * 1.18 * x4 + 0.132 * x5 + 16.36 * x6 + 0.324 * x7 — 0.002 * x8 + 1.131 * x9 + 69.418 0.500
*x10 + 2.862 * x11 + 0.036 * x12 — 17.702 * x13 + 2.447 * x14 + 18.623
y5 =42.98 % x1 4+ 828.35 * x2 — 59.6 * x3 — 14.015 * x4 + 1.642 * x5 — 499.86 * x6 — 3.78 * x7 — 0.29 * x8 + 152.75 * x9 0223
—641.23 x x10 — 26.06 * x11 + 34.75 % x12 + 741.29 * x13 — 46.285 * x14 + 3711.51
y6 = 0.005 * x1 4+ 0.123 * x2 — 0.013 * x3 — 0.006 * x4 4+ 0.001 * x5 — 0.279 * x6 + 0.095 * x9 + 0.22 * x10 — 0.099 * x11 0511
—0.018 xx12 — 0.29 * x13 + 0.013 * x14 + 2.84
y7 = —0.003 * x1 — 0.005 * x2 4+ 0.006 * x3 + 0.001 * x4 + 0.043 * x6 + 0.004 * x9 — 0.165 * x10 — 0.003 * x12 — 0.013 * x13 0.444
+0.009 x x14 — 0.414
y8 = 0.044 * x1 4 0.203 * x2 — 0.022 * x3 — 0.021 * x4 4+ 0.004 * x5 — 0.827 * x6 — 0.004 * x7 — 0.001 * x8 — 0.908 * x9 + 1.21 0.613
*x10 4+ 0.483 * x11 — 0.053 * x12 — 0.548 * x13 + 0.034 * x14 + 7.794
y1 =0.611%x1+ 7.793 * x2 — 0.836 * x3 — 0.074 * x4 + 5.682 * x6 — 0.038 * x7 + 0.001 * x8 4+ 5.919 * x9 + 16.265 * x10 0.483
—0.67 *x11+0.314 * x12 + 1.716 * x13 — 0.296 * x14 — 33.803
y2 =—1202.47 * x1 — 22941.72 * x2 + 1193.53 * x3 — 309.05 * x4 + 0.155 * x5 — 17824.18 * x6 + 46.86 * x7 4+ 19.07 * x8
—16700.59 * x9 — 32348.43 * x10 — 1414.29 * x11 + 911.74 * x12 + 9358.57 * x13 — 456.45 * x14 0.358
+162063.48
¥3 =0.011%x1+ 0.1 *x2 —0.023 * x3 4+ 0.005 * x4 + 0.233 * x6 + 0.001 * x8 4+ 0.146 * x9 — 0.07 * x10 — 0.03 * x11 — 0.021 0.266
xx12—0.276 * x13 + 0.033 * x14 + 6.244
y4 =1.59 *x1 4+ 51.34 % x2 — 1.327 * x3 — 0.467 * x4 + 0.001 * x5 4 29.535 * x6 — 0.104 * x7 — 0.103 * x8 + 18.065 * x9 0.449
+114.915 % x10 + 12.906 * x11 — 3.112 * x12 — 36.543 * x13 + 0.412 * x14 4+ 45.85
y5 =—-223%x1+11.47 *x2 + 3.05 * x3 — 3.80 * x4 — 0.001 * x5 — 27.343 * x6 + 0.08 * x7 + 0.049 * x8 + 63.01 * x9 0.100
—164.303 *x10 — 17.827 * x11 + 4.774 » x12 + 132.366 * x13 — 6.339 * x14 + 208.909
y6 = 0.003 * x1 4+ 0.092 * x2 — 0.005 * x3 + 0.003 * x4 — 0.014 * x6 + 0.002 * x7 + 0.001 * x8 4+ 0.086 * x9 — 0.618 * x10 0.359
—0.031 *x11 —0.012 * x12 — 0.229 * x13 + 0.006 * x14 + 0.298
y7 = —0.001 * x1 + 0.093 * x2 4+ 0.002 * x3 — 0.001 * x4 — 0.052 * x6 + 0.032 * x9 — 0.063 * x10 — 0.005 * x11 — 0.003 * x12 0.267
+0.014 * x13 + 0.001 * x14 + 0.41
y8 = 0.03 * x1 — 0.134 * x2 + 0.049 * x3 + 0.006 * x4 + 0.142 * x6 — 0.001 * x7 + 0.021 * x9 + 2.586 * x10 + 0.294 = x11 0.349

—0.095 xx12 — 1.733 * x13 — 0.019 * x14 + 1.434

3.2. Results of Nonlinear Models

The x and y variables, their coefficient and determination coefficient of equations belonging non-linear models
were presented in Tables 4-8.

Table 4. The x and y variables, their coefficient and determination coefficient of equations belonging non-linear models yielded from the
data collected Station 1.

Y1 y2 \E Ya Ys Yo y7 Ys
X1 8.88E-02 1.48E+00 5.73E-03 9.72E-01 7.28E-01 2.13E-03  -2.45E-04 2.01E-02
X2 2.42E-02 1.95E-01 -3.86E-04 6.79E-02 1.23E-01 1.68E-04 -2.21E-04 2.45E-03
X3 5.64E-02  1.12E+00  4.54E-03  7.53E-01  6.08E-01 1.28E-03  -3.04E-04 1.35E-02
X4 -4.45E-02  -6.88E-01 8.98E-04  -3.89E-01 -3.14E-01 -1.90E-03  2.20E-04 -1.32E-02
Xs -1.14E-01 1.41E-01 2.26E-02 7.60E-01 1.31E+00 1.05E-03  1.25E-03 2.81E-02
Xs 1.24E-01 1.04E+00  -7.52E-04 3.46E-01 4.34E-01 7.90E-04 -7.20E-04 1.46E-02
X7 -1.69E-01  -4.64E-01 2.69E-02 8.60E-01 -1.07E-01 2.37E-03  3.95E-03 5.39E-03
Xg -6.87E-02  -3.93E-01 3.87E-03  -2.15E-02  -2.42E-01 7.39E-04  5.18E-04 -6.91E-03
Xo 1.36E-02 125E-01  2.05E-04  6.99E-02  564E-02  3.02E-04 -6.06E-05 1.84E-03
X10 5.44E-04 1.19E-02 1.56E-04 1.77E-02 1.25E-02 6.74E-05 -1.03E-05 2.08E-07
X11 9.47E-03 2.88E-02 -2.23E-04 -4.78E-03  -3.15E-02 1.15E-04  1.23E-04 9.00E-04
X12 1.24E-02 7.40E-01 1.06E-02 1.11E+00  9.40E-01  3.21E-03  9.82E-05 1.68E-03
X13 9.65E-03 4.55E-02 3.01E-04 -3.01E-03  -3.02E-02 5.71E-05  2.87E-05 6.97E-04
X14 1.30E-01 1.31E+00 3.45E-03 6.87E-01 8.19E-01 1.10E-03  -1.08E-03 1.29E-02
X1 * X 2.18E-01  8.28E-01  4.62E-03  3.24E-01  451E-01 -3.03E-03 -5.73E-03  -1.05E-02
Xz * X 1.43E-02 154E-01 -7.17E-04 9.55E-02 2.04E-01 1.69E-04 -3.41E-04 9.77E-04
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X3
Xq
Xs
Xe
X7
Xg
Xg
X10
X1
X12
X3
X4
X1
X1
X1
X1
X1

X1

X1
X1
X1
X1
X1
X1
X2
X2
X2

X2

X2

X2
X2
X2
X2
X2
X2
X2
X3
X3
X3
X3
X3
X3
X3

X3

X3
Xq
Xs
Xs
X7
Xs
Xg
X10
X1
X12
X13
X14
X2
X3
Xq
Xs
Xs

X7

Xg

X10

X7

Xsg
Xg
X10
X11
X12
X13
X14
Xq
Xs
Xe
X7
Xg
Xg
X10

X11

3.47E-01
-4.86E-02
2.44E-03
1.08E+00
4.95E-03
9.22E-03
-6.15E-03
1.13E-03
3.84E-01
3.01E-01
2.52E-02
6.41E-01
2.83E-01
-4.57E-01
-2.91E-02
1.28E-02
-2.77E-01
-1.29E-02
-2.13E-02
3.66E-01
1.13E-01
-2.31E-01
-3.82E-02
-5.94E-01
2.19E-01
2.04E-01
4.91E-02
-5.74E-01
2.32E-01
1.16E+00

-6.83E-01
3.95E-02
-1.47E-03
-3.89E-02
1.62E-01
2.67E-02
7.75E-02
1.14E-01
-7.87E-03
-7.35E-02
1.15E-02
-4.24E-02
4.68E-01
7.00E-02
-2.15E-01

2.71E+00
-8.66E-01
2.89E-02
8.26E+00
9.27E-02
4.90E-02
4.30E-02
5.80E-06
2.11E+00
2.74E+00
2.37E-01
1.38E+00
3.19E+00
-1.45E+00
-7.88E-01
-1.96E-01
-1.51E+00
4.13E-01
-2.13E-01
4.04E+00
8.41E-01
-4.27E+00
1.07E+00
-6.07E+00
6.91E-01
2.32E+00
2.37E-01
-5.31E+00
1.86E+00
1.04E+01

-4.99E+00
3.94E-01
-1.23E-02
-4.63E-01
1.12E+00
1.90E-01
3.10E-01
2.02E+00
-1.57E-01
9.18E-01
-5.41E-03
-6.65E-01
4.39E+00
4.68E-01
-3.12E+00

2.83E-02
2.06E-03
-2.02E-05
-1.94E-02
-1.90E-04
-2.59E-04
4.80E-04
-5.48E-05
5.89E-03
-3.76E-03
9.76E-04
-9.79E-03
-1.21E-02
-3.61E-02
-1.80E-03
1.41E-05
1.36E-03
3.89E-04
-1.05E-03
1.50E-02
-8.18E-04
1.42E-02
1.46E-02
3.21E-02
3.28E-03
-2.95E-04
-6.35E-03
-8.70E-03
-5.03E-03
1.36E-02

-1.39E-03
-3.90E-04
-1.65E-04
-2.26E-03
-3.14E-03
-7.65E-04
-5.23E-03
8.77E-03
1.41E-03
-2.53E-03
-3.46E-03
6.29E-04
2.58E-03
-2.13E-03
1.54E-02

2.22E+00
-3.43E-01
1.21E-02
2.07E+00
2.60E-02
5.58E-03
8.87E-02
-7.52E-03
1.50E-01
6.18E-01
1.53E-01
-3.23E-01
1.57E+00
-1.57E+00
-4.78E-01
-7.18E-02
-1.00E+00
2.19E-01
-2.81E-01
3.00E+00
3.07E-01
-1.76E+00
1.32E+00
-2.23E+00
5.20E-02
1.59E+00
2.68E-01
-2.77E+00
5.83E-01
5.13E+00

-1.78E+00
1.92E-01
-3.07E-02
-4.09E-01
9.67E-01
2.51E-02
4.77E-02
1.07E+00
-9.89E-02
2.30E-01
-5.14E-04
-2.79E-01
2.23E+00
6.12E-02
-4.83E-01

9.16E-01
-4.24E-02
1.01E-02
3.10E+00
4.45E-03
6.59E-02
7.01E-02
-2.00E-02
-1.96E+00
8.22E-01
6.27E-02
1.64E-01
4.28E+00
-6.78E-01
-9.08E-01
5.34E-02
-2.51E+00
4.99E-03
-3.55E-01
2.41E+00
5.44E-01
-3.42E+00
-1.11E-01
-4.74E+00
1.94E+00
3.14E+00
1.97E+00
-1.58E+00
1.10E+00
2.13E+00

-8.20E-01
2.89E-01
-3.01E-02
-4.22E-01
3.11E+00
4.76E-02
1.93E+00
2.74E+00
-2.52E-01
-2.34E-01
3.21E-01
4.84E-02
2.55E+00
4.37E-01
-8.71E-01

3.32E-03
1.48E-03
9.91E-06
5.29E-03
3.63E-05
2.14E-04
2.23E-04
1.77E-06
3.49E-03
5.90E-03
6.12E-04
1.28E-02
4.65E-03
5.79E-03
8.61E-04
-5.27E-05
9.97E-04
1.31E-05
-1.82E-03
1.28E-02
2.23E-04
-8.54E-04
1.12E-03
-8.78E-04
2.36E-03
3.28E-03
1.69E-03
-7.29E-03
1.31E-03
1.35E-02

-4.80E-03
4.76E-04
-1.73E-04
-1.49E-03
4.17E-03
2.85E-05
1.35E-04
1.00E-02
-1.60E-04
-3.18E-04
1.12E-04
5.91E-04
7.88E-03
-7.63E-04
3.25E-03

-5.12E-03
2.85E-03
-4.33E-05
-6.77E-03
-1.16E-04
-3.27E-04
-5.51E-05
4.38E-05
4.73E-03
-2.62E-03
4.70E-05
-1.83E-03
-6.71E-03
5.23E-03
1.68E-03
-4.80E-04
7.30E-03
9.75E-04
1.10E-03
-2.47E-03
-1.44E-03
7.04E-03
3.64E-04
9.40E-03
-4.15E-04
-4.79E-03
-4.11E-03
-6.04E-04
-2.22E-03
1.22E-03

-9.41E-06
-6.12E-04
1.64E-05
4.05E-04
-4.55E-03
-9.47E-05
-3.57E-03
-3.75E-03
1.18E-03
1.44E-03
-1.81E-03
8.23E-04
-4.52E-03
-1.39E-03
2.71E-03

5.51E-04
-1.48E-02
3.45E-04
1.16E-01
8.38E-04
-6.12E-05
-9.20E-04
2.07E-04
3.96E-02
5.95E-02
2.81E-03
4.08E-02
3.73E-02
6.44E-02
1.83E-03
-2.01E-03
1.75E-02
1.69E-03
-5.68E-03
6.09E-02
6.95E-03
-5.37E-02
-3.16E-02
-8.67E-02
2.52E-02
1.40E-02
-5.93E-03
-5.36E-02
2.35E-02
1.22E-01

-7.36E-02
4.60E-03
2.72E-04

-4.52E-03
1.11E-03
3.07E-03

-6.39E-03
1.42E-02

-8.59E-03
2.31E-02
1.42E-02

-1.24E-02
6.22E-02
3.01E-03

-6.25E-02
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X3 * X 2.24E-01 -3.68E+00  -2.04E-02 -3.15E+00 -1.98E+00 -8.43E-03  2.72E-03  -2.65E-02
X3 * o Xas -5.47E-01  -4.89E+00 1.34E-02 -2.33E+00 -3.31E+00 -4.47E-03 5.19E-03  -6.46E-02
X3 * Xu -4.79E-01 6.75E-01 7.62E-03  1.40E+00 -6.25E-01  -1.24E-02  2.10E-03  -4.89E-02

X4 * X -5.26E-03 150E-02 -9.77E-04 -5.53E-02  -9.65E-02 6.60E-05  2.03E-04 2.84E-04
X4 * Xe 1.33E-01 -9.38E-01 -2.94E-02 -1.80E+00  1.22E+00 -1.20E-02 -8.09E-03  -6.03E-02
X4 * Xy 1.31E-02 1.02E-01 2.38E-03 2.05E-01 1.43E-01 2.36E-04 -3.75E-04 2.96E-03
X4 * X -4.24E-02  -6.65E-01 6.29E-04  -2.79E-01 4.84E-02 591E-04 8.23E-04 -1.24E-02
X4 * Xo -2.73E-01  -2.18E+00 9.68E-03 -2.07E-01  -3.89E-01 2.95E-03  1.07E-03  -2.97E-02

X4 * X -1.32E-02  -1.69E-01 2.90E-03 6.69E-02  -1.96E-01 1.24E-03  5.01E-04  -1.92E-03
X4 * Xn -2.11E-01  1.43E+00 -1.15E-02 -1.03E+00 4.67E-01  -9.63E-03 -5.50E-03 6.86E-02
X4 * o X -6.22E-02 7.93E-01  -1.15E-03 486E-01 -6.24E-01 -5.57E-03  -3.94E-03 5.44E-03
X4 * o Xas -5.91E-02  -2.45E+00 3.14E-03 -2.00E+00 -2.12E+00 -5.26E-03  1.05E-03  -3.69E-02
X4 * Xu -4.99E-03 -1.49E+00 -2.08E-03  -6.55E-01 -1.34E+00 -4.02E-03  5.99E-03  -6.44E-03

Xs * X -1.21E-02 7.92E-01 -7.28E-04 2.60E-01  -3.06E-01 2.46E-04 -2.65E-04 1.41E-02
Xs * Xy -6.47E-03  -1.08E-01 159E-05 -439E-02 -2.13E-02 -3.25E-05 1.43E-04 -1.21E-03
Xs * Xs -1.72E-03 8.49E-02 1.63E-04 7.97E-02 2.93E-02 429E-05 -2.48E-04 1.20E-03
Xs * X 5.63E-01 3.81E+00 -1.17E-02 5.09E-01 1.26E+00 -5.48E-03 -5.37E-03 3.01E-02

Xs * X 1.41E-01 1.69E-01 -1.50E-02 -9.36E-01 -1.56E+00 -3.95E-03  7.90E-04 1.61E-02
Xs * o Xu -9.79E-02  -1.46E+00 3.42E-03  -5.85E-01  -6.00E-01 6.68E-04 2.72E-03  -1.93E-02
Xs * X 4.26E-02 4.26E-01 2.43E-03 3.03E-01 3.76E-01 1.35E-03  -5.66E-04 3.04E-03
Xs * o X3 1.26E-01  1.67E+00 -5.99E-03  1.29E+00  2.55E+00 2.62E-03  -3.62E-03 5.26E-03
Xs * o Xu -4.46E-02  -2.36E-01 -3.35E-03  -2.02E-01 -241E-01 -1.43E-03 1.11E-04 2.14E-03

Xs * X -5.00E-02  -1.65E+00 6.61E-03  -4.34E-01 1.69E-02 -1.29E-03  3.07E-04  -3.28E-02
Xs * Xs 2.50E-01  1.86E+00 -4.63E-03  -8.89E-02 8.10E-01 9.38E-03  -4.57E-03 3.08E-02
Xs * X 1.35E-01 1.26E+00  -1.55E-04 6.25E-01 6.77E-01 2.30E-03  -1.05E-03 1.70E-02

Xs * X 4.00E-03 1.88E-01 1.27E-03 2.40E-01 2.66E-01 6.56E-04 -3.52E-04  -5.11E-05
Xs * o Xu 4.13E-03 1.59E-02 1.88E-03 3.13E-01 2.82E-01 155E-03  7.78E-05  -4.26E-03
Xs * X -5.16E-01  -3.42E+00 2.96E-02  1.16E+00 8.82E-01 6.78E-03  4.20E-03  -8.92E-02
Xs * X 4.61E-02  -2.78E-02 159E-03 -2.67E-01 -5.11E-01 4.33E-05 6.28E-04 1.34E-03
Xs * o Xu 4.31E-01 858E-01 -5.72E-03 -2.00E+00 -1.92E+00 -9.33E-03 -1.36E-05 -4.61E-03
X7 *  Xs -3.77E-03  -1.78E-01  -1.47E-04 -1.16E-01 -7.74E-02  -5.59E-04  6.44E-04 -2.48E-03
X7 * X -9.60E-01  -6.46E+00 159E-02 -1.14E+00 -2.88E+00 351E-03 8.81E-03  -6.83E-02
X7 * X -2.60E-01 3.89E-01 2.79E-02  2.86E+00  2.45E+00 8.60E-03 -2.49E-03  -2.77E-02
X7 * Xn 2.22E-01  2.79E+00 -5.61E-03  1.26E+00  1.40E+00 -3.11E-04 -5.91E-03 2.86E-02
X7 * Xp -3.65E-02  -6.97E-01 -5.75E-03  -6.27E-01 -6.00E-01 -2.49E-03  1.22E-03 -4.13E-03
X7 * X 1.61E-02 -5.16E-01 -4.93E-03 -1.32E+00 -2.06E+00 -1.79E-03  3.27E-03 4.52E-02
X7 * o Xu 4.51E-02 6.10E-01 6.40E-03 5.02E-01 5.05E-01 2.93E-03 -1.10E-03  -2.93E-03
Xg * X -2.55E-01  -1.15E+00 8.12E-03 3.06E-01 3.35E-01 3.47E-03 -2.49E-04  -1.21E-02
Xg * X 2.95E-02 1.45E-01  -1.33E-03 8.80E-02 2.99E-01 6.55E-04  -6.25E-04 1.60E-03
Xg * o Xu -8.76E-02 2.65E-01 6.37E-04 -6.67E-02  -9.67E-01 -1.88E-03  4.86E-03 1.54E-02
Xg * X -8.46E-02  -3.29E-01 4.11E-03 2.56E-01 2.21E-01 3.73E-03 -1.54E-03  -4.40E-03
Xg T -6.29E-01  -4.82E+00 1.75E-02  -6.14E-01 -1.46E+00 5.86E-03 5.12E-03  -6.58E-02
Xg * o Xu 1.85E-01  1.53E+00  -3.30E-03 454E-01  -1.55E-01  -3.43E-03 -5.29E-04 2.98E-02
X9 * X 2.27E-03 1.16E-05 -1.10E-04 -1.50E-02  -4.00E-02 3.55E-06  8.75E-05 4.13E-04
Xq * Xn -8.15E-04  -1.20E-01 1.38E-03  -5.29E-02  -2.51E-01 9.05E-05 5.28E-04  -1.30E-03
Xg * o X 6.65E-01  4.90E+00 5.48E-03  2.30E+00  2.58E+00 1.11E-02  -5.03E-03 7.53E-02
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Xg
Xo

X10

X2

X3

X13
X14

X1

X14

X14

2.43E-02
6.89E-01
-3.60E-03
6.19E-02
-2.36E-03
3.98E-02
-1.72E-01
8.75E-02
1.81E-01
-4.80E-01
-9.00E-01
-3.11E-01
1.59E-02
1

2.39E-01
4.98E+00
-2.07E-01
3.69E-01
-3.10E-02
1.07E-01
2.33E-01
6.48E-01
2.33E-01
-6.24E+00
-4.25E+00
-4.36E+00
1.49E-01
1

6.22E-05
3.58E-03
-1.15E-03
1.07E-03
1.21E-04
7.89E-04
-5.33E-03
-3.75E-04
-1.78E-02
2.04E-02
1.07E-02
1.43E-02
1.11E-04
1

1.38E-01
1.95E+00
-2.31E-01
1.63E-01
-2.36E-02
-1.71E-02
1.44E-01
2.86E-01
-1.05E+00
-3.44E+00
-4.48E-01
-2.46E+00
6.45E-02
1

1.59E-01
2.06E+00
-3.74E-01
2.79E-01
-8.86E-03
5.30E-02
-4.63E-01
3.24E-01
3.93E-02
-4.58E+00
-4.43E-01
-3.04E+00
7.19E-02
1

4.43E-04
8.23E-03
-4.30E-04
4.69E-04
-1.15E-04
-1.64E-04
6.52E-05
9.45E-04
-1.59E-03
-5.57E-03
-8.04E-03
-3.42E-03
1.49E-04
1

-2.82E-04
-4.67E-03
6.76E-04
-8.75E-04
-4.72E-05
-4.40E-04
4.24E-03
-5.15E-04
1.46E-03
5.13E-03
3.22E-03
3.25E-03
-8.98E-05
1

2.83E-03
7.37E-02
3.63E-05
1.76E-03
-3.10E-04
-1.20E-03
1.54E-02
7.72E-03
2.61E-02
-8.35E-02
-6.27E-02
-6.13E-02
2.06E-03
1

Table 5. The x and y variables, their coefficient and determination coefficient of equations belonging non-linear models yielded from the

data collected Station 2

Y1 Y2 VE Ya Ys Yo y7 Vs
X1 1.15E-04  -8.45E-02 5.08E-05 1.09E-03 -2.98E-04 1.27E-06  -9.24E-08 1.21E-05
X2 1.08E-05 -4.97E-03 5.80E-06 1.47E-04 4.07E-05 1.70E-07 7.85E-09  3.52E-06
X3 1.69E-04  9.67E-02  6.95E-05  1.61E-03 1.74E-03  2.83E-06  4.58E-07 1.30E-04
Xa 2.17E-04 1.64E-01 6.21E-05 1.99E-03 1.13E-03 2.59E-06 3.29E-07 1.18E-04
Xs 7.12E-04  2.31E+00 160E-03  5.63E-02 -2.69E-02  4.78E-05 -8.19E-05 3.16E-03
Xg 1.94E-04 -1.75E-02  6.70E-05  1.89E-03 1.08E-03  3.18E-06  2.44E-07 1.28E-04
X7 2.20E-03  -5.55E-01 8.50E-04 2.21E-02 1.41E-02 4.01E-05 2.20E-06 1.83E-03
Xg 2.15E-04  -6.74E-03 1.31E-04 3.87E-03  1.20E-03 2.31E-07  -3.15E-07 2.24E-04
X9 9.02E-06  -1.00E-02  4.26E-06  1.04E-04 4.56E-05 1.87E-07 1.66E-08 3.91E-06
X10 -1.07E-06  -2.03E-04 3.76E-08  -4.40E-06 -1.48E-07 -2.80E-08 -4.71E-09 -3.59E-07
X11 1.03E-04 2.09E-01 2.25E-05 1.12E-03  6.04E-04 5.57E-07 1.32E-07 6.16E-05
X12 2.87E-04  155E-01  8.56E-05  2.64E-03 1.20E-03  2.70E-06  6.63E-08 1.56E-04
X13 1.99E-05 -1.10E-02 7.23E-06 190E-04 1.07E-04 3.57E-07 2.38E-08 1.68E-05
X14 2.33E-04 1.44E-01 7.95E-05 2.18E-03  1.06E-03 2.65E-06 2.37E-07 1.58E-04
X1 X 2.02E-03  -2.50E-02  4.86E-04 -4.50E-03 -7.67E-03  5.89E-06 -1.61E-05 2.84E-03
X2 * X 1.20E-05 -9.78E-04 6.33E-06 154E-04 1.35E-04 2.20E-07 3.55E-08 1.19E-05
X3 ¥ Xs -3.03E-03  1.42E+00 -2.36E-04 -3.08E-02 4.31E-03 -3.39E-05 -1.32E-06 -1.98E-03
Xa * X 5.07E-04  -5.59E-02 5.75E-04 5.43E-03  1.82E-02 3.15E-05 7.08E-06 1.20E-03
Xs * Xs 5.84E-08 -1.28E-04 -1.11E-09 -4.85E-08 1.77E-07 -4.96E-11  -1.10E-11 4.87E-09
Xg * X 154E-03  -2.10E-01 5.37E-04 1.48E-02 9.27E-03 2.64E-05 2.94E-06 9.55E-04
X7 * X7 8.05E-05 2.71E-02 -9.27E-05 -8.16E-04 -3.80E-04 -3.83E-06 -6.33E-07 -3.23E-05
Xg * Xg -4.91E-04 481E-01 -4.06E-05 -1.55E-03 5.17E-03 1.18E-06 2.02E-06 1.80E-04
Xg * Xg 9.40E-07  -1.12E-02 1.89E-06 1.67E-05 4.35E-05 1.16E-07 4.15E-08 -2.95E-06
X0 ¥ X 1.67E-16 1.17E-13 1.98E-17 1.46E-15 -6.71E-17 9.66E-19  -3.94E-19 8.75E-17
X1 ¥ Xa 5.78E-03 2.99E+00  -2.43E-04 499E-02 -4.62E-02 -1.31E-06 -3.11E-05 1.19E-03
X1z *  Xn 2.54E-03 5.41E+00 2.50E-04 1.01E-03 3.24E-03 -1.74E-05 -4.69E-06 3.03E-04
X13 ¥ X 1.80E-05  -1.45E-02 6.33E-06 152E-04 1.27E-04 3.95E-07 4.84E-08 1.71E-05
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X * Xu -8.79E-04  4.22E+00  -7.04E-05 -1.30E-02 -2.19E-02  -5.29E-05 -1.11E-05 -8.49E-04

X1 * X 1.96E-04  -9.47E-03 7.78E-05 1.94E-03  1.82E-03 3.60E-06 3.21E-07 1.60E-04
X1 * Xs -7.20E-04  -6.92E-01  -5.71E-05 -2.04E-02 -9.76E-03  -1.16E-05 -1.34E-05 2.00E-04
X1 * X 7.68E-03  9.93E+00 1.13E-03 5.19E-02 3.71E-02 6.59E-05 1.20E-05 4.65E-03
X1 * Xs -6.65E-05 2.07E-01  -1.69E-05 -5.99E-04 1.21E-04 -2.22E-07 5.94E-08 -3.84E-05
X1 * Xe 2.28E-03  -5.09E-02 7.10E-04 1.80E-02 1.35E-02 3.53E-05 3.91E-06 1.66E-03
X1 * Xy 1.30E-03  -5.53E+00 5.83E-05 9.79E-03 -7.88E-03  -1.34E-05 -8.21E-06 6.74E-04
X1 *  Xs 1.39E-02 -1.60E+01 2.67E-04 8.03E-02 -7.44E-02 1.89E-04  -4.53E-05 6.26E-03
X1 * Xo 1.44E-04  -1.18E-01 5.74E-05 1.30E-03  1.26E-03 3.11E-06 6.97E-07 1.08E-04

X1 * X -3.85E-05 -3.00E-02  -5.48E-06 -2.63E-04 -1.94E-04 -6.81E-07 -1.90E-07 -1.56E-05
X1 * o Xu -1.35E-03  9.86E+00 3.12E-04 9.00E-03 3.14E-02  -5.28E-05 2.02E-05 -1.34E-03
X1 * o X 2.63E-03  4.07E+00 4.28E-04 5.11E-03 -1.17E-02  -2.01E-05 -1.84E-05 1.11E-03
X1 * X 1.61E-04  -4.88E-01 5.81E-05 1.18E-03 7.14E-04 5.15E-06 2.51E-07 2.14E-04
X1 * Xu 6.23E-04 6.31E-01  -2.11E-05 -9.58E-03 -2.80E-02 -1.69E-05 -2.05E-05 6.56E-04

X2 * o Xs 1.03E-04 1.29E-01 7.11E-05 1.42E-03 2.36E-03 2.12E-06 7.76E-07 1.01E-04
X2 X 1.37E-04  -7.62E-02 5.01E-05 1.50E-03 7.32E-04 2.50E-06 5.01E-08 1.11E-04
Xz * X 8.41E-04 -4.02E-01 -1.90E-04 -2.35E-03 -1.80E-03 -1.60E-06 -3.48E-06 1.23E-03
X2 * Xs 153E-04 -3.01E-02 5.76E-05 1.63E-03 9.79E-04 2.65E-06 1.72E-07 1.09E-04

2.48E-03  -9.93E-01 9.72E-04 2.58E-02 1.96E-02 5.16E-05 2.63E-06 2.41E-03

X2 * Xs -1.53E-04 4.25E-01 1.24E-04 1.74E-03 3.83E-03  -6.75E-06 1.46E-06 -1.92E-06
X2 * X 523E-06  -1.28E-02 3.39E-06 8.09E-05 2.18E-05 1.37E-07 -1.86E-09 2.14E-06
Xz * X -1.09E-06 5.06E-04 -1.07E-07 -8.46E-07 -155E-05 -3.75E-08 -1.14E-08 -1.08E-06
X2 * o Xu 9.91E-05 1.51E-02 1.82E-05 1.01E-03  8.75E-05 1.34E-06  -3.20E-07 1.00E-04
X2 * o X 1.84E-04 4.89E-02 7.80E-05 2.11E-03  1.67E-03 2.67E-06 3.47E-07 1.27E-04
Xz * X 2.00E-05 -8.03E-03 6.66E-06 2.04E-04 8.48E-05 3.19E-07 8.90E-09 1.40E-05
X2 * Xu 1.56E-04 1.50E-01 8.16E-05 1.84E-03 2.11E-03 2.20E-06 7.34E-07 1.35E-04

X3 X 5.64E-03  9.13E+00 7.07E-04 3.59E-02 3.68E-02 4.89E-05 1.59E-05 3.12E-03
X3 * X 1.11E-05 -2.56E-01 1.54E-05 6.90E-04 -1.26E-03  -7.08E-09 2.85E-07  9.36E-06
X3 * Xs 1.29E-03 7.09E-01 5.49E-04 1.18E-02 1.57E-02 2.43E-05 6.28E-06 8.61E-04
X3 * X -5.57E-03  6.97E+00 -5.22E-04 -2.52E-02 6.72E-02 1.12E-05 2.79E-05 -5.90E-03
X3 * X 8.13E-04 -5.19E+00 4.16E-04 1.19E-02 1.29E-02  -4.76E-05 5.01E-07 4.16E-03
X3 * o Xo 8.86E-05  -1.03E-01 4.71E-05 9.79E-04  1.04E-03 2.25E-06 5.68E-07 5.67E-05

X3 * X -4.05E-05 -1.64E-02 -5.25E-06 -2.67E-04 -1.44E-04 -7.46E-07 -1.62E-07 -1.89E-05
X3 * Xn -2.78E-04  9.42E+00 3.83E-04 1.67E-02 2.90E-02  -3.01E-05 1.60E-05 -6.36E-04
X3 * Xp 2.47E-04  5.74E+00 1.16E-04  -473E-03 -5.40E-03 -5.05E-05 -1.12E-05 -1.17E-03
X3 * o Xaa 9.42E-05  -3.85E-01 4.96E-05 6.87E-04 1.19E-03 4.43E-06 5.48E-07 1.70E-04
X3 * Xu -2.02E-03  3.14E+00 -2.07E-04 -2.23E-02 -1.00E-02 -4.83E-05 -6.34E-06 -1.56E-03

X4 * Xs 3.17E-05 -1.25E-01  -1.04E-07 4.03E-05 1.78E-05 2.71E-07  -2.87E-07 1.49E-05
X4 * X 1.70E-03  1.05E+00 5.12E-04 153E-02 1.05E-02 2.36E-05 4.33E-06 8.30E-04
X4 * X -3.63E-03  2.33E+00 -2.89E-04 -150E-02 -2.35E-02  -1.92E-05 1.43E-06 -3.09E-03
X4 * X 8.13E-04 -5.19E+00 4.16E-04 1.19E-02 1.29E-02  -4.76E-05 5.01E-07 4.16E-03
X4 * X -3.68E-06  -1.06E-01 1.75E-05  -8.64E-05 4.37E-04 8.95E-07 5.18E-07 -7.06E-05

X4 * X -2.03E-05 -1.75E-02 -2.92E-06 -1.86E-04 -1.39E-05 -2.91E-07 -4.03E-08 -4.55E-06
X4 * Xu -1.06E-03  2.09E+00 -2.35E-04 -2.41E-03 -1.49E-02 -4.07E-05 -6.77E-06 -2.20E-03
X4 * X 7.43E-03  9.33E+00 1.07E-03 5.63E-02 3.26E-02 5.45E-05 5.82E-06 5.58E-03
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Xa
Xq
Xs
Xs
Xs
Xs
Xs
Xs
Xs
Xs
Xs
Xe
Xe
Xe
Xe
Xe
Xe

Xe

X7
X7
X7
X7
X7
X7
X7
Xg
Xg
Xg
Xg
Xg
Xg
Xg
Xg
Xg
Xg
Xg
X10
X10
X10

X10

X11
X11
X12

X12

X13
X14
Xs
X7
Xs

Xg

X1
X12
X13

X14

X11

X12

X12
X13
X14
X11
X12
X13
X14
X12
X13
X14
X13

X14

1.35E-04
6.27E-03
-4.89E-04
-5.32E-06
4.97E-08
-1.02E-04
-2.89E-04
1.88E-05
4.74E-05
2.23E-03
1.69E-05
1.69E-02
1.99E-03
7.28E-05
-6.24E-06
7.39E-04
2.20E-03
1.58E-04
1.82E-03
-6.60E-04
7.04E-04
-3.20E-04
-1.27E-03
2.92E-04
2.45E-03
-3.15E-04
3.04E-05
7.06E-05
-1.53E-03
-4.53E-04
5.07E-04
-1.15E-03
-8.55E-07
3.03E-05
1.60E-04
6.19E-06
1.21E-04
-2.07E-05
-3.62E-05
-1.54E-06
-3.97E-05
1.01E-03
5.25E-05
3.32E-04
1.81E-04
1.26E-03

1.34E-02
9.71E+00
-1.29E+00
4.93E-02
2.10E-02
6.00E+00
-9.90E+00
3.05E-02
1.46E-01
-1.17E+00
-1.13E-01
-5.74E+00
-5.13E-01
-8.53E-02
1.89E-03
1.53E+00
1.09E+00
-9.10E-02
1.06E+00
7.36E-01
-2.08E+00
4.78E-02
-3.16E+00
-1.24E+01
-4.99E-01
7.79E+00
1.37E-01
6.97E-02
-4.15E+00
7.87E+00
-1.14E-01
2.98E+00
-1.57E-03
-1.77E-01
-5.06E-02
-1.20E-02
-1.01E-01
5.85E-03
-2.15E-02
4.95E-04
-2.35E-02
1.12E+01
3.04E-02
9.95E+00
-3.07E-01
6.25E+00

5.27E-05
8.51E-04
-1.37E-04
-2.66E-07
-9.68E-07
-1.04E-04
-3.23E-04
-7.60E-06
-1.46E-05
-4.53E-05
8.20E-06
6.87E-03
1.12E-03
3.46E-05
7.57E-07
1.86E-04
6.82E-04
5.80E-05
6.38E-04
4.24E-05
5.51E-04
-3.25E-05
6.52E-05
2.02E-04
9.17E-04
-1.01E-04
9.66E-05
-1.66E-07
-1.30E-03
-7.15E-04
1.87E-04
2.63E-04
7.50E-08
1.63E-05
5.37E-05
3.67E-06
5.36E-05
-4.83E-07
-3.46E-06
-1.95E-07
-3.98E-06
2.95E-04
2.84E-05
4.56E-04
6.81E-05
2.02E-04

1.17E-03
4.18E-02
-1.94E-03
-5.47E-05
-4.62E-05
-2.53E-02
-7.07E-03
-4.04E-04
-6.79E-04
-5.73E-03
1.87E-04
1.65E-01
3.30E-02
8.18E-04
-1.22E-05
7.81E-03
1.99E-02
1.49E-03
1.66E-02
-6.12E-03
9.76E-03
-1.90E-03
-1.91E-03
1.37E-03
2.26E-02
5.36E-03
2.70E-03
6.65E-04
-7.31E-02
-6.67E-03
7.06E-03
8.32E-03
-1.04E-05
4.47E-04
1.79E-03
6.67E-05
1.37E-03
-1.19E-04
-2.21E-04
-3.27E-06
-2.56E-04
2.77E-02
3.14E-04
1.93E-02
1.94E-03
7.70E-04

9.24E-04
3.06E-02
-3.40E-03
5.54E-05
8.76E-05
2.12E-02
-1.32E-02
7.06E-04
6.58E-04
1.36E-02
1.22E-03
1.35E-01
1.01E-02
4.13E-04
8.64E-06
6.45E-03
1.14E-02
9.16E-04
1.04E-02
-6.35E-03
5.51E-03
-6.38E-04
-3.02E-02
1.10E-02
1.59E-02
-8.09E-02
3.88E-04
-8.17E-04
7.48E-02
-1.57E-02
-3.32E-04
3.79E-03
1.07E-05
-4.05E-04
3.60E-04
6.35E-05
5.86E-04
9.89E-05
-1.53E-04
-1.39E-05
-1.44E-04
1.92E-02
9.82E-04
2.57E-02
1.91E-06
-1.36E-02

2.18E-06
4.63E-05
5.45E-06
-1.56E-07
-4.88E-10
-5.43E-06
-6.36E-05
-1.45E-06
-3.35E-06
-2.76E-05
2.61E-06
3.42E-04
8.22E-06
1.58E-06
-2.21E-07
5.91E-06
2.31E-05
2.93E-06
2.33E-05
5.74E-06
2.17E-05
-8.05E-06
9.25E-06
4.49E-05
3.74E-05
-3.79E-05
-3.48E-06
-1.14E-07
1.23E-04
-6.60E-05
1.32E-06
-1.21E-04
1.18E-08
1.23E-06
1.84E-06
2.00E-07
2.15E-06
-3.65E-07
-7.32E-07
-4.30E-08
-7.07E-07
-4.02E-05
1.14E-06
-2.85E-05
2.95E-06
-4.75E-05

4.95E-07
1.14E-05
8.29E-06
8.78E-10
-4.37E-08
2.19E-05
-3.30E-05
2.09E-07
3.17E-07
1.21E-05
-1.81E-07
4.54E-05
-1.49E-06
1.89E-07
-2.70E-08
2.56E-06
2.96E-06
2.81E-07
4.40E-06
-3.41E-06
3.90E-06
-1.12E-06
-1.65E-05
8.86E-06
4.52E-06
-1.30E-05
-5.41E-07
-5.50E-07
4.44E-05
1.77E-05
-2.16E-06
7.27E-06
5.17E-09
-1.38E-07
4.56E-08
3.58E-08
2.91E-07
3.01E-08
-1.85E-07
-9.83E-09
-1.75E-07
1.20E-05
4.37E-07
1.64E-05
-3.91E-07
-1.21E-05

5.41E-05
4.22E-03
-1.04E-04
-9.36E-06
3.11E-06
-3.05E-03
-1.39E-03
-4.08E-05
1.64E-06
1.15E-03
-5.59E-06
1.28E-02
1.97E-03
2.76E-05
-3.41E-06
4.40E-04
1.10E-03
1.26E-04
1.11E-03
-5.51E-04
7.98E-06
-1.63E-04
1.83E-03
1.41E-03
2.29E-03
9.28E-04
9.71E-05
-4.83E-05
8.01E-03
-1.26E-02
5.45E-04
-3.41E-03
3.40E-07
-3.68E-05
8.02E-05
4.06E-06
8.38E-05
-6.47E-06
-1.23E-05
-1.20E-06
-1.14E-05
-1.12E-03
1.04E-04
-3.32E-04
1.63E-04
-5.09E-04
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X1z * Xu 1.40E-04  -3.67E-01 5.52E-05 1.22E-03  2.54E-04 3.98E-06 5.89E-08 1.90E-04
c 2.45E-05  -1.11E-03 8.36E-06 2.42E-04 1.24E-04 3.82E-07 1.50E-08 1.72E-05
r? 0.631 0.615 0.28 0.462 0.431 0.884 0.549 0.738

Table 6. The x and y variables, their coefficient and determination coefficient of equations belonging non-linear models yielded from the

data collected Station 3

Y1 y2 VE Ya Ys Yo y7 Vs
X1 -9.25E-02 -9.72E-02 6.99E-04 -7.34E-03 -2.17E+00 3.63E-04 4.11E-04 -1.44E-03
X2 -1.68E-02 -1.11E-01 1.02E-05 -1.51E-01  8.03E-01 6.62E-04 -3.99E-05 -8.80E-05
X3 -8.95E-02 -1.90E-01 1.40E-03 -3.51E-01 -3.20E-01 1.83E-03 2.76E-04 -5.30E-05
Xa 7.57E-03 4.91E-01 -1.08E-03 8.25E-01 -4.29E+00 -1.82E-03 -1.39E-04 -2.76E-03
Xs 3.54E-01 2.29E-01 2.17E-02 -2.10E-01 9.08E+00  -6.64E-03 5.68E-04 -4.20E-03
Xg -3.27E-02 -2.90E-01 1.25E-03 -3.64E-01  1.79E+00 6.83E-04 1.33E-04 -7.51E-04
X7 6.70E-02 -1.64E+00 1.07E-02 -1.68E+00 1.70E+01 417E-03 2.05E-04 -1.49E-02
Xsg -1.39E-01 -3.90E-01 -3.79E-03 -1.26E-01  5.56E-01 3.64E-03 -2.64E-04 -6.33E-03
Xo -7.31E-03 -6.42E-02 1.44E-04 -7.39E-02  4.07E-01 1.31E-04 1.59E-05 -1.49E-04
X10 -1.78E-03 -4.52E-03 4.30E-05 -3.71E-03  -4.22E-02 8.50E-06 1.01E-05 -2.80E-05
X11 1.55E-02 1.55E-01 1.06E-04 1.95E-01 -1.33E+00 -7.64E-04 1.01E-04 5.43E-05
X12 2.41E-02 8.36E-01 3.88E-03 5.78E-01 -5.72E+00  -1.45E-03 -6.59E-05 5.45E-03
X13 -2.32E-02 -1.53E-01 2.10E-07 -1.33E-01  6.39E-01 3.11E-04 4.34E-05 -6.12E-04
X14 -6.31E-02 -4.62E-02 1.63E-03 -1.78E-01 -6.89E-01 1.28E-03 5.03E-05 1.20E-03
X1 * X 1.61E-02 -5.96E-01 2.33E-03 -8.01E-01  4.77E+00 1.27E-03 -5.23E-04 -2.49E-04
X2 X -5.16E-03 -3.13E-02 2.13E-03 4.03E-02 -1.20E+00  -2.02E-03 5.53E-04 2.30E-04
X3 * Xg 1.32E+00 5.01E+00 1.10E-02 480E+00 -1.40E+01 -2.18E-02 4.37E-04 1.44E-02
Xe  * X -7.43E-02 -1.86E-01 -6.30E-04 -3.84E-01  1.92E+00 3.75E-03 -4.79E-04 -1.65E-03
Xs * X 5.19E-04 3.53E-02 -6.10E-05 2.09E-02 -2.50E-01 2.53E-04 -1.41E-05 1.39E-04
Xe ¥ X -2.30E-01 -1.56E+00 4.75E-03 -2.29E+00  9.65E+00 7.20E-03  3.69E-04 -2.08E-03
X7 *o Xy -1.14E-02 -3.71E-02 5.94E-05 -1.01E-02 -3.31E-02  -1.74E-04 2.95E-05 -1.74E-04
Xg * o Xg -1.66E-04 1.88E-03 7.42E-06 2.17E-03  -1.55E-02 1.49E-06 -4.24E-06 2.19E-05
Xo * Xg 4.40E-02 -1.60E-01 -2.54E-04 -8.42E-02 2.71E+00  -1.80E-03 -1.59E-04 -7.41E-04
X0 ¥ X -2.14E-12 -1.66E-11 -4.40E-15 -1.15E-11  6.82E-11 4.88E-15 5.04E-15 -7.99E-14
X1 *  Xa -1.04E-01 3.47E-01 -3.65E-03 3.47E-01 -5.51E+00 5.27E-03 -2.19E-04 -2.33E-03
X2 ¥ X 2.63E-02 -4.74E-01 -4.86E-04 -6.64E-01 2.92E+00 8.18E-03 -6.12E-04 2.86E-03
X1z ¥ Xis -7.60E-02 -4.52E-01 6.99E-04 -3.65E-01  1.48E+00 1.73E-04 2.71E-04 -2.27E-03
X4 *  Xu 5.02E-01 7.79E+00 2.85E-04 551E+00 -6.26E+01  -6.75E-03 2.99E-03 2.16E-02
X1 * X 4.95E-01 1.46E+00 -2.15E-02 2.95E+00 -8.61E+00  -1.04E-03 -1.33E-03 -2.46E-02
X1 * o Xs -2.70E-01 1.57E+00 6.81E-03 1.76E+00 -1.70E+01 7.31E-04 3.08E-04 -2.93E-03
X1 X 1.62E-02 -1.97E-01 -2.51E-03 3.38E-01 8.83E-01 -2.03E-04 -5.84E-04 1.54E-03
X1 *  Xs 6.89E-02 1.06E-01 -6.15E-04 5.16E-02 -1.38E-02 -1.61E-04 -1.09E-05 1.63E-03
X1 * Xe 3.98E-01 1.90E+00 -1.99E-02 2.33E+00 -1.71E+00  -4.61E-03 -1.84E-03 7.49E-03
X1 * X7 -8.49E-02 -2.90E-01 1.13E-03 -2.09E-01 1.12E+00 -2.79E-04 1.82E-04 -2.66E-03
X1 *  Xg 1.61E-01 -2.50E-01 2.86E-03 -5.33E-02  9.52E-01  -4.23E-03 1.90E-03 4.48E-04
X1 * X -4.33E-02 8.75E-01 1.05E-02 2.62E+00 -2.92E+01  -1.95E-02 6.10E-03 -8.63E-03
X1 % Xpo -3.82E-02 -6.60E-02 3.86E-04 -2.27E-01  -8.65E-01 2.18E-03 1.77E-04 -1.98E-04
X1 * Xn -7.42E-01 -3.50E+00 8.04E-03 -3.92E+00 1.26E+01 5.95E-03 -1.60E-03 -2.85E-02
X1 * X 3.10E-01 1.65E+00 -1.01E-02 9.55E-02  6.17E-01 7.31E-03 -2.21E-03 3.97E-03
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X1 X13 -3.95E-01  -5.50E+00  -1.58E-02  -7.53E+00 5.53E+01  4.25E-02 -6.42E-03 -1.58E-02
X1 X14 -7.67E-01  -1.04E+00 7.04E-03 6.11E-01 -1.33E+01  -6.30E-04 2.64E-03 1.73E-03
X2 X 3.48E-01 242E+00  -2.76E-03 3.15E+00 -1.94E+01 -9.70E-03 8.19E-04 -4.57E-03
X2 X4 -1.12E-01  -8.62E-01 262E-03  -1.23E+00 1.14E+00  2.86E-03 5.05E-04 -9.51E-04
X2 Xs 5.12E-01 271E+00  -8.17E-03 514E-01 1.79E+00  8.45E-03 -2.13E-03 3.04E-02
X2 Xs -5.14E-02  -453E-01  -8.31E-04  -7.41E-01 527E+00  3.67E-03 -6.64E-04 8.78E-04
% % -8.30E-01  -5.62E+00 150E-02  -2.17E+00 7.80E+00 -1.27E-02 3.79E-03 -4.08E-02
X2 Xe 3.86E-01 8.33E-01  -2.98E-03  -221E+00 290E+01  2.05E-02 -6.80E-03 1.98E-02
X2 X -3.78E-02  -3.46E-01  -1.66E-03  -5.01E-01 3.72E+00  3.14E-03 -5.02E-04 -2.20E-04
X2 X10 -2.76E-02  -141E-01  -502E-05  -1.28E-01 4.66E-0L  4.35E-04 2.62E-05 -5.01E-04
X2 Xu 9.27E-02 5.25E-01  -6.37E-05 430E-01 -1.12E+00 -1.11E-03 -3.65E-04 3.29E-03
X2 X12 -2.29E-01 6.43E-01  -7.68E-03 211E+00 -2.67E+01  3.90E-03 2.94E-03 -2.17E-02
X2 X13 4.28E-02 1.36E-01 3.80E-04 1.16E-01 1.02E-01 -1.07E-03 -1.19E-04 1.03E-03
X2 X1 1.71E-01 7.81E-01  -7.41E-03 1.11E+00 -559E+00  2.25E-03 -3.51E-04 -6.85E-03
X3 Xa 2.10E-01 2.38E+00 8.78E-03 4.85E-01 -120E+01 -3.45E-03 -1.18E-03 -6.96E-03
X3 Xs -125E-01  -9.93E-01  -8.06E-04  -6.80E-01 455E+00  7.92E-04 5.20E-04 -6.11E-03
X3 Xs -477E-01  -1.07E+00 249E-03  -2.06E+00 -5.92E-01  1.04E-02 132E-03 3.38E-03
X3 X7 8.01E-02 1.18E+00 3.38E-04 7.68E-01 -7.56E+00  3.63E-04 -8.12E-04 8.14E-03
X3 Xe -1.47E-01 1.36E-01  -6.33E-03  -4.84E-01 253E+00  5.83E-03 -2.13E-03 -4.21E-04
X3 Xo -7.99E-02  -4.77E-01 6.94E-04  -6.77E-01 -2.29E-01  1.67E-03 1.16E-03 -8.30E-04
X3 X10 1.25E-02  -3.53E-03 8.97E-05 159E-01 -1.16E+00 -1.27E-03 2.96E-04 -1.43E-03
X3 Xu 1.47E-01 3.09E-01 1.04E-02 3.96E-01 -4.37E-01 -1.12E-02 -9.78E-05 -2.60E-03
X3 X12 -6.53E-01  -3.12E+00 141E-02  -157E+00 -1.19E+00 -8.89E-03 7.63E-03 -9.81E-03
X3 X13 -2.83E-02  -1.73E+00  -7.82E-03  -2.71E+00 2.22E+01  157E-02 -3.00E-03 -3.70E-03
X3 X1 740E-01  -257E+00  -2.96E-02  -2.72E+00 6.26E+01  178E-02 -9.69E-03 6.72E-03
X4 Xs -6.38E-03  -1.40E-01  -8.88E-05  -6.99E-02 -1.30E-01  1.70E-04 1.72E-04 -1.09E-03
Xa X6 1.60E-01 481E-01  -2.31E-02 8.57E-01 1.95E+01  9.31E-03 -5.90E-03 -1.32E-02
Xa X7 2.71E-02 2.02E-01 1.11E-03 152E-01 -8.71E-01 -148E-03 1.37E-04 2.33E-03
Xa Xs -1.47E-01 1.36E-01  -6.33E-03  -4.84E-01 253E+00  5.83E-03 -2.13E-03 -4.21E-04
X4 Xq -7.24E-01  -1.16E-02 8.53E-03 151E+00 -3.60E+01  2.75E-05 5.89E-03 -1.64E-02
Xa X10 -154E-01  -6.16E-01 3.07E-03  -511E-01 -112E+00  155E-04 7.78E-04 -2.15E-03
X X1 3.70E-01  -839E-01  -4.72E-02 244E+00 2.35E+01  -8.56E-03 -9.75E-03 -2.39E-02
Xa X12 2.55E-01 1.18E+00 2.59E-03 1.38E+00 -9.05E+00 -1.08E-02 2.06E-03 6.57E-03
Xa X13 4.67E-01 7.98E+00 1.16E-03 7.63E+00 -7.05E+01  -5.31E-03 2.30E-03 1.96E-02
X4 X14 -8.10E-01  -3.74E+00  -6.17E-03  -3.63E+00 2.82E+01  2.55E-02 -2.80E-03 -3.46E-03
Xs X6 -3.22E-01  -2.78E+00 3.08E-03  -143E+00 1.26E+01 -1.59E-02 597E-04 -4.53E-03
Xs X7 6.68E-03  -1.15E-02  -5.71E-05  -1.74E-02 3.78E-01  -2.30E-04 -2.50E-05 2.40E-05
Xs Xs -3.71E-04 3.58E-02 2.53E-04 2.84E-02 -142E-01  6.20E-04 4.85E-05 -1.03E-04
Xs Xo 8.97E-01 5.78E+00 4.38E-03 5.88E+00 -2.68E+01  -2.69E-02 -1.84E-03 257E-02
Xs X10 -1.89E-02  -7.12E-01 1.40E-02 1.04E-01 -545E+00 -1.20E-02 2.44E-03 -5.88E-03
Xs Xu1 -2.37E-01  -256E-01  -4.65E-03  -7.07E-01 3.39E+00  7.31E-03 -1.18E-03 1.79E-02
Xs X12 6.01E-02 5.86E-01 6.26E-04 499E-01 -2.88E+00 -4.54E-04 -2.76E-04 2.12E-03
Xs X13 5.33E-01 6.22E+00 1.47E-02 492E+00 -4.44E+01  158E-03 3.19E-03 1.83E-02
Xs X14 -8.09E-02  -3.81E-01 161E-03  -3.49E-01 7.00E-01 -5.13E-05 4.92E-04 -6.17E-03
X6 X7 4.51E-01 425E+00  -1.36E-03 2.61E+00 -2.36E+01  2.28E-02 -1.98E-04 6.18E-03
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Xs *  Xg 1.30E-01 1.06E+00 2.41E-03 1.01E-01 -1.59E+00 5.97E-03 1.48E-03 -4.44E-03
Xs * Xo -1.11E-01 -6.82E-01 1.39E-03 -6.87E-01  2.66E+00 1.05E-03 4.42E-04 -2.80E-03
Xs * X -3.37E-02 -2.72E-01 8.18E-06 -4.23E-01 2.81E+00 2.03E-03 -2.60E-04 8.12E-04
Xs * Xu 2.37E-01 1.67E+00 -3.01E-03 1.74E+00 -8.41E+00 -3.97E-03 -3.40E-04 4.01E-03
Xs * X 2.65E-01 3.44E+00 3.66E-03 149E+00 -5.56E+00  -2.82E-03 -4.69E-03  3.59E-02
Xs * o Xas -1.50E-01 -1.02E+00 -3.08E-04 -9.98E-01 5.14E+00 3.00E-03 1.36E-04 -2.50E-03
Xs * X -5.03E-01 -8.57E-01 -2.64E-03 -1.67E+00  2.23E+00 1.48E-02 -1.76E-03 8.75E-03
X7 * Xs -8.01E-03 -4.91E-02 -3.12E-04 -2.06E-02  2.87E-02  -8.97E-04 -1.78E-04 4.70E-04
X7 * Xo -1.41E+00 -9.58E+00 -8.75E-03 -1.01E+01  4.99E+01 4.92E-02 2.02E-03 -4.37E-02
X7 * X -1.13E-01 3.39E-01 -2.33E-03 -6.51E-01  9.37E-01 1.28E-02 -2.77E-03  6.56E-03
X7 * o Xu 3.93E-01 4.50E-01 5.98E-03 1.00E+00 -6.30E+00  -1.02E-02 2.77E-03 -2.05E-02
X7 * X -6.90E-02 -7.58E-01 -1.37E-03 -5.93E-01  3.46E+00 4.31E-04 4.86E-04 -3.99E-03
X7 * Xz -6.76E-01 -8.34E+00 -1.65E-02 -5.66E+00 5.85E+01  -1.71E-02 -3.48E-03 -2.13E-02
X7 * Xu 1.44E-01 2.86E-01 -1.32E-03 2.46E-01 1.49E+00 3.79E-04 -5.99E-04 6.62E-03
Xg * Xe 5.56E-01 6.09E+00 -1.95E-02 3.63E+00 -1.62E+01 2.05E-02 -7.45E-03 2.94E-02
Xg * X -7.65E-02 -8.26E-01 2.54E-03 -5.99E-01 3.60E+00  -1.31E-03 7.55E-04 -3.66E-03
Xg * Xn -1.71E-01 -5.17E+00 -2.62E-03 -2.46E+00 3.83E+01 1.66E-03 1.53E-03 -4.56E-02
Xg * Xp -1.46E-01 1.31E-01 -3.36E-03 -1.97E-01  1.08E+00 6.95E-03 -1.59E-03 -2.91E-03
Xg * X -1.30E-01 -2.33E+00 3.56E-03 -2.80E+00 1.19E+01 1.03E-02 3.05E-03 -1.21E-02
Xg * Xu 2.91E-01 -6.73E-01 1.13E-02 1.11E+00 -7.28E+00  -2.16E-02 4.69E-03  3.02E-03
Xg * X 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00
Xg * Xn 8.74E-02 1.56E-01 -3.42E-03 1.08E-01  3.09E+00 1.28E-03 -9.42E-04 9.86E-04
Xg * Xp 1.70E-01 1.77E+00 7.73E-03 1.19E+00 -2.00E+01 1.05E-03 2.64E-03 1.50E-02
Xg * o X3 2.77E-02 1.05E-01 -9.91E-04 6.92E-02  4.90E-01 2.64E-04 -1.65E-04 6.18E-04
Xg * X 2.19E-01 1.44E+00 -9.89E-04 7.47E-01 -5.51E+00 3.36E-03 -6.85E-04 1.17E-02
X ¥ Xu -7.11E-02 -1.94E-01 5.76E-04 -1.17E-01 -1.04E+00 4.05E-04 2.99E-04 -1.73E-03
X0 ¥ X -1.41E-01 -5.52E-01 -2.90E-05 -6.50E-01  1.62E-01 4.19E-03 2.56E-04 -2.19E-03
X0 ¥ X 7.18E-04 5.31E-02 -1.24E-04 3.79E-02 -3.24E-01 1.74E-04 -3.74E-05 2.38E-04
X0 ¥ Xu 1.03E-02 9.05E-02 -1.58E-04 7.33E-02 -9.60E-01 5.99E-04 -3.60E-05 -2.44E-04
X  * X 6.21E-02 4.60E+00 2.15E-02 3.57E+00 -2.66E+01  -8.62E-03 -2.62E-03 7.09E-03
X ¥ X 8.35E-02 6.27E-01 -5.51E-04 6.51E-01 -4.80E+00 -1.07E-03 2.85E-04 1.88E-04
X * Xu -5.65E-02 2.29E+00 1.36E-02 2.67E+00 -3.08E+01  -1.31E-02 3.53E-03 -6.89E-03
X2 * X -5.49E-01 -4.43E+00 -2.42E-02 -7.08E+00 4.28E+01 5.70E-02 -7.31E-03 -4.98E-03
X2 *  Xu -4.07E-01 -2.96E+00 3.42E-03 -1.25E+00 1.75E+01  -1.69E-02 -1.54E-03 -1.32E-02
X1z * Xu -1.33E-01 -1.22E+00 -1.05E-02 -2.32E+00  1.42E+01 2.22E-02 -3.01E-03 -8.78E-04

c -4.00E-03 -4.16E-02 2.12E-04 -4.86E-02  2.63E-01 6.20E-05 2.17E-05 -1.46E-04

r? 1 1 1 1 1 1 1 1

Table 7. The x and y variables, their coefficient and determination coefficient of equations belonging non-linear models yielded from the
data collected Station 4

Y1 y2 Ys Ya Ys Ye y7 Ys
X1 -2.26E-01 -1.64E+00 2.24E-03 -1.17E+00  3.24E+00  -2.14E-03 1.83E-03 -2.47E-02
X2 4.55E-03 1.26E-01 -6.58E-04 -1.84E-02 3.07E+00 8.01E-05 -9.87E-05 3.25E-03
X3 -1.04E-01 -3.16E-01 2.48E-03 -5.24E-01  -2.94E+00 -5.87E-04 1.06E-03 -9.22E-03
X4 1.86E-02 9.83E-01 2.89E-03 -1.02E-01  3.38E+00 4.07E-03 -1.18E-03 -2.83E-03
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X1
X2
X3
Xq
Xs
Xs
X7

Xs

X10

X1

X1
X2
X3
Xq
Xs
Xe
X7
Xg
Xg
X10

X1

X12
X3
X14

X3

Xs

Xe

X7

Xg

X10

-2.05E-01
1.99E-02
-1.18E-01
1.07E-02
-2.75E-03
4.06E-04
-6.74E-03
2.66E-02
-1.87E-03
-3.12E-02
3.28E-02
3.27E-02
3.92E-01
-6.44E-02
1.85E-04
1.93E-01
-3.13E-03
6.85E-05
-4.17E-02
2.99E-12
4.17E-01
2.20E-01
-6.24E-02
4.73E-01
3.30E-03
-5.35E-01
4.57E-02
-2.35E-02
-7.81E-01
5.25E-02
3.12E-02
2.46E-01
5.34E-02
4.07E-01
3.33E-01
3.22E-01
1.29E-01
1.69E-01
-4.44E-02
1.01E-01
5.35E-02
-2.23E-01

2.28E-01
1.94E-02
-6.14E-03

-2.42E+00
-2.82E-01
-2.36E+00
2.51E+00
5.98E-02
3.36E-02
7.57E-02
-7.23E-01
-1.37E-01
-1.39E+00
-1.48E+00
1.17E+00
2.73E+00
-1.25E+00
1.18E-02
-2.49E+00
6.42E-03
4.53E-04
-1.17E-01
-9.47E-11
5.03E+00
7.09E-01
-1.30E+00
1.89E-03
1.43E+00
6.95E-01
1.39E+00
-4.03E-02
-4.59E+00
1.41E-01
1.73E-01
-1.82E-01
7.40E-01
6.71E+00
3.93E+00
5.30E+00
-2.80E+00
3.04E+00
2.95E+00
-2.67E+00
1.73E+00
1.11E+00

6.93E+00
8.54E-01
4.12E-01

5.62E-03
-6.67E-04
-3.58E-03
5.00E-03
-2.97E-05
5.62E-05
1.20E-03
3.70E-04
-1.22E-04
1.41E-03
4.86E-03
-3.83E-03
2.96E-02
-2.98E-03
-5.79E-05
-2.42E-03
4.31E-05
4.58E-06
-9.91E-04
3.75E-13
-2.00E-03
1.81E-02
9.12E-04
-71.22E-03
-2.95E-03
-6.75E-03
-1.31E-02
-1.59E-04
-9.75E-03
6.20E-04
2.46E-03
1.21E-02
-1.55E-03
1.06E-02
-5.08E-03
3.00E-02
-5.84E-05
-2.88E-03
9.75E-03
-1.23E-02
-4.45E-03
2.12E-02

-1.78E-02
-7.37E-04
-6.97E-05

-1.46E+00
-2.72E-02
-9.82E-01

8.40E-01
9.39E-05
5.70E-03
1.69E-01
-5.97E-01
-7.55E-03
-3.66E-01
-1.55E-01
-9.94E-03
5.66E+00
-1.58E-01
5.34E-03
1.45E-01
-1.92E-02
4.46E-04
-5.59E-02
3.96E-11
9.66E-01
2.23E+00
-2.64E-01
3.49E+00
-1.76E-01
-2.69E+00
3.50E-01
-8.83E-02
-4.01E+00
2.75E-01
3.58E-01
1.65E+00
1.34E-01
1.15E+00
2.02E+00
2.67E+00
-8.04E-01
7.09E-01
4.55E-01

-1.77E+00
-6.18E-02
2.23E+00

7.87E-01
1.12E-01
-1.22E-01

7.97E+01
9.95E+00
8.18E+01
-1.78E+01
4.09E-01
-2.31E-01
-7.20E+00
3.47E+00
1.58E+00
1.20E+00
-1.56E+00
1.45E+01
-1.16E+02
9.74E+00
2.15E-02
5.36E+01
-2.04E-01
-1.51E-02
2.91E+00
-1.53E-09
1.45E+01
-6.85E+01
-8.94E-01
-6.30E+00
2.48E+01
5.47E+00
2.93E+01
-1.26E+00
8.13E+01
-9.89E-01
-1.07E+01
-5.55E+01
3.80E+00
-2.13E+01
1.38E+01
-1.10E+02
-9.04E+00
1.58E+01
-3.98E+01
5.92E+01
2.03E+01
-9.92E+01

7.82E+01
2.31E+00
8.71E-01

-7.82E-04
1.07E-03
-2.67E-03
8.31E-04
-2.37E-05
2.68E-05
-5.90E-04
1.97E-03
-3.36E-05
3.30E-04
3.64E-03
6.95E-05
8.14E-03
-1.48E-03
-5.87E-05
9.48E-03
6.30E-05
5.31E-06
-1.19E-03
4.94E-14
1.11E-02
7.30E-03
-8.85E-04
5.78E-05
6.34E-03
-9.67E-03
-9.63E-04
-9.71E-04
-1.01E-02
1.19E-03
-1.35E-04
1.86E-03
2.36E-04
1.59E-02
7.33E-03
1.42E-02
1.36E-04
6.19E-03
5.88E-04
-1.48E-03
1.60E-03
1.75E-03

2.30E-03
2.49E-04
3.17E-04

1.45E-03
-7 46E-04
4.24E-04
5.88E-05
1.53E-05
5.10E-06
3.48E-04
2.56E-04
-8.59E-05
2.18E-04
-1.69E-03
-2.98E-04
-3.70E-03
-2.95E-04
3.96E-06
-6.30E-03
-1.64E-05
-2.69E-06
2.46E-04
-1.55E-14
-4.52E-03
-1.32E-03
3.40E-04
-5.05E-03
-3.90E-03
7.47E-03
-7.58E-04
4.41E-05
3.98E-03
-1.64E-04
8.51E-04
8.44E-04
-2.37E-04
-1.27E-03
-3.68E-03
-2.42E-03
9.10E-04
-3.58E-03
1.48E-03
-2.60E-04
-9.52E-04
1.82E-03

-1.56E-03
-5.13E-05
6.42E-05

3.88E-02
5.47E-03
3.82E-02
1.29E-02
6.75E-04
1.09E-04
-5.57E-04
-1.59E-02
1.05E-03
-1.40E-02
-9.62E-03
2.19E-02
-5.90E-02
-1.52E-03
1.70E-04
2.52E-02
-5.36E-04
-7.20E-07
2.74E-04
-1.64E-12
4.90E-02
-8.78E-03
-1.54E-02
2.35E-02
3.47E-02
-1.00E-02
3.94E-02
-1.76E-03
-1.66E-02
1.38E-03
-4.09E-03
-1.90E-02
1.21E-02
7.15E-02
3.95E-02
-2.59E-02
-8.68E-03
4.57E-02
-1.39E-02
1.75E-02
2.80E-02
-6.01E-02

1.01E-01
1.08E-02
1.22E-03
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Xz * Xu 6.38E-02 2.12E-01 -5.85E-03 1.29E-01 1.88E+01  -1.06E-03 -6.19E-04 2.33E-02
Xz * o X 1.22E-01 8.19E+00 -2.17E-02 -5.27E-01 7.78E+01 3.21E-03 -3.04E-03 1.39E-01
Xz * X 3.13E-02 2.94E-01 -1.88E-03 5.24E-02 8.07E+00 1.87E-04 -3.14E-04 1.03E-02
Xz * o Xu 1.42E-01 3.37E+00 -8.85E-03 3.41E-01 3.36E+01 4.25E-03 -3.47E-03 6.33E-02
X3 * X -1.96E-01 4.09E-01 2.95E-02 2.24E+00  -1.12E+02  -4.28E-03 2.83E-03 -8.76E-02
X3 * Xs 3.22E-02 -4.27E-01 1.82E-03 5.75E-02  -1.84E+00 3.91E-04 2.43E-04 -1.45E-03
X3 * Xe -2.42E-01 2.39E-01 4.81E-03 -1.23E+00  -5.25E+00  -1.18E-03 2.31E-03 2.54E-03
X3 * X -3.89E-02 5.15E-01 -5.21E-03 -3.35E-01 1.20E+01  -6.49E-05 -5.14E-04 8.06E-03
X3 * Xg -7.65E-03 1.68E-01 -1.34E-03 -1.20E-01 3.35E+00 2.43E-05 -5.54E-04 1.67E-03
X3 * X 1.44E-01 6.01E-01 1.19E-02 1.25E+00  -5.30E+01 1.70E-03 1.03E-03 -1.88E-02
X3 * X 8.79E-03 1.53E-01 -4.23E-03 -1.71E-01 147E+01  -1.21E-03 -4.94E-05 1.44E-02
X3 * Xn 3.98E-01 -4.55E+00 2.74E-04 1.43E+00  -3.94E+00 4.88E-03 -3.10E-03 -1.33E-02
X3 * X -1.70E-01 -5.82E+00 -5.70E-03 -1.32E+00 2.87E+01  -1.15E-02 1.85E-03 -5.61E-03
X3 * X 3.49E-01 6.87E+00 1.89E-02 2.29E+00  -6.91E+01 1.22E-02 -2.51E-03 2.54E-02
X3 * Xu 8.03E-02 3.92E+00 -1.71E-02 -2.28E+00 8.23E+01 3.19E-03 -2.85E-03 8.59E-02
X4 * Xs 1.90E-02 -1.95E-01 -5.47E-04 -3.94E-02 1.42E+00 4.14E-05 -5.89E-05 -9.54E-04
X4 * X 1.46E-01 9.87E-01 3.14E-03 -8.39E-01 1.02E+02 2.59E-02 -1.16E-02 -1.05E-02
X4 X -2.44E-02 3.48E-01 1.12E-03 6.55E-02  -5.69E+00  -5.50E-04 4.95E-04 1.51E-03
X4 * Xs -7.65E-03 1.68E-01 -1.34E-03 -1.20E-01 3.35E+00 2.43E-05 -5.54E-04 1.67E-03
X4 * X -2.17E-01 2.66E+00 -5.90E-03 -5.35E-01 2.28E+01  -4.27E-03 1.70E-03  3.01E-02
Xq * X 5.05E-02 6.61E-01 -4.12E-03 1.71E-01 155E+01  -3.47E-04 -4.01E-04 2.25E-02
X4 * Xn 3.82E-02 -4.39E+00 -5.98E-02 9.47E-01 1.96E+02  -2.25E-02 -6.60E-04 2.38E-01
X4 * X 5.52E-02 4.27E-01 -9.99E-04 7.40E-01 -2.32E+01 -6.47E-03 3.83E-03 5.51E-03
X4 * X 4.15E-02 -7.72E+00 2.31E-02 9.56E-01  -8.99E+01 3.32E-03 -1.06E-03 -1.22E-01
X4 * o Xu 1.30E-02 -1.49E+00 -3.15E-03 -2.84E+00 6.52E+01 1.35E-02 -6.64E-03 1.19E-02
Xs * X -1.02E-01 9.20E-01 9.10E-03 -2.85E-01  -3.42E+01 5.08E-03 -7.81E-04 -2.83E-02
Xs X 2.18E-03 -2.68E-02 1.19E-06 -1.37E-03 2.04E-01 1.02E-04 -7.54E-06 -9.35E-07
Xs * Xg -5.55E-03 -1.85E-02 1.77E-06 2.79E-02 3.98E-01  -7.59E-05 1.98E-05 1.14E-03
Xs5 * X -4.21E-01 -2.57E+00 -5.66E-03 -1.81E+00 141E+01  -6.73E-03 1.75E-03 -2.87E-02
Xs * X 6.06E-02 -1.95E+00 -1.14E-02 1.14E-01 408E+01  -4.99E-03 -8.23E-04 3.98E-02
Xs5 * Xn -2.16E-03 3.43E-01 6.03E-03 3.58E-01  -2.34E+01 3.86E-03 -5.80E-04 -1.77E-02
Xs5 * X 2.83E-03 1.06E+00 2.04E-03 2.88E-01 -8.97E+00 -4.73E-05 -3.36E-04 1.38E-03
Xs5 * X 1.69E-01 2.74E+00 -2.53E-02 4.50E-01 8.15E+01  -4.30E-03 -1.72E-03  4.84E-02
Xs5 * X -5.45E-03 -1.15E+00 -4.22E-03 -2.51E-01 1.65E+01  -1.12E-04 5.05E-04 4.33E-03
Xs * Xy 2.00E-01 3.07E-01 -8.02E-03 1.41E+00 1.90E+01  -9.51E-03 1.28E-03 3.93E-02
Xs * Xg -1.05E-01 -1.30E+00 3.79E-03 -1.02E-01  -2.60E+01  -6.27E-03 4.01E-03 -3.13E-02
Xs * Xg -5.91E-02 -9.13E-02 1.75E-03 -5.66E-02  -4.75E+00  -4.09E-04 3.90E-04 -7.18E-03
Xs * X 1.93E-03 3.84E-01 -8.90E-04 -2.69E-02 3.40E+00 6.29E-05 4.74E-07 3.96E-03
Xs * Xn 6.89E-02 2.09E+00 7.27E-03 1.81E+00 -5.33E+01  -2.96E-03 1.66E-03 1.52E-02
X6 * X 7.83E-01 1.35E+00 -2.03E-02 -1.54E+00 5.08E+01 1.63E-02 -2.96E-03 -8.18E-03
X6 * o X -2.58E-02 -2.20E+00 2.62E-03 1.17E-01  -3.12E+00  -4.14E-04 -4.73E-04 -1.15E-02
Xs * o Xu 2.40E-01 -3.39E+00 -4.66E-03 -3.26E-01 2.06E+01 5.47E-03 -2.42E-03 -7.96E-03
X7 * Xg 1.09E-02 9.73E-02 -2.25E-05 -3.54E-02 -3.34E-01 3.49E-04 -1.66E-04 -1.06E-03
X7 * Xg 7.53E-01 3.74E+00 3.93E-03 2.73E+00  -6.20E+00 9.09E-03 -2.64E-03 6.18E-02
X7 * X -7.83E-02 3.20E+00 1.42E-02 1.27E-01  -5.00E+01 5.43E-03 7.94E-04 -2.90E-02
X7 * o Xn -2.12E-03 -7.56E-01 -1.07E-02 -7.41E-01 441E+01  -7.95E-03 7.86E-04 3.00E-02
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X1

X1

X12
X3
X1
Xo

X10
X1
X12
X3
X1
X10
X1
X2
X13
X1
X1
X12
X3
X1
X12
X3
X1
X13
X1

X1

-2.47E-02
-4.27E-01
-1.13E-02
-2.86E-01
-2.50E-01
1.45E-01
-4.43E-02
2.87E-01
1.85E-02
-6.91E-03
5.20E-02
4.75E-01
-5.52E-03
3.30E-01
2.67E-02
1.02E-01
-2.81E-03
7.66E-02
-6.14E-01
4.71E-02
-3.49E-01
8.14E-01
-8.27E-01
5.13E-01
1.83E-03
1

-1.74E+00
-5.73E+00
1.87E+00
-1.90E+00
-3.39E+00
1.50E+00
1.11E-01
-3.66E+00
-1.45E+00
-1.23E-01
7.15E-01
5.73E+00
-6.57E-01
1.47E+00
4.35E-01
2.10E+00
4.99E-01
2.53E+00
-6.40E+00
2.39E+00
7.14E+00
9.31E+00
-3.60E-01
4.56E+00
-3.60E-02
1

-3.53E-03
4.06E-02
9.24E-03
1.34E-02
7.88E-03
1.96E-03

-3.64E-03

-1.77E-02
3.17E-03
1.35E-04

-1.79E-03
7.53E-03
2.27E-03
2.38E-03

-8.15E-04

-8.43E-03

-1.96E-03

-4.96E-03
2.16E-02
4.75E-03
2.34E-02
1.76E-02

-1.42E-02
1.80E-02

-9.69E-05

1

-5.00E-01
-9.43E-01
6.25E-01
1.19E+00
-1.56E-01
-2.87E-01
-1.66E-01
5.82E-01
-2.23E-01
-6.02E-03
4.35E-02
1.62E+00
2.51E-01
1.21E+00
1.11E-01
1.81E-02
-1.61E-01
8.10E-02
-7.90E-01
4.65E-01
-5.49E-01
3.81E+00
-5.05E+00
2.88E+00
-9.60E-03
1

1.66E+01
-1.22E+02
-3.56E+01
-6.98E+01
-3.49E+01
-6.00E+01
1.22E+01
5.83E+01
3.05E+00
-4.68E-01
6.71E+00
-5.27E+01
-1.04E+01
-2.13E+01
2.38E+00
3.06E+01
8.04E+00
1.68E+01
-6.58E+01
-2.41E+01
-8.09E+01
-7.74E+01
6.40E+01
-7.16E+01
1.54E+00
1

-71.62E-04
1.98E-03
2.59E-04

-8.29E-03

-5.44E-03

-5.38E-03

-1.72E-04

-3.07E-03
1.30E-03

-1.34E-04
8.30E-04
5.15E-03

-5.21E-04
2.44E-03
2.41E-04
3.74E-05

-8.71E-05
6.32E-04

-7.01E-04
1.82E-03
8.86E-03
1.54E-02

-1.06E-02
1.10E-02
1.30E-04

1

4.66E-04
4.10E-03
-2.65E-04
3.21E-03
2.35E-03
3.99E-03
-4.53E-04
-1.44E-03
4.10E-04
3.57E-05
-5.19E-04
1.27E-03
1.89E-04
-1.54E-05
-2.37E-04
-1.71E-04
-5.44E-05
-4.50E-04
3.65E-03
3.06E-04
2.97E-03
-4.56E-03
6.32E-03
-3.50E-03
-8.86E-05
1

-1.55E-03
-8.71E-02
-1.11E-02
-6.84E-02
-5.80E-02
-6.74E-02
1.03E-02
8.02E-02
-7.19E-03
-1.42E-03
1.18E-02
4.10E-02
-9.24E-03
2.30E-02
8.32E-03
4.84E-02
8.82E-03
3.96E-02
-1.38E-01
3.62E-03
-3.80E-02
8.04E-02
-3.69E-02
2.88E-02
8.29E-04
1

Table 8. The x and y variables, their coefficient and determination coefficient of equations belonging non-linear models yielded from the

data collected Station 5

Y1 y2 VE Ya Ys Ye y7 Ys
X1 -5.64E-06 6.70E-03 -4.40E-06 -2.65E-04 1.93E-03 -3.58E-06 -7.32E-07 1.81E-06
X2 -7.62E-06 7.77E-03 -3.01E-06 -1.54E-04 9.25E-04 -1.83E-06 -3.55E-07 1.02E-06
X3 -9.42E-06 9.70E-03 5.86E-06 1.62E-04 9.62E-05 6.90E-07 1.35E-07 1.12E-06
X4 3.56E-06 -9.88E-03 4.30E-06 1.64E-04 -1.31E-04  3.38E-07 5.58E-08  6.85E-07
X5 6.78E-04 2.03E+00 8.51E-04 1.02E-02 575E-02 1.77E-05 3.94E-06 1.96E-04
Xg 9.46E-06 7.31E-03 5.33E-06 1.70E-04 5.47E-05 2.92E-07 2.78E-08  1.99E-06
X7 9.58E-05 9.80E-02 8.58E-05 2.77E-03 1.51E-03  4.39E-06 1.55E-07 3.57E-05
Xs 1.00E-04 9.24E-02 2.76E-05 8.72E-04 2.20E-04  3.98E-07 8.86E-08  8.89E-06
Xo 1.90E-06 1.13E-03 4.89E-07 1.45E-05 7.13E-06  4.83E-09 8.80E-11 1.76E-07
X10 -1.38E-07 -3.82E-04 -1.03E-07 -3.28E-06 -9.93E-06 8.39E-09  4.43E-09 -8.99E-08
X11 -1.41E-05 -4.90E-03 1.41E-06 1.14E-04 -9.32E-05 3.77E-07  -3.32E-08 1.59E-06
X12 -7.26E-07 -1.56E-03 3.38E-06 7.54E-05 -1.68E-04  1.05E-06 1.57E-07 2.19E-07
X13 1.32E-06 1.82E-03 5.10E-07 1.45E-05 2.78E-05 -4.42E-08 -4.36E-09 2.07E-07
X14 1.35E-05 1.52E-02 4.34E-06 1.71E-04 -6.24E-04  9.76E-07 2.63E-07 -1.78E-07
X1 * X -5.84E-04 -1.74E+00 -2.35E-04 -5.30E-03 -4.49E-02  8.00E-05 1.53E-05 -2.31E-04
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X2
X3
Xq
Xs
Xe
X7
Xg
Xg
X10
X11
X2
X3
X14
X1
X1
X1
X1
X1
X1
X1
X1
X1
X1
X1
X1
X1
X2
X2
X2

X2
X2

X2
X2
X2
X2
X2
X2
X2
X3
X3
X3
X3
X3
X3

X3
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X2
X3
Xq
Xs
Xs
X7
Xg
Xg
X10
X11
X12

X13

X7

Xsg
Xg
X10
X1
X12
X13
X14
Xq
Xs
Xs
X7
Xg
Xg

X10

5.77E-07
-1.34E-03
-6.07E-04
-1.94E-09
8.10E-05
3.96E-05
-1.59E-04
1.29E-06
4.24E-08
-7.66E-05
-1.46E-03
9.04E-07
-5.11E-04
-3.15E-06
-1.04E-03
5.09E-04
-1.21E-05
1.38E-04
3.32E-03
2.43E-03
4.98E-05
-3.06E-06
-7.69E-05
-1.08E-03
3.34E-05
-6.63E-04
-1.31E-05
-5.03E-06
2.84E-04
4.76E-06

-4.38E-05
5.88E-05
9.18E-07

-7.22E-08

-9.32E-06

-1.47E-05
1.89E-06
7.92E-06
2.92E-04
2.63E-05

-7.38E-05

-4.86E-03
2.02E-03
3.35E-05

-3.73E-06

1.25E-03
-7.18E-01
-5.85E-01
-8.18E-07
5.65E-02
1.16E-01
-7.64E-02
7.91E-04
-3.19E-05
-2.48E-02
-1.45E+00
2.13E-03
-5.03E-01
2.77E-02
-1.11E+00
-1.65E-01
-3.10E-02
-8.08E-02
-1.71E+00
1.55E+00
1.65E-02
-71.26E-03
-3.49E-02
-1.30E+00
2.04E-02
-9.49E-01
3.02E-02
-7.98E-04
-8.11E-01
1.41E-02

2.88E-01
1.33E-01
1.26E-03
-5.45E-04
-2.65E-03
1.32E-02
3.00E-03
3.28E-02
1.80E-02
1.16E-02
6.98E-02
1.69E+00
2.78E+00
2.94E-02
-6.68E-03

3.77E-07
-1.77E-04
-1.12E-05
-3.39E-09
4.11E-05
8.90E-06
-6.54E-05
3.75E-07
-5.41E-08
6.43E-06
-2.79E-04
3.83E-07
-1.70E-04
5.71E-06
-2.01E-04
8.59E-05
-5.00E-06
3.72E-05
4.97E-04
7.92E-04
8.84E-06
-1.11E-06
1.13E-05
-2.16E-04
6.70E-06
-1.80E-04
5.55E-06
2.73E-06
-1.36E-05
3.79E-06

3.98E-05
1.43E-06
3.05E-07
-1.11E-07
8.76E-07
6.05E-07
5.07E-07
4.09E-06
9.50E-05
-4.40E-06
4.23E-05
2.99E-04
8.79E-04
8.88E-06
-1.18E-06

8.99E-06
-5.81E-03
2.34E-04
6.14E-09
1.30E-03
4.26E-04
-2.01E-03
1.02E-05
-2.51E-06
5.70E-04
-8.39E-03
6.51E-06
-3.63E-03
7.72E-05
-5.74E-03
4.13E-03
-2.18E-04
1.35E-03
1.70E-02
3.12E-02
2.93E-04
-2.24E-05
8.59E-04
-5.73E-03
1.65E-04
-4.21E-03
7.02E-05
6.64E-05
8.23E-04
7.95E-05

-6.76E-05
-3.96E-04
7.63E-06
-2.30E-06
6.90E-05
-8.45E-05
9.80E-06
7.53E-05
3.82E-03
-1.03E-04
1.18E-03
1.24E-03
3.00E-02
2.55E-04
-2.68E-05

1.22E-05
-1.62E-02
1.29E-03
-2.41E-07
6.47E-04
-9.28E-04
-1.26E-03
1.13E-05
-71.43E-07
-4.55E-04
-3.43E-02
6.29E-05
-3.98E-02
1.08E-03
-2.79E-02
-1.29E-02
-3.36E-05
-3.19E-03
3.28E-03
-6.15E-02
-3.26E-05
-1.44E-04
-6.13E-04
-3.58E-02
3.87E-04
-3.76E-02
1.10E-03
2.20E-04
-3.45E-03
3.28E-04

9.62E-03
3.34E-03
1.50E-05
-2.12E-05
-4.18E-05
9.13E-04
4.59E-05
4.08E-04
-7.21E-03
-7.17E-04
1.15E-03
1.26E-01
-1.06E-02
3.68E-04
-1.52E-04

4.77E-09 6.41E-09 9.47E-08
4.46E-05 9.96E-06 -1.51E-04
2.21E-06  -2.81E-07 -1.60E-05
-1.04E-09 8.88E-11 -6.89E-10
1.69E-06 1.28E-07 1.58E-05
3.11E-06 6.42E-07 -4.54E-06
-6.33E-06  -2.20E-07  3.94E-06
493E-09 -1.73E-10 1.27E-07
-2.38E-09 1.06E-09 -4.10E-08
1.77E-06  -1.98E-07 8.10E-06
7.92E-05 1.34E-05 -2.02E-04
-1.02E-07  -1.45E-08  1.84E-07
5.81E-05 1.43E-05 -1.69E-04
-1.13E-06  -1.72E-07  2.99E-06
5.92E-05 1.23E-05 -1.82E-04
1.65E-05 3.12E-06 1.11E-06
5.28E-07  -2.19E-07 5.37E-06
8.74E-06 1.48E-06 -2.17E-06
8.24E-06  -3.29E-06  2.96E-05
1.63E-04 2.53E-05 8.67E-05
-1.40E-08  -1.45E-08 3.01E-06
1.35E-07 4.92E-08 -9.25E-07
2.40E-06  -3.30E-07 1.16E-05
7.30E-05 1.41E-05 -1.90E-04
-5.92E-07 -6.81E-08 1.84E-06
6.47E-05 1.42E-05 -1.80E-04
-1.07E-06  -1.44E-07 2.70E-06
-2.27E-07  -4.45E-09 5.81E-07
1.51E-05 2.67E-06  7.19E-05
-2.63E-07  -1.99E-08 1.56E-06

-1.15E-05  -9.76E-07 2.01E-05
-6.30E-06  -8.15E-07 -2.02E-06
-1.45E-08  -7.17E-10 1.23E-07
2.23E-08 7.24E-09 -9.85E-08
2.13E-07  -2.20E-08 1.03E-06
-1.04E-06  -1.75E-07  9.68E-07
-7.80E-08  -4.78E-09  2.05E-07
-6.84E-07  -1.09E-08 1.31E-06
1.08E-05 2.43E-06 1.48E-05
-6.36E-07 2.66E-07 -2.12E-06
4.18E-06 8.44E-07 9.11E-06
-1.19E-04  -2.01E-05 2.24E-04
8.39E-05 1.15E-05 1.89E-04
-4.77E-07  -8.09E-08  3.83E-06
1.61E-07 6.02E-08 -1.04E-06
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X3
X3
X3
X3
Xq
Xq
Xa
Xq
Xq
Xa
Xq
Xq
Xa
Xq
Xs
Xs
Xs
Xs
Xs
Xs
Xs
Xs
Xs
Xe
Xe
Xe
Xe
X
Xe
Xe
X
X7
X7
X7
X7
X7
X7
X7
Xg
Xg
Xg
Xg
Xg
Xg
Xg

X9

X11
X12
X13
X14
Xs
Xs
X7
Xs
Xg
X10
X1
X12

X13

Xs
X7
Xs
Xg
X10
X1
X12

X13

X7
Xg
Xg
X10
X11
X12
X13
X14
Xs
Xg
X10
X1
X12
X13
X14
Xg
X10

X11

X13
X14
X10

X11

-1.51E-04
-1.39E-03
1.68E-05
-9.48E-04
1.56E-05
1.86E-05
-4.77E-04
2.02E-03
9.85E-06
9.28E-07
-9.36E-05
-2.20E-05
2.43E-05
6.21E-04
-5.41E-06
-3.81E-06
-3.38E-06
3.64E-04
-4.55E-05
-8.70E-06
8.20E-06
3.03E-05
-2.58E-05
9.67E-04
9.37E-04
1.54E-05
-8.97E-07
-1.10E-04
-9.44E-06
1.15E-05
1.12E-04
2.06E-04
3.60E-04
-5.02E-05
-4.30E-03
1.05E-03
8.07E-05
1.71E-03
8.09E-05
-1.27E-05
-9.79E-04
-3.38E-03
2.15E-04
2.89E-04
-1.37E-07
-4.64E-06

-3.71E-02
-9.71E-01
3.63E-02
-6.15E-01
2.20E-02
-9.06E-02
-3.58E+00
2.78E+00
-4.95E-03
-2.66E-03
-6.27E-02
-3.59E-01
1.07E-02
9.53E-02
-2.05E-01
7.59E-04
-4.50E-04
-7.35E-01
-4.49E+00
1.26E-01
9.57E-02
9.77E-01
-8.66E-02
7.75E-01
7.36E-01
8.98E-03
-2.96E-03
-3.82E-02
-2.62E-02
1.49E-02
1.14E-01
-5.75E-01
2.01E-01
-1.29E-01
-1.69E+00
5.94E-01
3.20E-01
3.26E+00
6.12E-02
-2.78E-03
-3.26E-01
2.28E-02
1.53E-01
2.26E+00
-1.48E-04
-2.96E-05

1.53E-05
-2.35E-04
8.26E-06
-1.73E-04
-3.72E-06
3.13E-05
3.74E-04
8.79E-04
1.90E-06
-2.01E-07
3.31E-06
5.14E-05
3.79E-06
8.60E-05
-2.89E-05
-1.25E-06
-1.46E-06
4.09E-05
-7.47E-05
-2.22E-05
1.72E-06
2.55E-05
1.72E-06
6.52E-04
2.16E-04
3.82E-06
-8.10E-07
1.14E-05
2.17E-05
4.00E-06
2.99E-05
1.15E-04
7.59E-05
-4.73E-05
3.27E-04
1.90E-04
4.07E-05
-1.65E-04
2.32E-06
-9.19E-06
9.23E-06
-1.18E-03
3.96E-05
-9.52E-05
-3.28E-08
1.32E-06

1.15E-03
-7.29E-03
1.88E-04
-4.72E-03
-2.90E-04
1.22E-03
1.92E-02
3.00E-02
7.46E-05
7.59E-07
4.96E-04
2.66E-03
1.43E-04
4.41E-03
1.32E-03
-5.15E-05
-5.01E-05
-1.71E-03
9.26E-03
1.31E-03
2.28E-05
1.14E-03
7.49E-06
2.05E-02
6.73E-03
1.12E-04
-2.75E-05
9.05E-04
4.75E-04
1.11E-04
1.25E-03
2.87E-03
1.95E-03
-1.64E-03
3.18E-02
-8.45E-04
5.38E-04
3.02E-03
-2.21E-05
-3.74E-04
3.80E-03
-4.42E-02
1.33E-03
-4.97E-03
-5.99E-07
6.92E-05

-4.04E-04
-2.36E-02
7.03E-04
-2.70E-02
3.01E-04
-8.29E-04
-2.83E-02
-1.06E-02
-2.75E-04
-1.20E-04
-9.15E-04
-7.85E-03
-2.27E-04
-1.79E-02
-6.08E-03
-7.01E-06
2.39E-06
8.89E-03
-1.77E-02
-3.75E-03
-1.87E-04
8.23E-04
9.17E-04
2.00E-02
1.36E-03
7.04E-05
-7.15E-05
-7.11E-04
-1.13E-03
2.55E-04
-4.78E-03
2.21E-03
1.76E-03
-2.99E-03
-3.67E-02
1.33E-02
9.19E-03
-8.77E-02
8.28E-04
1.43E-04
-4.84E-04
7.02E-02
-8.74E-04
2.39E-02
-3.40E-06
2.33E-05

3.05E-06
5.36E-05
-8.30E-07
5.05E-05
-1.96E-08
2.16E-06
9.93E-06
8.39E-05
4.70E-07
1.37E-07
2.73E-06
1.47E-05
-1.71E-07
1.65E-05
4.96E-07
1.14E-07
-9.03E-08
7.70E-06
-7.52E-05
-1.17E-05
-5.63E-07
7.37E-07
3.62E-08
1.37E-05
6.46E-07
7.73E-09
5.63E-08
2.94E-06
7.42E-06
-4.44E-07
6.68E-06
9.29E-06
-5.71E-07
1.61E-06
1.20E-04
3.62E-05
-1.97E-05
-2.28E-05
-3.36E-06
-8.07E-07
8.12E-06
-1.45E-04
-4.61E-08
-4.83E-05
2.08E-09
9.02E-08

-4.69E-07
1.10E-05
-8.43E-08
1.19E-05
-8.67E-08
3.49E-07
3.71E-06
1.15E-05
9.64E-08
4.28E-08
-3.70E-08
2.03E-06
6.11E-08
4.57E-06
4.66E-07
-3.00E-08
-2.18E-08
-1.42E-06
-5.03E-06
1.37E-06
-3.10E-07
6.77E-07
7.02E-08
-1.73E-06
7.06E-07
-3.56E-09
3.49E-08
-2.69E-07
1.07E-06
-4.85E-08
1.92E-06
-1.10E-07
-2.20E-10
1.38E-06
-8.20E-06
-2.11E-06
-2.12E-06
1.93E-05
-3.90E-07
1.97E-08
-3.91E-06
-3.07E-05
4.37E-07
-8.30E-06
9.83E-10
-3.39E-08

1.74E-05
-1.76E-04
3.20E-06
-1.58E-04
1.67E-06
4.71E-06
-3.97E-05
1.89E-04
-4.36E-07
-4.69E-07
5.07E-06
3.39E-06
4.50E-07
1.59E-07
-1.53E-05
-4.09E-07
-4.16E-08
3.74E-06
-5.94E-05
3.34E-05
-5.61E-06
-6.68E-05
3.41E-06
2.84E-04
6.99E-05
1.38E-06
-7.19E-07
1.27E-05
1.22E-06
1.70E-06
-1.86E-06
2.83E-05
2.32E-05
-3.54E-05
4.31E-04
1.44E-04
2.00E-05
-1.98E-04
1.57E-06
-6.00E-06
6.83E-05
-5.72E-04
1.46E-05
-1.78E-04
-2.33E-08
1.11E-06
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Xq * X 4.73E-05 3.25E-02 7.18E-06 1.91E-04 2.16E-04 -6.03E-07 -7.81E-08 3.16E-06
Xg * o Xas 8.52E-07 8.48E-04 2.80E-07 7.36E-06 1.75E-05 -2.20E-08  -3.40E-09 1.12E-07
Xg * o Xu 4.45E-05 3.40E-02 7.59E-06 2.31E-04 5.98E-05 -4.63E-07 -2.84E-08 2.97E-06
X1 ¥ Xu -2.14E-06 -1.12E-03 8.39E-08 1.34E-05 -3.25E-05  7.43E-08 2.24E-09  1.24E-07
Xio ¥ X -2.43E-06 -7.35E-03 -1.55E-06 -3.73E-05 -1.93E-04 1.62E-07 6.49E-08 -1.23E-06
Xio ¥ X 1.38E-07 -1.39E-04 -6.27E-08 -2.08E-06 -8.62E-06  1.66E-09 3.84E-09 -6.21E-08
X0 ¥ Xu -2.14E-06 -6.56E-03 -1.46E-06 -3.52E-05 -2.08E-04  1.85E-07 7.55E-08 -1.30E-06
X ¥ Xo -9.75E-05 -3.77E-02 1.29E-05 1.08E-03 -1.34E-03 3.87E-06  -2.72E-07 1.51E-05
X ¥ X -1.28E-05 -3.68E-03 9.70E-07 8.55E-05 -4.70E-05 2.34E-07 -3.53E-08 1.24E-06
X  * Xu -1.40E-04 -3.95E-02 1.26E-05 1.20E-03 -1.47E-03 3.84E-06  -3.25E-07 1.62E-05
X2 ¥ X 3.10E-05 3.92E-02 6.02E-06 1.12E-04 5.32E-04 -1.19E-06 -8.78E-08 2.36E-06
X2 ¥ Xu -8.94E-04 -8.84E-01 -2.38E-04 -6.26E-03 -3.80E-02  6.31E-05 1.37E-05 -1.90E-04
X1z ¥ Xu 3.38E-05 4.13E-02 7.26E-06 1.98E-04 1.91E-04 -7.29E-07 8.73E-09  2.28E-06

c 1.10E-06 9.50E-04 6.90E-07 2.21E-05 3.89E-06 4.60E-08 4.84E-09 2.50E-07

r? 0.594 0.469 0.07 0.464 0.315 0.628 051 0.507

As observed from the tables, higher determination coefficients were obtained from the nonlinear equations. The
other situation which should be taken into account is that the R? values of the equations yielded from the data
collected from fresh water stations (1%, 3" and 4% stations) equal 1. The second and the fifth stations are the delta
region of Samanli and Safran Rivers, respectively. This situation can be explained by the fact that the interferring
effect of the complex matrics and dynamic medium of delta regions. In order to inspect conformity of the
experimental and theoretical values of each parameters, theoretical data were calculated for all samples for each
week by using these linear and nonlinear equations. The representative conformity graphs were drawn for
dissolved oxygen, suspended solid, nitrite, nitrate and phosphate parameters, and the first and fourth stations.

The consistence of the experimental and theoretical values was introduced in Figures 2a-e and Figures 3a-e.
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Figure 2. The conformity of the experimental and theoretical values for a) dissolved oxygen, b) suspended solid, c) nitrite, d) nitrate, e)

phosphate parameters of the water samples collected from the first sitation.
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Figure 3. The conformity of the experimental and theoretical values for a) dissolved oxygen, b) suspended solid, c) nitrite, d) nitrate, e)

phosphate parameters of the water samples collected from the fourth station

As seen from the figures, both linear and nonlinear models conform well the experimental results. Especially,
nonlinear equations gave satisfactory results with high determination coefficient. Additionally, as seen from the
figures, at least eight months estimation can be performed almost certainly for fresh water samples. Thus, these
equations can be used for determination of quality parameters This situation shows that the usage of these model
equations allows the determination of tedious quality parameters such as nitrite, nitrate and phosphate without
doing any analysis.

IV. CONCLUSIONS

The water quality of the Samanli and Safran Rivers in Yalova were examined in terms of physicochemical
parameters, alkalinity and nitrate, nitrite, phosphate parameters, in order to monitor water quality by the aid of
forecasting models. As a result, it was determined that the linear models predicted value of parameters for next 8
months. The models works well especially for the samples collected from fresh water. Consequently, it can be
said that these models can be used for readily forecasting quality parameters requiring effort and time to

perform.
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