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Biyodizel Karisimlar ile Cahsan Bir Dizel Motorunda Performans, NO ve Is
Emisyonlarim Etkileyen Faktor Seviyelerinin Taguchi Yontemi ile Belirlenmesi

) *1Aslan Coban
1Sakarya Uygulamal Bilimler Universitesi, Teknoloji Fakiiltesi, Makina Miihendisligi Béliimii, Serdivan, Sakarya,
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Oz

Dizel motorlarinin ¢aligma prensibi geregi buji ateslemeli motorlara gore sahip olduklar iistiinliiklerinin yaninda, NO ve is
emisyonlar1 agisindan biiyiilk dezavantajlar1 vardir. Yakit sarfiyatlarinin diisiik olmasi, bircok uygulamada yaygin olarak
kullanilmasina neden olmaktadir. Yiiriirliige giren yasal diizenlemelerin saglanmasi igin birgok iilkede dizel yakitlarina belirli
oranlarda biyodizel karistirllma zorunlulugu vardir. Biyodizel, dizel motorlarinda yaygin olarak kullanilan yenilenebilir,
alternatif yakitlarin basinda gelmektedir. Bitkisel ve hayvansal yaglardan elde edilen biyodizel, oksijen igerigine sahip diisitk
emisyon profilli bir yakittir. Bu ¢alismada, direkt enjeksiyonlu bir dizel motorunda, farkli oranlarda biyodizel karigimlarinin
optimum oranlart motor performans parametreleri, NO ve is emisyonlari agisindan en uygun ¢alisma sartlar1 Taguchi yontemi
kullanilarak belirlenmistir. Belirlenen faktor ve seviyelerine gore deney tasarimi yapilmistir. L9 ortogonal dizin segilistir.
Caligma sonucunda, motor performans parametreleri, NO ve is emisyonlar1 agisindan en uygun faktor seviyeleri Taguchi
yontemi ile belirlenmistir. Faktorlerin etki dereceleri ANOV A analizi ile test edilmistir.

Anahtar Kelimeler: Taguchi metodu, Biyodizel karisimlari, NO emisyonu, Is emisyonu

Determination of the Factors Levels Affecting Performance, NO and Soot Emissions
in a Diesel Engine Operating Biodiesel with Taguchi Method

*1Sakarya University of Applied Sciences, Faculty of Technology, Department of Mechanical Engineering, Serdivan, Sakarya
acoban@subu.edu.tr

Abstract

Although the diesel engines have superior features according to the spark ignited engines, they have disadvantages in terms of
NO and black carbon emissions. Nevertheless, they are used in many applications because of their low fuel consumption
features. Determined rates of biodiesel fuel mixture to the diesel fuels is forced in many countries due to the effectuated legal
regulations. Biodiesel is one of the commonly used renewable and alternative fuels in diesel engines. Biodiesels are obtained
from vegetable and animal oils having low emission profile including oxygen. In this study, the optimum operating conditions
in terms of engine performance parameters, NO and soot emissions of biodiesel mixtures in different proportions in a direct
injection diesel engine are determined through optimization using the Taguchi method. Experimental design is made according
to the determined factors and levels. L9 orthogonal array is selected. As a result of the study, the most suitable factor levels in
terms of engine performance parameters, NO and soot emissions are stated by Taguchi method. The factors’ degrees of
influence are tested by ANOVA analysis.

Keywords: Taguchi method, Biodiesel mixture, NO emissions, Smoke emissions
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1. GIRiS

Diinya iizerinde birincil enerji kaynaklarinin baginda fosil
yakitlar gelmektedir. Ancak yapilan aragtirmalarda mevcut
kaynaklarin her gecen giin azaldigi vurgulanmaktadir [1].
Ayrica, fosil yakitlarin kullanimi sonucunda hava kirliligi
ve kiiresel 1sinmaya neden olan zararli emisyonlar yiiksek
oranda atmosfere salinmaktadir. Bundan dolayr hem fosil
yakitlara bagimlilig1 azaltacak hem de emisyon miktarlarim
azaltacak, yenilenebilir, alternatif yakitlarin kullanimi her
gecen giin artmaktadir [2]. Dizel motorlarinda kullanilan
alternatif yakitlarin basinda biyodizel gelmektedir [3].
Biyodizel motorin ile yanma sonu emisyonlart agisindan
karsilagtirildiginda; daha diisiik karbon monoksit, partikiil
emisyonu ve yanmamis hidrokarbonlara sahiptir [4-6].
Biyodizelin dizel yakitina gore oksijen igeriginin fazla
olmas1 daha iyi yanma karakteristikleri gosterdiginden
dolayr daha diisiik is emisyonlarin1 disariya salmaktadir.
Biyodizelin bu avantajlar1 nedeniyle bir¢cok arastirmact
tarafindan farkli bitkisel veya hayvansal yaglardan elde
edilen biyodizel, motorlarda arastirma konusu olmustur
[7.8].

Literatiire bakildiginda; bitkisel veya hayvansal yaglardan
elde edilmis biyodizel-dizel karisimlari, dizel motorlarinda
yakit olarak kullanilmasi durumunda, motor torkunun ve
efektif giliclin artt1g1 goriilmektedir. Baz1 arastirmacilar %20
biyodizel karisimi kullaniminda motor torkunda meydana
gelen artmanin daha yiiksek oldugunu tespit etmislerdir [9-
13]. Ayhan ve ark. [14] Aycicek yagindan
transesterifikasyon yontemiyle elde etikleri metil ester-dizel
karigimlarinin motor performans ve egzoz emisyonlar
tizerine  etkilerini  deneysel olarak incelemislerdir.
Deneylerde ii¢ karisim yakiti (B10, B20 ve B50)
kullanmiglardir . Deneysel ¢alisma sonucunda B10ve B20
yakitlarinda giic ve torkta artmalar olurken, B50
karisiminda  azalmalar  tespit  etmiglerdir.  Optimum
maksimum artmayr B20 yakitinda tespit etmislerdir.
Ayrica, B20 karigim oraninda HC, CO ve is emisyonlar1
azalirken, NO emisyonlar1 artmistir. Cesur ve ark.[15],
tavuk yagindan transesterifikasyon yontemi ile elde ettikleri
yakitt farkli oranlarda (B10, B20 ve B50) dizel yakit ile
karistirmiglardir. Motor deneylerini tek silindir ve DI bir
dizel motorunda gerceklestirmislerdir. Deneysel ¢alisma
sonucunda; B10 ve B20 yakitlarinda standart dizele gore
motor performans parametrelerinde iyilesmelerin meydana
geldigini, B50 de ise bir miktar kdtiillesmelerin oldugunu
tespit etmislerdir. Ayrica tiim karigim oranlar1 i¢in NOx
emisyolarinda dikkate deger kotiilesmeler tespit etmiglerdir.

Yilmaz [16], direkt enjeksiyonlu bir dizel motorunda yakit
olarak % 10 balikk yag biyodizel ve % 90 dizel yakit
karigimlart kullanmistir. Deneysel ¢alismada motor devri
2200 ve 4 farklh yik konumunda deneyleri
gergeklestirmistir. Deneysel caligma sonucunda balik yagi
biyodizelin alt 1s11 degeri dizel yakitina gére daha disiik
olmasit sebebiyle performansta bir miktar kotiilesme
oldugunu saptamustir. Uyumaz ve ark. [17], direkt
enjeksiyonlu bir dizel motorda atik zeytinyagindan elde
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ettikleri biyodizelin motor performans ve egzoz emisyonlart
iizerine etkilerini deneysel olarak incelemislerdir. Motor
deneylerini tek devir ve bes farkli motor yiikiinde
gerceklestirmiglerdir. Deneysel ¢alisma sonucunda, motor
torkunda azalma, NOx emisyonlarinda ise artmalar
saptamuglardir. Saridemir [18], bitkisel yaglardan elde
ettigi biyodizelin motorda yakit olarak kullanilmasinin
egzoz emisyonlar1 iizerine etkilerini deneysel olarak
incelemigtir. Deneysel c¢alisma sonucunda, biyodizel
karigimli yakitlarin motorda kullanildiginda CO, CO2, HC
ve girilti emisyonlariin  azaldigim  fakat NOX
emisyonlarinda ise artmalar oldugunu saptamistir.

Icten yanmali motorlarda kullanilan petrol kokenli
yakitlarin sinirli olmasi ve emisyon oranlarinin yiiksek
olmasi, arastirmacilar1 alternatif yakitlar konusunda
arastirmaya tesvik etmektedir. Biyodizel yakitlar, dizel
motorlar icin bitkisel yaglardan {retilen Onemli bir
yenilenebilir alternatif yakittir. Biyodizel, dizel yakiti ile
karistirlabildigi  gibi, saf olarak da dizel motorda
kullanilabilmektedir. Bu ¢alismada, atik bitkisel yaglardan
tiretilen biyodizel ve standart dizel yakit karisimlariin tek
silindirli bir motorun egzoz ve giiriiltii emisyonlarina olan
etkisi  incelenmigtir.  Yakit karigimlart  igerigindeki
biyodizelin CO, CO2, HC ve girilti emisyonlarim
azalttig1, NOx emisyonunu ise artirdigt goriilmiistiir.

Dizel motorlarinin buji ateslemeli motorlara gore en biiyiik
avantaji sikigtirma oraninin yiiksek olmasi ve ¢ok daha
fakir karigimlar ile ¢alisabilmesidir. Fakir karsimla
calisabilmeleri nedeniyle diisiik kismi yanma iriini
salmaktir. Ancak, sikistirma orani ve yiiksek hava fazlalik
katsayisi ile galigmalarindan dolay1 ¢ok daha yiiksek oranda
NO emisyonu agiga ¢ikarmaktadir. Ayni zamanda heterojen
karisim teskili nedeniyle is emisyonlarinin miktart buji
ateslemeli  motorlara  gore  fazladir[19,20].  NOx
emisyonlarinin olugma nedeni; silindir i¢i yiiksek sicaklik,
reaksiyona giren hava miktar1 ve reaksiyon siiresidir. Is
emisyonlari ise silindir igerisinde oksijen konsatrasyonuna
bagh olarak degismektedir. Dizel motorlarinda, biyodizel
kullanildiginda bazi ¢aligmalarda NOx emisyonlarinin
arttigl, bazilarinda ise azaldigi  vurgulanmaktadir.
Caligsmalardaki bu farkliliklar, motor ayar
parametrelerinden, biyodizelin elde edildigi yag ve elde
edilme yonteminden kaynakli olmakla birlikte; motor
caligma sartlar1 (motor devir ve yiikii) ve yakit icerisinde
bulunan biyodizel karisim oranina gore de degismektedir.
Dolayisiyla karisim orant ve motor caligma sartlarinin
motor performans ve emisyon karakteristikleri agisindan
optimizasyonu &nem arz etmektedir. Literatiirde dizel
motorlarinda biyodizel kullanildiginda deneyler esnasinda
motor yiikiinlin sabit veya devir sayisinin sabit tutuldugu
pek c¢ok c¢alisma mevcuttur [21,22]. Dizel biyodizel
karigimlart ve motor yliklerine gore yapilan caligmalar
literatiirde olduk¢a azdir. Bu deneylerin tiim parametrelerin
denenmesi ve  kombinasyonlara  gore  deneylerin
tekrarlanmasi hem uzun zaman almakta hem de deney
maliyetlerini arttirmaktadir. Bundan dolayi, tam faktor
deney tasarimlar1 yerine kismi faktoriyel deney tasarim
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yontemlerinin  kullanilmast uygun olmaktadir. Kismi
faktoriyel deney tasarimi; tam  faktoriyel deney
tasarimindaki maliyet ve zamandan tasarruf saglamaya
yonelik olarak gelistirilmis deney tasarim ydntemleridir.
Taguchi yontemi bir¢ok alanda kullanilan kismi faktoriyel
deney tasarim yontemlerinin basinda gelmektedir. Bu
yontem standart deney tasarim yontemlerinin  bir
kombinasyonudur ve iki amaci vardir. Bunlar; 1) Kalite
degiskenini hedefe olabildigince yaklastirmak, 2) Varyansi
minimum yapmaktir.  Taguchi ydnteminde, deneysel
calismalarda dikkate alinan tiim faktdr ve seviyelerinin her
bir kombinasyonlarinin denenmesi yerine Taguchi
tarafindan onerilen standart ortogonal dizilerin olusturdugu
kombinasyonlara gore deneyler yapilmaktadir. Elde edilen
deney kombinasyonlarina goére yapilan deney goézlem
degerlerinin, hedef degere gore belirlenmesinde farkl
yontemler kullanilmaktadir. Deney sonuglari arasindaki
farkliligt minimum yapmak icin S/N (Signal/Noise)
oranlarini gelistirmistir. Taguchi tarafindan belirlenmis S/N
oranlari, sistemden istenen hedefe gore secilmektedir [23-
32].

Taguchi yontemi igten yanmali motorlar iizerine deney
yapan aragtirmacilar tarafinda da kismi faktdriyel deney
tasarimi olarak kullamilip, farkli faktdr ve seviyelerinin
degisik hedefler i¢in optimize edildigi goriilmektedir
[31,32]. Ayhan ve ark. [23], bir dizel motorunda farkli
faktor ve seviyelerin  motor performans ve emisyon
karakteristiklerini Taguchi yontemi ile optimize etmislerdir.
Caligmalar1 sonucunda deneysel ¢alisma maliyetlerinde ve
zaman kayiplarinda %70’e varan oranda azalma meydana
geldigini vurgulamislardir. Ansari ve ark. [24] bir dizel
motorunda motor performans ve emisyon karakteristikleri
acsindan optimum faktor ve seviyelerini Taguchi metodunu
kullanarak yapmuglardir. Wu ve Wu [25] bir dizel
motorunda farkli oranlarda biyodizel ve H2 ile birlikte EGR
kullaniminin motor yanma ve emisyonlara etkisini Taguchi
yontemi ile incelemislerdir. L9 ortogonal dizisinin
kullanildigr Taguchi deney tasarim ydntemi ile yapilan
deneylerde %67 oraninda zaman tasarrufu saglanabildigini
belirlemislerdir.

Bu c¢aligmada, tek silindirli direkt enjeksiyonlu bir dizel
motorunda farkli oranlarda biyodizel-dizel karisimlart yakit
olarak kullanilmistir. Farkli seviyede karisim ile ¢alisan
motorun performans parametreleri, NO ve is emisyonlart
acgisindan en uygun motor ylkii ve motor devir sayisinin
belirlenmesinde Taguchi kismi faktériyel deney tasarim ve
optimizasyon yontemi kullanilmustir.

2. MATERYAL VE YONTEM
2.1.

Taguchi Yontemi ile Kismi Faktoriyel Deney
Tasarim

Taguchi yontemi ile deney tasarimi yapilmadan once faktor
ve seviyeleri literatiir arastirmast yapilarak belirlenmistir.
Her bir faktdor 3 seviyeli olacak sekilde belirlenmistir.
Biyodizel-dizel karisim orani igin B0, B20 ve B50 oranlari
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1. faktdriin seviyeleri olarak belirlenmistir. Motor yiikii
olarak %40, %80 ve %100 c¢alisma yiikleri 2. Faktor
seviyeleri olarak seg¢ilmistir. 3. Faktor olarak ise motor
devri 1200 d/d, 1600 d/d ve 2200 d/d olarak se¢ilmistir. Bu
faktor ve seviyelerin motor dondiirme momenti, efektif giic,
ozgiil yakit sarfiyati, efektif verim, NO ve Is emisyonlari
acisindan en uygun faktdr seviyeleri Taguchi yontemi ile
belirlenmistir. Calismada seg¢ilen faktdr ve seviyeleri Tablo
1’ de verilmistir.

Tablo 1. Faktor ve seviyeleri.

Faktorler Seviye | Seviye | Seviye
1 2 3

1.Faktor;

Biyodizel Oran1,%, (A) BO B20 BS0

2 .Faktor;

Motor Yiikii, %, (B) 40 80 100

3.Faktor;

Motor Devri, d/d, (C) 1200 1600 2200

Taguchi, yontemi standart ortogonal dizileri

kullanmaktadir. Ortogonal dizler, ¢ok sayida deneysel
durumu agiklamak igin olusturulmustur. Ortogonal dizi,

deneme sirasinda bir faktdriin  seviyelerinin = diger
faktorlerin - seviyeleri ile eslestirilmesidir [31]. Bu
calismada, 3 faktéor 3 seviyeli olarak belirlenmistir.

Belirlenen faktdr ve seviyeleri Minitab programina girilmis,
program tarafindan L9 ortogonal dizi olusturulmustur. L9
olarak ifade edilen ortogonal dizi Tablo 2’ de verilmistir.

Tablo 2. L9 Ortogonal dizisi

Deney No 1.Faktor 2 .Faktor 3.Faktor
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

Calismada motor performans parametresi olarak motor
dondiirme momenti, efektif giic, 0zgiil yakit sarfiyati ve
efektif verim secilmistir. Emisyon karakteristigi olarak ise
NO ve Is emisyonlar1 incelenmistir. Ortogonal diziye gore
deneyler 3 tekrarli olarak gerceklestirilmis ve gozlem
degerlerinin ortalamasi alinmistir. Elde edilen veriler
Minatab programina girilerek analizleri  yapilmustir.
Taguchi yontemini tam faktoriyel deney tasarim
yontemlerinden ayiran en Onemli Ozellik performans
kriterini Sinyal/Giiriiltii oran1 ile hesaplamasidir [32]. Buna
gore oncelikle dondiirme momenti, efektif giic, 6zgil yakit
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sarfiyati, efektif verim, NO ve is emisyonlar1 gozlem
degerlerinin S/N sonuglarinin hesaplanmasi igin uygun
Sinyal/Giiriilti oran1 formiilleri belirlenmistir. Motor
performans parametrelerinden dondiirme momenti, efektif
giic ve efektif verim icin hedef degerin biiyiikk olmasi
istenildiginden S/N oranin hesaplanmasinda Taguchi
tarafindan onerilen “En Biiyiik-En Iyi” (Larger is better)
formiilii kullamlmgtir. Ozgiil yakit sarfiyati (OYS) ve
emisyon karakteristikleri (NO ve is emisyonlari) i¢in ise
hedef degerin kiigiik olmast “En Kiigiik-En Iyi” (Smaller is
better) formiilii kullanilmigtir. Hesaplamalar i¢in kullanilan
S/N formiilleri asagida 1 ve 2 numarali denklemlerde
verilmistir.

En Biiyiik-En Iyi;

PRENE

S/N — —10 log _H; > 1)

En Kiiciik-En Iyi; - ]

S/N = —101log %Z Vi (2)
L i=1 i

S/N oranlarina gore her bir performans parametresi ve
emisyon sonuglart igin Minitab programinda analizler
yapilmis ve en uygun faktér seviyeleri tespit edilmistir.
Elde edilen sonuglara gore faktorlerin parametrelere etki
diizeylerini belirlemek i¢in varyans analizi (ANOVA)
yapilmistir. Varyans analizi hesaplamalarinda kullanilan
denklemler (3)-(7) arasinda gosterilmistir:

N
2
= 1 —_
SSt (S/N) 2 3
%{=l
SS, = ZA: A% r 4
=126 @
i=
Viotal = NSST 1 (5)
fakt
Veactor = ﬁ (6)
actor
Viact
Fractor = vac = (7)
error

Burada, SSt kareler toplami, N toplam deney sayisini, SSa
A faktoriine bagh karelerin toplamini, Ka A faktorii i¢in
seviye sayisimt  belirtir. A, A faktOriiniin toplam
seviyelerinin toplamini, naj, A faktoriiniin seviyesinin
toplamin1 ifade eder. T, deneylerin toplam S/N orani
degerlerinin toplamini, v ise serbestlik derecelerini ifade
eder.  Vicwor, faktoriin - varyansmni,  SSggcror, faktoriin
karelerinin toplamini ve Fractor, faktoriin F oranini belirtir.
Motor performans parametrelerinin  hesaplanmasinda
asagidaki denklemler kullanilmustir.

Motor dondiirme momenti ve efektif giic hesaplamalarinda;

Mg =F.L ©)
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b= 2z.F.Ln (KW) ©
1000

Burada; Md, dondiirme momentini (Nm), F, fren terazi

kuvvetini (N), L, moment kolu uzunlugu (m), Pe, Efektif

gici (kW), n, ise motor devir sayisim (devir/s)

gostermektedir.

Efektif verim, motor milinden alinan isin silindire verilen
enerjiye oranidir ve asagidaki formiil ile hesaplanmuistir.

ic (10)
Me =
m,.H,
Deneylerde yakit sarfiyati hacimsel Ol¢iim ydntemi
kullamilarak ~ Slciilmiistiir.  Ozgiil yakit  sarfiyatinin

hesaplanmasinda asagidaki formiil kullanilmustir.

3600.AV.p,  3600.m,
P, At P

e

Burada, motorun AV(cm?®) hacmindeki yakiti At (s) zaman
araliginda tiikettigi dikkate alinarak yakit debisi (my)
hesaplanmaktadir. py, yakitin yogunlugunu ifade etmektedir

[33].

2.2. Deneysel cahismalar

Deneylerde tek silindirli bir dizel motoru hidrolik bir
dinamometre ile frenlenmistir. Deneylerden 6nce motorun
gerekli ayarlart katalog degerlerine gore yapilmstir.
Sistematik  hatalarin ~ dnline  ge¢mek ig¢in  deney
diizenegindeki tiim Olgi  aletlerinin  kalibrasyonlari
yapilmigtir. Deneylere baslamadan 6nce deney motorunun
rejim sicakligina gelmesi saglanmistir. Deneyler esnasinda
dinamometre tarafindan absorbe edilen yiik miktar1 S tipi
loadcell kullanilarak tespit edilmistir.  Sicakliklarin
Ol¢iimiinde termokupullar kullanilmigtir. NO ve is
emisyonlarinin dl¢lilmesinde Bosch marka emisyon cihazi
kullanilmistir. Deney motorunun teknik 6zellikleri Tablo 3’
de ve deney diizeneginin sematik sekli sekil 1° de
verilmigtir.

Yakit
Debi

Olgiim
Cihaz

Yakit Tanki

EGR
Hatti

Debi

Blcer *‘l Vana

Soniimleme

Tanki
Gaz

Analizir

Deney
Motoru

Sekil 1. Deney diizenegi

Hidrolik ]

Dinamometre

1
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Tablo 3. Deney motorunun teknik 6zellikleri

Parametre Deger

Motor Tipi Siiper Star
Piston Capi [mm] 108

Strok [mm] 100

Silindir Sayis1 1

Strok Hacmi [dm3] 0,92

Giig, 2200 d/d, [kW] 13

Enjektdr A¢ma Basinci [bar] 225
Piiskiirtme Avansi [Krank Agisi] 29
Sikistirma Orani 17
Maksimum Devir [d/d] 2500
Sogutma Tipi Su
Piskiirtme Tipi Direkt Enjeksiyon
Piston Tipi Canak Piston
2.3.  Biyodizel Uretimi

Deneysel ¢alismada kullanilan biyodizel transesterifikasyon
yontemi kullanilarak aygigek yagmdan elde edilmistir.
Esterlestirme isleminde alkol olarak metil alkol, katalizor
olarak ise potasyum  hidroksit  kullanilmugtir.
Transestefikasyon yontemi bitkisel veya hayvansal
yaglardan biyo yakit elde edilmesinde en fazla kullanilan
yontemdir[6,14,15]. Esterlestirme isleminde genellikle
metil veya etilalkol kullanilmaktadir. Metil alkol
kullanilarak elde edilen esterlere metil ester, etil alkol
kullanilarak elde edilen esterlere ise etil ester
denilmektedir. Bu ¢alismada alkol olarak metil alkol
kullanilmustir. Elde edilen ay¢igek yagi metil esterleri, dizel
yakati ile farkli oranlarda karistirilarak ¢alismada secilen bir
faktor ve seviyesi belirlenmistir. Tablo 4’ de biyodizel ve
dizel yakitinin 6zellikleri verilmistir.

Tablo 4. Dizel ve biyodizel yakitlarin 6zellikleri

Yakat Ozellikleri Biyodizel Dizel
Kapali formiil C19H35,202 Ci12,226H23,2950
Molekiil agirligi (g/mol) 296 120-320
Ozgiil agirligr (kg/dm3) 0,87-0,88 0,82-0,86
Kinematik viskozite (mma2/s) 4,3 2,5-35
Setan sayist >55 49-55
Alevlenme noktas1 (°C) >100 >55
Alt 151l degeri (kl/kg) 39576 42640

3. ARASTIRMA BULGULARI

3.1. Motor performans parametreleri

Farkl1 biyodizel oranlari, motor devirleri ve motor yiikleri
i¢in yapilan deneysel ¢alismada motor performans ve egzoz
emisyon tizerine etkileri Taguchi istatistiksel deney tasarim
yontemi kullanilarak incelenmistir.

Sekil 2’de motor efektif giiciine etki eden faktér ve
seviyelerinin degisimleri goriilmektedir. Efektif giiciin
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optimum degeri 2200 d/d’da, B20 biyodizel karisiminda ve
%100 ylik durumunda elde edilmistir. En iyi kombinasyon
A2B3C3’dir.

Efektif Giig
Biyodizel Yik Devir
18 =
17
_ 16 £
§ r— o
O i e .
4
S 14
13
12
11 J
10
BO B20 B50 40 80 100 1200 1600 2200

Signal-to-noise: Larger s better

Sekil 2. Efektif gii¢ i¢in faktdr seviyeleri S/N degerleri

Sekil 3’de motor torkuna etki eden faktor ve seviyelerinin
degisimleri goriilmektedir. Motor torkunun optimum degeri
1600 d/d’da, B20 biyodizel karisgiminda ve %100 yiik

durumunda elde edilmigti. En iyi kombinasyon
A2B3C2’dir.
Moment
Biyodizel Yuk Devir
33
32 v
§ 31 S j _—
£ 30 ° %
29
28
27
26 :
BO B20 B50 40 80 100 1200 1600 2200

Signal-to-noise: Larger is better

Sekil 3. Motor torku i¢in faktdr seviyeleri S/N degerleri

Deneysel c¢aligmalar sonucunda motorda farkli oranlarda
biyodizel kullanildiginda standart motora gore, efektif
giiclin ve torkun arttif1 goriilmektedir. Efektif giiciin B20
yakitina kadar artmasi ve B20 yakitinda en iyi seviyeye
ulagsmasinin Biyodizelin igerdigi oksijen miktart ile ilgili
oldugu diistintilmektedir. Yakittaki oksijen miktarinin fazla
olmasi yanmanin iyilesmesini saglamaktadir. Bu durum
momentin ve dolayisiyla efektif giiciin artmasina sebep
olmaktadir. Yakit igerisindeki biyodizel oraninin %20’den
fazla oldugu durumda biyodizelin alt 1s1l degerinin dizel
yakittan diisiik olmasi sebebiyle 1s1 girdisinin daha az
olmas1 dondiirme momentini ve efektif giicli azaltmaktadir.
Motor karakteristik egrilerinden de bilindigi {izere genel
olarak atmosferik motorlarda momentin en yiiksek oldugu
devir orta bir devirdir. Deney motorunda en yiiksek
moment 1600 d/d’da elde edilmistir. Bu devirden sonra
devir arttikca moment azalir. Bunun nedeni silindire
girecek karigim miktarinin azalmasi, motorun hacimsel
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veriminin diismesi ve artan siirtinme kayiplaridir. Efektif
giic ise momente bagli oldugu gibi motor devrine de
baglidir. Devir arttikca ¢evrim sayisindaki artmaya bagl
olarak efektif gii¢c artmaktadir.

Sekil 4’te motor dzgiil yakit sarfiyatma (OYS) etki eden
faktor ve seviyelerinin degisimleri goriilmektedir. Ozgiil
yakit sarfiyatinin optimum degeri, 1600 d/d’da, B20
biyodizel karigiminda ve %80 yik durumunda elde
edilmistir. En 1yi kombinasyon A2B2C2’dir.

Ozgiil Yakit Sarfiyati

Biyodizel Yiik Devir

LY

-48,2 I IS

-48,0

48,4

48,6 N

S/N oram

-48,8
-49,0

-49,2

49,4
BO  B20

Signal-to-noise: Smaller is better

Sekil 4. OYS igin faktdr seviyeleri S/N degerleri

B50 40 80 100 1200 1600 2200

Tablo 5. Motor performans parametreleri i¢in varyans analizi sonuglari.
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Sekil 5’te efektif verime etki eden faktdr ve seviyelerinin
degisimleri goriilmektedir. Efektif verimin optimum degeri,
1600 d/d’da, B20 biyodizel karigiminda ve %80 yiik
durumunda elde edilmistir. En iyi kombinasyon
A2B2C2’dir.

Motor performans parametreleri i¢in varyans analizi
sonuglar1 Tablo 5°te verilmistir. Bu sonuglara gore
faktorlerin efektif gii¢, motor torku, 6zgiil yakit sarfiyati ve
efektif verimde %95 ile %99,99 araliginda etkili olduklar
tespit edilmistir.

Efektif Verim
Biyodizel Yiik Devir
9,8 r B
| n
.
-10,0 / .
£
§ 10,2 | .
o
£ 104
-10,6
-10,8 ‘ ‘
-11,0 *
d
-11,2
BO B20 B50 40 80 100 1200 1600 2200

Signal-to-noise: Larger is better

Sekil 5. Efektif verim i¢in faktor seviyeleri S/N degerleri

Faktérler Slggl:s(s:ilsiik Karelersgoplaml, Kareler 8rtalamasn, Fteori
A — Biyodizel 2 0,033 0,0166 1,02
B — Yiik 2 101,906 50,9529 3124,69***
Moment C — Devir 2 0,675 0,3373 20,69*
Hata 2 0,033 0,0163
Toplam 8 102,646
A — Biyodizel 2 0,028 0,0138 0,62
B — Yiik 2 103,249 51,6246 2327,96***
Efektif Gii¢ C — Devir 2 34,996 17,4979 789,05**
Hata 2 0,044 0,0222
Toplam 8 138,317
A — Biyodizel 2 1,12227 0,56114 26,04*
B — Yiik 2 2,90409 1,45205 67,39*
Efektif Verim C — Devir 2 2,82313 1,41157 65,51*
Hata 2 0,04309 0,02155
Toplam 8 6,89259
A — Biyodizel 2 0,34723 0,17362 8,8
B — Yiik 2 2,5967 1,29835 65,82*
ovs C — Devir 2 2,52186 1,26093 63,92*
Hata 2 0,03945 0,01973
Toplam 8 5,50524
* 9095 etki, **%99 etki, ***%699.99 etki
3.2.  Emisyon karakteristikleri karisiminda  elde  edilmistir. En iyi kombinasyon
A2B1C3’dir.

Sekil 6’da NO emisyonuna etki eden faktdr ve seviyelerinin
degisimleri goriilmektedir. NO emisyonunun optimum
degeri %40 yiik degerinde, 2200 d/d” ve B20 biyodizel
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Yakit olarak biyodizel kullanilmasi ile NO emisyonlar1 ise
artmistir. NO miktarinin  artmasinin  sebebi  biyodizel
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yakitinin oksijen igeriginin dizele gore daha yiiksek olmasi
nedeniyle yanma veriminin artmasidir. Yanma verimin
iyilesmesi adyabatik alev sicakligini yiikseltmektedir. Bu
nedenle artan sicakliklar NO emisyonlarini arttirmstir.

NO Emisyonu
Biyodizel Yiik Devir
-58 i
§ 5o . .
o
5
-60 b -

-61

BO B20  B50 40 80 100 1200 1600 2200

Signal-to-noise: Smaller is better

Sekil 6. NO emisyonu igin faktdr seviyeleri S/N degerleri

Sekil 7°de is emisyonuna etki eden faktdr ve seviyelerinin
degisimleri goriilmektedir. Is emisyonunun optimum degeri
%40 yiik degerinde, 1200 d/d ve B50 biyodizel karisiminda
elde edilmistir. En iyi kombinasyon A3B1C1 dir.

Tablo 6. Emisyon karakteristikleri igin varyans analizi sonuglari.
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is Emisyonu

Biyodizel Yiik
-20 b
-22
-24
-26
-28 o
-30 i )
-32
-34
-36
-38

Devir

S/N orani

BO B20 B50 40 80 100 1200 1600 2200

Signal-to-noise: Smaller is better

Sekil 7. Is emisyonu icin faktor seviyeleri S/N degerleri

Is emisyonlarmin azalmasmin sebebi, biyodizel yakitinin
oksijen igeriginin fazla olmasi nedeniyle hava fazlalik
katsayisinun artmasimna neden olmaktadir. Hava fazlalik
katsayisinun degisimi emisyonlarin degisimini etkileyen en
O6nemli parametredir.

Emisyon karakteristikleri i¢in varyans analizi sonuglari
Tablo 6’da verilmistir. Bu sonuglara gore faktorlerin egzoz
emisyonlarinda %95 ile %99,99 aralifinda etkili olduklar
tespit edilmistir.

) Serbestli_k Kareler Toplami, Kareler Ortalamasi, Fteori
Faktorler Derecesi SS \Y%
A — Biyodizel 2 1,596 0,7979 1,09
B - Yiik 2 22,303 11,1515 15,22
NO Emisyonu C — Devir 2 10,307 5,1537 7,03
Hata 2 1,466 0,7328
Toplam 8 35,672
A — Biyodizel 2 13,15 6,577 0,39
B - Yiik 2 458,65 229,324 13,55
Is Emisyonu C — Devir 2 20,13 10,063 0,59
Hata 2 33,84 16,921
Toplam 8 525,77

* %95 etki, **%99 etki, ***%99.99 etki.

4. GENEL DEGERLENDiRME

Bu calismada, Taguchi deney tasarim yontemi kullanilarak,
farkli yiik ve devirlerde ¢alisan bir dizel motorunda farkli
biyodizel uygulanmasinin motor performans parametreleri,
NO ve is emisyonlardaki degisimler incelenmistir. Yapilan
incelemeler sonucunda motor yiikiiniin, motor devrinin,
farkli biyodizel-dizel karisgimlarinin motor performans
parametreleri ve NO-is emisyonlar1 iizerinde etkili oldugu
tespit edilmistir. Genel olarak elde edilen sonuglar
asagidaki gibidir;

-Efektif gii¢ icin en iyi sonuglar, B20 yakitinda, %100 yiik
ve 2200 d/d’da elde edilmistir. En iyi kombinasyon
A2B3C3°dir.

-Motor torku i¢in en iyi sonuglar; B20 yakitinda, %100 yiik
ve 1600 d/d’da elde edilmistir. En iyi kombinasyon
A2B3C2’dir.

-Ozgiil yakit sarfiyati (OYS) igin optimum sonuglar; B20
yakitinda, %80 yiik ve 1600 d/d’da elde edilmistir. En iyi
kombinasyon A2B2C2’dir.

-Efektif verim igin en iyi sonuglar; B20 yakitinda, %80 yiik
1600 d/d’da elde edilmistir. En iyi kombinasyon
A2B2C2’dir.

-NOx emisyonlar1 agisindan en iyi sonuglar; B20 yakitta,
%40 kismi yiik ve 2200 d/d’da tespit edilmistir. En iyi
kombinasyon A2B1C3’dir.
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-Is emisyonlar1 i¢in en iyi sonuglar; B50 yakitta, %40 kismi
yik ve 1200 d/d’da tespit edilmistir. En iyi kombinasyon
A3BI1C1’dir.

Sonu¢ olarak motor performans parametreleri agisindan
optimum sonug B20 yakit1, %100 yiik konumu ve 1600 d/d
olarak belirlenmistir. Ayrica NOx ve is emisyonlari
acisindan optimum deger B20 yakiti, %40 yiik ve 2200 d/d
olarak tespit edilmistir.

Ayrica Taguchi istatistiksel deney tasarim yoOnteminin
kullanilmas1 ile 16 deney 3 tekrarli yapilarak zaman ve
maliyet acgisindan tasarruf saglanmistir. Yapilan deneyler
%95 ile %99,99 giiven araliginda gerceklestirilmistir.
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Abstract

Metallic tubes, under axial loading, are frequently preferred in many different industries due to their high energy absorption
efficiency. The studies to increase the energy absorption capacity (EAC) of these structures are still up to date. In this study, the
deformation behavior and EAC of regionally pre-deformed identical aluminum and steel tubes under axial loading were
investigated experimentally. An increase of regional strength in tubes was obtained by the radial wall crushing (RWC) process.
The RWC process is carried out radially by crushing desired regions of metallic tubes from the outside using a specially designed
device. Strengthening (hardening) occurs in the pre-deformed regions and as a result, the EAC of the metallic tubes can be
increased. It is also noteworthy that the increase in absorbed energy is provided without reinforcement materials. It was seen
from the experimental results that the energy absorption value of aluminum and steel tubes were increased by approximately
23% and 33%, respectively by the RWC process. In addition to energy increases, the folding beginning of the metallic tubes can

also be directed by using the RWC process.

Keywords: radial wall crushing, aluminum, steel, tubular, energy absorption capability

1. INTRODUCTION

Energy-absorbing structures are commonly used to minimize
injuries to drivers and passengers and also used to protect the
main structures from damages. Accordingly, metallic tubes
are frequently used in the aviation and automotive industries,
where a higher ratio of strength to lightness is desired.
Although the studies on metallic tubes are dated to the
second half of the 20th century, they are still up to date. In
this context, it is possible to reach many studies [1]c[5] on
the deformation behavior and energy absorption capability
of metallic tubes. Alexander [1] examined the deformation
of steel tubes and showed that the absorbed energy by the
metallic tubular structures is directly related to the geometric
properties of the tube structure. It has been observed from
the study that the main factor in the absorbed energy is the
tube wall thickness [2].

To increase the absorbed energy values, many researchers
used different types of foams [6]-[9] and fibers [10]-[14] as
a reinforcement method. In these studies, it has been reported
that using reinforcement materials resulted in increasing the
absorbed energy value. However, the weight of the tubular
structures was also increased which is an undesirable
situation for the energy efficiency parameter of specific
energy absorption (SEA). The SEA is one of the most
important crashworthiness parameters which is defined as

the absorbed energy per unit weight [15]. Accordingly, if the
increase in weight is higher compare to the increase in
absorbed energy, reinforcement materials using would be
useless. It is noted in some of the studies mentioned above
the SEA value was obtained lower than the non-reinforced
structure. In this context, increasing the SEA value appears
as the main target in the studies on tubular structures.

In this study, the absorbed energy of metallic tubes is tried to
be increased. Accordingly, the radial wall crushing (RWC)
process which contains none of the reinforcement materials
was applied to the metallic tubes. Related to the increase in
absorbed energy due to the RWC process, the SEA values of
tubes are expected to increase as well.

2. MATERIAL AND METHODS
2.1. Material Properties and Experimental Set-up

In the experimental studies, 6063-T5 series aluminum alloy
and seamless steel tubes with 58 mm diameter, 1.5 mm wall
thickness were used. Two different lengths as 34 mm and
100 mm for aluminum and 100 mm for steel tubes were
selected and used in the experiments. The short-length
aluminum tubes were used to examine that how the RWC
process affects the deformation behavior and the energy
absorption of tubes. After that, the long-length aluminum
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and steel tubes were used for multiple RWC processes to
obtain the most sufficient design.

Although aluminum and steel pipes are manufactured by
extrusion, there may be differences in wall thickness on
cross-section and this causes a wide scattering in the
experimental results. For this reason, to obtain homogeneous
wall thickness, CNC milling was operated from inside and
outside of the pipes (Figure 1). Before CNC milling, steel
pipes were heat-treated to increase ductility. Thus, damages
that could occur during folding of the tube under axial
loading were prevented. To determine the mechanical
properties of the tube structure, a tensile test was carried out
on an Instron tensile testing device with a capacity of 5 kN.
A video extensometer has been used for more precise
measurements. The mechanical properties of the tubular
structure are given in Table 1. In the axial crushing tests of
all tubes with and without an RWC process, a 250 kN
capacity, hydraulic driven press was used. The experiments
were carried out at a speed of 1 mm/s. The force-
displacement data of the experiments were transferred to the
computer as approximately 6 data/s. Also, all experiments
were recorded with the help of a camera.

Figure 1. CNC milling operation of aluminum and steel pipe

Table 1. Mechanical properties of aluminum and steel
tubular structures

Elasticity Yield Tensile Poisson
modulus  strength  strength ratio
(GPa) (MPa) (MPa)
Aluminum
6063-T5 69 188 212 0.33
Steel
St.52 200 325 560 0.3

2.2. Radial Wall Crushing (RWC) Process

The RWC process, which is based on strain hardening by
applying regional pre-deformation to the tube wall, increases
the energy absorption capacity of the metallic tube. Wall
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crushing is carried out using the device given in Figure 2.
The process starts with placing the tube on the shaft then the
idler rotating disk is pressed into the tube wall at the desired
rate. Finally, the process completes after a full rotation of the
tube around itself. A multiple wall crushed aluminum tube
and its schematic view are given in Figure 3. From the figure,
w and A are related to the wall crushed region and free
folding length, respectively. With this process, the absorbed
energy value of the tube structure under axial loading is tried
to be increased without using any reinforcement material.

B o .

Figure 2. The radial wall érushing (RWC) device

¥

|
|
|
|
T
|
|
|
T
|
|
|
T
I
|
|
T
|
|
|
T
|
|
|
+

Figure 3. A multiple wall crushed aluminum tube and its
schematic view

3. RESULTS AND DISCUSSION

In this section, the experimental results of the base and
radially wall crushed tube specimens have been examined.
The hardness of the tube wall changes due to pre-
deformation related to the RWC process. As given in Figure
4, the hardness values of the aluminum and steel base tubes
are 78 HV and 135 HV and they increase to 85 HV and 163
HV respectively on the crushed region. The increase in
hardness causes an increase in the strength of this region, it
also causes a decrease in the ductility (plastic deformation
ability) of the tube.
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Figure 4. Variation of tube wall hardness after the RWC
process

To see the effect of the RWC process on the deformation
behavior of the tube, the process was first applied to the short
tubes with free folding lengths (1) of 10 mmand 20 mm. The
force-displacement curves and deformation behaviors of
these specimens are given in Figure 5 and Figure 6. It is seen
from the figure that the RWC process increases the first peak
force compared to the base tube. Besides, the lower force
values, corresponding to the completion of the first fold,
shifted to the right (Figure 5). It is understood that the highest
absorbed energy was obtained at the end of the first folding
of the specimen with A of 10 mm. It is seen from Figure 6
that the deformation began close to the upper end in the base
tube while it was between the rolled regions by the RWC
process. In the tube with A of 10 mm, deformation started in
the middle of the wall crushed regions and continued in this
way. In the A of 20 mm specimen, the fold again occurred
only slightly under the upper rolled region.
70 T

T T T | T T T T | T T T T

60 — Base tube |
— A=10mm RFL

B — A=20mmRFL 7

Displacement (mm)
Figure 5. The force-displacement curves of the base and the
RWC applied tubes
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Figure 6. The deformation in the base and the RWC applied
tubes

For long tubes different A values are used as variable
parameters in RWC. In this context, the force-displacement
curves of the tubes with the A of 10 mm, 12 mm, 16 mm, and
20 mm are given in Figure 7. From the figure, it is seen that
the upper force values approach the first peak force with
decreasing of the A values. A=12 mm and A=16 mm curves
lie between 10 mm and 20 mm curves as expected. When the
graphic is examined, it is seen that the RWC process changes
the characteristic of the force curve, and thus the energy
value is increased. This situation occurs as a result of i)
restriction of the length of folding by the RWC process, ii)
inclusion of rolled regions with higher strength into the
folding process. The absorbed energy values increased with
decreasing A values and the highest energy was obtained in
the specimen with A of 10 mm as 2353 J which is 23% higher
than the base tube. This is the most efficient value for the
RWC process.
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Figure 7. Force-displacement curves of aluminum tubes
with different A values

Some other processes such as grooving the tubes were
studied in the literature [16]-[18] to change the tube wall
stability efficiently. In these studies, tube wall stability was
changed locally by cutting wide grooves from the outer
surface of the metallic tubes. However, these cutting
operations caused locally decreased regions on the tube wall.
In contrast to these studies, locally strengthening was
obtained by the RWC process in this study. In addition, it
was reported by Daneshi and Hosseinipour [19] that the
deformation beginning and the characteristic of the force-
displacement curve could be control by the grooving process.
It was concluded as an important point from these studies
that there was not an increase in absorbed energy compared
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to non-grooved tubes. Another study on axially compressed
grooved square tubes by Lee [20] was showed similar
results. In contrast to these studies on grooving, to be able to
change the folding start and sequence of the tube and to
increase the absorbed energy without machining show the
importance of this study.

The axial crushing results of the steel tubes are given in
Figure 8. It is seen that after the RWC process, the first peak
force increased by almost 25% compared to the base tube.
Also, the absorbed energy was obtained as 6775 J which is
37% higher than the steel base tube. These results are
important to show that the RWC process becomes more
effective if it is applied to materials with higher strain
hardening ability. The RWC process also increases the
average force value, which can be defined as the ramp effect.
Also, the process allows the folding initiates far from the
ends of the tube for the RWC applied tube (Figure 9). This
situation has critical importance in the aspect of being able
to redirect the deformation beginning.
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Figure 8. Force-displacement curves of the steel base and
RWC applied tubes

Figure 9. The difference of deformation beginning of base
and RWC applied tubes

As a result of the RWC process, the absorbed energy of
aluminum and steel tubes increased by 23% and 33%
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compared to the non-reinforced tube, respectively. This
improvement in absorbed energy is also reflected in the SEA
at the same ratio because there is not any increase in the
weight of the tubes in the RWC process. Even some studies
[71-[15] reported an enhancement in the SEA of the tubular
structures in the literature, it is concluded that reinforcement
materials such as foams, fibers, etc were used in these
studies. Providing an increase in both absorbed energy and
the SEA without using any reinforcing element (without any
increase in the weight of the tubular structure) also reveals
the importance of RWC. Considering that improving the
SEA is the most important achievement according to the
crashworthiness of the energy-absorbing structures, it is
possible to say that the RWC process is useful. It is also
important that there is no milling or machining process in the
RWC compare to similar studies [17]-[19] which could be
caused decreasing in the tube wall stability. Finally, by using
samples produced from materials with good hardening
ability the RWC process will be contributed to the absorbed
energy and the SEA at a higher rate.

Author contributions: Concept — Y.K.; Data Collection
&Jor Processing — Y.K.; Literature Search — Y.K.; Writing -
Y.K.

Conflict of Interest: No conflict of interest was declared by
the author.

Financial Disclosure: The authors declared that this study
has received no financial support.

REFERENCES (IEEE STYLE)

[1] J. M. Alexander, “An approximate analysis of
collapse of thin-walled cylindrical shells under axial
loading,” Q. J. Mech. Applied Math., vol. 13, pp. 10-15,
1960.

[2] D. Al Galib and A. Limam, “Experimental and
numerical investigation of static and dynamic axial crushing
of circular aluminum tubes,” Thin Walled Struc., vol. 42, pp.
1103-1137, 2004.

[3] R. Baleh and A. Abdul-Latif, “Quasi-static biaxial
plastic buckling of tubular structures used as an energy
absorber,” Transactions of the ASME, vol. 74, pp. 628-635,
2007.

[4] Z. Tang, S. Liu, and Z. Zhang, “Analysis of energy
absroption  chareacteristics of cylindrical multi-cell
columns,” Thin Walled Struc., vol. 62, pp. 75-84, 2013.

[5] M. M. Yal¢m, O. H. Mete, and K. Genel, “Axial
crushing behavior of circular aluminum tubes,” Materials
Testing, vol. 61, no. 8, pp. 749-754, Aug. 2019.

[6] A. Baroutaji, M. D. Gilchrist, D. Smyth, and A. G.
Olabi, “Crush analysis and multi-objective optimization
design for circular tube under quasi-static lateral loading,”
Thin Walled Struc., vol. 86, pp. 121-131, 2015.

[7] S. R. Guillow, G. Lu, and R. H. Grzebieta, “Quasi-
static axial compression of thin-walled circular aluminium
tubes,” Int. J. Mech. Sci., vol. 43, pp. 2103-2123, 2001.

[8] M. Langseth, O. S. Hopperstad, and A. G. Hanssen,
“Crash behaviour of thin-walled aluminium members,” Thin
Walled Struc., vol. 32, pp. 127-150, 1998.



Y.KAHRAMAN

[9] M. M. Yalgmm and K. Genel, “On the axial
deformation characteristic of PVC foam-filled circular
aluminium tube: Effect of radially-graded foam filling,”
Thin Walled Struc., vol. 144, 2019.

[10] M. R. Bambach and M. Elchalakani, “Plastic
mechanism analysis of steel SHS strengthened with CFRP
under large axial deformation,” Thin Walled Struc., vol. 45,
pp. 159-170, 2007.

[11] G. D. Hatzigeorgiou and D. E. Beskos, “Minimum
cost design of fibre-reinforced concrete-filled steel tubular
columns,” J Constructional Steel Res., vol. 61, pp. 167-182,
2005.

[12] A. Henningsgaard and C. Yanchar, “Carbon fiber
reinforced steel spaceframe techniques,” SAE Tech. Paper
Series, no. 724, pp. 1-10, 1998.

[13] H. C. Kim, D. K. Shin, J. J. Lee, and J. B. Kwon,
“Crashworthiness of aluminum / CFRP square hollow
section beam under axial impact loading for crash box
application,” Comp. Struc., vol. 112, pp. 1-10, 2014.

[14] M. M. Yal¢in and K. Genel, “On the axial crush
performance of PVC foam-filled aluminum/CFRP hybrid
circular tube,” Sakarya University J. Sci., vol. 23, no. 6, pp.
1154-1162, 2019.

[15] T.Y.Reddy, R.J. Wall, M. Engineering, P. O. Box,
and M. M. Iqd, “Axial compression of foam-filled thin-

242

Academic Platform Journal of Engineering and Science 9-2, 238-242, 2021

walled circular tubes,” Int. J. Impact Eng., vol. 7, no. 2, pp.
151-166, 1988.

[16] S. Salehghaffari, M. Tajdari, M. Panahi, and F.
Mokhtarnezhad, “Attempts to improve energy absorption
characteristics of circular metal tubes subjected to axial
loading,” Thin Walled Struc., vol. 48, no. 6, pp. 379-390,
2010.

[17] F. Mokhtarnezhad, S Salehghaffari, M. Tajdari,
“Improving the crashworthiness characteristics  of
cylindrical tubes subjected to axial compression by cutting
wide grooves from their outer surface,” Int. J.
Crashworthiness, vol. 14, no. 6, pp. 601 —611, 2009.

[18] A. Darvizeh, M. Darvizeh, R. Ansari, A.
Meshkinzar, <“Effect of low density, low strength
polyurethane foam on the energy absorption characteristics
of circumferentially grooved thick-walled circular tubes,”
Thin Walled Struc., vol. 71, pp. 81-90, 2013.

[19] G. H. Daneshi, S. J. Hosseinipour, “Elastic-plastic
theory for initial buckling load of thin-walled grooved tubes
under axial compression”. J. Mater. Process. Tech., vol. 125,
pp. 826 —832, 2002.

[20] S. Lee, C. Hahn, M. Rhee, J. E. Oh, “Effect of triggering
on the energy absorption capacity of axially compressed
aluminum tubes,” Mater. Des., vol. 20, no. 1, pp. 31-40,
1999.



Academic Platform Journal of Engineering and Science 9-2, 243-247, 2021

Academic Platform Journal of Engineering and Science

?
ACADEMIC

PLATFORM

journal homepage: http://apjes.com/

ECU Oriented Simplified Diesel Engine Model

*1Senol Giilgoniil, Nedim Sozbir
IBMC Power Motor ve Kontrol Sistemleri, istanbul, senol.gulgonul@bmcpower.com.tr
2 Mechanical Engineering Department, Sakarya University, Sakarya, sozbir@sakarya.edu.tr

Research Paper

Abstract

Avrrival Date: 29.04.2020

Accepted Date: 17.01.2021

In this study, a four-cylinder simplified diesel engine model has been developed with a model-based design approach. In the
modeling of the diesel engine, the signals coming from and going to the ECU are taken as basis. The injection time coming from
the ECU and the duty cycle of the high pressure fuel pump are the main inputs. The outputs of the diesel engine model to the
ECU are the rail pressure, crank and cam signals generated according to engine speed. Measurement-based simplifications were
used in creating the model. The model was created in the Simulink environment. It has been observed that the outputs obtained
by simulation of the model created are similar to the results obtained in real engines and other experimental studies.

Keywords: Diesel engine model, model based design, idle speed control, common rail model, rail pressure control

1. INTRODUCTION

In the development of engine control units in the automotive
sector, model-based design has replaced classical code-based
development due to the advantages it brings [1]. It is widely
used for modeling of diesel engines, engine development,
calibration and Engine Control Unit (ECU) development
activities. While detailed models that best represent the real
engine are needed for engine and calibration development,
more simplified control-oriented models are sufficient for ECU
development.

Interfaces between ECU and the engine consist of sensors and
actuators. Injectors and high-pressure fuel pump control valve
are the two most important actuators. The injection time
together with the rail pressure determines the fuel quantity
injected into the cylinder. High-pressure fuel pump controls the
fuel flow to the rail and ensures the rail pressure to be at the
desired level. On the sensors side, the most important sensors
are speed sensors that give the crank angle and engine speed,
and the rail pressure sensor. Other temperature and pressure
sensors are used to make corrections for optimization and to
detect fault conditions.

Although many parameters such as in-cylinder pressures, fuel
pump fluctuations depending on crank angle are modeled in
detailed engine models, these parameters do not have a direct
input to the ECU [2]. In the studies on common rail modeling,
very detailed injector and fuel pump models are based on [3].
Control oriented models have been simplified [4]. At the
datasheet of fuel pumps It can be seen easily that the fuel pump
flow rate is linearly proportional to the engine speed [5]. Again,
many detailed studies have been carried out on injector
simulation. A simple relationship is observed in the small
number of models based on measurement where the fuel

quantity discharged from the injector is proportional to the
injection duration and the rail pressure [6].

Detailed engine models for ECU development are
commercially available [7]. The Hardware-in-Loop (HIL)
systems on which the engine model is running can be used as
an ECU development environment [8]. Model-based
commercial ECU development kits are also available on the
market [9-10]. Commercial HIL systems are not widely used
for educational purposes or by students due to their high cost.

In this study, an engine model with sufficient input output for
idle speed control, rail pressure control and engine speed
limitation, which are the basic functions of ECU, has been
developed. ECU controls the duty cycle of the fuel pump with
the proportional integral derivative (PID) output for the control
of the rail pressure. Rail pressure sensor is sufficient as ECU
input. ldle speed control and engine speed limiter controls are
realized by controlling the torque demand with again PID. The
translation of engine torque request from the ECU is performed
using injection duration. The input that ECU needs for idle
speed and engine speed limiter controllers is the engine speed.
Crank-Cam signals and injection signals are also generated in
accordance with the model.

2. MODEL DEVELOPMENT

ECU model and engine are modeled as separate blocks. Figure
1 shows overall view of the model. The engine model takes the
injection time and fuel pump duty cycle inputs calculated by
the ECU. The engine produces torque according to the amount
of fuel quantity taken and rotates the crankshaft. The high fuel
pump in the engine model is also controlled by duty cycle
input. The only input from the user to the ECU is the
accelerator pedal.
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Figure 1. Overall view of the model

2.1. Engine Model

In this study, a 4-cylinder diesel engine is modeled. In the
engine model, a torque proportional to the injection quantity is
produced [11]. Engine speed is realized depending on engine
inertia with the produced torque. Crank and cam signals are
generated by a written s-function according to engine speed. In
the common rail model, it is modeled to give the rail pressure
output. Engine model is shown in Figure 2.

>{ rpm_in crank_cam_v72 I
S-Function Builder
(1) »{duration i B fom T rpm !
» ) orq |+ lorq

inj_durationmrail_pressure ¢ 4 ntorg ’@
inj2torq torq2rpm ora

torg
rpm  rail_pressure| {2 )

3 duly rail_pressure
pump_duty common_rail

Figure 2. Engine model

In diesel engines, the brake specific fuel consumption (BSFC)
value usually varies between 200-260 g/lkWh depending on the
engine speed. BSFC is defined as the amount of fuel consumed
per power. BSFC can be formulated by writing the product of
torque and engine speed instead of power and transforming
radian to rpm. If the BSFC value is known, the fuel
consumption can be calculated.

The brake specific fuel consumption (BSFC) value can be
calculated by Eq. 1.

BSFC = — %y X7 (g/kWh) 1
=T xN, “oxe0000 & @
where, Q;,is amount of fuel consumed per minute, T, is

engine torque and N, is engine speed.

The fuel consumed per minute (Q;) can be calculated by Eq. 2.
_ 2Xm X BSFC @

Qi = 0% 60000 < Te*Ne

(g/min)
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The relationship between fuel consumed per engine cycle (Q.)
and fuel consumed per minute (Q;) depends on engine speed.
Here the ratio between torque and fuel injected per cycle can
be reached. Since the BSFC value changes within a narrow
range, it can be assumed constant. In this case, it will be
obtained that the engine torque (T,) is proportional to the
amount of fuel quantity consumed per cycle (Q.). The amount
of fuel quantity consumed per cycle (Q.)is calculated by Eq.3.

1000 X Q;
€ 2xN,
_ BSFCXT, xm (mg) 3
B 60 x 60 cycle ®
The engine torque (T,) is calculated by Eq.4.
T, = —<BSFC > Qc =Kg%xQc (Nm) 4)

The amount of fuel consumed per cycle Q. is proportional to
the rail pressure (P.) and injection duration (t;) [6, 11].
Number of cylinders (C,) has to be multiplied, too. The K;
coefficient depends on the fuel injection capacity of the injector
used and is provided by the manufacturer. The amount of fuel
consumed per cycle Q. can be calculated by Eq. 5.

Q. =C, xK; xP. Xt (mg/cycle) (5
In this way, engine torque (T,) can be calculated based on rail
pressure and injection time (Eg. 6).

T, =Kq X Cy X Ki X P X (Nm)
Injection duration to torque conversion is shown in Fig. 3.

(6)

n double >

duration

a double >

rail_pressure

double
Kq > x

KT

. double
Kinj >

Ki

double
Cy >

Constant

double u

torg

Multiply

Figure 3. Injection duration to torque conversion

In this study, it is assumed that engine has a fixed geometry
turbocharger and the turbocharger is not controlled. Since the
engine cannot get enough air at low rpm, it will not be able to
return all the calculated injection quantity to torque. For this
reason, the injection duration before 1200 rpm was reduced by
the ECU in proportion to rpm. In this way, the rpm torque curve
obtained as a result of the simulation reflects a real engine
better. Torque vs engine speed curve of the simulated engine is
shown in Fig 4.
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Figure 4. Torque vs engine speed curve

The engine speed N, can be calculated by integrating the
angular velocity obtained by dividing the torque generated by
the engine inertia I,. Radian rpm conversion should be done.
The friction force F, that increases in proportion to the speed
of the engine is subtracted from the torque generated by
combustion [12].

@
®)

(rpm)
(Nm)

_ 60, Te—Fe
Ne=—x[ oo dt

F,=F,+K,xN,

Torque to engine speed conversion is shown in Fig. 5.

KTs
z-1
Accumulator

~>y- >

1/Inertia

Constant2

Figure 5. Torque to engine speed conversion
2.2. Common Rail Model

Rail pressure B. is proportional to the integral of the fuel
pumped from the high pressure pump @, minus the fuel
discharged at the injector Q; and the fuel leaking Q; [4]. The
amount of fuel provided by the pump must be higher than the
maximum value of the fuel injected by the injectors. Fuel
leaking back from the injector system can be taken as K;
percentage (typically 10%) of the fuel supplied from the pump.
The amount of fuel coming out of the pump is controlled by
changing the duty cycle D,, of the fuel metering valve. The bulk
modulus K value of diesel fuel is expressed depending on the
rail pressure [4]. Rail volume V,. is constant in cm?®. K, is the
coefficient required to convert fuel flows from g/min to m%s.

K
P= Ky xyfx [ (@ - @ - @) oan ©
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Ky = 12000 x (1 + 12 X P.) (bar) (10)
_2ZXmxBSFC _ "
Q= W e X N (g/min) 1D
X1TX .
Qp = Dy X 60X60000 X Temax X Ne (g/mln) (12)
Q=K X0, (g/min) (13)

Common rail model is shown in Fig.6.
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Figure 6. Common rail model
2.6 Simulation Results

In the developed model, a diesel engine with 1300 Nm torque
is simulated. Engine inertia is assumed to be 2.5 kg/m?. The
BSFC value has been assumed constant as 240 g/ KwWh.

Diesel engine control can be basically divided into three
regions as idle speed control, torque control and engine speed
limiter. As soon as the engine starts, the idle speed control is
activated and keeps the engine at the specified idle speed if the
accelerator pedal is not pressed. In this area, the PID idle speed
controller sets the torque demand. By pressing the accelerator
pedal, the idle speed control is released and the torque control
zone is reached. In the torque control zone, the torque demand
is entirely dependent on the accelerator pedal. Engine speed
should not exceed the determined upper limit. This limitation
is provided by the PID controller. Figure 7 shows engine
control regions.

rpm

torque
control |
Idle speed coptrol |

0 5 10 15 20 25 36 SES 4I0 4‘5 50
Figure 7. Engine control regions

20001

speed limiter

1000

In the developed model, the engine starts to operate at 500 rpm.
It is determined as the idle speed zone between 0-1200 rpm.
Idle speed set point is determined as 800 rpm. The engine
maximum speed is selected as 2000 rpm. When the engine
exceeds 1900 rpm, the PID controller is activated and keeps the
engine at 2000 rpm.

Rail pressure control is very important for a stable injection.
Rail pressure can be followed by PID controller to set points
determined with a map. Two configurations tested in a similar
study were simulated [13]. In the first configuration, when the
engine is in the idle speed control zone, it has been shown that
the set points are successfully followed at the end of the step
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test simulation, which turns from 900 bar to 1000 bar and again
to 900 bar. The variation of the pump's duty cycle has the same
pattern as in the comparison study. [13]. Figure 8 shows step
change simulation at 800 rpm (rail pressure (straight) and set
points (dotted) at idle speed).

pump_duty

o9} | I k
08l | y ‘ - T

0.7 I I I | L
15 20 25 30 35 40 45
T

1000f ' —
o50f i ! 1
900 == 1 e 1

15 20 25 30 35 40 45

rail_pressure, rp_setpoint
T T T

Figure 8. Step change simulation at 800 rpm (rail pressure
(straight) and set points (dotted) at idle speed)

In the second configuration included in the study of Hong et al.
is the rail pressure change due to the increased pressure
demand. In this configuration the engine is at 800 rpm in idle
speed mode. Pressure set points are changed to 900, 1000 and
1100 bar. It is seen that the rail pressure control algorithm can
follow the demand by changing the duty cycle according to the
demand. Fig. 9 shows step follower simulation at 800 rpm (rail
pressure (straight) and set points (dotted)).

pump_duty

15 20 25 30 35 40 45

i ,

15 20 25 30 35 40 45

rail_pressure, rp_setpoint
T T T

Figure 9. Step follower simulation at 800 rpm (rail pressure
(straight) and set points (dotted)).

Crank and cam signals are generated according to the rpm
value formed in the engine model. Authors had similar study
for cam and crank signal generation [14]. Injection signals are
also created according to the injection duration value calculated
in the model (see Fig. 10).

[ ] I
I ] | ] I

Figure 10. Crank (top), cam (middle) and injection (bottom)
signals
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3. CONCLUSIONS

In this study, a diesel engine model has been developed that can
provide the necessary inputs and outputs for the basic functions
of the ECU. The developed model is sufficient to develop and
test the ECU's idle speed control, rail pressure control and
engine speed limiter algorithms. There is essentially no need
for a very detailed engine model in developing engine control
software and testing algorithms. However, the model must be
able to simulate real engine behavior. It has been observed that
the outputs obtained by the simulation of the developed model
are similar to the results obtained in real engines and other
empirical model studies.
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Oz

Gilinlimiizde ¢elik yapilar, genis bir uygulama alanina sahiptir. Bu nedenle, dikkatli bir sekilde tasarlanmalar1 gerekmektedir.
Bu calisma ile yap1 tasariminda hangi celik perde tipinin ve elemaninin kullanilmasi gerektigi yoniinde Onerilerde
bulunulmustur. Ele alinan yapi, diizlem ¢elik ¢erceveden olugmaktadir. Tiim gerceveler, AISC 360-10 standardindaki ASD
yaklagimina gore tasarlanmistir. Diizlem gelik ¢ergeve, ii¢c agiklikli ve dort katlidir. Dort gelik perde tipi ve ii¢ perde elemant
kullanilmustir.  Celik perdeler, orta agikliktadir. Monotonik yiik sablonu olarak dogrusal dinamik analiz ile elde edilen mod
sekilleri kullanilmistir. Dogrusal olmayan statik analiz yontemi kullanilarak c¢ergeve performans egrileri monotonik yiikkleme
ile ¢izilmistir. Perde tiplerinin ve perde elamanlarinin ¢ergeve performansina olan etkileri aragtirtlmistir. Performans egrileri
ve literatiirdeki benzer ¢alismalar ile karsilagtirma yapilmistir. Calisma sonucunda, perde tipi olarak K ve X ¢apraz perde
tiplerinin perde elemani olarak boru ve kutu kesitlerin kullanilmasi 6nerilmektedir.

Anahtar Kelimeler: Celik perde, Dogrusal olmayan statik analiz, Celik perde elemani, Performans egrisi.

Investigation of the Effects of Shear Wall Type and Shear Wall Member on
Performance in Plane Steel Frame with Monotonic Loading

*!Mustafa Berker Alicioglu
!Manisa Provincial Directorate of Environment and Urbanization, Civil Engineer MSC, berker.alicioglu@gmail.com

Abstract

Nowadays steel structures have a wide range of applications. Therefore, they need to be carefully designed. With this study,
suggestions were made as to which steel shear wall types and their members should be used in structure design. The structure
under consideration consists of a plane steel frame. All frames are designed according to ASD approach in AISC 360-10
standard. The plane steel frame has three spans and four stories. Four steel shear wall types and three shear wall members are
used. Steel shear walls are in the middle span. As monotonic load template, mode shapes obtained by linear dynamic analysis
are used. Using the nonlinear static analysis method, structure performance curves are drawn with monotonic loads. The
effects of shear wall types and shear wall members on frame performance were investigated. Comparison was made with
performance curves and similar studies in the literature. As a result of study, it is recommended to use as shear wall types of K
and X also as shear wall members of pipe and box sections.

Keywords: Steel shear wall, Nonlinear static analysis, Steel shear wall member, Performance curve.

1. GIRIS

Celik yapilar, giinlimiizde genis bir uygulama alanina
sahiptir. Bina, endiistri, koprii, ist gecit, hava alani, kule,
trafik sinyalizasyonu, depo, spor tesisi, hangar, gokdelen
gibi yapi tiplerinde kullanilirlar. Yapisal g¢elik malzemesi,
belirli  standartlar kapsaminda fabrikalarda iiretilir.
Homojen ve denetimi kolay bir yap1 malzemesidir. Yerinde
dokme betonarme ve 0n iiretimli betonarme yapilara oranla

¢ok hafiftirler ve imalat siirecleri daha kisa olmaktadir.
Ancak yangma kars1 dayamimlari azdir ve 6zel tedbirler
alinmast gerekmektedir [1]. Celik yapidaki tasiyict
elemanlar, hafif ve narin olduklar1 i¢in dinamik yiikler
altinda titresim hareketi yaparlar. Stabilite baglantilar1 ve
perdeler kullamlmazsa bu titresim hareketleri kontrol
edilemez. Yapiya stabilite baglantilarinin ve perdelerin
eklenmesiyle titresimleri kontrol altina almak miimkiindiir.
Genel olarak yap1 tasariminda yapinin dinamik yiikler etkisi
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altindaki davraniginin ne olacagini tahmin etmek 6nem arz
etmektedir. Dogru yapilan tahmin ile olasi bir deprem
esnasinda yapida can ve mal kaybinin oniine gecilebilir.
Celik yapilarin dinamik yiikler altindaki davranislarinin
anlasilmas1 ve dogrusal olmayan statik analiz yontemine
iligskin aragtirmacilar tarafindan pek ¢ok calisma yapilmustir.

[2]” de sismik yiik altindaki moment aktaran celik
cercevelerin deformasyon taleplerinin tahmin edilmesine
yonelik dogrusal olmayan statik islemlerin giivenilirligi
aragtirtlmistir. Arastirmada hem diizenli hem de diizensiz
celik g¢erceveler ele alinmigtir. Dogrusal olmayan statik
islemlerdeki yaklagimlar, gergevelerin farkli ivme kayitlari
altindaki ¢éziimlemeleri ile dogrulanmuistir.

[3-5] ile diizenli ve diizensiz yapidaki diizlem ¢elik
cergevelerin performans analizleri yapilmigtir. Performans
analizi, plastik mafsal varsayimi yapilarak ikinci mertebe
etkileri dikkate alinarak gerceklestirilmistir. Deprem
Bolgelerinde Yapilacak Binalar Hakkinda Yoénetmelik
(DBYBHY-2007)" de deginilen merkezi c¢elik g¢aprazlh
perde tipleri ele alinmistir. Performans analizleriyle perde
eleman1 kesitine ve perde tiplerine iliskin arastirma
yapilmig ve 6nerilerde bulunulmustur.

[7] ile ig, alti ve dokuz kath diizlem X ¢aprazli ¢elik
cerceveler iizerinde kolon mesnet sinir sartlarinin sismik
yiik azaltma katsayisina olan etkileri incelenmistir. Mesnet
sartlarin ~ gerceve  periyodunu  Onemli  derecede
etkilemedigi tespit edilmis ancak mesnet sartlarinin
dogrudan yap1 davranisini etkiledigi belirlenmistir.

[8] ile literatiirde yapilarin sismik yiikler altindaki
davraniglarinin  dogrusal olmayan statik yontemler ile
tahmin edilebileceginin yer aldigi belirtilerek monotonik
yiikler ile performans analizi yapildig1 bildirilmistir. Ancak
sismik yiiklerin tekrarli etkiye sahip oldugu ve performans
analizinin dongiisel yiikler ile yapilmas: gerektigi
vurgulanmistir. Uzun ya da orta siireli depremlerde
dongiisel performans analizinin yapisal davranisi dogru
tahmin etmede kullanilabilecegi bildirilmistir.

[9] de katlar aras1 miisaade edilen 6teleme limitlerine gore
tasarlanmig X c¢apraz celik gerceveli yapilarin performans
analizleri yapilmigtir. X caprazlar, farkli aks araliklarina
konularak konfigiire edilmistir. Konfigiirasyonla elde edilen
farkli yapilarin performanslart kiyaslanmigs ve en fazla
taban kesme kuvveti karsilayan  konfigiirasyonlar
belirlenmistir.

[10] ile dis merkez ¢aprazli gelik ¢erceve yapilardaki ¢apraz
elemanlarin  donme kapasitelerinin, yapisal kapasiteyi

belirledigi  bildirilmistir. ~ Standartlar bu  donme
kapasitelerini, basitlestirilmis el hesaplamalarindan gelismis
dogrusal olmayan analizlere kadar tahmin yolu

sunmaktadir. Son ¢alismalar, Yeni Zelanda Celik Endiistrisi
tarafindan Onerilen elastik analiz yaklasimiyla tahmin
edilen  yapisal davranmisin  konservatif  oldugunu
gostermektedir. Dogrusal olmayan statik analiz ile celik

249

Academic Platform Journal of Engineering and Science 9-2, 248-256, 2021

endiistrisinin  yaklasimlart karsilastirilarak  dis  merkez
caprazli ¢elik ¢erceve tasarimindaki donme kapasitelerinin
hesap yonteminin degistirilmesi onerilmistir.

[11] ile gelik yapilarin riizgar ve deprem gibi yanal yiik
etkilerine maruz kaldiklar1 belirtilerek s6z konusu yiiklere
karst yapilarin yanal rijitliklerinin biiyiik Oneme sahip
oldugu bildirilmistir. Calismada cesitli ¢elik capraz tipleri
ve yapilar lizerinde elastik rijitlik faktoriine (K) iliskin
kargilagtirma yapilmistir. Plastik mafsal tanimi ile statik
itme analizi kullanilmistir. Sonu¢ olarak kat sayisindaki
artisin K degerini azalttigi, agiklik mesafesindeki artisin K
degerini arttirdigt belirlenmistir.  Bunun diginda, ¢elik
capraz kullanimmin K degerini 6nemli dl¢lide arttirdigi
bildirilmistir.

[12] ile statik yiikler altindaki gelik g¢ergeveli yapilarin
plastik mafsal modeline iliskin genel bilgiler verilmistir.
Hem rijit plastik hem de elastoplastik mafsallar ele alinmis
avantajlart ve dezavantajlar1 belirlenmistir. Ayrica g
boyutlu plastik mafsalin nasil modellemesi gerektigi
tizerinde durulmustur.

[13] ile digsmerkez diyagonal ¢elik ¢aprazlar, Celik
Yapilarin Tasarim, Hesap ve Yapimina Dair Esaslar
(CYTHYE-2018) yonetmeligine uygun sekilde teskil
edilmistir. Ayrica, digsmerkez diyagonal ¢aprazlarin deprem
etkisi altindaki yapisal davranislar1 Tiirkiye Bina Deprem
Yonetmeligi (TBDY-2018) esaslarina gore esdeger deprem
yikii ¢oziim yontemi kullanilarak irdelenmistir. Tasarim
ornegi olarak; X yoniinde alt1, Y yoniinde ii¢ acikliga sahip
bes katli ¢apraz eklenmemis bir g¢elik yap1 ve dismerkez
diyagonal ¢elik g¢aprazlar eklenmis bir ¢elik yapi olmak
tizere iki yap1 modeli kargilastirilmustir.

[16] ile istanbul’da rastgele segilen bir koordinatta yer alan
bes katli simetrik ¢elik bir binanin iilkemizde yiiriirliikte
olan (CYTHYE-2018) ve (TBDY-2018) nezdinde ¢aprazli
ve c¢aprazsiz tasartmi ve boyutlandirilmast yapilarak
deprem etkisi altindaki performansi incelenmistir. Bina
agirhigr ve kat otelemeleri yoniinden kiyaslama yapilarak
¢apraz kullaniminin 6énemi vurgulanmustir.

[17] ile bes katli, moment aktaran ¢elik ¢ercevelerden
olusgan bir bina ile dismerkez “V” c¢aprazli c¢elik
gergevelerden olusan bir binanin diisey yik ve deprem
etkileri altinda tasarimi yapilarak yapisal analiz sonuglari
karsilastirilmistir.

[18] ile dismerkez diyagonal ¢elik ¢aprazlarm deprem etkisi
alunda performanslar1 (TBDY-2018) esaslarina gore
Esdeger Deprem Yiikii ¢oziim yontemi kullanilarak
degerlendirilmistir. Bu baglamda, ¢alismada bes katli X
yoniinde alt1 Y yoniinde ii¢ agiklikli ¢apraz eklenmemis
celik bir bina ve dismerkez diyagonal ¢elik caprazlar
eklenmis celik bir bina olmak {izere iki adet farkli model
olusturulmustur. Bu iki yap1 modelinin tagiyict sistemleri,
olusan yer degistirmeler, periyotlar ve yap1 agirliklar
bakimindan birbirleri ile kiyaslanmistir.
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[19] ile bes katli, moment aktaran ¢elik c¢ercevelerden
olusan bir bina ile dismerkez “V” c¢aprazli ¢elik
cergevelerden olusan bir binanin diisey yiikk ve deprem
etkileri altinda tasarimi yapilarak yapisal analiz sonuglari
karsilagtirilmistir. Sonug olarak, dismerkez “V” ¢aprazl
binanin deprem etkisi altinda en {ist kat 6telenmesinin daha
az oldugu ve buna bagli olarak yapiy1 olusturan Kesitlerin
kiictildiigli goriilmiistiir.

Bu ¢alisma ile de tek bir diizlem celik ¢ercevede dort farkl
perde tipi ve li¢ farkli perde eleman: ele alinmstir. Perdeler
orta agiklikta olup perde tipleri i¢in (TBDY-2018)" den
yararlanilmigtir. Cergevelerin mod sekilleri belirlenmis ve
birinci mod sekli yatay yiik sablonu olarak kullanilmistir.
Dogrusal olmayan statik analiz yontemi ile performans
egrileri lizerinden degerlendirmeler yapilmistir. Cergeveler,
gocme Oncesine kadar yiliklenmistir.

2. DOGRUSAL OLMAYAN STATIK ANALIZ

Dogrusal olmayan statik analiz, malzeme davraniginin ve
geometrik sekil degistirmelerin dogrusal olmadigi yapi
sistemleri i¢in ¢esitli amaglar kapsaminda kullanilir.

Ikinci mertebe  etkilerinin  &nem tasidign  yapi
sistemlerindeki dogrusal analizlerin siiperpoze edilmesinde,
ingaat asamalarinda zaman igerisinde siinme, biiziilme
etkilerinin 6nemli oldugu yapi sistemlerinin tasariminda,
sadece c¢ekme bolgesinde calisan yapisal elemanlarinin
bulundugu yap1 sistemlerinde dogrusal olmayan statik
analizden yararlanilir [20].

Ayrica kablolu yapi sistemlerinde, yapi sistemleri igin statik
itme ve gegmeli burkulma analizinin yapilmasinda,
dogrusal olmayan dogrudan integrasyon zaman tanim alani
analizlerinin  ilk  kosullarinin  tahmin  edilmesinde,
malzemenin ve geometrik sekil degisimlerinin dogrusal
olmamast durumunun statik analizde g6z Oniine
alinmasinda dogrusal olmayan statik analiz kullanilir [20].

Yapt malzemesinin dogrusal olmayan davranisi, yapi
sistemlerini olusturan elemanlarin statik, yari statik ve
dinamik yiikler etkisi altindaki davramslarini dogrudan
etkiler. Baglant1 ve mesnet elemanlarindaki gesitli dogrusal
olmayan davranig, yap1 sistemini olusturan tek boyutlu
¢ubuk elemanlarin ¢ekme ve/veya basing kuvveti limitleri
ve cubuk elemanlardaki plastik mafsal davranist dogrudan
yap1 malzemesinin dogrusal olmayan davranisiyla ilgilidir.

Geometrik  sekil degistirmelerin  dogrusal olmayan
davranigi, ikinci mertebe ve biyiik yer degistirme
etkilerinin yap1 sisteminin sistem rijitlik matrisine

yansitilmasiyla dikkate alinir [21].

Cekme kuvveti altinda geometrik sekil degistirmeler,
egilme momentinde ikincil bir azalisa neden olurken basing
kuvveti ikincil bir artiga neden olur. Yapilardaki ¢ekme ve
basing kuvvetleri, geometrik sekil degistirmelere neden
olmaktadirlar. Sekil 1 ile konsol bir kiris iizerinde P-delta
etkisi olarak da adlandirilan ikinci mertebe etkilerinin

250

Academic Platform Journal of Engineering and Science 9-2, 248-256, 2021

moment diyagramina olan etkileri gosterilmistir. Calisma
kapsaminda ¢elik perde tipinin ve perde elemaninin yapi
performansina olan etkisi incelenmistir. Dogrusal olmayan
analiz yontemiyle ¢ergevelerin statik itme analizi yapilarak
yapt performans egrileri ¢izilmistir. Analizde yap1
elemanlar1 i¢in [22]" deki Tablo 5-6 ile verilen plastik
mafsal tanimlamalarindan yararlanilmastir.

Sekil 1. a) P-delta etkisi olmayan moment egrisi, b) Cekme
kuvveti ile P-delta etkili moment egrisi, ¢) Basing kuvveti
ile P-delta etkili moment egrisi [20]

Statik itme Analizi

Statik itme analizi, yap1 sistemlerinin sismik yiiklere karsi
performans tabanli tasarim yontemlerinden biri olarak
tanimlanabilir [20]. Analizin amaci, yap1 sisteminin
dayanim ve deformasyon kapasitesini tahmin ederek
tasarim depremindeki performansim belirlemektir [23].

Analizin yapilabilmesi i¢in yap1 sitemindeki plastik mafsal
olusum noktalarinin tayin edilmesi ve bu noktalara plastik
mafsal tamimlanmasi gerekmektedir. Plastik mafsallart
tanimlanmis yapt sistemi i¢in dogrusal olmayan statik
analiz yiik durumlari tanimlanir.

Analize 6nce diisey yiikleme ile baslanir. Yapi sistemini
olusturan elemanlarin diisey yiikler altinda dayanimlarini
kaybetmemeleri gerekmektedir. Disey yiikleme altinda
yapilan ¢oziimleme ile elemanlardaki gerilme sifirdan farkl
olacaktir. Bir sonraki adim, yatay yik altinda
¢oziimlemedir. Yapi sistemindeki elemanlar, belirli bir
yatay yilik seviyesine kadar dogrusal davranis sergilerler.
Artan yatay yiik altinda yapiyr olusturan elemanlardan
birinde ya da bir kaginda elastik yiik tasima kapasitesi
asilir. Elastik yiik tagima kapasitesi asilan elemanda ya da
elemanlarda plastik mafsal olustugu kabul edilir. Yapi
sisteminin dayanimini kaybettigi seviyeye kadar yapiya
artan yatay ylik uygulanir. Artan yatay ylklerin yapi
sistemindeki toplam taban kesme kuvveti ile bu kuvvete
karsilik gelen tepe deplasman giftlerinden olusan egri
cizilir. Cizilen bu egriye yap1 performans egrisi ya da statik
itme egrisi denir. Boylelikle artan yatay yiikler altinda yap1
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sistemindeki  elemanlarin  dayamim  seviyeleri  ve

dayanimlarini kaybetme siralar1 tahmin edilebilir.

: Taban kesme kuvveti

2. mafsal olusumu

3. mafsal olusumu <:

1. mafsal olugumu

Tepe deplasmani

I
=

a) b)
Sekil 2. a) Yap1 performans egrisi ve mafsal olusum sirasi,
b) artan yatay yiikler altinda deforme olmus cergeve ve
mafsal olusum sirasi

Sekil 2 ile diizlem gergeve bir yapinin artan yatay yiikler
altinki mafsal olusum siralamasinin gosterimi yapilmustir.
Birinci mafsalin olugsmasiyla yapi, dogrusal olmayan
davranis gostermektedir. Her mafsal olusumunda yap1
performans egrisi biikiilmektedir. Celik yapilarda plastik
mafsallar, eleman bazinda dusiiniildiigiinde ¢ok biiyiik
olmayan bdlgesel noktalarda meydana gelirler. Bu nedenle
mafsallagmanin elemanin belirli bir kesitinde olusacag
varsayimi yapilabilir.

Plastik mafsallar

Sekil 3. Plastik mafsal varsayimi [12]

Plastik mafsal varsayimi, elemanin belirli noktalarinin
mafsallagacagi, mafsallagsmayan diger bolgelerinin elastik
davranacagi varsayimina dayanmaktadir. Yap1
malzemesinin dogrusal olmayan davranisi, plastik mafsal
varsayimiyla statik itme analizine ilave edilmis olur.
Analizde ikinci mertebe etkilerinin denge denklemlerine
ilave edilmesiyle de geometrik sekil degisimleri dikkate
alnr.

Ancak tasarimi yapilacak yapi sistemi igin plastik mafsal
olusma potansiyeli olan noktalarin dogru tayin edilmesi
biiylik 6nem tagimaktadir. Aksi durumda sismik yiikler
altindaki yap1 davranigi, yanlig tahmin edilebilir.

2.2. Modal Analiz

Modal analiz, dogrusal bir analiz yontemi olmakla birlikte
yapilarin titresim modlarinin belirlenmesinde kullanilir. Bu
modlar, yap1 davranisinin anlasilmasini saglar. Ayrica mod
birlestirme ve modal zaman tanim alanit yiik durumlart igin
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modal siiperpozisyonun temelini olustururlar. Analizin
modal yik durumuna gore iki tipi vardir. Bunlardan
birincisi 6z vektor analizi ikincisi ise ritz vektor analizidir
[24].

Ritz vektor analizi, belirli bir ylikleme tarafindan uyarilan
modlar1 bulmaya calisir. Oz vektér analizi, yapinin
sOniimsiiz serbest titresim mod sekillerini ve frekanslarin
belirler. Genel 6z deger problemi, denklem (1)’ de yer
almaktadir.

[K —2°M]¢p =0 )
Denklem (1) ile gosterimi yapilan esitlikte K rijitlik
matrisini, Q? 6z vektér diyagonal matrisini, M diyagonal
kiitle matrisini ve ¢ mod sekillerini temsil etmektedir [20].

3. NUMERIK CALISMA

Caligmada sonlu elemanlar yontemi Kullanan yapisal analiz
ve tasarim yapabilen Sap 2000 bilgisayar programi
kullamlmigtir  [25].  Yapi, diizlem c¢elik c¢erceveden
olugmaktadir. Cerceve, Ui¢ agiklikli ve dort kathdir.
Kolonlar arasi mesafe 5 metre, kat yiiksekligi 3 metredir.
Cercevenin gosterimi, Sekil 6 ile yapilmigtir. Perdeler orta
acikliktadir.  Yapmnin  zemine ankastre  baglandigt
varsayillmustir. Cergeveler, eleman ve sistem bazinda
kusursuzdur. Malzeme olarak S235 yapisal ¢elik malzemesi
kullanilmis olup Sekil 4 ile basing ve ¢ekme bdlgelerindeki
gerilme (F) - sekil degistirme (&) grafigine yer verilmistir.
Grafigin ¢izilmesinde Yun ve dig. (2017) de yer alan
bagintilardan faydalanilmistir [26].

F (Mpa)
400
300
200
100

0
0 0.1 0.2

€ (mm/mm)

0.3

Sekil 4. S235 yapisal celigin gerilme — sekil degistirme
grafigi

Caligmada dort farkli gelik perde tipi ele alinmistir. Perde
tipleri, (TBDY-2018)’in 9. Bolimiinde yer alan X g¢apraz,
Ters V capraz, V capraz ve K capraz merkezi ¢aprazli celik
cercevelerdir [15]. Tim ¢ergeveler, AISC 360-10
standardindaki ASD yaklagimina gore tasarlanmgstir [27].
Tasarimda sadece Sekil 6 ile gosterimi yapilan diisey
yiikleme durumu kullamilmigtir. Analiz sonucunda kolonlar
IPE 300, kirisler IPE 240, perde elemanlar IPE100,
60x60x5 kutu ve 108x3.6 boru kesit olarak tasarlanmustir.
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Perde elemanlarmin tasarlanmasinda kesit alanlarimin
birbirine yakin olmasi gézetilmistir. Kesit alanlar1 birbirine
yakin olan perdelerin malzeme maliyetinin de yakin olacagi
digiiniilmistiir. Ayrica tasarlanan perde elemanlarinin
temini, piyasa sartlarinda oldukg¢a kolaydir. Bu y6niiyle de
calismanin uygulama alaninda yer bulacagi tahmin
edilmektedir.

S
S

Ters V ¢apraz

X ¢apraz V ¢apraz K capraz
Sekil 5. Perde tipleri [15]
1 kN/m 1 kN/m 1 kN/m
B
3m 1 kN/m 1 kN/m 1 kN/m
1 J J
3m 1 kN/m 1 kN/m 1 kN/m
1 ! !
3m 1 kN/m 1 kN/m 1 kN/m
1 | !
3m z
T T L T T
“ | x . |
| | | |

5m 5m 5m

Sekil 6. Diizlem ¢elik gergeve ve diisey yiikkleme durumu

Analizde malzemenin dogrusal olmayan o6zelligi dikkate
almarak kolon, kirig ve perde elemanlar1 igin plastik mafsal
tanimlamalar1 yapilmistir. Mafsallasmanin elemanlarin ug
noktalarinda olusacagi 6ngoriilerek mafsallar arasinda kalan
bolgenin elastik davranacagi kabul edilmistir. Kiris
elemanlar1 tizerinde (-Z) yoniinde 1,0 kN/m ¢izgisel yiik
bulunmaktadir. Yapi1 performans egrileri, (X) yoni igin
¢izdirilmistir. Analizlerde tiim perde elemanlarinin kuvvetli
eksenindeki kesit 6zelliklerinden yararlanilmis olup kutu ve
boru kesitli perde elemanlarinin kesit o6zellikleri her iki
eksende (kuvvetli- zayif) de aymdir. Perde elemanlar igin
kuvvetli eksen etrafindaki kesit Ozellikleri Tablo 1 ile
gosterilmistir.

Tablo 1’ in birinci siitunu perde elemani kesit isimlerini,
ikinci slitunu mm? cinsinden kesit alanini, {iglincii siitunu
mm?® cinsinden kesitin plastik modiiliinii ve dordiincii
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situnu mm cinsinden  kesitin  atalet yarigapim
gostermektedir.
Tablo 1. Perde elemanlarinin kesit 6zellikleri
Plastik Atalet
Kesit alam1  modiil yaricapi
Profil (mm?) (mm?) (mm)
IPE1I00  1.030 39.400 40,7455
60x60x5 1.100 22.750 22,5469
108x3.6 1.181 39.250 36,9337

Modal analizde kullanilan kiitle, kirisler {izerindeki diisey
yiikleme ile hesaba katilmis olup mod sekilleri, 6z vektor
analizine gore elde edilmistir. Yap1 performans egrileri,
monotonik yiikler altinda ¢izilmistir. Monotonik yiik
katsayilari, modal analiz sonrasi elde edilen (X) hakim
yoniindeki 1. mod sekilleridir. Mod sekilleri, Sekil 7° de
gosterilmistir.  Monotonik  yiikler, kat seviyelerine
etkitilmistir. Yatay yiikler, monotonik yiik katsayilarinin
kat1 seklinde artmaktadir.

Tablo 2 ile analizlerde kullanilan yilikleme durumlari
gosterilmistir. Tablo 2° deki birinci siitun yiik isimlerini,
ikinci siitun yiik tiplerini, {iglincii sititun analiz tipilerini ve
dordiincti  siitun  yiik miktarin1  gostermektedir. Diisey
yiiklerin gosterimi, Sekil 6 ile yapilmistir. Ayni zamanda bu

yikler, modal analiz i¢in kullamilan kiitleyi de
olusturmaktadir.
Tablo 2. Yiikleme durumlari
Yiik Yiik Analiz tipi Yiik
ismi tipi
Modal Dinamik  Dogrusal (-Z) 1,0 kN/m
Diisey Statik Dogrusal olmayan  (-Z) 1,0 KN/m
Yatay Statik Dogrusal olmayan 1. mod sekli
Statik itme analizinin hem diisey hem de vyatay

yiiklemesinde Hinge Unloading Method olarak Unload
Entire Structure yontemi kullanilmistir.

Bu yontemde yapida bir mafsal olustugunda mafsal olusan
noktadaki kesit tesiri mafsalin kapasitesinden daha fazla
olmamaktadir. Mafsal olusan noktadaki Kkesit tesiri
kapasiteye esit olurken yapidaki tiim yiik bosaltilip tekrar
yapiya onceki mafsali olusturan yiikten daha fazla bir yiik
uygulanir [20]. Bu dongii ile yapidaki mafsal sayisi
arttirilarak yapimin yatay yiikler altindaki kapasitesine
ulagmasi saglanir. Sekil 2 ile gosterildigi gibi plastik mafsal
olugmast durumunda taban kesme kuvveti — tepe deplasman
deger ciftlerinin olusturdugu performans egrisi dogrusal
olmaktan uzaklasir. Sekil 7 ile gosterimi yapilan mod sekli
kat sayilari, zemin kat seviyesinde sifirdir. Birinci kat
seviyesinde 0,13 - 0,14 mertebelerinde, ikinci Kkat
seviyesinde 0,29 — 0,31 mertebelerinde, igiincii kat
seviyesinde 0,45 — 0,47 mertebelerinde ve dordiincii kat
seviyesinde 0,55 - 0,58 mertebelerindedir.



M.B. ALICIOGLU

X - IPE100 X - 60x60x5 X-108x3.6
4 0,576 4 0578 0,58
3 0,456 3 0,455 0,454
2 0,301 2 0,299 0,257
1 0,136 1 0,134
040 0o 0 1
0 1 0 1
V- IPE100 V - 60x60x5 V-108x3.6
4 0,572 4 0,574 0575
3 0457 3 0,454 0,455
2 0,305 2 0,303 0,302
1 0,137
1 0,138
0G0
o 0 ] 1 1
0 1
Ters V-IPE100 Ters V - 60x60x5 Ters V- 108x3.6
4 0,569 4 0,571 & 0,573
3 0,462 3 0,462 3 0,461
2 0,312 2 031 2 0,308
1 0,143 1 0,141 1 0,14
] 0 o 0 ) o
0 1 0 1 0 1
K-IPE100 K- 60x60x5 K- 108x3.6 Perdesiz
4 0,576 4 0,578 4 0,58 4 0,55
3 0457 3 0,455 3 0,455 3 0.47
2 0,302 2 0.3 2 2 0,31%
1 0,137 1 0,136 1 1 8133
DQO 0G0 o0& 0
0 1 0 1 0 1 ] 1
Sekil 7. Mod sekilleri
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Taban Kesme Kuvveti (kN)

Perde elemani: IPE100
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]

o
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Tepe deplasmani (mm)
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Sekil 8. Perde elemani IPE100 igin yap1 performans egrileri

Taban Kesme Kuvveti (kN)

Perde elemani: Kutu 60x60x5

800
600
400

200 r_—

0

0 200 400 600

Tepe deplasmani (mm)

Perdesiz

Sekil 9. Perde elemani 60x60x5 i¢in yapt performans

egrileri

Taban Kesme Kuvveti (kN)

Perde elemani: Boru 108x3.6

800
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o\

o

200 400 600

Tepe deplasmani (mm)

Perdesiz

Sekil 10. Perde elemani 108x3.6 igin yapr performans

egrileri

Cerceve performansinin hesaplanmasinda ilk agama modal

analizdir. Modal analizle yatay yiik sablonu elde edilir.
Sonrasinda diisey yiik analizi yapilir. Cergevelerin diisey
yiikler altinda mafsallagmamasi gerekmektedir. Bu asamada
mafsallagma olursa yatay yiik analizine gegis olmaz. Diisey
analizle gergeve elemanlarindaki gerilme durumu artik
sifira esit degildir. Disey analizle elde edilen kesit
tesirlerinin {izerine yatay analiz sonuglari eklenir ve
mafsallasma durumu her bir eleman i¢in kontrol edilir.
Yapilan varsayimlar ve analizler neticesinde gelik perde

Taban Kesme Kuvveti (kN)

tipleri ve perde elemanlar1 igin yapi performans egrileri
cizilmigtir. Sekil 8-9-10 ile perde tipleri karsilagtirilmstir.

Sekil 11-12-13-14 ile perde elemanlar karsilastirilmistir.

Perde tipi: K
800
600
400
200 f—_
0
0 200 400 600

Tepe deplasmani (mm)

—|PE100
108x3.6
60x60x5

Perdesiz

Sekil 11. Perde tipi K i¢in yapt performans egrileri

253



M.B. ALICIOGLU

Perde tipi: X
Z
= 800
D —
g 600 ——IPE100
~ 400
g 108x3.6
S 200
< 60x60X5
= 0
° 0 200 400 600 Perdesiz
°

Tepe deplasmani (mm)

Sekil 12. Perde tipi X i¢in yap1 performans egrileri

Perde tipi: Ters V

=

< 600

= 1

2 400 : ——IPE100
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k| 0 60X60x5
o
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©
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Tepe deplasmani (mm)

Sekil 13. Perde tipi Ters V igin yap1 performans egrileri

— Perde tipi: V

=2

X

= 600

(0]

; -

3 400 ——IPE100
£ 200 ﬁ 108x3.6
(7]

~

c 0 60x60x5
E 0 200 400 600 Perdesiz

Tepe deplasmani (mm)

Sekil 14. Perde tipi V i¢in yap1 performans egrileri

Yap1 performans egrileri, g¢ergevelerin tasiyabilecegi
maksimum yatay yiik seviyesine kadar baska bir deyisle
gocme durumu Oncesine kadar itilerek elde edilmistir.

Yap1 performans egrilerinin elde edilmesiyle ¢ergevelerin
maksimum taban kesme kuvveti ve maksimum tepe
deplasman degerleri belirlenmistir. Tepe deplasmanindan
kasit, cergevenin en iist katindan okunan deplasman
degeridir.

Tablo 3 ile ¢ercevelerdeki perde elemani ve perde tipine
gore taban kesme kuvveti degerleri ile tepe deplasman
degerlerinden olusan veriler gosterilmistir.

Tablo 3’in birinci siitunu maksimum taban kesme
kuvvetini kN cinsinden, ikinci siitunu maksimum tepe
deplasmaninin mm cinsinden igiincii siitunu perde tipini ve
dordiincii  siitunu  perde elemanini  gostermektedir.
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Tablo 3. Maksimum taban kesme kuvveti ve maksimum
tepe deplasmani degerleri.

Maks.

Taban Maks.

kesme Tepe

kuvveti Deplasman Perde
(kN) (mm) Perde tipi eleman
323 453 Perdesiz
610 400 K IPE100
635 411 X IPE100
441 427 Ters V IPE100
465 434 \Y IPE100
625 400 K 60x60x5
585 380 X 60x60x5
439 390 Ters V 60x60x5
471 432 \Y 60x60x5
690 390 K 108x3.6
640 400 X 108x3.6
440 400 Ters V 108x3.6
460 400 \Y 108x3.6

4. SONUC VE ONERILER

Caligmada ele alinan yap1, dort farkli ¢elik perde tipine ve
tig farkli perde elemanmna sahip olup diizlem g¢elik
gerceveden olusmaktadir. Diizlem c¢elik ¢erceve, i¢
aciklikli ve dort katlidir. Kolonlar arasi mesafe 5 metre, kat
yiiksekligi 3 metredir. Kolon elemanlar1 IPE300, kiris
elemanlar1 IPE240, perde elemanlar1 IPE100, 60x60x5 kutu
ve 108x3.6 boru kesitten olusmaktadir. Statik itme analizi
yapilarak c¢ergevelerin performans egrileri ¢izilmis ve
maksimum taban kesme kuvvetleri ile maksimum tepe
deplasmanlart bulunmustur.

X c¢aprazli perde tipinde IPE100 kesiti kullanilirsa
gergevenin kargilayacagi taban kesme kuvvetinin %88
oraninda, K c¢aprazli perde tipinde 60x60x5 Kkutu Kesit
kullanilirsa ~ ger¢evenin  karsilayacagi taban  kesme
kuvvetinin %93 oraninda ve K ¢aprazli perde tipinde
108x3.6 boru kesit kullanilirsa gergevenin karsilayacagi
taban kesme kuvvetinin %113 oraninda artacagi
hesaplanmustir.

Cerceveye calisma kapsamindaki herhangi bir perde tipinin
eklenmesi durumunda yatay yiikler altindaki
performansinin  énemli  Olglide arttign  belirlenmistir.
Alicioglu (2011) (DBYBHY-2007)’ de yer alan merkezi
celik caprazli cergevelerin ¢aprazsiz cercevelere oranla
elastik ve plastik limit yiik tasima kapasitelerinin daha fazla
oldugunu belirlemistir [3].

K ile X capraz perde tiplerinin g¢er¢eve performansina
etkilerinin benzer oldugu ve Ters V ile V capraz perde
tiplerinin ¢erceve performansina etkilerinin benzer oldugu
goriilmiistir. K ve X capraz perde tiplerinin Ters V ve V
capraz perde tiplerine oranla daha fazla maksimum taban
kesme kuvveti karsiladigi, buna karsin tepe deplasman
degerleri  arasinda  6nemli  bir fark  olmadig:
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gozlemlenmistir. Buradan hareketle cergeve performansi
acisindan K ve X c¢apraz perde tiplerinin kullanimi
onerilmektedir. Putra ve dig. (2019) alt1 katli gelik bir
binaya X capraz perdeler ekleyerek yapi performansinin
perdesiz duruma oranla oOnemli derecede arttigini
belirlemislerdir [9].

Sarhan ve dig. (2020) dort, yedi ve on katli ¢elik binalar
iizerinde ¢aprazsiz, Z ve X g¢aprazli perde tiplerinde elastik
rijitlik faktorlerine yonelik yaptiklari ¢alismada X caprazli
binanin ¢aprazsiz ve Z ¢aprazli binalara oranla daha rijit
oldugunu belirlemislerdir [11].

IPE100 Kesitinin atalet yarigapinin ve plastik modiiliiniin
diger profillerden daha biiylik olmasina karsin dort farkli
perde tipinde de ¢erceve performansina en fazla katkisi olan
perde eleman1 108x3.6 boru kesit olurken ikinci olarak
60x60x5 kutu kesit olmustur. Buradan hareketle perde
elemani olarak boru ve kutu kesit kullanimi 6nerilmektedir.

Alicioglu ve dig. (2012) diizensiz geometriye sahip ¢elik
cercevelerde boru kesitli perde kullanilmasi durumunda
gergeve performansinin arttigini [4], Agcakoca ve dig.
(2012) simetrik geometriye sahip gelik ¢ercevelerde boru

kesitli  perde  kullanilmast  durumunda  ¢ergeve
performansinin arttigini tespit etmislerdir [5].
Calisma ile literatirde bulunan benzer  veriler

karsilagtirildiginda  sonuglarin  uyum igerisinde oldugu
gorilmiistiir.
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Abstract

Generation expansion planning (GEP) problems are solved to find the optimum investment decisions to satisfy the increasing
electricity demand. Integration of electric vehicles (EVs) with the capability of charging from the grid will also increase the
electricity demand of the grid. Depending on the charging/driving characteristics of users, demand curves for EVs will be shaped
and it will be different on each day. Therefore, it is very crucial to represent this stochastic nature of EVs demand in the associated
GEP problems. This paper is proposing a methodology to represent EVs demand realistically on GEP models. The proposed
methodology starts with generating random demand patterns to demonstrate possibilities for the EVs demand patterns via Monte
Carlo Simulation, then using an optimization-based model to select a representative set. Two stage stochastic programming
model is proposed for GEP problems and solved to minimize the expected cost over the entire set, the representative set and the
average EVs demand. The results show that GEP models with selected demand curves produce more realistic decisions (closer
to the solutions obtained by using the entire demand patterns) than the decisions obtained by the models with average EVs
demand. In most cases, the models using average EVs demand fail to capture the new peaks generated by EVs, therefore, they

suggest less capacity expansion then the required amount. This results in more unmet demand in the system.

Keywords: Generation Expansion Planning, Electric Vehicles, Demand Stochasticity, Monte-Carlo Simulation

4
INTRODUCTION

Generation Expansion Planning (GEP) problems are solved
for optimally determining when, where and what type of
generation technologies to construct in the grid to satisfy the
growing electricity demand. The growth of the global
electricity demand is estimated as 2.1% per year in [1].
Moreover, there is an increasing awareness for the
environment and for the risk of depletion of fuels for the
conventional vehicles. This leads a tendency towards
increasing the proportion of the electric vehicles in the
transportation sector. Introducing electric vehicles (EV) with
capability of charging from the grid will contribute the
electricity demand. To keep the grid reliable and sustainable,
it is very crucial to incorporate the demand changes
realistically in solving GEP problems to satisfy the new
demand. The paper aims to provide a methodology to
incorporate EVs demand in GEP and keep the GEP problem
tractable.

The pattern for EV's demand is shaped based on many factors
grouped as charging characteristics, driving characteristics
and penetration levels. Charging characteristics includes
types of chargers, battery sizes used in the vehicles and state-
of-charge (capacity left in the battery) at the charging time.

Driving characteristics involve the behavior of the vehicle
owners such as daily driven distances, arrival and departure
times to possible charging points (home, work, charge
station, mall), preferences for charging places. Penetration
level determine the number of the EVs. Since vehicle
owners do not behave the same in each day, total demand of
EV will differ from day to day as well as the distribution of
the demand of EVs in each hour. Therefore, demand of EVs
has a stochastic nature. Since GEP problems are long-term
problems, it is very important to reflect this uncertainties in
GEP problems explicitly. Another important objective of this
study is to provide an approach to make it possible to
realistically represent the stochastic nature of EVs demand
in GEP problems.

There is vast amount of study on GEP problems. Koltsaklis
and Dagoumas [2] present a review on the articles
considering different perspectives of the GEP problems.
They also provide a detailed survey on the GEP including the
renewable energy sources in [3]. There are some studies
focusing on how EVs will affect the demand curve [4-9].
There are also few studies considering the EVs together with
GEP problems [10-17]. Ramirez et al. [18] solved the GEP
problem where the average additional load due to the EVs is
calculated for each hours and the current demand is updated
to incorporate the EVs with GEP. Hajimiragha et al. [19]
solves least cost GEP problem with EVs by incorporating the
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EVs via the estimated additional yearly demand. Ahmadi et
al. [20] uses the EVs effects on the peal and base load when
solving GEP problems. Moon et al. [21] estimates a
probability density function for the EVs demand and incudes
the estimated EVs demand into GEP problem. Ramirez et
al. [22] also proposes a model for GEP where constraints to
schedule the demand of EVs are included. de Quevedo [23]
uses the total demand due to the EVs in s GEP together with
renewable energy sources. Manriquez et al. [24] solves long
term generation and transmission expansion planning
problem under different charging schemes for EVs.
Mehrjerdi [25] solves capacity expansion planning problems
where EVs at charging stations thought as flexible
generation units. Heuberger et al. [26] investigates the effect
of EVs deployment on the capacity requirements.

The studies for GEP with EVs lack from reflecting the
stochastic nature of the demand caused by EVs. The
common approach is to include the estimated average EV
demand for each hour. This leads to unrealistic plans since it
does not consider the days with different level of EVs
demands and different distribution of demand over the days.
This paper provides a methodology to represent days with
different demand profiles and their corresponding
distribution among the year in GEP model while keeping
GEP problem tractable. GEP problems are modeled as two
stage stochastic programming models. By means of the
methodology presented in this study, it would be possible to
consider the days with new peaks (even if the probability is
very low) in GEP model so that the solution suggested by the
model will be more applicable to satisfy the reliability of the
system.

This paper propose an approach which start with generating
many numbers of random demand patterns by means of
Monte Carlo simulation and then selecting a representative
sets from the generated patterns to use in GEP problems.
GEP problems are solved for different cases to show the
effectiveness of the approach.

This paper is organized as follows: the simulation model to
generate different EVs demand patterns, the mathematical
model to select an appropriate subset of these patterns, and
the two stage stochastic programming model for GEP to
represent the demand patterns are given in Section 2. The
numerical analysis and the corresponding results are given in
Section 3. In Section 4, final remarks are given.

1. METHODOLOGY TO INCLUDE EVS DEMAND
IN GEP

An algorithm is proposed to generate and select the
representative load curves/demand patterns and use them in
the mathematical model for GEP explicitly. The proposed
algorithm is given in Algorithm 1.

Algorithm 1
Step 1: Generate N demand patterns which reflect any
random days by using Monte Carlo Simulation.
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Step 2: Use proposed optimization-based model to select the
representative demand patterns (R) and to determine their
corresponding probabilities.

Step 3: Minimize the expected cost by solving proposed GEP
problem

1.1. Generation of EVs Demand Patterns

One could use any methods presented in the literature to
generate random demand patterns. In this paper, the Monte
Carlo simulation presented in [27] is used to generate the
EVs demand patterns. In this simulation, all the impact
factors are considered. At each iteration of the simulation, k
vehicle owners for the given penetration level of EVs are
generated where each owner has different driving and
charging characteristics at the point of charging. The battery
size, daily driving distance, departure and arrival times to the
charging points, charging place decisions are assigned based
on the distribution of the corresponding parameters and the
policy applied. Based on these characteristics, a random
demand pattern showing the amount of electricity drawn
from the grid at each hour is obtained for each EV owner.
By summing the demands from all the vehicle owners, the
total demand for each hour is obtained. The result of one
iteration is called a random demand pattern, which represents
a possible day of the year.

1.2. Optimization-Based Approach for Selecting a
Representative EVs Demand Patterns

In the previous step, we generated N patterns. Including all
these demand patterns in GEP problems is preferable to be
more realistic, but it is not computationally efficient.
Therefore, a mathematical model is proposed to select a
subset of the generated load curves while minimizing the
deviation from the average demand for each hour.

The objective function of the models is to minimize sum of
positive and negative deviations from the average demand
for each hour i.

24
min Z(pdh + Tldh) (1)
h=1

The positive and negative deviations are calculated in the
constraint (2).

N

Z 0jdn; — pdy +ndy =y Yh=1..24 @)

Jj=1

Here, dy; represents the EVs demand for hour h in iteration j.
unis the average EVs demand for hour h considering all the
demand patterns in N. ¢; is the decision variable for
probability assigned to the demand patterns j. In this
constraint, a positive probability is assigned to the demand
pattern j such that the average demand is calculated by using
only the patterns with positive probabilities plus the
deviations are equal to the average EVs demand of hour h.
The third constraint guarantees that the sum of probabilities
are equal to 1 and represented as follows.
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N
D=1 ®)
j=1
The non-negativity constraints are given in (4) and (5).
p; =0,VjeN 4)
pdh,ndh 2 O,Vh =,24‘ (5)

1.3. Mathematical Model for GEP problems

The objective of this paper is to provide a methodology to
explicitly represent the stochasticity associated with the EVs
demand in GEP problems. The proposed model
accomplishes it by representing the EV's demand not only by
the average for each hour, but a set of EVs demand patterns
for each hour with the associated probabilities. Then, the
model becomes a two-stage stochastic model where the first
stage variables, investment decisions, are decided with
respect to the distribution of the uncertainty; and the second
stage decision variables, dispatching decisions, are decided
with respect to the observation of the uncertainty. The
demand of the current system also differs for each day. The
common approach is to select set of days to represent the
different electricity demand curves in the year. We will
assume that G is the set of such days and mg is the number of
days represented by the day g.

In our approach, we assume that EVs demand could be any
one of the patterns in R for each day in G. Therefore, by
multiplying the probabilities of EVs demand patterns by the
number of days represented by g, we can obtain the number
of days where the current electricity demand is as in day g
and EVs demand is as in pattern j of R. The obtained
parameter is called the weight, w,;, and it is calculated as in
Equation (9).

Wgj = @j XMy

©)

The objective function of the model is to minimize the
expected cost. The cost has two part, investment cost and
expected dispatching cost.

PP
v keQ
24
20,00 i

+ Z
y k€Q geG jER h=1

+ z Z Z Z Wy ByiZyigjn

lEL geG jER h=1

24
+ Z Z Z WgiYyUygjn
J€EG jER h=1
Cyk is the cost of investing generation unit type k from the
possible investment options Q in year y and s, is the
investment decision taking the value of 1 if the investment is
done and zero if not. x4, is the amount of electricity
produced (MWh) from the new generation unit k in year vy,
day g, in hour h and EVs demand follows the pattern j. a, is

(10)
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the cost of producing LMWh of energy from the unit k of Q
in year y. Similarly, z,,,;, is the amount of electricity
produced (MWh) from the existing generation unit | of the
set L in yeary, day g, in hour h and EVs demand follows the
pattern j. B, is the cost of producing 1 MWh of energy from
the unit 1 of L in year y. y,, is the cost of unmet demand and
u,4; is the amount of energy not satisfied in year y, in day g,
in hour h, and EVs demand follows the pattern j.

The first set of constraints are the demand constraints.
Demand in the model represents the demand including the
electricity request of EVs and it is calculated by summing the
regular electricity demand plus the EVs demand as in Eq.
(12).

Dygjn = Dygn + dp; (11)

D, 4n is the electricity demand without the EVs contribution

inyeary, inday g, in hour h. dy,; is the demand in hour h in
EVs demand pattern j.

The demand constraints (12) are to guarantee that the total
electricity generated from the existing and new units plus the
unsatisfied demand is equal to the demand for each year, day,
hour and EVs pattern.

Z Xykgjn T z Zyigjn t Uygjg

keQ leL (12)
vy, g,h,j

= Yygjh

D, 4jn is the demand including EVs demand in year y, in day
g, in EVs demand pattern j and in hour h.

The second set of constraints (13) is the capacity constraint
for the existing units. Total generation from each unit cannot
be more than the available capacity.

Zyigin < 01 Yy, k,g,h,j

(13)

0, is the available capacity of unit I. It is calculated by
multiplying the existing capacity with the availability factor.
Availability factor could simply defined as the percentage of
the time the unit available for the production.

The third set of constraints (14) is the capacity constraint for
the new units. Total generation from each unit should be less
than the available capacity if the investment is done before
or in year y and less than zero if the investment is not done.
y
xykgjh < gkzsyk V_’y, k'g! h'] (14)
t=1

With the constraints in (15), we guarantee that each unit type
investment occurs only once.

Zsyk -1 wyk

y
The rest of the constraints (16-17) are binary variable
constraints and non- negativity constraints for the generation
amount and unmet demands.

(15)
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sy €{0,1} Vy, k (16)
Xykgin =0 Vv, k,9,j,h a7
Zyigjin =20 Vy,1,9,j,h (18)
Uygin =0 Vy,9,),h (19)

2. NUMERICAL STUDY

We consider the electricity grid of Istanbul as a case study.
The GEP problem to satisfy the increasing demand of
Istanbul is solved. We assumed that wind farms are the
choices for new generation units. For the current demand of
the network, we pick two days from 2019 (08.01.2019 for
Winter/Fall and 31.07.2019 for Spring/Summer) [28]. The
selected days are the ones with the highest hourly peak
demand. Selected current network demands are given in
Table 1. Since the consumption of Istanbul is 16% of
Turkey, we adjust the total demand to find the demand for
Istanbul. We also assumed that 16% of the current installed
capacity for Turkey could be used for Istanbul. The data for
installed capacity and new generation units are given in
Table 2.

Table 1. Selected Current Demand

Hours
Days |1 2 3 4 5 6
1 5208 | 4937 | 4748 | 4630 | 4578 | 4663
2 6127 | 5838 | 5598 | 5466 |5366 | 5272
Hours
Days |7 8 9 10 11 |12
1 4857|5318 | 6055 | 6616 | 6784|6934
2 5146 | 5435 | 6237 | 6692 | 6790 | 6960
Hours
Days |13 (14 |15 |16 17 |18
1 6753|6772 (6832|6781 | 6760 | 6755
2 6793|6973 (7188|7205 |7182|7105
Hours
Days |19 (20 |21 |22 23 |24
1 6682 | 6452 | 6203 | 6036 |5867 | 5550
2 6887 | 6820 | 6977 | 6922 | 6736 | 6486

Table 2: Available Capacity for Istanbul

Installed Variable Available
Energy Capacity|Cost /Avail.[Energy|Capacity
Source (MW)  [($/MWh)[FactorlLoss  [(MW)
Hydro 3,270 [0.002 50% [8% [1504
Geothermal|172 0.011 [75% 8% [119
Natural
Gas 4,299 [3.602 B5% 8% 3362
Coal 3,187 4.474 85% 8%  [2492
Stream 1,243 |0.001 [50% (8% [572

2.1. EVs Patterns Generation for the Case Study
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To generate the extra demand from the electric vehicles, we
used the impact factors presented in [27] and generate 10000
patterns. We assumed uncontrolled charging at home and
public station. In this policy, people who prefer to charge at
home can charge their cars at any time after arriving to home.
We also assume that people using public stations can charge
their cars at any time during the day. We used the
distribution representing the preference of people for
charging locations as presented in Table 3.

2.2. Selecting Patterns for Case Study

We used the LP model presented above to select the subset
of EVs demand patterns and associated probabilities. For
Case 2, 16 demand patterns are selected with the associated
probabilities. 19 demand patterns are selected for Case 13.
For the rest of the cases, 25 demand patterns are selected.

Table 3: Charging Location Preference Distribution
Cases

Home |Work |Public Station

1 0% 0% 100%
2 0% 100% | 0%

3 10% |10% |80%
4 10% |80% |10%
5 20% |30% |50%
6 30% |20% | 50%
7 30% |40% | 30%
8 30% |50% | 20%
9 40% |30% | 30%
10 40%  |40% | 20%
11 50% |30% | 20%
12 80% |10% |10%
13 100% |0% | 0%

2.3. Results of GEP model for Case Study

The objective of this paper is to demonstrate the impact of
the explicit representation of the different demand curves in
the GEP model. To be able to solve the GEP problem by
using the entire demand patterns, we construct a GEP model
to satisfy the demand of one year in the future where 10% of
vehicles in Istanbul are electrical. The daily demands
selected (Table 1) are increased by 15% to reflect the future
demand where 10% of vehicles in Istanbul are electric
vehicles. As the investment option, we consider the wind
farm. Each farm consist of 25 wind turbines each has the
capacity of 2MW. The availability factor for the wind
turbines are assumed to be 30% and the electricity loss is also
assumed to be 8%. After applying the losses and availability
factor, we computed the available wind power generation
capacity from each farm as 13.8MW. We assumed 20 years
for lifetime for the wind turbines to find the installation cost
per year. Average cost of one wind turbine with 2MW
capacity is around $3,500,000. By dividing this value to its
lifetime and multiplying with 25, we found the installation
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cost for each farm per year $4,375,000. The unmet demand
cost is assumed to be $10000 per MWh.

The GEP problem is first solved by using all the patterns (N)
generated by Monte Carlo Simulation. Then the same
problem is solved by only using the selected patterns (R)
obtained by the optimization based model proposed before.
Finally, the problem is solved by defining only one EVs
pattern consists of the average demand (u;) of 10000
patterns for each hour and updated D,,;, by using the
average demand produced by EVs.

For different cases, all three problems are solved and
solutions are presented in Table 4 and 5. Table 4 represents
optimum objective function value if all the demand patterns
are integrated to GEP and the deviations of the objective
function value obtained by considering the selected demand
patterns and average demand from the objective function
value obtained by considering all 20000 demand patterns.

For all of the instances, using the average extra demand
generated by EVs to represent the demand of EVs in GEP
problem underestimate the effect of the EVs on demand. As
seen in Table 4, using the selected demand patterns to
integrate EVs to GEP problems produces better results for all
the cases.

Table 4. Objective function value of GEPs solved

Cost ($) | Deviation
Cases All Selected | Average
1 2.77E+08 | 0.67% -1.73%
2 3.6E+08 |-2.57% -4.20%
3 2.77E+08 | 0.09% -2.03%
4 3.19E+08 | -0.69% -3.89%
5 2.82E+08 | 0.04% -2.07%
6 2.78E+08 | 0.36% -1.74%
7 2.85E+08 | 0.15% -1.85%
8 2.91E+08 | 0.21% -2.50%
9 2.8E+08 |1.01% -1.65%
10 2.85E+08 | 0.42% -1.85%
11 2.8E+08 |-0.02% -1.45%
12 2.71E+08 | 0.43% -2.41%
13 2.73E+08 | -0.29% -1.86%

To represent the results more clearly, we present the
optimum investment level and total unmet demand per year.
Investment represents the optimum number of wind farms
invested to satisfy the demand. “All” in Table 5 represents
the solution obtained by considering all of the 10000 patterns
generated. “Avg” in Table 5 represents the solution obtained
by considering the average of the 10000 demand patterns to
reflect the extra demand of EVs. “Slc” in Table 5 represents
the solution obtained by considering the selected demand
patterns to integrate the EVs in GEP problems. Total unmet
demand in Table 5 represents what would be the unmet
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demand for a year if the investment level is the one suggested
by each problem and the demand might follow any one of
the 10000 demand patterns generated.

The results show that the number of investments suggested
by using the selected demand patterns are the same as using
all the generated demand patterns in most of the instances.
Using the average of the 10000 demand patterns in GEP
problems causes not capturing the days where EVs increases
the demand of some hours in a day drastically. Therefore, the
solutions suggested by these problems suggest investing less
investments, therefore, more unmet demand. Using the
average is worse in the instances where new peaks might be
generated as in Case 2 and 8. In those cases, more of the
people charge their cars at work where the current demand
of the grid is high. The highest investments are also
suggested for these cases. In only two cases, using selected
demand patterns suggest more investments than the problem
with all demand patterns. In those cases, the unmet demand
is very high for the second problem. It shows that there is a
slight overestimation for the GEP with selected demand
patterns.

Table 5. Optimum Investment Decisions and Total Unmet
Demand for GEPs solved

Total Unmet Demand
Investment (MWh)

Cases | All | Slc | Avg | All Slc Avg
1 27 |27 |26 |93.99 |93.99 |811.28
2 48 |46 |45 |355.60 |1626.12|2624.95
3 27 |27 |26 |177.32 |177.32 |1056.24
4 38 |37 |35 |85.38 |474.39 |2583.31
5 28 (28 |27 |197.96 |197.96 |1014.64
6 27 |27 |26 |267.29 |267.29 |1220.10
7 29 |29 |28 |141.07 |141.07 |822.97
8 30 [31 |29 |342.99 |4.31 1493.39
9 28 |28 |27 |79.03 |79.03 |722.49
10 29 (29 |28 |140.96 |140.96 |962.21
11 28 |28 |27 |19.86 [19.86 |521.00
12 25 |26 |24 |267.90 |0.00 1066.02
13 26 |26 |25 |122.38 |122.38 |752.38

The largest number of patterns selected (R) is 25 for the cases
we considered. It means that the number of demand
constraints and the capacity constraints are reduced by at
least (25/1000=0.0025). In addition to the reduction in the
number of constraints, the number of decision variables for
electricity generated by the existing units and new units, and
the variables for unmet demand is also reduced by the same
ratio. The solution times for the GEP model using the
selected demand patterns is around one-third of the ones for
the GEP model using all patterns. The same results are
obtained in much shorter times with the representative sets.
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It shows that we obtain GEP models which are realistic and
tractable.

3. CONCLUSION

The integration of EVs into the system will increase the total
demand of the grid where new investments need to be done.
In order to decide the investments, GEP problems are solved.
It is very important to represent the real impact of EVs in
GEP problems to find solutions that are more realistic. In this
paper, we propose a methodology to represent the impact of
EVs on demand more realistically in the GEP problems
while keeping the problems more tractable.

In this paper, we propose two stage stochastic programming
models for GEP to integrate different demand patterns due to
the EVs. The methodology starts with generating random
days by simulation which consider the all the impact factors
affecting the EVs demand. Each random days represents a
possibility for a day. GEP problems with all these random
days would be more realistic however; they will not be
computationally efficient. Therefore, we suggested an
optimization based method to select the representative set. In
this optimization-based model, the deviation from the
average of the generated random days is minimized. The
optimization-based model suggest a subset of randomly
generated demand patterns with associated probabilities.

We define cases and solve the GEP problem by using all the
demand patterns generated, by the selected patterns and by
the average of these demand patterns. The results show that
using selected patterns suggest solution very close to the one
with all the demand patterns. It is shown that our
methodology provide an efficient way of integrating EVs to
GEP problems while keeping the stochastic nature of the
demand very close to the reality.

The electricity networks involves many stochastic
parameters. The deployment of EVs into the system will
increase the demand uncertainty. We provide a tool for the
decision makers to help them to make proper decisions. The
results shows that the methodology proposed in this study
make it possible to take the days with new peaks into the
account. Therefore, the capacity expansion decisions
suggested are more realistic. The system operators could
benefit from our study to determine best plans to design
reliable power grid.

In this study, we assumed uncontrolled charging at homes
and public stations. It means that drivers can charge their cars
at any time depending on the arrival/departure times to these
locations. However, there are incentives to influence the
charging time selection of the drivers. Since with the
methodology proposed here reduces the problem size, as a
future study, GEP models could be developed where these
incentives defined as decision variables and EVs demand
patterns generated under such incentives are represented
explicitly. Another improvement on the GEP models could
be introducing the penetration levels for EVs as decision
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variables and solve GEP models to find the most suitable
penetration level for the grid considered.
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A photovoltaic system integrated with linear Fresnel reflectors constitutes a very attractive energy generation system when
combined with a cooling thermal system. In this study, a photovoltaic system using high efficiency and extremely durable
monocrystalline solar cells is theoretically discussed. Although cheap but relatively less effective solar cells have been proposed,
it has been shown that a very good cost-effective photovoltaic system can be produced by concentrating sunlight with a linear
Fresnel reflector system and obtaining additional heat energy by cooling the photovoltaic panel. The electrical and thermal
performance of the proposed system is theoretically analyzed under relatively low solar radiation conditions. Under the given
climatic conditions and the average instantaneous solar radiation of 559 W/m? at the location, it is concluded that when a cooling
mechanism is implemented, an average of 228.8 kWh of electricity and 1229.8 kWh of thermal energy can be obtained per month

from the system.
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1. INTRODUCTION

Photovoltaic (PV) cells convert sunlight directly into
electricity. Therefore, photovoltaic power generation is a
direct way of obtaining electricity from the Sun. However,
due to the relatively low conversion efficiency and high
costs, the PV systems are far from the traditional power
generation systems in terms of wide usage. When compared
to the levelized cost of energy (LCOE) on residential scale,
PV power costs 204 €/kWhe, coal-based power including tax,
transmission and distribution costs 186 €/kW. and nuclear
power costs 152 €/kWhe [1]. High investment costs, or total
system costs of PV systems are still relatively high, although
they start to decrease rapidly as a result of technology
improvements and economies of volume and scale. Total
system costs are composed of the sum of module costs and
the expenses for the ‘“balance-of system”, including
mounting  structures, inverters, cabling and power
management devices. While the costs of the module types
with different technologies vary on a per watt basis, these
differences are less significant at the system level, which also
considers the efficiency and land-use needs of the
technology [2].

On the other hand, concentrating the sunlight allows the use
of less PV material. Systems operating under concentrated
sunlight are called concentration photovoltaics (CPV). The
crucial idea behind CPV is replacing the PV material, which
is currently the most expensive part of the system, with

cheaper optical elements. Sunlight can be concentrated by
refraction, reflection, wavelength conversion, diffraction and
laser action. Refraction is accomplished by lenses and
reflection by mirrors (collectors) [3]. “The combination of
photovoltaic (PV) technology, solar thermal technology and
reflective or refractive solar concentrators has been a highly
appealing option for developers and researchers since the
late 1970s and early 1980s. The result is what is known as a
concentrated photovoltaic thermal (CPVT) system which is
a hybrid combination of  concentration and
photovoltaic/thermal (PV/T) systems. Several CPVT
systems have been designed, studied, and demonstrated both
theoretically and experimentally in literature. The results of
these studies and demonstrations show that CPVT systems
hold very high potential for market penetration in the energy
sector due to their unique features™ [4].

Concentrating solar collector usually has concave reflecting
surfaces to intercept and focus the Sun’s beam radiation to a
smaller receiving area. The high temperature concentrating
solar thermal systems, like parabolic trough and linear
Fresnel, requires large open area and the system engineering
is very complex. The Linear Fresnel Collector is a line
focusing concentrating collector suitable for solar thermal
power generation and production of process heat [5]. LFRs
had a late development compared to the other technologies
[6]. LFR arrays present some relevant advantages in the
domain of concentrating solar power because of their
simplicity, robustness and low capital cost [7].
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The first modern PV concentrator called SANDIA-II array
was made at Sandia National Laboratories in 1977. It
consists of 5 cm diameter Si PV cells combined with acrylic
Fresnel lens with 32 suns [8]. Integrating PV and
concentrating collectors is such an attractive and old idea [9]
because the CPVTs are highly efficient system compared to
PV and concentrated solar collector systems. To reflect the
incoming sun rays onto PV surface with lesser loss obviously
makes such system more efficient. Therefore, in CPV
systems mostly parabolic trough collectors are used [10-20].
The idea of using LFRs in a CPV system is very rare with
new design of LFR-like systems and there is no any study
regarding the coupling of traditional LFR systems and PVs
in the literature. Vivar et al. developed a CPVT system based
on LFR idea. They built an enclosed system by putting a
micro LFR collector and a very small hybrid PV/T system
inside an envelope which is not a traditional way of using
LFRs as it is given in Figure 1. [21].

AN Glass
5 enclosure @8 [N
S A B
Hybrid Receiver B
(Cells+ Cooling) N

[ e AL L LY NS, |

Fresnel Mirrors
Figure 1. Micro-concentrator system on Santa Clara
University Solar Decathlon House, 2010 [21].

Yang et al. designed an LFR-like CPVT system and analyzed
it experimentally [22]. Although they used flat mirrors as it
is in a traditional LFR system, but they made a parabolic
trough collector indeed as it is showing in Figure 2.

4

Figure 2. One unit of CPVT prototype [22].

Du et al. developed a CPV test device using flat mirrors as it
is in a traditional LFR systems, but it was a parabolic trough
collector rather than a traditional LFR as it is shown in Figure
3[23].

Academic Platform Journal of Engineering and Science 9-2, 264-273, 2021

Fgue 3.>Experimental set-up of water-cooled CPV module
[23].

Zhang et al. designed a linear flat mirror concentrator
(LFMC) aimed at low cost linear concentrating photovoltaic
systems for economic green power [24]. Although they used
a traditional LFR system, since they used a PV panel
immersed in liquid. Therefore, their system was not a CPV/T
system which is showing in Fig.4.

AR

Figure 4. The mini-scale LFMC [24].

Rosell et al. studied on a similar system without analyzing it
detailly. They have focused on to determine the output water
temperature experimentally [25]. Their system is given in
Fig.5.

Figure 5. PV/T system at the University of Lleida terrace
[25].
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Liu et al. considered an LFR-like system to build a CPV/T
system [26]. However, they kept PV and thermal part
separately by using a beam splitter for the incoming solar
radiation. Therefore, their system cannot be accepted as a
CPVIT system. The details of their system are showing in the
Fig.6.

Figure 6. The mini-scale LFMC [26].

Photovoltaic cell production technology has been greatly
improved and the PV efficiencies consequently increased.
Si-based solar cells with back point contact [27] reached an
efficiency record of 27.6%, and some manufacturers used
this type of solar cells under more than 400 X-concentrations
[28]. Commercial PV panels convert 10-27 % of the incident
sunlight into electricity [29], depending on the solar cells that
are used in panels. The remaining solar radiation is converted
into heat, which significantly increases the temperature of
the PV module and reduces the PV efficiency. This heat can
be removed naturally or there may be a need of a cooling
system which converts PV system into a PV-thermal (PV/T)
system.

In this paper, a photovoltaic system with traditional linear
Fresnel reflectors (LFR) integrated with a cooling
mechanism is studied. Concentration of solar radiation onto
a PV panel by using an LFR system is a new application in
the literature. It is shown that a highly effective CPV/T
system can be produced by combining a linear Fresnel
reflector system with a PV panel as the receiver and a cooling
system. The proposed system is considered together with low
solar radiation conditions. Under the given weather
conditions, it is concluded that it is possible to obtain on
average 224.8 kWh of monthly electrical and 78.1 kwh of
monthly thermal energy when a cooling system is integrated
into PV system.

2. SOLAR ENERGY POTENTIAL IN ISTANBUL,
TURKEY

The system is discussed for the city of Istanbul in Turkey.
Therefore, here in this section, solar energy potential in
Istanbul are given in details. Turkey has 7.5 hours/day of
insolation duration and 4.18 kWh/m?2-day of solar radiation
annually. Turkey’s total global solar radiation is given in
Fig.7 [30].
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ISTANBUL

Figure 7. Total solar radiation on Turkey [30].

Istanbul is located between latitude 41.0082°N and the
longitude 28.9784°E by having comparatively low solar
radiation and insolation hours given in Fig.8.
8
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Figure 8. The monthly and average daily global solar
insolation and average daily insolation hours in Istanbul [30].

It can easily be said that the solar radiation for Istanbul is
relatively low. The reason for deciding to study on such low-
level data in the paper is to give an idea to those who want to
apply this system to the locations with higher solar energy
values.

3. A PVIT SYSTEM INTEGRATED WITH LINEAR
FRESNEL REFLECTORS

A conventional Linear Fresnel Power system consists of
planar mirrors arranged one after the other. The Sun's rays
fallen on the mirrors are focused on a receiver which is at a
certain height (Figure 9). Thus, the fluid in the receiver is
heated for the usage of later on. It is possible to reach high
temperatures of 400 °C with this system [31].
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Figure 9. Reliance Areva Power's concentrated solar power
[32].

In this study, for the sake of obtaining a CPV/T system, the
thermal receiver of a traditional LFR system is replaced by a
PV/T panel, as it is shown in Figure 10.

" PV/T panel

mirrors

Figure 10. A CPV/T system using LFRs with PV/T receiver.

A representative view of the PV/T panel is introduced in
Figure 11.

PV panel
Copper Plate

Figure 11. A representative view of the receiver of an LFR-
CPVIT system.

The considered LFR-CPV/T system consists of 10 mirrors in
total, as 5 mirrors on each side of the collector area. Although
in an LFR system, tracking does not supply a perfect
reflection [33], in this study, all the calculations are done by
considering the mirrors as tracking the hourly position of the
Sun on the representative day of the given month. Hence,
rather than dealing with the values of each specific day in a
given month, it is assumed that each and every day of a given
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month has the same solar energy values like direct normal
radiation and sunshine duration by considering the solar
radiation in every day is same as the representative day of
the months.

The technical specifications of the considered LFR system
are given in Table 1.

Table 1. Technical properties of the LFR system

Property Value
#of Mirrors, N 10
Mirror Length, L 3m
Mirror Width, W 0.3m
Gap between the adjoint mirrors | 0.2 m
Receiver Height, f 3.31lm
Reflectivity of mirrors in full 98%
spectrum, p

It is assumed a highly reflective aluminum lighting sheet is
used in the mirrors [34]. To avoid the shading and blocking
losses in the mirror area, the gap between the adjoint mirrors
is selected as 0.2 m.

Although, it is offered to use multi-junction solar cells for
concentrated solar light, multi- or mono-crystal silicon (p-
Sci, m-Si) solar cells can also be used for relatively low
concentrated solar light. Therefore, here in this study, a
highly efficient PV panel with 21.7% efficiency made of
Monocrystalline-Si is considered as the part of the receiver
of the system [35,36]. Under standard test conditions (STC)
of AM1.5, 1000 W/m? at ambient temperature of 25°C, the
specifications of the PV panel are given in Table 2.

Table 2. Technical properties of the PV panel.

Property Value
Length 3m

Width 0.4m

PV area, Ap 1.2m?
Efficiency, nuom 21.7%
Emissivity of PV panel, ¢ 0.91

Rated voltage, Vimpp 776 V
Rated current density, Js 2.803 A/m?
Power @ max. power point, PyT¢ 261 W
Power temperature coefficient, -0.29 %/°C

To avoid the end-loss in the receiver, its width is selected as
0.4 m after optical optimization calculations which they are
not given in this paper.

In the calculations, only the direct solar radiation is taken
into account, since the mirrors are facing opposite to the
ground and so the contribution from diffuse radiation can
easily be neglected.

When sunlight is concentrated onto a PV panel, the instant
PV temperature, Tpy, rises which can be calculated by the
following equation [37];
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(1 - nnom)Epv = hw(Tpv - Ta) + SJ(T;v - T;) (1)

where 1,,,,, is the nominal efficiency of PV panel, E,,, is the
concentrated power density reflected by LFR onto the PV
panel in W/m2, hy is the convective heat transfer coefficient
~ 11.4 + 5.7v W /m?2Kfor the air, v is the average wind
speed, Tpy is the temperature of PV panel at Eyy, Ta is the
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ambient temperature in K, ¢ is the emissivity of PV panel
and ¢ is Stefan-Boltzmann constant which is equal to 5.67 x
108 W/m?K*.

The average of daily solar energy for Istanbul is obtained as
in Table 3 for each month.

Table 3. Monthly average daily solar energy and weather data for Istanbul [38]

Number | Representative Av. wind Av. Instant Sunshine A"efage Mains water
Month of the day of the speed Solgr . duration ambient tem.

days month (m/s) radiation (hours) tem. Tin,

(W/m?) (°C) (W)

January 31 17 4.81 491.33 3.46 6.00 10.2
February 28 16 4.81 493.12 4.43 6.10 9
March 31 16 4.36 671.05 5.32 7.70 9.5
April 30 15 4.03 655.18 6.85 12.00 11.8
May 31 15 3.97 621.95 8.61 16.70 15.4
June 30 11 4.28 549.14 10.51 21.40 19.2
July 31 17 4.78 516.70 11.17 23.80 21.9
August 31 16 4.78 508.83 10.14 23.80 22.9
September 30 15 4.92 552.55 7.83 20.10 22.4
October 31 15 4.36 609.00 5.22 15.70 19.8
November 30 14 4.25 523.25 3.85 11.70 16.9
December 31 10 4.83 516.89 2.96 8.20 13.2

The power output of the PV panel at maximum point for a
given power density Ep, and temperature Ty is [37]
calculated through following equation as,

Epy
Pii ¢ T2 1+ B(Ty, — 25)]

)

Such a high energy, E,v, certainly rises the PV temperature
and the elevated PV temperature clearly reduces the power
output. Thus, the efficiency of PV can be obtained by
following expression;

Pour =

Pout

©)

Reflected concentrated solar energy Epy received by the
bottom PV panel, the bottom PV temperature at Epy
calculated by Eq. (1), Tpv are given in the Table 4.

‘r’ =
PV EpyApy

Table 4. Elevated temperature of bottom PV panel due to
Epv.

Month Epv (W/m?) Tpv (°C)
January 3521.25 67.3
February 3534.08 67.6
March 4809.26 94.4
April 4695.52 99.8
May 4457.37 100.4
June 3935.56 92.6
July 3703.07 86.8
August 3646.67 85.9
September 3960.00 86.5
October 4364.55 94.0
November 3750.01 80.9
December 3704.43 72.2
Average 4006.81 85.7
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To avoid reduction in output electrical power and efficiency,
obviously it is necessary to cool the PV panel down. Cooling
by convection and radiation heat transfer is not enough as it
is in a stand-alone PV panel. Therefore, using a cooling
system is inevitable. In literature, various types of cooling
mechanisms for a concentrated PV system has been studied
[39-54]. Selection of the working fluid in the cooling system
depends on the intended use of the thermal energy obtained.
In this study, since the PV surface area to be cooled is small,
it is assumed that water, which is considered as a coolant,
flows through a single channel in an absorber metal panel
sandwiched between the top and bottom PV panels as it is
shown in the Fig. 12. To distribute the inlet water
homogeneous in the plate, the inlets considered as
manifolded.

"“Wiater channel

Figure 12. PV and thermal configuration of the receiver.

The portion of the incoming energy converted into electrical
energy is about 7,,mEp,,for the bottom PV panel. The
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(1 = Nnom) Epy segment of the incoming energy is converted
into thermal energy and the heat transfer mechanisms in the
domain is shown in the Fig. 13.

Incoming Thermalloss  Thermal loss Conversioninto
Energy, (1-n)E,,  byradiation by convection Electrical Energy, 11.E,,

Voo,

Bottom PV ——»

Copper absorber , Thermal energy transferred by conduction

Water channel, T, —» T ! Thermal energy transferred by convection T T

Copper absorber — Thermal energy transferred by conduction

TopPV ——»

T

/ ! | |

Incoming Thermal loss  Thermal loss
Energy, Eon by radiation by convection

Conversion into
Electrical Energy, 1. Eow

Figure 13. Heat transfer mechanisms in PV/T receiver

The detailed mathematical descriptions of the heat
mechanisms given in the Fig. 10 are as follows for the bottom
(concentrated) and top direct PV respectively;

a- 7’nom)Epu = hw(Tl - Ta) + EO-(T14 - T;) +

~ (T, = Tp) @)
(1 = Nnom)Epnt = hy (T, — Tg) + SO—(TZA} - th) +
~(Ty = T) 5)

where T1 and T» is the both sides surface temperature of the
receiver, R is the thermal resistance along the receiver and
Tm is the mean water temperature which is given as follows
theoretically;

_ Tout*Tin

T 2

(6)

In this study despite T can be calculated iteratively, after
doing some preliminary study, it was seen that it is 5 °C
above the water inlet temperature, Tin. Therefore, in the
calculations, Tr is obtained according to this asssumption by
considering Tin given in Table-3. The Egs. (4) and (5) gives
the thermal energy balance. In these equations, the thermal
portion of the incoming energy onto the receiver’s both sides
respectively are given by;

(1 = Nnom) Epy ()
(1 = Nom) Epmi (8)
The heat lost by radiation is expressed as;

eolT —T4) i=12 ©)
The heat lost by convection is given by;

h,(T; =Ty, i =12 (10)

And finally, the heat transferred into the coolant is given by
the term of;

~(T; = Ty), i = 1,2 (11)
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Where the thermal resistance R is given as follows;

R = Lpv Labs i
kpv kabs

(12)

hw

The parameters given in the Eq. (12) are expressed in the
Table 5.

Table 5. Thermal and mechanical properties of the receiver
[55].

Property Thickness, Heat_ _transfer
L, (m) coefficient, k, h
Photovoltaic, (pv) 225.10° 148 W/m.K
Copper absorber, (abs) | 102 400 W/m.K
Water, (w) - 450 W/m?.K

Heat transfer processes in the system is also carried out
numerically by using finite element method. As an example,
temperature distribution on the bottom-PV surface for the
month April is obtained as in the Fig.14.

Surface: PV Surface Temperature (degC)

Figure 14. Temperature distribution on the bottom-PV
surface of the receiver.

For this example, the velocity streamline of the flow is
obtained as in the Fig.15.

Slice: Velocity magnitude (m/s) Streamiine: Velocity field

Figure 15. Velocity streamline of the flow.

After applying the heat transfer mechanisms to decrease the
temperature of the PV receiver, the obtained simulation
results of the PV/T system for 12 months are given in Table
6.
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Table 6. The electrical and thermal performance of the system

Academic Platform Journal of Engineering and Science 9-2, 264-273, 2021

Bottom PV Top PV Dail Output .
temperature ten?p. (°C) Total Elec¥rical temSerature of Daily Thermal

Month after cooling Instant Energy water Energy
(°C) Pout (W) (kWhid) (°C) (kwh/d)

1 37.6 29.4 1012.1 35 38.9 13.9

2 37.8 29.6 1015.2 4.5 39.1 17.9

3 49.2 38.1 1335.7 7.1 52.3 33.2

4 51.1 40.1 1296.3 8.9 55.0 45.9

5 515 411 1228.8 10.6 55.9 59.0

6 49.2 40.2 1092.2 115 53.8 68.2

7 47.8 39.3 1032.0 115 52.0 69.2

8 474 39.0 10174 10.3 51.5 62.0

9 47.7 38.6 1104.1 8.6 51.4 47.8

10 49.6 395 1210.2 6.3 53.4 33.6

11 43.1 344 1060.3 4.1 45.9 19.9

12 40.1 315 1057.0 3.1 41.5 13.1

By comparing the bottom PV temperature given in Table-6
to Table-4, the significant amount of decrease, hence
increase in power output, can be seen clearly. Besides, it is
also noticeable that by increasing the electrical output of the
system, a considerable amount of thermal energy is obtained
from the system. Thermal energy, thermal efficiency and
overall system efficiency are given as follows respectively;

Qen = =2 (Toue = Tin) (13)
PV

Nen = §— (14)

Ns = Npv + N (15)

Where 7, is the total electrical energy efficiency of the
LFR-CPV/T system. The mass flow rate, m, for water is
selected as 0.02 kg/s and the specific heat is ¢, = 4186
Ws/kgK.

Electrical, thermal and overall efficiencies of the system are
given in Table 7.

2500,0

m Monthly Electrical Energy

2000,0 ® Montly Thermal Energy

oct

1500,0

1000,0

500,0 I ‘

o_oululllllll
Jan  Feb M

v Apr

Energy, kWh

May June July  Aug  Sep Nov  Dec

Figure 16. The daily averaged monthly total produced
electrical and thermal energy.
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Table 7. The electrical, thermal and overall system
efficiency

Electrical Thermal Overall
Ener Ener system
Month Effic%lﬂcy Effic%lﬂcy e¥ficiency
(%)l Npv (%):Tlth (%):TIS
1 21.2 47.4 68.6
2 21.2 47.6 68.8
3 20.6 54.1 74.7
4 20.5 59.4 79.9
5 20.4 64.0 84.4
6 20.5 68.8 89.3
7 20.6 69.7 90.3
8 20.6 69.8 90.4
9 20.6 64.1 84.7
10 20.5 61.4 81.9
11 20.9 57.5 78.4
12 21.1 49.9 71.0

The daily averaged monthly total produced electrical and
thermal energy are given in the Fig. 16.

Under concentrated solar radiation, the average instant LFR-
PV power output is obtained as 1121.8 W. This would be 292
W under only DNI. Therefore, to produce the same amount
of power under DNI, a PV panel with 4.6 m? surface area
should be used. This means that by the presented
configuration in this study, the electrical performance of the
PV panel of 1.2 m? is increased by 383% and achieves up to
90% overall system efficiency. To give a clear clue about the
results obtained in the present study, the study done by
Amanlou et al. on a concentrated PV/T system by using a
LFR-like system together with PV panel with 10% efficiency
[56] is considered. They used a single-crystalline silicone PV
panel of 0.80 m2. The panel was cooled by air flow. Their
system is showing in Fig.17.
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Figure 17. The PV/T collector and Fresnel reflector [56].

With such a system, they have increased the electrical
performance of the system by 36%. Another study for
comparison is done by Yang et al [22]. They have designed
a quasi-parabolic trough collector by using flat mirrors in the
system to build a low concentrating photovoltaic/thermal
system (Fig.2). They achieved a 59% overall system
efficiency as the summation of electrical and thermal
efficiencies.

4. CONCLUSION

In this study, a PV/T system with a conventional linear
Fresnel reflector is introduced as a new application of a
concentrated solar energy system and its performance is
obtained under solar conditions of the city of Istanbul in
Turkey. Under the given solar radiation conditions which is
instantaneously 559 W/m? at the location, the system yields
228.8 kWh of average monthly electrical and 1229.8 kWh
thermal energy. These results can competitively be
compared with the results obtained in the studies given in the
literature. When these results are considered that the daily
electrical consumption is about 2 kWh and thermal energy
usage (for heating) is about 4 kWh per capita in Turkey, for
such a small system this amount of energy would be enough
for domestic and even for small-size commercial usages with
a few modules of the presented system. Without a cooling
system, PV temperature in proposed concentrating system
reaches up to 100°C which is much higher than the optimal
working temperature of a PV panel. Asit is very well known
that the efficiency of PV panels drops drastically parallel to
the elevated PV temperatures. Hence, considering an LFR-
PV system with a cooling system does not only increase the
PV power generation, but also increases the overall system
efficiency up to 90% due to an additional thermal energy
system for the intention of cooling the PV receiver. When
compared with a photovoltaic system under direct sunlight
with 292 W of generated power, the power generated by
proposed LFR-PV system is about 4 times higher, which is
1121.8 W on average in the case study. The result would be
much more remarkable when the system is sized-up.
Therefore, since this type of system is more affordable than
a conventional photovoltaic system, it can be considered as
an alternative power supply in convenient areas. It is also
expected to realize this purposed configuration of the CPV/T
by an R&D company named SUNOVA Project Consultancy

271

Academic Platform Journal of Engineering and Science 9-2, 264-273, 2021

and Construction Company and verify the performance
results in this study.
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Abstract

The immobilization of trypsin (TRP) on the amine-functionalized silica coated TiO, nanoparticles (ASTiNPs) with/without
different crosslinkers (1,4-phenylene diisothiocyanate (PDC), 1,3-phenylene diisothiocyanate (MDC), glutaraldehyde (GA) has
been studied. The ASTiNPs and modified ASTiNPs with the crosslinkers were characterized by FTIR and TEM. When
considered the specific activity of immobilized TRP on ASTiNPs, GA-bound TRP showed the higher specific activity. Loading
capacity was higher when PDC used as crosslinker. Optimum concentration of the crosslinkers for the TRP immobilization was
determined as 20.8 uM of PDC, 5.2 uM of MDC and 1.5 v/v of GA. The direct-bound TRP showed 5% of its initial activity after
the four cycles while the GA-bound TRP sustained 7% of its initial activity after the seven cycles and MDC and PDC-bound
TRP sustained 7% and 11% of its initial activity after the ten cycles, respectively. The digestion of the Cyt C with immobilized
TRP was evaluated by LC-MS/MS analysis. The immobilized TRP on ASTiNPs with crosslinkers showed the higher digestion
efficiency of Cyt C when compared to the immobilized TRP on ASTiNPs without crosslinker. Consequently, the PDC-bound
TRP on the ASTiNPs gave the better result of digestion efficiency, loading capacity, catalytic activity and reusability than the

others.

Keywords: Trypsin, immobilization, crosslinker, amine functionalization, silica coating, TiO:

1. INTRODUCTION

Immobilization of enzymes offers a number of advantages
such as easily recovery from the reaction medium and
reusability in continuous processes. However, there are some
parameters to be considered for proper immobilization of the
enzymes [1]. The one of the important parameters during
immobilization is the characteristic properties of the support
such as shape, size, chemistry and so on [2].

TiNPs has antimicrobial properties, high mechanical
strength, and high corrosion resistance which make them
suitable support for enzyme immobilization [3]. However,
the loading capacity of biomolecules on these particles is low
due to their inorganic characteristic and the presence of
insufficient functional groups on their surfaces. Surface
modification can be effective to improve their
biocompatibility and loading capacity [4]. Surface of TiNPs
has been modified with inorganic and organic silane sources
to change surface charge, to decrease nanoparticles
aggregation, to improve its mechanical and photocatalytic
properties and dispersion stability in organic and aqueous
media. All of these properties make them more suitable for
enzyme immobilization [5]. Previously, Wu et al. [5] have

modified the surface of mesoporous TiO; with g-Poly-L-
lysine to immobilize negatively charged enzymes and thus,
improved their stability and reusability properties. TiNPs
were also functionalized with —COOH group using 3-(3,4-
dihydroxyphenyl)  propionic  acid to  peroxidase
immobilization [6]. 3-APTES has been commonly used in
covalent immobilization [7]. It has primary amino group
which provides easily modification of the surface of the
supports with functional groups as aldehydes, carboxylic
acid, isotiyocyanate and epoxy groups [8]. The surface of
mesoporous TiO, has been chemically modified with 3-
aminopropyltriethoxysilane (3-APTES) to immobilize y-
glutamyltranspeptidase and its loading capacity has been
increased [9]. However, examples of the silica coating with
tetraethyl orthosilicate and then amine functionalization with
3-APTES of the TiNPs (used in the present study) for
enzyme immobilization are scarce in the literature. This kind
of modifications has been applied on the magnetic
nanoparticles [10, 11] and silicon wafers [12].

Crosslinkers can be used for modification of support for
efficient immobilization of enzymes. The using of
crosslinkers can provide the efficient conversion of the high
molecular weight substrate, the changing polarity of the
surface causing denaturation, the minimizing undesirable
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conformational effects and steric hindrance by offering more
flexibility which increases catalytic activity of enzymes [3].
The most common crosslinkers used in the literature are
dialdehydes or diisothiocyanate which are able to form
covalent bonds between enzyme and surface of the supports
[13]. Previously, TRP has been immobilized on support with
different crosslinkers or directly. These methods have been
compared in terms of hydrolytic and synthetic activity [3]. It
has been found that immobilized TRP with diaminoalkane,
aminoalkanoic acid and biotin crosslinkers have showed
higher hydrolytic and synthetic activity compared to the
direct-bound TRP. Different from all these studies, the
preparation and characterization of the ASTINPs was
described and then TRP was immobilized on them with
crosslinkers (GA, PDC, MDC and without crosslinker) to
determine the effect of geometry, functional groups
(aldehyde and isothiocyanate) and aliphatic and aromatic
structure of crosslinkers on the TRP immobilization in this
study. The effect of concentration of the crosslinkers on the
immobilized TRP activity was examined and compared to a
direct-binding method (without crosslinker). Furthermore,
the effect of crosslinkers on the catalytic activity and the
reusability was investigated and compared with the others.
Also, the Cyt C digestion efficiency of the immobilized TRP
via GA, PDC, MDC and without crosslinker was
investigated by a LC-MS/MS analysis.

2. MATERIALS AND METHODS
2.1. Materials

Benzoyl-L-arginine ethyl ester (BAEE), Cyt C, benzamidine
HCL, GA (25%), 3- APTES (98%), and acetonitrile were
obtained from Merck. TRP from bovine pancreas was
purchased from Amresco Corporation. PDC (98%) and
TEOS were purchased from Alfa Aesear. MDC (97%) was
purchased from Sigma-Aldrich. Other chemicals and
reagents were analytical grade unless otherwise stated.

2.2. Support preparation
2.2.1. Silica coating of TiO2 surface with TEOS

Preparation of TiNPs was reported in previous article [6].
For silica coating, the sol was first prepared by adding TEQOS,
20% ethanol and NHs in the glass container and then stirred
for 30 min at room temperature. After that, the prepared
TiNPs were added to this mixture. It was stirred at 40°C for
12 hours at 80 rpm. The silica-coated TiNPs (STiNPs) were
collected by centrifugation at 8000 rpm for 10 min. They
were washed with methanol for three times and dried at room
temperature for further modifications [10].

The obtained STiNPs were dispersed in ethanol and 3-
APTES was added to the suspension to its final concentration
20% wi/v, followed by sonication for 30 min. After that, the
suspension was incubated at 60 °C for 12 h under reflux with
stirring to provide amine group the surface of the STiNPs.
The particles were obtained with centrifugation and then

275

Academic Platform Journal of Engineering and Science 9-2, 274-283, 2021

washed with methanol. Finally, they were dried at 50 °C for
18 h and named as ASTiNPs [10].

2.2.2. Modification of the ASTiNPs with crosslinkers

Modification of ASTINPs for TRP immobilization was
performed with GA, MDC and PDC. The modification was
performed according to the procedures with some minor
modifications reported by Aissaoui and coworkers [14] for
each crosslinker.

1) ASTiNPs: Amine-functionalized STiNPs were used
as a support without any modification.

2) GA: ASTIiNPs were modified with GA by suspending
them in GA solution (in water) and incubated at 25 °C for
2 h. The modified ASTiNPs were washed with distilled
water and buffer for three times and dried.

3) MDC: ASTIiNPs were modified with MDC solution
(in pyridine/DMF, 10%/90%, v/v) at 25 °C for 2 h. The
modified samples were washed with acetonitrile for three
times and dried.

4) PDC: ASTiNPs were modified with PDC solution (in
pyridine/DMF, 10%/90%, v/v) at 25 °C for 2 h and kept
away from light. The modified samples were washed
with acetonitrile for three times and dried.

2.3. Enzyme immobilization

Firstly, 2 mg/mL of TRP solution containing 0.25 mg/mL
benzamidine used as a starting enzyme solution and then, 10
mpg of the support was mixed with this solution and incubated
for 3 h at 110 rpm and 25°C. Then, the immobilized TRP on
the support was washed with KH,PO4 buffer 25 mM, pH 6.0.
The activity of the immobilized TRP was subsequently
determined.
Bradford method was used to determine the amount of
immobilized protein by measuring protein concentration of
the solutions. The loading capacity (X) was calculated as
follow:

X= 100X(P0-P1-P2)/W
Where Py is the protein amount of the initial enzyme
solution; P1 and P are protein amount of the final enzyme
solution and the washing solutions, respectively. W is weight
of initially added support.

2.4. Activity assay of free and immobilized TRP

Bergmeyer method [15] was used to measure the activity of
free and immobilized TRP with slight modifications as
fellow: 0.25 mM of BAEE in 67 mM KH,PO,4 buffer was
used as substrate (pH 6.0). The free TRP solution (0.2 mL)
was added to 3.0 mL of the substrate solution and the
increasing in absorbance of the mixture at 253 nm was
measured during 1 min at 25 °C.

The immobilized TRP activity was measured by using 10 mg
of TRP immobilized ASTiNPs instead of the enzyme
solution. After that, it was incubated at 25°C for 1 min with
gentle shaking and then the immobilized enzyme was
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removed by centrifugation. The absorbance of the
supernatant was spectrophotometrically measured at 253 nm.
One unit of TRP activity was defined as the amount of TRP
required for the releasing of 1 umol Na-benzoyl-L-arginine
from BAEE per minute under the assay conditions [15].

2.5. Characterization

FTIR analyses were measured with a Perkin Elmer Frontier
Fourier Transformation Infrared Spectrometer (spectral
range between 4000 and 400 cm™). The characterization of
surface morphology of TiNPs, STiNPs and ASTiNPs were
performed with the Transmission Electron Microscopy.

2.6. Digestion of Cyt C

Cyt C was used as model protein. To obtain 1 mg/mL of Cyt
C solution was prepared in 25 mM KH2PO,4 (pH 6.0) without
any previous treatment [16]. 10 mg of immobilized TRP was
added into each tube containing 50 pg of Cyt C for digestion.
After incubation at 37 °C, 110 rpm for 15 min, the
immobilized TRP was removed from reaction medium, and
the supernatant was further analyzed by using LC-MS/MS.
For free TRP digestion, free TRP was added into Cyt C
solution (1:50 w/w ratio of TRP to protein) and then
incubated at 37°C, 110 rpm for 24 h. After incubation, the
mixture was further analyzed by using LC-MS/MS [17].

2.7. LC-MS/MS Analysis

The peptides released from the digestion of Cyt C by free
TRP and the immobilized TRP with different ways were
analyzed LC-MS/MS. Buffer containing 0.1% formic acid, 4
mM ammonium formate and 5% methanol in water was used
as mobile phase. MS were obtained in the linear positive
mode. The instrument parameters were as follows: positive
spray voltage, 3500 V, Sheath gas, 10 Arb, Aux gas, 2 and
Sweep gas, 300 and flow rate, 50 pL/min.

3. RESULTS AND DISCUSSION
3.1. Synthesis and characterization of the supports

The immobilization of TRP on TiNPs coated with SiO; by
TEOS and after amine-grafted with APTES (ASTiNPs) was
achieved with four different ways by using crosslinkers, GA,
PDC, MDC and without crosslinker. Crosslinkers have
different properties such as functional groups (-NCS, -CHO),
the connecting chain (aliphatic vs aromatic), and geometrical
constraints (meta- vs para- disubstituted aromatics). The
schematic representation of the prepared supports by
chemical modifications are shown in Figure 1. To confirm
the chemical modifications on the surface of TiNPs and the
immobilization of TRP, FTIR analysis were performed.
FTIR spectra of the TiNPs, STiNPs and ASTIiNPs are
presented in Figure 2.
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The spectra of Figure 2a, 2b and 2c¢ display a broad band
around 635 cm™ which is due to the vibration of Ti-O-Ti
bond. In the spectrum of bare TiO; (a), the peak at 3370 cm-
! corresponded to —~OH groups of weakly chemisorbed and
physisorbed water [18]. Also, the absorption bands at 1073,
1223, 2864, 2930 cm™ could be related with C-C-O-
stretching vibration and symmetric and asymmetric —CH,
stretching vibration of ethylene glycol which was used in the
preparation of the TiO..

In the spectrum of STiNPs (Figure 2b), two peaks appeared
at 925 cm™® and 1066 cm™ could be relevant to the
symmetric and un-symmetric linear stretching vibrations of
Si-O-Si bonding [13]. These results indicated that the silica
was successfully coated on TiNPs.
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Figure 2. FTIR spectra of the TiNPs (a), STiNPs (b) and
ASTINPs (c).

4000

The introduction of 3-APTES to the surface of STiNPs
(ASTINPs) was confirmed by the deformation vibration
adsorption peak of the amine groups appeared at 1463 cm™
and 1521 cm™ [10]. A new peak around 3204 cm™ could be
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related to the symmetric stretching modes of NH, (Figure
2c). Also, the peak around 1389 cm™ could be assigned to
the deformation mode of the Si-CH; [19].

The FTIR spectra of the ASTiNPs modified with PDC and
its TRP immobilized form (Figure 3). In the spectrum of
Figure 3b, the peaks around 1993 and 2180 cm™ could be
related with isothiocyanate group [20]. The subsequent
immobilization of TRP resulted in the disappearance of these
peaks, while a new broad peak appeared at 2089 cm™ (Figure
3c).[This peak could be attributed to the characteristic peaks
of TRP (Figure 4) and so it suggested that the TRP was
successfully immobilized on the ASTiINPs-PDC. Also, the
peak around 1560 cm™ in the spectrum of ASTiNPs-PDC
(Figure 3b) and ASTiNPs-PDC-E (Figure 3c) assigned to the
isothiocyanate group (-N=C=S).
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Figure 3. FTIR spectra of the ASTiNPs (a), ASTiNPs-PDC
b) and ASTiNPs-PDC-E (c).
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Figure 4. FTIR spectrum of the TRP.
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Furthermore, the successful functionalization of the
ASTINPs with MDC was confirmed by the presence of
characteristic absorption peak around 2093 cm™* related with
isothiocyanate group in the FTIR spectra of the ASTiNPs-
MDC (Figure 5b) and ASTiNPs-MDC-E (Figure 5c) [21].

It was found that the —C-N band at 1308 cm™ in the spectra
of ASTINPs-MDC (Figure 5b) and ASTiNPs-MDC-E
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(Figure 5¢) and also a new peak at 1318 cm™* appeared after
immobilization of TRP on the ASTiNPs-MDC, indicating
the enzyme immobilization (Figure 5c).
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Wavenumber (cm'])
Figure 5. FTIR spectra of the ASTiNPs (a), ASTiNPs-MDC
(b) and ASTiNPs-MDC-E (c).

FTIR analysis of ASTINPs-GA and ASTIiNPs-GA-E
presented weak new peaks related to N-H bending at 1474
cmtand 1561 cm™ [22](Figure 6). Furthermore, the decrease
in absorption peak at 1463 cm related with amine groups
(Fig 6a) was observed after binding of GA, indicating the
imine bond between the surface amine groups of ASTiNPs
aldehyde group in GA [23]. A small shift from 1509 cm™ to
1511 cm? (Figure 6, inset) could be related with N-H
bending (amide 11 band) [22]. This could confirm that TRP
was immobilized onto ASTiINPs-GA successfully.
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Figure 6. FTIR spectra of the ASTiNPs (a), ASTiNPs-GA
(b) and ASTiNPs-GA-E (c).

T
1560

The morphological features of the prepared TiNPs, STiNPs
and ASTINPs were characterized by using TEM (Figure 7).
TEM image of the TiNPs in Figure 7a showed that they were
dispersed and there was no aggregation with the average size
measured in the range of 65-300 nm. After coating the
surface of TiNPs with the silica, the average size of the
obtained STiNPs increased about 30 nm (Figure 7b). After
amino modification, the ASTiNPs still had almost the same
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spherical structures and sizes (Figure 7c¢). These results were
consistent with previous study[24].

3.2. TRP immobilization on the ASTiNPs with different
crosslinkers

Table 1 summarizes the specific activities of the
immobilized enzyme on ASTINPs without crosslinker
(directly) and with PDC, MDC and GA. The immobilized
TRP on ASTIiNPs, with GA showed the higher specific
activity (968+6 U/mg) than PDC (74665 U/mg), MDC
(598424 U/mg) and without crosslinker (344+43 U/mg). The
conformational effect and steric hindrances could be reduced
by attachment of a crosslinker on the support surface.
Especially, the using of flexible spacers is assumed to
increase the catalytic activity of the enzyme providing free
movement [25].

The loading capacity of TRP was the highest (3686+84
mg/g) with PDC used as a crosslinker whereas that was
3266+194 mg/g and 1223+£127 mg/g when used MDC and
GA as a crosslinkers:, respectively (Table 2). It was
decreased to 775+106 mg/g when TRP was directly
immobilized on the ASTiNPs. This could be attributed to the
hydrophobicity of the surface. LogP values of the PCD,
MCD and GA were calculated (https://molinspiration.com/ )
as 4.67, 4.65 and 1.00, respectively. PDC has the highest
hydrophobicity and it also gave the highest loading capacity
results. Previously, it has shown that TRP adsorption on the
hydrophobic surface is more favorable than the hydrophilic
surface, which is consistent with this study [26]. MDC has
the almost same LogP value with PDC, however the loading
capacity was slightly lower when compared with PDC. It
mentioned that MDC caused a degradation on the silanized
surface and thus, decreased the amount of immobilized
enzyme on the surface [12]. But, in this study the decrease in
the loading capacity could be also related with meta- position
of the crosslinker [14]. The loading capacity of the ASTiNPs
without a crosslinker was as low as in the case of GA used
as a crosslinker. This could be attributed to the hydrophilicity
of these surfaces [27].

Moreover, when compared ASTiNPs-modified by using
different crosslinkers with the supports have been reported
in the literature (Table 2), it can be said that ASTiNPs has
very high loading capacity even TiO; based materials and
APTES-modified surfaces. This could be attributed that the
silica coating and then amine functionalization the surface of
the TiNPs provide more efficient reactive sites with
homogeneous distribution to the surface of the TiNPs, thus
leading to higher enzyme loading capacity [26]. Also, using
crosslinker can provide longer reactive group to the surface
of the support, thereby the accessibility of the reactive
groups to the more enzyme molecules can be provided in the
solution [28]. All tested crosslinkers were short crosslinkers
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and in the form of X-Spacer-X (X: functional group)[14].
However, among the tested crosslinkers, GA has linear
structure (Spacer) which provides more flexibility to the
enzyme than PDC and MDC (cyclic spacer). This could
explain the highest specific activity of TRP when GA was
used as a crosslinker. Although the PDC-bound TRP showed
the higher catalytic activity, the higher protein loading
capacity of PDC-modified ASTiNPs caused to obtain lower
specific activity result.

Table 1. Immobilization of TRP on ASTiNPS

Crosslinkers Specific activity (U/mg)
Without crosslinker 344443
GA 968+6
PDC 74665
MDC 598+24

The influence of crosslinkers concentration on the activity of
the immobilized TRP was investigated (Figure 8). All
crosslinkers increased the relative activity of the TRP when
compared with direct-immobilized TRP on the ASTINPs
(without crosslinker). When PDC was used as a crosslinker,
the relative activity of TRP increased and reached the highest
value at 20.8 uM and then, decreased (Figure 8a). Otherwise,
the relative activity increased significantly with increasing
concentration of MDC up to 5.2 uM, in which the maximum
value was obtained. With the increased concentration, the
relative activity of the immobilized TRP decreased (Figure
8b). As shown in Figure 8c, the relative activity increased
obviously when the GA concentration increased from 0 to
1.5 v/v and then decreased and kept almost the same level
with a further increase.

The modification of ASTiNPs surface with PDC, MDC and
GA were performed to obtain bifunctional supports. The
relative activity of the PDC, MDC and GA- bound TRP
increased with higher amount of reactive groups on the
support with increased concentration of the crosslinkers
(PDC, MDC and GA). However, the relative activity values
of the immobilized enzymes started to decrease after reached
to optimum values. These results showed that the
immobilization of TRP on the support surface was increased
with modification with crosslinkers and then it was
decreased because of the decreasing of the reactive groups
on the support with enzyme immobilization [29].
Furthermore, the reactive groups could increase and the
length of crosslinker could exceed to certain length with the
increased amount of crosslinkers. These might be reasons of
decrease in the relative activity above certain concentration
of crosslinkers [10, 28]. Another important factor could be
the steric hindrance because of the geometry of the
crosslinkers (PDC and MDC). Meta- position of the reactive
groups on the MDC might lead to decrease in the relative
activity of immobilized TRP at lower concentrations
according to the PDC [12].


https://molinspiration.com/

S SAHIN Academic Platform Journal of Engineering and Science 9-2, 274-283, 2021

8| Magnification: 120000x
igh voltage: 100 kv

a b 110+ C
1004 '] 100 4
/ 1 - _—
_—= AIOO \ - M \E E
ey = ' 3
= 90 / = 50l “"---_E = 80
= X *;-"“ —ﬁ—‘i““‘-—! B
= 80 S 80+ £ w
= £ E
7] < =
ﬁ 70 g 704 g
e = : a0
a = >
= S 60 =
&‘ 60 -1 =]
T 204
50+ -
50 T T T T T T T T T T T T T T T T T
00 52 104 156 208 260 312 364 416 00 52 104 156 208 260 312 364 41€ 0T T
00 05 10 15 20 25 30 35 40 45 50
PDC (pM) MDC (M) GA (viv)

Figure 8. The effect of the concentration of PDC (a), MDC (b) and GA (c) on the relative activity of the immobilized TRP on

the ASTiNPs.
Table 2. Protein loading capacity of the different supports reported in the literature.
Enzyme Support Crosslinker Loading capacity Reference
(mg/g)
Laccase TiO; Direct 7.4 [30]
Lysozyme Mesoporous silica NP Tannic acid 77.1 [31]
Bovine hemoglobine 396.5
Bovine serum albumin 130
Mitochondrial malate 421
dehydrogenase
Laccase TiO-montmorillonite Direct 35.8 [32]
Cellulase APTES-Fe304 GA 176 [33]
Catalase Reduced graphene | Direct 312.5 [34]
oxide—Fes;04
Catalase Titanate nanotubes coated by | Direct 312 [26]
poly(dopamine)
Titanate nanotubes coated by 246
poly(norepinephrine)
TRP Magnetic particles No spacer 0.8 - 59 [3]
12-aminododecanoic 54
acid
BSA 13.9
Biotin-PEG12 1.2
TRP ASTINPs Direct 775106 | In this study
GA 1223+127
PDC 3686+84
MDC 3266+194
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3.3. LC-MS/MS analysis

To estimate the digestion efficiency of the immobilized TRP
with different crosslinkers, a standard protein, namely Cyt C
were chosen as substrate and compared with the same sample
digested by the classical in solution protocol (24 h digestion,
37 °C). Cyt C can be good indicator for the efficiency of
digestion because of its small size and solubility in water
(molecular weight of 12 kDa). It is a heme containing protein
and has wide applications in biological and biomedical
research [35].

Figure 9 shows the LC-MS/MS chromatograms of Cyt C
digested by the immobilized TRP with GA, MDC, PDC,
without crosslinker on the ASTiNPs and free TRP. The
obtained peaks below 400 m/z in all chromotograms were
related with the mobile phase and the detection range of
peptide fragments were bigger than 500 m/z. Thus, it is
needed to consider that the peptide fragments which have
m/z value above 500 is important.

From a quantitative point of view, the peptide fragments
obtained with the immobilized TRP with GA, MDC, PDC
without crosslinker were different. Based on this, the direct-
immobilized TRP on the ASTiNPs (without crosslinker, Fig
9d) gave the lowest digestion efficiency while the
immobilized TRP with PDC gave the best result than the
other crosslinkers even its lower specific activity than GA-
bound TRP (Table 1). As aforementioned above, the PDC-
bound TRP with had higher catalytic activity provided more
efficient digestion of Cyt C. This situation has been
explained by Nicoli [36], who has mentioned that the
crosslinker increases the mobility of the immobilized
enzyme on the surface of the support and thus, the interaction
between active sites and target protein can be easily
performed. Also, the differences between the results of the
crosslinkers could be related with the amount of immobilized
enzyme and accessibility of active sites for the substrate [37].
So, it could be said the immobilized TRP with PDC had
better accessibility to the cleavage sites of Cyt C as a
substrate. The peptide fragments obtained from Cyt C
digestion with TRP-bound PDC, MDC and GA were
comparable with free TRP in terms of molecular weight and
numbers of the fragment. The peak intensity in the
chromatogram of the free TRP was higher than the others,
but the digestion with free enzyme was performed in 24 h
instead of 15 min. This could be attributed to the steric
limitations as a result of immobilization [38]. These results
demonstrated that the presence of a crosslinkers increased
the digestion efficiency when compared to without
crosslinker condition and the PDC-bound TRP with gave the
better results than the others.
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Figure 9. The LC-MS/MS chromatograms of digested Cyt
C by immobilized TRP with GA (a), MDC (b), PDC (c),
without crosslinker (d) and free TRP (e). Conditions: sample:
products of digestion of 1 mg/mL Cyt C, mobil phase 0.1%
formic acid, 4 mM ammonium formate and 5% methanol in
water MS conditions: spray voltage, 3500 V; sheath gas, 10
Arb; Aux gas, 2 and Sweep gas, 300 and flow rate, 50
puL/min.

3.4. Reusability

One of the important parameters of immobilized enzyme for
industrial applications is its reusability in multiple catalytic
cycles [39, 40]. Repeated usage of immobilized TRP on
ASTINPS without crosslinker (directly) and with PDC,
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MDC and GA were evaluated in batch operation system
(Figure 10). The immobilized enzyme was removed from
reaction medium by centrifugation and washed with buffer
and then used for another fresh reaction medium.

—a—PDC
—¥—MDC
——GA

—A— Without crosslinker|
80

60

40

Relative activity (%)

1 2 3 4 5 6 7 8 9 10
Reuse number

Figure 10. The reusability of the immobilized TRP on
ASTINPS without crosslinker (directly) and with PDC,
MDC and GA.

The activity of direct-bound TRP (without crosslinker)
remained at 5% after the first four cycles. The rapid loss of
activity after four cycles can be explained with enzyme
leakage because of physical adsorption of TRP onto the
ASTINPs (without crosslinker) [41, 42]. The reuse number
and the percentage of residual activity of the immobilized
TRP increased with all tested crosslinkers in comparison
with without crosslinker condition. This could be attributed
that the immobilization of the protein molecules with
crosslinkers such as GA, PDC and MDC might enhance their
stability against denaturation by stabilizing their quarternary
structure [12, 43].

Using GA as spacer, a sharp decrease to 24% of in initial
activity obtained with first cycle, after that the activity
remained stable and sustained 7% of its initial activity after
the seven cycles. The decrease in the relative activity after
the first cycle could be related to the accumulation of final
reaction products on the surface of the immobilized TRP
[44]. Similar decrease was also obtained when MDC used as
crosslinker. When using PDC as crosslinker, the relative
activity was higher (11%) after ten reuse cycles in
comparison to the using MDC (7%) and GA (7%) as
crosslinker. Also, Calvo et al., [7] obtained similar results
when used PDC showed higher stability than GA and MDC.
Distinctly, the obtained decreasing in the relative activity
after seventh cycles could be ascribed to geometry of the
crosslinkers. As a result of immobilization via GA, enzyme
lost its all-initial activity after seven cycles. This might be
related with the hydrophilic character of the GA [45].
Furthermore, geometry of the crosslinkers has an important
effect on the activity of enzyme [12]. The other reason of the
lower reuse number may be related with that GA has linear
structure which provides more flexibility to the protein on
the support which may increase denaturation of enzyme [46].
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4. CONCLUSION

In present work, the ASTiNPs were prepared and modified
with different crosslinkers such as GA, PDC, MDC for
immobilization of TRP. The immobilized TRP with these
crosslinkers on the ASTiNPs was investigated and compared
with direct-bound TRP. The modification of the ASTiNPs
with crosslinkers increased the loading capacity of the
support and the specific activity of the TRP. The high value
of the loading capacity and specific activity was achieved for
immobilized TRP on the ASTiINPs modified with PDC.
When these result of PDC-bound TRP compared to the
others, there was a slight difference with MDC-bound TRP
and it was higher than GA-bound TRP. The prepared and
modified support has quite high protein loading capacity
when compared with the literature (Table 2). Optimum
concentration of the crosslinkers for the TRP immobilization
was determined as 20.8 uM of PDC, 5.2 uM of MDC and
1.5 viv of GA. The direct-bound TRP showed 5% of its
initial activity after the four cycles while the GA, MDC and
PDC-bound TRP sustained 11% of its initial activity after the
seven cycles, 7% and 7% of its initial activity after the ten
cycles, respectively. The digestion of the Cyt C was
evaluated by LC-MS/MS analysis. The presence of a
crosslinker increased the digestion efficiency when
compared with direct-bound TRP and the immobilized TRP
with PDC gave the better digestion efficiency than the
others. As a result, the polarity of the crosslinkers has the
important effect on the immobilization of TRP on the
ASTINPs while the geometry of the crosslinkers from para-
to meta- in PDC and MDC leads to slight difference in the
protein loading and the specific activity of the TRP.
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Abstract

Advanced high strength steels (AHSS) are newly developed steels that has versatile mechanical properties. These steels enables
to design low weight cars with high safety standards. Also, weight reduction in vehicles plays a significant role for saving fossil
fuels which is limited and causes carbon emissions. Dual phase (DP) and Martensitic steels are prominent in AHSS family
because they are inexpensive and has vast application areas. DP steels are used for general purpose applications and Martensitic
steels are used for reinforcement parts in vehicles. In this study, high formable grade Dual phase steel with 800 MPa tensile
strength and Martensitic steel with 1200 MPa tensile strength were welded with resistance spot welding technique which is the
most widely practiced joining method in the industry. Electrode indentation depths, its effect on tensile-shear loads and
microstructural characterizations were investigated. According to the results, the lowest tensile shear loads were acquired
between both between 0-0.2 mm and between 0.85-1mm electrode plunge depths. Medial electrode plunge depths showed high
tensile shear loads. Some welding defects were encountered including secondary phase formations, shrinkage voids, intergranular
shrinkage gaps and vertical cracks in the weld nugget. It is find out that the weld defects were formed due to cooling gradient
while solidifying, electrode force, and improper weld parameters.

Keywords: AHSS, Resistance spot welding, DP steels, Martensitic steels, Microstructure.

1. INTRODUCTION DP steels have high tensile strength up to 1000 MPa with
good formability capabilities. They have martensite phase in
ferrite matrix [7]. They are relatively cheap compared to
other AHSS families thanks to both low cost processing
operations and low cost constituents. They have different
formability grades with high tensile strength. DP steels
generally used for automotive chassis components. These
steels have found large usage area in automotive industry [8].

Today, global warming, CO2 emissions, the limit of fossil
fuels and high oil prices are among the main factors affecting
the whole world [1, 2]. Due to these difficulties, various
weight reduction efforts have been initiated in the
automotive industry without loss of safety [3]. The key role
of weight reduction is developing new steels with high
strength that ensures low weight designs for steel
components. To achieve this goal, firstly, high strength low
alloy (HSLA) steels have been developed. HSLA steels have

Martensitic steels has similar microstructure with DP steels.
They have also martensite phase in ferrite matrix. However,

moderate tensile strength with high ductility [4]. With further
developments, advanced high strength steels have been
developed. Based on design features, different steel grades
of AHSS have been developed with a wide range of
mechanical properties containing different microstructures
[5]. Among AHSS steels, Dual Phase (DP) and Martensitic
Steels (MS) steels have drawn attention in the automotive
industry thanks to their unique mechanical properties and
prices [6].

MS contains a high amount of martensite phase in ferrite
matrix [9]. Thus, increasing tensile strength up to 1.7 GPa
have been possible with low elongations [10, 11]. MS have
been utilized for reinforcement and anti-intrusion parts that
highly increases the safety [12, 13].

Resistance spot welding (RSW) is the most utilized welding
method in manufacturing of automobiles especially for sheet
components [14, 15]. An average automobile generally
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contains 3000-5000 spot welds [16]. The number of
resistance spot welds on the automobile increases the health
and importance of the joints.

Resistance spot welding is based on the compression of the
metal sheets under a compression force with copper
electrodes from both sides and then, the metal is melted with
joule effect [17]. Electrode pressure and heat with a welding
time forms the weld nugget. The weld nugget is formed
between steel sheets where the highest electrical resistivity
is constituted. Weld nugget diameter is also an indicator of
weld reliability. Weld nugget diameter generally controls
mechanical performance of RSW applied joints [18].
However, there is not a linear relationship between weld
welding parameters, weld nugget diameter and mechanical
performance of welding joint.

Another different aspect is electrode plunge depth. Electrode
plunge depths with high amounts reduces aesthetic
appearance and impedes it usage for visually remarkable
parts [19]. In low electrode plunge depths, acquired with
various current, welding time and electrode force, can causes
low tensile-shear loads highly affecting mechanical
performance of RSW applied joints [20].

In this work, effect of welding time and welding currents on
electrode indentation depths of RSW applied dissimilar
Martensitic/DP  steel  joints have been studied.
Metallographic examinations were executed. MS grades
having 1200 MPa tensile strength and DP steel having 1000
MPa tensile strength with high formability grade were used
in experiments.

2. MATERIAL and METHOD

DP steel that belongs to high formability grade (DP1000HF)
with 1.1-mm thickness and Martensitic steel (MS1200) with
1.2-mm thickness were acquired from local dealer. Their
mechanical properties and chemical composition described
by manufacturers are presented in Table 1 and Table 2,
respectively.

Table 1. Chemical composition of DP800HF and MS1200
(wt.-%)

C Si Mn Al Cr Mo Co
DP800HF 0.16 0.5 22 07 045 - -
MS1200 0.07 020 16 003 0.01 0.03 0.013

Table 2. Mechanical properties of DP800HF and MS1200

Yield Tensile Elongation
strength strength [%0]
[N/mm?] [N/mm?]
DP800OHF 532.9 920.7 16.7
MS1200 950 1282 3

Tensile-shear tests were carried out on the SHIMADZU AG-
XD 50KkN universal test device. Tensile speed was adjusted
to 10-mm/min. The technical drawing of the tensile-shear
test specimen is presented in Figure 1. Electrode plunge
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depth (EPD) of both steels that measured for experiments is
also presented in the figure. EPD of the RSW joints were
measured with Nikon SMZ stereo microscope. The EPD
measurements were performed prior to metallographic
examinations.

AL

i
Section A-A

EPD of DP800 HF

Weld Nugget [

Detail -B
Figure 1. The technical drawing of resistance spot welded
tensile-shear test specimen and details of EPD.

Before the experiment, all welding surfaces chemically and
ultrasonically were cleaned to avoid dirt and oxides that
could affect welding quality. Resistance spot welding
machine having 120 kVA maximum capacity with
pneumatically controlled jaws was used for experiments.
The welding parameters were adjusted with HMI interface.
Resistance spot welds were executed under 5 kN electrode
force. Currents and welding times were constantly measured
with Dengeshia (Japan) welding amperemeter. 6-mm tip
diameter Cu-Cr electrodes with EN 1SO5182 standard were
used for experiments. The electrodes were cooled down with
constant 6 L/min water flow. The holding times before and
after welding operation were adjusted to 25 cycle (1
Cycle=0.02 s). Various welding durations and welding
current combinations were utilized in experiments to see
their effects separately. Welding currents and welding times
used in experiments is presented in Table 3 with experiment
sequence.

Table 3. Welding parameters and welding currents used in
experiments with sequence.

Welding durations (Cycle)

5 10 15 20 25 30
_ | 8.44 - 6 12 17 22 26
%/ 9.6 1 7 13 18 23 27
§ 11.8 2 8 14 19 24 28
g 13.5 3 9 15 20 25 -
2| 145 4 10 16 21 - -
= 155 5 11 - - - -
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For SEM examinations, RSW applied joints were cut from
centerline of the weld nugget. Conventional procedures were
adopted for microstructural examinations. The weld joint
was etched with %5 Nital solution for 5 s. JEOL JSM-5600
Scanning Electron Microscope (SEM) with Energy
Dispersive x-ray Spectroscopy (EDS) was used for
microstructural examination. The heat input that used in
explanations is obtained from following equation;
Q=1I%R.t (1)
Where, Q is Heat input (Joule), | is Ampere (A), R is total
electrical resistance () and t is welding time (5).

3. RESULTS and DISCUSSION
3.1. Electrode Plunge Depth Behaviors

Effect of welding time and welding currents on EPD of
DP800HF steel side of the RSW applied joint is presented in
Figure 2. According to the figure, there is a linear relation
between EPD and heat input. As the weld time increases, the
ratio of EPD to weld current remains approximately
constant. Namely, heat input increases the severity of EPD
with the same trend. EPD of DP steel side shows the
maximum plunge depths in 20 and 25 cycle welding times in
13.5 kA and 14.5 kA welding currents as 1-mm, respectively.

08

0.6

04

S Cycle

Electrode plunge depth DP800HF (mm)

10 Cycle

P i 15 Cycle
20 Cycle

—25 Cycle

-30 Cycle

8 9 10 11 12 13 14 15 16
Welding current (kA)

Figure 2. Electrode indentation depths of DP800HF steel
side with respect to welding parameters.

EPD behavior of MS1200 steel against welding parameters
is presented in Figure 3. EPD has similar characterizations
with DP800OHF steel. However, the maximum EPD for MS
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was acquired in 30 cycle welding time and 11.75 kA welding
current.

5 Cycle

10 Cycle

Electrode plunge depth of MS1200 (mm)

15 Cycle
20 Cycle

—25 Cycle

—30 Cycle

Weld current (kA)
Figure 3. Electrode indentation depths of Martensitic steel
side with respect to welding parameters.

When compared to DP800HF, EPD of MS1200 have a little
bit lower but have similar characterization except for 20, 25
and 30 cycle welding times. In 20 and 25 cycle welding
times, the maximum electrode plunge depths were obtained
in DP8OOHF side. In 30 cycles welding time, there is a small
deviation from each other that is acceptable for physical
experiments. The main reason for lower EPD of MS1200 is
attributed to the presence of high martensite ratio that has
high much higher hardness than DP800HF.

Total clectrode plunge depth (mm)

Welding current (kA)

Figure 4. Electrode plunge depths of both sides with respect
to welding parameters.



F OZEN

Total EPD was acquired with combination of both MS1200
and DP800OHF is presented in Figure 4. The maximum
electrode plunge depth for both steel was 1.96 mm. This
climax point was achieved the highest currents of the 20, 25
and 30 cycle welding times. High EPD’s of both sides at high
heat inputs is an expected situation in the RSW method.

Effect of EPD for MS side and DP steel side on tensile-shear
load is presented in Figure 5 and 6, respectively. According
to results, the maximum tensile-shear load was acquired at
0.64 mm EPD of for MS side while 0.6 mm for DP steel side
as 17960 N. MS showed similar characteristics with DP steel
side on tensile shear load capacity with minimal deviations.
The maximum deviation of EPD in both steels was below 0.1
mm. The lowest tensile-shear loads were achieved both
between 0-0.2 mm and between 0.85-1mm. The low heat
inputs were induced lower tensile-shear loads between 0-0.2
mm EPD while the high heat input presented in another low
tensile-shear loads were between 0.85-1 mm EPD.

/\

19000

18000 -

17000 -

16000 -+

15000 A

Tensile-shear load (N)

14000 -

13000 -

12000 A

11000 A

5 Cycle 10 Cycle 15 Cycle

20 Cycle 25 Cycle 30 Cycle

10000 T T T T .
0 02 04 0.6 0.8 1

Electrode plunge depth of MS1200 (mm)

Figure 5. Tensile-shear load against electrode plunge depth
of MS1200.
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Tensile-shear load (N)
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20 Cycle 25 Cycle 30 Cycle

10000 —+—F——""—"FF"—F—F—F—— 7T
0 02 04 0.6 0.8 1

Electrode plunge depth of DPSOOHF (mm)

Figure 6. Tensile-shear load against electrode plunge depth
of DP80OHF.

3.2. Microstructural Characterizations

Microstructural graphs from weld nugget and heat affected
zone (HAZ) of DP800HF/MS1200 RSW applied joint is
presented in Figure 7 with different magnifications.
According to figures, weld nugget zone has exact boundary
from HAZ. Transition from HAZ to base materials (BM)
illustrated with a black band that shows the end of the
thermal transition. This transition between HAZ and BM has
thicker characteristic in DP80OHF steel side. The reason for
this thickness is existence of higher amount ferrite that
allowed much wider phase transition area due to its higher
heat conductivity [21].

The weld nugget is mainly consists of lath martensite
generated with thermal cooling gradient (Figure 7.d and 7.f).
Weld nugget boundary shows fully melted and cooled region
as shown in Figure 7.b. In this case, the thermal cooling
gradient is start from weld nugget/HAZ frontier to the last
solidifying region, namely, weld nugget center. During
solidifying, heat is transferred from weld nugget to electrode
that cooled with constant water flow. Therefore, the thermal
cooling gradient was played an important role to form
martensite that gradually coarsed towards weld nugget, but
with preserving its natural orientation.
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Weld Nugget HAZ

50X

100X

200X Grain

growth
direction

Figure 7. Microstructure of RSW applied DP800OHF -
MS1200 with different magnifications

Figure 8 shows SEM image from the focal point of thermal
gradients in the weld nugget zone of spot welded
DP800HF/MS1200 steel joint. According to micrograph,
weld center was composed of lath martensite with small
fractions of ferrite. The size of martensite is approximately
between 40 and 60 um while the size of the martensite in
both steels from BM was between of 3-6 pm.

Signal A= NTSBSD Mag= 200KX
Photo No. = 7466 Copnm e

o ..o ) BORGELIK
Figure 8. Weld nugget of the RSW applied DP800HF -

MS1200.

Figure 9.a and 9.b shows a detailed graph from HAZ region
of MS1200 and DP80OHF steel, respectively. According to
figures, coarsening of martensite laths toward weld nugget
can easily be seen. However, the amount of ferrite zones that
marked with white has different characterizations. In MS, the
amount of martensite is far more than that of DP800HF. As
for ferrite, a vice versa situation was occurred. The
maximum amount of ferrite were formed in DP800HF. High
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ferrite formation can be attributed to martensite fractions in
steels before welding.

Similar microstructure characterizations were also coincided
in the literature;

Pourvani et al. [22] studied the weldability of resistance spot
welded 1200MS joint. They find out that heat affected zone
were consisted of tempered coarsed martensite and ferrite. A
single phase with lath martensite was formed in the weld
nugget.

Di et al. [23] Investigated laser weldability of similar and
dissimilar DP780 and DP980 steel joints. It is revealed that
the weld nugget zone was formed with lath martensite for all
DP joints. It is also described that the alloying elements was
equally distributed in the weld nugget zone.

Bandyopadhyay et al. [24] studied microstructure and failure
behavior of laser welded DP980 steels. Tempered martensite
was formed at the heat affected zone and induced a soft
region. This oft region reduced the formability of the welded
blanks.

Weld nugget

Figure 9. HAZ of a) MS1200 and b) DP80OHF.
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While welding of dissimilar MS1200/DP800HF steels, some
defects were detected in microstructure. Figure 10 a-d shows
encountered defects in welding of MS1200/DP800HF steels.
According to micrographs, the defects were mainly formed
in weld nugget zone. Cracks, secondary phase formations,
shrinkage gaps were formed in weld nugget zone. The other
defect that run into is Cu penetration in electrode contact
surface.

Figure 10.a shows a shrinkage gap and secondary phase
formation. This defect is situated at the center of the weld
nugget zone. As soon as the weld nugget cools from the
molten state, it commenced to solidify from the outer shell
to inner regions. During the solidification, shrinkage is also
taken place due to thermal contraction. The last place that
solidifies is the focal point of the cooling gradients, namely,
the horizontal centerline of the weld nugget.

Secondary phases that formed at the centerline of the weld
nugget is a hint to low melting alloys. Normally, this low
melting secondary phases is formed at the outer boundary of
grains. However, gradual cool down of the grains caused
accumulation of the secondary low melting phases at the
center of the weld nugget because of the low solidification
temperature.

The shrinkage in low severity caused intergranular voids and
cracks at the center of the weld nugget. Figure 10.b shows
intergranular gaps that resulted from insufficient volume due
to thermal shrinkage. These gaps were formed both with
partially vertical direction and with equiaxed direction.

In case of high electrode force, melted weld nugget was
forced out of the separation surfaces of the sheets.
Successive solidification and shrinkage has led to vertical
cooling cracks as shown in Figure 10.c. These cracks were
occurred between the grains, effectuating the weakest
regions during cooling. Formation of the cracks, porosities
and secondary alloys in welding of new generation steels
were also reported in the literature;

Schmidova et al. [25] studied effect of Nb on the failure of
dual-phase steel in dissimilar welds. Formation of porosities,
cracks, and low melting secondary alloys in weld nugget was
reported.

Wang et al. [26] studied resistance spot weldability of
Q&P980 steels. They find out cracks and porosities in the
weld nugget.

Another defect is penetration of electrode material into
contact surface. Figure 10.d shows penetration of Cu from
electrode/sheet contact surface. The detailed SEM image and
EDS analysis were executed from penetrated metal is
illustrated in Figure 11.a and 11.b, respectively. EDS
analysis showed there is high amount of Cu with low amount
of Fe (Table 4). This elemental measurement proves that the
copper acquired from the electrode.
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Figure 10. SEM micrographs of weld defects a) Shrinkage
gap and secondary phase formation, b) Intergranular
shrinkage cracks, c) Vertical weld nugget cracks and, d)
Penetration of Cu from electrodes.
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The penetration of Cu into intergranular gaps that formed
during welding is somehow related to electrode softening
and evaporation of surface material by high welding heat
input induced by high welding current and welding. If there
was a standard melting on electrode surface, there would be
spills and residues on the contact surface of steel within a
maximum of 30 cycle (0.6 seconds). However, the
penetration from the surface of the material towards the inner
regions can only be achieved with a pressure. It is an
indication that the electrode material achieved to vapour
phase locally by the applied heat in electrode tip. This
evaporated Cu penetrated through intergranular gaps that is
one of the easiest way to decrease vapour pressure and then
Cu penetration between intergranular gaps is formed. It
should be noted that the maximum resistance is achieved on
the electrode surface of steels, but the second maximum
resistances are achieved on electrode/steel contact surfaces.

80 pm -‘_,

Counts

Cu
1

1 Fe}l | Fe i
A

|
R W
:

T T T
s 10 12 14

b) keV

Figure 11. a) SEM micrograph of Cu penetration from
electrodes, and b) its EDS results.

Table 4. EDS measurement result from penetration area.

Element Wt.-% Atomic (%) Error (%)
Iron 6.80 7.83 0.3
Copper 91.03 92.17 3.0

Total 97.83 100.00

4. CONCLUSIONS

A 800 MPa dual phase steel with high formability grade and
1200 MPa martensitic steel was welded successfully with
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RSW  technique. Electrode plunge depths and
microstructural characterizations were examined. It is find
out that the maximum tensile shear loads were achieved in
moderate electrode plunge depths. Poor tensile shear loads
were attained due to either insufficient or excess heat input
that mirrors electrode plunge depths.

In microstructural investigations, heat induced defects such
as shrinkage gaps or cracks and secondary phase formations
were coincided in weld nugget. The main reason for
secondary phases are gradual cooling down from outer shell
to inner regions of weld nugget. Then the last solidifying low
melting alloys were formed. Vertical cracks were also
formed in the weld nugget due to softening and electrode
application force while solidifying. Cu penetrations also
formed on the contact surface due to excessive heat input.
Cooling of electrodes was also played an important role in
Cu penetrations. It is also determined that cooling of
electrodes is of high importance while applying RSW
technique.
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Abstract

Borax sludge was selected as the adsorbent due to its dolomite content to purify the industrial wastewater. Ni*? concentration in
the industrial wastewater was decreased with the adsorption on the borax production waste. To clarify the adsorption mechanism,
various pH values, initial concentrations, and contact times were applied. The adsorption percentage increased with the increasing
pH value because of the precipitation of metal ion. In the isothermal analyses, the best-fitted isotherms were in the order of
Temkin> Freundlich> Langmuir> Harkins-Jura isotherms. The adsorption heat (Bt) was determined as 277 kJ/mole in Temkin
isotherm and n value of Freundlich was estimated as 1.3. In the kinetic analyses of Ni*2 adsorption, the pseudo-second-order was
the best fitted kinetic method. The adsorbed amount value of Ni*2 per unit mass (qe) varied between 8.3682 and 40 mg/g. The
estimated isothermal and kinetic results indicated that the sludge of borax production waste can be preferred as an alternative for

the preparation of low-cost adsorbents.

Keywords: Adsorption kinetics, Borax waste, Nickel, Isotherms, wastewater, water treatment

1. INTRODUCTION

Waste formation is one of the world’s major problems. The
concentration and composition of wastes in water resources
have increased over the last years with the expansion of
population and industrial activities. Industrial wastewater
includes heavy metals at various types and concentrations.
Metal pollution in water supplies exhibits harmful effects on
both the environment and human health [1 — 3]. As a heavy
metal, nickel and its components are commonly seen in
nickel refining, welding and electroplating. In the exposure
of nickel, the target organs are the lung and the skin. The
significant health effects because of occupational exposure
to nickel can be listed as lung cancer, skin allergies and lung
fibrosis [4].

As a separation method, adsorption is a process for the heavy
metals removal from contaminated water that receives
attention due to its advantages of high efficiency, being easy
and economic. To obtain an effective adsorption process, the
adsorption mechanism should be clarified by using the
isothermal and kinetic analyses. With this purpose, different
adsorbents have been studied for heavy metal removal.
Farmaki et al., experimented the adsorption of Ni*2 and Pb*?
on tailings of limestone and dolomite as a mine waste [5].
Dada et al., investigated the isothermal analyses of Zn*? on
the modified risk husk, as an agricultural adsorbent [6].
Meng et al., synthesized the zeolite A and used as an

adsorbent for the removal of heavy metals from the industrial
wastewater [7].

The borax production waste is also known as borax sludge,
generally contains the clay and borax and/or tincalconite.
Annually, more than 120.000 tonnes of borax waste are
produced in Turkey. Generally, they can be preferred as an
extender in the wail tile or briquette production [8]. Due to
its clay component, it can be used as an alternative to the
low-cost adsorbents.

In this study, the borax production waste was selected to
purified nickel content of the industrial wastewater. The Ni*?
adsorption on borax production waste was studied and the
adsorption mechanism was clarified by using the isothermal
and kinetic methods. The effects of the pH, initial
concentration and contact time on to the adsorption were
determined.

2. EXPERIMENTAL PROCEDURE
2.1. Materials

The borax sludge was supplied from Bandirma Boron and
Acid Factory Operations of Eti Mine Works in Balikesir,
Turkey. The sludge was dried at 105°C in Ecocell oven for 2
hours to decrease its moisture content. The dried waste was
powdered and sieved to decrease particle size lower than 90
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um. for sieving process, the vibrating screen of Fritsch was
used. The dried adsorbent was identified as the mixture of
tincalconite (pdf. no: 00-008-0049; Na,B4O7-5H,0) and
dolomite (Ca-Mg(COs3)2; pdf. no: 00-005-0622) phases. The
BET surface area of borax sludge was 5.54 m?/g [9].

The industrial wastewater was provided from the inlet water
line of a wastewater treatment facility in the region of the
Ikitelli Organized Industrial Zone where wastewater from
metal coating industries’ was collected. Initial pH of
wastewater was 3. For the pH adjustment, NaOH was
purchased from Merck Chemicals. The wastewater mainly
included the heavy metals of Ni, Cu, Cr, Zn, Al and Fe. From
these heavy metals, Ni was selected due to its high
concentration. The initial Ni concentration of the sample was
133.67 ppm.

2.2. Adsorption Experiments

The 0.2 g of dried adsorbent was added 100 ml of wastewater
and stirred at 200 rpm. For the batch adsorption study, the
experimental conditions were summarized in Table 1. The
adsorption experiments were applied at optimum conditions
of each parameter. The solution 10 M NaOH was used to
adjust the pH of the adsorption medium.

Table 1. The parameters of the batch adsorption experiments

Parameter Values
pH 3,579
Dilution ratio 0.25,0.33,05,1

15, 30, 45, 60, 90,120

Contact time (min)

The samples were filtered after the batch adsorption and a
Perkin Elmer Optima DV 2100 model of Inductively coupled
plasma - optical emission spectrometer (ICP-OES) was
performed to analyse the filtrates.

2.3. Isothermal and Kinetic Analyses

The obtained batch adsorption data were applied to different
isotherm models: Langmuir, Freundlich, Temkin and
Harkins-Jura. The Langmuir and Freundlich isotherms
explained the adsorption process in the monomolecular and
multimolecular layer states, respectively. The Langmuir and
Freundlich isotherm models were expressed in the Equations
of (1) and (2).

Qmax-KL-Ce
=— XV 1
="11k,.cC, )

e = KF-CeI/n (2)
where ge Was the adsorbed Ni*? amount for per unit mass in
mg/g, gmax Was the maximum adsorption capacity in mg/g,
Ce was the Ni*2 concentration of solution at equilibrium state
in mg/L, V was volume in L, K. and Kr were the coefficients
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of Langmuir and Freundlich related to the affinity of the
binding sites. The separation factor of R_ is preferred to
indicate the required properties of the Langmuir isotherm.
When R_ is between 0 and 1, it indicates that adsorption is
favourable Equation (3).

1

R,=——
L7114+ k.,

3

The Temkin isotherm (Equation (4) and (5)) assumed that
the adsorption energy would decrease with the filling of the
active pores on the adsorbent surface. Bt was the ratio of
RT/br. At, was the equilibrium binding constant of Temkin
isotherm, Bt was the adsorption heat and bt was the
coefficient of the adsorption heat.

qe = BT' lnAT + BT' lnCe (4’)

)

The Harkins-Jura isotherm model expresses the possibility
of multi-layer adsorption due to the existence of
heterogeneous pore distribution. The Harkins-Jura isotherm
model can be expressed by Equation (6). Ay and By were the
Harkins-Jura isotherm model constants.

Q= logC, + By

The Kkinetic parameters of the adsorption process were
estimated by using the adsorption Kkinetic models of
Lagergren pseudo-first-order, pseudo-second-order, and
intraparticle diffusion. The related equations of Lagergren
pseudo and second-order were given in (7) and (8),
respectively. The terms of k; and k;, were rate coefficients for
pseudo-first-order and second-order, respectively.

BT = R.T/bT

(6)

dq
- =hki(qe —a.) (7
dq
= k(g — 4 ®)

The function of the intraparticle diffusion kinetic model was
seen in equation (9). The value of ky;; was the rate coefficient
of the related kinetic model.

dqy = ki t® + A €C))

3. RESULTS AND DISCUSSION
3.1. Adsorption Results

The percentage of absorbed Ni*2 from the wastewater was
presented in Figure 1 at different pH values. The initial pH
value of wastewater was 3. The alkalinity of the solution was
a major factor for the Ni*? adsorption from the wastewater.
The higher adsorption percentages can be explained with the
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precipitation of metal ions in alkali mediums [10]. According
to the Figure 1, the acidic conditions would decrease the
precipitation rate of nickel precipitates. The removal rate was
low due to the insufficient precipitation. The optimum pH
value was selected as 7 in the experimental setup to obtain
treated wastewater in an environmentally friendly way.

100
80
g
; N ey £
2 e
el e
g e
=
) .
................. po
J
0
3 4 - - : | |

pH
Figure 1. pH effect on Ni*? adsorption

The wastewater was diluted at the ratios of 0.25, 0.33, 0.5
and 1 to obtain different initial concentrations. The Ni*2
adsorption at different contact times for each dilution ratio
was presented in Figure 2. Ni*? adsorption rapidly increased
in the first 30 minutes. The minor changes were seen after
the 30 minutes.
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Figure 2. Ni*? adsorption at different contact times

The probable adsorption mechanism for Ni*? by the borax
sludge may be explained in three steps:

(i) the dissolution of tincalconite and dolomite phases in
borax sludge, and the formation of Na*, Ca*?, and Mg*?
cations;

(ii) the precipitation of Ni(OH);

(i) the exchange of cations on the adsorbent (Na*, Ca*?, and
Mg*?) with Ni*2,

The adsorption results indicate the successful progress of the
waste dissolution, Ni(OH), precipitation and/or cation
exchange with increasing the pH values. This proved that the
adsorption mechanism  proceeds well in alkaline
environments.

3.2. Results of Isothermal Analyses

Isotherm parameters of the Ni*? adsorption on borax waste
were given in Table 2. According to the correlation constants
in isothermal analysis results, the best-fitted isotherms were
in the following order: Temkin> Freundlich> Langmuir>
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Harkins-Jura. The highest correlation constant of Temkin
isotherm model signified that the adsorption heat in the layer
decreases in a linear way as a result of the increase in surface
coverage. The n value of Freundlich isotherm can be
interpreted with the increase in chemical concentration
would decrease the relative adsorption.

Table 2. Isotherm parameters of the Ni*? adsorption on borax
waste

Isotherms | Plot I:aramete Result
O 49.7512
. KL 0.0185
Langmuir | 1/ge vs 1/C R 04187
R? 0.9905
Kr 1.1637
Freundlich | log(ge) vs log(Ce) | N 13
R? 0.9918
At 0.2282
Bt 8.9329
Temkin e vs In(Ce) 277.353
br 5
R? 0.9983
) An -38.9105
Harkins- | 1/g2 vs log(C) | Bu 15486
R? 0.9568

The adsorption capacities (qmax) of various adsorbents were
compared in Table 3. According to the given table,
adsorption capacity was affected from the coupling of
adsorbent — heavy metal. The results indicated the suitability
of borax production waste for the Ni adsorption than the Cr.
Also, borax sludge can be an alternative adsorbent in stead
of modified ores or some types of plant peels.

Table 3. Comparison of the adsorption capacity (Qmax) Of
different adsorbents

Heavy
Adsorbent metal (max Ref.
Borax production Ni 49 7512 This
waste study
Borax production cr(iny | 24.096 [9]
waste
Wheat straw-rice husk Ni 0.427 [10]

Table 3(cont.). Comparison of the adsorption capacity (qmax)
of different adsorbents
Chitosan-Vermiculite

: Pb 0.154 [11]
Composite
Modified sepiolite As(l11) 46.7 [12]
Brassica Napus straw Cu 9.37 [13]
Modified orange peel Ni 80.0 [14]

3.3. Results of Kinetic Analyses

Kinetic parameters of the Ni*? adsorption on borax waste
were given in Table 4. Due to the highest correlation
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constants (between 0.8436 and 0.9939), the pseudo-second-
order kinetic method was determined as the best-fitted
model. For this kinetic model, the ge values were in the range
of 8.3682 — 40 mg/g. the adsorption rate coefficients were
varied between 3.2x10° and 0.0363.

Table 4. Kinetic parameters of the Ni*? adsorption on borax
waste

Kinetic Conce
Method ntration %25 %33 %50 %100
Lagergre Qe 0.3950 0.2496 25650 | 42.934
n '??reslido K -0.0175 | -0.0269 | 0.0090 | 0.0387
order R? 0.7601 0.4367 0.8613 | 0.9159
Qe 8.3682 9.3023 98.039 | 40.00
Pseudo
second K 0.0363 0.0279 3.2x10° 0.0015
order
R? 0.9939 0.9403 0.8436 | 0.8991
Kio 03195 | -02197 | 29278 | 1.3312
'””calza”' A 96961 | 10188 | -8.3721 | 19558
diffusion
R? 0.6923 0.1398 08726 | 03327

4. CONCLUSION

The heavy metal adsorption from the industrial wastewater
was achieved by using industrial waste. The pH of the
adsorption medium was a notable factor to provide the metal
ions precipitation as hydroxides. The adsorption mechanism
was studied by various isothermal and kinetic models at
different initial concentrations and contact times. The best-
fitted model function was determined as Temkin isotherm
and Pseudo-second-order kinetic method. The adsorption
results promoted the possible use of borax sludge, which is
readily available in Turkey, as a low-cost adsorbent for the
Ni*2 removal from industrial wastewater.
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Oz

Atom gekirdeklerinin niikleer yapilarini arastirma amaciyla kullanilan yaygin yontemlerden birisi de niikleer kabuk modelidir.
Atom elektronlarinin yoriingelere yerlesmesine benzer sekilde, niikkleer kabuk modelinde de proton ve nétronlarin, Pauli
disarlama ilkesine uyarak cekirdek igerisinde yoriingelere yerlestigi diisiiniilmektedir. Bu ydriingeler, kendi aralarinda
gruplanarak kabuklar1 meydana getirmektedir ki, bir kabuktaki tim miimkiin seviyelerin dolu olmas1 durumunda, kabugun kapal
oldugu soylenir. Kapali kabuga sahip atom ¢ekirdekleri olduk¢a kararlidirlar ve niikleer kabuk modeli hesaplamalarinda bu
cekirdeklerden fazla olan degerlik niikleonlar1 hesaplamalara katilir. Bu ¢aligmada, 0 ¢ekirdegi kapali kabuk cekirdegi olarak
ele alinarak, cift-cift Ne cekirdeklerinin niikleer yapilarini arastirmak icin niikleer kabuk modeli kullanilmistir. Tek parcacik
yoriingeleri olarak ds, S12 Ve dap2 ele alinarak, degerlik niikleonlar: arasindaki iki cisim etkilesmeleri igin farkli parametre setleri
kullanilmistir. Sonuglar birbirleriyle ve mevcut literatiir degerleriyle karsilagtirilmistir. Deneysel degerlere en yakin sonuglarin,
usdb ve sdnn parametre setleri ile elde edildigi goriilmiistiir. Sihirli nétron sayil ®Ne izotopunda, ilk uyarilmis seviye enerjisinin
beklendigi gibi fazla oldugu goriilmiistiir. Ardindan 2°Ne ve ??Ne gekirdekleri igin bu uyarilma enerjisi diismekte ve sonra
yoriingelerin tam dolu hale gelmesi ile tekrar yiikselmektedir.

Anahtar Kelimeler: Niikleer kabuk modeli, niikleer yap1, neon ¢ekirdekleri

Investigation of Nuclear Structures of Ne Isotopes by Nuclear Shell Model
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Abstract

One of the common methods used to investigate the nuclear structures of atomic nuclei is the nuclear shell model. Similar to the
placement of atomic electrons into orbits, in the nuclear shell model, protons and neutrons are thought to fill the orbits within
the nucleus, following the principle of Pauli's exclusion. These orbits are grouped to form shells, which are said to be closed if
all possible places in a shell are full. Atomic nuclei with closed shells are very stable and valence nucleons that are more than
these nuclei are included in the nuclear shell model calculations. In this study, the nuclear shell model was used to investigate
the nuclear structure of even-even Ne nuclei by considering the %0 core as a closed-shell nucleus. Single-particle orbits ds2, S1/2
and ds; are taken into account and different parameter sets are used for two-body interactions between valance nucleons. The
results were compared with each other and with current literature values. It was seen that the closest results to the experimental
values were obtained with parameter sets of usdb and sdnn. In the Ne isotope with magic neutron number, it was seen that the
first excited level energy was found to be large as expected. Then, this excitation energy decreases for the 2°Ne and ?’Ne nuclei
and rises again when the orbits become full.

Keywords: Nuclear shell model, nuclear structure, neon nuclei

1. GIRIS sahip iki elektron aymi yoriingede asla bulunamaz. Her

yoriingenin, kuantum sayilari ile iliskili olarak alabilecegi
Atom ¢ekirdeginin etrafinda var oldugu diisliniilen atomun azami elektron sayist vardir. Bu sekilde yoriingelerin
yoriinge modelinde, elektronlarin bu  yoriingelerde elektronlarla dolmasi sonucunda, belirli bazi elektron
bulunduklar1 diistiniilmektedir. Elektronlarin bu yerlesimi, sayisina sahip atomlarin, digerlerine gore daha kararli
Pauli disarlama ilkesine gore olur ve ayni kuantum sayisina oldugu bilinmektedir. Bu atomlar, iyi bilindigi iizere soy
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gazlar olarak adlandirilmaktadir. Bu modele benzer bir
modelin, atom ¢ekirdeginin i¢inde yer alan ve ortak adlart
niikleon olan proton ve ndtronlara da uygulanabilecegi
gorlilmiistiir. Niikleer kabuk modeli [1-5] olarak adlandirilan
bu modelde niikleonlar, ¢ekirdek icerisindeki ydriingelere
Pauli ilkesine gore ayr1 ayri yerlesirler. Soy gazlara benzer
olarak, bazi niikleon sayili ¢ekirdeklerin, digerlerine gore
daha kararli olduklar1 gézlemlenmistir ki bu sayilar niikleer
fizikte sihirli sayilar (2, 8, 20, 28, 50, 82 ve 128) olarak
adlandirilir [6, 7]. Hem n6tron hem de protonu sihirli sayida
olan ¢ift sihirli ¢ekirdekler, kiiresel yapida olup oldukga
kararlidir. Sihirli sayiya sahip tek parcacik yoriingelerinin,
ardindan gelen yoriingeler arasinda fazla mesafe olmasi,
yoriingelerin gruplanmis olarak bulunmalarina yol acar. Bu
gruplara kabuk adi1 verilmekte olup, niikleer kabuk modeli
ismi buradan gelmektedir. Sekil 1’de goriilebilen bu
kabuklar, igerdikleri yoriingelere gore isimlendirilirler. Son
zamanlarda yapilan teorik ve deneysel calismalar, bazi
kabuklar i¢in mevcut sihirli sayilardan farkli yeni sihirli
sayilarin  olabilecegine  veya  mevcutlarmn  sihirli
olamayabilecegine igaret etmektedir [8].

Niikleer kabuk modeli hesaplamalarinda, ¢ift sihirli sayili
cekirdekler, 6z (kor) ¢ekirdek olarak ele alinarak, bundan
fazla olan degerlik niikleonlar1 hesaplamalara katilir. Oz
cekirdekte J=0 toplam acisal momentumu veren
niikleonlarin hareket etmedigi varsayilmaktadir. Buna gore
bu niikleonlarin, 6zden ¢ikarak degerlik niikleonlarinin igine
dahil olmalar1 miimkiin degildir. Degerlik niikleonlarinin,
6ziin hemen iizerindeki kabukta dagilmis olabilecegi farz
edilerek bu kabuk, model uzay: olarak ele alinir. Model
uzayindaki  niikleonlar, her bir yoriingede tim
kombinasyonlarda  yerlesebilirler. Farkli  yerlesimler,
cekirdegin farkli enerji seviyelerinin olugsmasina neden olur.
Model uzaymdaki ydriingelerin, ydriinge kapasitelerinin
artmasi ve degerlik niikleon sayisinin artmasi, yapilacak
olan hesaplamalari oldukc¢a zorlastirmaktadir. Bu ¢aligmada,
80 &zii kullanilarak, sd kabugunda yer alan ¢ift-cift (hem
proton hem nétron sayisi ¢ift say1) Ne c¢ekirdeklerinin
niikleer ozellikleri arastirilmustir.  Deneysel verilerinin
literatiirde mevcut olmast ve nétron bakimindan iki tane
sihirli say1lt izotopa sahip olmasi bakimindan, bu izotoplarin
teorik olarak incelenmesi ile, kullanilan modellerin test
edilmesi miimkiindiir. incelenen Ne izotoplari, 6z diginda
kalan 2 protona ve O ile 12 arasindaki ¢ift sayida nétrona
sahiptir. Proton ve nétronlar, ayr1 ayri olmak iizere, sd model
uzayinda her kombinasyonda dagilmistir. Ne izotoplarinin
2%, 4" ve 6% uyarilmig seviye enerjileri, 4* enerjisinin 2*
enerjisine oranlari, taban durumdan 2* seviyesine olan
indirgenmis kuadrupol gegcis olasiliklart ve deformasyon
parametreleri hesaplanmistir. Farkli parametre setleri ile
yapilan hesaplamalardan elde edilen sonuglardan goriildiigii
tizere, niikleonlar arasindaki etkilesimi tamimlayan usdb ve
sdnn iki cisim matris elemanlar1 setlerinin, deneysel
degerlere daha yakin sonuclar verdigi gorilmiistiir.
Hesaplamalar i¢in, Kshell kabuk modeli bilgisayar kodu
kullanilmistir [9].
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Sekil 1. Niikleer kabuk modeli yoriingeleri [10]
2. KABUK MODELI HESAPLAMALARI

Niikleer kabuk modeli, atom ¢ekirdeginin diisiik enerjili
yapisim tanimlamak i¢in en uygun aragtir [11]. Bu modelde
niikleonlarin (proton ve nétronlarin), bagimsiz bir merkezi
potansiyel kuyusunda hareket ettigi varsayilmaktadir. Giiglii
spin-yoriinge etkilesiminin 6nemli bir bilesen oldugunun
ortaya ¢ikmasinin ardindan, tek parcacik yoriinge dizilimleri
ve sihirli sayilar (2, 8, 20, 28, 50, 82 ve 126), spin-yoriinge
etkilesimininin de dahil edilmesiyle Sekil 1°deki son seklini
almugtir [12, 13]. Bilindigi gibi, hem proton hem de nétron
bakiminda sihirli sayiya sahip olan ¢ekirdekler, digerlerine
gore daha kararli yapida ve kiiresel sekildedir. Cekirdegin
kabuk modeli, atomun kabuk modeline benzemekle birlikte,
pek c¢ok zorluklar1 da i¢ermektedir. Bu zorluklardan ilki,
atomun boyutlarnin 10° m, ¢ekirdeginkinin ise 10°*> m
mertebesinde  olmasit  nedeniyle, ¢alisma alanmin
darlagmasidir. Diger bir zorluk ise, ¢ekirdekte, atomdaki gibi
tek tip pargacik olan elektronlar yerine, iki farkli pargacik
tirlinin (protonlar ve notronlar) beraber bulunmasidir.
Atomun  kabuk  modelinde  elektronlar,  atomun
yoriingelerinde merkezi bir potansiyel kuyusunda bagimsiz
olarak hareket eder. Merkezi potansiyel, ¢ekirdegin pozitif
yiikiinden ve elektronlarin ortalama itici etkilesiminden
kaynaklanmaktadir. Oysa ¢ekirdegin kabuk modelinde boyle
bir merkezi potansiyel s6z konusu degildir. Ayrica bu
modelde, elektronlarin kendi aralarinda ya da gekirdek ile
etkilesmelerinin Coulomb etkilesmesi ile tanimlandig1 gibi
acik bir tanimlama, niikleonlar arasinda mevcut degildir.

Niikleer enerji seviyelerinin hesaplanmasi oldukga zor bir
istir. Zorlugun ana nedeni, serbest protonlar ve notronlar
arasindaki etkilesimin, bir bagka ifade ile giiclii niikleer
etkilesmenin, dogasinin yeterince iyi bilinmemesidir. Kapali
kabuklarin disinda birka¢ degerlik niikleonun oldugu bir
cekirdegi diislinlirsek, seviyelerin enerjileri ii¢ kisma
ayrilabilir. Birincisi, kapali kabuklarin (bu ¢alismada *60)
baglanma enerjisi, ikincisi; degerlik niikleonlarinin kinetik
enerjileri ve 6z ¢ekirdegin  (*%0) niikleonlariyla
etkilesimlerini igeren tek nilkleon enerjilerinin toplamidir.
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Ugiinciisii ise, degerlik niikleonlarmin birbirleriyle karsilikli
etkilesimidir. Bunlarin arasinda kapali kabuklarin baglanma
enerjilerini hesaplamak en zor olanidir. Hesaplanmasi en
kolay olani ise, degerlik niikleonlar1 arasindaki etkilesimdir.
Eger bu degerlik niikleonlar1 tek bir yoriingedelerse, sadece
bu yoriingedeki niikleonlar arasindaki etkin etkilesimin
matris elemanlarini bilmek yeterlidir. Degerlik niikleonlari
birkag yoriingeye dagilmigsa, tek niikleon enerjileri
arasindaki farkliliklara (tek pargacik enerjisi) da ihtiyag
vardir ki bunlar genellikle deneysel verilerden alinabilir.
Kabuk modeli hesaplamalarindaki en 6nemli noktalardan
birisi de, degerlik niikleonlar1 arasinda kullanilacak etkin
etkilesimin segilmesidir [14].

Niikleonlar arasinda bireysel etkilesmelerin
bilinmemesinden kaynaklanan zorluktan &tiirii, bu
etkilegsmeler yerine, diger niikleonlarin olusturdugu ortalama
bir potansiyel (ortalama alan yaklasimi) isin i¢ine katilir.
Boylelikle niikleer kabuk modeli kapsaminda ele alinan
problem, cekirdekteki tiim niikleonlar: hesaba katan ¢ok-
cisim problemi, sadece degerlik niikleonlarin1 hesaba katan
birkag-cisim problemine indirgenmis olur.

A tane niikleona sahip ¢ekirdek i¢in Hamiltonyen, Denklem
1’deki gibi yazilabilir.
1

H=YLT, +§ij=1 Vi; 1)
Burada Ti, her bir niikleonun kinetik enerjisi, Vjj iSe,
niikleonlar arasindaki etkilesme potansiyelidir. Fakat
niikleonlar arasindaki etkilesme agik¢a tanimli olmadigindan
dolayt, her bir niikkleonun, digerlerinin olusturdugu ortalama
bir potansiyelde hareket ettigini varsayarak, Hamiltonyen
Denklem 2’de verildigi gibi diizenlenebilir.

1
H=YL[T,+ U]+ (52?,;‘:1 Vij — 2, U 2

®)

Burada Ho, her bir nilkkleonun, ortalama bir potansiyel
altindaki tek parcacik enerjisidir. Harmonik salinici, Wood-
Saxon ya da Yukawa tipindeki gibi bir merkezi potansiyelin
secimi ile tek parcacik enerjileri belirlenebilir. Artik
etkilesmeye (Hami) ait iki-cisim matris elemanlar ise,
niikleonlarin ~ karsilikli  etkilesmelerini  temsil  eder.
Literatiirde farkli yontemlerle elde edilmis matris eleman
setleri mevcuttur. Bu matris eleman setleri, bir veya iki
kabugu kapsayacak sekildedir. ikinci kuantum uzaymnda
yaratma ve yok etme islemcileri cinsinden Hamiltonyen,
Denklem 4’deki halini alir.

H = Hy+ Hyreipe

H =Y eafa +i2?jkl(ijlvlkl> af af 4

Burada ¢ degerleri, niikleonlarin 6z ¢ekirdekle etkilesmeleri
olan tek pargacik enerjileridir. j yoriingesinde yok edilen
pargacik, i yoriingesinde yaratilir. ki cisim etkilesme terimi
ise, k ve | yoriingelerinde yok edilen parcaciklarin i ve j
yoriingelerinde yaratildigini sdyler. Niikleonlar igin Slater
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determinantlar1  ile tanimlanan ¢ok-pargacik  dalga
fonksiyonu (V) kullanarak Hamiltonyen denklemi (Denklem
5) ¢oziilerek, ¢ekirdegin enerji seviyeleri hesaplanabilir.

AY = E¥Y (5)
Cok parcaciklt sistemler i¢in matris formalizminde
gerceklestirilen bu iglemlerde, model uzaymin boyutu ve
niikleon sayisi artikga, Hamiltonyen matrisinin boyutlar1
oldukga yiiksek mertebelere (10%°) kadar ¢ikmaktadir.
Ozdegerleri elde etmek icin matrisler, Lanczos gibi uygun
algoritmalar kullanilarak kosegenlestirilir ve ¢oziime
ulasilir. Bu amagla, literatiirde niikleer kabuk modeli
hesaplamalarint yapmak i¢in gelistirilmis bir¢ok bilgisayar
kodu mevcuttur. Bunlara 6rnek olarak, Oxbash [15], Antoine
[16], Nushell [17], Bigstick [18], Redstick [19] ve Kshell [9]
verilebilir. Bu ¢aligmada gerceklestirilen hesaplamalarda,
Kshell kodu kullanilmugtir. Linux igletim sisteminde ¢aligan
bu kod, Lanczos yontemi kullanilarak M-semast gdsterimi
ile niikleer kabuk modeli hesaplamalar1 gergeklestirmeyi
saglar. Cekirdeklerin enerji seviyeleri, spin ve izospinleri,
manyetik ve kuadrupol momentleri, seviyeler arasindaki
B(E2) ve B(MI1) gecis olasiliklar1 ve tek parcacik
spektroskobik faktdrleri kod ile 10*° boyutuna kadar
hesaplanabilir. Cekirdeklerin deformasyonunu gosteren
kuadrupol deformasyon parametresi (f.) paramatresi ise,
Denklem 6 yardimi ile hesaplanabilir [20].

B2 = ez [B(E2) /] (6)

Burada, Z, cekirdegin proton sayisi, R2 = 0,0144A%/3 barn
olup, A ise ¢ekirdegin atom kiitlesidir.

3. SONUCLAR ve TARTISMA

Calismamizda, model uzay1 olarak sd uzaymi ele aldik. Bu
uzay, %0 6z ¢ekirdeginin tizerinde yer alan, dsp, Si/2 Ve dap
yoriingelerinden olusmaktadir. Oz cekirdegin 8 protonu ve 8
ndtronu vardir. incelenecek olan Ne gekirdeginin proton
sayisi 10 oldugundan, model uzayindaki degerlik proton
sayis1 2’dir. Ayrica, atom kiitlesi 18 ile 30 arasindaki Ne
cekirdekleri incelendiginden, model uzayindaki degerlik
nétronlar1 0 ile 12 arasindadir. Literatirde sd model
uzayindan kullanilmak iizere mevcut olan, cw , cwh [21],
hbumsd, hbusd [22], kuosd, kuosdh, pw [23], sdba, sdnn [24],
w [25], usda [26] ve usdb [27] iki cisim etkilesme matris
eleman setlerini ayri ayr1 kullanarak, ndtron sayisi 8 ile 12
arasindaki ¢ift-¢ift Ne ¢ekirdeklerinin niikleer 6zellikleri
elde edilmistir. Ne c¢ekirdekleri igerisinde 20 ve 22 atom
kiitleli olanlar, kararli olan ¢ekirdeklerdir. Diger
cekirdeklerin yar1 Omiirleri ise en fazla saniyeler
mertebesindedir. Oncelikle, bu cekirdeklerin ilk 2* ve 4*
seviyelerinin enerjilerini kabuk modeli hesaplamalar1 ile
elde ederek, bu enerjilerin birbirlerine oranlari incelenmistir.
Sekil 2°de, Ne gekirdeklerinin ilk 2* ve 4* enerji seviyeleri,
deneysel degerlere [28] en yakin sonu¢ veren 4 matris
eleman seti i¢in verilmistir. Bu matris elemanlari, usd tipi
matris elemanlar1 olup, W matris eleman setinin yeni
deneysel verilerle gelistirilmesi ile elde edilmistir. Bu matris
elemanlart, 3 tek pargacik enerjisi ve 63 iki-cisim etkilesme
matris elemanlarin1 igermektedir. Usdb matris elemanlari,
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A=16-40 araligindaki 77 sd kabugu cekirdegine ait taban
durum ve diisiik uyarilmis durum enerjilerinden olusan 608
deneysel enerji degerinin ele alinarak fit edilmesinden elde
edilmistir. Sdnn seti ise, en yenileri olan usdb setinin, yapay
zeka ile bir miktar iyilestirilmesi ile tiretilmistir. Usdb
matris elemanlari, gizli katman noron sayis1 8 olan yapay
sinir aglarina girdi olarak verilmis ve sdnn, agmn ¢iktilart
olarak elde edilerek iiretilmistir [24]. Gorildigi gibi,
deneysel degerlere en yakin degerler, usdb ve sdnn
kullanilarak elde edilmistir.

Buna gore, deneysel enerji degerlerinden sapmalarin
ortalama mutlak degerleri usdb, sdnn, usda ve w matris
eleman setleri i¢in sirasiyla, 161,56; 161,63; 192,67 ve
270,47 keV olarak elde edilmistir. ®Ne’den ?Ne’ye kadar
teorik hesaplamalardan elde edilen sonuglar ile deneysel
sonuglar birbirine oldukca yakin iken, ®Ne ve 3Ne
izotoplar1 igin teorik sonuglarin deneyselden biraz
uzaklagtigi  goriilmektedir. Bu ayrisma, Ozellikle 27
seviyesinde daha fazladir. Ek olarak, literatiirde mevcut olan
deneysel verilerden birkagi, tam kesinlikle
belirlenememistir. Bunlar, 2Ne ve %Ne icin 4* seviyeleri ile
%0Ne icin hem 2* hem 4* seviyeleridir. Bu ¢alismada, tiim
matris eleman setleri ile yapilan hesaplamalarin yakin
sonuglar vermesi nedeniyle, 2Ne ve ?Ne icin literatiirde
mevcut olan kesin olmayan sonuglar desteklenmistir. *°Ne
icin 4* seviyesi literatiirdeki deneysel degerine yakin olarak
hesaplanmasina karsin, bu izotopun 2* seviyesi i¢in elde
edilen tiim sonuglar deneysel degerden olduke¢a uzaktir [30].
Bu ¢ekirdek, standart olmayan 6zellikler gosteren ve nétron
damlama ¢izgisine olduk¢a yakin yerlesmis inversiyon adast
olarak adlandirilan bolgede yer alan bir ¢ekirdektir [31].
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Sekil 2. Cift-¢ift Ne izotoplari i¢in usd tipi matris elemanlar
kullanilarak SM hesaplamalarindan elde edilen ve deneysel
2" ve 4* enerji seviyeleri

Sekil 3 ve 4’de, Ne ¢ekirdeklerinin ilk 2* ve 4* enerji
seviyeleri, diger matris eleman setleri i¢in deneysel
degerlerle birlikte gosterilmistir. Sekilden de goriilebilecegi
gibi, bu setler kullanilarak elde edilen enerji degerleri, usd
tipli setlere gore deneysel degerlerden daha uzaktir. Buna
gore, deneysel enerji degerlerinden sapmalarin ortalama
mutlak degerleri cw, cwh, hbumsd, hbusd, kuosd, kuosdh, pw
ve sdba matris eleman setleri i¢in sirasiyla, 292,67; 516,00;
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618,40; 628,60; 376,00; 415,67; 316,07 ve 299,07 keV
olarak elde edilmistir. Bu sapmalar i¢inde usd tipli setlerin
sapmalarina ve deneysel degerlere en yakin olani, sdba seti
olup en biiyiik sapma vereni ise, hbusd setidir. Yine *°Ne
izotopu i¢in teorik sonuglarin deneyselden oldukca uzak
oldugu goriilmektedir.
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Sekil 3. Cift-cift Ne izotoplar i¢in diger matris elemanlari
kullanilarak SM hesaplamalarindan elde edilen ve deneysel
2* enerji seviyeleri
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Sekil 4. Cift-cift Ne izotoplari i¢in diger matris elemanlari
kullanilarak SM hesaplamalarindan elde edilen ve deneysel
4* enerji seviyeleri

2" ve 4" enerji seviye degerlerinin birbirlerine oranlart (Rap),
¢ekirdegin deformasyonu hakkinda bilgi veren bir degerdir.
Buna gore, Ra oraninin 2,00’dan kiigiik olmasi gekirdegin
kolektif yapida olmadigina, 2,00 civarinda olmasi kiiresel
titresici olduguna, 2,50 civarinda olmasi gecisken olduguna
ve 3,33 civarinda olmas1 da kati-rotor olduguna isaret eder.
Sekil 5°den goriildiigii gibi, ®Ne ve ve ?Ne’nin kolektif
yapida olmadig1 goriilmektedir. 2°Ne ve ??Ne gegisken ve
2Ne kiiresel titresici olup, deneysel degerler ile teori
birbiriyle uyum igerisindedir. 2Ne ve 30Ne i¢in ise, elde
edilen teorik sonuglarin, deneysel degerlerden uzak oldugu
goriilmektedir. Deneysel degerlere gore bu izotoplar
gecigken karakterli izotoplardir. Oysa usd tipli matris eleman
setleri ile yapilan teorik hesaplamalar sonucunda bunlarin
kiiresel titresici olduklar1 ya da kolektif yapida olmadiklari
goriilmiistiir. Diger matris eleman setlerinden kuosd, 2,26
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degeri ile, ®Ne izotopu igin deneysel olan 2,31 degerine en
yakm sonucu vermistir. *®Ne izotopu igin ise, 2,82 olan
deneysel degere en yakin sonucu, 1,92 ile pw seti vermistir.
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Sekil 5. Cift-¢ift Ne izotoplari i¢in ilk 2* ve 4* enerji seviye

degerlerinin birbirine oranlari

Taban durumdan ilk uyarilmis 2* durumuna gegisin olasiligi,
indirgenmis gegis olasilig1 parametresi (B(E2)) hesaplanarak
verilmistir. Literatiirde teorik ve deneysel sonuglardan elde
edilen pek ¢ok degerin kullanilmasiyla elde edilen kabul
edilmis degerler alinarak, kabuk modeli hesaplamalariyla
karsilagtirilmistir.  Bu  deger, ¢ekirdeklerin  kolektif
davraniglarin1 gérmede dnemli bir niceliktir ve niikleer yap1
hakkinda bilgi verir. Sekil 6’da goriildiigii gibi, *°Ne izotopu
icin B(E2) degerinin yiiksek olmasi, digerlerine kiyasla biraz
daha fazla kolektif davranig gosterdigine isaret etmektedir
[20, 29].
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Sekil 6. Cift-¢ift Ne izotoplar1 i¢in B(E2) degerleri

B(E2) degerlerinden elde edilen kuadrupol deformasyon
parametresi  (f2) ise, ¢ekirdek deformasyonunun bir
gostergesidir. Bu degerin pozitif olmasi, ¢ekirdegin seklinin
kutuplardan ¢ekilmis gibi olduguna, negatif olmasi ise
kutuplardan basilmig gibi olduguna isaret eder. f> degeri ne
kadar biiyiik ise, bu ¢ekilme ya da basilma da o kadar
fazladir. Bu fazlalik ise, c¢ekirdegin deformasyonunun
derecesini gosterir. Sekil 7°den goriilebilecegi gibi tiim ¢ift-
cift Ne izotoplarimin f> degerlerinin pozitif olmasi,
kutuplardan ¢ekilmis bir sekilde olduklarina igaret olabilir.
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Usda, usdb ve sdnn matris eleman setleri ile yapilan
hesaplamalarin birbirlerine yakin olduklar: ve ¥Ne, 2°Ne ve
%0Ne ¢ekirdekleri igin kabul edilmis degerlere w etkilesme
setinden daha yakin oldugu gorilmektedir. Diger Ne
cekirdekleri icin ise, W matris eleman seti ile yapilan
hesaplamalardan elde edilen sonuglarin kabul edilmis
degerlere [20, 29] daha yakin oldugu goriilmektedir. Kabul
edilmis sonuglara gore, bu izotoplar i¢inde deformasyonu
gorece fazla olam 2°Ne izotopu olup, literatiirle uyumludur.
Deformasyonu en az olanlar ise, 2*Ne, Ne ve 2Ne ve *Ne
izotoplaridir.
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Sekil 7. Cift-cift Ne izotoplari i¢in > degerleri

Son olarak, bu ¢aligmada ilk 6" seviye enerjileri de bazi Ne
izotoplar1 i¢in hesaplanabilmistir. 2?Ne izotopu igin
literatiirde mevcut olan degerde kesinlik yoktur ve sadece
usdb ve sdnn matris eleman setleri kullanilarak elde
edilebilmigtir. ®Ne icin literatiirde deger bulunmamasina
kargin, hbumsd matris eleman seti ile bir deger elde
edilebilmistir. Tablo 1’de, hesaplanabilen ilk 6% seviye
enerjileri, farklt matris eleman setleri i¢in deneysel
degerlerle birlikte verilmistir.

Tablo 1. Deney ve farkli matris elemanlar1 ile yapilan
hesaplardan elde edilen ilk 6* enerji seviye degerleri

ilk uyarilmis 6+ enerji (keV)

Tzotop | Deneyl28] cw cwh hbumsd hbusd | kuosd kuosdh
“Ne 8778 8546 7668 8560 9241 8188 7803
2Ne 6311 - - - - - -
“Ne - - 6806 - -

pw sdba w usda usdb sdnn
“Ne 8405 8564 8515 8360 8547 8593
2Ne - - - - 6244 6163
ZHNe - -
4. SONUC

Bu ¢aligmada, sd model uzaymda 0 6z ¢ekirdeginin
iizerinde bulunan ¢ift-¢ift Ne c¢ekirdeklerinin niikleer
yapilarinin  aragtirilmast  amaglanmistir.  Bu  amagla,
cekirdeklerin ilk uyarilmis seviye enerjileri, bu enerjilerin
birbirlerine oranlari, seviyeler arasindaki gecis olasiliklar: ve
deformasyon parametreleri incelenmistir. Notron sayisinin
sihirli oldugu !¥Ne cekirdegi igin, ilk uyarilmis seviye
enerjisinin beklendigi gibi fazla oldugu goriilmiistiir. Ne ve
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22Ne cekirdekleri igin bu uyarilma enerjisi diismekte ve sonra
%4Ne ve ?Ne ¢ekirdekleri igin tekrar yiikselmektedir. Bunun
sebebi bu cekirdekler i¢in sirastyla dsj Ve Si2 yoriingelerinin
tam dolu hale gelmis olmasidir. **Ne izotopu igin ise dsz
yoriingesi tam dolu hale gelerek, kabugun kapanmasina
neden olacaktir. Bu nedenle, bu ¢ekirdek i¢in de ilk uyarilmis
durumun enerjisinin yilikselmesi beklenir. Bu calismada
yaptigimiz teorik hesaplamalarda bu yiikselmeyi gérmemize
ragmen, literatiirde mevcut ama kesin olarak belirlenmemis
olan deneysel verilere gore, bu artiy gozlenmemektedir.
Ancak, bu izotopun ilk uyarilmis enerjisinin bu derece diisiik
olmasi, kiiresel sekilde olmasi yerine olduk¢a deforme bir
¢ekirdek olduguna isaret eder. Bu ¢ekirdek, standart olmayan
ozellikler gosteren ve ndtron damlama c¢izgisine oldukca
yakin yerlesmis inversiyon adasi olarak adlandirilan bélgede
yer alan bir ¢ekirdektir. Bu nedenle, bu ¢alismada yapilan
hesaplarin, standart olmayan bu bolge c¢ekirdekleri
aciklayamamast normaldir. Cekirdek deformasyonlari
incelendiginde ise, ®Ne i¢in deformasyonun diisiik olmasi,
beklendigi gibi hesaplanmigtir. Yine beklendigi {izere,
ardindan gelen ?°Ne ve ’Ne cekirdeklerinde deformasyonun,
8Ne izotopuna gore yiiksek oldugu gdzlenmistir. 2*Ne ve
%®Ne i¢in yine yoriingelerin dolmasi  nedeniyle
deformasyonun biiyiikligii azalmistir. Deformasyon igin
literatiirdeki ~ kabul  edilmis  verilerin  davranislari
incelendiginde ise, sihirli sayida ndtron sahip olmasina
ragmen, °Ne izotopu igin deformasyonun biiyiidiigii
goriilmektedir.
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Abstract

In this study, it was aimed to determine the effects of industrial waste fly ash substitution on physical and mechanical properties
of lightweight concrete. In this respect, lightweight concrete samples were produced by the use of fly ash as a cement replacement
material in different proportions (1%, 3% and 5%). In lightweight concrete production, the Nevsehir region acidic pumice has
been used as aggregate. The physical and mechanical properties of these lightweight concrete samples were investigated and
microstructural analysis was carried out.

To determine the physical differences, dry unit volume weight, capillary water absorption, porosity, compactness and freeze-
thaw experiments were conducted. For the determination of mechanical properties, tensile splitting strength and compressive
strength tests were applied. SEM images have been interpreted to examine the structural differences occurring within the
material.

As a result of the study, it was determined that the physical and mechanical properties of the ligtweight concrete were improved
with the increase in the amount of fly ash. The best results were obtained from sample with 5% fly ash substitution. The use of
industrial waste in a large sector such as construction, which adversely affects the ecological balance, will be an opportunity to
dispose of waste.

Keywords: Lightweight concrete, fly ash, pumice, SEM, physical and mechanical properties

1. INTRODUCTION concrete has been produced according to the purpose of use

that can meet different needs. In addition to traditional

Mankind need structures to meet the need for shelter.
Material is the most important element for obtaining solid
and secure structures [1]. Concrete is the most widely used
material in the construction industry [2].Concrete is a
material that requires attention and diligence in all stages
from the production process to the use process. It is preferred
more than other building materials due to its features such as
easy shape, economy and durability [3].

In parallel with the development of technology in the 21st
century, developments have also occurred in the concrete
industry. In line with these developments, a wide variety of

concrete, as a result of increasing of scientific studies and the
development of technology, many types of concrete that
meet different needs have been produced [4]. These types of
concrete which made their place in the field of concrete
technology in a short time, are called special concrete
[5].Heavy concrete, shotcrete, self-compacting concrete are
a few of these special concrete [6]. One type of the special
concrete is called as lightweight concrete [7]. Lightweight
concrete has a wide range of use in the construction industry
with their unique properties compared to conventional
concrete [8,9]. In recent years, composite has become a more
popular construction material due to its low density,
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reduction of dead load, and low transport costs [10].
Lightweight concrete is a concrete type with low unit weight,
and high insulation [11]. It is widely used in building
technology since the unit weight is less than normal and will
reduce the building weight given its mechanical resistance
[12]. The fact that the unit weight being less than the
traditional concrete will decrease the own weight of the
structure and therefore will decrease the earthquake load that
will affect the structure and minimize the damage that may
occur due to earthquake [13]. Lightweight concrete
application reduces structural loads and structural element
production cost. Therefore, it is widely preferred for
structures built in seismic zones [14]. Furthermore, in
parallel with the reduction of building weight, the reduction
of sections of the bearing elements increases the use rate of
lightweight concrete in the construction sector [15].

In lightweight concrete; fly ash, expanded clay, expanded
perlite, pumice etc. are partially or completely used instead
of traditional aggregates [16-18].

Fly ash, the end product of coal produced by thermal power
plants in large quantities, has gained popularity in the
construction sector. It has become a sustainable option for
the variety of concrete applications [19].Fly ash is one of the
inorganic residues resulting from coal burning processes
[20].1t is a harmful industrial byproduct that pollutes the
environment and negatively affects human health [21,22]. It
is known that around 600 million tons of fly ash are produced
annually around the world. Annual fly ash production in
Turkey is averagely 13 million tons, of which only a small
fraction is used [23].The disposal of these organic and
inorganic wastes is of both environmental and financial
importance [24]. With the development of technology, the
construction industry has opened a gateway for the
transportation of these industrial wastes [25]. Many studies
have been done on fly ash. Some studies report that the
pressure and bending strengths of fly ash are superior to
conventional concrete [26,27]. and suggest that its use would
be more appropriate instead of fine aggregate [28,29].
Pumice is a natural aggregate formed by volcanic activities
[30].According to TS 3234, pumice is defined as a material
with pores, spongy perspective, silicate structure, 1 g/cm?®
unit weight, 6 mohs hardness and glassy texture [31].
Approximately 40% of the 18 billion m3 world pumice
reserves are located in Turkey [32].This has increased the
availability of pumice material in the construction sector. It
has been used as mineral additives in cement sector and as
aggregates in lightweight concrete production in many
countries of the world [33].Although pumice has many
positive advantages such as lightness and insulation, it
causes an increase in water absorption of concrete due to its
pores [34].

Pumice and fly ash have been reported to be used in
lightweight concrete production [35-38].

In this study, it was aimed to investigate the changes in
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physical and mechanical properties by the substitution of fly
ash to light concrete produced with acidic pumice aggregate
found in Nevsehir region.

2. MATERIAL AND METHOD

2.1. Material
2.1.1. Pumice

In the study, acidic pumice extracted in Nevsehir region and
found in 4 different ranges of 4-2 mm, 2-1 mm, 1-0.5 mm
and 0.5-0 mm were used as aggregate. The determination of
grain density, water absorption rate and humidity of acidic
pumice for each granulometry was determined according to
TS EN 1097-6 standard, while the determination of loose and
cramped unit volume mass was determined in accordance
with TS 3529 standard. The physical properties of the
aggregate used are presented in Table 1 and the chemical
properties are presented in Table 2.

Table 1. Physical Properties of Nevsehir Acidic Pumice

Aggregate Size (mm)
Physical Property 4-2 2-1 1-0.5 | <0.5
Specific Mass (g/cm®) | 1.00 | 1.08 | 1.13 | 1.88
Dry Specific Mass 0.77 085 | 0.91 -
(g/cm?)
Water Absorption (%) | 30.11 | 26.35 | 23.59 -
Congested BHK 0.469 | 0.475 | 0.485 -
(g/cm?)
Loose BHK (g/cm®) 0.451 | 0.448 | 0.422 | -
AggregateHumidity 040 | 0.30 | 0.30 -
Rate (%)
Table 2. Physical Properties of Nevsehir Acidic Pumice
Component %
SiO; 73.22
Al2O3 12.33
Fe O3 1.13
CaO 0.74
MgO 0.09
Na,O 3.64
K20 4.19
MnO 0.04
TiO, 0.08
SO3 0.02
L.O.I 450
2.1.2. Fly Ash

Fly ash used in the study, chemical composition of which is
given in Table 3, was obtained from Seyitdmer Thermal
Power Plant. F-Type fly ash with a mass density of 0.88
g/cm?, a specific gravity of 1.58 g/cm?, a specific surface
area of 0.115 m?/g and a pH of 8.3 and a lighter structure
than other fly ash was used in the experiments.
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Table 3.Chemical analysis of Seyitomer fly ash [39]

Component %
SiO; 52.34
CaO 7.47
MgO 5.75
Fe O3 9.30

Al,Os3 18.91
Na,O 0.88
K20 2.17
SO; 2.25
Na>O(es d) 2.31
Free CaO 0.02
2.1.3. Cement

In the experimental study, CEM | 42.5 N type Portland
Cement compatible with TS EN 197-1 was used[40]. Cement
was obtained from the Medcem cement factory in Mersin.
The amount of cement to be used for the whole series of
experiments was calculated and obtained at one time in order
to make the experiment results healthier. Cement was stored
in a place free of moisture and wet. The chemical and some
physical properties of the cement used are given in Table 4.

Table 4. Chemical and physical values of cement and limit
values of TS EN197-1

Analysis Results CEMI TSEN
425N 197-1
2 Day Compressive Strength 22.4 >20.0
(MPa))
7 Day Compressive Strength 39.4
(MPa))
28 Day Compressive Strength 51.0 62.5<X<
(MPa)) 425
SOz (%) 2.6 <35
MgO (%) 2.1 <5.0
Cl (%) 0.007 <0.1
Loss of Ignition (%) 1.7 <5.0
Thawless Relic (%) 0.3 <5.0
Specific Surface (cm?/g) 3749
Initial Set (minute) 161 <60.0
Final Set (Hour) 04:20
Constancy of Volume (mm) 0.4 <10.0
Free Lime (%) 0.5 -
Equivalent Alkali - -
(Na,0+0,658K,0) (%)
Water Demand (Vicat Water) 29.6 -
(%)

2.1.4. Sand

The stream sand used in the study and obtained from within
Mersin province borders was washed and sifted. The grain
diameter of the sand used varies between 0-4 mm.
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2.1.5. Mixing Water

During the experimental study, Mersin city drinking water
was used in the production of the test samples in accordance
with TS EN 1008 standard [41]. The mixing water was taken
from the mains without any process and participated in the
production.

2.2. Method
2.2.1. Production of Lightweight Concrete Samples

4 different series of lightweight concrete samples (REF;
reference sample, 1% FA; 1% fly ash substituted sample, 3%
FA; 3% fly ash substituted sample, 5% FA; 5% fly ash
substituted sample) were produced in this study. Since the
same amount of water is used in all samples in lightweight
concrete production, the water / cement ratio has been kept
between 0,25-0,35.

In the study, 90% pumice was used in all samples. 10% sand
was added to the mixture to increase the strength. The
binding mixture was obtained by substituting fly ash at 1%,
3% and 5% of the amount of cement used and these mixtures
were used in production (Table 5). The mixtures were
prepared according to TS 2511 standard.

Table 5. Material ratios used in lightweight concrete
production

Pumice | Sand | Cement | Fly Ash
(%) (%) (%) (%)
REF 90 10 100 0
1% FA 90 10 99 1
3% FA 90 10 97 3
5% FA 90 10 95 5

First, the light aggregates were placed in the mixer and the
water, amount of which was determined for the pre-satiation
process was added to allow the mixed aggregates to absorb
the water. Then sand was added and mixed until the mixture
becomes homogeneous. The mixing process was continued
by adding cement and fly ash in determined ratios to the
mixture. Finally, a homogeneous mixture was obtained by
adding water determined in the mixture calculation and the
mixing process was terminated (Figure 1a). The prepared
lightweight concrete mixture was placed in 15x15x15 cm?®
cube moulds (Figure 1b). After 1 day, the lightweight
concrete samples were removed from the mould and cured
in the curing pool at +20°C temperature for 28 days (Figure
1c). After the curing process was finished, the lightweight
concrete samples were subjected to experiments to determine
the physical and mechanical properties and SEM images
were taken for the examination of their microstructure.
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c)
Figure 1. a) Preparation of samples, b) Casting of samples,
¢) Curing of samples

2.2.2. Experiments Applied to Samples

To determine the physical differences, dry unit volume
weight, capillary water absorption, porosity, compactness
and freeze-thaw experiments were conducted. For the
determination of mechanical properties, tensile splitting
strength and compressive strength tests were applied. SEM
images have been interpreted to examine the structural
differences occurring within the material.

3. RESULTS
3.1. Physical Test Results of Samples

In Figure 2, dry unit volume weight, capillary water
absorption, porosity, compactness and freeze-thaw effect
values of lightweight concrete samples are given.

When dry unit volume weight values are examined, it is
observed that the reference sample has the highest value with
990 kg/m® and 5% FA has the lowest value with 981 kg/m?.
It has been determined that there is a decrease in DUVW
values of the samples produced with the increase of the
amount of fly ash. In other words, a lighter concrete material
was obtained by using 5% FA.

Capillary water absorption amounts of materials are
associated with visible or invisible cavities in their bodies
[42]. The more water an object absorbs, the more space it has
in its body. When the capillary water absorption values are
examined, the reference sample has the highest value with
120 g, while the FA has the lowest value with 107 g of water
absorption by 5%. It has been determined that a decrease in
capillary water absorption amounts of samples produced
with the increase of the amount of fly ash.
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Figure 2. Physical test results of lightweight concrete
samples

The findings of capillary water absorption are evaluated
together with porosity, as is known, the concrete samples
with light aggregates have high porosity and high capillary
water absorption amounts. Fly ash substitution reduced
porosity and capillary water absorption. This reduction
means that the lightweight concrete sample receives less
water to its body. This will extend the life of lightweight
concrete in the long term and will not adversely affect the
built-in comfort conditions.

When the porosity values, which mean the amount of space
in the inner structure of the material, were examined, it was
observed that the reference sample has the highest porosity
with 22.4%. The lowest porosity value of 21,3% was
obtained from sample produced by FA substitution of 5%. It
was determined that there was a decrease in porosity values
of the material with the increase of the amount of fly ash.
When the compactness values which are defined as the ratio
of the volume of the full part of the material to the entire
volume of the material were examined, it was observed that
the reference sample has the lowest compactness with
77.6%. The highest compactness value of 77.8% was
obtained from sample produced by FA substitution of 5%. It
was determined that an increase in the compactness values
of the material occurred with the increase in the amount of
fly ash. In other words, fly ash filled the gaps in the material
structure to produce a material with a high compactness rate.
When the freeze-thaw effect values given in the chart were
examined, the reference sample has the highest value with
17%, while the FA substitution at 5% has the lowest value
with 15.7%. It was determined that the freeze-thaw effect of
the samples produced decreased with the increase of the
amount of fly ash. When the literature is examined; A
decrease on the freeze-thaw effect of fly ash substitution with
pumice aggregate lightweight concrete samples was
observed [44].
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3.2. Comparison of Mechanical Test Results of Samples

In Figure 3, compressive strength and tensile splitting
strength values of lightweight concrete samples are given.

Mechanical Test Results

16.4 16.9 175 18.1
20
0

REF  %1FA  %3FA  %5FA

m Compressive Strength (MPa)
m Tensile Splitting Strength (MPa)

Figure 3. Mechanical test results of lightweight concrete
samples

When the Figure 3 was examined, the reference sample has
the lowest pressure value with 16.4 MPa, while the
lightweight concrete sample produced with 5% FA
substitution has the highest compressive strength value with
18.1 MPa. It was determined that the compressive strength
of the samples produced was increased with the increase of
the amount of fly ash.

The data obtained from the pressure experiment shows that
the samples produced using pumice aggregate and 3% and
5% FA have strength values above the determined strength
value (17.2 MPa) for structural lightweight concrete in ACI
213R-87. This has shown that lightweight concrete can be
produced using the ratios specified in the study.

Although the reference sample and the lightweight concrete
sample produced with a FA substitute of 1% cannot be used
as a bearing element, it is possible to use as a partitional
block element.

When the tensile splitting strength values were examined, it
was seen that the reference sample has the highest value with
1,12 MPa. It was determined in the chart drawn from the data
that the lowest value was obtained from lightweight concrete
sample produced with a FA substitution of 5%. With the
increase in the amount of fly ash, it was observed that there
was a decrease in the tensile splitting strength values of the
samples.

The results found are consistent with those conducted by [43,
44, 45].

3.3. Scanning Electron Microscope (SEM) Images of
Samples

The most important feature desired in the material is that its
pored structure is regular and crystalline structure. When the
SEM image (It was taken from the cement paste-aggregate
interface area) of the reference sample given in Figure 4 is
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examined, it is seen that the material has macro pores and an
irregular structure. This cellular structure and the resulting
irregular macro pored structure cause the compressive
strength of the material to be low.

Figure 4. SEM image of reference sample

In Figure 5, SEM images of lightweight concrete samples
with fly ash substituted are presented. a) 1% fly ash
substituted sample, B) 3% fly ash substituted sample, c) 5%
fly ash substituted sample.

Figure 5. SEM images of lightweight concretes with a) 1%
fly ash substitution, b) 3% fly ash substitution, c) 5% fly
ash substitution

When the SEM images were examined, it was seen that the
lightweight concrete sample with 1% fly ash substitution has
smaller and regular pores than the reference sample. It is seen
in the 3% fly ash substituted sample that micro pored
structure increases and a more regular structure occurs. It is
thought that fly ash fills the voids in light concrete, making
the structure more regular. In the sample with 5% fly ash
substitution, it is observed that the material is a fibrous
regular crystal, micro-pored and grain structure. The grains
in the crystal structure appear to be in the form of thin layers.
At the SEM images, it is observed that as the amount of fly
ash increases in lightweight concrete samples, it becomes a
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regular and micro-pored structure. This situation provides a
positive effect on compressive strength. Furthermore, the
material structure has been transformed from macro pore to
micro pore by filling the gaps in pumice aggregate with fly
ash substitution and by the reactions that took place during
production. In addition, the porosity values of the samples
were reduced by filling the gaps in the material.

4. CONCLUSION

In the scope of the study, pumice aggregate and fly ash,
which is industrial waste, were used as cement substitutes in
certain proportions and lightweight concrete samples were
produced from the resulting mixture. The experiments and
SEM images on the samples are presented below.

v In the dry unit volume weight experiment, which is
one of the physical experiments, a decrease in dry
unit volume weight values occurred in parallel with
the increased substitution rate with the addition of
fly ash.

v" The use of material with low specific gravity such
as pumice in the production of lightweight concrete
as aggregate will allow the structure's weight to be
reduced. This will allow the structure to be
subjected to lower levels of earthquake loads.

v" There has been a decrease in the capillary water
absorption and porosity values of the lightweight
concrete with the increase of fly ash substitution
and the best result was obtained from the
lightweight concrete sample produced with 5% FA
substitution. When the compactness values and
looking at the effect on freeze-thaw pressure; It has
been observed that these values increase with the
increase in the amount of UK.

v'As a result of the experiments performed for the
determination of mechanical properties; It was
determined that with the increase in the amount of
fly ash substitution, compressive strength of
lightweight concrete increases, and the tensile
splitting strength of it decreases.

v"As a result of the SEM images of the lightweight
concrete samples, it was observed that the reference
sample has macro pores and an irregular structure
irregular structure. With the increase in the amount
of fly ash, the internal structure of the material has
been transformed into a micro-pored regular crystal
structure.

v' 5% of fly ash substituted sample was found to has
superior structural character compared to other
samples.

According to the findings of the study, it was concluded that
fly ash improves the properties of lightweight concrete and
there would be no harm in its use if substituted at appropriate
rates. The use of fly ash, which is industrial waste, in the
production of lightweight concrete, will not only contribute
to sustainability but also protect the environment by
disposing waste, but also reduce the cost of waste storage.
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Abstract

In this study, grinding + flotation experiments were performed on the sample of complex Pb-Zn sulphide ore taken from Nigde
(Ulukisla-Madenkoy) region in Turkey. According to the mineralogical analysis of the ore sample used in experimental studies,
it was determined that the ore composition contains calcite, quartz, pyrite, chalcopyrite, hematite, goethite, limonite, gypsum,
galena, sphalerite, jarosite, arsenopyrite and marcasite minerals. In addition, Au and Ag grains were found to be inclusions in
hematite, goethite and jarosite minerals. The experiments were carried out at a solid ratio of 30%, a flow rate of 10 L/min, a
stirring rate of 1250 rpm and pH = 9. In flotation tests, lime is used as the pH regulator, zinc sulphate, sodium silicate as the
depressant, sodium isobutyl dithiophosphine as the collector and methyl isobutyl carbinol as the frother. In the flotation studies,
the effect of Aerophine 3418A collector dosage on flotation was investigated. As a result, a lead concentrate of 55.13% Pb was
obtained and it was found that this concentrate contained 2489 ppm of Ag. The amount of Aerophine 3418A collector was

determined as 10 g/t.

Keywords: Pb-Zn complex ore, Ulukigla-Madenkdy, grinding, flotation, Aerophine 3418A.

1. INTRODUCTION

Nigde-Ulukisla zinc-lead deposits are located withina 12 km
long and 6 km wide area extending between Horoz Village
and Maden Village. The beds are available in three forms as
both sulphide and carbonaceous and carstic placer type [1].
Bolkardag and its region is known to be very important in
terms of economics and has been known for many years
since gold and silver high-lead-zinc deposits are also known.
These mineralizations are generally composed of sulphide
minerals (pyrite, pyrrhotite, marcasite, galena, sphalerite,
chalcopyrite) and are known to be of hydrothermal origin
[2]. Flotation is a physicochemical enrichment method that
allows the separation of hydrophobic minerals from
hydrophilic grains by utilizing the surface-interface
properties of the minerals within the ore [3,4]. Depending on
the modified surface properties, the adhesion force between
the air bubble and the mineral grain will increase or decrease.
As the adhesion strength increases in hydrophobic minerals,
adhesion strength will decrease in hydrophilic minerals.
Therefore, hydrophobic and hydrophilic properties of
minerals are of great importance in order to achieve flotation.
Sulphur-containing minerals, oxide-structured minerals and
non-metallic minerals are enriched by flotation method.
There are three types of flotation process: foam, film and oil

flotation. Foam flotation is the most commonly used method
in the mining and metallurgy industry [3-6]. In most of the
studies made in the recovery of sulphur minerals, xanthate
type collectors, alcohol type foaming agents, as well as
various inorganic and organic regulatory reagents are used
[3,7-9]. Especially, ZnSO. is used for depression of
sphalerite in the flotation of Pb-Zn-Cu complex ores. It is
known to be used in combination with zinc sulphate cyanide
[10,11]. It is used in the suppression of pyrite, sphalerite and
galena in the form of sodium sulfide, sodium bi-sulfide,
sodium metabisulfite or sulphur dioxide [12-15]. In order to
suppress silicates, sodium silicate is usually added. It is
known that Aerophine 3418 is P-based sulphurous collector.
It was originally developed for flotation of copper minerals
and active zinc minerals. As a result, it is stated that flotation
of galena and other precious metals (especially silver) is also
highly effective [16]. In addition, 3418A collector was used
with collector 208 coded collector in jewellery origin slag. It
was determined to be effective in gold and silver recovery
[17]. In this study, grinding + flotation experiments were
performed on the sample of complex Pb-Zn sulphide ore
taken from Nigde (Ulukisla-Madenkdy) region in Turkey. In
the flotation studies, the effect of Aerophine 3418A collector
dosage on flotation was investigated. In order to prevent the
formation of critical micelle concentration, determining the
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optimum dosage amount of 3418A is the main purpose of the
study.

2. MATERIAL AND METHODS
2.1. Preparation of ore sample

In this study, sulphur-containing complex ore (SCO) from
Nigde (Ulukisla-Madenkdy) region was used. The ore
sample for use in laboratory scale studies was taken from the
stock area in the facility. Firstly, sample ore was passed
through jaw crusher and reduced to below 25 mm. Then, in
the secondary crushing phase, the ore was crushed by a cone
crusher to a size of -6.3 mm. The crushed ore was prepared
in 1000 grams packs for use in grinding+flotation studies by
homogenizing them by conic- quartering method.

2.2. Chemical analysis of ore sample

To determine the ore content, representative samples
obtained after the conic crusher were milled in the ring
grinding at a size of -75 microns. Approximately 2 grams of
sample were dissolved in aqua regia (3 volumes of HCI + 1
volume of HNO3). Ag, Pb, Zn, Fe, Cu and As elements were
analysed by Agilent brand AAS device. Fire-Assay method
was applied for Au analysis. Element analysis results were
given in Table 1.

Tablo 1. Elemental analysis values of the ore sample.

Element Content
Au (ppm) | 2.58
Ag (ppm) | 187

Zn (%) 6.36

Pb (%) 3.20

Fe (%) 14.69
Cu (ppm) 230

As (%) 0.81

S (%) 18.60

2.3. Mineralogical analysis of ore sample

According to the mineralogical analysis of this sample, the
main minerals are sphalerite (ZnS), galena (PbS),
chalcopyrite (CuFeSy), arsenopyrite (FeAsS), pyrite (FeS,),
marcasite (FeS;) and iron minerals (hematite (Fe203),
goethite (FeOOH), limonite (FeO(OH). nH,0). The gangues
of the ore are composed of gypsum (CaS04.2H,0), quartz
(Si0y), calcite (CaCO3) and clay type minerals. It has been
determined that there are pyrite-marcasite, galena and
sphalerite minerals in polished section (Fig. 1). However, the
ore sample contains mainly natural gold, natural silver and
electrum. Gold and silver are present in the form of
inclusions in the iron and clay minerals.

310

Academic Platform Journal of Engineering and Science 9-2, 309-313, 2021

Figure 1. Slim and polished section view of the ore
sample.
2.4. Experimental procedure
The ore was reduced a size of 6.3 mm after two crushing
stages. It is packaged with homogeneity for use in grinding
and flotation experiments. This ore sample was milled at a

mill size @180x362 mm with an internal volume of 9 L. It
was ground (dso=75 pum) and fed to the flotation cell (Fig. 2).

Figure 2. The flotation device used in the experiments.

Flotation experiments were carried out using a Denver type
flotation device with a constant solid ratio of 30%, a flow
rate of 10 L/min, a stirring speed of 1250 rpm and pH = 9.
Lime (pH adjuster), zinc sulphate, sodium silicate
(quencher), sodium isobutyl dithiophosphine (collector) and
methyl isobutyl carbinol (foaming agent) were used in
flotation tests. The chemical structure of Aerophine 3418A
(sodium isobutyl dithiophosphine) given in Figure 3 is
known as the P-based sulphurous mineral collector produced
by Cytech [18].

HsCy, S
P S'Na*
HsCy
Figure 3. Chemical structure of Aerophine 3418A.



TAGACAYAK

It is stated that flotation of galena and other precious metals
(especially silver) is highly effective in this collector [16]. It
provides a great selectivity against pyrite, arsenopyrite and
suppressed sphalerite minerals in complex ores. Because of
this feature, it is known that Aerophine 3418A is used instead
of xanthates in many plants [19].

3. RESULTS AND DISCUSSION

The effect of Aerophine 3418A (sodium isobutyl
dithiophosphine) collector dosage was investigated in

grinding + flotation studies. Test conditions are summarized
in Table 2.

Table 2. Experimental conditions and reagents for grinding
and flotation conditions.

Stage Time | Beagentquantifies (g/t)
(min) ZnS0, | Na5i0; ' MIBC
3418 A
Grinding, g 1000 300
Elotation
Copditioning 1 3 1000 300 3, 11?6 13,
Copgiionizg. 2 20
Copgitioning. 3 1
Fogming 4

According to the best results obtained by Yilmaz, 2019 [20]
constant conditions were determined. Experiments were
carried out using these conditions given in Table 2. The test
results were given in Table 3. According to Table 3, the
amount of Ag and Pb in the concentrate appears to be very
high. Ag and Pb values and recoveries of the concentrate
were shown in Fig. 4.

As can be seen from Table 3, it was observed that the
contents of Ag and Pb in the concentrate increase. The reason
for this is the increased selectivity of both sphalerite and

Academic Platform Journal of Engineering and Science 9-2, 309-313, 2021

pyrite [21]. Ceylan and Bulut, (2016) [19] performed
flotation experiments on a representative copper sample
from Siirt-Madenkdy. It was determined that the most
suitable collector for the purpose was Aerophine 3418A with
the amount of 50 g/t. In a different study, chalcopyrite,
galena and sphalerite were selectively recovered in three
rougher flotation cells using the Aero 3894 and 3418A
collectors [22].

r 2700

F 2500

—*=Ag, ppm
—e—Recovery, %o

F 2300

Recovery, %

F 2100

F 1900

Ag content of concentrate, ppm

T T 1700
10 15 5
Aerophine 3418A, gt

0 5

90 A
80

%

70 4
60

%

—=Pb, %

=+=Recovery %

Recovery,
Pb content of concentrate,

0 5 10

Acrophine 3418A, gt

15

Figure 4. Ag and Pb content and recoveries of concentrate
depending on the amount of Aerophine 3418A.

Table 3. Results of experiments with Aerophine 3418

IAmount Au Ag Zn Pb Fe Cu
Amount %)
"°f " Products Content Rec. Content Rec. Content Rec. Content Rec. Content Rec. Content Rec.
“an (opm) | 6 | (ppm) (%) ) | @ | ) | e [ ) | % | eem) [ (%)
IConcentrate 6.34 3.78 11.99 1943 54.81 4.97 5.17 38.85 71.87 6.31 3.12 442 9.91
5
[Tailing 93.66 1.88 88.01 109 45.19 6.18 94.83 1.03 28.13 13.29 96.88 272 90.09
Feed 100 2.00 100 225 100 6.10 100 3.43 100 12.85 100 283 100
Concentrate | 5.29 4.79 11.70 2489 59.52 5.29 4.70 55.13 80.63 7.3 3.10 426 8.89
10 [Tailing 94.71 2.02 88.30 95 40.48 5.99 95.30 0.74 19.37 12.73 96.90 244 91.11
Feed 100 217 100 221 100 5.95 100 3.62 100 12.44 100 254 100
IConcentrate | 8.20 3.56 13.43 1739 62.40 5.23 7.58 35.25 82.46 9.66 6.43 400 12.08
15 [Tailing 91.80 2.05 86.57 94 37.60 5.70 92.42 0.67 17.54 12.55 93.57 260 87.92
Feed 100 217 100 229 100 5.66 100 3.51 100 12.31 100 271 100
Concentrate | 7.47 3.29 11.47 2182 66.13 4.62 6.12 35.72 74.63 8.11 5.07 352 9.85
20 [Tailing 92.53 2.05 88.53 90 33.87 5.72 93.88 0.98 25.37 12.25 94.93 260 90.15
Feed 100 2.14 100 246 100 5.64 100 3.57 100 11.94 100 267 100

As a result of studies carried out by Zhong et al. (2015) [23],
Aerophine 3418A was demonstrated more efficient
aggregation ability and better selectivity for copper sulfide
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and lead-zinc sulphide ores. As shown in Fig. 4, as a result
of single-stage flotation experiments, Ag content of
concentrate was obtained as 2489 ppm with a recovery of
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60% and Pb content of concentrate was obtained as 55.13%
with recovery of 80.63%. According to these results, the
amount of Aerophine 3418A collector was determined as 10
g/t. Acarkan et al. (2011) [16] stated in their study that
Aerophine 3418A and Aero 208 combination was more
effective than oxidized lead minerals in flotation of Au and
Ag. Using this combination, they performed 7-stage flotation
experiments and obtained a concentrate containing 920 ppm
Au, 10100 ppm Ag and 11.38% Pb. In another study using
Aerophine 3418A and Aero 208 combination, it was stated
that 85.9% Au and 91.6% Ag recoveries were reached and
using the same amount of ATP + KAX combination, a
concentrate with higher content of Au and Ag was obtained
with lower recoveries [24].

The following flow diagram has been proposed for further
studies (Fig. 5).

Pb-circuit Zircircuit Au/Fe-circuit

-~

Grinding

Feed
—
-6.3 mm

— Tailing

d80=T5um

Pb-cleaning Zn-cleaning

|><| tailing I><| tailing |><|

Pb-concentration Zn-concentration Au/Fe-concentration

Figure 5. Recommended flow diagram for further stages.
4. CONCLUSIONS

In this study, the samples were obtained from Nigde
(Ulukisla-Madenkdy) region. As a result of chemical and
mineralogical investigations, the ore was found to have Pb-
Zn complex form with sulfur content. It was determined that
the ore contains calcite, quartz, pyrite, chalcopyrite,
hematite, goethite, limonite, gypsum, galena, sphalerite,
arsenopyrite, marcasite and clay type minerals. The ore used
in the experiments was found as 3.20 % Pb, 6.36% Zn, 14.69
% Fe, 0.81 % As, 16.60 % S, 2.58 ppm Au, 187 ppm Ag and
230 ppm Cu. Grinding and flotation experiments were
performed using different reagents for this ore. In flotation
studies, the effect of different amounts of Aerophine 3418A
on the experimental results was investigated. As a result, a
concentrate of 55.13% Pb was obtained and it was found that
this concentrate contained 2489 ppm of Ag. The amount of
Aerophine 3418A collector was determined as 10 g/t. Zinc,
iron, copper minerals and gold remained in the tailing. In
particular, the zinc flotation circuit and pyrite flotation
cleaning cycle can be used to obtain gold and zinc in the
tailing. It may be advisable to use copper sulfate to float the
zinc contained in the tailing. In particular, to obtain gold
concentrate, xantates, Aerophine 3418A, F2216 and their
blends may be preferred as collectors.
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Oz

Glinliimiize kadar gelisen ve gelistirilmeye devam edilen, dogrusal veya dogrusal olmayan, zamanla degisen veya zamanla
degismeyen sistemler i¢in bir¢ok kontrol yontemleri bulunmaktadir. Bu ¢alismada dogrusal olmayan Lorenz Kaotik sisteminin
kontroliinde daha 6nceden bu sisteme uygulanmamig olan integrator igeren model dngoriilii kontrol yontemi uygulamistir. Bu
yontemin yani sira ayni sisteme farkli dogrusal olmayan kontrol yontemleri de uygulanarak Lorenz Kaotik sisteminin kontrolii
gerceklestirilmistir. Secilen kontrol yontemlerinde geri beslemeli kontrol, yiiksek kazang kontrol, yiiksek frekans kontrol ve
model ongoriilii kontrol teknikleri kullanilmistir. Ayrica kullanilan yontemler matematiksel olarak elde edilmis, avantaj ve
dezavantajlarini ortaya konulmustur. Ayrica literatiirde Lorenz sistemi igin iretilmis olan kontrol kurallari kullanilarak
performans acisindan karsilagtirmalar yapilmistir. Sonugta dogrusal olmayan bu tip kontrol yontemlerinin Lorenz kaotik
sisteminin kontrol edebildigi gosterilmis. Ardindan avantaj ve dezavantajlart sonuglar boliimiinde tartisilmis ve ileriye yonelik
calismalar hakkinda bilgiler verilmistir.

Anahtar Kelimeler: Kaotik sistem, geri beslemeli kontrol, yiiksek kazang kontrolii, yiiksek frekans kontrolii, model 6ngoriilii
kontrol
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Abstract

There are many control methods for systems that have been developed and continued to be developed, linear or non-linear, time-
varying or invariant. In this study, in the control of the nonlinear Lorenz Chaotic system, model predictive control method with
integrator action, which has not been applied to this system before, is applied. In addition to this method, different nonlinear
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control methods were applied to the same system and the control of the Lorenz Chaotic system was realized. Feedback control,
high gain control, high frequency control and model predictive control techniques are used in the selected control methods. In
addition, the methods used were obtained mathematically and their advantages and disadvantages were revealed. In addition, the
control laws produced for the Lorenz system in the literature were used and comparisons were made in terms of performance.
As a result, it has been shown that this type of nonlinear control methods can control the Lorenz chaotic system, and then the
advantages and disadvantages are discussed in the results section and information about future studies is given.

Keywords: Chaotic system, feedback control, high gain control, high frequency control, model predictive control

1. GIRIS

Kaos dogada birgok yerde karsilagildigi igin direk olarak
birgok miihendislik uygulamasinda da goriilmektedir. Kaotik
bir sistemin temel bir 6zelligi, baslangi¢ kosullarina asiri
duyarliligidir; yani, baslangic durumundaki kiictik
farkliliklar sistem durumunda olaganiistlii farkliliklara yol
acabilir. Kaotik sistemler; meteoroloji [1, 2], tip [3, 4] cevre
[2, 5], sanat [6, 7], kriptoloji [8, 9, 10], haberlesme [11, 12],
goriintii isleme [13], sinyal isleme [14, 15], yapay sinir aglar
[15, 16] ve kontrol [17-26] alanlarinda birgok g¢aligma
yapilmis ve yapilmaya devam edilmektedir. Gergek hayatta
ise direk olarak karsilasilan uygulamalara 6rnek olarak hava
olaylarinin tahmini, epilepsi hastaliginin teshisi, kanser
hiicrelerinin veya dokularinin kaotik davraniglilarinin
incelenmesi, miizik notlarinin veya senfonilerin iiretilmesi,
verilerin sifrelenmesi ve tekrar ¢oziilmesi, kaotik karigtirici
uygulamalari, motorlarin kaotik hizlarinin
senkronizasyonlarinda, kaotik davranis sergileyen elektrik
makinelerinde vb. 6rnek olarak verilebilir. Kaotik olaylar
kullanim alanina gore istenilen ¢iktilari iiretmekte fakat bazi
uygulamalarda bu c¢iktilar istenmemektedir. Kontrol
acisindan incelendiginde ise kaotik davraniglar genellikle
bastirilmak istenmektedir veya takip edilmek istenmektedir.

Literatiirde kaos kontrolii, 1990'l1 yillarin bagindan beri genis
bir ilgi alanina sahiptir ve literatiide en popiiler vakalardan
birisi Lorenz kaotik sisteminin kontrol edilmesidir. Bu
amagla 1990 yilinda Ott ve ark. kaotik bir ¢ekicinin, mevcut
bir sistem parametresinin sadece kiiciik zamana bagl
bozulmalar1 yaparak, ¢ok sayida olast zaman periyodik
hareketinden  herhangi  birine  doniistiiriilebilecegini
gostermistir [18]. Vincent ve ark. Lorenz kaotik sistemi i¢in
bir strateji olarak dogrusal geri beslemeli kontrolii
Onermislerdir. Bu tasarimda kararsiz Tasarim geri besleme
kontrolorii sistemi kontrolsiiz olan Lorenz sisteminin denge
noktalarindan birine taginmasina yonelik bir ¢aligma
gergeklestirmigleridir [19]. Yeap ve Ahmed, Lorenz
sistemini kontrol etmek i¢in ¢ok katmanli ileri beslemeli bir
sinir  ag1  kullanarak  geri  besleme  kontroliini
gergeklestirmiglerdir [22]. Zeng ve Singh, Lorenz sisteminin
durum uzayinda belirli bir noktaya getirilebilmesi igin
adaptif kontrol kural1 elde ederek sistemi kontrol etmiglerdir
[23]. Yang, Lorenz sisteminin kontrolii igin sliding mode
kontrolii 6nermislerdir [28]. Yine Alzate ve ark. Lorenz
sisteminin  kontrolinii  sliding mode  kullanarak
gergeklestirmislerdir [29]. Yau ve ark. ise Lorenz sisteminin
kontrolii i¢gin yine dogrusal olmayan bir yontem olan sliding
mode kontrol ile dogrusal olmayan kontrol isareti {iretmisler
ve lorenz sistemini denetlenmiglerdir [30]. Chen ve ark.
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Lorenz sisteminin denetlenebilmesi igin teorik ve numerik
olarak backstepping denetleyici tasarlamigtir [31]. Yassen ve
ark. ise backstepping yontemini kullanarak kaotik dinamik
sistemlerin kontrol edilebilecegini gostermislerdir. Ardindan
bu teknigi, Lorenz, Chen ve Lii kaotik sistemlerinin
kontroliinii gergeklestirmiglerdir [32]. Run-Zi ise kaotik bir
sistemin stabilazyonu ve senkronizsyonu i¢in impulsive
yontemini kullanmistir [33]. Tan ve digerleri ise kaotik
sistemlerin senkronizasyonu i¢in backstepping yontemini
gerceklestirmiglerdir [34]. Kose ise adaptif kutup yerlestirme
ve Sliding mod kullanarak Lorenz sisteminin denetlenmesini
karsilagtirmigtir [35]. Pham ve ark. ise 3D Fractional kaotik
bir sistemi ele almiglar. Bu sistemin denge noktasi
olmamasina ragmen aktif kontrol ile kontroliinii
gerceklestirmigler. Ayrica bu sistemin devre uygulamasini
da gergeklestirmisler [36]. Longge ise ayrik olan kaotik bir
sistemin model o6ngoriilii kontrol senkronizasyonunun
gerceklestirmiglerdir [37]. Park vd yaptig1 calismada yine
ayrik olan kaotik bir sistemin MPC ile kontroli i¢in
genellestirilmis model 6ngoriilii kontrolii kullanmislardir
[38]. Mohammadbagheri vd ise Lorenz tipinde bir kaotik
sistemin kontrolii icin model ongoriilii kontrol ydntemini
kullanmuglar [20]. Tabatabaei vd ise koatik hibrit bir sistemin
kontrollinii  explicit model ©ngdriili  kontrol ile
gerceklestirmislerdir [39].

Bu c¢alismada literatiirde dogrusal olmayan sistemlerin
kontroliinde kullanilan 4 farkli yontem ile Lorenz Kaotik
sistemi kontrol edilmistir. Bu c¢aligmanin 6zgiinliigline
bakildigindan Lorenz Koatik sistemi daha onceden
integrator igeren model 6ngdrii kontrol yontemi kontrol
edilmemistir. Ayrica bu yontemin yani sira Lorenz Kaotik
sisteminin [0, 0, 0] denge noktasmna gelmesi igin geri
beslemeli kontrol, yiiksek kazang kontrolii, yliksek frekans
kontrolii ve integratér iceren model Ongoriilii kontrol
yontemleri kullanilmistir. Bu ¢alismada kullanilan her bir
denetleyicinin matematiksel ifadeleri iiretilmis ve Matlab
R2018A iizerinde simiilasyon c¢alismalar1 yapilmistir.
Sonugta ise kullanilan kontrol yontemlerinin avantaj ve
dezavantajlar1 tartigilmustir.

2. METOTLAR
2.1. Geri Beslemeli Kontrol

Geri beslemeli dogrusallagtirma genel olarak dogrusal
olmayan sistemlerin bir denge noktasi etrafinda
dogrusallagtirllmast  ve ardindan da kapali ¢evrim
kararliligin1 saglayacak kontrol kuralinin belirlenmesi ile
gergeklestirilmektedir. Burada yapilacak sistemin denge


https://link.springer.com/article/10.1007/s12555-018-0384-3#auth-1
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noktasinda etrafinda dogrusallastirilmasindan ziyade sistemi
dogrusal bir sistem haline getirecek olan terimlerin kontrol
isaretine ilave edilmesidir. Bu sayede sistem dogrusal bir
sistem haline getirilecektir. Ardindan kapali ¢evrim
kararlilig1 saglayan kontrol isareti belirlenecektir. Bunun i¢in
ilk olarak kontrol edilmek istenen sisteme wu,, u,ve u;
kontrol isaretlerinin ilavesi yapilacaktir. Bu Lorenz
sisteminin kontrol isaretlerinin eklenmis hali Esitlik (1)’de
verilmistir.

1= o(x;—x) tuy
sz_x1X3 + Txl - xZ + uz
X3=  xyx; —bxs +us

o))

Bu sistem Ejsitlik (2)’deki dogrusal forma getirilecektir. Bu
sistem Esitlik (2)’deki dogrusal forma getirilecektir.
X = Ax + Bu (2)
Dogrusal olmayan sistemin yapisi Esitlik (3)’te verilmistir.
Dogrusal ve zamanla degismeyen A matrisi sistem matrisi ve
B kontrol ise matrisidir. Esitlikte bulunan a(x) sistemin
i¢cinde bulunan dogrusal olmayan terimleri ifade etmektedir.
Bu terimler Esitlik (4)’de kontrol isaretine ilave edilerek
sistemde bulunan dogrusal olmayan terimler yok edilir.
Ardindan burada v kontrol isareti dizayn edilir.

x = Ax + By(x)[u — a(x)] (3)

u=aC)+y) v (4)

Bu yontem Lorenz sistemi igin genellestirildiginde ise
kontrol isaretleri Esitlik (5), Esitlik (6) ve Esitlik (7) de
gosterildigi gibi elde edilir.

U =7rx +v; (5)
Uy = +XX3 —TX + X, + X3 + 1, (6)
uz = —x1x2 + bX3 + U3 (7)

Uretilecek olan kontrol isaretleri ile kapali ¢evrim sistemin
durum denklemleri Esitlik (8)’deki gibi olur.

561=0'x2 + 1%

.7.C2 = X3 + UZ (8)
)'63 = _173
Tasarimda sistem kismen faz kanonik formuna

doniistiirilecektir. Bu nedenle kontrol isaretlerinden vy, v,
ve v, Esitlik (9)’daki gibi tasarlanmistir. Sistemin olmasini
istenen 6zdegerlerine yani A,, A,, A5 ’lar belirlendikten sonra
Esitlik (9)’da  bulunan kq, k,, ks belirlenecektir. Bu
parametreler belirlendikten sonra kontrol isaretleri u,, u,ve
uz iginde bulunan v;,v, ve v, isaretleri belirlenmis
olmaktadir.

171: 0
1.72: 0
7-73=k1x1 + kzXz + k3X3

©)
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Belirlenen kontrol isareti sisteme uygulandiginda ise kapali
¢evrim sistem matrisi Esitlik (10)’da verilmistir.

J.Cl (o) 0 x]_
[xz] B 0 1 l |:x2:|
X3 - _k2 _k3 x3

2.2. Yiiksek Kazan¢ Kontrolii

(10)

Yiiksek kazan¢ kontrolii Lyapunov kararlilik kriterine
dayanan bir denetleyici tiiriidiir. Esitlik (11)’de verilen
dogrusal olmayan sistemin dogrusal ve dogrusal olmayan
kisimlar1 birbirilerinden ayristirilir. Dogrusal ve zamanla
degismeyen A matrisi sistem matrisi ve B kontrol ise
matrisidir. Dogrusal olmayan a(x) ise sistemin iginde
bulunan dogrusal olmayan kisimlari ifade etmektedir.
Sisteme uygulanacak olan kontrol isareti Esitlik (12)’de
verilmistir.

x =Ax + By(x)[u — a(x)] (11)

u=—kx+V; (12)
Esitlik (12)’de sisteme uygulanacak olan kontrol igaretindeki
Vg parametresinin ne olmasi gerektigi segilmektedir. Bunun
secimi  ise Lyapunov enerji  fonksiyonuna  gore
yapilmaktadir. Sistemin kontroli i¢in olusturulan Lyapunov
enerji fonksiyonu Esitlik (13)’de verilmistir.

V=§x12+§x22+§x§=xTPx= (13)

1 0 O
=[x x IO 1 OII l
0 0 1

Lyapunov Kararliliginin 2. Kriterini saglamasi i¢in Esitlik
(13)’deki fonksiyonunun igindeki P matrisi pozitif taniml
olacak sekilde secilmistir. Burada segilen katsayilar enerji
fonksiyonunun siirekli V' > 0 yapmaktadir. Diger bir dnemli
kriter ise sistemin asimtotik kararlilig1 ig¢in bu fonksiyonun
tiirevinin sifirdan kii¢iik olmasidir. Sifira esit oldugunda ise
sadece sistem kararlidir denilebilmektedir. Aksi halde tiirevi
sifirdan biiylik oldugunda enerjisi artan ve kontrol
edilemeyen bir sistem gibi digliniilebilir. Bu fonksiyonun
tiirevi Esitlik (14)’te verilmistir.
V=2 % + x5 X5 + X3 X3 (14)
Esitlik (14)’te sistemin durumlari yerlerine yazilinca Esitlik
(15) elde edilir.

V= x1[0(x; — x1) — k11X + Vi4]
+x,[—X1%3 +TX — Xy — ko X3 + Viy]
+x3[x1%, — bxs — k31x; — k3pX; — k3zx3 + Vps]

(15)

Esitlik (15) diizenlendiginde ise Esitlik (16) elde edilir.

V= (20 = k11)x1x5 + x1Vry — (ka1 — k32)x2x3
+x,Vro — k31213 + X3Vp3

(16)
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Esitlik (16)’daki fonksiyonun V <0 olmasi igin
parametreler Esitlik (17)’deki gibi diizenlenmistir.

(20‘ - kll) = 0 4 k11 = 20- (17)

(ka1 —k3z) =0 > kyy = ks3p
k31 = 0

Bu durumda sistemin parametreleri Esitlik (18)’de yerlerine
yazilarak V elde edilir.

V = X1VR1 + XZVRZ + x3VR3 (18)

Bu fonksiyonun V < 0 saglamast igin Viy, Vg, Ve Vi, Esitlik
(19)’daki gibi segilmistir.

Vei=—%1
VRZ =—X2 (19)
Vrs="%3

2.3. Yiiksek Frekans Kontrolii

Yiiksek frekans kontrol belirli bir duruma gore ¢ok yiiksek
frekanslarda kontrol isaretini degistirerek exponansiyel
kararlilig1 saglayan ve Lyapunov kararlilik kriterine dayanan
bir denetleyici tiiriidiir. Esitlik (20)’de verilen dogrusal
olmayan sistemin dogrusal ve dogrusal olmayan kisimlar1
birbirilerinden ayristirilir. Dogrusal ve zamanla degismeyen
A matrisi sistem matrisi ve B kontrol ise matrisidir. Dogrusal
olmayan a(x) ise sistemin i¢in bulunan dogrusal olmayan
kisimlari ifade etmektedir. Sisteme uygulanacak olan kontrol
isareti Esitlik (21)’de verilmistir.

x = Ax + By(x)[u — a(x)] (20)

u = —kix+ kysgn(x) (21)
Sistemin kontroliinde yine Lyapunov enerji fonksiyonuna
gore yapilmaktadir. Sistemin kontrolii ig¢in olusturulan
Lyapunov enerji fonksiyonu asagida verilmistir. Bu
Lyapunov enerji fonksiyonu eger faz uzayinda bir yiizey igin
tanimlanarak olusturulan bir ‘s’ yiizeyine gore tasarlanmig
olsaydi o zaman bu denetleyici kayan kipli kontrol (sliding
mode control) olarak adlandirilirdi.
V=§x12+%x22+§x32 (22)
Lyapunov Kararliliginin 2. Kriterini saglamasi i¢in Esitlik
(22) fonksiyonunun yiiksek kazan¢ kontrolde oldugu gibi P
matrisi pozitif tanimli olacak sekilde seg¢ilmistir. Burada
secilen katsayilar enerji fonksiyonunun siirekli V >0
yapmaktadir. Diger bir 6nemli kriter ise sistemin asimtotik
kararlilig1 ig¢in bu fonksiyonun tiirevinin sifirdan kiigiik
olmasidir. Sifira esit oldugunda ise sadece sistem kararlidir
denilebilmektedir. Bu fonksiyonun tiirevi Esitlik (23)’te
verilmistir.

V= X1 5(1 + xzxe + x3x563 (23)
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Esitlik (23)’teki sistemin durumlari yerlerine yazilinca
Esitlik (24) elde edilir.

V =x[0(x; — x1) + uy] (24)
+x,[—x1 %5 + X — X5 + Uy
+X3 [xlxz - bX3 + u3]

Esitlik (24) diizenlendiginde Esitlik (25) elde edilir.

V = 20x,%, + XUy + XUy + X3Us (25)

Esitlik 25°teki denklemin V' < 0 sarti1 saglamasi igin u;,
u,ve uz Esitlik 26’daki gibi secilmistir.

uy=—20x, — kysgn(x;)
U= —x; — kysgn(x,)
Uz= —x3 — kysgn(xs)

(26)

Kontrol isaretleri Esitlik (25)’teki yerlerine yazildiginda
Esitlik (27) elde edilir. Bu ifade diizenlediginde Esitlik (28)
elde edilir. Bu ifade i¢indeki sgn(x)x ifadeleri her zaman
pozitif olacagi i¢in bu ifade |x| olarak yerine yazilir. Her bir
durum i¢in bu yapildiginda Esitlik (29) elde edilir.

V = 20x,x, + x1(—20x;, — kysgn(xy)) 27)
+x, (—xz — kzsgn(xz))
+x5 (—x3 - k3sgn(x3))
V= —kysgn(x;)x; — x,%, — kyx,sgn(x;) (28)
—X3X3 — k3sgn(x3)xs
V=—k1|x1|—x22—k2|x2|—x22—k3|x3| (29)

2.4. Model Ongoriilii Kontrol

Bu bolimde Model Ongoriilii kontrol tekniginin kisaca
aciklanacak ve matematiksel formiilasyonu verilecektir.
MPC kayan ufuk fikrine dayali olarak gelistirilmis model
tabanli bir denetleyicidir. Kayan ufuk mantiginda her
ornekleme aninda optimal kontrol probleminin ¢oziimi
yapilmaktadir. Bu iglem aslinda referans isareti, sistemin
dinamikleri, sistemin ve kontrol isaretinin kisitlarinin i¢inde
bulundugu bir problemin ¢éziimiidiir. Bu islem aslinda her
ornekleme aninda yapilarak 6ngoérii ufku boyunca kontrol
kontrol kurali belirlenmektedir. Sekil 1°de gosterildigi gibi
sistemin drneklem anindaki y(t) ¢ikiginin bulunan t an1 ile
t+ N am arasinda sistemi beklenen referans isaretine
w(t)’ye ulastirmak i¢in uygulanan kontrol isaretinin
belirlenmesidir. Belirlenen kontrol dizisinin ilk isareti
sisteme uygulanarak bir sonraki drnekleme aninda yine bu
kontrol dizisi sistemin durumlarina gore belirlenerek kontrol
kuralinin ilk elemani sisteme uygulanmaktadir.
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A
gegmis gelecek
R e ) B e e, it e
| | | | | | |
| | | | | | |
| | | | P
| | —‘_ | |
| I | |
| u(t | | | |
i L ju(t+klk) | | |
] ] ] ! ] ] ] >
t-1 t t+1 t+2 t+N-1  t+N

Sekil 1. Model Ongbriilii Kontrol Semasi

Model 0Ongoriilii kontrol tekniginin kalbi olan model
kullanilarak 6ngorii ufku boyunca érnekleme aninda sisteme
uygulanmasi gereken kontrol isaretini belirlemektedir.
Dogrusal olmayan sistemlerde ise bu kontrol teknigi
uygulanirken sistemin calistig1 bolgeye gore
dogrusallagtirilmis modeli kullanilarak yine sistem kontrol
edilmektedir.

Lorenz kaotik sisteminin siirekli zamandaki sistem dinamigi
x = f(x,u) formundadir. Bu sistemin MPC ile kontrol
edilebilmesi igin belirli bir ¢alisma noktasi etrafinda sistemin
dogrusallagtirilmas1 ~ gerekmektedir.  Dogrusallastirilan
sistemin Ornekleme zamaninda gore ayriklastirilmasi
gerekmektedir. Dogrusallastirilan ve ayriklastirilan sistemin
MPC ile kontrolii gerceklestirilmistir. Ayrica sistemin daha
iyi kontrol edilebilmesi yani referans isaretini daha iyi takip
edilebilmesi icin sistemin c¢ikiglarina yani durumlarina
integrator ilave edilmistir. Bu durumdan kontrol edilecek
olan kaotik sistemin durum uzayindaki ifadesi Esitlik
(30)’daki gibi olmaktadir.

X =00 —x) +uy (30)
X; = —X1x3 + 71X — x5 + Uy

X3 = X1X, — bx3 + us

X1 = TX

X, = —x,

X3 = —x3

Bu sistemin yapisi Esitlik (31)’deki gibi ifade edilebilir.
x=f(x,ut)
y =g u,t)

(31)

Dogrusal olmayan bu Lorenz sistemi her érnekleme aninda
dogrusallagtirilacaktir. Esitlik (32)’de verilen Jakobien
matirisi ile sistemin ¢alistig1 yere gore dogrusallastirilmis
sistem matrisleri elde edilir.

9 p_0f

dx du
L9 o (32)

T ox ~ ou
Dogrusallagtirilmigs  olan  sistemin  ayriklastirilmast

yapilacaktir. Sistemin her Ornekleme aninda tekrardan
olusturulacak olan ayrik modeli esitlik ise Esitlik (33)’de
verilmigtir. Buradaki sistem matrisi ve kontrol matrisi i¢in
Esitlik (34)’de verilen basit ayriklagtirma yontemi
kullanilmigtir. Burada sistem matrisi x (k) anindaki sistemin
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durumlarma gore ve u(k — 1) aninda sisteme uygulanan
kontrol isaretine gore elde edilmektedir.

x(k +1) = Ayx(k) + Byu(k) (33)
Ag = (I + ATS)'x:x(k),u:u(k—l)

B, = BTSlx:x(k),u:u(k—l) (34)
x(k) € R™ u(k) e R™

Kabul olarak sistemin her ornekleme aninda hem

kontroledilebilir oldugu hem de gozlenebilir oldugu
varsayimi yapilmistir. Amag¢ fonksiyonu o6ngorii ufku
boyunca sistemin davramigini belirleyecek olan optimal
kontrol problemidir. Bu fonksiyon Esitlik (35)’de
verilmigtir. Bu optimal kontrol problemi, x(k) ve u(k)
matrisleri ile ¢ok degiskenli optimizasyon problemi haline
doniistiiriilir. Bu  problemin ¢6ziimiinde QP, SQP
algoritmalart kullanilarak ¢oziildikten sonra, mevcut
ornekleme zamani igin dngdrii ufku boyunca kontrol kuralt
elde edilir. Bu kontrol ufkunun sadece ilk elemani sisteme
uygulanir. Bir sonraki 6rnekleme zamaninda, ongdrii ve
kontrol ufku boyunca yeni kontrol kurali iiretmek i¢in bu
optimizasyon siireci tekrarlanir

minJ

CTRT) = ZIIX:O xICka + Z?cl:ouIZRuk

(35)

3. SIMULASYON CALISMASI

Bu bolimde Lorenz sisteminin kontrolii geri beslemeli
kontrolii, yiiksek kazang kontrolii, yiiksek frekans kontrolii
ve model 6ngoriilii kontrol yontemlerinin simiilasyonlari
gerceklestirilmis ve sonuglart verilmistir. Bu sistemlerin
simiilasyonlar1 icin MATLAB Simulink R2018A programi
kullanilmustir.

Esitlik (1)’de bulunan sistemin o = 10,7 = g,b =28
olarak verilmistir.

Geri beslemeli kontrol yonteminde sistemin denetlenmesi
icin denetleyicinin parametreleri belirlenmelidir. Bunun i¢in
kapali ¢evrimde kullanilacak olan sistem kutuplarin keyfi
olarak A; = —1,4, = —2, A3 = —3 olmas: istenmektedir.
Bu bagka bir performans olarak segilebilirdi. Buna gore
atanan kutuplarin bu degerleri de olabilmesi igin sistemin
kapali ¢evrimde bu kutuplar1 saglayacak olan k parametreleri

ky =i,k2 =11 ve k; =6°dir. Bu yontemde kontrol
11 3

isareti Esitlik (36)’daki gibi olusturulmustur. Parametreler
Esitlik (37)’de yerlerine yazilmistir.

v, =0
v, =0
vy = kyxq + kox, + kyxg
! (36)
U =rx +vg
Uy = +X1X3 —TX1 + X3 + X3+,
Uy, = —X1X, + bxs + v3
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u1 = Txl
U, = +X1X3 — X + X + X3 (37)

uz _xlxz + b.X3 + ( )x1 + (11)3(2 + (11)3(3

5

11

Kutup atama yontemi ile tasarlanan denetleyicinin kapali
cevrim yapisi Esitlik (38)’deki gibi olmaktadir

.72'12
X3

(38)

.2 6
X3=— (E) x; + (AD)x, + (11)x,

Tasarlanan sistemin kapali yapist Sekil 2°de verilmistir.
Sistem yanit1 ise Sekil 3’te verilmistir. Sistem ilk basta
kaotik davranis sergilemektedir. 50 saniye sonra tasarlanan
denetleyici aktif olmaktadir. Goriildiigii gibi sistem daha
onceden  tasarlanan  [0,0,0] noktasmma  denetleyici
tagiyabilmektedir. Bu tasarim farkli bir denge noktasi igin
yapilsaydi sistem belirlenen denge noktasina tasinabilirdir.
Ayrica sistemin kontrol isaretleri Sekil 4’te verilmistir.
Ardindan literatiirde yapilan bir ¢alisma ile karsilasgtirma
amaci ile [27]’de yapilan ¢aligmada elde edilen kontrol
kural1 ile elde edilen sistemin durumlar1 Sekil 5’de verilirken
kontrol kurali Sekil 3’de verilmistir. Sistem yanitlar
incelendiginde sistemin denge noktasinda siirekli salinim
yaptigt ve performansinin diisiik oldugu goriilmektedir.
Bunun nedeni tiim durumlart tek bir kontrol isareti ile kontrol
edilmesidir. Tim durumlar istenen performans Sekil 4’deki
gibi saglanabilmektedir. Ayrica keyfi olarak secilen kutuplar
degistirilerek  sistemin  performansit istenildigi  gibi
ayarlanabilir. Ayrica Sekil 6’da goriildiigi tizere sisteme
kararlt hale gegemedigi i¢in kontrol isareti siirekli olarak
salinim yapmaktadir. Bu sonugtan gortildiigii lizere sistemin
tim durumlart kontrol edildiginde istenen performans geri
beslemeli kontrol ile literatiirdeki bazi ¢aligmalardan daha iyi
bir sekilde elde edilebilmektedir.

.-

fen

x
4 sa 1
v fen hd States

Lorenz Chaotic System

Feedback Linearization Control

Sekil 2. Lorenz kaotik sisteminin geri besleme ile
kontroliiniin blok diyagrami
States

States:1

States:2
40 States:3 | -
3 | i
0
-20
0 1‘0 2]0 1;0 4A0 5‘0 6‘0 710 8‘0 9:) 100

Sekil 3. Lorenz kaotik sisteminin geri beslemeli kontrol ile
elde edilen sistemin durumlari
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500
0

500 | 1 1 ! | 1 1 -
1000 | | | 1 | | | | .
1500 | 1 1 1 1 1 1 -
2000 - 4
-2500 -

Switch:1 | |
Switch:2 | |
Switch:3

0 10 20 30 40 50 60 70 80 20

-3000 -

100

Sekil 4. Lorenz kaotik sisteminin geri beslemeli kontrol ile

elde edilen kontrol igaretleri

States
\ I I I—
50 States:1
40 i States:2 |
States:3

30

20

10

0

-10 '“

-20 ‘ "'l

-30 i i
0 10 20 30 40 50 60 70 80 90

100

Sekil 5. Lorenz kaotik sisteminin literatiirdeki geri beslemeli

kontrol kural1 ile elde edilen sistemin durumlari
u
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Sekil 6. Lorenz kaotik sisteminin literatiirdeki geri beslemeli
kontrol kurali ile elde edilen kontrol isareti

Yiiksek Kazang kontrolii ile Lorenz sistemi kontrol edilmek
istendiginde sisteme uygulanacak olan kontrol isaretleri
Esitlik  (19)’da  verilmisti. Bu  kontrol isaretinin
uygulanabilmesi i¢in Esitlik (18)’de verilen fonksiyonun
V < 0 yapmaktadir. Bu kontrol kuralindaki parametrelerin
belirlenmesi Esitlik (17)’de yapilmisti. ky; = 20,ky; =
ksy,koq = ksy Ve ky; = 0 secildigi icin Esitlik (18)’deki
denklem V < 0 sartin1 saglamaktadir. Tasarlanan sistemin
kapal1 yapisi Sekil 7’de verilmistir. Sistem yanit1 ise Sekil
8’de verilmistir. Sistem ilk basta kaotik davranig
sergilemektedir. 50 saniye sonra sistem igin tasarlanan
denetleyici aktif olmaktadir. Goriildligii gibi sistem daha
onceden  tasarlanan  [0,0,0] noktasina  denetleyici
tastyabilmektedir. Bu tasarim farkli bir denge noktasi igin
yapilsayd: sistem belirlenen denge noktasina tasinabilirdir.
Ayrica sistemin kontrol isaretleri Sekil 8’de verilmistir.
Literatiirdeki Qiao ve ark. yaptig1 ¢alismada yliksek kazanca
benzer bir yontem ile denetlenen Lorenz sistemi tek durum
tizerinden kontrol edilmistir [26]. Qiao ve ark. dnerdikleri
denetleyici ile kontrol edilen sistemin durumlar1 Sekil 10°da
verilirken, sistemi kontrol eden kontrol isareti Sekil 11°da
verilmistir. Goriildiigii tizere Sekil 8 ve Sekil 10
kargilagtirildiginda sadece beklenen referans igaretine Sekil
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8’de daha hizli geldigi ve Sekil 10°daki gibi sistemin 2.

durumundaki (mavi renkli) kadar asim yapmadigl
goriilmektedir.
B ‘ u ‘ et . E@
fen

High Gain Confrol

L]

v fon
N :
Lorenz Chaotic System
—

Sekil 7. Lorenz kaotik sisteminin yiiksek kazang ile
kontroliiniin blok diyagrami1
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Sekil 8. Lorenz kaotik sisteminin yiiksek kazang kontrolii ile
elde edilen sistemin durumlar

i Switch:1| |
50 Switch:2
———— Switch:3
0
50 4
-100 = -1
150 -
200 | | | | 1
-250 & 1 I I I I 1 1 1 1 =
1] 10 20 30 40 50 60 70 80 90 100

Sekil 9. Lorenz kaotik sisteminin yiiksek kazang kontrolii ile

elde edilen kontrol isaretleri
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Sekil 10. Lorenz kaotik sisteminin literatiirdeki yiiksek
kazang kontrol kurali ile elde edilen sistemin durumlari
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Sekil 11. Lorenz kaotik sisteminin literatiirdeki yiiksek
kazang kontrolii kurali ile elde edilen kontrol isareti

Yiiksek frekans kontrolii ile Lorenz sistemi kontrol edilmek
istendiginde sisteme uygulanacak olan kontrol isaretleri
Esitlik  (26)’da  verilmisti. Bu  kontrol isaretinin
uygulanabilmesi i¢in Esitlik (39)’da verilen fonksiyonun
V < 0 olmasi gereklidir. Bu sartlar ky, k,, k3 > 0 oldugunda
saglandigi i¢in keyfi olarak k; = 1,k, = 1 ve k; = 1 olarak
secilmigtir. Dolayistyla uygulanacak olan kontrol isareti
Esitlik (40)’da verilmigtir.

V = —kylxy| = x5 = ky|xp|—xF — kslxs| <0 (39)
Vx #0vekyky, ks =0
uy=—20x, — kysgn(x;)
U= —x, — k,sgn(x,)
U= —x; — kysgn(xs)
(40)

!

u;=—2(10)x, — (V)sgn(x,)
U= —x; — (Dsgn(xy)
Us= —x3 — (1)sgn(x3)
Tasarlanan sistemin blok yapisi Sekil 12’de verilmistir.
Sistem yanit1 ise Sekil 13’de verilmistir. Sistem ilk basta
kaotik davranis sergilemektedir. 50 saniye sonra tasarlanan
denetleyici aktif olmaktadir. Goriildligii gibi sistem daha
onceden  tasarlanan  [0,0,0] noktasina  denetleyici
tagtyabilmektedir. Bu tasarim farkli bir denge noktasi igin
yapilsayd: sistem belirlenen denge noktasina taginabilirdir.
Ayrica sistemin kontrol igaretleri Sekil 14’de verilmistir.
Ardindan literatiirde yapilan bir ¢alisma ile karsilastirma
amact ile [35]’de yapilan ¢aligmada elde edilen kontrol
kurali ile elde edilen sistemin durumlar1 Sekil 15°de
verilirken kontrol kurali Sekil 16’da verilmistir. Sekil 15°de
gorildigi tizere sistem durumlarindan 2. durum (mavi
renkli) ufakta olsa belirli bir kararli durum hatasi ile siirekli
hale gegmektedir. Ayrica kontrolcii bu kararli durum hatasini
stirekli rejimde diizeltmemektedir. Bu sonugtan goriildiigi
iizere sistemin tim durumlar1 kontrol edildiginde sistem
istenen denge noktasina literatiirdeki bazi ¢aligmalardan
daha iyi bir sekilde geldigi goriilmiistiir.
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Sekil 12. Lorenz kaotik sisteminin yiiksek frekans ile
kontroliiniin blok diyagram
! ‘ ;lalesﬂ i
States:2 | -
States:3 il
w m % W w

Sekil 13. Lorenz kaotik sisteminin yiiksek frekans kontrolii
ile elde edilen sistemin durumlari
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Sekil 14. Lorenz kaotik sisteminin yiiksek frekans kontrolii

ile elde edilen kontrol isaretleri
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Sekil 15. Lorenz kaotik sisteminin literatiirdeki yiiksek
frekans kontrol kurali ile elde edilen sistemin durumlari
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Sekil 16. Lorenz kaotik sisteminin literatiirdeki yiiksek
frekans kontrol kurali ile elde edilen kontrol isareti
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Lorenz sisteminin kontrol edilebilmesi i¢in model 6ngoriilii
kontrol denetleyicinin 6ngérii ufku parametresi (N) 100 ve
kontrol ufku parametresi (M)’si 1 segilmigtir. Ayrica
sistemde kullanilacak olan P ve Q matrisleri sistemin
davranisini biiyiik oranda etkilemektedir. Lakin burada yine
P matrisinin pozitif tanimli olabilmesi i¢in diyagonal olarak
kosegen elemanlar1 1 olan 6x6 boyutunda bir matris
secilmigtir. Ayrica Q matrisi yine kontrol isaretinin
agirliklarii belirledigi i¢in bunlarinda agirliklart 1 olarak
secilmistir. Bu matrisler Esitlik (41)’de verilmistir. Sistem
kaotik olarak hareket ettigi icin denetleyicide kullanilan
ornekleme zamani (T) 1ms olarak segilmistir.

10000 0 L0 0
I0100001I |010|
loo 1000 - _loo1
P‘000100|Q_|000| (41)
0000 1 0 OOOJ
lo 0 0 0 0 1 00 0

Tasarlanan sistemin yapist Sekil 16°da verilmistir. Sistem
yanitt ise Sekil 17°de verilmistir. Sistem ilk bagta kaotik
davranis sergilemektedir. 50 saniye sonra tasarlanan
denetleyici aktif olmaktadir. Goriildiigii gibi sistem daha
onceden  tasarlanan  [0,0,0] noktasmma  denetleyici
tagtyabilmektedir. Bu tasarim farkli bir denge noktasi icin
yapilsayd1 sistem belirlenen denge noktasina tasinabilirdir.
Ayrica sistemin kontrol isaretleri Sekil 18’de verilmistir.

Sekil 16. Lorenz kaotik sisteminin model 6ngoriilii kontrol
ile kontroliiniin blok diyagrami

T T T T
| Lorenz Chaotic System/x:1 | |
Lorenz Chaotic System/x:2 | _|

Lorenz Chaotic § /x:3

Sekil 17. Lorenz kaotik sisteminin model 6ngdriilii kontrol
kontrolii ile elde edilen sistemin durumlari
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Sekil 18. Lorenz kaotik sisteminin model 6ngoriilii kontrol
kontrolii ile elde edilen kontrol isaretleri
4. SONUC

Yapilan bu ¢aligmada kaotik Lorenz sisteminin kontroliinde
geri beslemeli, yiiksek kazang, yiiksek frekans ve model
Ongoriilii kontrol teknikleri kullanilarak kontrol edilmistir.
Bu yontemlerden geri beslemeli kontrol, yiiksek kazang
kontrolden farkli olarak geri beslemeli kontroliinde; sistemin
calisacag1 bolgeye gore sistemin duragan sabit bir sistem
matrisinin olmasidir. Tiim dogrusal olmayan yapilar kontrol
isareti igerisine gomiilerek sistemin dogrusal yapist elde
edilmistir. Ardindan sistem matrisine gore sisteme
denetleyici tasarimi yapilarak kapali c¢evrim kararliligt
garanti altina alinmaktadir. Ama yiiksek kazang ve yiiksek
frekans kontroliinde sistemin kararhiligini belirleyen sey
Lyapunov  fonksiyonu vyani enerji  fonksiyonudur.
Denetleyici olusturulan bu fonksiyona ve gerekli sartlarina
gore tasarlanmaktadir. Bu nedenle tiim parametrelerin bildigi
farz edilerek tasarlanan geri beslemeli kontrol, parametrelere
duyarlt bir kontrol teknigidir. Buna mukabil yiiksek kazang
kontrol, yiiksek frekans kontrol ve model 6ngdriilii kontrol
teknikleri enerji fonksiyonlari tizerinden tasarlandiklari igin
daha dayanikli denetleyicilerdir. Buna mukabil tiim sonuglar
incelendiginde sistemin kontrol edilmesinde en iyi
performansi hem yiiksek kazang kontrolii hem de model
ongoriili  kontrol goéstermistir. Lakin yiiksek kazang
kontroliinde; optimal bir kontrol igaretini liretmekten ziyade,
enerji fonksiyonunu minimum yapmasi istenen bir kontrol
kuralinin  {iretilmesi amaglanmaktadir. Yani sistemin
performansindan ziyade kararligin saglanacagi bir kontrol
isaretinin tiretilmesi esasina dayanmaktadir. Buna mukabil
model Ongoriili  kontrolde amag¢ fonksiyonu; hem
durumlarin hem de kontrol isaretinin karesel hatalarmin
toplammi igeren bir yapist bulunmaktadir. Dolayisiyla
optimal kontrol agisindan bakildiginda model Ongoriilii
kontrol belirlenen performans kriterini her 6rnekleme aninda
optimize ettiginden sisteme uygulanacak olan optimal
kontrol igaretinin iretilmesini ve sistemi istenen optimal
noktaya taginmasini en iyi performansta yapmaktadir. Bunun
yaninda bu ¢aligmada ele alinmamasina ragmen ama model
Ongoriilii kontroliin avantajlarina bakildiginda ¢ok girisli-
cikislt sistemlere rahatlikla uygulanabildigi gibi sistem
kisitlariin da isin igine kolaylikla katabilmektedir. Yiiksek
kazang kontroliinde sistem modelinde belirsizlikler oldugu
durumlarda gerekli kontrol igaretini aktuator
iiretmeyebilmekte ve saturasyona neden olabilmektedir.
Yiksek frekans kontrolii bunun istesinden gelmekte fakat
belirli bir duragan noktada ¢ok yiiksek frekanslarda
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anahtarlama yapilmasi gerektiginden bu sisteme zarar
verebilmektedir veya aktuatdriin zarar gdérmesine neden
olabilmektedir. Model 0ngoriili  kontrolde bu gibi
durumlarin {istesinden rahatlikla gelebilmektedir. Ama
Model 6ngoriilii kontrolde ise diger denetleyicilere nazaran
her ornekleme aninda c¢ok yiiksek bir hesaplama islemi
yapilmaktadir. Bu islemlerin 6rnekleme siiresi iginde
tamamlanmas1  gerekmektedir. Eger kontrol isareti
ornekleme zamani iginde {iretilemezse bu sistemin kontrol
edilememesine neden olabilmektedir. Bunun iistesinden
gelinebilmesi i¢inde model dngoriilii kontrol igin literatiirde
genellikle explicit denilen daha 6nceden olusturulmus look-
up tablosu yada egitilmis model yapilart kullanilmaktadir.
Ilerleyen galigmalarda ise bu ydntemlerin yam sira sliding
mode ve backstepping, adaptif sliding, fuzzy sliding adaptif
backstepping, fuzzy Dbackstepping yontemleri de
kullanilacak olup farkli kaotik sistemlerin kontrolii ve
senkronizasyonlar1 gergeklestirilecektir.
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Sfaleritler ¢inko tiretimi i¢in diinyada en ¢ok kullanilan cevherlerdir. Diinyada ¢inko tiretimi hurda malzemelerinden sonra en
cok sflalerit cevherlerinden tiretilmektedir. Sfalerit cevherlerinde ¢inko eldesi i¢in hem hidrometalurjik hem de pirometalurjik
prosesler kullanilmaktadir. Tiirkiye’de siilfiirlii ¢inko cevheri tiretimi yapilmasina ragmen cevherden ¢inko liretimi yapan tesis
bulunmamaktadir. Mevcutta flotasyonla zenginlestirilip yurt digina satilmakta olan Canakkale Yenice bolgesi konsantreleri
mekanik aktive edilmigtir. Sonrasinda farkli sicakliklarda oksitlenen konsantreler grafit ile karistirilarak bir termal analiz
cihazinda rediiklenmistir. Rediiksiyon islemi azot atmosferinde gergeklestirilerek cevherin yiiksek sicaklik davranigi ve kimyasal
davranislar incelenmistir. Caligmada analiz ve karakterizasyon i¢in X 1s1m1 floresans1 (XRF), X-ray difraktometresi (XRD),
taramali elektro mikroskopu-Enerji dagilimli X-i151n spektrometresi (SEM-EDS-Mapping) ve termal analiz g¢aligmalari
gerceklestirilmigtir.

Anahtar Kelimeler: Cinko konsantresi, mekanik aktivasyon, XRF, SEM-EDS, termal analiz
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Abstract

Sphalerites are the most widely used ores in the world for zinc production. Global zinc production is produced mostly from
sphalerite ores as well as from scrap materials. To obtain zinc in sphalerite ores, hydrometallurgical and pyrometallurgical
processes are used. Although zinc sulphide ore produced in Turkey, there are no plants for production of zinc from ore. Canakkale
Yenice region concentrates which are still enriched with flotation and sold abroad have been mechanically activated.
Subsequently, concentrates oxidized at different temperatures were mixed with graphite and reduced in a thermal analyzer.
Reduction was performed in a nitrogen atmosphere to investigate high temperature behavior and chemical behavior of ores. X-
ray fluorescence (XRF), X-ray diffraction (XRD), scanning electron microscopy- energy dispersive X-ray spectroscopy (SEM-
EDS-Mapping) and thermal analysis studies were carried out for analysis and characterization.

Keywords: Zinc concantrate, mechanic activation, XRF, SEM-EDS, thermal analysis

1. GIRIS kullanilmaktadir [1]. Bu yontemlerin her ikisinde de ilk

asamada kavurma yapilmaktadir [2]. Tiirkiye’de siilfiirlii
Cinko iiretimi hurda malzemelerin yaninda en ¢ok sfalerit ¢inko cevheri iiretimi yapilmasina ragmen cevherden ¢inko
(ZnS) cevherinden iiretilmektedir. Diinyada ¢inko iiretimi iiretimi yapan tesis bulunmamaktadir. Uretilen ¢inko-kursun
icin  pirometaliirjik  ve  hidrometaliirjik  yOntemler cevherleri ihra¢ edilmekte, ¢cinko metal ihtiyaci ise ithalat
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yoluyla karsilanmaktadir [3]. Endiistriyel uygulamalarda
stilfiirlii ¢inko konsantreleri 6ncelikle yiiksek sicaklikta hava
atmosferinde kavrulmakta olup, bu esnada konsantredeki
cinkonun yaklasik %90°’1 ¢cinko okside doniigiirken, %10’luk
kismi ise ¢inko ferriti (ZnFe;O4) olusturmaktadir [4].
Uretilen ¢inko oksit esasl1 iiriin (kalsine) daha sonra karbonla
rediiklenmektedir [5].

Cinko oksidin CO tarafindan indirgenmesi 700 °C’den sonra
basliyor olsa da reaksiyonun istenen hizda devamu igin
sicakligin 1100 °C’nin iizerine ¢ikmasi gerekmektedir [6].

Literatiirde bir¢cok cevherin rediiksiyonuna ait ¢aligmalar s6z
konusu olup, bu ¢aligsmalardan birinde kromit cevherinin
karbotermik indirgemesi termal analiz calismasi ile
incelenmistir. Calismada kok, cevher ve bilya agirlik
oranlarinin degisimi, degirmen kosullarinda ¢aligilmis,
numuneler oda sicakligindan 1823 °K e kadar termal analiz
cihazinda kontrollii ortamda isitilmig ve alasim olusumu
aragtirllmigtir.  Kromitin rediiksiyonunun 1573 °K de
bagladigi, 1623 °K de iki ¢esit krom karbiir, 1673 °K de ise
Cr-Fe-karbiirlerin olustugu gézlenmistir [7].

Manganez oksit cevheriyle ilgili bir baska c¢aligmada,
manganez oksit cevherinin indirgenmesi ile iligkili
reaksiyonlarin, kiigiik bir ekzotermik reaksiyonla 330 °C
civarinda baglamis oldugu, 400 °C ve 480 °C'de iki
endotermik reaksiyonla devam ettigi ifade edilmistir. Bu
reaksiyonlarin kaynagi olan CO in iiretilmesi ise yaklagik
350 °C’deki biyokiitle gazlastirma reaksiyonu yoluyla
gerceklesmis olup, tiretilen indirgeyici CO gazi ile manganez
oksit cevherinin asamali olarak rediiksiyonunun vuku
buldugu agiklanmustir [8].

Bu ¢alismada yurt disina satilan Canakkale bolgesi siilfiirlii
konsantre ¢inko cevherlerinin kavurma ve grafitle
rediiksiyon kosullar1 Termal analiz yontemleri kullanilarak
incelenmis olup, literatiire de Onemli Ozgiin bilgiler
sunmaktadir.

2. YONTEM
2.1. Numunenin Temini ve Hazirlanmasi

Bu c¢alismada kullanilan ¢inko siilfiir konsantresi,
Canakkale-Yenice yoresinden OREKS MADENCILIK
LTD.STi’den temin edilmistir. Konsantrenin homojen hale
gelmesi icin bilyali ve halkali degirmende ogiitiildiikten
sonra neminden arindirilmak iizere etiivde bekletilmis ve
akabinde 200 mesh elek altina elenmistir. Sonraki ¢aligmalar
bu numune kullanilarak gergeklestirilmistir. Numunelerin
aktivasyon islemi igin Fritch marka gezegensel bilyali
degirmen kullamlmigtir. Aktivasyon i¢gin WC hazne
kullanilmis olup, aktivasyonda 10 mm c¢apli WC bilyalar
kullanilmistir. Bilya/numune agirlik oranmi 30 olarak
secilmistir. Aktivasyon hiz1 600 devir/dakikadir (devir/dk.).
Ogiitme islemleri kuru ortamda gerceklestirilmistir.
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2.2. Kimyasal Analiz

Konsantrenin analizi XRF analizi BRUKER AXS’in S8
Tiger Dalgaboyu Dagilimli XRF analiz cihazi ile yapilmis
olup, analiz sonucu asagidaki Tablo 1 de verilmistir.

Tablo 1. Numunenin kimyasal bilegimi.

Elementler (%)
ZnO SOs Fe,0s Na,O Sio PbO CuO
%41,75 | 30,48 3,50 1,59 1,56, 1,27 0,53
CaO MnO Al,O; MgO Digerleri K.K. Nem
0,37 0,26 0,20 0,16 0,09 18,03 1,16

2.3. SEM-EDS Analiz Calismalari

Konsantre cevherin 600, 700, 800 ve 900 °C kavurma
yapilmis numunelere tane boyut analizleri, elementel
analizler ve mapping ¢alismalar1 yapabilen “Jeol JSM 6060
LV” marka cihaz ile taramali elektron mikroskobu (SEM-
EDS) kullanilarak yapilmistir.

2.4. X-Ismlar1 Difraktometresi Calismalari

Rigaku marka D/MAX/2200/PC model X-isim1 cihazi ile
600, 700, 800 ve 900 °C’de kavrulma yapilmis ¢inko siilfiir
cevherlerine mineralojik analizler yapilarak kalsinasyon
sicakliginin etki incelenmistir.

2.5. Termal Analiz Calismalari

Termal analiz ¢alismalar1 TA marka Q600 model simiiltane
termal analiz cihazi kullanilarak 10°C/dk. isitma hizinda
gerceklestirilmistir. Aktive edilmis ve 600, 700, 800 ve 900
°C’de kavrulmus numunelerin grafitle karistirilarak,
rediiksiyon kosullariin incelenmesi i¢in yapilan ¢aligmalar
havasiz ortamda ve azot atmosferinde gerceklestirilmistir.
Numunelere oda sicakligindan 1300 °C’ye kadar dinamik bir
termal islem uygulanmustir.

3. DENEYSEL BULGULAR

Kisim 2.1 de ifade edildigi sekliyle 30 dk aktive edilmis
konsantrenin 600 °C’de 240 dk kavrulmus iiriiniiniin SEM-
EDS ve Mapping analizi Sekil 1 de goriildiigi gibidir.

Sekil 1 de goriildiigii gibi {iriinde ¢inkodan sonra en ¢ok
bulunan elementin oksijen oldugu EDS degerlerinden
anlagilmaktadir. Kavurma sonucu yapidaki kiikiirdiin biiyiik
oranda oksijen ile yer degistirdigi goziikmektedir. Ugiincii en
yiiksek bilesenin kiikiirt olmasi ise oksidasyonun total
oksitleyici kavurma seklinde gerceklesmedigini de ortaya
koymaktadir.

30 dk aktive edilmis ve 600 °C de kavrulmus iirtiniin X-ray
analizi ise Sekil 2°de goriilmektedir.
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Sekil 1. 600 devir/dk.’da, bilya/numune:30/1 sartlarinda
gezegensel degirmende 30 dk. aktive edilmis, 600 °C’de 240
dk. kavrulmus cevherin SEM-EDS ve mapping analizi.
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Sekil 2°den goriildiigii gibi kavrulmus triinde ZnO yaninda
¢ok az miktarda da olsa ZnS iin varligina da rastlanmus,
yapida siilfatlarin (Zn3O(SO4)2) da olustugu, piritin bir
kismmin varhigmt siirdiiriirken, diger bir kisminin ise
manyetite doniistigii de gozitkmektedir.

30 dk. aktive edilmis cevherin 600°C’de kavrulmus iiriiniine
grafit ilavesiyle hazirlanan numunenin TG, DTG, DTA ve
DSC egrileri Sekil 3’te verilmistir.

Sekil 3’ten goriildiigii gibi toplam agirhik kaybi %33,51
olarak gerceklesmistir. Yaklasik 599 °C ye kadar %1,07’lik,
bu sicakliktan sonra ise %32,44 lik agirlik kayb1 meydana
gelmigtir. DTG de pikler seklinde goziiken onemli agirlik
kayiplarinin 599 °C -813,7 °C, 813,7 °C -970 °C, 970 °C-
1141 °C ve 1141 °C -1268 °C sicakliklar arasinda 4 adimda
meydana geldigi géziikmektedir.
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Sekil 3. Aktive edilmis (600 devir/dk. da 30 dk.) mineralin
600°C’de kavrulmus iirliniine grafit ilavesiyle hazirlanan
numunenin TG, DTG, DTA ve DSC egrileri.

Sekil 3’te DTG deki en fazla agirlik kayb1 599 °C-813,7
°C’ler arasinda olup, numunede %?26,35’lik agirlik
azalmasina sebep olmakta, bu da toplam agirlik kaybinin
%78,63’lik kismina tekabiil etmektedir. Bu kayip DTA ve
DSC de ardarda meydana gelen endotermik-ekzotermik
davranigla kendini gostermistir. Agirlik kaybindan kaynakli
hadise, 600 °C’de yapilan kavurma iglemi sirasinda yapida
olusan stilfatlarin, termal analiz sirasinda pargalanmasindan
olusmus olup, DCS ve DTA da 737,4°C’de endo pik
vermistir.

Kalsinedeki muhtemel olan ve kavurma sirasinda oksitlenen
bakirin (CuO veya Cuz0), soy davranmasi nedeni ile metale
rediiksiyonunun serbest enerji degerleri agisindan en kolay
oldugu ve ilk rediiklenecekler arasinda oldugu ifade
edilmektedir. Hatta olusacak bakirin, ¢inko ile alasim
yapabilecegi de literatiirde yer almaktadir [9]. Kat1 fazda var
olmasi muhtemel bakir oksitlerin, siilfatlarin pargalanma
hadiseleri nedeni ile gecikmeli olarak 737,4 °C’den sonra
rediiklenmeye basladiklar1 da muhtemeldir.

Kursunun oksijene olan ilgisi de diisiik diizeyde oldugundan
bakirda oldugu gibi PbO in metale rediiksiyonunun serbest
enerji degerleri agisindan kolay oldugu ve ilk
rediiklenecekler arasinda oldugu ifade edilmektedir.
Yapidaki azlig1 nedeni ile X-ray de varligi ispatlanamasa da
EDS de varlig1 gozlendiginden bu hadisenin olma olasilig1
da  mevcuttur. PbO’in  PbO+C=Pb+CO (veya
PbO+CO=Pb+CO, CO,+C=2CO0) rediiksiyon
reaksiyonunun serbest enerjisinin negatif oldugu ve
600°C’lerde olugabilecegi, ancak bunun X-raylerden
anlasildig1 kadariyla ortamda oksijen varsa sinirli olarak
gergeklestigi, oksijen yoksa 500 °C’lerde bile metalik
kursuna rediiklenebildigi ifade edilmistir [10]. Bu nedenle bu
reaksiyonun da bu aralikta meydana gelmesi s6z konusudur.
Ayrica yapida varligr X-ray ile (Sekil 2) ispatlanan bir miktar
pirit (FeS,) de bu aralikta pargalanirken kiikiirt gaz1 ¢ikararak
oksitlenmektedir. Bakir ve kursun oksitlerin rediiksiyonu
DTA ve DSC de 774,2 °C’de goziiken ekzotermik pik ile
kanitlanmustir.
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DTG deki biiyiik ikinci pik ile (813,7 °C-970,47 °C)
muhtemelen su hadiseler ger¢eklesmektedir:

600 °C’de kavrulmus iiriinde var olan Fe3O4’iin FeO ya
indirgenmesinin  (Fe304+CO=Fe0+CO;) 650 °C’nin
iizerinde gercgeklestigi de ifade edilmektedir. Ancak 6nceki
adimda ifade edilen pargalanma ve bakir, kursun
rediiksiyonlar1 dolayisi ile bu hadise biraz gecikmeli olarak
bu aralikta ger¢eklesmektedir. FeO in Fe’e indirgenmesinin
ise 705 °C’nin tizerinde miimkiin oldugu, bu hadisenin de
dogal olarak gecikmeli de olsa bu aralikta meydana gelecegi
anlasilmaktadir [11]. Burada 861 °C’de ¢ok kiigiik bir
ekzotermik pik goziikmiistiir.

DTG deki biiyiik iigiincii pikle (970,47 °C-1141,4 °C) su
hadiseler gerceklesmektedir:

ZnO in ise 920-950 °C’lerde indirgenmesinin baslayacagi
ifade edilmistir. Rediiksiyon iiriinii ¢inkonun daha Once
rediiklenmis bakir, kursun ve ¢inko metalleri ile alagim
yapabilecegi de ifade edilmis, diger metal oksitlerinin
rediiksiyonuna nazaran ¢inkonun rediiksiyon reaksiyonunun
endotermik oldugu belirtilmistir. DTA ve DSC egrilerinin
yoniiniin yaklasik bu sicakliklardan itibaren asagi (endo)
yonde hareketi de bunu dogrulamaktadir. Cinkonun
rediiksiyonunun (ZnO+C=Zn+CO) birka¢ adimda cereyan
ettigi de gozitkmektedir.

DTG’deki biiyiik dordiincii pik ile ¢inko oksitin
rediiksiyonunun (1141,4 °C-1268,49 °C) devam etmekte
oldugunu, DTA ve DSC egrilerinin yoniiniin 970°C’den
sonra asagl yonde olusmas: (endotermik reaksiyon)
dogrulamaktadir.

Kisim 2.1 de ifade edildigi sekliyle 30 dk aktive edilmis
konsantrenin 700 °C’de 240 dk kavrulmus triiniin SEM-
EDS ve Mapping goriintiileri Sekil 4°te verilmistir. Sekil 4°te
goriildiigii gibi EDS analizinden numunenin % agirlik¢a en
cok cinko icerdigi goziikmektedir. Kavrulmus numunede
kiikiirdiin halen oldukga yiiksek oranda var olmasina ragmen
orijinal numuneye gore daha az oldugu da goéziikkmektedir.
Obiir yandan numunedeki oksijen igeriginin de ikinci en
yiiksek element oldugu, {igiincii bilesen olarak da kiikiirdiin
oldugu goriilmektedir. Bu durum siilfatlayici kavurma
isleminin gergeklestigini de gostermektedir.

Aktive edilip 700 °C’de 240 dk. kavrulmus cevherin X-ray
analizi Sekil 5°te verilmistir. Sekil 5’ten gortildiigii gibi 600
°C’de ¢ok az miktarda da olsa ZnS {in varligina da rastlanmis
iken, 700 °C’de ZnS iin tamaminin ZnO’e donistiigd,
stilfatlarin (Zn30(S04)2) da olustugu, piritin ise tamaminin
oksitlendigi, 600 °C’de numunede manyetitin (Fez04)
olustugu, ¢inko ferritin (ZnFe»04) olugmadigi, 700 °C’de ise
¢inko ferritin de olustugu goziikkmektedir.
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Sekil 4. 600 devir/dk.’da, bilya/numune:30/1 sartlarinda
gezegensel degirmende 30 dk. aktive edilmis, 700°C’de 240
dk. kavrulmus cevherin SEM-EDS ve Mapping analizi.
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Sekil 5. 600 devir/dk.’da, bilya/numune:30/1 sartlarinda
gezegensel degirmende 30 dk. aktive edilmig, 700°C’de 240
dk. kavrulmus cevherin X-ray analizi.

600 devir/dk.’da 30 dk. aktive edilmis cevherin 700 °C’de
kavrulmus iiriiniine grafit ilavesiyle hazirlanan numunenin
TG, DTG, DTA ve DSC egrileri Sekil 6’da verilmistir.

Sekil 6’dan gorildigl gibi toplam agirlik kaybi %36,37
olarak gergeklesmistir. 600 °C’de kavrulmus numuneye gore
700 °C’de kavrulmus iiriiniin TG sinde daha fazla agirhik
kayb1 meydana gelmektedir. Bu durum da 700 °C’de kati
fazda daha fazla siilfatlarin tesekkiil ettigini gostermektedir.
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En biiyiikk pikin olugmaya basladigi 586 °C’den sonra
%33,74°liik bir agirlik kaybr meydana gelmistir. Bu kayip
600 °C’de kavrulmus iiriiniin termal egrisine gore kimyasal
reaksiyonun hem daha diigiik sicaklikta basladigini hem de
daha fazla % agirlik kaybinin olustugunu gostermektedir.
600 °C’lik galigma 4 adimli géziikmiis iken, bu ¢aligmada ise
DTG de pikler 5 adimda ve sirastyla 586 °C-779 °C, 779 °C
-926 °C, 926 °C -980 °C, 980 °C -1152 °C ve 1152 °C -
1300°C sicakliklar arasinda meydana gelmektedir.
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Sekil 6. 600 devir/dk.’da 30 dk. aktive edilmis cevherin
700°C’de kavrulmus iriiniine grafit ilavesiyle hazirlanan
numunenin TG, DTG, DTA ve DSC egrileri.

DTG deki biiyiik ilk pik 600 °C’lik calismada 599 °C-813,7
°C’ler arasinda meydana gelirken, 700 °C’lik ¢aligmada 586
°C-779 °C’ler arasinda gergeklesmektedir. Bu kayiplarin
sebebi aymi olup, bunu simgeleyen endo pik 600 °C’lik
galismada 737,4 °C’de meydana gelirken 700 °C’lik
caligmada 726,1 °C’de endo pik vermistir. Bu ilk pikin
reaksiyon adiminin ilk ve son sicakliklari ile maksimum pik
sicakliginin 600 °C’lik ¢alismaya gore diismesi, muhtemelen
daha yiiksek sicaklikta yapida olusmus siilfatlarin daha fazla
olmasindan kaynakli SOz kismi basincinin daha fazla
artmasidir. Bakir ve kursun oksitlerin rediiksiyonu DTA ve
DSC’de 600 °C’lik ¢aligmada 774,2 °C’de, 700 °C’lik
calismada ise 775,6 °C’de ekzotermik pik seklinde
goziikmiistiir.

600 °C’lik galismada DTG de biiyiik ikinci pik 813,7°C-
970,47 °C’ler arasinda meydana gelirken, 700 °C’lik
calismada ise 779 °C-926 °C ve 926 °C-980 °C’ler arasinda
iki pik seklinde gergeklesmektedir. Daha 6nce 600 °C’lik
iirlin i¢in ifade edilen gerekgeler ve ¢ok kiiclik ekzotermik
pikin sicakligr 700 °C’lik iirlin i¢in de aynidir.

DTG deki biiyiik tigiincii pikte (926°C-980°C’leri arasinda)
¢inkoferritin rediiklendigi, ilaveten DTA ve DSC egrilerinde
¢inkonun oksitten de rediiksiyonunun (ZnO+C=Zn+CO)
endotermik olup, bu aralikta cereyan ettigi de
goziikmektedir.
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DTG’deki biiyiik dordiincii ve besinci pik ile (980 °C-1152
°C ve 1152 °C-1300 °C’ler arasinda) DTA ve DSC
egrilerinde derin biiyiik bir vadi seklinde bir endotermik
reaksiyonlarin olusmasi, c¢inkonun rediiksiyonunun bu
aralikta da ¢ok adimli olarak devam ettigini
dogrulamaktadir.

Kisim 2.1°de ifade edildigi sekliyle 30 dk. aktive edilmis
konsantrenin 800 °C’de 240 dk. kavrulmus {iriiniin SEM-
EDS ve Mapping analizi Sekil 7°de goriilmektedir.

Sekil 7 kavrulmus numunenin en ¢ok cinko igerdigi,
kiikiirdiin hemen hemen yok denecek kadar az oldugu,
oksijen iceriginin ise son derece yiiksek oldugu, kavurma
islemi sonucu oksit igeriginin ¢ok yikseldigini de
ispatlamaktadir. 700 °C’de {igiincii en yiiksek element kiikiirt
iken 800 °C’de ¢ok az olmasi, siilfatlarin parcalandigini
gostermektedir.

Kisim 2.1°de ifade edildigi sekliyle 30 dk. aktive edilmis 800
°C’de 240 dk. kavrulmus konsantrenin X-ray analizi Sekil
8’de verilmistir.

Fe 0

Sekil 7. 600 devir/dk.’da, bilya/numune:30/1 sartlarinda

gezegensel degirmende 30 dk. aktive edilmis, 800 °C de 240
dk. kavrulmus konsantrenin SEM-EDS ve Mapping analizi.

Sekil 8’den gorildigi gibi 800 °C’de kavrulmus numunede
Zn0, Fe30q, Zn30(804)2, ZnFe;04 ve SiO; gozikmektedir.
600°C’de kavrulmus numunede ¢ok az miktarda da olsa ZnS
in varhi@ina da rastlanmis iken, 700 °C’de ve 800 °C’de
ZnS’{in tamaminin ZnO’e doniistiigl goriilmiistiir. 600 °C ve
700°C’de fazla miktarda var olan siilfatlarin (Zn3O(SOa),)
800°C’de ¢ok azaldig1 goziikmektedir. 600 °C’de kavrulmus
griinde piritin bir kismu varligini stirdiiricken, diger bir
kisminin ise manyetite doniistiigii, 700 °C ve 800 °C’de ise
piritin tamaminin oksitlendigi gortilmiistiir. 600 °C’de ¢inko
ferritin olugsmadigi, 700 °C ve 800 °C’de ise ilaveten ¢inko
ferritin (ZnFe204) de olugsmaya basladig1 goziikmektedir.
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Sekil 9. 600 devir/dk.’da 30 dk. aktive edilmis cevherin
800°C’de kavrulmus iiriinline grafit ilavesiyle hazirlanan
numunenin TG, DTG, DTA ve DSC egrileri.

74

Eoup

DTG deki biiyiik ilk pikde (532 °C -873 °C’ler arasinda) su
hadiseler gerceklesmektedir:

Onceki calismalarda (600 °C ve 700 °C’lerde) ilk biiyiik pik
endotermik hadise ile meydana gelirken, 800 °C’de 6n
kavurma sirasinda parcalanmasindan dolay: siilfatlart gok
¢ok az igeren bu iriiniin termal analizi sirasinda belirgin
biiyiik bir endotermik pik ayni bolgede olusmamustir.

Konsantrede kavurma sirasinda oksitlenen bakirin (CuO
veya Cuy0O), soy davranmast nedeni ile metale
rediiksiyonunun en kolay oldugu olusacak bakirin ¢inko ile
alagim yapabilecegi de literatiirde yer almaktadir [11].
Kursunun oksijene olan ilgisi de diisiik diizeyde oldugundan
PbO’in metale rediiksiyonunun kolay oldugu, yapidaki azlig
nedeni ile X-ray’de varlig1 ispatlanamasa da EDS’de varhigi
gozlendiginden bu hadisenin olma olasilig1 da mevcuttur.
PbO’in Pb’a rediiksiyon reaksiyonunun serbest enerjisinin
negatif oldugu ve 600 °C’lerde olusabilecegi, ancak bunun
X-raylerden anlasildigi kadariyla ortamda oksijen varsa
siirli olarak gergeklestigi, oksijen yoksa 500 °C’lerde bile
metalik kursuna rediiklenebildigi ifade edilmistir [10].
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800 °C’de kavrulmus iiriinde varlig1 ispatlanan FesO,’iin
FeO’ya indirgenmesi 650 °C’nin tizerinde
gerceklesmektedir. Olusan FeO’in Fe’e indirgenmesinin 705
°C’nin iizerinde miimkiin oldugu, bu hadisenin de dogal
olarak bu aralikta meydana gelecegi anlagilmaktadir [11].
Kati fazda var olmasi muhtemel bakir oksitlerin ve kursun
oksitlerin rediiksiyonu ile manyetitin DSC’de 624 °C ve 722
°C’lerde toplam 1s1 yekiinii olarak ekzotermik pikler seklinde
ortaya ¢ikmasi bu reaksiyonlarin komplike olarak bu aralikta
meydana geldigini gostermektedir. DTG deki ikinci biiyiik
pik ile (873 °C-963 °C’de) muhtemelen su hadiseler
gerceklesmektedir: X-ray de kavrulmus iriinde varligi
gozlenen ¢inkoferritin  ZnFe,04+3C0O=Zn0+2Fe+3CO;
seklinde olusan reaksiyonunun 900 °C’nin altinda
gerceklesmeye baslayabilecegi literatiirde ifade edilmistir.
Daha onceki caligmalarda pargalanma hadiselerinin sebep
oldugu endo hadiselerden kaynakli bu reaksiyon orada
yiiksek sicakliklarda meydana gelirken, ¢inko ferritin
rediiksiyonunun daha diisiik olan bu sicaklik araliginda
meydana geldigi gorilmektedir. ZnO’in ise 920 °C-950
°C’lerde indirgenmesinin baslayacagi bilinmektedir. DTA
ve DSC egrilerinde ¢inko oksitten ¢inkonun rediiksiyonu bu
bolgede devam etmektedir. DTG deki biiyiik Gi¢lincii pikle
(963 °C-1049 °C) ZnO’in rediiksiyonu devam etmektedir.
DTG deki biiyiik dordiincii pik ile (1049 °C-1180 °C) DTA
ve DSC egrilerinin yoniintin bu sicaklik araliinda asagi
yonde olmasi, derin biiyiik bir vadi seklindeki bu egilim,
cinkonun rediiksiyonunun bu aralikta da devam ettigine
isaret sayilabilir.

Kisim 2.1°de ifade edildigi sekliyle 30 dk. aktive edilmis 900
°C’de 240 dk. kavrulmus iiriniin SEM-EDS ve Mapping
analizi Sekil 10’da goriilmektedir.

Sekil 10. 600 devir/dk.’da, bilya/numune:30/1 sartlarinda
gezegensel degirmende 30 dk. aktive edilmis, 900 °C’de 240
dk. kavrulmus cevherin SEM-EDS ve Mapping analizi.



HALGUL

Sekil 10°da kavrulmus numunenin elementel olarak agirlikca
% olarak en ¢ok ¢inko icerdigi gozilkmektedir. Bu numunede
kiikiirt yok denecek kadar azdir. Ayrica numunedeki oksijen
iceriginin son derece yiiksek oldugu da goriilmektedir. EDS
analizinden ikinci en yiiksek element oraninin agirlikga %
olarak oksijen oldugu da gézikmektedir. 700 °C’de
kavrulmus numunelerde iigiincii en yiiksek element olarak
kiikiirt goziikiirken 800 °C ve 900 °C’de ¢ok az olmasi,
stilfatlarin  olusamadigini, parcalandigint gostermektedir.
Mapping analizinde de kiikiirdii temsil eden renk dagiliminin
¢ok az oldugu da goziikmektedir.

Kisim 2.1°de ifade edildigi sekliyle 30 dk. aktive edilmig 900
°C’de 240 dk. kavrulmus cevherin X-ray analizi Sekil 11°de
verilmistir. Sekil 11’den goriildiigii gibi numunede ZnO,
FesOs, Zn30(SO4)2, ZnFe;0s ve SiO; goziikmektedir.
600°C’de kavrulmus numunede ¢ok az miktarda da olsa ZnS
iin varhigina rastlanmis iken, 700 °C, 800 °C ve 900 °C’de
kavrulmus iiriinlerde ZnS’iin tamaminin ZnO’e doniistiigii
goriilmiistiir. Ayrica yapida 600 °C, 700 °C ve 800 °C’de var
olan siilfatlarin (Zn30(S04)2) 900 °C’de ¢ok ¢ok azaldigi
goziikmektedir. 600 °C’de kavrulmus iriinde piritin bir
kismi varligini siirdiiriirken, diger bir kisminin ise manyetite
dontstiigh  goziikmekte, 700 °C, 800 °C ve 900 °C’de
kavrulmusg iiriinlerde ise piritin tamaminin oksitlendigi
goriilmiistiir. 600 °C’de ¢inko ferritin (ZnFe>O4) olusmadig,
700 °C, 800 °C ve 900 °C’de kavrulmus numunelerde ¢inko
ferritin artan oranda olustugu goziikmektedir.
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Sekil 11. 600 devir/dk.’da, 1mk.;iﬂlw)lla/numune:30/1 sartlarinda
gezegensel degirmende 30 dk. aktive edilmis, 900 °C’de 240
dk. kavrulmusg cevherin X-ray analizi.

600 devir/dk.’da 30 dk. aktive edilmis konsantrenin 900
°C’de kavrulmus friiniine grafit ilavesiyle hazirlanan
numunenin TG, DTG, DTA ve DSC egrileri Sekil 12°de
verilmistir. Sekil 12°den goriildiigii gibi toplam agirlik kaybi
%14,9 olarak gerceklesmistir. Yaklagik 482 °C ye kadar
%0,7’lik bir agirhk kaybi meydana gelmis iken, bu
sicakliktan sonra ise %14,2°lik agirlik kaybi meydana
gelmistir. Bu agirlik kaybinin 3 adimda meydana geldigi
DTG’den goziikmektedir. Bu agirlik kayiplar sirasiyla 482
°C-893 °C, 893 °C-972 °C ve 972 °C-1193 °C’ler arasinda
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meydana gelmektedir. Diger sicakliklarda agirlik kayiplar1 4
ya da 5 adimli olarak meydana gelirken, 900 °C’de 3 adimh
olarak meydana gelmistir.

DTG’de goriilen biiyiik ilk pikte (482 °C-893 °C’de)
muhtemelen su hadiseler ger¢eklesmektedir:

Kursunun oksijene olan ilgisi bakir oksitte oldugu gibi PbO
in metale rediksiyonunun (PbO+C=Pb+CO veya
PbO+CO=Pb+CO,, CO,+C=2CO) serbest enerji degerinin
negatif oldugu ve 600 °C’lerde bile olusabilecegi, oksijen
yoklugunda 500 °C’lerde bile metalik kursuna
rediiklenebildigi ifade edildiginden bu reaksiyonun da bakir
oksitin rediiksiyonu gibi bu aralikta meydana gelme ihtimali
s0z konusudur [7, 8]. 900 °C’deki iiriinde var olan Fe3O4’iin
FeO’ya indirgenmesinin (Fe3O4+CO=Fe0+CO;) 650 °C’nin
iizerinde gergeklestigi de bilinmektedir.

Olusan FeO’in Fe’e indirgenmesinin 705 °C’nin {izerinde
miimkiin oldugu, bu hadisenin de dogal olarak bu aralikta
meydana gelecegi anlagilmaktadir [11].
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Sekil 12. 600 devir/dk.’da 30 dk. aktive edilmis cevherin 900
°C’de kavrulmus {iriiniine grafit ilavesiyle hazirlanan
numunenin TG, DTG, DTA ve DSC egrileri
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DTG’de goriilen biiylik ikinci pikte (893 °C-972 °C’leri
arasinda) muhtemelen su hadiseler gergeklesmektedir:

ZnFe;04’in ZnO’e doniistimii, akabinde ZnO’in ise 920 °C-
950 °C’lerde indirgenmesine eslik edecegi, rediiksiyon
iiriinii ¢inkonun daha once rediiklenmis bakir ve kursun
metalleri ile alasim yapabilecegi de ifade edilmistir. Diger
metal oksitlerinin rediiksiyonuna nazaran c¢inkonun
rediiksiyon reaksiyonunun endotermik oldugu goéziikmekte,
DTA ve DSC egrilerinin yoniiniin yaklasik bu sicakliklardan
itibaren asag1 (endo) yonde hareketi de bunu
dogrulamaktadir. Cinkonun rediiksiyonu sonraki iiglincii
adimda (972 °C-1193 °C’ler aras1) da devam etmektedir.

4. SONUCLAR

Canakkale Yenice yoresi ¢inko konsantrelerinin sfalerit tiirti
oldugu tespit edilmistir. Cevherde en ¢ok elementel olarak
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¢inko yer almaktadir. Ayrica az miktarda bakir ve kursunun
da varligina rastlanmistir. Diisiik sicakliklarda (600 °C ve
700 °C’de) kavurma isleminin siilfatlayict olarak
gerceklestigi, daha yiiksek sicakliklarda oksitlerin olustugu,
kavurma sirasinda c¢inko ferritlerin de tesekkil ettigi
anlagilmistir.  Cinko oksitin  rediiksiyonunun grafitle
900°C’lerde basladig1 goriilmiistiir.
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Abstract

Turbulent flows have complex structures due to its nature and its’ analyses are hard either by numerical or experimental means.
Hydrodynamic development of turbulent flow is also complex. In this study, velocity and turbulence distributions in
hydrodynamic entrance length of pipes are investigated numerically depending on axial and radial locations. Implications of
these distributions are qualitatively evaluated in terms of heat transfer. Literature was surveyed for a single empirical expression
that provides velocity profile directly according to Reynolds number, radial and axial locations. Requisite for computational fluid
dynamics in hydrodynamic entry length of pipes is stressed by assessing turbulence magnitudes in radial and axial directions.
Definition of the development length and effects of the definition in respect of heat transfer are discussed. An axisymmetric pipe
entrance region was analyzed by means of a commercial CFD code with nondimensional parameters. Therefore, dimensional
parameters reduce into one dimensionless independent parameter, i.e. Reynolds number. Four different Reynolds numbers that
are 5x103, 1x10% 5x10% 1x10° were used in calculations. k-¢ turbulence model and standard wall functions were used for
turbulence modeling. Hydrodynamic entry length, velocity and turbulence values are presented by means of axial and radial
profiles. According to the obtained results, two different directions of radial velocity component values exist in the hydrodynamic
entry length that would lead to different radial thermal convection effects. It is found that simultaneously developing velocity
profiles and turbulence quantities leads to a characteristic centerline velocity profile. Also, it is seen that a good resolution in
hydrodynamic entrance length can be easily achieved by computational fluid dynamics. A detailed composition of hydrodynamic
turbulent entrance length analysis, its physical explanations due to simultaneously developing hydrodynamic boundary layers
and turbulence production, definition aspects of the entrance length in terms of heat transfer and literature survey for analytical
solution of the region are provided.

Keywords: Axisymmetric flow, CFD, Developing turbulent pipe flow, Hydrodynamic entrance length, k-¢ turbulence model.

Nomenclature X von Karman constant

Symbols I: Mixing length (m)

A: Damping factor L: Length or characteristic length (m)

a. Empirical constant A Empirical constant

b: Mathematical expression abbreviation 7% Dynamic viscosity (kg/m-s)

d: Ordinary derivative n: Reciprocal exponent

o: Boundary layer thickness v Kinematic viscosity (m?/s)

D: Diameter (m) p: Pressure (Pa) /

e: Exponential function Order of discretization

& Dissipation of turbulence kinetic energy IT: Empirical constant
(m?/s®) / eddy diffusivity (m?/s) / Relative p: Density (kg/m?)
error T Shear stress (Pa)

n: Transformed variable Y. Transformed variable

f: Friction coefficient / dimensionless stream r: Distance in radial direction (m) /
function / Output of mesh independency Mesh refinement ratio

G: Factor (1/m-s) R: Radius (m)

¥ Function u, U: Velocity (m/s)

h Node spacing (m)
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X: Distance in axial direction (m)
y: Wall distance (m)

Abbreviations

CFD: Computational Fluid Dynamics
GCI: Grid Convergence Index

Re: Reynolds number

Subscripts

0: Starting point

c: Centerline

D: Development

1. INTRODUCTION

Present day control engineering has increased its capabilities
by means of machine learning approaches. Human factor
decreases in time by means of these artificial intelligence
applications. However, data masses are needed in order to
have machine learning approaches work as desired or in
other words, to be trained. Data is mostly provided by
research. This data can be divided into two types that are
transient and steady for systems’ operations depending on
time. Different system responses can be observed at system
startups, stops and instantaneous changes in the operation.
These system responses are transient and they are filtered in
steady regime. If transient responses are critical for an
engineering system, then transient data is needed. This
situation is valid for heat transfer works. Transient regime
heat transfer is very different than steady regime at system
startups, stops and instant changes. For instance, thermal
convection at the initiation of a thermal boundary condition
or change starts from zero and rises to infinity and then
decreases to its steady value in time [1, 2]. Periodic changes
in several conditions also induce transient changes [3-5].
Hydrodynamic entrance length flow field contributes and
effects transient heat transfer. Pipes can be given as an
example. If the hydrodynamic entrance length is
comparatively long enough for the remaining part of the
pipe, both transient and steady heat transfer regimes would
be affected by the pattern in this region. Accordingly, this
work aims to analyze hydrodynamic entrance length by
velocity and turbulence distributions. By this way, its
implications on transient and steady heat transfer regimes
can be qualitatively evaluated. Also, these distributions can
be used for calculating heat transfer. On the other hand, this
work uses its obtained flow field to examine different
approaches in the practice for defining hydrodynamic
development length based on change rates of centerline
velocity or pressure drop rate. Additionally, literature is
surveyed for possible analytical and empirical means for
resolving this region. Finally, the general pattern of the
turbulent hydrodynamic entrance length of the pipe is
explained by the simultaneous development of
hydrodynamic boundary layers and turbulent production.
Consequently, this work offers a composition of analyses for
turbulent hydrodynamic entrance length of pipes. This type
and content of composition has not been encountered in the
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i Inner
m: Momentum or mean
T Related to wall stress

tr: Transition
: According to axial length

Superscript

+ Dimensionless according to wall
*: Dimensionless variable

" Derivative

l: Inner

F: Flat plate

literature and to the best knowledge of the authors, it will
contribute to the literature by basing a detailed figure.

Pipes and flow in pipes can be part of a numerical,
experimental or analytical heat transfer investigation.
However, analytical approaches cannot solve turbulence
directly due to its nature. Therefore, experimental velocity
profiles were used, especially in early works. There are
difficulties for using experimental velocity profiles in
hydrodynamic entrance length since velocity profiles
spatially change in this region. On the other hand, developed
velocity profile is single. Both analytical and numerical
solutions of the energy equation were conducted mostly for
hydrodynamic developed flow in heat transfer studies for
this reason [6, 7]. Literature survey of reference [8] also
shows this fact. In those kinds of works, flow field can be
drawn from an empirical correlation or an analytical
expression. Analytical solutions for turbulent heat transfer in
hydrodynamic entrance length, on the other hand, partly use
half analytical half empirical approaches, dividing flow field
into regions in radial and axial direction for utilizing
boundary layer theory and empirical profiles [9, 10].
Additionally, there are more recent analytical solution trials
with higher level mathematics [11]. Some instances are
provided in the literature survey. Nevertheless, all above
mentioned approaches are burdensome comparing with
Computational Fluid Dynamics (CFD) considering its
developing abilities due to advancing technology. Therefore,
using CFD to obtain spatially changing velocity distribution
for heat and mass transfer where entrance length and its
effects are important seems logical.

In the region where flow is hydrodynamically developing,
thermal convection exists in at least two directions since
radial ~ velocity = component  emerges.  Therefore,
hydrodynamic entrance length should not be ignored if
developed flow length has same order of magnitude [12]. On
the other hand, transient turbulent conjugate heat transfer for
pipes is further an interesting case since not only transient
thermal development is effected by hydrodynamic
development but turbulent diffusion also contributes to the
heat transfer. Hydrodynamic development of turbulent flow
is complex due to nature of turbulence. Turbulent structures
also enhance diffusion and hence heat transfer. A PhD
dissertation has been published by the first
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authors on simultaneously developing turbulent flow in thick
walled pipes for transient heat transfer [8]. Also, some
preliminary works from the PhD thesis were published
previously [13, 14]. Present work is a further step of sharing
this experience. For the validation and evaluation, the
ultimate comparison of the results of the present paper with
the literature is done by using results of Bryant, et al. [15].
This work actually focuses on turbulent pipe flow for
hydrodynamic entrance length. However, authors also
consider pipe entrance geometry and tried several
geometrical parameters. Nevertheless, the first case out of
five in their work is exactly the same in terms of geometry.
Since they used k-w SST turbulence model with up to 19
million nodes, results of this literature paper is perfect for
comparison. There are three more literature reports on
turbulent pipe flow in the hydrodynamic entrance length
while they also use CFD [16-18]. All four papers are used
for comparison, validation and evaluation of the turbulent
entrance length. The differences of the present work with the
four literature papers are; the way of nondimensionalization,
utilized turbulence model with relatively low number of
mesh elements and low calculation cost; tackled subjects
such as means for analytical solution, development
definition, simultaneous development that composing the
value of the present work.

Before proceeding to the next section, a brief historical flow
of events will be laid out in terms of the related literature.
Also, traces of a single empirical correlation for resolving the
hydrodynamic developing flow region will be searched.
Early attempts for resolving turbulent heat transfer in pipes
in radial and axial directions used analytical means mostly
[19-21]. It is seen that those early works used readily
available flow field data for turbulent flow [22]. Also, most
works focus on developed flow. One prominent approach at
that time is to use generalized solution for the flow field [23]
by using Eigen values. There were also works trying to
resolve turbulent flow by turbulence modeling. For instance,
by means of Boussinesq Turbulent Viscosity Hypothesis and
Prandtl’s Mixing Length Theorem (in various versions),
turbulent entrance region was tried to be solved. Boundary
layer theory is used alongside empirical profiles. Turbulent
diffusivity or mixing length algebraic models are used [24].
However, it can be said that energy equation solutions were
done with analytical approaches. To this point, it is very hard
to mention about a correlation or simple expression that uses
radial, axial length and Reynolds number (Re) as inputs and
gives radial velocity profiles. Accordingly, turbulence
modeling and numerical methods seem indispensable for
turbulent pipe flow, especially in entrance length.

An important reference on analytical solution of turbulent
pipe flow is the book of Cebeci and Bradshaw[10]. This book
contains several semi-analytical and numerical approaches
as well as empirical correlations while an important part is
dedicated to pipe flow. Likewise, a very recent book exists,
dedicated to analytical methods [25]. This book includes heat
transfer in pipes as parabolic problems and provides
analytical solutions for Sturm-Liouville systems with large
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Eigenvalues. The closest empirical expression to the one that
present authors are looking for is given by Salami [9]. Salami
uses boundary layer theory while dividing entrance region of
turbulent pipe flow into more regions (i.e. six) than
commonly practiced. Details are given in next section. Two
empirical correlations are given in a recent paper [18].
Boundary layer solution for axisymmetric geometries is still
being used and reader can find recent papers [26]. In another
paper, authors investigated turbulent swirl flow by boundary
layer solution with integral method [27]. Laplace
transformation can be used in semi-empirical works at
transient turbulent situation where quasi-steady models are
insufficient for higher velocities leading to discrepancies
with experimental results for same flow resistances. Since
academic papers are relatively better on results and
evaluations rather than methodology details, and boundary
layer solution seems prominent in turbulent pipe heat
transfer, dissertations can be a source for details of
methodology. Stoltenkamp reported such work that includes
details of boundary layer theory in an appendix [28]. Early
works use empiricism mostly for obtaining empirical
correlations for development length, pressure drop or
maximum centerline velocity. The work of Singh et al. uses
various correlations and power-law velocity profiles for an
annulus and then presents them for friction factors [29].
Logarithmic correlations for turbulent pipe flow of power
law fluids are given by Trinh [30]. Although paper of
MCcEligot et al. focus on variable thermo-physical properties
of gases depending on temperature for turbulent pipe flow,
their literature survey show how quasi-steady solution and
eddy diffusivity was common at that time for heat transfer
problems[31]. Parallel plates are different from pipes, but
analytical methodologies for analyzing two can be similar.
Sakakibara and Endoh reported a heat transfer analysis of
thick walled parallel plates using eigenvalues and
eigenfunctions of the Sturm-Liouville problem and eddy
diffusivity model [32]. The study is a typical example of that
era for using tabulated data by generalization. Slaiman et al.
presents a wide list containing expressions with references
for obtaining a general idea about eddy diffusivity models
[33]. A more recent and interesting work on analytical
solution of turbulent pipe flow is done by Biglarian et al.,
using second-gradient theory [11]. The linear momentum
equation in the case of second-gradient theory for turbulent
pipe flow is reduced to an ordinary differential equation of
fourth order, which is solved by analytical method.
Algebraic models for eddy viscosity were compared to
differential ones and a basic example can be given as
Martinuzzi and Pollard [34]. For above references and
present studies, experimental data of Barbin and Jones in
graphical form is very clear for smooth pipe entrance length
[35]. Another literature review for experimental results at
that time is given by Klein [36]. Of course there are plenty
of more recent and more precise experimentation and reports
[37]. Recently pipe hydrodynamic entrance length and its
subdivisions have been analyzed by CFD [17]. Author also
considers surface roughness for several metals and compared
results with literature empirical correlations. Finally, it is
worth to mention about stream function solution as a
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numerical tool for solving developing pipe flow and it was
more common earlier periods of numerical studies [38].

In this work, velocity and turbulence resolution of pipe
hydrodynamic entrance length is aimed. CFD is utilized for
this task. On the other hand, literature is surveyed for a direct
empirical correlation or expression that gives axial velocity
profile in radial direction in the hydrodynamic entry region.
Semi-analytical approaches are introduced as a general
framework. CFD analysis using turbulence viscosity concept
with standard wall functions is presented in order to give
velocity and turbulence quantity profiles in the pipe
hydrodynamic entry length. A sum up of historical evolution
on the topic is done and recent knowledge is presented in
brief. Development length definitions are discussed and their
implications on heat transfer works are evaluated. Also
simultaneous development of the boundary layers and
turbulence production is examined.

2. THEORETICAL APPROACH
2.1. CFD Details

Fluent code in ANSYS 18 was used for CFD analysis of
turbulent flow in axisymmetric pipe geometry for
hydrodynamic entry length. In order to reduce dimensional
parameters into one nondimensional parameter, which is Re,
and obtain non-dimensional results, an approach suggested
by Patankar was used[39]. In this approach, governing
equations of flow for Newtonian fluid is assumed to be
dependent only on Re number. Then, one parameter having
dimension is changed while others set to unity in such a way
that Re results in desired value. In this work, pipe inner
diameter is set to 1 m (D=1 m), uniform inlet velocity in axial
direction is set to 1 m/s (Uine=1 mM/s), constant density is set
to 1 ka/m3 (p=1 kg/m3) and constant viscosity is set to 1/Re
kg/mes (u=1/Re kg/mes). This setup is given in Table 1.

Table 1. Parameter setup for dimensionless analysis

Uit (m/s) D (m) p(kg/m¥)  u (kg/m-s) Re
1 1 1 1/Re 5x10°
1 1 1 1/Re 1x10*
1 1 1 1/Re 5x104
1 1 1 1/Re 1x10°

Results can be presented in nondimensional form with the
setup in Table 1. This presentation necessitates
nondimensionalization of all results by dividing them to the
parameters in Table 1. Motion variables are divided by inlet
velocity and length variables are divided pipe diameter.
Since these denominators are equal to unity, numerical
results obtained from CFD code can be directly used without
using any dimension. This simple arrangement is not given
explicitly in many nondimensional CFD works. In fact, it has
not been seen in any reviewed papers by the authors.
Accordingly, the present work also provides a chance to
benchmark this approach.
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Since pipe diameter is set to 1 m, axisymmetric geometry
should be drawn as a rectangle having short edge of 0.5 m.
Preliminary runs showed that 80 pipe diameters length for
calculation domain is more than enough for the turbulent
flow to reach development. Therefore, long edge of the
rectangle geometry was set to 80 m. Very low aspect ratio of
the geometry (which is 0.5 m divided by 80 m and equals to
0.00625) makes its figures harder to give in a single image.
Nevertheless, Figure 1 shows the scale of the geometry and
how CFD software interprets it.

Wall

Symmetry Axis Outlet

80.00(m)

Inlet

0.00 40.00

20.00 60.00

(a)

(b)
Fig. 1. (a) Axisymmetric geometry (b) CFD post processor
interpretation of the geometry for Re=5000 and Coarse Mesh

Figure 1b shows an axisymmetric geometry by Cartesian
coordinate system. It is known that axisymmetric geometry
has zero thickness but this is different from 2D planar
geometry since there should be a differential tangential
length difference between pipe axis and wall. At the pipe
axis, the 2D volume goes to singularity. The differential
tangential length is also drawn by using Cartesian
coordinates; and therefore imposes an amount of numerical
uncertainty. The mesh is actually a 2D domain without any
tangential depth but tangential difference is included by
modification of governing equations. An explanatory work
has been published recently by the authors on how governing
equations are modified for axisymmetric flow [8, 40]. The
CFD software used 2D results for filling the quasi 3D domain
in the post processor.

All discretization schemes for momentum and pressure terms
were selected as “power-law” discretization scheme, which
is described in Patankar’s book [39]. Simple algorithm was
used for pressure velocity coupling. Standard k-¢ turbulence
model described in Launder and Spalding [41] was used
with standard wall functions. This enables using greatly
reduced numbers of mesh elements with uniform distribution
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in spatial domain. The reason of low computational cost
comes from standard wall functions that do not require
resolution of viscous-laminar sub-layer. Therefore, viscous-
laminar sub-layer is covered with one mesh element in radial
direction. The selected spatial discretization and SIMPLE
algorithm also do not necessitate high computational cost.
However, its order of spatial dependence will be shown by
Grid Convergence Index (GCI) in the following part of this
section. Fluid was assumed incompressible and having
constant properties. No slip wall was set for wall boundary
condition. No viscous dissipation was assumed and therefore
energy equation was omitted. Initial values of k and ¢ are
calculated from pipe diameter and approximately 3.4%
turbulence intensity. The turbulence intensity at the inlet is
calculated by considering Re and empirical equations in
Versteeg and Malalasekera [42]. For the derivation of
governing equations, reader may refer to CANLLI, et al. [40].

Mesh structure in the CFD solution should not affect results.
This is called “mesh independency”. Mesh independency
actually depends on spatial discretization. However, mesh is
build prior to the numerical solution. Therefore, a trial and
error process is utilized in order to detect if mesh structure
has an effect on the results. Also, the order of spatial
discretization can be determined during this trial and error
process. A structured mesh is used since the 2D rectangle
geometry enables easy implementation of structured mesh.
Accordingly, orthogonal quadrilateral mesh elements were
obtained. CFD favors these types of mesh elements because
interpolation schemes are simpler in this case. With
structured quadrilateral mesh elements, “Green-Gauss Cell
Based” interpolation scheme, which is simpler comparing to
“Least Squares Cell Based” interpolation, was used. The
structured mesh was designed uniform throughout the pipe
considering the low numerical cost of the CFD scheme.
Therefore all mesh elements have same sizes from pipe axis
to wall and from inlet to outlet. However, an exception was
made for mesh elements next to the wall in order t maintain
y* values in the required range for standard wall functions.
This will be further explained in the following. The mesh
element size was determined with a ratio to pipe radius, i.e.
pipe radius (rwi) over 5, 10 or 20. Accordingly, three mesh
element numbers were tried for grid independency. Grid
Convergence Index (GCI) analysis was also applied as
suggested by Roache [43]. Data for mesh independency and
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GCI are given in Table 2 and 3 respectively. Blue colors
indicate that the changes are ignorable. Green colors indicate
the selected meshes for further calculations.

Table 2 and 3 are evaluated together to determine proper
mesh setup for four different Re numbers. It is seen that
reducing mesh element size next to the wall under y* values
lower than 15 deteriorate results. This is an expected
phenomenon since standard wall functions necessitate a
radial location of calculation node next to the wall higher
than 12 of y* [42, 44]. Therefore, second version of mesh
numbers for medium and fine meshes of Re=5x10% and
10x103 contain a fixed first mesh element height in radial
direction next to the wall. Figure 2 gives visual comparison
of mesh versions. This figure also reveals a second fact that
reducing mesh element size further for MediumV2 and
FineV2 meshes would impose a severe transition from a
relatively very big element to a very small one. This would
numerically increase effect of mesh element next to the wall
over subsequent mesh element in radial direction. All above
evaluations can be justified by Table 2 and 3. However, at
this point, it should be noted that changes in maximum axial
velocity and hydrodynamic entry length based on 0.1%
spatial change in centerline axial velocity are very different
in magnitude. Hydrodynamic entry length is a derivative
result and changes significantly with mesh structure.
However, maximum axial velocity value is a primitive
variable and the change according to mesh structures is very
limited. Since the main goal is achieving distributions of
primitives and the limit for hydrodynamic entry length is
already determined very sensitive, the decision for mesh
structure for calculation is based on maximum axial velocity.
Although all meshes seem proper for Re=50x10% and
100x10%, GCI analyses suggest Medium mesh since
transition to Fine mesh changes maximum axial velocity
very little. On the other hand, only MediumV2 and FineV2
seem proper for Re=5x10°% and 10x10° but GCI suggest
MediumV2 because hydrodynamic entry length changes
11% by the transition from Coarse to MediumV2. In other
words, the selected meshes for further calculations, which
are marked with green in Table 2, are determined by the
higher element values of intersecting blue marked ignorable
changes.
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Table 2. Mesh information and percentage changes

Percentage Changes of

Mesh Denomination and Element Numbers Percentage Changes of Maximum Hydrodynamic Entry Length based

Axial Velocity on 0.1% Spatial Change in
Centerline Axial Velocity
Coarse - Coarse .
Coarse Medium Fine MediumV2 FineV2 sl Medium  to Medium{gaeEEs Medium  to i L

Re V2 to to V2 to

(rei/5) (rwif10) (rwi/20) (y™>15)  (y">15) Me d(;um to Fine Medium to Fine Medium

V2

FineV2 Medium

FineV2

14400 (1o~ 54400 (fur-
(ri/5))/8  (ril5))/16
14400 (1o~ 54400 (fui-
(ri/5))/8  (1il5))/16
64000 256000
(ril20)  (ril40)

3 64000 256000
100x10 4000 16000 | 64000 (rui/20) (rui/40)

Approximate
Iteration =750 =1600 =3000 NA NA
Number

NA= Not Available

5x10° 4000 16000 64000

333 4.03 8.05 1445 429

10x10° 4000 16000 64000

0.84 25

8.46  4.28

50x10° 4000 16000 | 64000 165 165

Table 3. GCI Results

GCl based on Hydrodynamic Entry Length for 0.1% Spatial Change
in Centerline Axial Velocity

GClI based on Maximum Axial Velocity

Re Medium Coarse Asymptotic MediumV2 Coarseto  Asymptotic Medium Guzties Asymptotic MediumV2 Coarse to Asymptotic

to Fine . Value to FineV2 MediumV2 Value to Fine L Value to FineV2 MediumV2  Value
Medium Medium
5x10° 19.38 1612  0.66 _ 0.61 3251 16.86 0.31 - 6.17 ~1
10x10° 152 052 0.11 0.35 927 3.77 0.18 5.84 =1
50x10° 0.17 =1 NA NA NA 3.79 =] 4.41 =1
100x10° 0.15 ~1 NA NA NA 3.98 ~1 3.8 ~1

NA= Not Available

The equations of GCI analysis is given below [45]. Mesh

Table 2 shows that four times increase in mesh element refinement ratio (r) based on spacing between nodes (h) is
number only increases iteration number approximately two calculated by equation (1). Due to the structured uniform
folds. “Not Available (NA)” results in Table 3 is due to the mesh elements, refinement ratio is assumed 2.

fact that GCI depends on Richardson extrapolation as

Roache suggests [43]. When the extrapolation results gives N N )

an increase in changes instead of a decrease with increasing r= h - h. @)

fine medium

number of mesh elements, GCI cannot calculate percentage

asymptotic value. The measure of mesh structure, for instance maximum axial

velocity component value, can be denoted as f and

Selected mesh elements for the CFD analysis are; 54400 for accordingly relative error is given in equation (2).

Re=5x10% and 10x10%; and 64000 for 50x10° and 100x103.

o—f o f o f
d fi i
c= medium ne __ _coarse medium (2)

ffine fmedium
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Inlet Section Outlet Section

ANSYS
R18.0
Academic

Coarse (4000 element)

0500

Medium (16000 element)

Fine (64000 element)

MediumV2 (14400 element)

FineV2 (54400 element)

0000 050 500(m)
015 [E]

Fig. 2. Visual comparison of structured coarse, medium, fine, mediumV2 and fineV2 meshes.
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The order of spatial discretization (p) can be calculated by
equation (3).

p= |n{ f;oarse — fmfedium J/ |n(r) (3)

medium — ' fine
Finally, GCI of two meshes is determined by equation (4).

GCl = %xmo

"

The solution is desired to be asymptotically approaching to
exact value. If so, equation (5) should be satisfied.

(4)

GCl

coarse :l
GClI, _r°

(®)

fine

Percentage changes in Table 2 are calculated by multiplying
relative errors with 100. Order of spatial discretization
according to GCl is about 1.1.

All residual limits were set to 10° and absolute residuals
were used. Iterations were completed when all residuals
decreased below limit values. Data were written to *.txt files
and then imported into MS-Excel for graphical
arrangements.

2.2. Empirical Data and Expressions

From the literature survey and textbook principals, it is seen
that theoretical calculations for turbulent boundary layer
flow needs a modeling approach based on semi-empirical
expressions. Otherwise all spatial flow field data is needed
without a proper turbulence modeling. This leads to
impractical amount of data to be produced, stored and
distributed. Nevertheless, existing experimental data is
crucial for validating models. Another interesting issue about
experimental results for entrance region of turbulent flow in
pipes is that this region is so sensitive to inlet conditions and
disturbances [9, 36]. Therefore, experiments at same or close
Re based of hydraulic diameter and mean flow velocity can
give different results.

As mentioned earlier in the literature survey, there are reports
on turbulent developing flow in pipes using some methods
other than CFD; i.e. generalized solution by variable
exponents, Eigen values and Eigen functions, integral
method etc. in order to use experimental data. Some later
works used boundary layer theory solution utilizing
algebraic turbulence models. Relatively more recent works
commonly give empirical expressions for only development
length and pressure drop in the hydrodynamic entrance
length. Although a lot of effort is paid during the literature
survey towards finding a single empirical correlation that
relates axial length, radial length and Re with radial
distribution of axial velocity, none is
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encountered. Earlier works are hard to find. Some works that
are viewed from reference lists are not accessible online.
Therefore, the closest expressions to the ones that are looked
for are log-law and power law formulations. Power law
velocity profile is easy to implement. It has an exponent that
chances from 6 to 10, according to Re. However, this profile
is for developed flow. In order to have a resolution for
hydrodynamic entrance length without using CFD, only easy
to implement method is boundary layer solution in parts for
axial direction. Therefore, a framework is compiled in this
section for boundary layer solution of pipe turbulent
hydrodynamic entrance length.

Boundary layer calculations devise momentum thickness.
Then, remaining work is to assume a profile for velocity.
Some researchers used semi-log-law profile [9]. More
common one is the power law at nth order while n changes
between 6 and 10 (mostly 7). There are also examples who
do not assume any velocity profile at all.

Since semi-analytical approach seems to be based on
boundary layer theory mainly, its’ main frame is tried to be
given here referring to three sources [9, 10, 18].

In [9], entrance length of turbulent pipe flow divided to six
regions. They are;
1. Laminar developing boundary layer which is very
thin and very short;
2. Transition to laminar boundary layer to turbulent
boundary layer in a very short length;
3. Developing turbulent boundary layer flow similar
to that on a flat plate under favorable pressure

gradient;
4.  Transition from flat plate flow to pipe flow;
5. Interaction between boundary layers after they

meet at the pipe axis;
6. Hydrodynamically developed pipe flow.

Reference [9] gives three correlations for regions 3, 4 and 5.
Region six is not given since the flow is developed and not
changing. Regions 1 and 2 are skipped since they are very
short. The first correlation is for length of third region. The
second correlation is for the change of boundary layer
thickness in fourth region. The third correlation is for the
changing value of reciprocal exponent for power-law
velocity profile in fifth region. However, Re in the third
correlation is based on distance from fourth region to sixth
region. The three correlations are given below in (6), (7) and
(8) from reference [9]. Lengths are made nondimensional
with pipe radius. Explanations for all symbols are given in
Nomenclature section. Equation (6) can be solved by
graphical or numerical integration.

Although a lot of effort has been paid in order to adapt these
three correlations between (6) to (8), there are certain issues
relating to pipe Re and reference [9]. Nevertheless, author’s
numerical values are used in literature comparison.
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For developed pipe flow, radial profile of axial velocity can
be approximated by (9) and necessary power value can be
drawn from (10) [18].

1
1:(1_Lj“
u, R

n=-17+18log(Re)

(9)

(10)

More accurate radial profiles of axial velocity component for
developed flow can be constructed by correlations in the
literature. Reader can find more in [25, 32].

For analytical solution of turbulent pipe flow, two references
were studied [10, 25]. Here Cebeci and Bradshaw [10] is
used for relevant expressions. For a hydrodynamically
developed radial velocity profile, (11) and (12) is proposed.

)
r0

u’ =yf - dy” (11)
° 1+J1+4[1—y+](u)2
r0
- :I*{l—e[’i]] (12)

Definitions of variables in (11) and (12) are given below.

(13)

(14)
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h=— (15)
14

. lu

I"=— (16)
14

A" =26 @an

The remaining work is to find friction factor to calculate “»

and accordingly Y for the radial velocity profile. One
explicit expression for friction factor is given in (18).

¢ _03164 Re <10°
Re

025 '

(18)

Wall shear stress and friction velocity can be calculated
using equations (18), (19) and (20).

1

=Zpulf 19
7 = g Pln (19)
u =, (20)

Mixing length of hydrodynamically developed flow can be
drawn from following empirical formulation. This is also
named as algebraic turbulence modelling and it is proposed
by Nikuradse based on Prandtl’ s mixing length theorem
[10].

2 4
= R[O.M—o.os(l—l] —0.06(1—1) 1
R R

It is possible to construct a radial hydrodynamically
developed axial velocity component profile by equations
between (11) and (21).

(1)

For hydrodynamically developing pipe flow, [10] divides
entrance length in to two regions and treats these regions
differently. Since entry length has two regions, turbulent
pipe flow has three regions together with developed region
according to this approach. For the first region,
transformation of variables are done in order have a
boundary layer solution.

1
u, \2(r
dp=|=||=|d
T (vx](R]y
1

R(ugvx)z f(x,77)

(22)

w(xy)= (23)
For transformed variables, momentum equation can be given
as;

(bf”)+%ff”=x($ (f’df fﬂ) (24)

dx dx
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f is dimensionless stream function and prime denotes
derivative with respect to 7.

b=(1-t) (1+e}) (25)

P

. (26)
%

tzl{l—Zn[%Riej ] 27)

For the eddy diffusivity in (25), two different approaches are
used for the first and second regions of developing flow.
They are given below. Equations (28) to (34) are for the first
region.

d
(€m)i =1? _u‘j/tr]/,OS y<Yy, (28)
dy
4
l=xy|l-e */| k=041 (29)
t dx
{—G(X—Xu) | “J (30)
Yo = 1-e o
u3
G= 8.33><10_4 —(; Re;1'34 (31)
v
(gm)o:aj.(uc_u)dy VoV Y. SYSO (32)
0
a= 0.0168E (33)
1+11
{0.243[;:1)2 0.298(;2:1)}
[1=0.55|1-¢ (34)

The second region with transition needs hybrid eddy
diffusivity. For this, (35) is given and then (35) is used
together with (28) and (32) to yield (36).

£y =1? [1—em]2 du

a (35)
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(36)

en =6+ (e _g$){1_e[?j]

| F

n denotes (28) and (32) and °m denotes (35). Of course,
there are intermediate steps and the references should be
used for a whole guidance. Still, from the literature survey
and presented expressions, analytical solution of turbulent
developing and developed pipe flow is possible with aids of
empirical expressions and numerical methods. As said
before, no single correlation is found, giving the axial
velocity profile in radial direction after inputs as Re, radial
and axial coordinates are given.

In order to account turbulence diffusion in energy equation
for thermal boundary layer and development, eddy
diffusivity can be divided by turbulent Prandtl number,
which is practically constant at about 0.9. Thermal boundary
layers develop before hydrodynamic boundary layer for
Prandtl numbers below unity and later for Prandtl numbers
above unity.

3. RESULTS

Results are discussed under three subtitles, i.e. literature
comparison via development lengths and maximum
centerline velocity of developed flow, semi-analytical
solution by the given frame, and CFD resolution by profile
plots.

3.1. Literature Comparison

The first figure in this section is the comparison of CFD
developed radial profiles of axial velocity and power-law
developed radial profiles of axial velocity in Figure 1. It is
seen that power-law profiles become distinct from CFD
profiles, at regions very close to wall and very close to pipe
axis. The discrepancies between power-law profiles and
CFD profiles are due to the ability of power-law expression.
It is already known that this expression is not true for pipe
axis and regions very close to wall though a big portion of
the radius is filled approximately correct. The reciprocal
exponent n is changed between 6 to 10 in order to have a
coverage of low and high Re pipe flows. Usage of standard
wall functions coarsen the mesh element next to the wall for
Re=5x10% and 10x103. This may be seen a negative aspect
of standard wall functions in terms of heat transfer solutions.
However, further standard wall functions are available for
assisting thermal boundary layer in that region. Accordingly,
wall functions for energy equation compensates the
resolution deficit due to wall functions of velocity solution.
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Fig. 1. Comparison of power-law profiles and CFD results.

Equation (9) and (10) is used to reproduce developed radial
profiles of axial velocity for the four Re in this work in
Figure 2. In order to calculate centerline maximum velocity
values from normalized velocity values, 1 is divided by the
average of normalized velocities and then equation (10) is
multiplied by centerline velocity values. Although centerline
maximum axial velocity values are as expected, radial
profiles are somewhat less flattened. This is due to the unable
approximation of near proximity of the wall.

0.5

0.4

0.3 -
- ——Re=5000 umax=1.22

02 - . Re=10000 umax=1.2
0.1 - Re=50000 umax=1.16
3 —+—Re=100000 umax1.15

0 0.2 0.4 0.6 u 0.8 1 1.2
Fig. 2. Comparison of power-law profiles and CFD results.

Figure 3a shows percentage change and of axial velocity at
pipe axis for Re=100x10° based on developed maximum
centerline velocity. Figure 3b is the differential change in the
centerline axial velocity at the same Re. When changes of
axial velocity in Figure 3 is examined according to axial
distance, one can see three regions clearly. Change in axial
velocity at pipe axis is relatively high at the beginning of the
pipe. The change rate gradually reduces but the gradient
itself also fluctuates. At about 20 to 30 pipe diameters, the
increase in centerline velocity stops and a decrease is seen
up to 50 pipe diameters. Centerline velocity increase slightly
after 50 pipe diameters to 70 pipe diameters. After this point,
change seems ignorable. This is also validated by Figure 4.
At a point, the change becomes “0” and end of the first
regions is marked by this way. This first region is the region
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where the semi-analytical calculations can be done by
boundary layer approach as in flat plate. The point where the
differential change of axial velocity becomes zero is the
point of merging boundary layers. At this point, axial
velocity at pipe axis has the highest value. After first zero
point to second zero point in Figure 3, mixing process
continues at pipe axis. This mixing is expected to be
observed from turbulence intensity or turbulent viscosity
results. Axial velocity decreases as mixing continues as
shown in Figure 4. At about 70 pipe diameters, third region
commences. This region is also commonly regarded as
developed region. However, it is seen that a relatively low
change still underway up to 60 pipe diameters although it is
much less than 1%. In practice, 10 pipe diameters value for
development length is assumed in text books [46]. However,
65 pipe diameters for hydrodynamic entrance length for
Re=100x10° seems more accurate. Also, hydrodynamic
entrance length changes based on Re if this approach is
followed. Figure 5 is given for hydrodynamic entrance
lengths based on this.
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Fig. 3. Re=100x10% (a) Percentage change of centerline axial
velocity based on developed maximum centerline velocity (b)
Spatial differential change in centerline axial velocity.
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Fig. 4. Development of centerline axial velocity profile.
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Fig. 5. Hydrodynamic development length according to Re.

1000

(37) is given for curve fitting of Figure 5 that gives the
entrance length according to Re for 0.1% change in axial
velocity. (38) to (40) are given for a radial profile of
developed axial velocity at different Re (5000<Re<100000).

L, =7.2664InRe—16.9748 (37)
u__.on

— =ae

m (38)
a=0.2043Re"* (39)
b = 4.0161Re*™® (40)

For comparing results of present study with the literature,
Table 4 is provided for certain magnitudes.

Table 4. Literature Comparison

Velocity

Reference Re Umax Lo ng Overshoot
[15] 25'10100';‘00 *12-116-1.14  52-60-68 Exists
[9] 195 x 10° 1.25 85 Exists
[17] 4-25 x 10° 1.3 55 Exists
[18] 120-717 x 10° 1.2 60 Exists
pe] YT 123118116 70 Exists

Table 4 suggests that increasing Re decreases maximum
developed centerline axial velocity magnitude. This means
more flattened radial profiles and thinner viscous sub layers.
Also, entrance length has higher values as Re increases.
Numerous papers show velocity overshoot at the pipe axis
however only Bryant, et al. [15] relate this phenomenon with
inlet turbulence intensity. Authors show that, if turbulence
intensity at inlet condition match turbulence intensity of
developed flow, centerline velocity magnitude exhibits an
asymptotic behavior by approaching to maximum centerline
velocity without any velocity overshoot. Also, the only work
in the surveyed literature that brings radial velocity
component profiles is Bryant, et al. [15]. The present work
in this paper enhances this resolution by providing radial and
axial profiles of wvelocity components and turbulence
indicators. Also, the hydrodynamic development is
explained by simultaneous development of hydrodynamic
boundary layers and turbulence magnitudes.

343

Academic Platform Journal of Engineering and Science 9-2, 332-353, 2021

3.2. Semi-analytical Solution

For semi-analytical construction of hydrodynamically
developed flow axial velocity component radial profile,
equations between (11) and (21) are used. The profiles are
compared with CFD profiles in Figure 6. Area weighted
averages for mean flow velocities are used in order to
calculate Re according to the profiles and following
percentage errors are found for Re=5x103, 10x10%, 50x103,
100 x 103 at semi empirical and CFD results respectively: 12,
13,7, 1, 4, 4,2 and 2. Percentage errors in semi-analytical
calculation is due to empirical expressions and discrete area
weighting. In case of CFD, percentage errors are due to
discrete area weighting. It is seen that semi-empirical
calculation  overestimates low Re profiles and
underestimates high Re profiles. On the other hand, regions
close to wall have theoretically infinite resolution with semi-
analytical approach. Equation (35) can be used for
calculating eddy diffusivity in order to calculate energy
equation for heat transfer analysis by means of the semi-
analytical profiles. In case of CFD, no such measure is
necessary since eddy viscosity is already calculated.

14 Semi-Analytical
12
1
0.8
3
06 |« Re=5000
0.4 | o Re=10000
02 Re=50000
o ° Re=100000
0 0.1 02 , 03 0.4 0.5
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1.2 2 2 e g aa _
1000000.3;.‘6....
8,
[ ]
0.8 .
3
06 | o Re=5000
0.4 | o Re=10000
02 Re=50000
* Re=100000
0 *
0 0.1 02 , 03 0.4 05
(b)

Fig. 6. (a) Semi-analytical hydrodynamically developed profiles (b)
CFD hydrodynamically developed profiles.

3.3. CFD Resolution

Figure 7 is given for axial profiles of axial velocities at
different Re numbers. Figure 7 shows same trends for
different Re, as expected since it is known that development
length changes very few with Re. Development length
elongates with increasing Re and this results with lower
slopes and gradients. There are little differences between
developed centerline values of axial velocities. Axial profiles
at the closest locations to the wall are different at the
beginning of the pipe between higher and lower Re. This is
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due to higher resolution of high Re mesh. It is understood
that there is a slight increase in axial velocity close to wall,
showing that entrance boundary layer is yet to reach that
location. Therefore, higher Re starts with thinner boundary
layer thicknesses. Figure 8 is given for the axial profiles of
radial velocity component. Radial velocity component
approaches to zero as flow develops. This velocity
component promotes transport heat and mass transfer in the
entrance region where it has relatively higher magnitudes.
The resolution of radial velocity is crucial, thus, for correct
calculations of transfer processes. As Re increases, radial
velocity component disperses to a longer distance in axial
length since entrance length elongates. It is also seen that
highest radial velocity components occur near to wall.
Higher Re flow radial velocity axial profiles justify the axial
velocity magnitude rise close to wall in a short distance at
the close proximity of the pipe inlet. Radial velocity
component change its direction to the wall after axial
velocity peak is realized. This suggest a short distance of the
wall is exposed to radial positive convective flow in steady
state conditions. That region may be effected more in
mechanical manner comparing to the remaining parts of the
pipe. The changes in velocity profiles are not just due to
boundary layer development but also due to changing
domestic turbulence cost. In order to show this, axial profiles
of turbulent kinetic energy are given in Figure 9. This figure
shows that distribution of turbulent kinetic energy reaches its
final values relatively earlier than velocities. Peak values are
rather less significant. The more interesting phenomenon is
that turbulent kinetic energy values are higher for lower Re.
As Re increases, values of turbulent kinetic energy for all
profiles get lower average values. Also changes are steeper
for lower Re as boundary layers grow and merge. The
increase in turbulent kinetic energy starts with the profile
close to the wall. the second profile after the first profile from
the wall to the pipe axis increase later in spatial distance. This
trend continues till the profile at the pipe axis starts to rise.
Accordingly, it is understood that turbulence kinetic energy
generation is mainly done by thickening boundary layers.
This is the reason of decreasing values of turbulence kinetic
energy close to pipe axis at high Re close to pipe inlet. When
boundary layers meet at the pipe axis, turbulence kinetic
energy rise slows down and starts to converge an asymptotic
value. After flow is developed, turbulent kinetic energy has
almost constant values indicating that the production of
turbulent kinetic energy is balanced, which make us to look
for turbulent energy dissipation that is given in Figure 10.
Axial profiles of turbulent kinetic energy dissipation show
that most of its magnitude comes from wall functions since
its maximum values are seen in the axial profile close to wall.
After some distance, there is small contribution from inner
parts of the pipe. As seen in turbulent Kinetic energy profiles,
the values of turbulent kinetic energy dissipation also have
lower values as Re increases. Similar to the axial profiles of
turbulent kinetic energy, dissipation profiles increase
spatially later as pipe is traversed from wall to pipe axis. This
again suggest that dissipation of turbulence energy mainly
takes place in hydrodynamical boundary layers. However,
dissipation generation has relatively very high values very
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close to wall. This should be due to fact that the main
mechanism of dissipation generation is molecular viscosity.
Also, different generation rates of turbulent Kinetic energy
and dissipation suggest a parabolic radial profile of turbulent
viscosity.
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Thus far, it is seen that turbulent kinetic energy and
dissipation change and develop faster for lower Re. Also,
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they have higher nondimensional values. This is due to the
effect of molecular viscosity. Lower Re represents higher
molecular viscosity. Therefore, shear layers between fluid
elements generates more nondimensional turbulent Kinetic
energy and dissipation. However, their development is
achieved earlier. If this phenomenon is interpreted, it is seen
that increasing effect of molecular viscosity contributes to
the regulation of flow in a considerable manner. However,
absolute dimensional values of turbulence would be higher
for high Re since dimensional velocity magnitudes would be
much higher comparing to lower Re. So, nondimensional
turbulent viscosity is relatively higher for low Re comparing
to high Re. But dimensional turbulence with absolute values
is directly proportional with Re. In order to express this
phenomenon and explain it more, turbulent viscosity,
calculated by utilization of turbulent kinetic energy and
dissipation is given in Figure 11 with axial profiles.
Turbulent viscosity axial profiles have a characteristic
change, marking the characteristic development of axial
velocity profiles for turbulent flow. The value of turbulent
viscosity decreases till boundary layers grow and merge at
pipe axis. Then it shows a rapid increase as mixing process
take place between boundary surfaces. After mixing process
lose its strength, turbulent viscosity settles as turbulent
kinetic energy and turbulent kinetic energy dissipation
balances each other. This also indicates that hydrodynamic
development depends on turbulence rather than molecular
viscosity for turbulent flows. Otherwise, axial velocity
would increase up to 2 at pipe axis as in laminar flow.
Turbulent viscosity axial profiles are developed earlier as
they approach to wall. This shows that the turbulent Kinetic
energy and dissipation balance each other earlier due to the
earlier developed one-dimensional flow in boundary layer
close to wall. Turbulent viscosity has lower changes in low
Re flows close to wall showing that the dissipation
generation rates are higher comparing to the high Re flows.
Boundary layers of low Re flows develops earlier than high
Re flows. However, the development of turbulent viscosity
in the boundary layers seems very close in terms of axial
distance at a Re. This axial distance increases as Re
increases. The weaker viscous forces can be responsible
from this phenomenon and this also explains the elongated
entrance length in high Re flows. Also, higher and lower
values of turbulent viscosity have a narrower band as Re
increases.  Again, turbulent viscosity has lower
nondimensional values with higher Re. In order to give an
explanation, the ratio between turbulent viscosity and
molecular viscosity is given in Figure 12.
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It is seen that development length increases as Re increases,
while trends are similar. The reason of developing turbulence
effects for longer distances with increasing Re is the ratio of
turbulent viscosity to molecular viscosity. This ratio can be
as high as about 300 as Re gets bigger values. For the lowest
Re, i.e. 5000, the interval of viscosity ratio is between 5 and
20. Difference that is 15 for Re=5000 starts to grow and
reaches to 25 as Re gets double and reaches to 200 as Re
multiplied with 20. Of course, the trends in Figure 12 are
identical to those in Figure 11 because molecular viscosity is
assumed constant. It can be concluded that viscosity ratio is
a better indicator comparing to dimensionless turbulent
viscosity. On the other hand, it should be stated that effect of
molecular viscosity diminishes as Re grows. Turbulent
viscosity is an indicator of turbulence cost. Turbulence
sourced energy cost is higher as Re grows bigger relative to
molecular viscosity. At high Re flow, it can be seen as the
only flow regulator mechanism after hydrodynamic
development. Close values of viscosity ratio as pipe axis is
approached suggest that developed velocity profiles are
flatter since turbulence cost almost applies homogenously to
a big portion of the flow.

Radial profiles of axial velocity, given in Figure 13, marks
the mesh cells that use wall functions. This radial profiles
also show the final developed velocity profile while they
change back and forward as flow is developing. This is why
outlet radial profile of axial velocity is between other
velocity profiles. The flatter profiles are seen at the entrance
region of the pipe. They then grow to a power-law profile.
Actually the main difference can only be identified at a very
narrow interval close to pipe axis. Most of the profiles
coincide to each other except the ones at the early phases of
development. One may notice that wall function cells for low
values of Re are relatively bigger. This is expected since
viscous sub-layer is thicker for low values of Re due to the
higher effect of molecular viscosity. Also, radial profiles of
axial velocity are less parabolic as Re increases, showing the
decreasing effect of molecular viscosity and increasing effect
of turbulence.

The integral area under the radial profiles of radial velocity
profiles in Figure 14 indicates the transport in radial direction
at that axial point. It is seen that, for locations close to pipe
inlet, there is relatively very high motion in radial direction
and this motion expand axially as Re grows. Nevertheless,
radial velocity magnitudes are close to each other for
different Re. Radial profiles of radial velocity also show that
entrance length elongates as Re increases. It can also be
stated that entrance length is important for heat and mass
transport due to radial transport contribution when entrance
length is long comparing to the remaining part of
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the pipe. It is also seen that peak values of radial velocity
tends to get close to wall as Re increases. After boundary
layers merge at pipe axis, radial velocity occurs at inverse
direction. This indicates that, for a small distance, a portion
of the pipe wall can be subjected to an inverse effect that may
cause to fatigue in long run.
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Fig. 14. Radial velocity profile in radial direction.

Radial profiles of turbulent kinetic energy are given in Figure
15. It is interesting to see the radial profiles of turbulent
kinetic energy are similar in shape to a temperature profile
of heated flow. This is due to the fact that most of the
turbulent kinetic energy generation is done by the
phenomena near the wall. So, turbulent kinetic energy is
transferred from regions close to wall to pipe axis. But after
some axial distance, turbulence kinetic energy
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radial profile stops changing since velocity gradients that
generates turbulence kinetic energy approaches to zero,
indicating that flow is developed. The initial estimation
seems a little overvalued for especially higher Re but
calculation rapidly resolves correct values starting right after
the inlet.

Figure 16 shows radial profiles of turbulent kinetic energy
dissipation. It is very clear that almost all turbulent kinetic
energy dissipation is generated by wall functions. As Re
increases, the turbulent kinetic energy dissipation values get
lower values in radial direction after a certain distance from
the wall while they are bigger close to wall comparing with
lower Re. Therefore, the role of turbulent kinetic energy
dissipation is mainly in regions close to wall and it can be
predicted algebraically. The remaining part of the pipe, i.e.
away from the wall towards pipe axis is subjected to a very
small effect of turbulent kinetic energy dissipation.

Radial profiles of turbulent viscosity are given in Figure 17.
Radial profiles for developed flow resemble axial velocity
radial profiles. Relatively different ones are those of close to
pipe inlet. It is deduced from former graphics that turbulent
kinetic energy and turbulent kinetic energy dissipation are
not balanced close to pipe inlet. Therefore, turbulent
viscosity fluctuates in radial direction. Additionally, the inlet
profile is uniform. Consequently, this uniform profile
changes its shape in radial direction. Nevertheless, as Re
increases, the main trend of development for turbulent
viscosity is more understandable by viewing radial profiles
close to pipe inlet. It is clear that not only velocity profiles
are developing but also turbulent viscosity profiles also
develop. This creates the characteristic velocity development
profile in the entrance region since there is a simultaneous
development in the absence of thermal development, which
would add another one. With other words, turbulent viscosity
would develop in a very short length if turbulent intensity
would be selected about its developed value, leading to a
laminar like asymptotical development of velocity profiles
without any positive direction radial velocity values.

Viscosity ratio radial profiles given in Figure 18 for different
Re are also identical to Figure 17 since molecular viscosity
is taken constant, as earlier explained. Still, distribution of
quantitative results can give insight of the physics. Viscosity
ratio gets very high values close to pipe axis, but those
regions have very small velocity gradients. When viscosity
ratio gets small values close to wall, velocity gradients get
bigger values. The change of turbulent viscosity ratio and
turbulent viscosity is what regulates the flow, consume
energy of the flow and shape the velocity profiles. Therefore,
radial profile of axial velocity is flatter comparing with
viscosity ratio radial profiles or turbulent viscosity radial
profiles.
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Fig. 15. Turbulent kinetic energy profile in radial direction.
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Fig. 16. Turbulent kinetic energy dissipation profile in radial

direction.
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Fig. 17. Turbulent viscosity profile in radial direction.
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4. CONCLUSION

A steady dimensionless CFD analysis is conducted in order
to draw velocity and turbulence profiles in the hydrodynamic
entry length of pipes. Hydrodynamic entry length is
evaluated in respect of subdivisions and their implications on
heat and mass transfer are discussed. Literature is also
surveyed in an extensive manner in respect of historical
development.

It is concluded that, considering the present capabilities and
opportunities of CFD, simultaneously developing
hydrodynamic and thermal quantities for turbulent flow of
Newtonian fluids in pipes having wall thickness necessitate
CFD. No direct empirical correlation is encountered in
literature, correlating dimensionless numbers, pipe diameter
and pipe length to give distribution of axial velocity
component in radial direction. An alternative way is to use
boundary layer theory or empirical turbulent velocity
profiles using power-law. There is also a relatively earlier
method to use in heat transfer works directly skipping the
velocity computation by means of Eigen values. However,
this latter method is mainly for thermal entry length instead
of simultaneous development.

Turbulent pipe flow has a characteristic axial velocity profile
in axial direction. This is due to the sequel in which boundary
layers grow and meet at the pipe axis, leading to
simultaneous development of turbulent viscosity and
velocity profiles due to mixing process. A peak value is
followed by a decrease which is not seen in laminar flow.
The turbulence model maintains this phenomenon by
changing turbulent viscosity locally. Therefore, positive
direction radial velocity component exists in the
hydrodynamic entrance length unlike laminar flow.

Radial velocity component approaches to zero as flow
develops. This velocity component promotes transport in the
entrance region where it has relatively higher magnitudes.
The resolution of radial velocity is crucial, thus, for correct
calculations of transfer processes. As Re increases, radial
velocity component distributed to a longer distance in axial
length.

The scheme for nondimensionalization in commercial CFD
software is also presented and it is very convenient if
governing equations depend on a single dimensionless
number, i.e. Re. This scheme can be tested further with more
than one dimensionless parameters are considered.

Author Contribution: Literature survey and evaluation —
E.C., A.A.; Numerical analysis — E.C., A.A.; Evaluation and
writing - — E.C., A.A.; Supervising — S.B.

Conflict of Interest: None is declared.

Financial Disclosure: None is declared.

352

Academic Platform Journal of Engineering and Science 9-2, 332-353, 2021

ACKNOWLEDGEMENT
This content is part of PhD dissertation of Eyub CANLLI,
Selcuk University, Konya, TURKEY [8] .

REFERENCES

[1] S. Bilir and A. Ates, "Transient conjugated heat transfer
in thick walled pipes with convective boundary conditions,"
International journal of heat and mass transfer, vol. 46, pp.
2701-2709, 2003.

[2] A. Ates, S. Darici, and S. Bilir, "Unsteady conjugated
heat transfer in thick walled pipes involving two-
dimensional wall and axial fluid conduction with uniform
heat flux boundary condition," International Journal of Heat
and Mass Transfer, vol. 53, pp. 5058-5064, 2010.

[3] A. H. Altun, S. Bilir, and A. Ates, "Transient conjugated
heat transfer in thermally developing laminar flow in thick
walled pipes and minipipes with time periodically varying
wall temperature boundary condition,” International Journal
of Heat and Mass Transfer, vol. 92, pp. 643-657, 2016.
[4]J. Sucec and A. M. Sawant, "Unsteady, conjugated,
forced convection heat transfer in a parallel plate duct,”
International journal of heat and mass transfer, vol. 27, pp.
95-101, 1984.

[5] X. Wang and N. Zhang, "Numerical analysis of heat
transfer in pulsating turbulent flow in a pipe,” International
Journal of Heat and Mass Transfer, vol. 48, pp. 3957-3970,
2005.

[6] S. Bilir, "Transient conjugated heat transfer in pipes
involving two-dimensional wall and axial fluid conduction,”
International journal of heat and mass transfer, vol. 45, pp.
1781-1788, 2002.

[71U. Atmaca, S. Bilir, and A. Ates, "Effects of wall
conjugation and fluid axial conduction in circumferentially
partly heated pipes and minipipes," Heat Transfer Research,
vol. 48, 2017.

[8] E. Canli, "NUMERICAL SOLUTION OF TRANSIENT
CONJUGATED HEAT TRANSFER IN THICK WALLED
PIPES WITH TURBULENT FLOW," PhD, Mechanical
Engineering, Selcuk University, Konya, Turkey, 2020.

[9] L. Salami, "An investigation of turbulent developing
flow at the entrance to a smooth pipe,” International journal
of heat and fluid flow, vol. 7, pp. 247-257, 1986.

[10] T. Cebeci and P. Bradshaw, Physical and
computational aspects of convective heat transfer: Springer-
Verlag, 1984.

[11] H. Biglarian, H. Beyrami, Q. Dorosti, and A.
Sattari, "Analytical solution of turbulent pipe flow according
to second-gradient theory," Asia-Pacific Journal of Chemical
Engineering, vol. 10, pp. 318-324, 2015.

[12] S. Daric1, $. Bilir, and A. Ates, "Transient
conjugated heat transfer for simultaneously developing
laminar flow in thick walled pipes and minipipes,"
International Journal of Heat and Mass Transfer, vol. 84, pp.
1040-1048, 2015.

[13] E. Canli, A. Ates, and S. Bilir, "Comparison of
turbulence models and CFD solution options for a plain
pipe," in EPJ Web of Conferences, 2018, p. 02013.



E CANLI

[14] E. Canli, A. Ates, and S. Bilir, "Conjugate heat
transfer for turbulent flow in a thick walled plain pipe,” in
EPJ Web of Conferences, 2018, p. 02014.

[15] D. Bryant, E. M. Sparrow, and J. M. Gorman,
"Turbulent pipe flow in the presence of centerline velocity
overshoot and wall-shear undershoot," International Journal
of Thermal Sciences, vol. 125, pp. 218-230, 2018.

[16] E. KAHRAMANOGLU, S. Sezen, and S.
Bayraktar, "Computational fluid dynamics analyses on the
hydrodynamic entry length in internal flows,” Pamukkale
University Journal of Engineering Sciences, vol. 23, 2017.
[17] D. Hasan, "Numerical Flow Analysis of The
Variation of Central Axial Velocity Along The Pipe Inlet,"
The Eurasia Proceedings of Science, Technology,
Engineering & Mathematics, vol. 2, pp. 323-333.

[18] W. Kumara, B. Halvorsen, and M. Melaaen,
"Computational study on non-asymptotic behaviour of
developing turbulent pipe flow,” Advances in Fluid
Mechanics VIII, vol. 69, pp. 39-52, 2010.

[19] E. Sparrow and R. Siegel, "Unsteady turbulent heat
transfer in tubes,” Journal of Heat Transfer Transactions of
the ASME, pp. 170-178, 1960.

[20] R. Johnk and T. Hanratty, "Temperature profiles for
turbulent flow of air in a pipe—IlI The thermal entrance
region," Chemical Engineering Science, vol. 17, pp. 881-
892, 1962.

[21] Y. Linand L. Chow, "Effects of wall conduction on
heat transfer for turbulent flow in a circular tube,” Journal of
Heat Transfer Transactions of the ASME, vol. 106, pp. 597-
604, 1984.

[22] O. Dwyer and H. Berry, "Heat transfer to liquid
metals flowing turbulently and longitudinally through
closely spaced rod bundles: Part I," Nuclear Engineering and
Design, vol. 23, pp. 273-294, 1972.

[23] T. Cebeci and K. Chang, "A general method for
calculating momentum and heat transfer in laminar and
turbulent duct flows,” Numerical Heat Transfer, Part B:
Fundamentals, vol. 1, pp. 39-68, 1978.

[24] B. Ruth and H. Yang, "An empirical correlation for
velocity distribution of turbulent fluid flow," AIChE Journal,
vol. 3, pp. 117-120, 1957.

[25] B. Weigand, Analytical Methods for Heat Transfer
and Fluid Flow Problems: Springer, 2015.

[26] R. Maddahian, B. Farhanieh, and B. Firoozabadi,
"Turbulent flow in converging nozzles, part one: boundary
layer solution," Applied Mathematics and Mechanics, vol.
32, p. 645, 2011.

[27] A. Vardy and J. Brown, "Transient turbulent
friction in smooth pipe flows,"” Journal of sound and
vibration, vol. 259, pp. 1011-1036, 2003.

[28] P. W. Stoltenkamp, "Dynamics of turbine flow
meters," Technische Universiteit Eindhoven, 2007.

[29] R. Singh, K. Nigam, and P. Mishra, "Developing
and fully developed turbulent flow through annuli," Journal
of Chemical Engineering of Japan, vol. 13, pp. 349-353,
1980.

353

Academic Platform Journal of Engineering and Science 9-2, 332-353, 2021

[30] K. T. Trinh, "Logarithmic Correlations For
Turbulent Pipe Flow Of Power Law Fluids," arXiv preprint
arXiv:1007.0789, 2010.

[31] D. M. McEligot, S. Smith, and C. A. Bankston,
"Quasi-developed turbulent pipe flow with heat transfer,”
1970.

[32] S. Mikio and E. Kazuo, "Effect of conduction in
wall on heat transfer with turbulent flow between parallel
plates," International Journal of Heat and Mass Transfer, vol.
20, pp. 507-516, 1977.

[33] Q. Slaiman, M. Abu-Khader, and B. O. Hasan,
"Prediction of heat transfer coefficient based on eddy
diffusivity concept,” Chemical Engineering Research and
Design, vol. 85, pp. 455-464, 2007.

[34] R. Martinuzzi and A. Pollard, "Comparative Study
of Turbulence Models in Predicting Turbulent Pipe Flow
Part I: Algebraic Stress and k- Models," AIAA Journal, vol.
27, pp. 29-36, 1989.

[35] A. R. Barbin and J. B. Jones, "Turbulent Flow in the
Inlet Region of a Smooth Pipe,” Journal of Basic
Engineering, vol. 85, pp. 29-33, 1963.

[36] A. Klein, "Review: Turbulent Developing Pipe
Flow," Journal of Fluids Engineering Transactions of the
ASME, vol. 103, pp. 243-249, 1981.

[37] J. Doherty, P. Ngan, J. Monty, and M. Chong, "The
development of turbulent pipe flow," presented at the 16th
Australasian Fluid Mechanics Conference, Australia, 2007.

[38] J. W. Richman and R. S. Azad, "Developing
turbulent flow in smooth pipes,” Appl. Sci. Res., vol. 28, pp.
419-441, 1973.

[39] S. Patankar, Numerical Heat Transfer and Fluid
Flow: CRC Press, 1980.

[40] E. CANLI A. Ali, and S. BILIR, "Derivation of
Dimensionless Governing Equations for Axisymmetric
Incompressible Turbulent Flow Heat Transfer Based on
Standard k-¢ Model," Afyon Kocatepe Universitesi Fen Ve
Miihendislik Bilimleri Dergisi, vol. 20, pp. 1096-1111, 2020.
[41] B. Launder and D. Spalding, "THE NUMERICAL
COMPUTATION OF  TURBULENT FLOWS,"
COMPUTER METHODS IN APPLIED MECHANICS
ANR ENGINEERING, vol. 3, pp. 269-289, 1974.

[42] H. K. Versteeg and W. Malalasekera, An
introduction to computational fluid dynamics: the finite
volume method: Pearson education, 2007.

[43] P. J. Roache, "Perspective: a method for uniform
reporting of grid refinement studies,” Journal of Fluids
Engineering, vol. 116, pp. 405-413, 1994.

[44] U. Manual, "ANSYS FLUENT 12.0," Theory
Guide, 20009.
[45] J.  W. Slater, "Examining spatial (grid)

convergence,” NPARC Alliance CFD Verification and
Validation Web Site, NASA Glenn Research Center,
Cleveland, OH, accessed June, vol. 7, p. 2017, 2008.

[46] Y. A. Cengel, Fluid mechanics: Tata McGraw-Hill
Education, 2010.



Academic Platform Journal of Engineering and Science 9-2, 354-359, 2021

Academic Platform Journal of Engineering and Science

@
ACADEMIC

PLATFORM

journal homepage: http://apjes.com/

Hill Tipi Kas Modeli ile Pazu Kasinin Mekanik Analizi:
On Kol Biikme Hareketinin Benzetimi

) “IKasim Serbest
1Sakarya Uygulamal Bilimler Universitesi, Teknoloji Fakiiltesi, Mekatronik Miihendisligi Boliimii, Tiirkiye,

kserbest@subu.edu.tr,

Aragtirma Makalesi Gelis Tarihi: 25.05.2020 Kabul Tarihi: 17.01.2021

Oz

Iskelet kaslarinin dinamik analizleri i¢in matematiksel yontemler veya bilgisayar yazilimlari kullanilmaktadir. Matematiksel
yontemler dogrusal olmayan yapilarindan dolayr ugrastirict olabilir. Kas mekanigine yonelik gelistirilen 6zel yazilimlari
kullanmak ise uzmanlik gerektirmektedir. Dolayisiyla kas mekanigi analizleri i¢in herkes tarafindan kolaylikla kullanilabilecek
bir model gelistirilmesine ihtiya¢ vardir. Bu ¢alismada MATLAB araglart kullanilarak pazu kasi icin bir benzetim modeli
onerilmektedir. Model kullanilarak dambil ile 6n kol bilkme egzersizinin dinamik analizi gergeklestirilmistir. Dirsek eklemi
momenti, pazu kasi kuvveti ve kas isi hesaplanmistir. Eklem momenti degisiminin 14.45 — 28.24 Nm arasinda, maksimum kas
kuvvetinin 941.5 N ve kas iginin 27.58 J oldugu bulunmustur. Elde edilen sonuglarin, protez ve ortez tasarimlarinda ve
rehabilitasyon siireglerinin degerlendirilmesinde kullanilabilecegi diisiiniilmektedir. Model iizerinde kolayca degisiklik yapilarak
farkli egzersizler ve farkli kas gruplari i¢in incelemeler yapilabilir.

Anahtar Kelimeler: Pazu kasi, Hill kas modeli, biyomekanik, MATLAB

A Mechanical Analysis of Biceps Brachii with Hill Type Muscle Model:
a Simulation of Forearm Curl

Abstract

Mathematical methods or computer software are used for dynamic analysis of skeletal muscles. Mathematical methods could be
challenging because of nonlinear equations forms. The use of special software for muscle mechanics requires expertise.
Therefore, a model needs to be developed that can be easily used by researchers to analyse muscle mechanics. In this study, a
simulation model is proposed for biceps brachii using MATLAB tools. A dynamic analysis of the forearm curls exercise with
dumbbell was performed using this simulation model. Elbow joint moment, biceps brachii force and muscle work were
calculated. The results were as follows: The joint moment was between 14.45 — 28.24 Nm, the maximum muscle force was 941.5
N and the muscle work was 27.58 J. It is thought that the results can be used in prosthesis and orthosis designs and in the
evaluation of rehabilitation processes. Examinations for different exercises and different muscle groups can be carried out by
modifying the model easily.

Keywords: Biceps brachii, Hill muscle model, biomechanics, MATLAB

1. GIRIS miimkiindiir. Kas mekaniginin anlasilmas1 yapay kas

gelistirme [3], protez ve ortez tasarimlari [4], egzersiz

Kaslar, viicudumuzdaki kimyasal enerjiyi mekanik enerjiye
ceviren biyokimyasal makinelerdir. Iskelet kaslari (gizgili
veya kirmizi kaslar), kemikler ve eklemlerle birlikte viicut
uzuvlarimin hareket etmesini saglarlar. Ayrica iskelet
sisteminin maruz kaldig1 darbeler i¢in soniimleyici olarak
gorev yaparlar [1]. Aktin ve miyozin liflerin hareketi sonucu
kas kasilmas1 meydana gelir ve kaslarda kuvvet iiretilir [2].
Kaslarda tiretilen kuvvetin etkilerini eklem momenti, kas isi
ve kas giicii seklinde mekanik olarak degerlendirmek

planlamasi ve rehabilitasyon siiregleri [5] agisindan 6nem arz
etmektedir.

Kas kuvvetinin incelenmesi i¢in temelde iki yaklasim
kullanilmaktadir. Bunlardan biri kayan lifler hipotezidir [6].
Bu hipotez fizyolojik model olarak da adlandirilabilir. Aktin
ve miyozin liflerin hareketi ile kas kuvveti agiklanmaktadir.
Bir diger yaklasim ise Hill kas modelidir. Bu modelde
kaslarin viskoelastik ozellikleri dikkate alinarak kaslardaki
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kuvvet iretimi, yay ve sonim elemanlar1 yardimiyla
aciklanmaktadir [7]. Sekil 1°de Hill kas modelinin sematik
gosterimi yer almaktadir. Burada CC kasilabilen bilesenleri
(aktin ve miyozin lifler), PEC kas liflerine destek olan bag
dokular1 (endomisyum, perimisyum, sarkolemma), SEC ise
tendonlar tarafindan kasa iletilen kuvveti temsil etmektedir.
Bu modelde CC bir soniim elemani, PEC ve SEC yay
elemani olarak temsil edilmektedir. Dolasiyla kas kuvveti —
kasilma hiz1 iligkisi CC ile, kas kuvveti — kas uzunlugu
arasindaki iligki ise PEC ile ifade edilmektedir.

PEC
SEC NN\ SEC
. R
s

Sekil 1. Hill kas modeli. CC; kasilabilen bilesen (contractile
component), PEC; paralel elastik bilesen (parallel elastic
component), SEC; seri eclastik bilesen (series elastic
component)

Kas kuvvetinin en belirleyici bileseni CC’dir. Kas kuvvetine
katkt yapan ikincil derecedeki bilesenler ise SEC’dir.
Kasilma devam ederken tendonlarda iiretilen kuvvet kaslara
aktarilarak kas kasilmasina katki saglanir. Hill’e benzer
sekilde Crowe’da [8] ii¢ elemandan olusan bir viskoelastik
model 6nermis ve kas kasilmasinin matematiksel ifadesini
ortaya koymustur. Hill ve Crowe tarafindan Onerilen
modeller ve matematiksel ifadeler kullanilarak benzetim
calismalar1 yapilmakta ve kas mekanigi incelenmektedir.

Yu ve Wilson [9] yeniden diizenlemis bir Hill kas modeli
kullanarak pazu ve arka kol kasinin pasif mekanik
ozelliklerini deneysel olarak incelemislerdir. Tao ve So [10]
dirsek ekleminin fleksiyon hareketini Hill kas modeline gore
incelemisler ve eklem momentlerini hesaplamiglardir.
Rohrle ve arakdaslari [11] pazu ve arka kol kasi i¢in siirekli
ortam mekanigi prensiplerine gore bir model dnermisler ve
ileri dinamik yontem ile kas kuvvetini ifade etmislerdir.
Yukarida sayilan caligmalarda kas mekanigi ile ilgili
incelemeler matematiksel yontemlerle gergeklestirilmistir.

Matematiksel yontemlerin yani sira kas mekanigi ile ilgili
benzetimler i¢in bilgisayar yazilimlar1 (paket program) da
kullanilmaktadir. Kas ve iskelet sistemi analizleri igin
geligtirilen  ticari  yazilimlardan biri AnyBody’dir.
Damsgaard ve arkadaslart [12] tarafindan gelistirilen bu
yazilim ile kas ve iskelet sistemi analizleri kati cisim
mekanigi prensiplerine gore ters dinamik ydntem
kullanilarak yapilmaktadir. Delp ve arkadaslart [13]
tarafindan acik kaynak olarak sunulan OpenSim yazilim ile
atletik hareketlerin bile benzetimleri yapilabilmektedir. Kas
ve iskelet sistemi analizlerine yonelik 6zel olarak gelistirilen
bu yazimlarin haricinde kas mekanigi incelemeleri igin
ADAMS [14] ve COMSOL [15] gibi ¢oklu-fizik yazilimlar
da kullanilmaktadir. Bunlarin haricinde kas mekanigi
hesaplamalari i¢in 6nerilen denklemler, MATLAB/Simulink
blok diyagramlari kullanilarak ¢6ziilebilmektedir [16].
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Kas mekanigi incelemeleri i¢in Onerilen matematiksel
ifadeler dogrusal olmayan yapida oldugundan bunlarin
¢oziimleri ugrastirict olmaktadir. AnyBody, OpenSim,

ADAMS gibi yazilimlar ise karmasik modelleme
tekniklerinden dolayr sadece alaninda uzman kisiler
tarafindan tercih edilmektedir. Bununla birlikte bu

platformlardan elde edilen sonuglarin bagka platformlara
entegre edilmesi zahmetli olmaktadir. Ayrica elde edilen
sonuglarin ortez-protez kontrolii gibi alanlarda kullanilmasi
gerektiginde bagka yazilimlara ihtiyag duyulmaktadir.
Yukaridaki bilgiler dogrultunda kas mekanigi ile ilgili
analizler i¢in daha basit, herkes tarafindan yaygin olarak
kullanilabilecek ve matematiksel ifadelerin karmagikligiyla
ugrasmaya gerek duyulmayan yazilimlara ihtiyag¢ vardir.

Bu calismada kas mekanigi analizlerinin MATLAB /
Simscape ~ Multibody  araglar1  kullanilarak  nasil
gerceklestirilebilecegi aciklanmigtir. Boylece kas mekanigi
calismalar1 i¢in herkes tarafindan kolayca kullanilabilecek
esnek bir model sunulmasi amaglanmistir. Simscape
Multibody ile gergek boyutlardaki mekanik sistemler blok
diyagramlar1 seklinde modellenir ve dinamik analizler
gerceklestirilebilir. Mekanik sistemler igin gelistirilmis
olmasina ragmen insan hareketinin analizlerinde de
kullanilabilmektedir [17-19]. Calisma kapsaminda 6n kol,
iist kol, dirsek eklemi ve pazu kasi Simscape Multibody
araclar1 kullanilarak modellenmistir. Pazu kasi i¢in Hill kas
modeli tercih edilmigstir. Daha sonra bu model kullanilarak
dambil ile 6n kol biilkme egzersizinin benzetimi yapilmistir.
Benzetim sonucunda eklem momenti, kas kuvveti ve kas isi
hesaplanmistir.  Onerilen model iizerinde degisikler
yapilarak farkli kas ve eklemler igin de analizler
gerceklestirmek miimkiin olacaktir.

2. YONTEM

Dambil ile 6n kol biikme egzersizinin benzetimi igin
oncelikle 6n kol, iist kol, dirsek eklemi ve pazu kasinin eklem
uzun modeli olusturulmustur. Ardindan uzuvlarin kiitle ve
atalet Ozellikleri onceki ¢aligmalarin sonuglarina gore
belirlenmistir. Bir erkek denek ile 6n kol biikkme egzersizinin
hareket analizi yapilmistir. Eklem uzuv modeli, uzuvlarin
kiitle ve atalet Ozellikleri Simscape Multibody blok
diyagramlar1 ile modellenmistir. Hareket analizi verileri
kullanilarak Simscape Multibody modeli ile 6n kol
egzersizinin benzetimi yapilmustir. {lerleyen boliimlerde bu
islemlerin detaylarina yer verilmistir.

2.1. Eklem Uzuv Modeli

On kol, iist kol, dirsek eklemi, omuz eklemi, pazu kas1 ve
dambildan olugan eklem uzuv modeli Sekil 2’de
goriilmektedir. On kol ve iist kol uzuvlar1 kat1 cisim olarak
ele alimmistir. Dirsek eklemi tek serbestlik dereceli doner
mafsal olarak modellenmisti. Omuz ve el bilegi
eklemlerinde bir inceleme yapilmayacagindan bu eklemlerin
hareketi sabitlenmistir. Pazu kasi, Hill kas modeline uygun
olarak yay ve soniim elemanlar1 kullanilarak modellenmistir.
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%; 7/?_ Omuz eklemi

Pazu kasi

Ust kol Dambil

Dirsek eklemi

Sekil 2. Tek serbestlik dereceli eklem uzuv modeli.

Hill kas modeline gore pazu kasimnin maksimum kasilma
kuvveti Denklem 1 ile ifade edilebilir. Bu formiil aym
zamanda kasilma hiz1 ile kas kuvveti arasindaki iligkiyi de
tanimlar.

[F(x) + a][B(t) + b] = [F(X)max + a]b 1)
Burada F kas kuvvetini, v kasin kisalma hizimi, F,,,
maksimum izometrik kuvvetini, t zamani, x kasin uzamasin
ifade etmektedir. a ve b sabitlerdir. On kol biikkme hareketi
sirasinda meydana gelen pazu kasi kuvveti ayni zamanda
dirsek eklemi iizerinde bir donme momenti meydana
getirmektedir (Denklem 2).
M(t) = F(t)-d @)
Denklem 2’de M dirsek ekleminde meydana gelen reaksiyon
momentini, d ise pazu kasinin 6n kola baglandigi yer ile
dirsek eklemi donme merkezi arasindaki mesafeyi

belirtmektedir. Kasin trettigi mekanik giic Denklem 3,
harcadigi enerji ise Denklem 4 ile hesaplanabilir.

P(t) = M(t) - &(t)
W(t) = fff P(t)-dt

@)
(4)

Burada P giicii, w eklemin agisal hizzm, W belirli zaman
araliginda yapilan isi ifade etmektedir. Denklem 1 dogrusal
olmayan bir yapida oldugundan [7] kas kuvvetini, eklem
momenti iizerinden hesaplamak daha kolaydir. Kas kuvveti
belirlendikten sonra kas giicii ve kas isi kolay bir sekilde
hesaplanabilir.

2.2. Antropometrik Parametreler

Uzuvlarm kiitle, atalet momenti, uzunluk, kiitle merkezinin
yeri gibi 0zellikleri ile pazu kasinin yay sabiti, soniim sabiti,
kemige baglanma noktasinin eklem merkezine uzaklig1 gibi
Ozellikleri  Onceki  ¢alismalarin  sonuglarina  gore
belirlenmistir. Kiitle ve boy uzunlugu parametreleri hareket
analizi caligmasma katilan erkek denek (70 kg, 174 cm)
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referans alinarak belirlenmistir. Tablo 1°de eklem uzuv
modelinin antropometrik 6zellikleri yer almaktadir. Ince bir
disk seklinde modellenen 10 kg kiitleli dambilin, xx, yy ve
zz eksenlerindeki atalet momenti sirastyla 250000, 250000,
500000 g-cm? *dir.

Tablo 1. Antropometrik 6zellikler. k; yay sabiti, b; séniim
sabiti, 1; pazu kasinin serbest haldeki uzunlugu.

Uzuv ozellikleri
Atalet momenti Proksimal
Boy | Kiitle (g-em?) [21] ugtan itibaren
(cm) | (ka) kiitle merkezi
Uzuv| [20] | [20] Ixx lyy Iz (cm) [20]
Ust
kol |30.52|1.965 | 132-10%| 22:10° | 133-10° 13.3
On
kol | 26.3 | 1.123 [64.5-10%| 8.8:10% [66.9-10° 11.31
Pazu kas1 6zellikleri
k=196 N/m | b=49 Ns/m 1=30.1cm d=3cm
[22] [22] [22] [23]

2.3. Hareket Analizi

Gelistirilen biyomekanik model ile 6n kol biikme
egzersizinin benzetimi yapilacagindan eklemlerin hareket
verilerine ihtiya¢ duyulmaktadir. Ozellikleri Boliim 2.2°de
belirtilen erkek denek {izerinde hareket analizi islemi
yapilmistir. Bu dogrultuda denegin omuz eklemi, dirsek
eklemi ve dambil {izerine pasif isaretleyiciler
yerlestirilmistir. Denek, dambil ile egzersiz hareketini
gerceklestirmistir. Hareket analizine, 6n kol yere paralel
konumda iken baglanmig, 6n kolun fleksiyonu ile devam
edilmis ve on kol baslangic konumuna geri getirilerek
hareket tamamlanmistir. Hareket analizi sirasinda denek
ayakta durmus ve kendi belirledigi bir hizda hareketi
gerceklestirmigtir. Bu esnada goriintiiler bir video kamera
(30 kare/saniye) ile kaydedilmistir. Kamera goriintiilerinden
faydalanarak Tracker (Open Source Physics) video analiz
yazilimi ile dirsek ekleminin agisal yer degistirmesi
hesaplanmistir. Daha sonra bu verilerin tiirevi alinarak
eklemin agisal hiz ve agisal ivime degerleri elde edilmistir.
Verilere MATLAB ortaminda algak gegiren filtre
uygulanmigtir.

2.4. Eklem Uzuv Modelinin Simscape Multibody Yapisi

Eklem uzuv modeli Simscape Multibody araglar
kullanilarak Sekil 3°deki gibi ifade edilmistir. Hareket
analizindeki baglangi¢ konumuna gore uzuvlarin x, y, ve z
eksenlerindeki konumlar1 blok parametreleri igerisine
girilmistir. “Ground” blogunun konum degerleri (0, 0, 0)
seklinde girilmistir. Uzuvlarin koordinat degerleri ise Tablo
2’de yer almaktadir. Dirsek eklemi “Joint Actuator” blogu
ile hareketlendirilmistir. Hareket analizi sonucunda elde
edilen degerler, MATLAB Workspace’deki “R1” (yer
degistirme, hiz, ivme, zaman) isimli dosyadan modele
aktarilmaktadir. Simscape Multibody modelinin ¢ézliimii ters
dinamik yontem (inverse Dynamics) ile sabit adiml1 (fixed-
step, sample time: 0.033) olarak yapilmustir. “Joint Sensor”
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blogu ile dirsek ekleminde meydana gelen reaksiyon
momenti hesaplanmistir. Ardindan kas kuvveti ve kas isi
belirlenmistir.

o by
Machine
Environment Ground

z

Tendon SEC

Omuz Pazy_CE

X

| 5| Lo —f
T

CS3 B—‘

ust kol

702 ot

Tendon_SEC1

Tr

Dirsek_adi

c&1
5 c
€583
on_kol }

Bilek

Dirsek

Joint Sensor %/‘

B

Y

Joint Actuator

=
L
Q
(8]
Dumbell| Mg

Moment_dirsek

Sekil 3. Eklem uzuv modelinin Simscape Multibody blok
diyagrami.

Tablo 2. Modelin koordinat parametreleri. CG; agirlik
merkezi, CS; koordinat sistemi. Bagli; kendinden o6nceki
nokta ile ayni koordinat degerinde oldugunu ifade eder.

Uzuv
Koordinat =
Ust kol (X, Y, 2) On kol (x, Y, 2)
CG (1.6,-133.3,0) (115.3, -286.5, 0)
CS1 Bagl Bagl
Cs2 (3.7,-304.6, 0) (263.3, -262.5, 0)
CS3 (0,0,0) (47.4,-2975,0)

3. BULGULAR

Dirsek ekleminin hareket analizi sonunda hesaplanan agisal
yer degistirme ve acgisal hiz degerleri Sekil 4°de
goriilmektedir. Dirsek eklemi yaklasik 30 derecelik bir yer
degistirme yapmakta ve ©on kol fleksiyon konumuna
gelmektedir. Ardindan 6n kol tekrar baslangic konumuna
gelmektedir.

Simscape Multibody ortaminda yapilan benzetim islemine
ait gorlintii kareleri Sekil 5’de yer almaktadir. Gorsel
benzetim islemi yazilimim “Simulation” 6zelligi kullanilarak
yapilmistir. Buradaki kirmizi renkli elipsoidler, atalet
ozelliklerini ifade etmektedir.
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Sekil 4. Dirsek ekleminin yer degistirme (listte) ve agisal hizi
(altta).

t=0 Baslangi¢
—

L—x Fleksiyon

L

Sekil 5. On kol biikme hareketinin gorsel benzetimi.

L

Yapilan benzetim islemi sonucunda hesaplanan dirsek
eklemi momentine Sekil 6’da yer verilmistir. Burada en
yiiksek eklem momenti 28.24 Nm, en diisiik eklem momenti
de 14.45 Nm olarak hesaplanmistir. En yiiksek eklem
momenti hareketin  basinda meydana  gelmektedir.
Baslangigta 6n kola ivme kazandirmak i¢in yiiksek bir eklem
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momenti gerekirken, fleksiyonun sonuna dogru 6n kolun
ivmesi azaldigindan eklem momenti de azalmaktadir.
Fleksiyondan tekrar baslangic konumuna gelirken (bitiris
esnasinda) eklem momenti tekrar artmaktadir. On kolun
fleksiyonu sirasinda pazu kasi konsantrik kasilirken boyu
kisalmaktadir. Bitis esnasinda (t = 1,05 — 1,46 s) pazu kast
uzayarak eksantrik kasilmaktadir. Eksantrik kasilma eklem
hareketini yavaslatarak Dbitiris hareketinin Kkontroliinii
saglamaktadir. Bitirig sirasinda yer ¢ekimi kuvveti harekete
destek olmaktadir. Bu durum eklem momentini azaltici
yonde etki yapmaktadir.

N
o Now
G owm O

N
I
)

Eklem momenti (Nm)
N
o

17.5
15| b
125}
10 1 1 1 | I
0 0.25 0.5 0.75 1 1.25 1.5
Zaman (s)

Sekil 6. Dirsek eklemi momentinin degisimi.

Eklem momenti belirlendikten sonra pazu kasi kuvvetinin
maksimum degeri 941.5 N, minimum degeri ise 481.8 N
olarak hesaplanmigtir. Hareket esnasinda kas tarafindan
harcanan mekanik enerji 27.58 J olarak bulunmustur.

4. DEGERLENDIRME VE SONUC

Kas mekaniginin incelenmesi i¢in bir bilgisayar benzetim
modeli gelistirilen bu ¢alismada, pazu kasinin 6n kol biikme
egzersizi sirasindaki dinamik analizi gerceklestirilmistir.
Simscape Multibody ortaminda yapilan benzetim sonucunda
eklem momenti hesaplanmistir. Sonrasinda kas kuvveti ve
kas isi bulunmustur. Eklem momentinin degisim davranist
Challis ve Kervin [24] tarafindan yapilan ¢aligmanin
sonuglart ile benzerlik gostermektedir. Dambil ile 6n kol
biikme hareketi esnasinda pazu kasindaki maksimum
fleksiyon momentinin ters dinamik yontemle hesaplandigi
bu ¢alismada, kas momentinin 23 — 47 Nm arasinda degistigi
bulunmustur. Nolte ve arkadaslari1 [25] ADAMS yazilimint
kullanarak 3 boyutlu bir simiilasyon modeli ile n kol biikme
egzersizini incelemigler ve erkek katilimcilarda maksimum
dirsek eklemi momentinin 20 — 30 Nm arasinda degistigini
gostermiglerdir. Bizim ¢alismamizda ise eklem momentinin
maksimum degeri 28.24 Nm olarak hesaplanmistir.
Sonuglarimizin literatiir ile uyumlu oldugu goriilmektedir.
Dolasiyla Simscape Multibody araclari  kullanilarak
gelistirilen model pazu kasinin biyomekanik analizleri icin
kullanilabilir. Modelin parametreleri kolayca degistirilerek
farkl bireysel 6zelliklere ve farkli hareketlere gore analizler
yapilabilir. Ayrica pazu kasi i¢in dnerilen bu model, benzer
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ozelliklerdeki (eklemlere fleksiyon ve ekstansiyon hareketi
yaptiran kaslar) diger kaslara da uyarlanabilir. ilaveten
onerilen modele dambil, bar, agirlik sehpasi gibi egzersiz
ekipmanlar1 eklenebilir ve bu ekipmanlarin dlgiileri kolayca
degistirilebilir. Boylece kullanilan ekipmanin egzersiz
iizerindeki etkinligi incelenebilir.

Bu calismada onerilen MATLAB Simscape modeli ile
eklemlerin yer degistirmesini belirlemek igin yapilan hareket
analizi birbirinden bagimsizdir. Dolayisiyla isaretgi
yerlesimi ve kamera se¢imi gibi konularda esnek davranmak
miimkiindiir. Ayrica eklemlerin serbestlik dereceleri (doner
mafsal veya kiiresel mafsal gibi) Joints bloklart ile (revolute
veya spherical) kolayca degistirilebilmektedir.

Yumusak doku hareketlerinden ve eklemlerin ¢ok merkezli
olmalarindan dolayt 6n kolun fleksiyon hareketi sirasinda
pazu kasmin 6n kola baglanti noktasi ile eklem donme
merkezi arasindaki mesafe (d) bir miktar degismektedir. Bu
calismada oOnerilen modelde bu mesafenin sabit kaldigi
varsayilmistir,. Bu durum c¢alismanin smirliligi  olarak
gosterilebilir. Benzetim iglemi sonucunda hesaplanan
moment, kuvvet ve i degerleri protez ve ortez tasarimlari
igin bir tasarim parametresi olarak kullanilabilir. Ust
ekstremite i¢in gelistirilen ortez ve protezlerde kullanilacak
eyleyicilerin ¢alisma sartlar1 pazu kasi mekanigine gore

ayarlanabilir. Bununla birlikte elde edilen sonuglar,
rehabilitasyon stireclerinin -~ degerlendirilmesinde  fayda
saglayabilir. Ozellikle inme sonrasi st ekstremite

rehabilitasyonunda, kas fonksiyonlarinin geri kazanimi
degerlendirilirken pazu kasi kuvveti ve dirsek eklemi
momenti nicel bir kiyaslama i¢in kullamilabilir. {laveten Hill
kas modeliyle temsil edilen pazu kasi ilizerinde gerilme
gevsemesi ve silirinme gibi zamana bagh degisimler
incelenebilir.

Gelecek caligmalardan bir tanesi, onerilen modelin tiim st
ekstremiteye uyarlanmasi olacaktir. Bunun i¢in modele arka
kol kasi ile parmak hareketlerini kontrol eden 6n kol
bolgesindeki fleksér ve ekstansér kas gruplari ilave
edilecektir. Ayrica elde edilen kas kuvveti sonuglari,
elektromiyografi ol¢iimleri ile karsilagtirilarak modelin
hassasiyeti daha iyi ortaya konabilir.
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Oz

Cok amacli salonlar, iilkemizde farkli nitelikteki etkinliklerin gergeklestirilmesi i¢in siklikla tercih edilmektedir. Literatiirde cok
amacli salonlarla ilgili cok sayida ¢alisma olmasina ragmen ¢alismalarda incelenen salonlarda icra edilen islev sayisi ¢ok sinirlt
tutulmus ayrica sinema islevini de inceleyerek bu islev i¢in de 6neri getirilen ¢caligmalara rastlanamamustir. Literatiirdeki boslugu
dolduracak olan bu ¢alismada, konser, konferans, tiyatro ve sinema etkinlileri i¢in akustik agidan uygun kosullar1 saglamasi
gereken bu salonlara 6rnek olusturabilecek nitelikte Anadolu Universitesi biinyesindeki 421 kisilik cok amach salon analiz
edilmis ve degerlendirilmistir. Salonun hacim akustigi agisindan uygun kosullar1 saglayabilmesi igin degistirilebilir hacim ve
degistirilebilir ylizey gerecleri Onerilmistir. Sinema Anadolu Cok Amagli Salonu igin yapilan hacim akustigi analizleri
dogrultusunda, ilkemizde yiiriirliikte olan yonetmeliklerin, uluslararasi standartlarin ve literatiirde Onerilen kabul edilebilir
akustik konfor kosullarinin saglanmasina yonelik 6neriler gelistirilmistir. Gelistirilen bu 6neriler dogrultusunda, Sinema Anadolu
Cok Amagli Salonu’nda icra edilen dort farkli isleve yonelik ulusal/uluslararast mevzuatlarda 6nerilen kabul edilebilir akustik
konfor kosullar1 saglanmustir.

Anahtar Kelimeler: Cok amagl salon, mimari akustik, hacim akustigi, akustik tasarim, degistirilebilir akustik tasarim

Replaceable Acoustic Design in Multi-Purpose Halls: Cinema Anadolu Multi-
Purpose Hall Example

*10kan Simsek
Eskisehir Technical University, Faculty of Architecture and Design, Department of Architecture, osimsek@eskisehir.edu.tr

Abstract

Multi-purpose halls are often preferred for the realization of different events in our country. Although there are many related
studies in multi-purpose halls in the literature, the number of functions performed in the halls examined in the studies was kept
very limited, and studies suggesting this function were not found by examining the cinema function as well. In this study, which
will fill the gap in the literature, a multi-purpose hall of 421 people in Anadolu University, which can serve as an example for
these halls, which should provide acoustically appropriate conditions for concerts, conferences, theater and cinema events, was
analyzed and evaluated. In order to provide suitable conditions in terms of volume acoustics, replaceable volume and replaceable
surface materials have been proposed. In line with the volume acoustics analysis conducted for the Cinema Anadolu Multi-
Purpose Hall, suggestions have been developed to provide regulations in force in our country, international standards and
acceptable acoustic comfort conditions recommended in the literature. In line with these suggestions, acceptable acoustic comfort
conditions recommended in the national / international regulations for four different functions performed in the Cinema Anadolu
Multi-Purpose Hall are provided.

Keywords: Multi-purpose hall, architectural acoustics, room acoustics, acoustic design, replaceable acoustic design

1. GIRIS fiziki ortam kosullarinin olugsmasina neden olurlar. Bu fiziki

etkenler mimaride 6nemli bir yer tutarlar. Kullanicilar igin
Bir ortamda insani yakindan etkileyen ve saran fizik uygun ortamlar tasarlamak zorunda olan mimarlar,
kosullarinin tiimiine yap1 fizigi denilmektedir. Is1, 151k, ses, kullanicilarin fizyolojik ve psikolojik yapisina uygun olarak
renk, nem gibi etkenler yap1 fizigi 6geleri olarak bir mekanin yasama, Ogrenme, calisma, sosyallesme vb. faaliyetlerini
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yerine getirecek mekanlar1 tasarlarlar. Tasarlanan bu
mekanlarin  fiziki ortam kosullar1 bireylerin {izerinde
fizyolojik, psikolojik ve is performans: yoniinden ciddi
etkileri vardir [1-5].

Yapilarda fizik ortam denetiminin bir boliimii olan ses
denetiminin, giiriilti denetimi ve hacim akustigi olmak iizere
iki hedefi vardir. Giiriiltii denetimi, yap1 kabugu ve bolme
elemanlar1 araciligiyla iletilen seslerin diizeylerini kontrol
altinda tutmak i¢in alinacak 6nlemleri kapsar. Bu sayede her
tirlii yapi, isletme ve tesisin faaliyetleri sirasinda bireylerin
etki altinda kalacagi, her tirlii giiriiltiiniin, kisilerin, iyi
duyma ve algilama kosullarinin gerceklesmesi igin,
bireylerin fizyolojik ve psikolojik yapilarina gelebilecek her
tirlii zarar ortadan kaldirilmis olur. Hacim akustigi ise,
kapali hacimlerdeki reverberasyon siiresi bagta olmak iizere
hacim akustigi parametrelerinin diizenlenmesidir [6-9].

Yap1 ya da mekanin iglevine gore, bazi fizik ortam 6geleri
digerlerinden daha 6ncelikli olabilir. Ornegin, temel islevi
isitsel etkinlige dayanan konferans, toplanti, konser salonu
benzeri salonlarda isitsel; temel isglevi isitsel ve gorsel
etkinlige dayanan opera, bale, tiyatro, sinema benzeri
salonlarda isitsel ve gorsel konfor kosullarinin saglanmasi
birinci derecede Onem tasir. Hacmin fiziksel sinirlariin
olusumu, tefrisi-i¢ planlamasi ve i¢ yiizey gereglerinin
secimi asamalarinda mekanin konusma ya da mizik
etkinligine hizmet edecek olmasi, alinacak kararlarda
belirleyici olmaktadir. Giiniimiizde ise, genellikle ekonomik
nedenlerde  Otiirli, salonlarda birden fazla islev
gerceklesmekte ve bu tiir salonlar “cok amagli salon” olarak
adlandirilmaktadir. Bu tip salonlarin mekansal ve teknik
6zelliklerinin konugma ve miizik etkinliklerine uygun olarak
tasarlanmasi, gerektiginde degistirilebilir elemanlarla
akustik ortamin uygun hale getirilmesi saglanmalidir.

Literatirde c¢ok amacgl salonlarla ilgili yapilan bazi
¢alismalarda ise, Maria Cairoli ¢ok amagli salonlar {izerine
yaptig1 bir calismada dairesel bir plana sahip oditoryum igin
akustik tasarim yaklasimlar1 ve ¢dziim Onerileri getirmistir.
Cok amagli bir hacim yaratmak igin hareketli mimari
elemanlarin farkli kombinasyonlarini kullanarak simiilasyon
programlarimi  kullanarak Onerilen gelistirmistir  [10].
Yapilan bagka bir ¢aligmada ise esas olarak konserler igin
tasarlanmig  tipik bir salonun bilgisayar programi
kullanilarak akustik tasarimi gergeklestirilmistir. Hareketli
tavan tasarimi, ses yutucu ve dagitict elemanlarinin
kullanilmasiyla degistirilebilir akustik tasarim elde
edilmigtir [14]. Barron ve Kissner’in yaptigi calismada ise
cok amagli salonlar i¢in hem konugma hem de miizik iglevine
uygun olast bir akustik tasarim yaklasimi gelistirilmistir.
Reverberasyon siiresinin beklenenden daha uzun oldugu
ornek iki salon tizerinden gergeklestirilen ¢aligma hem
konugma hem de miizik iglevine uygun olmasi istenen
salonlara Oneriler getirmistir [12]. Literatiir 6zeti olarak ¢ok
amagli salonlarla ilgili ¢ok sayida ¢aligma olmasina ragmen
caligmalarda incelenen salonlarda icra edilen islev sayis1 ¢ok
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siirlt tutulmus ayrica sinema iglevini de inceleyerek bu islev
i¢in de Oneri getirilen ¢aligmalara rastlanamamustir.

Bu caligma kapsaminda, ¢ok amacgli salonlarda akustik
tasarim konusu, Anadolu Universitesi biinyesinde bulunan,
konusmaya dayali etkinliklerin (konferans ve tiyatro) yant
sira, sinema ve kimi zaman da konser etkinlikleri igin
kullanilacak bir salon ile 6rneklenmistir. Calismada, aktif
olarak kullanilan 421 kisi kapasiteli salonun mevcut durumu
igin akustik degerlendirmeler, sesin nesnel
parametrelerinden; reverberasyon siiresi (RT), erken diisme
siiresi (EDT), netlik (C80), agiklik (D50), konugsmanin
anlagilabilirligi (STI), A agirlikli ses basing diizeyi(SPLA),
yanal enerji orant (LF80) ve zamansal agirlik merkezi (Ts)
iizerinden yapilmistir. Sesin nesnel parametrelerini elde
etmek amaciyla ODEON (V 14.0 Auditorium) hacim
akustigi simiilasyon programi kullanilarak ¢ok amagl
salonunun analizleri gergeklestirilmis ve gelistirilen
onerilerden elde edilen bulgularin ulusal/uluslararasi
mevzuat ile karsilastirilarak, gelistirilen 6nerilerin dogrulugu
kanitlanmigtir [13].

2. MATERYAL VE METOT

Sinema Anadolu Cok Amacgli Salonu, 16 m x 31,50 m
boyutlarinda, dikdortgen planlidir. Akustik tavan olmadan
hacmi 2330 m3 olan salonun kapasitesi 421 kisidir. Salon
yiiksekligi ortalama 5,10 m, agik sahne ise dogsemeden 1,30
m yiiksekliktedir (Sekil 1). Kisi basina diisen hacim 5,53 m?
olup bu deger gz 6niine alindiginda hacim ¢ok amacli salon
islevi icin gerekli olan literatiirde Onerilen optimum kisi
basina diisen degerlere ¢ok yakin oldugu tespit edilmistir
(Tablo 1).

Tablo 1. Islevlere gore onerilen kisi basina diisen hacim

Hacim (m*/Kisi)
Maekawa

Salon Doelle [14] [15]

Min | Max | Onerilen | Onerilen
Konusma 2,3 43 3,1 4-6
;‘%’::12 28 |51 |35 4-6
Opera 45 7,4 57 6-8
Cok amaclh 51 8,5 7,1 6-8
Konser 6,2 10,8 7,8 8-10

Salonun akustik agidan degerlendirilmesi i¢in sesin nesnel
parametre  degerlerinin elde edilebilmesi amaciyla
gerceklestirilen  simiilasyonlar Oncesinde mekanin  ii¢
boyutlu modeli SketchUp 2017 yaziliminda hazirlanmistir
(Sekil 2). Hazirlanan model ODEON (V 14.0 Auditorium)
hacim akustigi simiilasyon programina aktarildiktan sonra
program kapsaminda gerekli kontroller gergeklestirilmistir.
Oncelikle modellerde herhangi bir hata olup olmadig
denetlenmis sonrasinda yiizeylere malzeme girisleri
gergeklestirilmistir.
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Sel 1‘ Sine‘rﬁa Anadolu Cok Amach Salnu’nun i¢
gOrinimii

Sekil 2. Salon i¢in hazirlanmis ii¢ boyutlu model

Simiilasyonlarda  kaynak olarak sahne ortasinda
konumlanmig 1,50 metre yiikseklikte yiiksek diizeyli
konusma tayfina karsilik gelen
BB93_RAISED_NATURAL.SO8 (SWL:75,4  dBA)
kullanilmistir (Sekil 3).

T
e Rty asan:
ez (=
Z %1 z

Sekil 3. Salonun plan1 ve kaynak konumu

Salonun parter boliimiinde désemeden 1,20m yiikseklikte
secilen alici alam1i 0,50m*0,50m 1zgara sistemi olarak
tanimlanarak parametrelerin salon genelindeki dagilim
durumlar1 gorsel ve sayisal olarak elde edilmistir (Sekil 4).
Hacim akustigi parametrelerinin salon genelindeki dagilim
durumlarimin incelenmesinde ODEON (V 14.0 Auditorium)
hacim akustigi simiilasyon programindan elde edilen X5,
X50 ve X95 degerlerinden ve yiizdelik dagilim
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grafiklerinden yararlanilmistir. (Xn: Kosulun saglandigi
dinleyici alani(%) yiizdesi)

o [T e |

KAYNAK|
o

Lo HHL

l_% I T 11X 1 L.
Sekil 4. Salonun alict noktalari i¢in tanimlanan izgara
diizlemi

Sinema Anadolu Cok Amagli Salonu’nun i¢ mekan
yiizeylerinde kullanilan kaplama malzemeleri Sekil 5’deki
kesit diizleminde ve 63-8000 Hz oktav bant frekans
araligindaki ses yutma katsayilar1 Tablo 2’de verilmektedir.

— )

Kumas Kaph Ahsap Kaplama Ahsap Kapr
Panel (Mevcut) (Mevcut) (Mevcut)
Siva Alg1 Tavan Koltuk
(Mevcut) (Mevcut) (Mevcut)

Sekil 5. Salon genelinde kullanilan mevcut malzemelerin
kesit diizlemindeki yerlesimi

Program ¢alistirildiktan sonra sesin nesnel parametre
degerlerine ait elde edilen sonuglar ulusal/uluslararasi
mevzuat ve literatiirde 6nerilen optimum deger araliklari ile
kargilagtirtlmigtir. Sonrasinda ise optimum sinir degerler
disinda kalan nesnel parametre degerlerinin optimum
diizeylerde elde edilebilmesi i¢in degistirilebilir hacim ve
degistirilebilir i¢ yiizey geregleri kullanilarak farkli islevlere
gore farkli Onerilerde bulunulmustur. Gelistirilen bu
onerilerin tekrar simiilasyonu gergeklestirilerek ¢ok amacl
salonun konser, konferans, tiyatro ve sinema islevleri i¢in
elde edilen bulgularm ulusal/uluslararast mevzuat ile
kargilagtirilarak, geligtirilen  Onerilerin =~ dogrulugu
kanitlanmistir.

3. BULGULAR

Salon ile ilgili degerlendirmeler; reverberasyon siiresi (RT),
erken diisme siiresi (EDT), netlik (C80), agiklik (D50),
konusmanin anlagilabilirligi indeksi (STI), A agulikli ses
basing diizeyi(SPLA), yanal enerji oran1 (LF80) ve zamansal
agirlik merkezi (Ts) parametrelerinin literatiirde Onerilen
kabul edilebilir degerleri ile karsilastirilmas1 yoluyla
gerceklestirilmistir.
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Tablo 2. Sinema Anadolu Cok Amagli Salonu’nun i¢ mekan yiizeylerinde kullanilan malzemeler
ve 63-8000 Hz oktav bant frekans araligindaki ses yutma katsayilar1
. Malzeme 63 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000
NO | Yiizey Kodu[16] | Malzeme Hz |Hz |Hz |Hz |Hz |Hz |Hz |Hz
1 Sahne 3005 Parke 02 |02 |015 010 010 |005 |010 |00
Dosemesi
Duvar
2 . 12004 Kumas Kaplh 0,15 (0,15 [ 0,7 0,6 0,6 0,85 |09 0,9
Panelleri
Sahne
3 4000 Siva 0,02 (0,02 |0,02 {003 |004 |005 |0,05 |O0,05
Duvarlari
4 Camlar 10004 Lamine Cift Cam | 0,15 | 0,15 | 0,05 | 0,03 | 0,03 | 0,02 | 0,02 | 0,02
5 Salon 6001 PVC Kaplama | 0,02 [0,02 | 002 (004 |005 |005 |01 |01
Dosemesi
6 Tavan 4043 Alci 0,3 0,3 0,12 10,08 | 0,06 |006 |005 |005
7 Kolonlar 3066 Ahsap Kaplama 0,28 (0,28 | 0,22 |0,17 | 0,09 |0, 0,11 |0,11
8 Kapilar 10007 Ahsap 0,14 (0,14 |01 0,06 | 0,08 |01 0,1 0,1
9 Sahne Perdesi | 8010 Kumag 0,4 (0,24 | 0,35 | 055 |0,72 |0,7 0,65 | 0,65
10 ch.m.. .. S?hne 4000 Siva 0,02 (0,02 |0,02 {003 |004 |005 |0,05 |O0,05
Boliiciileri
11 Dinleyici 11057 | Kumas  Kaphi| a5 | ga5 | 045 | 057 |061 |059 |055 | 055
Alam Koltuklar

3.1. Sinema Anadolu Cok Amach Salonu’nun Mevcut
Durum Akustik Analizi Ve Degerlendirilmesi

Sinema Anadolu Cok Amach Salonu mevcut durumu
genelinde ses diizeyinin seslendirmesiz kosulda yetersiz
olabilecegi simiilasyon sonucu elde edilen A agirlikli ses
diizeylerinin NR 30 ve NR 40 kabul edilebilir fon giiriiltiisii
degerleri ile karsilagtirilmastyla goriilmiistiir. Konugsmanin
anlagilabilirligi acisindan O6nem tasiyan 500Hz, 1000Hz,
2000Hz ve 4000Hz frekanslarinda salondaki ses diizeyleri ile
kabul edilebilir fon giiriiltiisii diizeyleri arasindaki ayrimlarin
yetersiz oldugu goriilmektedir (Sekil 6).

SPL(A)
80
70
60
50
40

30

DUZEY DB(A)

20
10
0 63
Mevcut Durum 42,9
=——NR 30 59
—+#—NR 40 67

Sekil 6. Salon genelinde ses diizeylerinin NR30 ve NR40 fon
giirtiltiisii diizeyleri ile karsilagtirilmasi

125
429

48

57

250
47
40
49

500
523
34
44

1000 2000
48.7 40.9 34
30 27 25

40 37 35

4000 80000

239
23
33

Salon geneli i¢in 1/1 oktav bant araliklarina gore, mevcut
durum igin elde edilen reverberasyon siiresi degerleri farkli
islevleri g6z Oniinde bulundurularak kabul edilebilir
reverberasyon siireleri ile karsilagtirilmistir. Konusma islevi
acisindan mevcut durum igin elde edilen degerler, tiim
frekanslar i¢in kabul edilebilir degerleri saglamakla birlikte,
miizik islevi agisindan mevcut durum kabul edilebilir
degerlerin ¢ok altinda kaldig1, sadece 63 Hz — 125 Hz(diistik
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frekans bolgesi) araliginda saglayabildigi goriilmektedir

(Sekil 7).

Salonun mevcut akustik kosullarini ortaya koymak igin
yapilan simiilasyon ¢aligmalar1 sonucunda elde edilen
bulgular; asagidaki Tablo 3’de sunulmustur.

T30
2
L8
1.6
1.4
@ 12
E | ’_&h‘._’_\_
-
i 0.8 —\
0.6 L
0.4
0.2
0 63 125 250 500 1000 2000 4000 80000
=#=—Mevcut Durum 1.07 1.07 0.97 0.97 0.9 0.91 0.79 0.54
Konugma i¢in Min.  0.55 0.715 0.88 0.88 0.88 0.88 0.715 0.55
Konugma igin Max. 1.87 1.595 1.32 1.32 1.32 1.32 1.32 1.32
FREKANSLAR
T30

SANIYE

63
1.07
0.8

272

125
107
104
2.32

2000
0.91
128
192

4000
0.79
Lo4
1.92

80000
0.54
0.8
1.92

250
0.97
1.28
1.92

500
0.97
1.28 128
1.92 192
FREKANSLAR

1000

=#—Mevcut Durum 0.9

=@ Miizik icin Min.
—+—Miizik icin Max.

Sekil 7. Salonun mevcut reverberasyon siiresi degerlerinin
konugma ve miizik islevleri i¢in kabul edilebilir degerler ile
kargilagtirilmasi
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Tablo 3. Sinema Anadolu Cok Amagl Salonu’nun mevcut durumunun farkl iglevlere gore
hacim akustigi acisinda analiz sonuglarinin degerlendirilmesi

Kosulun
Hacim Akustigi Optimum Degerler Mevcut Durum Analizi Saglandigy Degerlendirme
Parametreleri Dinleyici
Alam (%)
X5 X50 X95

RT30 (500-1000 | Miizik 1.6 0 UYGUN DEGIL
Hz) Konferans | 1.1 90 UYGUN
Reverberasyon | Tiyatro 1.1 0875 1093 |1.015 90 UYGUN
Siiresi, sn [17] [Sinema [0.6 0 UYGUN DEGIL
EDT (500-1000 | Miizik EDT>1,00s 10 UYGUN DEGIL
Hz) Erken | Konferans | EDT<1,00s 90 UYGUN
Diisme  Siiresi, | Tiyatro EDT<1,00s 0.795 10.905 11.04 90 UYGUN
sn [18] Sinema - - -

Miizik 82 UYGUN DEGIL
;Z'S‘SIA) i fe,s Konferans | Fon  giiriiltisiinin(40 | ;0 |5y 4 |sgp |82 UYGUN DEGIL
dB A‘\ [?Lg] UZeYL Tiyatro | dB) 10 dB iizeri : ' < 82 UYGUN DEGIL

Sinema 82 UYGUN DEGIL

Miizik - - -
D50 (500-1000 | Konferans | 0,30 - 0,70 053 062 068 100 UYGUN
Hz) Acikhik [20] [Tiyatro | 0,30 - 0,70 ' ' ' 100 UYGUN

Sinema - - -

Miizik (-5dB) - (+5dB) aralig 59 UYGUN DEGIL
C80 (500-1000 | Konferans | - - -
Hz) Netlik [20] | Tiyatro |- 325 1485 1595 7 .

Sinema - - -
STI Miizik - - -
Konusmanin Konferans | > 0,60 0.63 067 |07 100 UYGUN
Anlagilabilirlik | Tiyatro > 0,60 ' ' ' 100 UYGUN
indeksi [21] Sinema |- - -
LF80 (500-1000 |Miizik | 0,20-0,25 49 UYGUN DEGIL
Hz) Yanal | Konferans | 0,05-0,35 100 UYGUN
Enerji Oram | Tiyatro 0,05-0,35 0.162 0.2 0.283 100 UYGUN
[22] Sinema - - -

Miizik 70-150ms(1000Hz) 0 UYGUN DEGIL
Ts (500-1000 60-80ms(500 - o
Hz) Zamansal Konferans 4000Hz) 18 UYGUN DEGIL
Agirhk Merkezi 60-80ms(500 —149 545 1665
[20] Tiyatro 4000H2) 18 UYGUN DEGIL

Sinema - - -

Sinema Anadolu Cok Amagli Salonu mevcut durumu i¢in
hacim akustigi parametrelerinin aldig1 degerler ile literatiirde
yer alan kabul edilebilir degerler ve gerekli kosulun
saglandig1 yiizdelik dinleyici alan1 degerleri Tablo 3'de
verilmigtir.

Elde edilen reverberasyon siiresi(T30) degerleri istatistiksel
acidan degerlendirildiginde; mevcut durumun konusma
islevi agisindan tamamen sagladigi, miizik islevi agisindan
neredeyse tamamen saglamadig1 sdylenebilir. Erken diisme
stiresi(EDT) parametresi agisindan ise reverberasyon
stiresinde oldugu gibi mevcut durumun daha ¢ok konugma
islevi icin uygun oldugu gorilmektedir. Ayrica, salon
genelinde yaymmik ses alam1 kogulunun saglanmasi igin
EDT/T30 oraninin 0,8 - 1,1 arasinda olmasi
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istenmektedir[23]. Bu deger, mevcut durum igin 0,97
oldugundan salon genelinde yayinik yani homojen dagiliml
bir ses alani oldugu varsayilabilir.

Salon geneli i¢in 1/1 oktav bant araliklarma gore
konusmanin anlagilabilirliginin gostergesi olan STI ve 500
Hz — 1000 Hz orta frekans bdlgesinde konugmanin
belirginliginin gostergesi olan D50 parametreleri dinleyici
alanin tamaminda kabul edilebilir degerleri sagladig
goriilmektedir. Miizigin netliginin gostergesi olan C80, yine
miizik islevi sirasinda sarmalanmiglik hissini gili¢lendiren
LF80 ve Ts parametreleri agisindan parametre degerlerinin
miizik islevi acisindan kabul edilebilir olmadig
goriilmektedir.
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Tablo 4. Sinema Anadolu Cok Amagli Salonu i¢in farkli iglevlere gore gelistirilen senaryolarin i¢ mekan yiizeylerinde
kullanilan malzemeler ve 63-8000 Hz oktav bant frekans araligindaki ses yutma katsayilar

Alam
NO | Yiizey Malzeme (m?) 63 Hz |125Hz |250 Hz | 500 Hz 1H0200 ZHOZOO i|0200 E'OZOO
Salon Yan Hareketli 147 m?
1 Ses Yutucu 0,15 0,15 0,7 0,6 0,6 0,85 0,9 0,9
Duvarlari
Perdeler
Salon Yan | Yansitici 172 m?
2 Duvarlari ve | Ahsap 0,17 0,15 0,1 0,05 0,04 0,03 0,02 0,02
Sahne Agizi Paneller
3 Salon Désemesi | Hali 143 m? | 0.08 0.08 0.24 0.57 0.69 0.71 0.73 0.73

Parametrelerin dinleyici alani genelindeki dagilim durumlari
incelendiginde Sinema Anadolu Cok Amacli Salonu mevcut
durumu konusma islevi i¢in daha uygun oldugu sdylenebilir.
Bu bulgular 1siginda Sinema Anadolu Cok Amach
Salonu’nun hem konusma hem de miizik islevi agisindan
uygun akustik konfor kosullari saglayabilmesi igin miizik,
konferans, tiyatro ve sinema islevlerine yonelik ihtiyag
duyulan akustik kosullar ayr1 ayr1 ele alinarak degistirilebilir
hacim ve degistirilebilir i¢ yiizey geregleri Onerilmistir.

3.2. Sinema Anadolu Cok Amach Salonu’nun
islevlerine Yonelik Akustik Tasarim Onerileri

Sinema Anadolu Cok Amagli Salonu’nun da icra edilen 4
farkli islev i¢in ortak bir salon tasarimi gelistirilmistir.
Salonun kullanim senaryosu degistikce her biri i¢in degisken
akustik  kosullar1  saglamak i¢in, salon tasarimi
degistirilmeden sahne agzi ve salon yan duvarlarinda
uygulanacak  hareketli  sistemler ve  diizenlemeler
onerilmistir. Tlk asamada salonda icra edilen biitiin islevlerde
sabit tutulacak ve dinleyicilerin ilk ses yansimalarini
almasina katki saglayacak sahne iizerine dis biikey
elemanlarla birlikte yansitict bir tavan tasarimi ve mevcut
durumda ses yutucu olan salon yan duvarlarindaki
elemanlarin ses yansitici elemanlarla degistirilmesi Onerisi
gelistirilmistir (Sekil 8).

Aynt1 hacim igerisinde farkli iglevlerin gergeklestirilebilmesi
i¢in ihtiya¢ duyulan akustik konfor kosullarinin saglanmasi
amaciyla gelistirilen Onerilerin birbirleri ile
biitiinlestirilmesiyle tasarlanmis olan, Sinema Anadolu Cok
Amagcli Salonu’nda;

o Sahnenin, hacimden hareketli ses yansitict paneller
yardimiyla koparilarak reverberasyon siiresinin azaltilmasi
konferans ve sinema iglevlerinde,

o Salon yan duvarlarindaki ses yansitici yiizeylerin,
hareketli (manuel) ses yutucu perdeler sayesinde konferans,
tiyatro ve sinema islevlerinde saglanmasi gereken akustik

konfor kosullarinin  saglanmasina katki saglayacagi
disliniilmustiir.
o Makarali sistemlere sahip hareketli ses yutucu

perdeler, salonun betonarme iizerine ahgap kaplama yapilmig
kolonlar1 arasindaki boslukta hareket edecegi ve yansitici
ahsap tavan tasariminin arkasina gizlenecegi diistiniilmdistiir.
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Sinema Anadolu Cok Amacli Salonu’nda degisken akustik
konfor kogullarinin saglanmast igin sahne agzi ve salon yan
duvarlarinda uygulanacak hareketli sistemlerin yiizeylerinde
kullanilacak malzemeler ve malzemelerin 63-8000 Hz oktav
bant frekans araligindaki ses yutma katsayilar1 Tablo 4’te
verilmistir.

3.2.1. Konser islevi analizleri ve degerlendirmeleri

Bu caligma kapsaminda, Sinema Anadolu Cok Amaclh
Salonu’nda icra edilecek konser islevine yonelik olarak
saglanmast gereken akustik konfor kosullar: salon tasarimi
sabit tutularak (Sekil 8) saglanabilmistir. Ilk asamada
salonda icra edilen biitiin islevlerde sabit tutulacak sahne
lizerine dis biikey elemanlarla birlikte yansitict bir tavan
tasarimi ve mevcut durumda ses yutucu olan salon yan
duvarlarindaki elemanlarin ses yansitict elemanlarla
degistirilmesi Onerisi diger islevlere goére daha yiiksek
reverberasyon siiresine ihtiyag duyan konser islevi i¢in
tasarlanmigtir. Diger islevlerde daha diisiik reverberasyon
stiresi ihtiyaglar1 kademeli olarak degistirilebilir hacim ve
malzeme yutuculuklar: kullanilarak gerekli akustik kosullar
saglanmustir.

I

Ahsap Kam Siva Yansific1 Ahsap
(Mevcut) (Mevcut) Panel

Kumas Kaph Ahsap Kaplama

Panel (Mevcut) (Mevcut)

Sekil 8. Konser iglevi i¢in salon genelinde 6nerilen dis biikey
tavan tasariminin ve malzemelerin kesit diizlemindeki
yerlesimi

Sinema Anadolu Cok Amagl Salonu’nun Konser islevi igin
elde edilen reverberasyon siiresi(T30) degerleri istatistiksel
acgidan degerlendirildiginde; RT degeri 500-1000 Hz’de (orta
frekans bolgesi) literatiirde onerilen kabul edilebilir degerleri
sagladigr goriilmektedir. Sadece 8000 Hz’de literatiirde
onerilen kabul edilebilir degerlerin biraz altinda oldugu
tespit edilmistir (Sekil 9).

Konser islevi igin ulusal/uluslararast mevzuata uygun
akustik konfor kosullar1 saglanarak, onerinin dogrulugu
kanitlanmistir (Tablo 5).
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Tablo 5. Sinema Anadolu Cok Amagh Salonu i¢in gelistirilen 6nerinin konser iglevi agisindan
simiilasyon sonuglarinin degerlendirmesi
Kosulun
Hacim _ Akustigi (Ot Do o MeV(;u_t Durum Sa_lglan_dl_gl et
Parametreleri Analizi Dinleyici
Alam (%)
X5 X50 X95

T30 (500-1000 Hz)

Reverberasyon Siiresi, sn | Konser | 1.6 1.46 1.54 1.665 | 100 UYGUN
[17]

EDT (500-1000 Hz) Erken EDT>1,00s ya da

Diisme Siiresi, sn [18] Konser 0.8<EDT/T30<1.1 1.29 1.48 1.725 | 100 UYGUN
SPL(A) Ses Basing Diizeyi, Fon  giiriiltiisiiniin

dBA [19] Konser 10 dB iizeri 53.2 | 554 |582 100 UYGUN
B%? (500-1000 Hz) Agiklik | oo | 0315 | 042 |053 |- UYGUN
C80 (500-1000 Hz) Netlik | oo | (-50B) - (+5dB) | 55 |11 |275 |100 UYGUN
[20] aralig1

STI Konusmanin

Anlagilabilirlik indeksi | Konser | - 0.52 0.56 0.61 - UYGUN
[21]

LF80 (500-1000 Hz) Yanal |\ cor | 0.20-0.25 0.211 | 0.267 | 0.328 | 52 UYGUN
Enerji Orani [22]

Ts (500-1000 Hz) Zamansal )

Agarhik Merkezi [20] Konser | 70-150ms (1000Hz) | 81.5 | 99.5 1145 | 100 UYGUN

T30

SANIYE
- &

63 125
0.8 1.04
2.72 232

1.44

250
1.28 1.28
1.92 1.92 1.92
1.53 1.6 1.49

FREKANSLAR
Sekil 9. Konser islevi igin T30 parametresinin frekanslara
gore literatiirde Onerilen kabul edilebilir degerler ile

karsilagtirilmasi

500 1000

1.28

2000
1.28
1.92
1.46

4000
1.04
1.92
1.13

80000
0.8
1.92
0.74

Miizik igin Min
—+—Miizik i¢in Max.
— | Alternatif (Miizik) 1.4

3.2.2. Konferans islevi analizleri ve degerlendirmeleri

Sinema Anadolu Cok Amagli Salonu’nda dinleyici alan1 yan
duvarlarinin ses yansitict panellere sahip olmasi hacimdeki
reverberasyon siiresinin uzun ¢ikmasina sebep olmaktadir.
Konusmanin anlasilabilirligi indeksi, anlamanin 6n planda
oldugu konferans islevinde onemli bir hacim akustigi
parametresi olarak degerlendirilmektedir. Reverberasyon
stiresinin kabul edilebilir degerlerin iistiinde ¢ikmasi salon
icerisinde konugmanin anlagilabilirligi indeksini negatif
yonde etkileyecektir.

Salonda icra edilecek konferans islevine yonelik gerekli
akustik konfor kosullarinin saglanmasi igin;
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® reverberasyon siiresinin azaltilmasi igin, sahne
agzi; hareketli ses yansitict yiizeyle kapatilarak
toplam hacim azaltilmus,

e salon kisminin sahneye yakin duvarlari yansitict
olarak sabit tutulurken arka kisimlari hareketli

perdeler  sayesinde  ses  yutucu haline
doniigtiirilmiistiir (Sekil 10).
=
Hareketli Ses Kumas Kaph Ahsap Kaplama
Yutucu Perde Panel (Mevcut) (Mevcut)

Ahsap Kapx
(Mevcut)

Sekil 10. Konferans islevi i¢in salon genelinde Onerilen
akustik tasarimin kesit diizlemindeki yerlesimi

Yansitic1 Ahsap
Panel

Sinema Anadolu Cok Amagh Salonu’nda icra edilecek
konferans islevi i¢in literatiirde kabul edilebilir degerleri
saglayan akustik konfor kosullarinin saglanabilmesi
amaciyla salonun duvar ve tavan malzemelerini igeren
iyilestirmelerle (Sekil 8) birlikte Sekil 10’de verilen akustik
tasarim Onerisi gelistirilmistir.

Sinema Anadolu Cok Amagh Salonu’nun konferans islevi
icin elde edilen reverberasyon siiresi(T30) degerleri
istatistiksel agidan degerlendirildiginde; RT degeri 500-1000
Hz’de (orta frekans bolgesi) literatiirde Onerilen kabul
edilebilir degerleri sagladig1 gortilmektedir (Sekil 11).
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Tablo 6. Sinema Anadolu Cok Amagli Salonu igin gelistirilen 6nerinin konferans islevi agisindan
simiilasyon sonuglarinin degerlendirmesi
Kosulun
Hacim _ AKkustigi (Ot Do o Mevc_u_t Durum Sz_lglan_dl_gl Wt
Parametreleri Analizi Dinleyici
Alam (%)
X5 X50 | X95

T30 (500-1000 Hz)

Reverberasyon Siiresi, sn | Konferans | 1.06 0.97 | 1.02 1.16 100 UYGUN
[17]

EDT (500-1000 Hz) Erken EDT>1,00s ya da

Diisme Siiresi, sn [18] Konferans 0.8<EDT/T30<1.1 0.97 | 1.095 | 1.22 100 UYGUN
SPL(A) Ses Basing Fon giiriiltiisiiniin

Diizeyi, dBA [19] Konferans 10 dB iizeri 53.2 | 553 | 58.7 100 UYGUN
D50 (500-1000 Hz)

Agikiik [20] Konferans | 0.30-0.70 0.38 | 0.47 0.57 100 UYGUN
E%? (500-1000 Hz) Netlik |\ torans | - 115 | 255 |385 |- UYGUN
STI Konusmanin

Anlasilabilirlik  Indeksi | Konferans | > 0,60 0.57 | 0.6 0.64 55 UYGUN
[21]

LF80  (500-1000 Hz) )

Yanal Enerji Oram [22] Konferans | 0.05-0.35 0.2 0.26 |0.33 100 UYGUN
Ts (500-1000 Hz) )

Zamansal Agarlik | Konferans | 80:80mSG00 =1 6g 1755 |75 |75 UYGUN

. 4000Hz)
Merkezi [20]

T30
2
1.8
L6
1.4

12

1
0.8
0.6

0.4
0.2
0

SANIYE

63 125 250
L17 1
0.689  0.84
1.537 1.27

500
L.07
0.84

1.27

1000
Lot
0.84

1.27

2000
0.99
0.84
1.27

4000
0.85
0.689

1.27

80000
0.62
0.53

1.27

=———2. Alternatif (Konferans) 1.1
Konferans icin Min. 0.53
Konferans igin Max. 1.8

Sekil 11. Konferans islevi i¢in T30 parametresinin
frekanslara gore literatlirde onerilen kabul edilebilir degerler
ile karsilastirilmast

Konferans islevi i¢in; Sekil 10°da gosterildigi sekilde, ses
yutucu ve  yansitict  ylizeylerin  Onerilmesi ile
ulusal/uluslararas1 mevzuata uygun akustik konfor kosullari
saglanarak, dnerinin dogrulugu kanitlanmistir (Tablo 6).

3.2.3. Tiyatro islevi analizleri ve degerlendirmeleri

Sinema Anadolu Cok Amagli Salonu’nun tiyatro islevi igin
kabul edilebilir reverberasyon siiresi, konser islevi i¢in kabul
edilebilir reverberasyon siiresine gore daha diigiiktiir. Ayrica
tiyatro islevinde sahne aktif olarak kullanilacag: igin konser
islevinde oldugu gibi sahne agik olarak kullanilacaktir.
Hacmin artmasiyla birlikte artan reverberasyon siiresinin
tiyatro i¢in kabul edilebilir araliga getirilmesi gerekmektedir.
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Sinema Anadolu Cok Amacgh Salonu’nda icra edilecek
tiyatro islevine yonelik gerekli akustik konfor kosullarinin
saglanmasi igin;

e Tiyatro islevinin temel eylemi olan oyunlarin
gerceklestirilebilmesi i¢in sahne agzi; hareketli ses
yansitict ylizeyler kullanilmayarak sahne salona
dahil edilmistir (Sekil 12).

e Sahnenin salona dahil edilmesiyle birlikte artan
hacim, reverberasyon siiresinin artmasina sebep
olmustur. Tiyatro iglevi igin reverberasyon
stiresinin kabul edilebilir araliga getirilmesi i¢in
salon kisminin ses yansitici olan duvarlari hareketli

perdeler  sayesinde  ses  yutucu haline
doniigtiirilmiistiir (Sekil 12).
e Dinleyici alaninin sirkiilasyon alan1 toplam

yutuculugu arttirmak igin hali kaplanmistir (Sekil

12).
-
—
Ahsap Kap Siva Yansitici Ahsap Hah
(Mevcut) (Mevcut) Panel
Hareketli Ses Kumas Kaph Ahgap Kaplama
Yutucu Perde Panel (Mevcut) (Mevcut)

Sekil 12. Tiyatro islevi igin salon genelinde 6nerilen akustik
tasarimin kesit diizlemindeki yerlesimi
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Tablo 7. Sinema Anadolu Cok Amagh Salonu igin gelistirilen 6nerinin tiyatro islevi agisindan
simiilasyon sonuglarinin degerlendirmesi
Kosulun
Hacim _ AKkustigi T e Mevc_u_t Durum Sz_lglan_dl_gl Degerlendirme
Parametreleri Analizi Dinleyici
Alam (%)
X5 X50 | X95
T30 (500-1000 Hz) | +.
Reverberasyon Siiresi, sn [17] Tiyatro | 1.1 093 | 099 |1.13 | 100 UYGUN
EDT (500-1000 Hz) Erken | . EDT>1,00s ya da
Diisme Siiresi, sn [18] Tiyatro | 4 o EpT/T30<1.1 | 064 |08 | 0.97 1100 UIEILLY
SPL(A) Ses Basin¢ Diizeyi, . Fon giiriiltiisiiniin
dBA [19] Tiyatro 10 dB tizeri 50.1 | 52.2 | 55.7 | 100 UYGUN
E%? (500-1000 Hz) Agikiik | o105 | 0.30-0.70 054 | 068|077 |90 UYGUN
C80 (500-1000 Hz) Netlik [20] | Tiyatro | - 415 |6.15|7.85 |- UYGUN
STI Konusmanin .
Anlasilabilirlik indeksi [21] Tiyatro | >0,60 065 |07 |0.74 |55 UYGUN
LF80 (500-1000 Hz) Yanal | 1.6 | 0,05.0.35 0.6 | 021|027 | 100 UYGUN
Enerji Oram [22]
Ts (500-1000 Hz) Zamansal | . 60-80ms(500 -
Agirhik Merkezi [20] Tiyatro 4000Hz) 46 59 |75 50 CHEIER]

Sinema Anadolu Cok Amagl Salonu’nun tiyatro islevi igin
elde edilen reverberasyon siiresi(T30) degerleri istatistiksel
acidan degerlendirildiginde; RT degeri 500-1000 Hz’de (orta
frekans bolgesi) literatiirde dnerilen kabul edilebilir degerleri
sagladig1 goriilmektedir. Sadece 2000-8000 Hz’de (yiiksek
frekans bolgesi) literatiirde Onerilen kabul edilebilir
degerlerin biraz altinda oldugu tespit edilmistir (Sekil 13).

Tiyatro islevi igin, Sekil 12°de verildigi gibi, ses yutucu ve
yansitict yiizeylerin Onerilmesi ile ulusal/uluslararasi
mevzuata uygun akustik konfor kosullar1 saglanarak,
onerinin dogrulugu kanitlanmistir (Tablo 7).

T30

L8
L6
L4

1.2

1
0.8
0.6
0.4
0.2

0

SANIYE

63 125
3. Alternatif (Tiyatro) 1.3 132
0.55 0.715
1.87 1.595

250
1.05
0.88
1.32

500
1.04
0.88
1.32

1000
0.98
0.88
1.32

2000
0.83
0.88
1.32

4000 80000
0.68 0.49

0.715 0.55
1.32 1.32

Tiyatro igin Min.
—#—Tiyatro i¢in Max.

Sekil 13. Tiyatro islevi i¢in T30 parametresinin frekanslara
gore literatiirde Onerilen kabul edilebilir degerler ile
karsilastirilmasi

3.2.4. Sinema islevi analizleri ve degerlendirmeleri
Sinema Anadolu Cok Amaglh Salonu’nun sinema islevi igin

diger islevlerden ¢ok daha diisiik bir reverberasyon siiresine
ihtiya¢ duyulmaktadir. Bu sebeple hacmin akustik agidan
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oldukea yutucu olmasi beklenmektedir. Bu durumun baglica
sebebi hacimde gerekli akustik kosullarinin yapay
seslendirme sistemleriyle saglanmasidir. Bu sebeple Sinema
Anadolu Cok Amagcli Salonu’nun sinema islevi i¢in sadece
reverberasyon siiresi literatiirde Onerilen kabul edilebilir
degerlerle karsilastirilmistir. Bu durum igin konferans
islevinde oldugu gibi sahne agz1 hareketli panellerle
kapatilarak toplam hacim azaltilmstir.

Sinema Anadolu Cok Amagh Salonu’nda icra edilecek
sinema iglevine yonelik gerekli akustik konfor kosullarinin
saglanmasi i¢in;

® reverberasyon siiresini azaltmak igin sahne agzi
hareketli ylizeyle kapatilarak toplam salon hacmi
azaltilmus,

e sinema islevi igin reverberasyon siiresinin kabul
edilebilir araliga getirilmesi i¢in salon kisminin ses
yansitict olan yan duvarlart hareketli perdeler
sayesinde ses yutucu haline doniistiiriilmiis,

e dinleyici alanmin sirkiilasyon alani, toplam
yutuculugu arttirmak igin hali kaplanmistir (Sekil
14).

—
Hareketli Ses Kumas Kaph Ahsap Kaplama
Yutucu Perde Panel (Mevcut) (Mevcut)
Ahsap Kap1 Yansitic1 Ahsap Hal
(Mevcut) Panel

Sekil 14. Sinema islevi i¢in salon genelinde 6nerilen akustik
tasarimin kesit diizlemindeki yerlesimi
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Tablo 8. Konser, konferans, tiyatro ve sinema islevi i¢in sahne kullanim kilavuzu

Toplam Sahne Agz1|Salon Yan Duvarlarinda Dinlevici Sirkiilasvon

Alternatif | islev Salon (hareketli ses | Hareketli  Ses  Yutucu y y
. . Alaminda Hah

Hacmi (m®) | yansiticl yiizey) Perdeler
1. Alternatif | Konser 2330 Agik Kapali Yok
2. Alternatif | Konferans 1787 Kapali (25 m?) Yar1 Agik (78 m?) Yok
3. Alternatif | Tiyatro 2330 Acik Agik (147 m?) Var (143 m?)
4. Alternatif | Sinema 1787 Kapali (25 m?) Agik (147 m?) Var (143 m?)

Sinema Anadolu Cok Amagli Salonu’nun sinema iglevi igin
elde edilen reverberasyon siiresi(T30) degerleri istatistiksel
acidan degerlendirildiginde; RT degeri 500-1000 Hz’de (orta
frekans bolgesi) dahil biitiin frekans bdlgelerinde literatiirde
onerilen kabul edilebilir degerleri sagladigi goriilmektedir
(Sekil 15).

EKSEN BASLIGI
=]

1 2 3 4 5 6 7 8

=#=24._Alternatif (Sinema) 0.77 0.6 0.45 04 0.4 0. 0.29 0.21
~#-Sinema icin Min 0375 0375 0375 | 0375 0325 0.285 0.25 0.2
—d—Sinema igin Max 0.875 075  0.625 0.5 0.5 0.5 0.5 0.5

Sekil 15. Sinema islevi i¢in T30 parametresinin frekanslara
gore literatiirde Onerilen kabul edilebilir degerler ile
karsilagtirilmasi

4. TARTISMA VE SONUC

Sinema Anadolu Cok Amagli Salonu mevcut durumunda,
yapilan simiilasyon ¢aligmasi sonucunda hacimde icra edilen
4 farkli iglev igin literatiirde 6nerilen kabul edilebilir akustik
konfor kosullarinin saglanamadigi tespit edilmistir. Kabul
edilebilir akustik konfor kosullarinin saglanabilmesi igin
salonda; duvar ve tavan yiizeylerinde degisiklikler yapilarak
salon tasarimi sabit tutulmus (Sekil 8), konser, konferans,
tiyatro ve sinema iglevleri igin kabul edilebilir hacim akustigi
parametreleri degistirilebilir hacim ve degistirilebilir i¢
yiizey gerecleri ile saglanmigtir. Sahne agzi hareketli ses
yansitict yiizeyle kapatilarak degistirilebilir hacim, salon yan
duvarlarinda ses yutucu hareketli perde sistemi ve dinleyici
sirkiilasyon alaninda ise hali aracilig: ile degistirilebilir i¢
yiizey geregleri Onerilerek salon kullanim kilavuzu
gelistirilmistir (Tablo 8).

Hacimde genel olarak, salon arka duvarinda, ge¢ gelen
yansimalart ortadan kaldirmak ve yanki tehlikesini
engellemek i¢in ses yutucu gerecler kullanilmigtir. Salon yan
duvarlarinda ise salon igerisinde en yiiksek reverberasyon
siiresine ihtiya¢ duyan konser islevi i¢in ses yansitici
yiizeyler kullanilmistir. Daha sonra hacimde icra edilecek
isleve gore hareketli ses yutucu perdeler araciligiyla
kademeli olarak hacmin toplam yutuculugu arttirilarak o
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islev igin gereken reverberasyon siiresine ulagilmustir.
Salonun sahne kismu iizerinde, kaynaktan ¢ikan sesin ilk
yansimalarla dogrudan aliciya ulasmasi amaci ile dis biikey
ses yansitict yiizeyler Onerilmistir. Hacimde icra edilecek
olan her tiirlii isleve yonelik olarak gelistirilen alternatifler
Odeon yazilimi araciligryla simiilasyonlar1 gergeklestirilmis
hacim akustigi parametreleri her islev i¢in ayr1 ayr1 ortaya
konmustur. Yapilan bu ¢alismalar 1s181nda; Sinema Anadolu
Cok Amacli Salonu’nda gerceklestirilecek olan farkl
islevler (konser, konferans, tiyatro ve sinema) igin
gelistirilen  alternatifler sonucunda ulasilan degerler,
ulusal/uluslararast mevzuat ile karsilagtirilarak gelistirilen
alternatiflerin dogrulugu kanitlanmistir (Tablo 5, Tablo 6,
Tablo 7).

Bu ¢alisma araciligi ile farkli iglevlerin ayni hacim igerisinde
¢oziimlenmesi gerekliligi ve akustik acidan uygun
¢Oziimlerin olusturulmasi Sinema Anadolu Cok Amagh
Salonu drnegi iizerinden 4 farkli islev i¢in incelenmistir. Bu
baglamda bu ¢aligma ¢ok amacli salonlarda alinacak tasarim
kararlarinda yol gosterici olacak ve literatlirdeki acig1
kapatmaya katki saglayacaktir.
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Oz

Giinliik yasantimiz1 bircok acidan etkileyen yagis, hidrolojik dongiiniin en énemli parametrelerinden biridir. iklim degisikligi
gostergelerinden biri olan yagisin trendini belirmek, yagisin gelecekteki davranigi hakkinda tahminde bulunmak agisindan son
derece onemlidir. Yapilan ¢alismada Kizilirmak havzasinda bulunan on il merkezindeki meteoroloji istasyonlarina ait yagis
verilerine trend analizi uygulanmustir. Yagis verileri Meteoroloji Genel Miidiirliigii’'nden elde edilmistir. Yagis verilerinin
trendini belirlemek i¢in parametrik olmayan Mann-Kendall testi uygulanmistir. Ayrica birim zamandaki degisim miktari
Sen’in trend egim yoOntemi ile belirlenmistir. Trend analizi on il merkezi i¢in aylik, mevsimlik ve yillik olacak sekilde
gerceklestirilmistir. Calisma sonucunda Kizilirmak havasindaki on il merkezinin yagis verilerinde istatistiksel agidan anlaml
bir trend olmadig1 sonucuna ulasilmistir.

Anahtar Kelimeler: Yagis, Kizilirmak Havzasi, trend analizi.
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Abstract

The precipitation influencing our daily lives in many aspects is one of the most important parameters of hydrologic cycle. To
determine the trend of precipitation which is one of the climate change indicators is extremely important in order to forecast
about the future behavior of precipitation. In the study, trend analysis has been applied to the precipitation data belonging to
the meteorology stations at the ten city centers in Kizilirmak basin. The precipitations data has been acquired from Turkish
State Meteorological Service. Non-parametric Mann-Kendall test has been applied to determine the trend of precipitation data.
Moreover amount of exchange in unit time has been determined with Sen’s trend test. Trend analysis has been carried out as
monthly, seasonally and yearly for the ten city centers. As the result of the study, the notion that there is no statistically
meaningful trend in precipitation data at the ten city centers of Kizilirmak basin has been reached.

Keywords: Precipitation, Kizilirmak Basin, trend analysis.

1. GIRIS arasindaki farklilik ve uzun kuraklik periyotlari, diisiik veya

kuraklik seviyesinde olan yiizey akiglarinin debisini

Yagis, iklim, tarimsal iiretim, su kaynaklarinin kullanilmasi
vb. alanlarla giindelik hayatimiza etki eden karmasik
hidrolojik ¢evrimin belki de en Onemli bilesenidir. Bu
sebeple yagis iklim degisikliginin anlagilmasma direkt
olarak etki etmektedir [1].

Yagislarda olusan degisimler su kaynaklari ve hidroloji
acisindan olduk¢a Onemli sonuglar ortaya ¢ikarabilir.
Yagislarin donemsel dagiliminda olusan degisiklikler, yillar

oldukga fazla etkilemektedir [2].

Hidrometeorolojik bir parametre olan yagis, noktasal bir
veri olmakla birlikte sicaklik gibi zamansal ve mekansal
olarak ciddi degiskenlik gosterir. Yagista meydana gelen
degisimler iklim degisikligi hakkinda fikir verdiginden,
iklim  degisikligini  belirlemek  amaciyla  yapilan
caligmalarda yagisin trend analizinin belirlenmesi iglemine
sik¢a rastlanilmaktadir.
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Yagis  verilerinin  trendlerini  belirlemek  amaciyla
aragtirmacilar birgok calisma bolgesinde gesitli yontemlerle
calismalar yapmuslardir. Karabulut ve Cosun (2009)
Kahramanmaras ilinin yagis verilerine Mann-Kendall,
lineer regresyon, yagis degiskenligi ve degisim katsayisi
yontemleriyle trend analizi uygulamiglardir. Yaptiklari
calismanin sonucunda yillik yagista istatistiksel olarak
anlamli artan ya da azalan trend olmadigim ifade
etmislerdir. Ayrica mevsimsel olarak da anlamsiz trend
oldugunu belirtmislerdir [3]. Ozfidaner vd. (2016) I¢
Anadolu Bolgesi’nde bulunan yedi adet meteoroloji
istasyonunun aylik toplam yagis verilerine Mann-Kendall
sira korelasyon testiyle trend analizi uygulamislardir.
Istatistiksel olarak anlamli bir trend olmadigi sonucuna
varmslardir [4]. Taylan ve Aydin (2018) Goéller bolgesinde
bulunan Aglasun, Barla, Aksu, Burdur, Yalvag, Siit¢iiler,
Kizilkaya, = Kasimlar ve  Gelendost  meteoroloji
istasyonlarmin aylik yagis verileri igin trend analizi
yapmuslardir. Yaptiklar1 istatistiksel analizler sonucunda
istasyonlarin ¢ogunda azalma egilimi oldugunu ifade
etmiglerdir [5]. Dalkili¢ (2019) Erzincan, Glimiighane ve
Bayburt il  merkezlerinde  bulunan  meteoroloji
istasyonlarmim 31 yillik (1978-2018) yagis verilerine Sen
egilim testi, Spearman Rho, Mann-Kendall ve Mevsimsel
Mann-Kendall testlerini kullanarak trend analizi yapmuistir.
Kis mevsiminde bazi aylarda artis trendi, yaz mevsiminde
bazi aylarda azalis trendi gormiistiir [6]. Ceribasi (2018)
Bati Karadeniz Havzasi’'nda bulunan on meteoroloji
istasyonun yagis verilerine Yenilikgi Sen Yydntemini
uygulayarak trend analizini arastirmustir. On meteoroloji
istasyonundan bir istasyonda artig trendi, dort istasyonda
azalig trendi ve bes istasyonda ise trend olmadigi sonucuna
ulastigim1  sdylemistir [7]. Ceribasi ve Dogan (2015)
Sakarya Havzasi, Bati Karadeniz Havzasi ve Dogu
Karadeniz Havzasi’nda bulunan meteoroloji istasyonlarina
ait yillik ortalama yagis verilerinin trend analizini
yapmiglardir. Analiz sonucunda, Sakarya Havzasi’nda
azalis trendi oldugunu, Bati Karadeniz Havzasinda trend
olmadigini, Dogu Karadeniz Havzasinda ise artis trendi
oldugunu ifade etmislerdir [8]. Biiyiikyildiz ve Berktay
(2004) Sakarya Havzasinda bulunan yirmi bes meteoroloji
istasyonunun kirk bir yillik (1960-2000) aylik toplam yagis
verilerinin trendlerini belirlemek i¢in ¢esitli istatistiksel test
yapmislardir. Bu  testlerin, sonucunda istasyonlarin
yarisinda istatistiksel olarak anlamli azalis trendine
rastladiklarini belirtmislerdir [9]. Coskun (2020) Van goli
kapali havzasinda bulunan 7 meteoroloji istasyonun
ortalama yagis verilerine Mann Kendall, Spearman’in Rho
ve Sen Testi uygulayarak trend analizi ¢aligmast yapmustir.
Van Bolge meteoroloji istasyonu disinda havza genelinde
yagiglarda azalma egilimi oldugunu ifade etmistir [10].
Polat ve Sunkar (2017) doért meteoroloji istasyonunun
(Trabzon, Rize, Pazar, Hopa) yagis ve sicaklik verilerine
Mann Kendall ve Sen yontemleriyle trend analizi
yapmuslardir. Yagis verilerinde Hopa meteoroloji istasyonu
disindaki istasyonlarda artig egilimi, sicaklik verilerinde ise
Rize, Trabzon ve Hopa istasyonlarinda artis egilimi

372

Academic Platform Journal of Engineering and Science 9-2, 371-377, 2021

oldugunu ifade etmisglerdir [11]. Arslan (2017) Coutagne ve
Turc  formiilleri ile  Nigde ilinin  potansiyel
evapotranspirasyonunu hesaplamig, hesaplanan verilere
Mann Kendall Mertebe Korelasyon testi ile trend analizi
yapmustir. Trend analizi sonucunda istatistiksel agidan
anlamsiz artis trendi oldugunu belirtmistir [12]. Kdycegiz
ve Biiyiikyildiz (2019) Innovative Sen, Mann-Kendall ve
Spearman’s Rho yontemleriyle ekstrem yagislarin trend
analizini Konya, Karaman, Aksaray ve Nigde istasyonlar1
icin  aragtirmiglardir.  Konya  istasyonu  disindaki
istasyonlarda istastistiksel olarak anlamsiz azalma trendi,
Konya istasyonunda ise istatistiksel olarak anlamsiz artig
trendi oldugu sonucuna ulagmuslardir [13]. Tokgdz ve
Partal (2020) Karadeniz Bolgesinde bulunan 16 meteoroloji
istasyonunun yagis ve sicaklik verilerinin Yenilik¢i Sen
yontemi ve Mann-Kendall testini kullanarak trend analizini
aragtirmislardir. Sicaklik verilerinde Mann-Kendall testi 7
istasyonda artan trend sonucu verirken, Yenilik¢i Sen
yonteminin istasyonlarin hepsinde artan trend sonucu

verdigini tespit etmiglerdir. Bununla Dbirlikte yagis
verilerinde de benzer sonuglara ulastiklarini ifade
etmiglerdir [14]. Keskin vd. (2018) Dogu Anadolu

Bolgesinde bulunan 14 ilin meteoroloji istasyonlarina ait
yagis ve sicaklik verilerinin trend analizini Mann-Kendall
yontemi ile arastirmuglardir. Sicaklik verilerinde Bitlis ve
Erzurum illeri digindaki 12 ilde artan trend sonucuna
ulagsmuglardir. Yagis verilerinde; Kars ve Ardahan illerinde
artan trend varken, diger illerde trend olmadigini
belirtmiglerdir [15].

Literatiirden de anlasildig: tizere, yagis, sicaklik vb. gibi
meteorolojik verilerde trend varligimmin arastirtlmasi iklim
degisikligini belirlemek agisindan 6nem arz etmektedir.
Bundan dolay1, Kizilirmak Havzasi’'nda bulunan on il
merkezinin meteoroloji istasyonlarindan elde edilen 1980-
2017 yillar1 arasindaki 38 yillik doneme ait yagis verilerine
trend analizi uygulanarak, aylik, mevsimlik ve yillik
donemlerde trend varlig: arastirilmustir.

2. MATERYAL VE YONTEM
2.1. Calisma Bolgesi ve Veriler

Calisma bolgesi olarak segilen Kizilirmak havzasi;
Karadeniz’le baglantisi olmakla birlikte Orta Anadolu’nun
dogu boliimiinde yer almaktadir. Havza 37° 58' - 41° 44/
kuzey enlemleri ile 32° 48' - 38° 22' dogu boylamlari
arasinda bulunmaktadir [16]. Tirkiye yiiz6lgiimiiniin
%11’ine sahip havzanin kuzey ve dogu kisimlar1 daglik
iken geriye kalan biiyilk kisim tepelik goriiniimiindedir.
78.180 km?’lik drenaj alanina sahip Kizilirmak 1151 km’lik
uzunluguyla Tirkiye’nin en uzun akarsuyudur. Sivas
Imranh cevresinden dogarak sirastyla, Kayseri, Nevsehir,
Aksaray, Kirsehir, Ankara, Kirikkale, Cankiri, Corum,
Sinop ve Samsun il topraklarindan gegerek Bafra
Ovasi’ndan  Karadeniz’e  dokiilmektedir.  Kizilirmak
Havzasi’nin haritas1 Sekil 1°de verilmistir [17].
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Sekil 1. Kizilirmak Havzas1 [17,18]

Yagis alam 78.646 km? olan Kizilirmak Havzas1’ nin toplam
alan1 8.210.007 hektardir. Kiy1 kesimlerde deniz, ig¢
kesimlerde karasal iklimin hakim oldugu havzanin yillik
ortalama yagis yiiksekligi 446 mm iken, en az yagis alan
havzanin ¢ukurluk olan orta kesiminde yillik yagis
ortalamas1 300-400 mm arasindadir. Havzanin yillik
ortalama akis1 164,15 m®%s’dir. Yillik ortalama verimi 2,09
L/s/km? olan havzada akisin yagisa orani 0,15 iken istirak
orani %2,82°dir [17].

Kizilirmak Havzasi’'nda bulunan on il merkezinin yagis
verileri Meteoroloji Isleri Miidiirliigii'nden almmustir.
Calismada kullanilan veriler 1980-2017 yillar1 arsindaki 38
yillik dénemi kapsayan aylik toplam yagis verileridir.

2.2. Trend Analizi

Trend, secilen herhangi bir parametrenin degerinde zamana
baghh artis ya da azalis olarak degisimin meydana
gelmesidir. Trendi belirlemek amaciyla parametrik ve
parametrik olmayan testler gerceklestirilir. Parametrik
olmayan testler, hidro-meteorolojik gibi ¢ogunlukla normal
olarak dagilmamis ve eksik verilerin siklikla bulundugu
hidrolojik zaman serilerinin analizinde yaygin olarak
kullanmilmaktadir. Parametrik olmayan testlerde problem,
veri setinin istatistiksel dagilimindan bagimsiz hale
geleceginden, bu testler parametrik testlere gore avantajlidir
[19]. Verilerde kesikli, kisa siireli, ¢carpik ve diizensiz gibi
olumsuz durumlarin var olmast durumunda, bu
olumsuzluklar1 bertaraf eden parametrik olmayan testler
kullanilir [20]. Bu ¢alismada trend analizini belirlemek i¢in
uygulanan testler agagida verilmistir.

2.2.1. Mann-Kendall Testi

Kendall’in Tau olarak bilinen testin 6zel bir uygulamasi
olan Mann-Kendall testi parametrik olmayan bir testtir. Ho
hipotezine gore zamandan bagimsiz ve benzer dagilmis
rasgele degiskenler olan X, ..., Xn gbzlemleri zamana gore
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siralanmustir. Hy hipotezine gore ise (k # ) olmak {izere tim
(k, j < n) igin seride Xk ve Xj degerlerinin dagilimi benzer
degildir, yani seride lineer bir trend bulunmaktadir. Mann-
Kendall testinin istatistigi S esitlik (1) ve (2) ifadesiyle
hesaplanir.

§ = i ke sgn( — x) @
+1 Eger (xj - xk) >0
sgn(x; —xx) =4 0 Eger (xj - xk) =0 2

—1 Eger (x]-—xk) <0

Asimptotik olarak normal bir dagilima sahip ve ortalamasi
stfir olan test istatistigi S’nin varyanst,

n(n—-1)(2n+5)
18

Var(S) = (3)
ifadesiyle hesaplanir. Eger verilerde benzer degerler varsa,
bu ifadenin paymdan Y t(t — 1)(2t + 5) degeri ¢ikartilir.
Burada t herhangi bir bag durumundaki benzer X’lerin
sayisini ve Y, biitiin bag durumlar1 {izerinden alinan
toplam1 gostermektedir. Stireklilik diizeltme birimi (esitlik
(4)’deki paylarda bulunan 1 degeri) kullanilirsa n < 10
olmak iizere S istatistiginin teorik olasilik dagilimi igin
normal dagilim olduk¢a uygundur. Béylece standart normal
degisken (z) asagidaki esitlikle hesaplanarak kritik (2)
degeri ile karsilagtirilir [21;22].

5-1

ol Eger §>0
z=<0 Eger S=0 4)
>t Eger S<0
Llear(S) ger J

Eger a anlamhlik seviyesi |z| < z,,, ise Ho hiotezi kabul
edilir, aksi durumda reddedilir. Hesaplanan S degeri pozitif
ise artan, negatif ise azalan bir trendin varligina isaret eder.
Bu yontem herhangi bir dagilima uyma sart1 aramadigi i¢in

ve eksik verilerle c¢aligabilme imkanmi sagladigr icin
kullamighdir [22;23].

2.2.2. Sen’in Trend Egim Yontemi

Birim zamandaki degisim (gercek egim) i¢in dogrusal bir

trend varhiginda, ekstrem degerlerden veya veri
hatalarindan etkilenmeyen, eksik veri ile ¢alisabilen
parametrik olmayan bir yontem olan bu yontem

kullanilabilir [22;23]. Burada j ve k zamanlarindaki veriler
Xj Ve Xk olmak tizere ( j > k sartiyla)

N =n(n—-1)/2 ®)
adet Qi parametresi;
0, =% (i — 1, N) (6)

Jj-k

hesaplanir ve kiigiikten biiylige dogru siralanir. Bu N adet
Qi degerlerinin medyan1 Sen’in egim tahmincisi, yani soz
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konusu dogrusal trend egim parametresini tahmin etmek
icin ilgili bir istatistiktir. N sayisinin tek olmast durumunda

Qmedyan = Q(N+1)/2 (7
esitligi, cift olmast durumunda ise,

|Qn/2+@Q |
Qmedyan =2 2(N+2)/2 (8)

esitligi kullanilarak, ilgili goézlemlerin birim zamandaki
degisimi bulunur. Bulunan Qmedyan degeri, Sen’in onerdigi
parametrik olmayan bir teknik kullanilarak iki tarafli test ile
%100(1-a) gliven araliginda test edilir ve ger¢ek egim
hakkinda karar verilir [22;23].

3. BULGULAR

Kizilirmak Havzasi’'nda yer alan il merkezlerinin
meteoroloji istasyonlarindan 38 yillik doénemde (1980-
2017) elde edilen yagis verilerine trend analizi
uygulanmadan dnce otokorelasyon islemi uygulanmis olup,
otokorelasyon tespit edilenlere ©n beyazlatma islemi
uygulanmistir. Boylece veriler trend analizi yapmaya uygun
hale getirilmistir. Trend varlifini arastirmak amaciyla
parametrik olmayan bir test olan Mann-Kendall testi
uygulanmistir. Ayrica Sen’in trend egim yontemi yagis
verilerinde birim zamandaki degisimi saptamak amaciyla
kullanilmigtir.  Havzada  bulunan  on  meteoroloji
istasyonunun toplam yagis verilerinde aylik, mevsimlik ve
yillik olarak trend varligt Mann-Kendall testinde 0,05
anlamlilik seviyesine gdre degerlendirilmistir. Buna gore,
Z > 1,96 sart1 saglaniyorsa istatistiksel olarak anlamli artig
trendi, z < 1,96 sart1 saglaniyorsa istatistiksel olarak anlamli
azalis trendi oldugu kabulii yapilmustir. Yukarida belirtilen
sartlarin saglanmadigi durumlarda, bir trend olmakla
birlikte bu trendin istatistiksel ag¢idan bir anlam ifade
etmedigi i¢in trend yoktur kabulii yapilmustir.

On meteoroloji istasyonunun ortalama aylik toplam yagis
verilerinin trend analizi sonuglart Tablo 1’de verilmistir.
Tablo 1 incelendiginde, Sivas il merkezi meteoroloji
istasyonunda istatistiksel agidan anlamli bir trend olmadigi
goriilmektedir. Istatistiksel olarak anlamli olmamak ile
birlikte Nisan, Temmuz, Agustos, Ekim, Kasim,
Aralik aylarinda, sonbahar doneminde ve yillik olarak
azalis trendi goriildiigi, diger aylar ve donemlerde ise artis
trendi goriildiigii tespit edilmistir. Kayseri istasyonunun
analiz sonuglarima gore, Ocak, Subat ve Mart aylarinda
anlamli artis trendi belirlenmisken, diger aylar, donemler ve
yillik olarak anlamli bir trend belirlenmemistir. Anlamli
artis trendinin belirlendigi aylarda en biiytik artig miktarinin
0,023 mm/yi1l ile Mart ayinda oldugu goriilmiistiir.
Nevsehir meteoroloji istasyonun trend analizi sonuglarinda
ise istatistiksel agidan anlamli bir trend goriilmemekle
birlikte, Ocak, Subat Mart, Haziran, Agustos, Eyliil
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aylarinda ve yaz doneminde anlamsiz artis trendi, diger
aylar, donemler ve yillik olarak ise azalig trendi oldugu
goriilmiistiir. Kirsehir istasyonunda aylik, mevsimlik ve
yulik olarak anlamli trend olmadigi tespit edilmistir.
Bununla birlikte Subat, Nisan, Mayis, Temmuz, Kasim ve
Aralik aylarinda, ilkbahar, sonbahar ve kis donemlerinde ve
yulik olarak anlamsiz olsa da azalis trendi oldugu
belirlenmistir. Belirtilen aylar ve donemler diginda kalan
aylar ve donemlerde anlamsiz artis trendi oldugu
gozlemlenmistir. Yozgat istasyonu igin istatistiksel olarak
anlamli trendin Subat ve Nisan aylarinda azalis trendi
seklinde oldugu tespit edilmistir. Meydana gelen en biiyiik
degisim miktarinin ise -0,042 mm/yil oldugu belirlenmistir.
Diger aylar, donemler ve yillik olarak trendler istatistiksel
acidan anlamli olmadigi i¢in trend yoktur kabuli
yaptlmistir. Kirikkale meteoroloji istasyonunun trend
analizi sonuglar1 incelendiginde, aylik, mevsimlik ve yillik
olarak hig¢bir noktada anlamli trend olmadig belirlenmistir.
Istatistiksel agidan anlamsiz olsa da Nisan, Mayis, Haziran,
Temmuz, Kasim ve Aralik aylarinda, ilkbahar ve yaz
donemlerindeki trendlerin azalig trendi seklinde, diger aylar
donemler ve yilliktaki trendlerin ise artis trendi seklinde
oldugu tespit edilmistir. Cankirt istasyonunun trend analizi
sonuglarina gore, istatistiksel agidan anlamsiz olmakla
birlikte Ocak, Subat, Mart, Mayis, Haziran, Agustos, Eyliil
ve Ekim aylarinda, ilkbahar digindaki mevsimlerde artis
trendi oldugu, diger aylarda, ilkbahar mevsiminde ve yillik
olarak ise azalis trendi oldugu goriilmektedir. Istatistiksel
acidan anlaml ise trend varligi kabul edildiginden Cankirt
istasyonunda aylik, mevsimlik ve yillik olarak trend varligi
tespit edilmemistir. Kastamonu meteoroloji istasyonunda
istatistiksel agidan anlamli bir trend goriilmemektedir.
Istatistiksel olarak anlamli olmasa da Ocak, Nisan, Mayis,
Temmuz, Ekim, Kasim ve Aralik aylarinda azalig trendi
goriilirken, diger aylarda artigs trendi gorilmiistir.
Mevsimsel olarak ilkbahar ve yaz mevsimlerinde artis,
sonbahar, kis mevsimlerinde ve yillik olarak ise azalig
trendi oldugu tespit edilmistir. Sinop meteoroloji
istasyonunun yagis verilerinin trend analizi sonuglari
incelendiginde, Mart, Aralik aylarinda, sonbahar ve kig
donemlerinde istatistiksel olarak anlamli trend oldugu
belirlenmistir. Bu anlamli trendlerin tamami artis trendi
seklindedir. Anlaml1 trendin belirlendigi yerlerde en biiyiik
artis miktarinin 0,072 mm/y1l ile Aralik ayinda oldugu
goriilmiistiir. Istatistiksel olarak anlamsiz olmakla birlikte
Mayis, Agustos ve Kasim aylarinda azalis trendi, diger
noktalarda ise artis trendi oldugu saptanmistir. Corum
istasyonunda istatistiksel olarak anlaml1 bir trend olmadigi
goriilmiistiir. Bununla birlikte Ocak, Subat, Mart, Haziran,
Agustos, Eyliil ve Ekim aylarinda, yaz ve ki donemlerinde
istatistiksel agidan anlamli olmayan artis trendi, belirtilen
aylar ve donemlerin disinda kalan aylar ve donemlerde ise
istatistiksel olarak anlamsiz azalis trendi oldugu tespit
edilmistir.
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Tablo 1. Ortalama aylik toplam yagis verilerinin trend analizi sonuglari

Istasyon Ad1

0 S M N M H T A E E K A i Y S K Y

Mann-Kendall (Z) 0,97 | 0,63 | 0,73 | -0,23 | 0,78 | 0,08 |-1,28 | -0,20 | 0,83 | -0,38 | -0,84 | -0,45 | -0,01 | 0,11 | -0,62 | 0,92 | -0,06

Sivas Sen'in trend egim metodu | 0,012 | 0,006 | 0,007 |-0,002 | 0,014 | 0,001 {-0,002| 0,000 | 0,004 |-0,005 (-0,012|-0,006 | 0,000 | 0,000 (-0,005| 0,008 | 0,000
Trend

Mann-Kendall (Z) 2,05 ]202 199 |-092|-0,33| 0,79 |-1,74|-0,25| 1,68 |-0,31 |-1,92 | -1,16 | 0,24 | 0,63 |-1,11 | 1,40 | 0,63

Kayseri Sen'in trend egim metodu | 0,017 | 0,020 | 0,023 |-0,013{-0,007| 0,010 {-0,006 | 0,000 | 0,007 |-0,003 |-0,025|-0,007 | 0,002 | 0,004 |-0,007 | 0,009 | 0,002
Trend 1 1 1

Mann-Kendall (Z) 0,87 | 031 | 0,80 |-0,41|-0,78 | 0,85 |-1,50 | 1,48 | 0,79 |-0,49 | -1,16 | -0,89 | -1,31 | 0,62 | -0,99 | -0,14 | -0,77

Nevsehir Sen'in trend egim metodu | 0,008 | 0,005 | 0,007 |-0,006 |-0,009| 0,008 |-0,002| 0,004 | 0,003 |-0,004 (-0,017|-0,012 {-0,007 | 0,004 (-0,008|-0,001 |-0,004
Trend - --- - --- - --- --- - --- - --- -

Mann-Kendall (Z) 0,09 |-0,77 | 0,36 |-1,55 |-0,48 | 0,15 |-0,35| 0,80 | 0,98 | 0,23 | -1,08 | -1,37 | -0,48 | 0,38 | -0,20 | -0,43 | -0,15

Kirsehir Sen'in trend egim metodu | 0,003 |-0,006 | 0,002 |-0,014 |-0,006 | 0,002 {-0,001| 0,000 | 0,003 | 0,002 {-0,020-0,018 {-0,003| 0,002 (-0,001|-0,002 |-0,001
Trend - --- - --- - --- --- - --- - --- -

Mann-Kendall (Z) 0,13 |-2,09 | 0,99 |-2,73 | 0,00 | 0,23 |-1,65| 0,66 | 1,22 | 0,16 |-1,43 | -1,42 | -0,40 | -0,29 | -0,52 | -1,04 | -1,52

Yozgat Sen'in trend egim metodu | 0,004 |-0,042 | 0,014 |-0,034 | 0,000 | 0,002 |-0,007| 0,001 | 0,007 | 0,002 {-0,034|-0,029 {-0,003 |-0,002 (-0,006 |-0,015 |-0,008
Trend -—- l -—- l -—- --- --- --- --- --- --- ---

Mann-Kendall (Z) 0,53 | 0,00 | 1,13 |-1,67 |-0,35|-0,16 |-1,94 | 1,03 | 1,52 | 0,64 | -0,62 | -0,55 | -0,91 | -0,14 | 1,02 | 0,54 | 0,11

Kirikkale Sen'in trend egim metodu | 0,006 | 0,000 | 0,014 |-0,022 |-0,004|-0,002 {-0,008 | 0,003 | 0,005 | 0,007 {-0,007|-0,009 [-0,005 |-0,001 | 0,005 | 0,004 | 0,001
Trend -—- --- -—- --- -—- --- --- --- --- --- --- ---

Mann-Kendall (Z) 0,77 | 0,38 | 0,58 |-0,54 | 0,01 | 0,21 |-1,33 | 0,97 | 1,41 | 0,97 | -0,73 | -0,42 | -0,45 | 0,06 | 0,69 | 1,28 | -0,11

Cankirt Sen'in trend egim metodu | 0,011 | 0,005 | 0,005 |-0,006 | 0,000 | 0,003 {-0,010| 0,006 | 0,009 | 0,008 {-0,007|-0,007 {-0,004 | 0,001 | 0,003 | 0,010 |-0,001
Trend - --- - --- - --- --- - --- - --- -

Mann-Kendall (Z) -0,09 | 0,00 | 1,32 |-0,48 | -0,36 | 0,87 | -0,16 | 0,15 | 1,85 |-0,68 | -1,67 | -0,47 | 0,29 | 1,67 |-0,19 | -0,33 | -0,22

Kastamonu Sen'in trend egim metodu | 0,000 | 0,000 | 0,011 |-0,008 |-0,008| 0,029 +0,002 | 0,002 | 0,018 |-0,007 {-0,010-0,005 | 0,004 | 0,023 |-0,001|-0,003 | 0,000
Trend - --- - --- - --- --- - --- - --- -

Mann-Kendall (Z) 053 1084 229|021 |-016| 0,38 | 0,00 |-0,47 | 1,84 | 1,60 |-0,21 | 3,38 | 1,58 | 0,29 | 1,96 | 2,82 | 1,61

Sinop Sen'in trend egim metodu | 0,005 | 0,010 | 0,025 | 0,002 |-0,002| 0,006 0,000 |-0,008|0,042 | 0,036 -0,004| 0,072 | 0,011 | 0,005 | 0,027 | 0,028 | 0,010
Trend -—- --- 1 --- -—- --- --- - --- - --- 0 1 1

Mann-Kendall (Z) 0,44 |1 0,26 | 1,89 |-0,98 |-0,21| 0,86 |-1,25| 0,19 | 1,32 | 0,48 | -0,92 | -0,69 | -0,48 | 0,41 | -0,20 | 0,05 | 0,00

Corum Sen'in trend egim metodu | 0,006 | 0,002 | 0,019 |-0,015-0,003| 0,015 +0,009 | 0,000 | 0,010 | 0,004 {-0,012|-0,011 {-0,004 | 0,004 (-0,002| 0,001 | 0,000
Trend -—- --- -—- --- -—- --- --- - --- - --- -

---: Trend yok, |: Azalan trend, 1: Artan trend
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4. DEGERLENDIRME VE SONUC

Kizilirmak havzasindaki on il merkezinde bulunan
meteoroloji istasyonlarinin yagis verileri Meteoroloji Genel
Midirligii'nden temin edilmistir. 1980-2017 yillart
arasindaki 38 yillik donemi kapsayan yagis verilerine trend
analizi uygulanarak havzada bulunan on il merkezinde
yagista anlamli trend olup olmadig1 arastirilmistir. Trend
analizi icin Mann-Kendall testi, birim zamandaki degisimi
belirlemek ig¢in ise Sen’in trend egim ydntemi
kullamlmustir. Elde edilen sonuglara gére on istasyonda
aylik, mevsimlik ve yillik olarak bir¢ok noktada istatistiksel
acidan anlaml bir trend goriilmemistir. Bir istasyon igin
aylik, mevsimlik ve yillik olmak {izere toplam on yedi
verinin trendinin belirlendigi diisiiniiliirse on istasyonda bu
saymin toplam yliz yetmis veri oldugu goriilmektedir. Bu
yiiz yetmis veriden sadece dokuzunda istatistiksel olarak
anlamli bir trend oldugu belirlenmistir. Bunlarin Kayseri il
merkezi meteoroloji istasyonunda Ocak, Subat ve Mart
aylarinda, Sinop il merkezi meteoroloji istasyonunda Mart
ve Aralik aylarinda, sonbahar ve kis mevsimlerinde artis
trendi, Yozgat il merkezi meteoroloji istasyonunda ise
Subat ve Nisan aylarinda azalis trendi seklinde oldugu
tespit edilmistir. Geriye kalan yiiz altmig bir veride
istatistiksel acidan anlamli bir trend goriilmemistir.
Istatistiksel acidan anlamsiz olmakla birlikte geriye kalan
bu noktalardaki trendlere bakildiginda seksen iki noktada
artis, yetmis dokuz noktada azalig trendi oldugu tespit
edilmistir. Sonug olarak, trend varlig1 kabulii % 95 giiven
araligma goére yapildigindan Kizilirmak Havzasi’ndaki il
merkezlerinin yagis verilerinde artan ya da azalan bir trend
olmadig1 sonucuna varilmstir.

Kizilirmak Havzasi’'nda bulunan il merkezlerindeki
meteoroloji istasyonlarmin yagis verilerinin trend analizi
sonucu gostermistir ki yagista artis ya da azalis trendi
bulunmamaktadir. Ulkemizin farkli bélgeleri icin yapilan
sicaklik, yagis vb. gibi hidro-meteorolojik verilerin trend
analizi ¢alismalarinda da benzer sonuglar oldugu literatiir
incelendigi zaman  goriilmektedir [3,4,6,7]. Iklim
degisikliginin onemli gostergeleri sayilabilecek yagis ve
sicaklik parametrelerinin trend analizi sonuglari, yagisin,
sicakliktan daha az etkilendigini ve tilkemizde genel olarak
sicaklik verilerinde artan trend goriiliirken, yagis verilerinde
trend olmadigin1 gdstermektedir. Ayrica, Ercan ve Yiice
(2017) tarafindan Kizilirmak Havzasinda yapilan ¢aligmada
elde edilen sonuclarla bu calismada elde edilen sonuglarin
benzerlik gosterdigi goriilmistiir [24].

Kizilirmak Havzasi’nda bulunan il merkezlerinde gelecek
donemlerde yagislarda Onemli bir artiy ya da azalis
gerceklesme ihtimalinin diigiik oldugu sdylenebilir. Yapilan
¢alismanin, iklim degisikliginin tahmininde kullanilan iklim
modelleri ve emisyon senaryolarindan Kizilirmak Havzasi
icin yagislarda 6nemli bir degisiklik 6ngérmeyen model ve
senaryolarin tercih edilmesi agisindan referans olabilecegi
diisliniilmektedir.
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Abstract

In today's production conditions, it is very important for companies to produce products that meet the determined quality
standards. In addition to the production of semi-finished products produced in plastic injection lines with high quality and
efficiency, it is aimed to reduce the lost time and waste materials in production. Since automobile headlights can be in many
different colors, it is necessary to keep the product quality at a high level in the transition between colors in the production made
by plastic injection and to reduce the number of defective products caused by color errors. In this study, the problem of a single
row-dependent machine to reduce the amount of waste that occurs between color transitions in the plastic injection line of an
automotive side-industry company producing headlights is discussed. Tabu Search method, which is one of the heuristic
optimization algorithms was used to solve the problem. In the solution, production sequences that will reduce the amount of
waste of the products in the production program were created by using the annual data kept by the production department of the
factory. The algorithm was run using data from two machines out of 18, saving 134 kg of waste materials. It has been clarified
that if the developed algorithm is applied to all machines in the department, productivity and product quality will be increased

by saving waste materials.

Keywords: Sequence dependent setup time, Single machine scheduling, Tabu Search, Plastic Injection

1 INTRODUCTION

It has become very important for each enterprise to produce
products that meet the quality standards determined in the
living and production conditions of recent times. For
companies to maintain their continuity, their products must
meet customer expectations, but they must often offer more.
Because there are many competitors that put the same
product on the market and the increase in quality standards
is a factor that increases customer loyalty. To ensure the
standing of companies, the importance given to quality in
competition is increasing. While aiming to keep the quality
high, it is important to minimize the cost.

The plastic industry, like other branches of industry, has
developed rapidly and still continues this development [1].
Plastic injection molding is one of the methods used in the
production of plastic materials. The most important
advantage of injection is that parts with complex shapes are
produced in a controlled manner without the need for a final
process. Plastic injection molding is one of the most widely
used industrial technologies for producing high productivity
plastic products.

The point that distinguishes plastic parts production from
other productions is that it includes raw material and color
parameters at the same time. The reason of this, to produce
different products sequentially on a single machine, the
colors or raw materials used in the production of the next
product are required to comply with the required quality
standards at the time of change [1]. To ensure this
compliance, it is a must to clean the color and raw material
residues of the previous produced product in the injection
part of the production machines. The process of cleaning the
residues in the machine is known as the ejection stage. The
waste raw material that occurs in the ejection process is
called a residue. The ejection process continues until the
parts in the queue to be produced reach the determined
quality standards. Since the products produced during this
process do not comply with the determined quality standards,
it also causes serious losses in time and raw materials.
Therefore, it is of great importance to complete the ejection
process as soon as possible to minimize the loss of time. At
this point, we encounter the sorting and scheduling problem
in production systems. Determining production sequences to
keep the quality at the highest level and reduce the amount
of waste in the plastic injection molding process is one of the
interesting research problems in this area.
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Sequencing and scheduling problems in production systems
are classified from different perspectives. According to the
classification made by considering the number of works and
machines, the problems are examined under two main
categories as "single-machine” and "multi-machine"
scheduling. In the classification made in terms of the
complexity of scheduling problems, it is accepted that there
are four titles:

o Single stage, one machine problem is the simplest type of
problem. The processes here require a single operation to
be processed on a single machine.

e Single stage, parallel machine problem. The parts still
require a single process step to be machined on each of
the parallel machines. However, in such problems, there
are more than one machine processing the similar part.

e Multistage problems are those in which there is a clear
order of priority between operations. The functions
involved in the process are optimally arranged according
to the priority relationship in the machines. These types
of problems are dealt with in terms of flow type and
workshop type. In flow type problems, existing tasks are
handled in the same set of devices with a similar process
sequence. The operation order and priority relationship
for each function on the devices are the same.

e Job shop type problems are the most general,
comprehensive, and complex type of problem in creating
classifications. There are no restrictions on process steps
in this process. In other words, in the problems of
workshop type, the person in charge of planning ensures
that the works are processed in different machines in their
specified sequence.

The simplest and special case of these problems is single-
machine scheduling and it is one of the scheduling problems
where jobs are processed sequentially. [2]. The problem of
optimal scheduling of semi-finished products in injection
molding machines is a good example of single machine
scheduling problems [3]. Finding the best solutions for
scheduling problems, which are included in combinatorial
optimization problems, becomes more difficult as the size of
the problem increases. That is why instead of methods that
provide exact solutions in large-scale scheduling problems in
the NP-Hard class, heuristic methods which may not reach
the best solution but with short processing time are used.

Plastic injection department is the first stage of production in
the company where the developed algorithm is applied. In
this section, the required semi-finished products (lens and
body) are produced. In order to produce a product in
injection machines, the mold of this product must be clamped
to the relevant machine [4]. Injection molding machines are
identical in terms of production time. Since each mold cannot
be clamped to all machines with different tonnages and
dimensions, these machines are not completely alternative to
each other. There is an intense setup time in this process and
itis important to minimize this setup time. A second situation
is that more than one product is produced with different raw
materials on a machine. A certain amount of residue and
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waste arises due to the difference in raw materials in product
transitions. The residue is the residual semi-finished product
that is produced when the machine is cleaned. The semi-
finished products produced in the production trials that take
place after the cleaning process create the waste.

The contribution of this study is to determine the production
sequence that will provide high quality and efficiency, low
lost time and waste amount. The company works with a
100% quality policy and does not include any errors in the
production line in line with this policy. The Plastic Injection
department, which is in the first phase of the production line,
is the process that forms the basis of the production. The loss
of time and error in plastic injection affects other production
lines. The decrease in the time and error rate gained in Plastic
Injection will greatly affect the reduction of production
waste costs and increase of production capacity. The gains in
the work made strengthen the Just-In-Time Delivery Policy
offered to the customer and ensure that orders are produced
and shipped on time with minimum time and error.

The variables (time, cost, distance, wastage, etc.) between
the elements of most problems whose solutions in the
literature are based on scheduling and series creation were
accepted as symmetrical. In our study, there is no symmetry
in the transition between the elements / products due to the
color effect. For example, in case of transition from product
A to product B, the same amount of residue as in transition
from B to A does not occur. This means more data and
therefore longer solution time. In our study, it is aimed to
create a production order that will create the least waste
amount in the transition between products (during
production) by using the transition data in the database of the
company. Minimization of wastage is also directly related to
the above-mentioned ejection process. The short duration of
the ejection process depends on switching from light colored
raw material to dark colored raw material or continuing
production with the same raw material but switching from
dark-colored raw materials to light-colored raw materials or
continuing to produce with different raw materials may
prolong the duration of the ejection process by a large
amount. The purpose of this study is to create an optimal
schedule to determine the preparation time of product
transitions, it aims to minimize the amount of waste arising
in the production trials, thus the production trial period and
the amount of residue generated during the passes,
accordingly, the machine cleaning time.

In the next parts of the study first, the literature was reviewed
and examples were given, and as a result of the search, the
appropriate methodology was determined and explained.
Afterwards, the application of the methodology to the
problem was explained and the results were analysed. In the
last part, there is a conclusion and discussion part.

2 LITERATURE REVIEW

When the literature is examined, it is seen that there are
studies conducted in various fields and with different
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solution methods for the sequence dependent scheduling
problem. Viagas and Costa (2021) developed two different
algorithms, one is constructive heuristic based on a beam
search strategy and the other is metaheuristic population-
based iterated greedy algorithm to solve the single machine
scheduling problem. They aimed to minimise the makespan
with release dates and sequence-dependent setup times. The
population-based iterated greedy algorithm has been
outperformed better results than the other algorithm and the
most promising examples in the literature. [5]. Zhao et al.
(2020) studied queue-linked single machine scheduling
problem. In this problem, job sequences and processing
times are not previously determined. The aim is to minimize
the maximum delay. Although this problem is one of the
most important production scheduling problems, it is
underrepresented in the literature. In this study, a dynamic
differential evolution algorithm was proposed to solve this
problem. The local search method has been used to create a
starting solution. Results were tested on 1000 samples from
the literature. The algorithm proposed in the calculation
results has been shown to be quite effective compared to
known methods [6]. Mustu and Eren (2018) addressed the
single machine scheduling problem to minimize total delay
with a sequence-dependent learning effect and sequence-
dependent setup times. They developed a branch-bound
algorithm that includes some dominance properties and a
lower bound to get the best solution. In addition, four well-
known heuristics, two types of genetic algorithms and two
types of variable neighborhood search algorithms, have been
proposed to obtain the best solution. The results showed the
efficiency of the Branch and Pound algorithm, as it could
solve problems of smaller sizes or equal to 30 in reasonable
time. [7]. Perez-Gonzalez and Framinan (2018) discussed the
single-machine scheduling problem that aims to minimize
the time to complete the final job (Cmax) in their study.
Mixed integer programming was used in modeling the
problem, and heuristic methods were used in the solution
approach. [8]. Rosa et al. (2017) addressed a single machine
scheduling problem with distinct time windows and
sequence-based setup times. The goal is to reduce the overall
early and the likely delay. In order to determine start times,
a general variable neighborhood search algorithm (GVNS)
and an implicit enumeration algorithm (IE) has been
proposed. The (IE) algorithm found a result able to be
suitable for problems of less than or equal to 15 jobs. A
general variable neighborhood search algorithm produces
good quality solutions for problems of larger sizes. [9]. Ben-
Yehoshua and Mosheiov (2016) addressed the single-
machine scheduling problem and aimed at minimizing the
total number of jobs completed early. Dynamic
programming algorithm is used to solve the problem. [10].
Herr and Goel (2015) discussed the problem of product
transients in sequential single machine problems in their
studies. In their study, the goal is to find a program that
minimizes the total delay based on the given deadlines of the
jobs. A mathematical formulation and heuristic solution
approach are presented for two types of the problem. The
computational results showed the superiority of the proposed

380

Academic Platform Journal of Engineering and Science 9-2, 378-387, 2021

inference in terms of time and solution quality over other
commercial programming solutions.[11].

Prabhakar (2014) tackled one type of production scheduling
problem with sequencing type present in various production
facilities in the chemical industry. The problem is solved by
using a mixed integer programming problem and branch and
boundary algorithm [12]. Cheng et al. (2011) showed that
single machine scheduling problems can be solved
polynomially to minimize the production time, total
completion time, and square sum of completion times. They
also showed that if the working times and due dates are
appropriate, the problems of minimizing the total delay and
the maximum delay can be solved polynomially [13]. Wang
and Li (2011) discussed the effects of general situational and
time-dependent learning and the problems of scheduling
sequential setup times for a single machine [14]. Tirker and
Sel (2011) presented an intuitive approach to minimize the
completion time of the job scheduling problem, where the
preparation time in parallel machines is sequence dependent,
in other words, the setup time of the job differs depending on
the previous job and the setup operations are carried out by
a team. An approach that uses genetic algorithm and tabu
search approaches together has been proposed for problem
solving [15].

Zhao and Tang (2010), Wang et al. (2009) and Savard et al.
(2008), addressed single machine scheduling problems
related to lead times and time to complete jobs in their works
[16,17,18]. Polynomial time algorithms have been proposed
to solve these types of problems. Karabati and Akkan (2006)
A branch bound algorithm (B & B) is presented to minimize
the sum of preparation times in the sequence-dependent
setup time in single machine scheduling problem. As a result,
it has been shown that the B & B algorithm used can solve
problems of up to 60 jobs and 12 groups, where setup and
processing times are evenly distributed in various
combinations of [1.50] and [1,100] ranges [19]. Rabadi et.
al. (2004) proposed a branch and boundary algorithm for the
solution of the problem with a main function consisting of a
linear combination of total early termination and total delay.
They have shown that they can solve problems up to 25 jobs
in a reasonable time with the proposed method. [20]. Gupta
and Smith (2006) is discussed the single machine scheduling
problem to minimize the sequence-dependent setup times
and total delay. Two heuristic algorithms have been
proposed for this problem, namely the space-based local
search and the Greedy Random Adaptive Search Procedure
(GRASP). Comparisons were made with Simulated
Annealing, Genetic Algorithm, Branch and Bound and Ant
Colony to show that their algorithms perform very
competitive [21]. Armentano and Mazzini (2000), proposed
a genetic algorithm whose parameters are determined by
statistical method for a single machine scheduling problem
to minimize the total delay. It has been shown that the
solutions obtained with the proposed algorithm for small-
sized problems give better results by comparing them with
the heuristic methods in the literature [22]. Lee et al. (1997)
aimed to minimize the total weighted delay in a single
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machine with sequence dependent setup times. It has been
proposed a three-phase heuristic method for this problem.
The computational experiments emphasized that the
algorithm can be successfully applied in an industrial
planning system. [23]. Tan and Narasimhan (1997)
addressed the problem of minimizing delay in sequence
dependent scheduling. Where the delay time was reduced by
using the simulated annealing algorithm, and the
experimental results showed that the algorithm is able to find
a good quality solution in record time compared to other
algorithms. [24]. Shin et al. (2002), proposed a tabu search
algorithm to reduce the completion time for several functions
executed on the same machine. Each function has a start
time, end time and turnaround time dependent on the
sequence. The first solution was formed by MATCS
(apparent delay cost modified with settings) rule, then the
Tabu Search algorithm was used to find the optimal solution.
Experimental results have shown that the taboo search
algorithm obtains much better solutions than the heuristic
method. [25]. Rubin and Ragatz (1995) discussed the
application of a sequential scheduling problem. They aimed
to determine the order of a series of n jobs on a single
machine that will minimize the total delay of the jobs. In this
study, the method of genetic algorithm was used to solve the
problem and the performance of genetic search was
compared with a branch and boundary algorithm with a pure
random search on a set of 32 test problems [26].

Automotive manufacturers reacts zero tolerance for major
problems, such as color tone defects in any part of
automobiles. In terms of spare part suppliers, production
plans that will not cause such errors and increase waste raw
material costs are needed. It is aimed to contribute to the
literature with this study made for the optimization of the use
of expensive raw materials in the automobile sub-industry,
where part costs are high and quality is given a high level of
importance. The method can also be considered as a model
that can be used in different sectors with similar production
styles. Tabu Search is one of the important optimization
algorithms used in solving combinatorial optimization
problems. Tabu Search Algorithm avoids falling into local
solution points in the search area and aims to reach the global
best. In order to achieve this goal, it provides speed and
efficiency in reaching the optimum solution since it ensures
that the solutions visited in the previous iterations are
banned.

In this study, it is aimed to reduce the lost time and wastage

in the Plastic Injection section, which is at the first stage of
the production line of an automotive supplier company and
forms the basis of its production. To achieve this goal, a
solution to a real scheduling problem is offered using the
Tabu Search algorithm, which can create production
sequences with less waste by using data that has been
realized for a year.
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3  TABU SEARCH

The Tabu Search (TA) technique, named after the word
Tabu, which is used to express the sacred prohibitions in
primitive tribes, is a heuristic algorithm proposed by Glover
(1989,1990) to be used in the solution of combinatorial
optimization problems [27,28]. Algorithm is a heuristic
technique that guides local search methods to get rid of local
best solutions and reach global best [29]. In order to prevent
the steps leading to the final solution from making circular
movements, it is ensured that repetition is prohibited or
punished in the next cycle. Tabu is a successful algorithm
that progresses in an iterative way (sequential processes)
used in solving search optimization problems. The first step
in TA is to create the initial solution. After that, it continues
with the stages of creating the candidate list of the
movements, selecting the most suitable candidate from this
list, and repeating or terminating the search according to the
stop criteria. The flow chart showing the stages of the Tabu
Search algorithm is given in Figure 2.1. The basic
components of the algorithm and the operation of these
components are explained in the following section under

subheadings.

Initial Solution

Y|

Generate a set of neighbour
solutions

v

Evaluate solutions

\ 4

Select the best admissible
solution

Update tabu list

Termination
Criteria
Satisfied?

Final Solution

¢

Figure 3.1 Tabu Search algorithm’s Flow chart
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3.1 Tabu List

The nature of this list is that the current tabu list can update
itself through a ranking and comparison process after
determining possible candidate solutions. For this purpose,
this algorithm developed a tabu list in which the list of
solutions found in previous loops is recorded. If a potential
solution candidate is the same or has similar characteristics
as a tabu-listed solution, that solution will not be considered.
While creating the tabu list, the best potential solution is
added to the list in line with the purpose function in each
cycle, in case the capacity of the tabu list is exceeded, the
initial solutions in the list are deleted from the list, and the
new solutions obtained in the last loops are added to the list
[FIFQ]. When the tabu list is full and there is a new banned
solution, as shown in Figure 3.1, the oldest available solution
is removes from the list and the new solution is registers as
the newest solution.

Figure 3.2 The structure of the Tabu List

3.2  Tabu Tenure

Proximity-based memory works with a tabu list that holds
the tabu active elements. Each tabu active element is kept in
the tabu list for a specific iteration period. When this period
is completed, the tabu active element is will be removed from
the list and the solutions containing these elements will be
not tabu. The length of time (the number of iterations) that
an element included in the tabu list will be kept in this list is
generally determined by the size of the problem. The point
to be considered in determining the tabu period is that this
period will neither be small nor large. When the tabu
duration is small, it can cause the algorithm to hang likewise
this time may negatively affect the quality of the solution. A
balance can be struck between the variable selection of the
tabu retention period, meticulous examination of one region
of the solution space, and then moving to another solution
area [30].

3.3 Short Term Memory Strategy

Since the tabu search method is a general method, there are
no definite principles regarding the application method [32].
In order to reach a satisfactory solution with the tabu search
method, additions are often required according to the
problem structure. Therefore, when designing the method, a
suitable memory should be designed for the problem that is
sought. In problems where short-term memory is used, an
element marked as active is kept in its proximity-based
memory, and in the next iterations, while searching for a
solution, it is prevented to go to the area of that element.
Although short-term memory does not obtain extensive
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information such as long-term memory, it is a highly
preferred method in many problem structures. The working
steps of short-term memory are given in Figure 3.2.

Step 1. Get the initial solution. |

Step 2. Make a list of candidates for movements. |

= 7

Step 3. Choose the best acceptable candidate. |

L

Step 4. Test the stop criterion. If the stop criterion i3
met, stop the whole run or start working again with the
long term memory element (Step 1). If the stopping
| criterion 1s not met, refresh the admissibility
requirements and return to Step 2.

Figure 3.3 Short-term memory work steps

3.4  Long-Term Memory Strategy

For many types of problems, short term memory is quite
sufficient to produce good quality solutions. By adding long-
term memory, the method is getting stronger in finding the
best solution [31]. Long-term memory saves information
from all possible solution areas without being limited to
specific field information during the operation of the
algorithm, and the progress of the algorithm is monitored,
and solutions that approach the global area can be accepted
and solutions that lead to local areas can be prevented
through certain strategies. For example, when registering
elite solutions, only solutions that are significantly different
from previous solutions can be registered. And when each
elite solution is selected for review, the short-term memory
of the previous solution can be freed.

4  PROBLEM DEFINITION

The company, which manufactures headlights in the
automotive supplier industry, has 16 injection machines in
the plastic injection department. The study focuses on
machines 06-19 and 06-28, using one-year products
production sequence information recorded by the company's
production department. The explanation of the problem and
the explanation of the problem data will be made over the
information of the 06-19 coded machine. The algorithm
solution results of the other machine will be discussed in the
application part.

In Table 4-1, production transition data of 11 products in the
06-19 coded machine are shown. In the table, the raw
materials of the previous and next product, the amount of the
wasted residues formed, the number of produced product and
duration of production are shown. Production transition
number 1 in the table, it shows that the machine with the code
06-19 switched from producing the Aa87 / 88 coded product
to the Bf32 product. The raw materials of these products are
Aa8l and AD8O, respectively. In this transition, the
production of the Bf32 coded product takes 240 minutes and
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it is shown that 145 pieces are produced, while 2.5 Kg of
wasted residues is produced in this operation.

Table 4-1 Data samples of 06-19 coded machine

Previous Prev. Next Next Resid. Prod. Pro_d.

# Product Raw Product Raw amount Time  Unit
Mater. Material  (kg) (min) (Piece)

1 Aa87/88 Aa8l Bf32 Ab80 2,50 240 145
2 Bf32 Ab80 Bf32 Ab80 3,50 525 417
3 Bf32 Ab80 Ae50/51  Ab44 14,8 365 548
4 Ae50/51 Ab44 Ab70/71 Bb44 8,80 525 1168
5 ADb70/71 Bb44 Ai70/71  Aab3 4,54 545 2048
6 Ai70/71 Aa53 Bh50/51 Aald 2,41 550 854
7 Bh50/51 Aal4 Aa87/88 Aa8l 5,00 525 74
8 Aa87/88 Aa8l Ar24/25 Ab400 0,00 300 704
9 Bh51/55 Aal4 Bh51/55 Aald 7,00 180 252
10 Bh51/55 Aald Bh56/57 Aald 0,00 350 496
11 Bh56/57 Aal4 Ah56/57  Aald 5,00 120 84
12 Ah56/57 Aald Ar24/25 Ab400 4,70 340 780
13 Ar24/25 Ab400 Ar24/25  Ab400 4,91 590 1180
14 Ar24/25 Ab400 Aa87/88  Aa8l 6,80 450 296
15 Ad96/97 Bb80 Ad96/97 Bb8O 12,3 525 525
16 Ad96/97 Bb80 Ad96/97 Bb8O 4,70 430 708
17 Ad96/97 Bb80 Aa87/88  Aa8l 13,70 525 600
18 Ar24/25 Ab400 Ar24/25  Ab400 1,815 310 626
19 Ar24/25 Ab400 Ab70/71  Abd4d 4,50 405 810
20 ADb70/71 Ab44 Ab70/71  Ab44 3,10 250 518
21 Bf32 Ab80 Bh51/55  Aald 4,64 255 336
22 Bh51/55 Aald Bh51/55  Aald 5,34 360 508
23 Bh51/55 Aal4d Bh51/55 Aald 3,75 400 568
24 Bh51/55 Aald Bh56/57 Aald 3,88 310 512
25 Bh56/57 Aald Bh56/57 Aald 3,20 330 420

5 APPLICATION

Tabu search method was used for the solution of the problem
presented in Chapter 4. The tabu algorithm was written using
the Python programming language using the Spyder
operator, where the Panda and Numpy libraries specialized
in data analysis and mathematical operations were used to
write the algorithm. The program was run on a computer
with a Core i5 processor and 4GB RAM.

Table 5-1 Parameters of the tabu algorithm
problem size (n)

Tabu Tenure stop criterion

06-19 36 V36 =6 30000 iteration
06-28 21 \V21=5 30000 iteration

Table 5-1 shows that the algorithm parameters have been
defined in line with the problem presented in our study.
Where Tabu Tenure represents the number of steps in which
the chosen solution in the current step will be blocked, and
the stop criterion was defined as the arrival of the algorithm
at 30,000 steps. Tabu search algorithm was first run with the
monthly order information of the 06-19 coded machine,
given in Table 5-2.
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Table 5-2 One month of product order data

C Week 1 Week 2 Week 3 Week 4
1 Bf32 Bh51/55 Bf32 Bh50/51
2 Aa87/88 Bh56/57 Ac72/73 Bh51/55
3 Ab70/71 Ac72/73 Aa87/88 Bh56/57
4 Ad96/97 Abl11/12 Ab70/71 Abl11/12
5 Ae50/51 Ad96/97 Ad96/97 Ad96/97
6 Ah56/57 Ai70/71 Ae50/51 Ai70/71
7 Ar24/25 Aa87/88 Ah56/57 Aa87/88
8 Ai70/71 Bh56/57 Ar24/25 Bh56/57
9 Bh50/51 Ad96/97 Ai70/71 Ad96/97
5.1 Problem Size and Initial Solution

Choosing a good initial solution saves time and allows better
exploration of the solution space [33]. A procedure or any
heuristic method that guarantees the feasibility of the
solution can be used to create the initial solution. In our
study, a product series consisting of n products whose
optimum order is requested by the production engineer
represents the initial solution of problem. For example, after
the product series to be produced in the next month is
determined, this product series is entered into the program
and the initial solution is shown as in Figure 5.1.

1 2 3 4
Figure 5.1 Problem size

5.2 Obijective Function

The objective function to be used in the tabu search method
is a function that minimizes the residual amount in products
production transition. The initial solution used in the tabu
search method and the solutions obtained in the next steps
are evaluated in terms of compliance with the objective
function. The objective function is in the structure of a
function that minimizes the sum of the cost (Billet quantities)
that resulting from the transfer of production from product i
to produc (i +1). in the evaluated product series. The
number one equation represents the object function where
C; (i+1) represents the amount of residues resulting from the
transfer of production from product i to product (i + 1).

n—-1
Min Z Ci,(i+1)
i=1

Mechanism of Movements

@)
5.3

In the transition from an existing solution to a neighboring
solution, the movements of displacement and intervention
were used. Within the limits of the size of the problem (0 <
r<mn), two unequal (r1,72) random numbers are
generated. Then, the neighbor/candidate solution is
generated by replacing the r1 index product with the r2 index
product in current best solution series.
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5.4  Candidate Movement List and Choosing the Best

Movement

The candidate movement list is determined according to the
strategy of choosing the best move in our problem. This
strategy chooses the best action produced from the current
solution to achieve improvement in the value of the objective
function, provided it meets the tabu constraints and
aspiration criteria. This strategy is based on the assumption
that a movement chosen as the best candidate movement will
lead to the best solution or optimum solution faster after a
few steps [34]. The first step is to create a list of candidate
solutions. Then, the tabu status and aspiration criteria are
checked for each solution in this list, respectively. Objective
function values of non-tabu solutions are calculated and the
action with the best objective function value is considered
the best solution and used to generate a new solution in the
next iteration. To better understand the working mechanism
of this strategy, the flowchart is shown in Figure 5.2 below.
5.5  Tabu List and Tabu Periods

A (n x n) dimensional matrix is used to check whether a
move is tabu or not. This matrix records the length of time a
banned solution candidate will remain on the tabu lists. An
action taken to the next action, that is, an accepted action, is
kept in the tabu list for a period of time. This time is recorded
as t in the cell where r1 and r2 intersect. At each subsequent
iteration, it is decremented by 1 until it becomes zero or until
the aspiration criterion is met. Tabu times were taken
statically and calculated by rounding the square root of the
number of products in the list (n) to the nearest integer.

t = round(vn)

The working mechanism of the tabu list is shown in Table 5-
3. Here, if the displacement between the 2nd product and the
1st product is included in the candidate movement list and is
considered the best move in the candidate action list, this

action is prohibited until the next round (v/n) iteration.

1)

5.6  Aspiration Criterion

In this study, tabu breaking is used according to the purpose.
Accordingly, if a tabu move provides a better solution than
the best solution found up to the current iteration, it can be
implemented despite being tabu. However, if all the actions
that can be taken from the current solution without breaking
the feasibility are tabu, the current solution is updated with
the move closest to the end of the tabu situation.
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Generate a candidate movement.

b

Check the
evaluation
criteria

Check the
aspiration
criterion

Movement is
acceptable.

Check the candidate
list. Are the neighbors
sufficiently
researched?

A 4

Assign the chosen move as the best.

Figure 5.2 Best move selection strategy

Table 5-3 The working mechanism of the tabu list

1 2 n
1 0 0o ... 0
2  round (\/ﬁ) 0o ...... 0
n 0 0o ... 0
6 RESULTS

In order to achieve optimal sequencing, the tabu search
algorithm coded in the Python programming language was
run using the parameters defined in the previous titles. The
results obtained from the runs were examined separately
based on machines. Table 6-1 shows the starting sequence of
the 06-19 coded machine.

Table 6-1 Starting order of products for 06-19 coded
machine.
Item

Item Item Item

Week 1 Week 2 Week 3 Week 4

no

no

no

no

O©CoO~NOOTWNE

Bf32
Aa87/88
Ab70/71
Ad96/97
Ae50/51
Ah56/57
Ar24/25
Ai70/71
Bh50/51

10
11
12
13
14
15
16
17
18

Bh51/55
Bh56/57
Ac72/73
Abl11/12
Ad96/97
Ai70/71
Aa87/88
Bh56/57
Ad96/97

19
20
21
22
23
24
25
26
27

Bf32
Ac72/73
Aa87/88
Ab70/71
Ad96/97
Ae50/51
Ah56/57
Ar24/25
Ai70/71

28
29
30
31
32
33
34
35
36

Bh50/51
Bh51/55
Bh56/57
Ab11/12
Ad96/97
Ai70/71
Aa87/88
Bh56/57
Ad96/97
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Table 6-2 Results by number of iterations for 06-19 coded
machine.

Iteration no Time Object Function Value (Kg)
0 00:00:00 224,348
5000 00:02:28 177,000
15000 00:16:00 170,376
30000 00:28:25 164,394

As seen in Table 6-2, the algorithm's working time took
approximately 29 minutes, the time varies according to the
size of the problem. Even if the working time is short in a
small size problem, it can take hours for large size ones. The
Table 6-3 shows the optimal result given by the.

Table 6-3 the optimum solution for the 06-19 coded machine
After 30 thousand iterations.
Item Item Item
no Week 1 no Week 2 no
Bh56/57 10 Ah56/57 19
Bh56/57 11 Ad96/97 20
Bf32 12 Bh56/57 21
Ar24/25 13 Ad96/97 22
Ai70/71 14 Bf32 23
Aa87/88 15 Ab70/71 24
Bh51/55 16 Aa87/88 25
Bh56/57 17 Ar24/25 26
Ae50/51 18 Ad96/97 27

Week 3 'tneg“ Week 4
AIT0/71

Bh50/51 28
Ah56/57 29 Ab70/71
Bf32 30 Ad96/97
Ai70/71 31 Ai70/71
Bh56/57 32 Bh51/55
Ad96/97 33 Ae50/51
Ad96/97 34 Aa87/88
Ai70/71 35 Ar24/25
Aa87/88 36 Bh50/51

O©oo~NoOohWNPE

Figure 6.1, shows the solution value reached according to the
number of iterations. In the light of the results obtained, the
value of the objective function decreased from 224.3 Kg to
164.3 Kg in the best solution found. Thus, an improvement /
saving of 60 Kg has been achieved in the use of raw
materials. When the algorithm is run and the determined
number of iterations is completed, the graph of the best
solutions obtained with optimum ranking is shown.

In Table 6-4, shows the starting order of the product
belonging to the 06-28 coded machine. The working time of
the algorithm for the 06-28 machine shown in Table 6-5 is
20 minutes. At the end of this working period, it has been
observed that the amount of wasted row materials has
decreased by 54%.

Table 6-4 Starting order of products for 06-28 coded
machine.
Item Week 1 Item
no no
Ab02/03 7
Bb18/19 8
Bc97/98 9
Ab02/03 10
Bc97/98 11
Ba76/77 12

Week 2 Item
no
Ab02/03 13
Bb18/19 14
Bc97/98 15
Ba76/77 16
Bc97/98 17
Ab02/03 18

Week 3 ”ne(;“ Week 4
Ba76/77

Ba76/77 19
Ab02/03 20 Bc95/96
Bb18/19 21 Ab02/03
Ba78/79

Ba76/77

Bb18/19

OO, WN P
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The objective function value of optimum result : ### 164.394 Kg

Selution value accerding to the number of iteration
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Figure 6.1 Solution graph according to iteration for 06-19
machine after 30 thousand iterations.

Table 6-5 Results by number of iterations for 06-28 coded
machine.

Iteration no Time Object Function Value (Kg)
0 00:00:00 136,330
5000 00:02:12 93,200
15000 00:09:38 67,536
30000 00:19:44 62,024

Table 6-6, shows the algorithm's optimal result for the 06-28
coded machine. In addition, the best solutions provided by
the algorithm in the working process are shown in Figure 6.2.
Since the Tabu search method evaluates many potential
solutions at each stage, the time to find the optimal solution
can be long. However, as the duration increases, it may
provide a small improvement in the target function value.
Tabu search algorithm is a very general search method and
the lack of precise principles about the operation of this
method can provide great flexibility to the developer of the
algorithm [34]. However, the success of the tabu search
method depends on how well and appropriately the
algorithm is designed for the relevant problem. For this
reason, the advantage of the tabu search method to provide
flexibility should be used well and it is extremely important
to make a suitable design for the problem to be solved.

Table 6-6 the optimum solution for the machine 06-28 After
30 thousand iterations.

Itri;n Week 1 Item Week 2 Item Week 3 Itr?gn Week 4
1 Ba78/79 7 Ba76/77 13 Ab02/03 19 Bb18/19
2 Ab02/03 8 Bb18/19 14 Ba76/77 20 Bc97/98
3 Bar6/77 9 Bc97/98 15 Bb18/19 21 Ba76/77
4 Bc97/98 10 Bb18/19 16 Ab02/03
5 Ab02/03 11 Ba76/77 17 Ab02/03
6 Ab02/03 12 Bc97/98 18 Bc95/96

55
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The objective function value of optimum result : ### 62.024 Kg #4

Solution value according to the number of iteration

140
—&~ solution point
130

OF Value

70

10000 15000 20000 25000

Iteration

Figure 6.2 Solution graph according to iteration for 06-19
machine after 30 thousand iterations.

0 5000

7  CONCLUSION

The plastic injection line of the company where this study
was carried out was examined and it was observed that raw
material and product wastage and lost time emerged due to
the color change in semi-finished products. Accordingly, it
has been determined that the problem should be handled as a
sequence dependent single machine scheduling problem.
With the aim of reducing lost time and wastage in the plastic
injection line, one-year product sequence transition data
were collected and analysed. When the structure of the
problem and the data obtained were examined, it was decided
to use the tabu search method for the solution with its flexible
structure. In this study, it is aimed to find the order of
products that will minimize the residues amounts to be
produced by the monthly product orders to be produced in
two machines in the injection department.

As a result of the solution, it was seen that the total amount
of residues was reduced by 134 kg as a result of one month
production on two machines. Although the focus of the study
is two machines out of 18 machines, a large amount of raw
material can be saved. If the algorithm is applied in all
injection machines of the company, significant savings can
be achieved in resources such as labor, material and time
spent. On the other hand, in the study, orders were found to
reduce waste by considering the finalized orders. Hybrid use
of an artificial intelligence model, which can create more
sorting options by predicting the customer orders in the
future, can be carried out in future studies.
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