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0z

Bu calismada, tasitlardaki slispansiyon sistemlerinin bir parcast olan hava siispansiyon koriigiiniin iiretim tipinin tiriin kalite
ozellikleri iizerine etkisi incelenmistir. Uretilen koriiklerin ilgili standartlar goz 6niinde bulundurularak fiziksel ve mekanik
ozellikleri belirlenmistir. Uretilen koriigiin mekanik performanslarinin belirlenmesine yonelik ¢alisma kapsaminda Patlatma Test
Makinesi, Tagima-Genisleme ve Omiir Test Makinesi kullanilmustir. imal edilen hava siispansiyon kériiklerinin mekanik
Ozelliklerini incelemek amaciyla patlatma, tasima, genisleme ve 6miir testleri gergeklestirilmistir. Testler sonrasinda, koriige ait
patlatma basinci, tagima yiikii degeri, tekrarli yiikleme durumunda kuvvet degerlerindeki degisimler belirlenmistir. Ayrica, koriigiin
tagima yiikii ve yatay yer degistirme degerleri altinda boyutsal degisimleri tespit edilmistir.

Anahtar Kelimeler: Hava siispansiyon koriigii, tasit koriigii, koriik iiretimi, koriik test yontemleri.

Determination of the Effect of the Manufacturing Style
And Fatigue Life of the Rubber Air Suspension
Bellows on Product Quality

ABSTRACT

In this study, the effect of the production type of air suspension on the product quality characteristics has been investigated; which
are part of the suspension systems in vehicle. The physical and mechanical properties of fabricated air spring bellows were
determined taking into account the relevant standards. In scope of the work for determining mechanical performance of fabricated
air spring bellows, The Explode Test Machine, The Conveying-Widening and Life Test Machines were used. For analyzing the
mechanical properties of manufactured air spring bellows; explode, conveying-widening and life tests has been effectuated. After
the tests, explode pressure of air spring bellows, value of carrying load, the changes of the value of force in case of repeatedly
loading were determined. Moreover, the value of loading capacity of the air spring bellows and the dimensional changes within the
horizontal displacement values were determined.

Keywords: Air spring, vehicle air spring, air spring production, air spring test procedures

1. GIRiS (INTRODUCTION)

Ticari ve kisisel araglar i¢in kauguk hava siispansiyon
sistemleri, yayli soniimleme bilesenleri olarak giderek
daha fazla kullanilmaktadir. Gelismis stabilite ve arag
konforu, otomatik yiikseklik ayari, rijitlik diizenleme
kabiliyeti ve farkli yiiklerde neredeyse sabit rezonans
frekans1 gibi oOzellikler kaucuk hava siispansiyon
sistemlerinin diger siispansiyon sistemlerine kars1 temel
avantajlar1 olarak sayilabilir [1,2].

Kauguk hava siispansiyon sistemi genellikle bir iist plaka,
bir kauguk kompozit koriik, bir piston ve bir tampondan
olugur. Hava boslugunun i¢ kismi, tasima kapasitesi
saglayan sikistirilmis hava ile doldurulur ve bu kisim

*Sorumlu Yazar (Corresponding Author)
e-posta : yucesu@gazi.edu.tr

sikigtirma ve genlesme sayesinde degisen yiiklere uygun
bir sekilde tepki verir. Kauguk hava siispansiyon
sisteminin en kritik bileseni koriiklerdir. Sonug olarak,
yorulma Omrii  genellikle koriikklerin  dayanma
kabiliyetine baglidir. Koriikler, sizdirmazlik saglayan bir
i¢ kaucuk tabakasindan, takviye i¢in kullanilan iki veya
daha fazla kord bezi tabakasindan ve farkli gevresel
kosullardan koriigii koruyacak dig kauguk tabakadan
olusan kompozit bir malzemeden imal edilmistir.

Koriiklerdeki gerilme-gerinim kosullarmin analitik
olarak belirlenmesi, karmasik geometri ve her seyden
once malzeme igeriginin yapist nedeniyle ¢ok zordur.
Hava koriigliniin yorulma Omri, istatistiksel olarak
bagimli olan birka¢ faktoérden etkilenir, ancak faktorler
arasindaki iliskiyi, analitik yontemler kullanilarak
onceden belirlenmek ¢ok zordur [3-8]. Malzeme
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dayanimi, geometri ve gergekei yiik kosullarina bagh
olan hava silispansiyon koriigiiniin yorulma omrii, bu
nedenlerden dolay1 genellikle modelleri veya prototipleri
test ederek belirlenir [9]. Giiniimiizde, yaylarin yorulma
Oomrii tahminleri esas olarak deneyler yoluyla elde
edilmektedir.

Bu c¢alismanin amaci, elle ve otomatik makinede
iiretilmis kauguk koriigiin yorulma dmriiniin {irtin kalitesi
iizerine etkisini  belirlemektir. Burada yorulma
cevrimlerinin iiriin kalitesini belirleyen degerlerinin
birbirinden fazla sapmamalar: gerekir. Elle ve otomatik
makinada tretilmis kaucuk koriiklerin sabit genlikle
yiikklendigi  hizlandirilmis  deneylere  dayanarak,
koriiklerin  farkli yorulma ¢evrimleri sonunda hig
yorulmamis numuneye ait kalite 6zelliklerini tayin etmek
miimkiindiir.

Ikinci béliimde, koriiklerin maruz kaldig: yiik ve analitik
gerilme hesaplamalari, deneysel ¢alisma boliimiinde ise
test edilmis kauguk koriikler, deney ekipmanlari ve
deneysel prosediirler sunulmustur. Son bélimde ise,
deneysel sonuglarin {irlin  kalitesi {izerine etkileri
tartigilarak 6neriler sunulmustur.

2. KAUCUK KORUK YUKLERi VE GERILME
HESAPLAMALARI (RUBBER AiR SPRING
LOADS AND STRESS CALCULATIONS)

Bu calisma, fiber takviyeli kauguk kompozit
malzemeden yapilmis kauguk hava koriigiiniin yorulma
omrii iizerinde en Onemli pargasi olan hava korigi
pargast lizerinde odaklanmistir. Bilindigi iizere,
miihendislik  sistemlerindeki hasarlarin  ¢ogunlugu
yorulmadan kaynaklanmaktadir. Asagida kauguk hava
korligiiniin maruz kaldig1 yiikler ve gerilmeler teorik
olarak aciklanmistir. Korik malzemesi heterojen,
anizotropiktir ve katmanlidir. Koriikler dort katmandan
olusur (Sekil 1).

|_— Dis Kaucuk

g~~~ Kord matrisi
™~ Kodrif

4— Kord matrisi

|__— ic Kaucuk

Sekil 1. Hava siispansiyon koriiglinii olugturan bilesenlerin
kesiti[1]. (The cross section of the components
forming the air spring)

Dis tabaka, koriigli ozon, oksijen, kir, su, mekanik
pargalar gibi farkli ¢evresel etkilerden korunmasi i¢in
kullanilan ince bir kauguk tabakasidir. Kord kismu,
kaucuk dolgu malzemesi igerisindeki paralel kablo
ipliklerinden olusur. Kord kismi her zaman ¢ift tabaka
olarak yerlestirilir. Kord ¢iftleri, her zaman aralarinda
belirli bir aciyla bir 6rgli olusturacak sekilde bir araya
getirilir. Kord giftlerine ait lifler arasindaki ag1, koriik

eksenine gore simetrik olmalidir. Aksi durum s6z konusu
ise, yani kord lifleri koriik eksenine gore simetrik degilse,
koriigiin burularak katlanmasi goriilebilir. I¢ tabaka
koriikten havanin sizmasimi dnlemek i¢in kullanilan ince
bir kaucuk tabakadir. Her dort katman vulkanizasyon
islemi sirasinda birbirine yapistirilir. Vulkanizasyon
yaptiktan sonra, iki kat kord lifi takviyesine sahip kauguk
koriik olusturur, kord lifleri giiclendirme gorevini
iistlenir. Kauguk ¢ok elastik oldugundan ve kord liflerine
sahip olmadigindan, yiikiin ¢ogunlugunun kord lifleri
tarafindan taginacagi varsayilabilir.

Caligma sirasinda  koriiklerdeki — gerilme-zorlanma
kosullar1 bilinmelidir. Koriikler, igindeki basing ile hem
radyal hem de eksenel yonde yiiklenir. Uretilen eksenel
kuvvetin biiyiik kismi kauguk hava koriigiiniin etkili yay
kuvveti olarak kullanilir ve eksenel kuvvetin kiigiik bir
kismu ise koriiklerin eksensel bir yonde yiiklenmesi i¢in
harcanir (Sekil 2) [2]. Calisma sirasinda koriik, soklari
hafifletmek icin yiiksekligini degistirerek farkli siiriis
kosullarina  tepki verir. Yiikseklik degisiklikleri
sonucunda, koriik igindeki basing, etkin yiik ve belirli bir
yerdeki gerilme kosullar1 sirayla degisir.

Sekil 2. Koriige etki eden radyal ve eksenel yiikler [2]. (Radial
and axial loads acting on the air spring)

Koriiklerdeki gerilme-gerinim kosullarint analitik olarak
ifade etmek i¢in, bazi varsayimlar yapilmalidir. Kauguk,
kord ipliklerinden ¢ok daha yumusak oldugu i¢in, kord
ipliklerinin tiim yiikii istlendigi varsayilabilir. Ayrica,
her iki kablo katmaninin da ayn1 konumda (¢ap) oldugu
varsayilarak problemi basitlestirebiliriz. Bu
varsayimlarla kord iplikleri {izerindeki kuvvetler radyal
ve eksenel yonde hesaplanabilir.

Koriigiin igindeki basingla radyal yonde iiretilen kuvvet,
Fr =P A, )
Esitligi ile hesaplanabilir [1, 2]. Burada p kortik i¢indeki
basingtir ve Ar, Fpr kuvvetine dik diizlemdeki alanidir
(Sekil 2a), ve asagidaki gibi hesaplanabilir.

A =Dy -h 2
Esitlik (2) DIN ig kortik ¢ap1 ve h, koriigiin yiiksekligidir
(Sekil 2).(1) ve (2)esitliklerinden;

Fpr =p- DIN -h (3)
esitligi elde edilir. Kord ipliklerindeki radyal kuvvet,
I:r = Fpr (4)

olmalidir. Fr, birim wuzunluk Dbasma kuvvete

déniistiiriilebilir. ( Esitlik 5).
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p- DIN
N, = 5
=2 ©)
Eksenel yondeki basing tarafindan iiretilen kuvvet,
Fpa =p- Aa (6)

esitligi ile belirlenebilir [1,2]. Burada p koriik igindeki
basingtir ve Aa, Fpa kuvvetine dik olan diizlemdeki
kesittir (Sekil 2a) ve asagidaki gibi hesaplanabilir.
- D,ZN

A = " (M
Esitlik (6) ve (7) den

) DI2N P
Fpa = TET (8)

esitligi tiiretilebilir.
Denge denkleminin yerine getirildiginden emin olmak
icin, kablo ipliklerindeki eksenel kuvvet,
Fo=Fe +tF,=>F =F,-F: 9)
esitligi ile tarif edilebilir. FEF, koriik tarafindan iiretilen
etkin kuvveti temsil eder ve bu kuvvet;
2

F, = 7-De-p

4
esitligi ile hesaplanir. Burada DEF koriigiin etkin ¢apidir
(bakmiz Sekil 2b). Esitlik (9) da, esitlik (8) ve (10)
ifadeleri yerine yazilirsa, Fa

n-(D3 -D% ) p
F, = ( IN EF) (11)
4
seklindeki ifade elde edilebilir.
Islemi basitlestirmek i¢in Fa, birim uzunluga gére kuvvet
sekline doniistiiriilebilir.
n-(D3 =D& )-p

N, = M (12)

4-D
Dmid, her iki kordun da bulundugu ¢ap olarak varsayilir
ve su sekilde hesaplanabilir;
p -P*+Puw

mid 2

Burada D, koriiklerin dis ¢apidir (Sekil 2b).
Korige etki eden yiikler diferansiyel olarak Sekil 3’teki
gibi gosterilebilir.

(10)

mid

(13)

i 7

T‘\N da

L
l

[ T S T L R A R AR}
dr
- -

Sekil 3. Diferansiyel elemana etki
(Differential actuating loads)

eden yiikler [1].

Elemanlarin koordinat sistemi koriik ekseni ile paralelse,
yiikler ve deformasyonlar simetrik olacagindan, tegetsel
kuvvetlerin sifira esit oldugu sdylenebilir. Kord
ipliklerindeki kuvvetler T1 ve T2 olarak gosterilmistir
(Sekil 3). Secilen koordinat sisteminde, kord lifleri
aralarinda bir ¢ acis1 olacak sekilde uzanir. Bu nedenle,

radyal yondeki kord lifi kuvvetlerini sirasiyla T1-cose ve
T2-cosg olarak ifade edilebilir. Elemanin yiiksekligi da
ve kord liflerinin yogunlugu Epm alindiginda, Sekil 3
g6z oniinde bulundurularak, birim uzunluk bagina radyal
yondeki kuvvet, Nr,

N, -da=(T,-cos¢+T, -cos¢)-E, -cos¢-da (14)

ve benzer olarak birim uzunluk basina eksenel yondeki
kuvvet, Na,

N, -dr =(T,-sin¢+T,-sin¢)-E,, -sin¢-dr (15)
seklinde yazilabilir. Burada, dr elemanin genisligidir.

Esitlik (14) ve (15) kullanilarak kortigiin kord agist
asagidaki gibi hesaplanabilir [1,2].

N

tan® ¢ =—2 16
¢ N, (16)
Yapilan varsayimlar géz Oniine alinirsa, kord ag¢isinin
yalnizca radyal ve eksenel yiikler arasindaki iliskiye
baglt oldugunu belirtilebilir. Dahasi, dis c¢apin ve
dolayisiyla koriigiiniin tiim 6zelliginin imalat kordonun

acisina oldukga bagli oldugu sdylenebilir.

3. DENEYSEL CALISMA (EXPERIMENTAL
STUDY)

3.1. Materyal (Maretial)

Bu ¢aligmada 190 mm capli dingil koriigii kullanilmustir.
Calismada kullanilan kauguk koriigiin sematik sekli ve
koriik kesiti yukarida Sekil 1°de gosterilmistir. Hava
stispansiyon koriigii i¢ kauguk, birinci kord bezi, ikinci
kord bezi ve dis kauguk olmak iizere dort katmandan
olusmaktadir.

I¢ kaucuk ve dis kauguk ayni receteye sahip olmakla
birlikte aralarindaki tek fark kalinliktir. Kaugugun koriik
lizerindeki fonksiyonu disaridan gelen darbelere karsi
mukavemeti saglamaktir. Birinci ve ikinci kord bezi
arasinda ise higbir fark yoktur, her ikisi de ayni rulodan
gelmektedir.

Konfeksiyon islemi biten yar1 mamul vulkanizasyon
presinde belirli sicaklik, basing ve siirede pisirilerek nihai
sekli verilir. Istenen sekle ulasmasinin ardindan azot ile
sogutularak aldigi seklin kalict olmasi saglanmaktadir.
Kauguk ve kord bezi gibi kompozit malzemelerden
olusan yeni bir kompozit malzemenin davranislarinin
kontrol altinda tutulmasi olduk¢a zordur. Bu sebeple
hava siispansiyon koriigii tiretim siirecinin mithendislik
gerektiren en 6nemli adimlarindan biri de vulkanizasyon
stirecidir.

Hava siispansiyon kortikleri genel olarak; Sizdirmazlik
Testi, Biiyiime Kaldirma Testi, Patlatma Testi, Omiir
Testi olmak tizere dort teste tabi tutulur. Bu calismada
numunelere uygulanan bu dort test icin TS EN 13597
standardinda belirtilen kosullar esas alinmustir.

3.2. Test Yontemleri (Test Methods)

Sizdirmazlik Testi: Bir hava silispansiyon koriigiiniin
igindeki havayi tutabilmesi i¢in tamamen kapali olarak
calisir durumda olmasit gerekmektedir. Herhangi bir
yerde hava sizintisi olmasi durumunda koriik islevini
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yerine getirmemektedir. Icerisine hava basilan koriikler
bir su tankinin igine yerlestirilir ve hava sizdirip
sizdirmadig: test edilir.

Biiyiime Kaldirma Testi: Bu testte, arac¢ altinda kisith
bolgede calisan koriigiin  geniglemesinin  limitler
dahilinde olup olmadig: test edilir. Koriigiin igerisine
basingli havaya uygulanir ve lazer mesafe Sl¢lim sensori
ile cap degisimi Olgiilir. Ayn1 zamanda, iriiniin yiik
kaldirma kapasitesinin 6l¢limii i¢in, bir yiikk hiicresi
kullanilarak  belirlenen  test  basinglarinda  ve
yiiksekliklerinde kuvvet 6lglimii yapilmaktadir. Testler
5N hassasiyette 50 kN yiikleme kapasitesine sahip
Devotrans marka Biiyiime Kaldirma Test Cihazinda
gerceklestirilmistir.

Patlatma Testi: Hava siispansiyon kortikleri tiirlerine
gore belirli bir basingta ¢calismaktadirlar. Koriiklerin asiri
basinca karst mukavemeti patlatma testi araciligiyla
Olciilmektedir. TS EN 13597 standartlar1 incelendiginde,
havali siispansiyon koriiklerinin patlatma basinglarinin
¢alisma basincinin 3 kati veya 16 bar ile 30 bar arasinda
olmas1 istenmektedir. Hava kullanilarak yiiksek
basinglara ¢ikmak tehlikeli oldugundan bu testler
hidrolik olarak gergeklestirilmektedir. Test, koriik
patlayana kadar igerisine su ile bir basin¢ uygulanarak
gerceklestirilir.  Patlatma testleri Firmanin Ar-Ge
Merkezinde hizmette bulunan 1 bar hassasiyette 0-100
bar Ol¢lim araligina sahip patlatma test cihazinda
gerceklestirilmistir.

Omiir Testi: Hava siispansiyon koriiklerinin dmiirleri
calisma g¢evrimi iizerinden test edilmektedir. Koriigiin
kauguk ve kord bezinden olusan kismi, alt tarafinda yer
alan pistona sivanip ardindan yukari ¢ikarak eski haline
gelmesi bir ¢evrimdir. Bu amagla 6zel tasarlanmig
cihazlarla bu c¢evrim iki milyon kez tekrarlanarak
koriigiin 6mriinii etkileyebilecek yapisal 6zelliklerindeki
degisimler test edilir.

3.3. Deneysel Calisma Plami(Experimental Study Plan)
Deneyler elle ve otomatik makine ile iiretilmis benzer
Olciilere sahip kauguk koriikler iizerinde, farkli yorulma
cevrimlerinin  koriik kalitesi (kaldirma kapasitesi,

Cizelge 1. Test Plani (Tests Plan)

testleri uygulanmistir. Ayrica, bu testlerin ardindan her
bir koriigiin maksimum patlama basinci patlatma testi ile
belirlenmistir. Deney test plan1 Cizelge 1’de gosterilmek-
tedir.

4. DENEY SONUCLARI VE TARTISMA
(EXPERIMENTAL RESULTS AND
DISCUSSION)

Elle ve otomatik makine kullanilarak hazirlanmis ve ayni
sartlar altinda vulkanize edilmis kaucuk hava
stispansiyon koriigiiniin sirasiyla kaldirma kuvveti, cap
degisimi ve efektif alan test sonuclart verilmistir.
Kaldirma kuvveti ve ¢ap degisimi sonuglari 4 farkli
basing degeri (1, 3 5 ve 7 bar), 5 farkli yorulma 6miir
gevrim sayist (0, 5x105, 1x106, 1.5x106 ve 2x106
¢evrim) ve 5 farkli baglama yiiksekligine (230, 300, 400,
500 ve 640 mm) gore olusturulmustur. Efektif alan
sonuglarint belirlemede test sartnamesine uygun olarak
(TS EN 13597 standardina gore),7 bar’lik maksimum test
basinci dikkate alinarak yapilmistir.

230 ve 640 mm’lik baglama yiiksekligi degerleri sirasiyla
koriiglin minimum ve maksimum c¢aligma yiiksekligini
gosterirken, 400 mm baglama yiiksekligi degeri koriigiin
tasarim yiiksekligidir. Bu durumda, kaucuk hava
stispansiyon koriigiiniin optimal calisma araligt 300 ve
500 mm baglama yiiksekligi sinirlart igerisinde
gerceklesmektedir. Ayrica, elle ve otomatik makinede
iretilmis driinlere ait aymi sartlar altindaki test
sonuglarinin karsilastirmalarinda ¢ap degisim sonuclari
arasindaki degisimin [110mm, kaldirma kuvveti ve
efektif alan sonuglar1 arasindaki degisimin isel %10
tolerans sinirlarinda olmasi gerekmektedir.

Testi yapilan biitiin koriik numunelerine sizdirmazlik
testi yapilmis ve biitin koriik numuneleri yapilan
sizdirmazlik testini %100 basari ile gecmistir. Sekil 4’te
goriilen kaldirma kuvveti verileri biiyiime-kaldirma test
cihazinda gergeklestirilmistir. Grafikler incelendiginde
basing arttik¢a kauguk hava siispansiyon koriigiiniin
kaldirma kapasitesinin arttigt agikga goriilmektedir.

Omiir Test Cevrimi Test Tipi
10 |
500.000 ‘ Patlatma
: 10000%| | G Degiimi o) | GRS | e
4 1.500.000 | sn)
5 2.000.000

patlama dayanimi vb.) {izerine etkisini arastirilmak igin
gerceklestirilmigtir. Caligmada 190 mm ¢apta sarilarak
vulkanize edilmis dingil koriigi kullanilmistir. Deneysel
calismada kullanilacak koriikler0, 5x105, 1x106,
1.5x106 ve 2x106 gevrim degerlerine kadar yorulmus ve
bu numunelere 4 farkli basing (1, 3, 5 ve 7 bar) degeri ve
4 farkli baglama yiiksekligi kullanilarak Kaldirma
kuvveti, yanal cap degisimi ve efektif alan degisimi

Ayrica, koriikler maksimum baglama yiiksekliginde
minimum kaldirma kapasitesine, minimum baglama
yiiksekliginde ise maksimum kaldirma kapasitesine
sahiptir. Bu durum kauguk koriiklerden beklenen bir
davranigtir.  Degerlendirmeler ve  karsilastirmalar
optimum c¢alisma yiikseklikleri dikkate alinarak
yapilmigtir. Biitlin test sartlar1 igin elle ve otomatik
makinede iiretilmis iiriinlerin kaldirma kuvveti degerleri
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arasindaki fark sartnamede belirtilen [1%210 tolerans
degeri icerisindedir. Sekil 4-d ve Sekil 4-e’deki grafikler
incelendiginde, yiiksek cevrimde yorulmus numuneler
icin optimum c¢alisma yiiksekliginde kaldirma kuvveti
degerlerinin bir miktar yiiksek ciktig1 tespit edilmistir.
Bunun, kord liflerinin ¢aligma sertlegsmesinden ileri gelen
dayanim artisindan kaynaklandig1 s6ylenebilir.

(3) (®) ()

()

e T

Sekil 4. Kaldirma kuvveti test sonuglari: (a) 0 6miir gevrimi, (b)
5x105 6miir gevrimi, (c) 1x10° émiir ¢evrimi, (d)
1.5x108 &miir gevrimi (e) 2x108 émiir gevrimi (Lifting
force test results: (a) O life cycle, (b) 5x105 life cycle,
(c) 1x106 life cycle, (d) 1.5x106 life cycle (e) 2x106 life
cycle)

Efektif alan, hava siispansiyon koriigiiniin nominal
calisma basinglarinda kuvvet olusturan alani ifade eder
ve Sekil 2-b’de gosterilen DEF ¢apina karsilik gelir.
Yorulma Omiir testlerinde tiim numuneler 7 bar basing
altinda denenmistir. Sekil 6-d ve 6-e’deki gibi yiiksek
¢evrimde yorulmus numunelerde efektif alan artmistir.
Bu, yiiksek c¢evrimde yorulmus numunelerin kord
liflerinde daha fazla plastik deformasyon meydana
geldiginden, DEF c¢apimmin daha fazla biiylimesine
atfedilmistir. Bu durum, Sekil 4-d ve 4-e deki 7 bar
basingta kauguk hava korGiginin yik tasima
kapasitesindeki artisin nedenini de agiklamaktadir.

(3) ®) &)

-

st s v et

Sekil 6. 7 bar basing altinda efektif alan degisimleri: (a) 0 dmiir
cevrimi, (b) 5x105 dmiir ¢evrimi (c) 1x106 dmiir
cevrimi, (d) 1.5x106 6miir ¢evrimi, (¢) 2x106 omiir
cevrimi (Effective area changes under 7 bar pressure:

(a) 0 life cycle, (b) 5x105 life cycle (c) 1x106 life cycle,
(d) 1.5x106 life cycle, (e) 2x106 life cycle)
Sekil 7 yorulma dmiir ¢evrimlerine gore patlama basinci
ve patlama siirelerini gostermektedir. Hava siispansiyon
korligiiniin arag iizeri ¢aligma sistem basinci 6 ile 7 bar
arasinda degismektedir. Hava siispansiyon koriigiiniin
giivenli bir sekilde calisabilmesi i¢in dayanim degerinin,
sistem basincina gore 3,5 kat emniyetli caligmasina

imkan saglamalidir. Yapilan 4 farkli patlatma testinin
sonuglar1 degerlendirildiginde ortaya c¢ikan patlama
basimci minimum 27 bar olarak 6l¢iilmiistiir. Olgiilen bu
deger minimum emniyet katsayisinin iistiinde bir degere
ulastig1 i¢in patlatma test sonuclart uygundur. 1x106 ile
1.5x106 yorulma cevrimlerinde yorulmus numuneler
yiiksek basingta ve uzun siirede patlarken, 1.5x106
yorulma ¢evrimlerinin Stesinde patlama basinci ve siiresi
diismektedir. Kord liflerinin plastik deformasyonu
neticesinde dayanim artiglart 1x106 ile 1.5x106 yorulma
¢evrimlerinde iist seviyelere ulagmaktadir. Yorulma
¢evrim sayilarmin bu degerlerin iizerine ¢ikmasi kord
liflerinin agir1 gevreklesmesine sebep oldugundan liflerin
ani kopmalarina yol a¢cmakta ve bunun da yiiksek
yorulma ¢evrimlerinde yorulmus numunelerin diigiik
basinglarda ve siirelerde patlamasina neden oldugu
diigiiniilmektedir.

Patlatma testi sonuglarinin degerlendirme kriterlerinden
bir digeri ise, kord bezinin kopma yoniiniin iplerle 90
derecelik bir agiya sahip olmasidir. Test sonucunda
tirlinler incelendiginde, kopma yoniiniin belirlenen
kritere uygun olarak patladigi gozlemlenmistir. Bu
durumlar Resim 1’ de gosterilmistir.

s
.e H
s i
e i
T ‘

n &

Bl st G 210 (Grwiem) o Test oo 110° (Grwrion)

et —o- e oMt o Ot

0} ®

Sekil 7.Farkli yorulma ¢evrimlerinde numuneler igin: (a)
patlatma basinglar1 (b) patlama siireleri (For samples
with different fatigue cycles: (a) burst pressures (b)
burst times)

Resim 1. Patlatma testi uygulanmis koriik numunelerinde
patlama  detaylari(Explosion details in
specimens subjected to blasting test)

blast

5. SONUC (CONCLUSION)

Kauguk hava siispansiyon kortiklerin iretim bi¢iminin ve
yorulma Omriiniin {iriin  kalitesi iizerine etkisini
belirlenmek igin gergeklestirilen bu ¢alismada agagidaki
sonuglara ulagilmigtir:
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Biitiin test sartlar1 i¢in elle ve otomatik makinede
iretilmis triinlere ait test sonuglarimin sartnamelerde
belirtilen  tolerans  degerleri icerisinde  kaldig:
belirlenmistir.

Yorulma ¢evrim sayisinin artmasi kord liflerinin plastik
deformasyona ugrayarak uzadigini gostermektedir.

Kord liflerinin plastik deformasyona ugramasi, peklesme
ile dayanimlarimi da artirmaktadir. Dayanimdaki artis
dogrudan plastik deformasyon miktarina bagl olmakla
birlikte, yiiksek oranda  yorulmus  koriiklerde
deformasyon miktarinin biiyiimesi bu sartlarda denenen
numunelerde kaldirma kapasitesinin artmasina sebep
olmustur.

Yiiksek ¢evrimde yorulmus numuneler i¢in optimum
calisma yiiksekliginde kaldirma kuvveti degerlerinin bir
miktar yiiksek ¢ikmasi, kord liflerinin ¢alisma
sertlesmesinden  ileri gelen dayanim artisindan
kaynaklanmaktadir.

Baglama boyunun artmasi hem radyal yonde hemde
eksenel yonde olusan kuvvetleri diisirmektedir. Eksenel
yondeki kuvvet diisiisii kaldirma kapasitesini diisiiriirken
radyal kuvvetlerdeki disiis ise captaki genislemeyi
azaltmaktadir.

Ortalama yorulma g¢evrimlerinde Kord liflerinin plastik
deformasyonundan kaynaklanan dayanim artiglar1 dist
seviyelere ulagsmaktadir. Yorulma ¢evrim sayilarinin iist
limitlere ¢ikarilmasi kord liflerinin asir1 gevreklesmesine
ve bunun da yiiksek yorulma g¢evrimlerinde yorulmus
numunelerin diisiik basinglarda ve siirelerde patlamasina
neden olmaktadir.
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ABSTRACT

One of the major pollutants in water resources are organic dyes that are widely used by different industries. Methylene blue (MB)
is one of them which is quite harmful for aquatic life. This pollutant must be removed with proper methods. Adsorption is one of
the most popular methods because of its high purification yield and known as a cost effective process if the sorbent is inexpensive.
In this study, biochar which is used as an adsorbent has been produced from hazelnut shells used as the raw material. Chemical,
thermal and surface characteristics of raw hazelnut shell were investigated by FT-IR, TG/DTG, SEM and elemental analysis.
Biochar characteristics were determined by FT-IR, BET and SEM analysis. The effect of different adsorption parameters such as
pH, initial dye concentration, contact time, adsorbent dosage and temperature on the adsorption of MB onto hazelnut shell char
were examined in batch experiments. The equilibrium of adsorption was modeled using Langmuir and Freundlich isotherm models.
The maximum adsorption yield of MB was found to be 83% at pH 4.0, adsorbent dosage of 4 g/L, contact time of 300 min., initial
dye concentration of 15 mg/L and temperature of 45 °C. In addition, the Freundlich isotherm was found to be the best fitting
isotherm model for the adsorption process. The pseudo-first-order and pseudo-second-order kinetic models were applied to the
experimental data and thermodynamic parameters such as Gibbs free energy, enthalpy and entropy were determined.

Keywords: Adsorption, methylene blue, hazelnut shell, carbonization, biochar.

Findik Kabugundan Biyokomiir Hazirlanmasi ve
Karakterizasyonu ve Metilen Mavisi Boya I¢in
Adsorpsiyon Ozellikleri

0z

Su kaynaklarindaki en biiyiik kirleticilerden biri, farkli endiistriler tarafindan yaygin olarak kullanilan organik boyalardir. Metilen
mavisi bunlardan biri olup, sucul yasam i¢in olduk¢a zararhidir. Bu kirletici uygun yontemlerle uzaklastirilmalidir. Adsorpsiyon,
yiiksek saflagtirma verimi nedeniyle en popiiler yontemlerden biridir ve sorbent ucuz oldugu takdirde uygun maliyetli bir islem
olarak bilinmektedir. Bu ¢alismada, adsorbent olarak kullanilan biyokémiir, hammadde olarak kullanilan findik kabuklarindan
retilmigtir. Ham findik kabugunun kimyasal, termal ve yiizey 6zellikleri FT-IR, TG/DTG, SEM ve elementel analiz ile
arastirilmustir. Biyokomiiriin 6zellikleri ise FT-IR, BET ve SEM analizi ile belirlenmistir. Metilen mavisinin findik kabugundan
iiretilen komiir lizerine adsorpsiyonuna pH, baslangi¢ boya konsantrasyonu, temas siiresi, adsorbent miktar1 ve sicaklik gibi farkli
adsorpsiyon parametrelerinin etkisini belirlemek icin kesikli deneyler gerceklestirilmistir. Adsorpsiyon dengesi Langmuir ve
Freundlich izoterm modelleri kullanilarak modellenmistir. Metilen mavisi i¢gin maksimum adsorpsiyon verimi; pH 4.0’ de, 4 g/L
adsorbent miktarinda, 300 dakika temas siiresinde, 15 mg/L baslangic boya konsantrasyonunda ve 45 °C’de %83 olarak
bulunmustur. Buna ek olarak, Freundlich izoterminin adsorpsiyon islemi i¢in en uygun izoterm modeli oldugu bulunmustur.
Deneysel verilere yalanci birinci derece ve yalanci ikinci derece kinetik modeller uygulanmig ve Gibbs serbest enerjisi, entalpi ve
entropi gibi termodinamik parametreler belirlenmistir.

Anahtar Kelimeler: Adsorpsiyon, metilen mavisi, findik kabugu, karbonizasyon, biyokomiir.

1. INTRODUCTION because of they contain hazardous organic substances at
Today, over 100,000 synthetic dyes are used Nigh levels. When considered the residual amount of dye

commercially and 700,000 tons of dye is produced Used in these industries, environmentally importance of
annually. These synthetic dyes are widely used in textile, ~ coloured wastewater come out [1, 2]. The presence of

industries and cause serious environmental problems @ Serious problem due to their negative ecotoxicological
effects and bioaccumulation in wildlife [3]. Methylene

*Sorumlu Yazar (Corresponding Author) blue which is the most commonly used substance for
e-posta : nihankaya@hitit.edu.tr dyeing cotton, wood and silk is one of them. It has
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harmful effects on living organisms on short periods of
exposure [4].

There are many processes available for the removal of
dyes by conventional treatment technologies such as
chemical, biological and photocatalytic oxidation,
coagulation-flocculation, filtration, adsorption,
membrane separation and ion-exchange [5]. Amongst
these techniques, adsorption which is an environmentally
friendly and cost effective procedure is widely
acknowledged as the most efficient method because of its
ability to remove toxic pollutants from aquatic systems
[6]. Activated carbon is the most commonly used
adsorbent for dye removal by adsorption because of its
large surface area, microporous structure and high
adsorption capacities [7]. Especially it is very effective
for the adsorption of cationic dye, mordant and acid dyes
[8]. The biggest disadvantages of commercial activated
carbon is its relatively high cost. Therefore, many
researchers has focused on the inexpensive alternative
substitutes to commercial activated carbon.

Lignocellulosic materials such as almond, coconut,
walnut and hazelnut shells, apricot, olive and cherry
stones, rice husk, sawdust are very good precursors
because of their availability, cheapness and physico-
chemical characteristics for the production of carbon
adsorbents based on agricultural wastes [4, 9-11]. The
choice of a precursor for the production of effective
biochar by pyrolysis or carbonization of raw material is
based on low cost, high carbon and low inorganic content
because of during carbonization process organics
contained in raw material are changed into primary
carbon, tar and ash [10, 12].

In this study, hazelnut shell which is the one of low cost
agricultural waste by-products was utilized as the raw
material for the production of biochar by carbonization
process and its adsorption capacity for removal of
methylene blue from aqueous solution was evaluated.
Contact time (up to 550 min), temperature (25-45 °C),
pH of solution (2-10), adsorbent dosage (1-4 g/L) and
initial concentration of dye solution (15-45 mg/L) were
considered as variables for the adsorption experiment.
The equilibrium of adsorption was modeled using
Langmuir and Freundlich isotherm models.

2. MATERIAL AND METHOD
2.1. Materials

Hazelnut shell used as the raw material is one of the
highly available cellulosic agricultural wastes in Turkey.
In this study, the sample of hazelnut shell (HS) was
obtained from the province of Ordu which is located in
the north of Turkey. HS was composed of lignin (43%),
hemicellulose (30%), cellulose (26%) and extractive
substance (1%). The sample was dried by standing for 12
hours at a temperature of 70 °C (UNITERM, mst 55). The
dried sample was reduced in size by passing it through a
stainless steel blade mill (Waring, USA). Those with
dimensions less than 250 um were used in experiments.

Methylene Blue (MB) dye used in this study was
purchased from Merck which was of analytical grade and
it was used without further purification. The detailed
information of MB is given in Table 1.

Table 1. Details of the dye used

Dyestuff Basic Blue 9 (BB 9)
IUPAC Methylthioninium chloride, 3,7-
Name Bis(dimethylamino)phenothiazinium chloride,
Tetramethylthionine chloride
Commercia | Methylene Blue (MB)
| Name
C.l 52015
Number
Appearance | Dark green crystalline powder
Empirical C16H15CIN3S
Formula
Molecular 319.86 g/mol
Weight
Molecular N
Structure AN
HsC. + CH
CHs3 ClI= CHs
Amax 663 nm

2.1.1. Characterization of raw material

Proximate analysis of the sample was carried out using
an ash furnace (E871, D1102-84). For the determination
of the volatile matter of the hazelnut shell, the sample was
placed in a preheated ash furnace at 950+5 °C for 8-10
minutes and analysis was performed. Ultimate analysis
of raw hazelnut shell was performed on the LECO brand
CHNS-932 model analyzer. Quantities C, N, H and S
were measured simultaneously. The ash content of the
hazelnut shell was analyzed at 250 °C for 3 hours and 550
°C for 3 hours. An oxygen bomb calorimeter (e2k) was
used when the upper thermal value was determined.

FT-IR spectra of raw hazelnut shell was recorded by
Perkin EImer USA FT-IR spectrometer between 400 cm-
and 4000 cm™.

Thermal behaviors of crude hazelnut shell sample was
examined by TG, DTG analyzes TA brand and
DMAQS800 model thermal analyzer. TG and DTG curves
were recorded under the specified conditions (Heating
rate: 10 °C/min, Heating range: 30-800 °C).

Scanning electron microscopy (SEM) analysis of the
hazelnut shell was carried out to examine its surface
morphology by using FEI/Quanta 450 FEG.

2.2. Preparation of Hazelnut Shell Char (Pyrolysis
Experiment)

10 g of sample was placed in the chamber and the
pyrolysis of the hazelnut shell was carried out in an
electric heated pyrolysis reactor with a volume of 600
cmd, Pyrolysis experiments were conducted by passing
inert nitrogen gas at a heating rate of 10 °C/min at a flow
rate of 100 mL/min at temperatures of 400, 500 and 600
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°C. The reactor temperature was supplied by the heat-
couple placed inside the reactor from the top of the
furnace. After the pyrolysis temperature reached the
desired values, it was held at the desired temperature for
60 minutes so that the pyrolysis process could be
completed and then the experiment was terminated.
Pyrolysis experiments were performed in two times to
examine the reusability. The value of mean standard
deviation (SD) was 0.15 for reproducibility of
carbonisation experimental data. This value indicated
that all results exhibited the advantages of high
reproducibility and good reusability.

2.3. Characterization of Hazelnut Shell Char

The BET surface area was obtained from nitrogen
adsorption  isotherms at 77 K by using
Quantachrome/IQ-Chemi Surface Area Analyzer. Prior
to gas adsorption measurement, the sample was degassed
at 200 °C under vacuum for 12 h. The adsorption datas
were obtained in a relative pressure. The BET surface
area was calculated from N, adsorption isotherms by
using Brunauer-Emmett-Teller (BET) equation.

Scanning electron microscopy (SEM) analysis of the
hazelnut shell char was carried out to examine its surface
morphology and porosity by using FEI/Quanta 450 FEG.
For the observation of surface microporous structure,
prior to scanning the samples were coated with a thin
layer of gold to make it conductive.

FT-IR spectra of hazelnut shell char was recorded by
Perkin EImer USA FT-IR spectrometer between 400 cm-
Land 4000 cm,

2.4. Batch Adsorption Experiments

To determine the applicability of produced hazelnut shell
char as an adsorbent for water treatment, the batch
adsorption experiments were performed using MB dye as
the adsorbate. The dye stock solution (250 mg/L) was
prepared by dissolving accurately weighed quantity of
the dye in distilled water and all working solutions for the
dye sorption experiments were obtained by diluting the
stock solution with distilled water to the desired
concentration. Batch equilibrium adsorption studies were
performed using 250 mL of dye solutions. Parameters
affecting the adsorption process such as pH (2-10),
adsorbent dosage (1-4 g/L), initial dye concentration (15-
45 mg/L), contact time (up to 550 min) and temperature
(25-45 °C) were studied in a batch system. pH of the
solutions was adjusted by 0.1M HCI and 0.1M NaOH
solutions. In each adsorption experiment, the mixtures
were agitated in a water bath shaker at 150 rpm. The
samples were collected at predetermined time intervals
and adsorbent separated from the samples by filtering.
The filtrate was analyzed by a UV-visible
spectrophotometer (Thermo, Genesys 10S) at Amax tO
determine the residual dye concentration. Based on the
acquired values, the amount of dye adsorbed per unit
mass of the adsorbent (qe) was calculated according to the
following Equation (1) and the adsorption yield was
calculated by using the Equation (2) [13, 14].

Ge= (CoC) x - (1)
Dye Removal (%) = (C"C—_C)xloo 2
0

where ge is the amount of adsorbed dye per gram of
adsorbent (mg/g), C, and C are the initial and final dye
concentration in solution phase, respectively (mg/L), V
is the volume of dye solution (L) and m is the weight of
adsorbent (g).

In order to ensure the reproducibility of the results, all the
adsorption experiments were performed in triplicate and
the average values were used in data analysis. Relative
standard deviations were found to be within + 2%.

3. RESULTS AND DISCUSSION
3.1. Characterization of Hazelnut Shell

The proximate and ultimate analysis and higher heating
value of hazelnut shell are shown in Table 2, taken after
drying the samples at 70 °C.

As seen in Table 2, HS has a high content of volatile
matter (84.22%) which can be regarded as suitable for
pyrolysis processes [15]. Another important property,
ash content, is small in HS (1.32%). High ash content is
a disadvantage because it causes the sample not to burn
well enough to accumulate [15-17]. The S and N contents
of the raw material in the literature varied between 0-4.1
and 0.1-12.2, respectively [17]. According to ultimate
analysis results of N (1.09%) and S (1.67%) contents are
low. Low N and S contents are important because higher
N and S contents can cause toxic NOy and SOx emissions
during disposal [15, 17]. Because of with high volatile
matter and low ash content, hazelnut shell may be
considered as a suitable precursor for preparing biochar.
The thermal value of HS was calculated to be 18.79 MJ
kg™

Table 2. Proximate and ultimate analysis of hazelnut shell
(dry, ash-free basis)

Proximate analysis (w/w%o) Hazelnut shell

Moisture 2.83

Ash 1.32

Volatile matter 84.22

Fixed carbon” 14.46
Ultimate analysis (w/w%b)

C 47.77

H 5.82

N 1.09

S 1.67

o) 43.65

Higher heating value MJ kg™ 18.79

*By difference
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FT-IR spectra of HS are shown in Figure 1. When the FT-
IR spectra of the raw hazelnut shells are examined, the
broad vibration at 3,341 cm™ is the O-H stretching
vibration of the water. The peaks observed between
2,933-2,862 cm are C-H tensile vibrations of aliphatic
hydrocarbons. In the spectrum, the strong peak of the
C=0 asymmetric stretching vibration is observed at
about 1,618 cm™. This peak shows that the compounds
are of aldehyde, ketone and acid groups. The peaks
observed between 1,410-1,315 c¢cm? indicate the C-H
bending vibration of the aliphatic hydrocarbons [18-20].

0.08 -
o 0.06 -
[S]
g
S 0.04 1
S
2 002 1
Qo
L7 . . . . . \
4000 3400 2800 2200 1600 1000 400
-0.02 4
Wavenumber (1/cm)
Figure 1. FT-IR spectrum of raw hazelnut Shell
Thermogravimetry (TG) and differential

thermogravimetry (DTG) curves of hazelnut shell
thermal decomposition at 10 °C min™* heating rate under
an inert nitrogen atmosphere are shown in Figures 2a and
2b, respectively. As can be seen from the TG curve given
in Figure 2a, moisture and the low molecular weight
substances on the surface were removed from the sample
up to about 210 °C and the stable structure was not
decomposed. Between 210 °C and 400 °C temperatures,
most of the sample was separated from the structure and
a mass loss of about 63% occurred. The ratio of the
sample resulting from the pyrolysis process was
determined to be approximately 21%. The differential
thermogravimetry curves (DTG) given in Figure 2b were
used to determine the mass loss steps of the hazelnut shell
in the pyrolysis process. In general, biomass pyrolysis
consists of three steps. Dehydration occurs at
temperatures of 120 °C. Decomposition of hemicellulose
and cellulose, the main components of the biomass,
occurs between 120-350 °C. Decomposition of the lignin
takes place at temperatures above 350 °C [21]. When the
DTG curve of the hazelnut shell shown in Figure 2b was
examined, a mass loss of about 65 °C was observed and
the moisture was removed from the sample. The first
peak, observed at temperatures of 210 °C to 310 °C, is
due to hemicellulose decomposition. The second peak
observed at high temperatures is related to the
decomposition of cellulose, which is more stable than
hemicellulose. The molecular weight of cellulose is
higher than that of hemicellulosic, and therefore the
decomposition of cellulose occurs at a higher
temperature than hemicellulosic (322-398 °C). Although
lignin decomposition occurs at higher temperatures than

other components, the decomposition reactions of these
components proceed at the same time. However, it shows
that the most resistant component of wide peak
lignocellulosic  biomass  observed is  lignin
decomposition. The results are consistent with the
decomposition curves of lignocellulosic biomasses such
as sugarcane bagasse, corn cobs, pine wood, rice husks,
etc., which have previously been reported in the literatiire
[22-24].
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Figure 2. The raw hazelnut shell (a) TGA and (b) DTG curves
(10°C/min)

3.2. Characterization of Hazelnut Shell Char

The quality and physicochemical characteristics of
hazelnut shell char depend on the physical and chemical
properties of raw material used and also the carbonization
conditions [12]. Especially carbonization temperature is
one of the most important parameters because of it
changes the surface area of biochar and also its
adsorption capacities. In this study, the pyrolysis process
was occurred separately at carbonization temperatures
between 400-600 °C under the nitrogen flow of 100
mL/min. Specific surface areas of activated carbons
obtained by carbonization of hazelnut shells at different
temperatures were determined by Brunauer-Emmett-
Teller (BET) method. The effect of carbonization
temperature on the BET surface area and hazelnut shell
char yield are given in Figure 3.
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Figure 3. Effect of the carbonization temperature on the surface
area and hazelnut shell char yield

As can be seen from Figure 3, with an increase in the
carbonization temperature from 400 to 500 °C, the
surface area of the hazelnut shell char increased from
5.579 to 124.347 m?/g and then decreased to 81.541 m?/g
at 600 °C. To occuring some compounds produced from
the cross-linking reactions was resulted in increase
surface area with temperature up to 500 °C. The decrease
above this temperature was attributed to the collapse of
the resultant carbon samples. As a result high
temperature has an unfavorable effect on the surface area.
Therefore the BET surface area of the hazelnut shell char
reach its maximum values at a temperature of 500 °C. In
this condition, total pore volume of the biochar was 0.146
cm®g. Additionally Figure 3 shows the effects of the
carbonization temperature on the yield of hazelnut shell

char. The yield was calculated from the weight of
resultant biochar divided by the weight of hazelnut shell.
According with carbonization temperature increased, the
yield of hazelnut shell char decrease. This result can be
explained as the weight loss rate is higher primarily due
to the initial large amount of volatiles that can be easily
released with higher temperature [7].

To determine the surface morphology of the raw hazelnut
shell and hazelnut shell char, SEM analysis was used.
When compared to raw hazelnut shell’s images, the most
porous surface structure was clearly observed in the SEM
images for bioadsorbent shown in Figure 4b. From these
figures, it is clear, there is a good possibility for dye
molecules to adsorbed into these pores. Further, the pores
on the surface of the adsorbent had highly heterogeneous
structure which was provided a large surface area for the
adsorption of MB.

The FT-IR spectra was obtained to evaluate qualitatively
the chemical structures of hazelnut shell char and is
shown in Figure 5. The spectrum displayed the following
bands which indicated various surface functional groups.
O-H stretching at around 3,500 cm™ was typically
attributed to hydroxyl groups. The region of the spectrum
of 1,560 cm was attributed to carbonyl groups (C=0).
C-O stretching was observed at around 1,400 cm™. This
compounds is an evidence of the lignocellulosic structure
of hazelnut shell [25].

3.3. Determination of Adsorption Capacity of
Hazelnut Shell Char
A biochar which is used in adsorption process as an

adsorbent should possess high surface area. Therefore
the removal of methylene blue (MB) from aqueous

Figure 4. SEM images at different magnification ratio a) raw hazelnut shell b) hazelnut shell char which was carbonized at

500°C
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Figure 5. FT-IR spectrum of hazelnut shell char

solution was investigated using hazelnut shell char with
the highest surface area (124.35 m?/g) carbonized at 500
°C.

In adsorption, comparable consequences of various
parameters influencing the dye removal process from
aqueous solution is an important need. Therefore batch
experiments were carried out to determine the effect of
pH, initial dye concentration, contact time, adsorbent
dosage and temperature in this study.

3.3.1. Effect of contact time and temperature

To evaluate the adsorption characteristics of the
produced hazelnut shell char for MB, the change of
adsorption rate with time and temperature has been
investigated and presented in Figure 6. Experimental
results showed that the contact time necessary for
maximum adsorption was 300 minute approximately. In
addition, MB showed a fast rate of adsorption during the
first 180 min of the dye-sorbent contact. This result can
be explained due to the large amount of initial surface
area and high active binding sites for adsorption of the
dye molecules. At higher contact time the rate of
adsorption decreased due to decrease in total surface area
and reached the equilibrium in 300 minute
approximately. After the equilibrium, the amount of dye
adsorbed did not change with contact time [3, 26].

Figure 6 indicates that the adsorption of MB as a function
of temperature. As depicted in Figure 7, the percentage
removal of MB dye increases with increasing
temperature. This may be attributed to the increase of
diffusion rate of the dye molecules in the solution with
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Figure 6. Effect of contact time on adsorption of MB at
different temperatures (pH= 4, Adsorbent Dosage=
2 g/L, Co= 15 mg/L)

temperature. Because the adsorption controlled by the
diffusion process from the bulk to the surface. And also
strengthening of the bonds between the dye molecules
and the binding sites which are activated at higher
temperatures of the sorbent might be enhanced the
adsorptive interactions. This increasing trend in dye
removal capacity with increasing temperature confirmed
the endothermic nature of the ongoing process [27].
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Figure 7. Effect of temperature on percentage removal of MB
(pH= 4, Adsorbent Dosage = 2 g/L, Co= 15 mg/L,
Contact Time = 400 min)

3.3.2. Effect of initial dye concentration

Initial concentration of the adsorbate is an important
factor to be considered for effective adsorption process.
The effect of different initial dye concentration on
percentage removal of MB and adsorption capacity are
presented in Figure 8. It was seen that percentage
removal of dye decreased with increase in initial dye
concentration. At higher concentrations, all dye
molecules in the solution do not interact with the binding
sites of the adsorbent due to adsorbent has a limited
number of active binding sites, which become saturated
at a certain concentration [13]. However, the adsorption
capacity at equilibrium increased with increase in initial
dye concentration. This was so because the initial dye
concentration provides an important driving force to
overcome the resistance to the mass transfer of dye
between the aqueous and the solid phase [28].
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Figure 8. Effect of initial dye concentration on percentage
removal of MB (pH= 4, Adsorbent Dosage = 2 g/L,
T =45 °C, Contact Time = 400 min)

3.3.3. Effect of initial solution pH

pH of solution is an important parameter for adsorption
because of affecting the surface charge and/or surface
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characteristics of adsorbent [29]. In this study, effect of
initial pH of solution was investigated at various pH
values which are changed between 2-10. As seen from
Figure 9, there are no excessive variation in adsorption
capacity at each pH studied. As the pH increases, it is
usually expected that the adsorption of MB which is a
cationic dye increases due to decreasing the number of
positively charged sites. However, the high adsorption of
MB are favourable at alkaline medium because of
electrostatic attraction [4, 30]. But in the experiments,
the MB adsorption was not clearly changed with
increasing pH of solution [31]. Highest percentage of dye
removal (69.07%) was observed at pH 4.0.
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Figure 9. Effect of initial pH of solution on adsorption capacity
(Co= 15 mg/L, Adsorbent Dosage =2 g/L, T = 35 °C,

Contact Time = 400 min)

3.3.4. Effect of adsorbent dosage

Adsorbent dosage strongly influences the adsorption
process by affecting adsorption capacity of the adsorbent.
Therefore the influence of adsorbent dosage on MB
adsorption by hazelnut shell char was investigated in the
range of 1-4 g/L. Results are shown in Figure 10. The
adsorption efficiency increased from 36% to 83% as the
adsorbent dosage increased from 1 to 4 g/L. This increase
could be attributed to an increase in the adsorbent surface
area and number of active sites available for adsorption
[3, 28].
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Figure 10. Effect of adsorbent dosage on percentage removal
of MB (Co= 15 mg/L, pH= 4, Contact Time = 400
min, T =45 °C)
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3.3.5. Adsorption isotherm models

The adsorption isotherm is an equation relating the
amount of solute adsorbed onto the solid and the
equilibrium concentration of the solute in solution at a
given temperature. There are several models for
predicting the equilibrium distribution. However, the two
models which are Langmuir and Freundlich models are
most commonly used for water and wastewater
treatment. The Langmuir adsorption isotherm is based on

monolayer, uniform, and finite adsorption site
assumptions. However, Freundlich isotherm is an
empirical equation for multilayer, heterogeneous

adsorption sites [32]. The linear form of the Langmuir
(Equation 3) and Freundlich (Equation 4) equations are
commonly given by:

1/qe = (1/KL0m Ce) + (1/0m) 3)
logge = logKs + n"tlogCe 4
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where Ce is the equilibrium concentration of solute in the
bulk solution (mg/L), ge is the amount of solute (dye)
adsorbed per unit mass of adsorbent (mg/g), qm is the
maximum adsorption capacity (mg/g), Ky is the constant
related to the free energy of adsorption (L/mg), Ks is a
Freundlich constant indicative of the relative adsorption
capacity of the adsorbent [mg/g (L/mg)1/n] and 1/n is the
heterogeneity factor which is the constant characteristics
of the system [33].

In this study, to quantify the adsorption capacity of
hazelnut shell char for the removal of MB from aqueous
solution, the Langmuir and Freundlich isotherm models
were used to define the equilibrium datas. Linear plots
obtained for 1/ge versus 1/Ce and log ge versus log C. at
each temperature for adsorption of MB onto hazelnut
shell char are shown in Figure 11. It was observed that
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Figure 11. Adsorption isotherms for MB removal using hazelnut shell char
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Table 3. The Langmuir and Freundlich isotherm constants for MB adsorption

Temperature (K)

Isotherm Model Parameters 208 308 318
gm (Mg/g) 1.927 2.249 3.785
Langmuir KL (L/mg) 0.0194 0.0205 0.0394
R? 0.9771 0.9635 0.9686
Kr [mg/g (L/mg)¥™M 12.73 20.72 37.45
Freundlich n (g/L) 2.597 2.933 7.576
R? 0.975 0.9837 0.9798

the Freundlich isotherm model fitted better than the
Langmuir isotherm model at all studied temperatures.

The Langmuir and Freundlich isotherm constants for MB
adsorption are given in Table 3. The results showed that
the values of n lie between 1 and 10 at all studied
temperatures, which indicated that the MB dye was
favorably adsorbed by hazelnut shell char. In addition,
the values of Kg, qm and n increased with the increase in
temperature for MB. So these adsorption isotherms
provided some insight into the adsorption mechanism
and the surface characteristics of adsorbent [34]

3.3.6. Adsorption kinetics modeling

In order to examine the mechanism of adsorption
process, the pseudo first order and the pseudo second
order adsorption models were used to adjust kinetic
experimental data. The linear form of pseudo first order
and pseudo second order rate equations were presented in
Equation 5 and 6, respectively.

(ge—qt) _ Ky
log Tqe | 2303 ®)
(6)

t 1 t
- = > + —
qt Kaqe qe

where, g and g denote the sorption capacity (mg/g) at a
given time and at equilibrium, respectively, K; is the
pseudo first order rate constant (min), K; is the pseudo
second order rate constant (g mg*min) and t is the time
(min) [5]. The linear graphs of log(qe-q) versus t and t/q;
versus t are shown in Figure 12. The values of kinetic
parameters (the rate constants of the two models with the
correlation coefficients) of linear form of both rate
equations are presented in Table 4.

As can be seen from Table 4, the R? values of the pseudo
first order model are closer to 1.0 and higher than those
of the pseudo second order Kinetics. These results shown
that the adsorption of MB dye in aqueous solutions using
the hazelnut shell char can be described by pseudo first
order kinetic model.

g
[«5)
AS)
(=)
L
0 5 10 15 20 25 30 40 50 60 80
t (min)
¢+ 298K = 308K 318K @)
0.5

/g,

10 15 20 25 30 40 50 60 80 100 120
t (min)
¢ 298K = 308K 318K (b)

Figure 12. Linear plots of a) pseudo first order and b) pseudo
second order model for the adsorption of MB onto
hazelnut shell char

Table 4. Rate constants of pseudo first order and pseudo
second order models with correlation coefficients

Pseudo First Order Pseudo Second Order
Temperature Ky R? K, R?
(K) (min 1) (g/mg.min)
298 0.086 0.99 0.0084 0.86
308 0.094 0.99 0.0183 0.93
318 0.151 0.97 0.0200 0.91
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3.3.7. Thermodynamic study

Thermodynamic parameters such as AG°, AH® and AS°
for the adsorption system were calculated using the
following equations (7-9):

Ko “ads (7)

AG=-RTInK, (8)
_AS AH

InKe= X _RT (9)

where R (8.314 J/mol K) is the universal gas constant and
T (K) is the absolute solution temperature. The values of
AH® and AS° were determined from the slope and
intercept of the Van’t Hoff plot of InK. versus 1/T which
are shown in Figure 13 [35]. The calculated
thermodynamics parameters are given in Table 5.

1.2
ls
0.8 *
InK; 0.6
0.4 +
0.2

0+
0.00314

0.00325 0.00335

uT

Figure 13. Van’t Hoff plot for the adsorption of MB onto
hazelnut shell char

Table 5. Thermodynamic parameters of MB adsorption on
hazelnut shell char at different temperatures

Temperature K AG® AH° AS°
(K) (kd/mol) (kd/mol) (9/mol.K)
298 1.439 -0.902
308 2.233 -2.057 242 10.69
318 2.575 -2.501

As can be seen from Table 5, K¢ (equilibrium constant)
values increased with an increase in temperature. The
positive value of AH® showed the endothermic nature of
the process. The positive value of AS° indicated an
increase in the randomness at the solid/solution interface
during the adsorption of the MB dye on hazelnut shell
char. When temperature increased with considered
positive values of AH® and AS°, AG® was going to get a
negative value and the process are spontaneous. The
decrease in AG° values showed the feasibility of
adsorption as the temperature increased.

4. CONCLUSIONS

This study aimed to determine the effectiveness of non-
commercial activated carbon which is produced from
hazelnut shell for the removal of MB dye. Using this
material as an adsorbent instead of high cost commercial
activated carbon is very important to contribute to
industrial ecology at local level because of an alternative
green approach for removal of MB is developed. The
following conclusions could be made based on the
analysis of the results obtained in this work.
Experimental results showed that the contact time
necessary for maximum adsorption was 300 minute
approximately. Highest percentage of dye removal was
observed at pH 4.0. It was found that the percentage
removal of methylene blue was dependent on the dose of
adsorbent. The percent removal of dye increased rapidly
with increase in the dose of the adsorbent due to the
greater availability of surface area.The Kinetics of
adsorption process showed that an increase in adsorption
capacity with the increasing temperature. This result
confirmed the endothermic nature of the ongoing
process. It was observed that the adsorption of methylene
blue decreased with increasing of the initial dye
concentration. The Freundlich equation was found to
have the higher applicability (best fit) to the experimental
data obtained in this work. The kinetic behaviors of the
adsorption of MB dye followed the pseudo first order
model and also the adsorption process of MB was
spontaneous. As a result, biochar produced from hazelnut
shell had sufficient binding capacity to remove
methylene blue from water.
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NOMENCLATURE

Co: Initial dye concentration in solution phase, (mg/L)
C: Final dye concentration in solution phase, (mg/L)
C.: Concentration of the dye solution at equilibrium,
(mg/L)

Ks:Freundlich constant indicative of the relative
adsorption capacity of the adsorbent, [mg/g(L/mg)1/n]
Ky: Constant related to the free energy of adsorption,
(L/mg)

K1 : Pseudo first order rate constant, (min-)

K3 : Pseudo second order rate constant, (g mg* min)
m: Weight of adsorbent, (g)

1/n: Heterogeneity factor

ge: Amount of dye adsorbed per unit mass of adsorbent at
equilibrium, (mg/g)

gm: Maximum adsorption capacity, (mg/g)

g: : Sorption capacity at a given time, (mg/g)

RZ: Correlation coefficient

t: Contact time, (min)

T: Temperature, (K)

V: Volume of dye solution, (L)
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Sistemlerinde Faz Giiriiltii Etkisinin Telafisi
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0Z

Bu makalede, tiim tasarim parametreleri dikkate alinarak, Frekans Modiilasyonlu Siirekli Dalga 6l¢iim sistemlerinde (FMSD)
kullanilan faz giiriiltiisii telafi algoritmalarinin analizi sunulmustur. Bu sayede radyo frekansindan optik frekanslara kadar FMSD-
tabanli sistemler icin genel ve gercekgi bir model olusturulmustur. Onerilen faz giiriiltiisii telafi algoritmasinin gegerliligi
benzetimler araciligi ile dogrulanmistir. Benzetim sonuglari makalede sunulan matematiksel modeller ile uyum igerisindedir. Bu
calisma, dogrusal olmayan frekans modiilasyonun ortaya ¢ikardigi pahali ve karmasik donanimsal gereksinimlerin istesinden
gelinebilmesini saglayarak, birden fazla teknolojik alanda (6rn. SAR radarlar, fiber optik sensorler) etki yaratabilir.

Anahtar Kelimeler: Faz giiriiltiisii, frekans modiilasyonlu siirekli dalga, metroloji, optik sensor, radar.

Phase Noise Compensation in Frequency Modulated
Continuous Wave (FMCW) Measurement Systems

ABSTRACT

We present the analysis of the phase noise compensation algorithms used in Frequency Modulated Continuous Wave measurement
systems taking into account all the design parameters. This allows obtaining a generic yet realistic framework for the FMCW-based
systems ranging from RF to optical frequencies. The efficiency of the proposed phase-noise compensation algorithm has been
verified by the way of simulations. The simulation results show a good agreement with the mathematical foundations discussed in
the paper. This work could have a technological implication in many fields (e.g. SAR radar, optical fiber sensor interrogation) in
such a way that the stringent and expensive hardware requirements due to nonlinear frequency modulation effects can be overcome

a posteriori by the phase noise compensation algorithm demonstrated in this article.
Keywords: Phase noise, frequency modulated continuous wave, metrology, optical sensor, radar.

1. GIRiS (INTRODUCTION)

Frekans Modiilasyonlu Siirekli Dalga (FMSD) o&l¢iim
teknikleri, basta radarlar olmak {izere, optik cihaz karak-
terizasyonu, fiber optik aglarin izlenmesi, ve fiber optik
sensOr uygulamalarinda yaygin olarak kullanilmaktadir.

FMSD 6l¢iim sistemlerinin, uzaysal ¢oziiniirliik, maksi-
mum Ol¢iim mesafesi, sinyal algilama hassasiyeti gibi
performans parametrelerini belirleyen en dnemli etken,
frekans modiilasyonunun dogrusalligidir. Dogrusalliktan
uzaklagildik¢a, elde edilen ara frekanslarda bozulma
meydana geleceginden hayalet hedef algilanmasi, birden
¢ok hedefin birbirinden ayristirllamamasi ve sinyal-
giiriiltli oraninin azalmasi gibi sorunlarla karsilagilmak-
tadir. Dogrusal olmayan frekans modiilasyonunun
nedeni, frekans iretici osilatorlerin ideal olmayisi ve faz
giirtiltiistine sahip olmalaridir.

Literatiirdeki faz giirtiltiisii telafi yontemleri donanimsal
yontemler ve isaret igleme yontemleri olmak {izere iki
grupta incelenebilir. Frekans tarama dogrusalligimin

*Sorumlu Yazar (Corresponding Author)
e-posta : kivilcimyuksel @iyte.edu.tr

saglanmast icin gelistirilen donanimsal c¢oziimler,
kullanilan frekans kaynagini iyilestirmeye yoneliktir.
Bunlardan bazilar1 voltaj kontrollii osilatér igin kapali
geri besleme dongiisii kullanilmasi [1] ya da frekansin
tamamen dijital olarak sentezlenmesi ve frekans tara-
masinin dijital olarak yapilmasidir [2].

Donanimsal ydntemlere alternatif olarak sunulan
yazilimsal ¢oziimler ise, sayisal sinyal isleme tekni-
klerindeki gelismeler sayesinde, son yillarin yaygin
aragtirma konusu haline gelmistir. Faz girilti telafisi
icin kullanilan en yaygin yontem, artiksal faz filtresi

kullanilarak gelistirilmis sinyal igleme algoritmasidir [3,
4].

Bu makalede odaklandigimiz ¢6ziim yazilimsal olup, faz
giirtiltiisiiniin neden oldugu bozulmayr sinyal isleme
teknikleri kullanarak, ol¢iim sonrast (a posteriori)
gidermeyi amaglamaktadir. Artiksal faz filtresini temel
alan algoritmanin matematiksel olarak tanimlanmasinin
ardindan, MATLAB benzetimleri yoluyla, faz giirtiltiisii
telafi etkinligi ¢esitli 6rneklerle gosterilmistir. Makalede
analiz edilen faz telafi algoritmasinin, RF’den [3, 4] optik
frekanslara [5-7] kadar uzanan genis uygulama
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yelpazesindeki avantaj ve siirlamalar1 gergekei sayisal
verilerle tartistlmistir. Bu ¢aligma ile, farkli uygulama
alanlarinda karsimiza ¢ikan FMSD faz giiriiltiisii telafi
algoritmalari, tim uygulamalarda gegerli olacak sekilde,
ortak bir matematiksel ¢ergeveye alinarak literature katki
saglanmasi hedeflenmistir.

2. FMSD OLCUM SiSTEMLERI CALISMA
PRENSIBI (OPERATION PRINCIPLE OF
FMCW MEASUREMENT SYSTEMS)

Radarlar genel olarak darbeli ve siirekli dalga radarlar
olmak tizere iki grupta incelenebilir. Birinci grupta,
gonderilen darbenin hedefe git-gel siiresinden hedefin
uzaklig1 hesaplanir. Ancak bu radarlar yiiksek hizlarda
caligan elektronik bilesenler ve karmasik elektronik
tasarim gerektirir. Ikinci gruptaki radarlarda, hedefe
gonderilen ve algilanan siirekli dalga ayni tasiyic
frekansa sahiptir ve Doppler prensibi kullanilarak
hareketli hedefin hizi hesaplanabilir. Fakat hedefin
mesafe bilgisinin elde edilebilmesi igin tastyici frekansin
modiile edilmesi, baska bir deyisle, gonderilen stirekli
dalga sinyal ile hedeften yansiyan sinyal arasinda frekans
farki olmas1 gerekir. Bu amagla, FMSD 6l¢iim yontemi
radarlara basariyla uygulanmistir [8].
Sekil 1°de bu tiir bir radar uygulamasinin basitlestirilmis
blok diagramu goriilmektedir. FMSD iireteci ¢ikigindaki
sinyal giicii, 3 dB kuplor kullanilarak ikiye boliiniir. Bu
sinyalin yaris1 referans sinyali (Local Oscillator) olarak
karistiriciya aktarilirken, diger yarist gonderici antenden
hedefe iletilir. Hedeften yansiyan sinyal, alici anten
tarafindan algilanir ve karistiricinin radyo frekans
girigine uygulanir. Karistiricinin ¢ikisinda elde edilen
ara-frekans sinyali, spektrum analizorii ile incelenir ve
hedefin uzakligi ile dogru orantili olan ara-frekans degeri
frekans uzayinda (sinc fonksiyonu olarak) gozlemlenir.

FMSD tabanli radarlar uzun mesafelerde yiiksek

¢ozlinirliik saglamasinin yanisira hedefe gonderilen

sinyalin giicli belli bir frekans araligina dagitildig: i¢in

‘dinlenmesi’ daha zor, dolayisiyla giivenlidir. Bu nedenle

son yillarda, kiy1 giivenligi, insansiz hava aracglar ile

kritik bolgelerin izlenmesi ve askeri uygulamalarda

siklikla kullanilmaktadir [8].

Gonderici
50:50 Anten
FMSD 3-dB
ireteci Kuplér @ oo
! Hedef 1
Karistirici bmmm e !
(mixer)
Ara Frekans (AF) i:z;n
(beat signal)
Gig
Spektrum
=l
Frekans

Sekil 1. FMSD isaretin, radar alici/verici devresine uygulamasi.
FMSD: Frekans Modiilasyonlu Siirekli Dalga.
(Implementation of the FMCW signal as an input to the
radar transceiver)

FMSD tabanli 6l¢iim sistemlerinin, fiber optik sensor
uygulamalari i¢in semalastirilmis ¢alisma prensibi Sekil
2’de goriilmektedir. FMSD lazer kaynagi c¢ikisindaki
optik sinyalin giicii, 3 dB kuplor ile iki kola ayrilir. Test
sinyali optik yonlendirici vasitasiyla fiber optik kabloya
yonlendirilir. Optik fiber igerisinde farkli mesafelerdeki
sensOr noktalarindan yansiyan sinyal, yine optik
yonlendirici ile ikinci bir kuplére aktarilir. Burada, test
ve referans sinyalleri girisime ugrar. ikinci kuploriin ¢ikis
kollarina 180 derecelik faz farki ile aktarilan girisim
sinyalleri, dengeli fotodedektor lizerine diisiiriilerek hem
sinyaldeki DC bilesen filtrelenir, hem de test ve referans
sinyaller arasindaki faz farki bilgisi elde edilir. Ardindan,
sadece ara-frekans bilesenlerini igeren sinyal, spektrum
analizorii ile frekans uzayina aktarilir. Spektrum iizerinde
gbzlemlenen her bir ara-frekans bileseni optik fiberdeki
bir sensor noktasina karsilik gelmektedir. Bdylece ayni
fibere ardisil olarak yerlestirilmis sensorlerin mesafe ve
genlik bilgileri, tek bir FMSD 6l¢iimii ile sorgulanmis
olur.

I~ “Fiber Optik
ik vo irici ' Sensor Kablosu
50:50 Optlk_yonlendlrlm
(circulator) .
3-dB ® .
Kuplor .. - -l
hd

FMSD
Lazer
Kaynagi

Dengeli Optik
Algilayici

Spektrum
:>

Lidd UUJU_

Frekans

Sekil 2. FMSD isaretin, frekans bolgesinde optik yansimali
sensor Ol¢lim sistemine uygulanmasi.
(Implementation of the FMCW signal to the optical
sensor interrogation system)

Yukarida iki farkli uygulama alani i¢in agiklandig iizere,
spektrum analizoriine aktarilan girigim sinyali frekans
uzayina aktarilir (frekans bilesenlerine ayristirilir). Her
bir ara-frekans bileseni, radar uygulamalari i¢in hedefin
uzaklik bilgisi, sensor uygulamalarinda ise sensoriin fiber
icindeki pozisyon bilgisi ile dogrudan iligkilidir. Hedef
mesafesi, diger sistem parametreleri cinsinden su sekilde
ifade edilir:

farvT
L=~ v Q)

burada f4r, Olgiilen ara-frekans bileseni, v, FMSD
isaretin ortamdaki hiz1 (6rn. radar sinyalinin havadaki
hiz1, 151k sinyalinin optik fiberdeki hizi), T tasiyici
frekans tarama periyodu, Af ise taranan frekans araligini
temsil etmektedir. Esitlik 1°deki %2 katsayisi, FMSD
isaretinin, lirete¢ ile hedef arasinda gel-git 6zelliginden
kaynaklanir. Hesaplanabilecek en kiigiik frekans araligi,
T ile ters orantili oldugu i¢in uzaysal ¢oziiniirliik,

AL = 2
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ifadesiyle hesaplanir. Esitlik 2°’den anlasilacag: iizere,
uzaysal ¢oziiniirliik siirekli dalganin frekansina bagl
olmayip, taranan frekans aralig ile iliskilidir.

Giriste bahsedildigi lizere, FMSD tabanli tiim 6l¢iim
sistemlerinin  performans parametreleri, direk veya
dolayli olarak, frekans modiilasyonunun dogrusal
(lineer) olmasina baglidir. Dogrusal olmayan frekans
degisimi, Sekil 1 ve Sekil 2’de temsil edilen ara-
frekanslar ¢evresinde bir genislemeye, dolayisiyla
uzaysal ¢oziiniirlik ve gli¢ kaybina kaybina neden olur.
FMSD radarlarda karsilasilan en 6nemli sorunlardan biri
frekans tarayici osilatorlerin ideal olmayisi, bagka bir
deyisle faz giiriiltiisiine sahip olmalaridir. FMSD tabanli
optik sistemlerde ise faz giiriiltiisii lazer kaynaginin
dogrusal olmayan frekans modiilasyon cevabindan
kaynaklanir. Faz giiriiltiisiiniin matematiksel tanim takip
eden boliimde sunulmustur.

3. FMSD OLCUM SIiSTEMLERIi ANALITIK
MODELI (ANALYTICAL MODEL OF FMCW
MEASUREMENT SYSTEMS)

FMSD ¢ikisindan hedefe gonderilen sinyalin (“giden
sinyal”) analitik ifadesi esitlik 3’de verilmistir. Buradaki
istel ifadenin argiimani giden sinyalin fazim ifade
etmektedir.
t . 1

ugiden(t) =a (;) exp []27'[ (fmt + Eytz)] (3)
bu esitlikte a(%), FMSD sinyal genliginin T frekans
tarama periyodu ile simirli zarfim, f;, giden sinyalin

merkezi frekansini, y tasiyict frekansin modiilasyon
hizin1 (Af /T) ifade etmektedir.

Hedeften yanstyip algilayici birime ulagan sinyal ( “gelen
sinyal”), giden sinyalin gel-git siiresi (7) kadar gecikmis
hali olarak gosterilebilir. (Uggen (1) = Ugigen (t—7) ).

Bu iki sinyal karistiric1 vasitastyla garpilarak ara frekans
(far = v7) degeri elde edilir. Bu islem, tek bir hedef
(veya tek bir sensor noktasi) i¢in, analitik olarak esitlik 4
ve 5°de ifade edilmistir.

COS puap = COS Pgigen — Pgeten )
war(t) = g(Oexp [j2m (fut + yrt = Syt?)] )

g(t), algilanan sinyalin zarfi, %ytz hedef mesafesinden

bagimsiz bir faz terimi olarak esitlik 5’te yer almaktadir.
Onceki agiklamalardan anlasilacag gibi esitlik 5, FMSD
iiretecinin dogrusal bir sekilde modiilasyonu sonucu elde
edilen ideal durumu temsil etmektedir. Faz giiriiltiistini
modelleyebilmek i¢in bu ideal islemin baslangicinda
giden sinyalin fazina bir giirtiltii bileseni eklenebilir. Faz
giiriiltiistiniin sintizodial oldugu durumda giden sinyalin
frekansi esitlik 6’da verilmistir.

2¢y_ 1—cos(2x)
G)=—5

1 .
sin

f(t)giden =fmtyt+ ﬁg COS(Zﬂfgt) (6)

bu esitlikte giiriiltii frekanst fy, giiriiltii genligi ise B,
olarak tanimlanmustir (bakiniz Sekil 3).

100.06 -
Dogrusal Frekans Modilasyonu

Dogrusal Olmayan Frekans Modilasyonu d
100.04 - -

GURULTU GENLIGI ="
100.02 - | o

V-
ek

100 - -

Frekans (GHz)

99,98 //-'/—-
GURULTU PERiYODU
99.96 -

99.94
-150

-100 -50 50 100

0
Zaman (pus)

Sekil 3. Siniizoidal olarak modellenmis faz giiriiltiisii (Phase
noise modelled as a pure sinusoidal)

Faz giiriiltiisiiniin siniizodial oldugu model temel alinarak

ara frekans sinyalinin fazi esitlik 7°de verilmistir.

¢AF(t)=27z~{fm'T+}/'fot—y'i:|+e(t)—e(t—r)
()

Bu esitlikte e(t) = i—gsin(angt) giden sinyalin faz
g

giiriiltiisi, i—g modiilasyon katsayisi, e(t — 1) ise gelen
g

sinyalin faz giiriiltiisiidiir. Taylor agilimi kullanilarak
giiriiltii teriminin nasil bir modiilasyona yol actig1 esitlik
8’de belirtilmistir.

5.(t)= exp{j ~%sin(2;r~ f, t):i =1+]j ‘%sin(Zm f,-t)

9 9

1ﬂ92-2 -1ﬂg3-3 (8)
_2'[%] sin (27;- fg‘t)_J?ﬂ(fJ sin (27z~ f, ~t)

Esitlik 8 {izerinde yarim a¢1 formiilii* kullanilarak ikinci
harmonik frekansinin olustugu, bir diger trigonometrik
baginti? kullamlarak ise {i¢iincii harmonik frekansimin
olustugu gozlenebilir.

4. FAZ GURULTUSU TELAFi ALGORITMASI
(PHASE NOISE COMPENSATION
ALGORITHM)

4.1. Adim-1: Giden sinyalin faz giiriiltiisiinden

temizlenmesi

Algoritmanin ilk adiminda, u,e(t) = exp (j ¢4r(t))

seklinde ifade edilen kompleks ara frekans, e(t)faz

giirtiltii bileseninin eslenigi ile ¢arpilip giden sinyalin faz
giirtiltiistinden bagimsiz hale gelmesi saglanir. Bu islem

Ugr1 (£) = uyp(t). ug(t) seklinde ifade edilir.

Adim-1’in uygulanmasinin ardindan, istenmeyen faz

terimi olarak 7 parametresine bagiml terimler kalir. Bu

bagimliigm bir faz filtresi kullanilarak giderilmesi
gerekmektedir. Bunun i¢in algoritmanin ikinci adiminda

)= 3cos(x)—cos(3x)

2 3
CoS
(x 2
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QPF (Quadratic Phase Filter) olarak bilinen ikincil
dereceli faz filtresinden yararlanilmustir.

4.2. Adim-2: Faz filtresi uygulanmasi
Adim-1’in  uygulanmasinin  ardindan
sinyalinin fazi esitlik 9 ile ifade edilir.

2
¢(t)AF1=27r- fm-r+a-r-t—a-% —e(t—z')

ara frekans

©)

Bu adimdan sonra elimizde, gelen sinyalin faz giiriiltiisii

(e(t — 7)) ve artiksal faz olarak bilinen terim ( — zarz?)
kalmigtir. Bu terimlerin ikisi de gel-git siiresine (T)
bagimli oldugundan ilk adima benzer bir iglem
uygulamadan 6nce, bu bagimliligin ikincil dereceli faz
filtresi (QPF) ile ortadan kaldirilmasi gerekir. ikinci
adimdaki islem frekans alaninda gergeklesir. Bu islem
literatiirde  tersine  Fresnel  doniisiimii  olarak
bilinmektedir. Doniigiimiin analitik ifadesi esitlik 10 ve
11°da verilmistir. Buradaki istel ifade, faz filtresinin
transfer fonksiyonu olarak tanimlanmaistir.

Uar2(f) = Uap () Q—y D) (10)

2

Q- () = exp(jrrf—] (11)

/4
4.3. Adim-3:
Faz filtresinin uygulanmasinin ardindan elimizde saf bir
sinlis dalgas1 ve buna ek olarak, gelen faz giiriilti
sinyalinin Fresnel doniisiimiine ugramis eslenigi [ue (t) *
qy(t)]*3 kalmistir. Artiksal faz temizlenmis ve faz
giriiltisii  gel-git parametresinden bagimsiz hale
gelmigtir. Algoritmanin son adiminda, elde edilen sinyal,
eger faz giiriiltii frekansi f; < +fy ile ifade edilen dar-
bant kosulunu saglamakta ise u,(t) ile, saglamadigi
takdirde ise u,(t) * g, (t) ile ¢arpilir ve ideal girisim
sinyali elde edilir.
Algoritmanin tiim adimlar1 Sekil-4’de 6zetlenmistir.

Uapr —~ uaf2
N >

h 4

o o~ >
Faz filtresi
u, (1) up(t),eger fy <y
U (t) * q,(t), degilse
Sekil 4. Faz giiriiltii telafi algoritmanin genel yapist (General

structure of the phase noise compensation algoritm)

3 * sembolii konvoliisyon islemini temsil etmektedir. Ustel *
sembolii ise eslenik islevindedir.

5. BENZETIM SONUCLARI (SIMULATION
RESULTS)

5.1. Ornek-1: bu ornekte, giiriiltii frekansi, fg K
Vyesitsizligi ile ifade edilen dar-bant
saglayacak sekilde secilmigtir. ¥ frekans
parametresi olup, ornegimiz i¢in 31.4 GHz/sn olarak
belirlenmistir. Dolayistyla giiriiltii frekanst 177 kHz’den
cok daha diisiik olmalidir. Bizim belirledigimiz frekans
10 kHz’dir. Algoritmanin uygulanmasinin ardindan elde
edilen benzetim sonuglar1 Sekil 5’de sunulmustur.

Ilk olarak 10 kHz’lik faz giiriiltiisii ile modiile edilmis ara
frekans  sinyali  goriilmektedir  (uyp). Ardindan
algoritmanin birinci adimi sonrasi (uyp;), ve Uglincl
adimim ardindan (u,y4) elde edilen saf ara-frekans siniis
spektrumu gézlenmektedir.

kosulunu
tarama

08 207 208 208 21 211 242 213 214

Spektrum Genligi
2
=
—
—
—
-3

N I I L L
208 207 208 208 21 211 212 213 214
Frekans(MHz)

Sekil-5. Ornek-1 benzetim sonuglar1 (Example-1 simulation
results)

ikinci adim, tiimiiyle gegirgen (all-pass) faz filtresinin
uygulanmasin i¢erdiginden sinyal genliginde herhangi
bir degisiklige yol agmamaktadir (sinyalin sadece fazinda
degisiklik gergeklesmektedir). Bu durum Sekil-6’da
gosterilmektedir. Burada tarama periyodunun 3180 ps
oldugu ve u,p; Sinyalinin 66.6 ps’lik gel-git siiresinden
dolay1 gecikmeye maruz kaldigi goriilmektedir. Cikistaki
sinyalin ise, uygulanan faz filtresi sayesinde, bu gegikme
etkisinden bagimsiz hale geldigi ve filtrenin islevini
basariyla yerine getirdigi gozlemlenmektedir.

Genlik
4 e -

1500 1000 500 0 500 1000 1500
(b) Zaman (us)
1 1
; —
4 i
-1500 -1000 500 L 500 1000 1500

{e) Zaman (us)

Sekil-6. (a) Faz filtresi girisi (uqpq) (b) Faz filtresi ¢ikisi
(ugrz) (€) Adim-3 ¢ikist (uyap3) (Input of phase
filter, Output of phase filter, Output of step-3)
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5.2. Ornek-2: Bu Ornekde genis-bant kosulunu
saglayacak  sekilde  secilen  giiriilti  frekansi
kullamlmistir.  Bu  frekans f; = 0.2\/y ~40 kHz
ifadesiyle bulunur. Sekil 7’de sunulan benzetim

sonuclarinda, 2.09 MHz merkez frekansinin 40 kHz ile
modiile edildigi acikga  goriilebilmektedir. Bu
modiilasyon sonucunda ikinci ve ii¢lincii harmonikler
olugsmus, algoritmanin uygulanmasiyla bu harmonik
bilesenleri (faz giiriiltiisii) bastirilmstir.

Spektrum Genligi

21
Frokans(MHz)

Sekil-7. Ornek-2 benzetim sonuglar (Example-2 simulation
results)

5.3. Ornek-3: Son 6rnek olarak benzetim algoritmasi
optik frekans araliginda hem dar-bant, hem de genisg-bant
kosullart igin test edilmistir. Merkez frekans olarak
193.54 THz alinmus ve 315 GHz/sn’lik bir frekans tarama
hiziyla algoritma denenmistir. Dar-bant ve genis-bant
kosullarini temsil etmek {izere sirasiyla 20 kHz ve 112
kHz’lik giiriiltli frekanslar1 uygulanmustir.

Sekil-8’de genis-bant i¢in uygulanan benzetim sonuglart
goriilmektedir. Fiberin 600, 800 ve 1000 metresinde
olusan ti¢ farkli yansima noktasinin herbiri 112 kHz’lik
faz giiriiltiisii ile module edilmistir. Gel-git siireleriyle
dogru orantili olarak ii¢ nokta i¢in elde edilen ara
frekanslar sirastyla 1.26, 1.68 ve 2.1 MHz’dir.
Algoritmanin son adimiyla birlikte, her bir noktanin ana
giiriiltii frekansindan ve harmoniklerinden temizlendigi
gozlemlenmistir.

0.05

,,LI‘IL._S|\1.1|

—600m (1.26 MHz)
~—800m (1.68 MHz)
‘ —1000m (2.1 MHz)

25

Spektrum Genligi

1 L5 2 2.5
Frekans (MHz)

Sekil-8. Ornek-3 genis-bant benzetim sonuglar1 (Example-3
wide-band simulation results)

Sekil-9’da ise ii¢ nokta i¢in (600, 800 ve 1000 m) dar-
bant kosulunu saglayan 20 kHz’lik bir giiriiltii frekans:

eklenmistir. Benzer sekilde algoritmanin son adiminda
ideal siniis frekansina ulagilmistir.

—1000m (2.1 MHz)
—800m (1.68 MHz)
—600m (1.26 MHz)

Spektrum Genligi

Frekans (MHz)

Sekil-9. Ornek-3 dar-bant benzetim (Example-3 narrow-band
simulation results)

6. TARTISMA VE SONUC (DISCUSSION AND
CONCLUSION)
Literatiirde farkli uygulama alanlar1 i¢in (6rn. SAR radar,
optik yansimali sorgulayicilar) farkli terminoloji ve
yaklagimlarla incelenen algoritmalar, bu makale
calismasi kapsaminda, tim uygulamalarda gecerli olacak
sekilde tek bir temel ¢ergeveye alinmistir. Dolayisiyla bu
makalede elde edilen sonuglar hem RF hem de optik
temelli platformlarda kullanilabilmektedir.
Calismada  Onerilen  algoritma  adimlari, tiim
matematiksel ayrintilart ile incelendikten sonra,
MATLAB benzetimleri yoluyla, ¢esitli 6rnekler aracilig
ile dogrulanmistir. Bu Orneklerde algoritmanin
elektromanyetik spektrumun genis bir kisminda (1
GHz’den 193 THz’e) etkili oldugu gosterilmistir.
Bununla birlikte algoritmanin dar-bant ve genis-bant (5
kHz’den 200 kHz’e) kosullarini i¢eren genis bir giiriiltii
frekanst (side-lobe) araliginda calistigi sonucu elde
edilmistir. Bu giiriiltli frekans aralig1 ayn1 zamanda farkli
modiilasyon katsayilar1 (0.1’den 1’¢) i¢in denenmis ve
ana glrilti  frekansinin  olusturdugu  harmonik
frekanslarin etkin bir sekilde bastirildig1 gézlenmistir.
Calismada oOnerilen yazilimsal yontemin Onemli bir
avantaji, kullanilan algoritma parametrelerinin, farkli
uygulama alanlarinin ihtiyaglarina gore uyarlanabilir
olmasidir. Benzetim &rneklerinde gergek¢i rakamlarla
gosterildigi tizere, FMSD sistemlerini kullanan radar
uygulamalar1 i¢in ihtiya¢ duyulan uzaysal ¢oziintirliik
metreler mertebesindeyken, optik sensor sorgulayicilar
icin bu deger birka¢g milimetreye kadar inebilmektedir.
Bu durumda, algoritma adimlarinin dogru ve etkin
caligmasi i¢in gereken parametreler (6rnekleme frekansi,
FFT uzunlugu, tarama basina diisen nokta sayisi vb.),
istenen maksimum O6l¢iim mesafesi de hesaba katilarak,
kolaylikla degistirilebilir.
Bu sonuglardan yola ¢ikarak makalede, pahali ve
karmasik donanimsal degisikliklere gerek kalmadan,
sinyal isleme yontemleri ile faz giiriiltlisii sorununun
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giderilmesi Onerilerek literatiire katki saglanmasi

hedeflenmektedir.
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EK A: BENZETIM ORNEKLERINDE KULLANILAN PARAMETRE CiZELGELARI
(ANNEX A: SIMULATION PARAMETERS USED IN THREE EXAMPLE CASES)

Benzetim parametresi Sembol Sayisal Deger Birim
FFT uzunlugu Nppr 65536 Nokta sayis1
Pencere ¢esidi Hamming

Ornekleme frekansi f 100 MHz
Ornekleme Periyodu T, 10 ns
Her Bir Frekans Ng 25000 Nokta say1s1

Taramasi igin alinan
nokta sayisi

Her Bir Frekans Np 18334 Nokta sayist
Taramasi i¢in islenen
nokta sayisi

RF merkez frekansi fm 100 GHz
RF dalgaboyu Am 3 mm
Taranan frekans aralif Af 100 MHz
Uzaysal ¢dziiniirliik c 15 m
2Af
Frekans tarama periyodu T 3.18 ms
Frekans tarama frekansi 1/T 314 Hz
Frekans tarama hizi y 314 GHz/s
Maksimum 6l¢lim Linax 10 km
mesafesi
Maksimum gel-git Tinax 66.6 HS
zamant
Maksimum Ara-Frekans far max 2.09 MHz
(beat)
Dar-bant giiriiltii frekans: fg 10 kHz
Genis-bant giiriiltii f 40 kHz
frekansi ’

Cizelge 1. Benzetim parametreleri (Ornek-1 ve Ornek-2) (Simulation parameters for Example-1 and 2)
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Benzetim

Sembol Sayisal Deger Birim
parametresi
FFT uzunlugu Nepr 2,097,152 Nokta say1s1
Pencere ¢esidi Hamming
Ornekleme frekanst fs 10 MHz
Ornekleme Periyodu T, 100 ns
Her Bir Frekans Ng 2,000,000 Nokta sayis1
Taramasi igin alinan
nokta sayisi
Her Bir Frekans Np 1,999,934 Nokta sayis1
Taramasi i¢in islenen
nokta sayist
Optik merkez frekansi fm 193.54 THz
Optik dalgaboyu Am 1550 nm
Taranan frekans Af 63 GHz
araligy
Uzaysal ¢dziiniirliik c ~2 mm
2Af
Frekans tarama T 200 ms
periyodu
Frekans tarama 1/T 5 Hz
frekansi
Frekans tarama hizi Y 315 GHz/s
Maksimum 6l¢lim Linax 1 km
mesafesi
Maksimum gel-git Trmax 6.66 M3
zamani
Maksimum Ara- far max 2.1 MHz
Frekans (beat)
Dar-bant giiriiltii f 20 kHz
frekanst ’
Genis-bant giiriilti f 112 kHz
frekansi ’
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07/

Bu ¢aligmada, 1/64 dlgekli bir otobiis modelinin aerodinamik direng katsayist hesaplamali akigkanlar dinamigi (CFD) yontemi ile
tespit edilmistir. Akis analizleri x yoniinde 15 m/s, 20 m/s, 25 m/s ve 30 m/s serbest akis hizlarinda 173000-346000 Reynolds sayist
araliginda gerceklestirilmistir. Akis analizleri Fluent® programinda yapilmistir. Otobiis modelinin aerodinamik direng katsayisi
ortalama 0.657 olarak tespit edilmis, toplam direncin basing ve siirtiinme kaynakli dagilimu belirlenmistir. Model otobiis tizerinde
basing kaynakli direng olusturan bolgeler akis goriintiilemeleri ile tespit edilmistir. Akis yapisini iyilestirilmek ve basing kaynakli
direnci azaltmak i¢in tiggen kesitli akis kontrol elemani gelistirilmistir. Akis kontrol elemani 15 mm ¢apinda eskenar tiggen seklinde
olup model otobiisiin 6n tampon {izerine konumlandirtlmigtir. Model 1 otobiisiin aerodinamik direng katsayisi 0.623 olarak tespit
edilmigtir. Bu pasif akis kontrol yontemi ile aerodinamik direng katsayisinda ortalama % 5.27 iyilesme saglanmustir. Elde edilen
bu iyilesmenin yiiksek tasit hizlarinda yakit tiikketimine etkisi yaklasik %3 tiir. Bu orandaki bir aecrodinamik iyilesmenin bir otobiiste
yillik yakat tiiketimine etkisi degerlendirilmistir.

Anahtar Kelimeler: Siiriikleme kuvvet katsayisi, pasif akis kontrolii, akis kontrol elemani, hesaplamal akiskanlar dinamigi
(HAD).

The Investigation of Flow Characteristic Around A
Bus Model by CFD Method and Improvement of Drag
Force by Passive Flow Control Method

ABSTRACT

In this study, aerodynamic drag coefficient of 1/64 scaled bus model was determined by the Computational Fluid Dynamics (CFD)
method. Flow analyzes were performed at 15 m/s, 20 m/s, 25 m/s ve 30 m/s in x direction, between the range of 173000-346000
Reynolds numbers. Flow analysis was made in Fluent® program. The aerodynamic drag coefficient (Cp) of the bus model was
determined as 0.657 on average, the distribution of total drag was determined as pressure-friction based. After the flow
visualization, the areas are detected where forms aerodynamic drag on the model bus. A triangular section flow control element
has been developed to improve the flow structure and decrease the pressure based drag. The flow control element is an equilateral
triangle with a diameter of 15 mm and positioned on the front bumper of the model bus. The aerodynamic drag coefficient of model
1 bus was determined as 0.623. With this passive flow control method, the aerodynamic drag coefficient improved by %5.27. The
effect of this improvement on fuel consumption is about 3 % at the high vehicle speed. The effect of this aerodynamic improvement
on the annual fuel consumption of a bus has been evaluated.

Keywords: The drag force coefficient, passive flow control, flow control part, Computational Fluid Dynamics (CFD).

1. GIRiS (INTRODUCTION) etkilemektedir. Bu yiizden tasit iireticileri aerodinamik
caligmalara biiyiik Onem vermekte ve aerodinamik
testlere biiylik yatirnmlar yapmaktadirlar. Bu konunun
toplumun her kesimini ilgilendiren bir husus—haline
gelmesine neden olan etken ise tiim tiketim
malzemelerinin maliyet analizlerinde tasima giderlerinin
onemli bir ylizde olusturmasidir. Tiirkiye petrol iiriinleri
*Sorumlu Yazar (Corresponding Author) bakimindan fakir bir iilke olup bu alanda ihtiya¢ duydugu
e-posta - cbayindirli@ohu.edu.tr enerjinin tamamina yakinin ithal etmektedir. Diinyada

Cisimlerin hava igerisindeki hareketini ve hava ile
etkilesimlerini inceleyen bilim dali aerodinamik olarak
adlandirilir. Motorlu kara tagitlarinin aerodinamik yapida
olmalar1 performans, yakit tiiketimi, ivmelenme, yol
tutusu, ses, ¢evre kirliligi ve konforunu énemli derecede
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benzin ve dizel yakitinin en pahali oldugu iilkelerin
baginda Tiirkiye gelmektedir. Yiiksek hizlarda hareket
eden bir aracin Cp katsayist %2 disiiriildiigiinde yakit
tiiketimi yaklasik %1 azalmasidir [1]. Oyle ki 100 km/h
hizda hareket eden bir otomobil giicliniin%50-70 i’ni
aerodinamik direnci yenmeye harcamaktadir. Tiirkiye’de
2011 verilerine goére sehirlerarasi yolcu tasimaciligi
alaninda faaliyet gdsteren 31935 firma oldugu
bilinmektedir. Uluslararas1 planda tasima yapan
firmalarin sayist ise 237'dir. Yurtiginde sehirlerarasi
yolcu tagimasinda kullanilan otobiis sayist 52707 olup
uluslararas1 yolcu tagimaciliginda kullanilan otobiis
sayist 3743 diir [2].

Bu caligmanin amact bir otobiis modeline etki eden
stirlikleme kuvvetini tasit iizerinde herhangi bir enerji
harcamadan azaltmaktir. Pasif akis kontrol ydntemi
olarak tanimlanan bu ydntemin otobiis iizerinde
uygulanabilir nitelikte olmasi ve elde edilen
aerodinamik iyilesmenin orani bu caligmanin 6zgiin
kismini olusturmaktadir.

Ortalama 100 km/h hizda hareket eden bir tasit gliciiniin
%50-70’ini acrodinamik direng kuvvetlerini yenmek i¢in
harcar [3]. Tasitlarda motorca liretilen gii¢, hava direnci
ve sistem icindeki kayiplari dengeler. Diigiik hizlarda
hava direnci diger kayiplar yaninda oldukca diisiik
mertebelerdedir. Ancak hiz 30-40 km/h degerine ulasinca
hava direnci 6nem kazanir. Bunun sebebi hava direncinin
hizin karesiyle dogru orantili olarak artmasidir. Kati
modeli ¢izilen bir F1 aracmin Cp ve Cp katsayisini
ANSYS CFX programinda k-¢ tiirbiilans modeli ile tespit
etmistir. F1 aracinin Cp Kkatsayisint 0.516 ve Cp
katsayisini 0.425 olarak hesaplamistir. Bu degerin gergek
degerden ¢ok uzak bir sonu¢ oldugunu bunun nedenin
geometrik benzerligin tam saglanamamasi, ag sayisinin
yetersiz oldugu ve ¢oziimleme yapan bilgisayar
kapasitesinin yetersiz oldugundan kaynaklandigin ifade
etmistir. [4]. Perzon, Janson, ve Hoglin (1999) 3/10
Olcekli bir c¢ekici ve romork modelinin deneysel
sonuglarim1 standart k-¢, RNG k-g, Non-Linear Eddy
Viscosity ve Reynolds Stress Transport Model (RSM)
tirbiilans modellerinin  kullanildigt STARCD ve
FLUENT/UNS paket programlari yardimi ile elde edilen
verilerle karsilagtirmiglar, RNG k-g ve Non-Linear Eddy
Viscosity modelleri ile durma noktalarindaki basincin
daha dogru tayin edilebildigini belirlemislerdir. Verilerin
dogrulugunu arttirmak i¢in ¢6ziim agmi arttirmak
gerektigini tespit etmiglerdir [5]. Perzon ve Davidson
(2000) STARCD paket programu ile standart k-¢ , non-
lineer ikinci derece k-g ve non-lineer ligiincii derece k-¢
tirbiilans  modellerinde  transient  simiilasyonlar
gerceklestirmiglerdir. Direng kuvveti biitiin modeller i¢in
hesaplanmis ve deneysel verilerden olduk¢a Onemli
miktarda sapmalar oldugu tespit edilmistir. Transient
veya transient olmayan k-¢ modellerinin direnci ¢ok
yiiksek belirledigini ifade etmislerdir [6]. Lokhande,
Sovani ve Khalighi (2003) pikap modelin aerodinamik
yapisini Fluent® paket programi ile LES ve RNG k-¢
tiirbiilans modellerini kullanarak incelemigslerdir. Tagita
gelen akisin durma noktasi olarak 6n tamponun hemen

iist kismi oldugunu tespit edilmistir[7]. Krajnovic ve
Davidson (2005) egimli arka geometriye sahip
basitlestirilmis tasit tizerinden akiga hareketli bir zeminin
etkisini ele almigtir. Yapilan incelemede hareketli
zeminin Cp katsayisimt %8 C. katsayisint %16 azalttig
tespit edilmistir. Tiirblilans modeli olarak LES (Large
Eddy Simulation) kullanilmigtir [8]. Apisakkul ve
Kittichaikarn ~ (2005)  dort  degisik  yiikseklikte
konumlandirdiklari arka spoilerin bir yarig arabasinin Cp
ve C_ katsayilarina etkilerini Fluent® paket programinda
k-¢ tlirbiilans modeli ile hesaplamiglardir. Spoilerin
konumlandirildigr yiikseklik arttikga Cp katsayinda
iyilesme tespit etmiglerdir [9]. Fares (2006)

Power FLOW 4.0 programinda Lattice Boltzman
metoduna goére Ahmed modelini referans alarak yaptig
calismada 40m/s hizda tasitin arkasindaki yaklagik 30°
kritik agiyr temsilen 25° ve 35°‘lik egim agilari igin
¢oziimleme yapmus, aracin Cp ve Cp katsayilarim
kargilagtirmigtir. Durgun olmayan (unsteady) akista
farkli girdap ve ayrilma davranislar1 analiz sonuglarinin
deneysel verilerle tutarli oldugunu ifade etmistir [10].
Desai ve digerleri (2008) tarafindan yapilan sayisal
calismada aracin ¢izim datasint Gambit programinda
olusturup Fluent® programinda ¢Oziimleme
yapmuglardir. Aracin Cp katsayisini deneysel yontemle
0.4, sayisal yontemle 0.55 olarak tespit etmislerdir.
Reynolds sayisina gore sayisal ve deneysel calisma
sonuglarin ¢ok farkli oldugunu bu farkin iterasyon sayist
ve ¢izim  datasinin = geometrik  benzerliginin
yetersizliginden kaynaklanabilecegini ifade etmislerdir
[11].. Cheli, Ripamonti, Sabbioni, ve Tomasini (2011)
tarafindan yapilan calismada agir vasitalara degisik
zeminlerde ve degisik riizgar acisinda etki eden kuvvet
degerlerini arastirmiglardir. Arag uzunlugu arttikca yanal
momentinde arttigini tespit etmislerdir [12]. Hu Xu-Xia
ve Wong (2011) yaptiklar1 ¢alismada yeni gelistirdikleri
arka spoilerin sedan otomobilin Cp ve C_ katsayilarina
etkilerini Fluent® paket programinda k-¢ tiirbiilans
modeli ile hesaplamislardir. Gelistirdikleri spoilerin Cp
katsayinm1 %1.7 Cp katsayisim1 %4 iyilestirdigini tespit
etmiglerdir [13]. Marinos, M. ve SpyrosG, V (2015)
caligmalarinda pasif vorteks {ireteci kullanarak akis
kopmast durumunu deneysel ve numerik olarak
incelemislerdir.  Airfoil profilinde bir geometri
tasarlayarak 87x10* Reynolds sayisinda akis kopmasi 5°
geciktirilmis, 15° hiicum acisinda ise lift kuvveti
artmigtir. Shim ve digerleri (2017) Navier- Stokes
denklemlerinde faydalanarak kizak seklinde bir 6n
tampon ve arka tampon tasarimi yaparak siiriikleme
kuvvetini azaltmay1 bagarmiglardir. Tastyic1 modelleme
olarak tasarladiklar1 bu tampon modellerinin drag
katsayisina etkisinin tespitinde k—o tiirbiilans modeli
kullanmislardir. Refereans modele gore yaptiklarn
tampon tasarimi ile %3.8’e kadar siiriikleme kuvvetinde
iyilesme saglamiglardir [14]. Aktaf vd. (2014) CFD
yontemi kullanarak bir model araca eliptik, dikdortgensel
ve liggensel kanatcik ekleyerek aerodinamik bakimdan
iyilesme elde etmistir. Eliptik tasarimda %l11.1,
dikdortgen kanatgikta %6.37 ve Tliggensek kanatgik
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tasariminda %6.87 aerodinamik diren¢ katsayisinda
iyilesme saglamiglardir [15]. Cui ve digerleri (2015) bir
Ahmed body modeli iizerinde sentetik hava piiskiirtmesi
yapmanin aerodinamik diren¢ katsayisina etkisini CFD
yontemi ile Large Eddy Smilation tiirblilans modeli
kullanarak aragtirmiglardir. Yapilan ¢aligsma sonuglarin
deneysel yontemlerle de dogrulamislardir. Ahmed body
modeli arkasina diizenli piiskiirtme yaparak siiriikleme
katsayisinda %3, sentetik jet piiskiirtmesi yaparak ise %9
iyilesme saglamiglardir [16]. Mohamed-Kassim ve
Filippone (2010)’e gore ¢ekici romork araglarinda pasif
akis parcgalar1 ile yakit tiiketiminde % 1’den % 17 ‘e
kadar iyilesme saglanabilmektedir. Spoiler yapisi
iyilestirilerek %9-17, réomork etekleri ile %4-6, hava
bosluklar1 kapatilarak %0-4 aerodinamik iyilesme elde
edilebilmektedir [17]. Barden ve Gerova (2016) bir
cekici modelinde ortalama 7.1° sapma acis1 altinda
aerodinamik diren¢ katsayisi hesabini deneysel ve
numerik olarak hesaplamigtir. Numerik hesaplama
yontemi olarak MATLAB Simulink programim
kullanmis. Numerik analiz sonucunda aerodinamik
direng¢ katsayisini ortalama 0.77, deneysel yontemle
0.805 olarak hesaplamistir [18]. Gurlek vd. (2012) bir
otobiis modeli etrafindaki akis yapisin1 deneysel olarak
incelemiglerdir. Ortalama ve ani hizlanma vektor
haritasini, girdap egrilerini, akis ¢izgisi topolojisini ve
diger tiirbiilans O6zelliklerini  PIV(particle image
velocimetry) yontemi ile incelemiglerdir. Girdap
olusumunun asimetrik  oldugunu, otobiisiin st
tarafindaki negatif girdap hareketinin yatay, pozitif
girdap hareketinin modelin kenarina dogru hareket
ettigini ifade etmiglerdir [19]. Lui ve digerleri (2016)
caligmalarinda ¢ekici romork, pick-up, sedan otomobil
araclarmin etrafindaki akis yapilarini laminar akis,
tirbiilansh akis, sinir tabaka akis yapilarinda ve degisik
riizgar agist altindaki yapilarini incelemislerdir. Agirlik
merkezi yiikseldik¢e aerodinamik momentlerin arttigin
belirtmiglerdir. Yapilan diger c¢aligmalarda agirlik
merkezinin tespiti yapilmadigindan ¢alisma sonuglarinin
birbirinden farkli olabildigini ifade etmislerdir [20]. Ji-
qiang ve digerleri (—2017) bir yiiksek hizli trenin
aerodinamik yapisint degisik tlirbillans siddetinde
deneysel olarak incelemislerdir. Model tren tizerindeki
basing katsayist degerlerini tespit etmislerdir. 0.3-8.6
araliginda  degigik tirbiilans  siddetleri  altindaki
aerodinamik diren¢ katsayilarim1 tespit etmiglerdir.
Tiirbiilans siddeti arttikca Cp katsayist ve basing katsayisi
degerleri azaltmistir. Tiirbiilans siddeti degisimimin
model {iizerindeki basing dagilimint degistirmedigini
ifade etmiglerdir [21]. Hassan ve digerleri (2014) bir
sedan yaris aracin arka tamponunu yapisini degistirerek
aerodinamik bakimdan iyilesme elde etmislerdir. CFD
metodu ile k—epsilon tiirbiilans modelinden faydalanarak
yaptiklarin1 numerik analiz sonucunda model aracin Cp
katsayisin1 0.323 olarak tespit etmislerdir. Gelistirdikleri
5 degisik tampon diifizorleri ile Cp katsaymi %22.13°e
kadar azaltmiglardir. Minimum Cp katsayisint 0.25
olarak tespit etmisleridir. ~ Bunun nedeninin arag
arkasinda negatif basing bolgesinin  azaltmaktan

kaynakladigini ifade etmislerdir [22]. Chilbule ve
digerleri (2014) bir ¢ekici romork modelinin aerodinamik
yapisini CDF yontemi ile incelemislerdir. Spoiler alti
adet girdap tutucu ve romork arka uzantisindan olusan
pasif akis kontrol pargalar1 ekleyerek cekici romork
modelinin Cp Katsayisim %21 iyilestirmiglerdir. Bu
sonucun 100 km mesafede 4 litre yakit tasarrufu
olusturacagini belirtmislerdir [23]. Muthuvel ve digerleri
(2013) caligmalarinda dort degisik otobiis modelinin
aerodinamik yapilarini numerik ve deneysel olarak
incelemislerdir. Otobiis modelinin &n yiizey alanini ve 6n
tampon  yapisimt  koniklestirerek  akis  yapisim
aerodinamik bakimdan iyilestirmis ve Cp katsayisinda
%20.11-35 arasinda iyilesme olabilecegini ifade
etmislerdir [24]. Patil ve digerleri (2012) bir otobiis
modeli etrafindaki akis yapisimt CFD metodu ile
incelemiglerdir. Otobiis modelinin siiriikleme kuvvetini
azaltmak icin 3 model geligtirmislerdir. Yaptiklari
calismada base model otobiisiin Cp katsayisini 0.53
olarak tespit etmiglerdir. Otobiisiin 6n ve arka ylizeyini
modifiye ederek Cp kaysayisim 0.49’a yan panel
ekleyerek 0,39 ‘a arka spoiler ckleyerek 0.40°a
distirmeyi basarmuglardir. Boylece sirasi ile %6.57,
%25.82 ve %24,42 aerodinamik iyilesme saglamislardir
[25]. Sar1 (2007) Renault Kangoo marka hafif ticari arag
modellenmis, niimerik yaklagik ¢6ziim yontemi olan
sonlu hacimler yontemi ile Fluent® programinda analiz
edilerek, sanal kosullarda aracin 6n formuna etkiyen hava
direnci ve Cp direng katsayilar1 bulunmus, bu verilerin
yakit sarfiyatina olan etkileri arastirilmistir [25]. Nisugi
ve arkadaslar1 (2004) tarafindan yapilan, “Fundamental
Study of Aerodinamic Drag Reduction for Vehicle with
Feedback Flow Control” baslikli bir ¢alismada (Sekil 3c¢.)
geri beslemeli bir akig kontrolii ile bir kara tagiti i¢in
aerodinamik  siirikleme  kuvvetinin  azaltilmasi
incelenmistir. Sonugta bu c¢aligma ile %21 lik bir gii¢
tasarrufu saglandigr ifade edilmistir [26]. Minoru,
Katsuji ve Tatsuo (2003) yaptiklart ¢alismada trenlerin
ve araglarin capraz riizgarlar altindaki aerodinamik
karakterleri sadece araglarin sekline degil ayn1 zamanda
ara¢ alt ylizeylerine bagh oldugunu ifade etmisleridir
[27]. Rohatgi (2012) bir SUV aracinin arka kaporta
kisminin geometrik yapisint degistirerek aerodinamik
yapisini iyilestirme denemistir. Aracin arka Kkaporta
kismiin %26 iyilesme saglanabilecegini ifade etmistir
[28]. Chowdhury, ve digerleri (2013) tarafindan yapilan
calismada agir vasitalara aerodinamik direng katsayisinin
azaltacak eklemeler yapmuglardir. Agir vasitanin spoiler
yapisini iyilestirip ¢ekici ve romork arasini kapatmis ve
tekerleklerin neden oldugu siiriklenme direncini
azaltacak eklemeler yaparak ortalama %?26.1 iyilestirme
elde etmislerdir. Sadece 6n spoiler ile %17.6 iyilestirme
olabilecegini ifade etmislerdir [29]. Akansu ve digerleri.
(2011) pasif akis kontrol elemani olarak kullanilan
dairesel kesitli bir ¢ubuk ile kare kesitli bir kiit cisim
etrafindaki akis durumunda hiicum agisinin girdap
kopma olayma etkisini deneysel olarak incelenmistir.
Akis ayrilmasi, yeniden tutunmast ve girdap olusum
bdlgesinin 6zellikleri ortaya konulmustur. L/D=2 ve 3
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konumlarindaki a=0° hiicum agisinda, siiriikleme
kuvvetinde dikkate deger azalmalar elde etmislerdir [30].
Solmaz (2010) bir otobiis modelini ANSYS 12.1
programu ile analiz etmis ve analiz sonuglarini deney
sonuclar1 ile karsilagtirmigtir.  Otobiis modelinin
aerodinamik direng katsayisi deney sonuglarina gore 0.65
ANSYS verilerine gore ise 0.66 olarak belirlemistir [31].
J. McNally ve digerleri (2015) Calismalarinda bir Honda
Simplified Body (HSB) geometsinde aktif akig kontrol
yontemi  ile  siirlikleme  kuvvetinde  iyilesme
saglamiglardir. Yapilan c¢alismada HSB geometrisi
iizerine 13 adet degisik ¢aplarda jet ile hava piiskiirtmesi
yaparak akis kopmasim1 geciktirerek = siiriikleme
kuvvetine bagh gii¢c kaybin1 %3 azaltmislardir[32].

2. MATERYAL METOD (MATERIALS AND
METHOD)

Bu galismada aerodinamik bakimdan incelenen otobiis
(base model) 1/64 o6lgekli lisansli modeldir. Otobiis
modelinin ¢izim datasi bilgisayar destekli ¢izim yontemi
ile olusturulmustur. Akis kontrol elemani da ayni
yontemle  gelistirilmis  ve  otoblise = montaji
gerceklestirilmistir. Sekil 1°de model otobiisii Sekil 2-
3’te akis kontrol elemani ¢izim datalar1 verilmistir.

Sekil 1. 1/64 olgekli model otobiisiin SolidWorks ¢izimi
(SolidWorks drawing 1/64 scale model bus)

Sekil 2. Ucgen kesitli akis kontrol elemaninin SolidWorks
¢izimi (SolidWorks drawing of a triangular section
flow control part)

2.1. Benzerlik (Similarity)

Tasit aerodinamigi ile ilgili ¢caligmalarinda prototip ve
model arasinda ti¢ farkli benzerlik sart1 aranir. Bunlar
geometrik, kinematik ve dinamik benzerlik sartlaridir.
Geometrik benzerlik sartin1 saglamak i¢in lisanli model
otobiis kullanigmig olup ylizey piiriizliligi, cok kiigiik
pargalar ve hava akis kanallarindan dolayr meydana

gelebilecek hatalar ihmal edilmistir. Kinematik
benzerlikte blokaj orani belirleyicidir. Bu ¢alismada
kullanilan model aracin 6n yiizey alam 0.0019 m?, test
bolgesi 6n yiizey alani 0.04 m? blokaj oram ise
%4.75°dir. Cengel Y.A., (2008) blokaj oraninin %7.5

den daha diisiik olmasim 6nermektedir [33]. Calismada
dinamik benzerligin saglanmasinda ise Reynold sayisi
bagimsizlig1 kullanilmistir.

2.2. Genel Denklemler (General Equations)

Fluent programi sonlu hacimler metodunu kullanarak
stireklilik, momentum, enerji, tiirbiilans icin genel
integral denklemlerini ¢6zmektedir. Sonlu hacimlerin
hesaplamali  akisanlar  dinamigi  (HAD) ile
¢Oziimlenmesinde siireklilik ve momentum denklemleri
kullanilir. Uygulamada bu denklemleri analitik olarak
¢ozmek zordur. Bu yiizden bu denklemler paket
programlar kullanilarak numerik olarak ¢6ziimlenir.

2.1.1. Siireklilik denklemi (Continuity equation)

Streklilik denklemi, bir akis icerisinde yer alan kontrol
hacmindeki kiitle dengesi olarak ifade edilir.

9p  opy) o) o(pw)
ot OX oy 0z
2.1.2. Momentum denklemi (Momentum equation)

Newton’un ikinci kanununa gore bir akigkan pargasinin
momentumunun degisim hizi bu akigkan pargasina etki
eden kuvvetlerin toplamina esittir. Bir akigkan pargasinin
birim hacminin x, y ve z yonlerindeki momentum artig

hiz1 sirastyla , DU, pﬂ ve ,DW terimleri ile ifade
Dt Dt Dt

M

edilir [34].

Momentum denkleminin x-bileseni;
D -p+ or
_u — a( p Txx) + yX + az-z>< + SM (2)
Dt X oy .
Momentum denkleminin y-bileseni;
pﬂ _ 0T, s o(-p+rzy) .\ 0ty
Dt &x oy oz
Momentum denkleminin z-bileseni;
p% — asz + ar)’z + a(_p"_‘[zz) +S
Dt ox oy oz

+ Sy (3)

w @

2.1.3. Navier — Stokes denklemleri (Navier — Stokes
equation)

Navier — Stokes ve siireklilik denklemleri diferansiyel

hareket denklemleri olarak da ifade edilir. Bu

denklemleri ¢oziimlenmesinde bazi kabuller alinarak

basing ve hizin ii¢ bileseni (x,y,z) hesaplanir. Navier —

Stokes denklemlerinin  sonlu hacimler metodunun
gelistirilmesi i¢in en kullanigh hali;

Du op .

— =——+div radu)+S (%)
P Dt o (ng ) M,
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Dv 0 .
th:—ap+d|v(/,zgradv)+sMy (6)
Dw 0 .
th = _8_5+ div(ugradw)+S,,

()

Akis analizleri Fluent programinda gergeklestirilmistir.
Model otobiis 200 mm*200 mm*1000 mm deney alant
icerisinde zemine konumlandirilmig, kalip boslugu
olusturulmustur. Setup bdliimiinde bu denklemler ¢6ziim
alanindaki her noktada dengeye geldigi zaman Fluent
programi ile yapilan ¢Oziimlemede yakinsama
gerceklesmektedir. Her akigkan degiskeni i¢in artiklar
¢Ooziimdeki hatanin  giddetini  belirtmektedir. Bu
calismada yakinsama kriterleri sitireklilik, x-hizi, y-hiz1
ve z-hiz1 i¢in 1.0 x10° olarak almmustir. Tiirbiilans siddeti
ise %! olarak alinmistir. Aracin 6n ylizey alani reports-
projected area boliiminde 0.0019 m? olarak
hesaplanmistir. Coziimlemeler SIMPLE Least Squared
Cell Based, k-¢ RNG tiirbiilans modeli standart duvar
fonksiyonlar1 kullanilarak standart initialization olarak
gerceklestirilmistir. Coziimlemeler Fluent®
programinda, Intel® Xeon® CPU E3-1270 V5 3.60 GHz
islemci ve 32 GB ram o6zelliklerine sahip is istasyonu
(Work Station) bilgisayarda gergeklestirilmistir. Sekil
3’de ara yiizli verilen bu bolimde model aracin kalip
boslugu  olusturulmus, ¢izim datasi  programa
tanimlanmis ve meshing bdliimiine aktarilmistir.

[}

-
.

Sekil 3. Model otobiisiin  “design modeler” ara
yliziindeki goriinimii ve kalip boslugu (The
appearance mold cavity and design modeler
interface of the model bus)

Sekil 4’de ara yiizii verilen boliimde model otobiisiin

aerodinamik yapisint  6nemli derecede etkileyen

bolgelerinde daha sik ag yapisi olusturulmus, sinir

tanimlamalar1 yapilmis ve ag dosyasi setup boliime

aktarilmistir. Model otobiis i¢in 1030562 iiggensel hacim

(tedrahedrons) hiicre yapist olusturulmustur. COozim

alanindaki sinirlar agagidaki gibi tanimlanmustir.

v’ Girig: Akigkanin girdigi ylizey olup sabit hiz sinir
sart1 olarak tanimlanmistir.

v Cikig: Akiskamn ¢iktig1 yiizey olup sabit basing sinir
sart1 olarak tanimlanmuistir.

v' Duvar ve yol: Duvar deney alanini olusturan
dikdortgen hacmin kenar yiizeyleri olup duvar sinir
sarti kullanilmigtir. Yol aracin konumlandirildigy
taban yiizeyi olup duvar smir sartt olarak
tanimlanmaistir.

v Otobiisiin ¢izim datasina ait kalip boslugu: Analizi
yapilan model aragtir. Duvar smir sarti olarak
tanimlanmaistir.

U

Marhing e

Otk Mush
[

7]

Sekil 4. Model otobiisiin “meshing” ara yiiziindeki
goriiniimil (The view "meshing" interface of
model bus)

Yapilan akis analizi sonuglarinda model otobiise etki
eden siiriikleme kuvveti 1000 iterasyon sonucu elde
edilmistir ve Cp katsayisi tespit edilmistir. Aerodinamik
direng katsayis1 Cp Esitlik 8“de verilmis olup siirikklenme
kuvveti Fp, yogunluk p, serbest akis hiz1 V ve 6n bakis
alan1 Az, parametrelerinin fonksiyonudur.

Cc - Fo
R R
%pVZAén

2.3. CFD Coziimlemede Agdan Bagimsizhik (Mesh
Independent In CFD Analysis)

Sonlu hacimler ile ilgili yapilan sayisal caligmalarda
diizgiin ve kaliteli bir ag olusturmak sonuglarin
dogrulugu agisindan ¢ok 6nemlidir. Bu yiizden sayisal
caligmalarda ag kalitesi aranmaktadir. Ancak analizi
yapilan geometrilerin karmasikligi arttikca bu ag
kalitesini elde etmek zorlagsmaktadir. Otobiis ve pasif akis
kontrol gubugunda kii¢iik ve kavis agis1 bulunan pargalar
bulunmaktadir. Bu durum da istenilen diizeyde ag kalitesi
elde edilememistir. Daha iyi ag kalitesini elde etmek igin
¢izim datasin1 daha da basitlestirmek, kavis agist olan
parcalarin yerine daha diiz parcalar ¢izmek ya da kiictlik
pargalar1 kapatmak ve daha ¢ok sayida ag yapisi
olusturmak gerekecektir. Bu durumda da ¢izim datasi
geometrik benzerlikten uzaklasacak istenilen iyilesme
saglanamayacaktir. Bu ¢aliymada ag kalitesi (element
quality) ortalama 0.78 olmustur. Bu degerin 0.5 den
yiiksek olmasi Onerilmemektedir. Sayisal ¢alismalarin
dogrulanmasinda bagvurulan yontemlerden birisi de
agdan bagimsizlik testleridir. Sayisal ¢oziimlemede ag

®)
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sayis1 artmasina ragmen sonug belli bir degerden sonra
degismiyorsa, ¢Oziimlemede agdan bagimsizlik elde
edilmektedir. Bu c¢aligmada Cizelge 1’de gortldigi
iizere model otobiis i¢in 20 m/s serbest akis hizinda 8
degisik iicgensel hacim (tetrahedrons) ag yapisi icin
agdan bagimsizlik testleri yapilmistir. Aracin ag
yapilandirmalarinda iiggensel aglarin minimum ve
maksimum boyutlar1 degistirilerek degisik carpiklik
oraninda ve istenilen sayida ag yapisi olusturulmus ve
ayni tiirbiilans modellerinde ¢6ziimleme yapilmistir.

Cizelge 1. 20 m/s hizda yapilan agdan bagimsizlik testi

edilmistir. Toplam siiriikleme kuvvetinin %86.42’si
basing kaynakli, %13.38’i siirtiinme kaynakli oldugu
belirlenmistir. Her hiz degerinde tespit edilen basing ve
sirtinme kaynakli dagilim Cizelge 2’de verilmistir.
Yapilan analiz sonucunda elde edilen Cp degerleri
Cizelge 3’de Reynolds sayisina gore Cp grafigi ise Sekil
6’de verilmistir.

Cizelge 2. Model otobiisiin toplam siiriikleme kuvvetinin
dagilimi (Distribution of the total drag force of
the model bus)

: Kuvvet
/S(S))nuqlarl (The mesh independence test results at 20 m (N) Toplam | Yiizde
Modgl Basing 0.122 %84.78
Reynolds Sayisi sayisi Ag sayist Kuvvet (N) Co ?;Ort:]l;ss Siirtiinme 0.022 0.144 %15.08
230 760 215 403 0.230 0.55 Modgl Basing 0.214 %85.94
230 760 322 400 0.221 0.581 (2)303‘;55 Sirtinme | 0.034 0249 o a6
230 760 505 366 0.262 0.689 Model | Basing 0.331 %87.11
Otobii 0.380
230 760 710 667 0.251 0.660 250m‘/155 Siirtiinme 0.048 %12.63
230 760 950 765 0.247 0.650 Model Basing 0.498 %87.83
Otobii 0.567
230 760 1147 306 0.249 0.655 300mlllss Siirtiinme 0.069 %1217
230 760 1320251 0.247 0.650
230 760 1759230 0.250 0.657 Ortalama
i i Basing %86.42
Siirtiinme | 9%13.38
0807 Cizelge 3. Model otobiisiin Cp katsayis1 (Cp coefficient
0,754 of model bus)
0,70 -G
| |
0.65 ] \.\_ — Reynolds Sayisi Hiz(m/s) Cb
C,0.60- 173076 15 0.673
a
oss{ & 230769 20 0.658
0,50 4
288461 25 0.640
0,45 4
346153 30 0.663
0,40 T T T T T
350000 700000 1050000 1400000 1750000 Ortalama 0.658
Ag (Mesh) Sayist
Sekil 5. Ag bagimsizlig1 grafigi (The mesh 0807
independence graph) 0751
Agdan bagimsizlik testleri siras1 8 degisik ag sayilarinda 0704
yaptlmigtir. Sekil 5°de goriilecegi ilizere 710 667 ag 05 ] '\_\./.

sayisinda yapilan ¢éziimlemelerden sonra Cp katsayisi
yaklagsik degerlerde elde edilmistir. Bu c¢alismada ag
say1st 1030562 olarak belirlenmistir. Bu ag sayilar1 agdan
bagimsizligin elde edildigi bolgede oldugundan akis
analizleri agdan bagimsiz olarak gerceklestirildigi kabul
edilmistir. Numerik sonuglarda ag sayis1 ve kalitesinden
kaynaklanan hatalar ihmal edilmistir.

3. AERODINAMIK iYILESTIRME SONUCLARI
(RESULTS OF AERODYNAMIC
IMPROVEMENT)

4 degisik Reynolds sayisinda yapilan ve 1000 iterasyon
sonucunda elde edilen siiriikleme kuvvetine gére model
otobiisiin Cp katsayis1 ortalama 0.658 olarak tespit

Cp 0,60
0,554
0,50 4

0,45 4

0,40
150000

T T T T 1
200000 250000 300000 350000 400000

Reynolds Sayisi
Sekil 6. Model otobiisiin siiriiklenme Kkatsayis1 (Cp)
grafigi (The drag coefficient (Cp) graph of
model bus)
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5.005e+001

3.754e+001

2.503e+001

1.251e+001

Sekil 7. 25 m/s hizda akig hizinin vektorel olarak gosterilisi
(Vector image of flow speed at 25 m /s)
Static Pressure

Contour 1
1.504e+002

9.550e+001

4.055e+001

-1.439e+001
-6.934e+001
-1.243e+002
-1.792e+002
-2.342e+002
-2.891e+002

-3.441e+002
-3.990e+002
[Pa]
7

Sekil 8a. 25 m/s hizda model otobiis {izerindeki basing dagilimi

Sekil 8b. 25 m/s hizda model otobiis iizerindeki basing dagilimi
(Pressure distribution on model bus at 25 m/ s)

Velocity
‘Streamiine 1

4.173e+001

3.130e+001

2.086e+001

1.043e+001

= e

Sekil 9. 25 m/s hizda model otobiis etrafindaki akisin stramline
olarak goriintlisii (The stramline image of flow
around model bus at 25 m /s)

Yapilan analiz sonuglar1 ve Sekil 7, Sekil 8a, 8b ve Sekil
9’da akis goriintiilemelerinde tespit edildigi iizere toplam
stiriikleme kuvvetinin %84.60°1 basing kaynaklidir. Bu
basing kaynakli direncin cok biiyiik kismi ise otobiisiin
6n tampon ve On cam bolgesinde olustugu tespit
edilmistir. Bu bdlgede durma basinci olusmaktadir. Bu
calismada bu bolgedeki basing kaynakli direnci azaltmak
ve akis1 6n cam lizerine aktarmak amaciyla iiggen kesitli
akis kontrol elemani gelistirilmis ve ayni deney
sartlarinda analizi gerceklestirilmistir.

3.1. Pasif Akis Kontrolii (Passive Flow Control)

Akis kontroliinde enerji harcanmasina dayali olarak aktif
akis kontrolii ve pasif akis kontrol yontemi olmak iizere
iki ¢esit akis kontrol ydontemi vardir. Pasif akis
kontroliinde sistem igerisine herhangi bir enerji
harcamadan genel olarak aerodinamik yapisi incelenen
geometrinin  seklinde  yapilan  degisiklikler ile
gerceklestirilen akis kontrol yontemidir [35]. Bu
calismada aerodinamik iyilesme elde etmek amaci ile
model otobiise {iggen kesitli akis kontrol elemani
gelistirilmis ve numerik yontemlerle elde edilen
aerodinamik iyilesme orani belirlenmistir. Boyutlart ve
sekli Sekil 2’de verilen akis kontrol elemani model
otobiise basin¢ kaynakli direncin en yiiksek oldugu 6n
tampon {izeri ile ©n cam arasindaki bdlgeye
konumlandirilmistir. Montaj sonucu elde edilen model 1
otobiisii Sekil 10’da verilmigtir. Akis kontrol cubugu ile
model otobiisiin 6n boliimiine carpan akisin 6n cam
iizerine aktarilmig ve 6n tampon ve 6n cam bdolgesinde
olusan ve basimng kaynakli direncin azaltilmasi
amaglanmistir.

Sekil 10. Model 1 otobiisii (Model 1 bus)

Model 1 ve model otobiisiine etki eden siiriikleme
kuvveti ayn1 analiz sartlarinda 1000 iterasyon sonucunda
tespit edilmistir. Toplam siiriikleme kuvvetinin basing-
sirtinme kaynakli dagilimi Cizelge 4’de verilmistir.
Model 1 otobiisiin Cp degerleri Cizelge 5’de Reynolds
sayisina gore Cp grafigi ise Sekil 11°de verilmistir.
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Cizelge 4. Model 1 otobiisiin toplam siiriikkleme kuvvetinin eloch]
dagilimi (Distribution of the total drag force of the L
model 1 bus)
2.988e+001
Kuvvet
(N) Toplam | Yiizde 1.992e+001
Model 1 | Basing 0.110 0.133 %82.71
15ms | Siirtiinme | 0.023 ' %17.29
Model 1 | Basing 0.202 0.240 %84.17
20ms | Sirtiinme | 0.038 ' %315.83 ¥
Model 1 |Basing | 0.313 0360 | 708482 o
25ms Siirtiinme | 0.055 ! 0614.91 Sekil 12. 25 m/s hizda model 1 otobiisii etrafindaki akigin
0 vektorel olarak gosterilisi ( The vector image of
M3%d[:|31 ]:i?::gﬁme gg?é 0,528 of; ?22; flow at 25 m /s a%ound thse rgodel 1 bus) ’
Ortalama
Basing %384.33
Siirtiinme | %15.61

Cizelge 5. Model 1 otobiisiin Cp katsayis1 Cp coefficient
of model 1 bus)

Reynolds Sayisi Hiz(m/s) Co
173076 15 0.622
230769 20 0.632
Sekil 13a. 25 m/s hizda model 1 iizerindeki basing dagilimi
288461 25 0.621 (Pressure distribution on model 1 bus at 25 m/s)
346153 30 0.618
Ortalama 0.623
0,80 4
l -1.200e+002
0.70 2 -2.400e+002
7 -3.0006+002
Pl
0,65 4
.,

Cp 060 Sekil 13b. 25 m/s hizda model 1 iizerindeki basing¢ dagilimi
0,55 - (Pressure distribution on model 1 bus at 25 m/s)
0,50 4
0,45 4
0,40

T T T T 1
150000 200000 250000 300000 350000 400000
Reynolds Sayis1

Sekil 11. Model 1 otobiisiin siiriiklenme katsayisi (Cp)
grafigi (The drag coefficient (Cp) graph of
model 1 bus)

Sekil 15 de 4 degisik hizda yapilan analiz ¢aligmalart — T me——
sonucunda model 1 araciin Cp katsayisi ortalama 0,623 ~ Sekil 13¢. 25 m/s hizda model 1 lizerindeki basing
model olarak hesaplannustir. Elde edilen aerodinamik dagilimu (Pressure distribution on model 1
iyilesme orani %5,27 olmustur. CFD analizi sonucunda bus at 25 m/s)

elde edilen akig goriintiilemeleri Sekil 12, 13a, 13b, 13c

ve Sekil 14’te verilmistir.
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0.000e+000
[msr1]

Sekil 14. 25 m/s hizda model letrafindaki akis hizinin
stramline olarak goriintiisii (The stramline image of

flow around model bus at 25 m /s)

Bu calismada basing kaynakli aerodinamik direnci
azaltmak amaci ile bir pasif akis kontrol ydntemi
uygulanmis ve olumlu sonuglari elde edilmistir. Hareket
halindeki kati bir cisme, ylizeyine dik ydnde basing
kuvvetleri ve yiizeyi boyunca yiizeye paralel kayma
kuvvetleri etki etmekte olup bu kuvvetlerin bilesenine
stiriiklenme kuvveti denilmektedir. Toplam siiriikleme
kuvveti basing ve siirtinme kaynaklidir. Tagitlarda
toplam siiriikleme kuvvetinin ¢ok biiylik bir kismi
basinca baglidir. Basing kaynakli siiriiklenme kuvveti
cismin akiga dik olan yiizey bilesenlerine etki eden basing
dagilimi nedeniyle olusmaktadir.

Uggen profilli akis kontrol elemant ile otobiisiin akisa dik
6n yiizey alanina gelen akis 6n cam iizerinden otobiisiin
ist bolimiine aktarilmistir. Boylece istenilen akis
yonlendirmesi yapilabilmis ve basing kaynakli direncin
cok yiiksek oldugu 6n ylizey alaninda iyilesme elde
edilmistir. Akisin vektorel ve streamline
goriintillenmesinde bu durum goriilmektedir. Yiiksek
basing katsayisinin olustugu bolge azaltilmistir. Elde
edilen aerodinamik iyilesmenin kaynagi da budur. Bu
yontemle yiiksek basincin meydana geldigi otobiisiin 6n
yiizey alaninda basing kaynakli siiriikleme kuvveti
azaltilmustir.

4. SONUC VE TARTISMA (RESULT AND
DISCUSSION)

Tiirkiye’de halen yolcu tagimaciliginda en gok otobiisler
kullanilmaktadir. Otobiisler yilda uzun mesafeler kat
etmektedir. Gerek firmalar gerekse yolcular agisindan
araglarin yakit tiiketimi maliyet analizinde onemli bir
konuyu teskil etmektedir. Bu g¢alismada bir otobiis
modelinin mevcut aerodinamik yapisi incelenmistir.
Tasit iizerinde enerji harcamasma gerek duyulmadan
pasif akis kontrol yontemi ile aerodinamik iyilesme elde
edilmistir. Yapilan calismalarda elde edilen sonuglarin
Ozetleri agagida sunulmustur.

0,80 4 —=—Model 1 otobiis C|

—®—Model 1 C,

0,75

0,70+
0,65~
Cp 0,60
0,55
0,50

0,45

0,40
150000

T T T T 1
200000 250000 300000 350000 400000

Reynolds Sayisi

Sekil 15. Model otobiis ve, model 1 otobiisiin aerodinamik
direnc katsayilarinin karsilagtirma grafigi
(Comparison graph of aerodynamic drag coefficients
for model bus and model 1 bus)

Model otobiisiin aerodinamik diren¢ katsayisi ortalama
0.658 olarak, model 1 otobiisiin Cp katsayisi ise ortalama
0.623 olarak hesaplanmistir. Elde edilen aerodinamik
iyilesme orani %5.37 olmustur. Bu orandaki
aerodinamik iyilesme yiiksek hizlarda (96 km/h iizeri)
yakit tiiketimini yaklasik %3 azaltmaktadir [1,33].

Bayimdirli ve ark. (2015) yaptiklart numerik ¢aligmada
bir gekici romork aracinin toplam siiriikleme kuvvetinin
%94.2’sinin  basing  %5.8’inin  slirtinme  kaynakl
oldugunu tespit etmiglerdir[36]. Bu calismada model
otobiisiin toplam siiriikleme kuvvetinin %86.42’1 basing
kaynakli, %13.38” 1 siirtiinme kaynaklidir. Otobiis
modelinde siirtiinme kaynakli direnci azaltmaya yonelik
caligmalarin yapilabilecegi gorilmiistiir.

Bu ¢aligmada gelistirilen ve olumlu etkisi ortaya konulan
ticgen profilli akis elemani otobiis iizerine uygulanabilir
niteliktedir. Bu ¢alismada analizi yapilan otobiis
modelinin prototipinde kullanilan motorun hacmi 12,40
litre olup ortalama 100 kilometre mesafede 25 litre yakit
tilkketmektedirler. Bu otobiis yilda 200000 km mesafe kat
etmesi durumunda yilda 50000 litre yakit tiikketmektedir.
Bu ¢alismada elde edilen ve yaklasik %3 yakit tasarrufu
yulik 1500 litre daha az yakit tiketimi anlamina
gelmektedir. Tirkiye’de yurti¢inde sehirlerarasi yolcu
tasimasinda kullanilan otobiis sayis1 52707°dir. Toplam
otobiis sayisi diigiiniildiigiinde bu c¢alismada ortaya
konulan ydntemin sonuglar iilke ekonomisi ve ¢evresel
faktorler bakimindan 6nemlidir.
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SEMBOLLER VE KISALTMALAR (SYMBOLS
AND ABBREVIATIONS)

A Arag 6n yiizeyi izdiisiimii alani,m?
Co Stirikleme kuvvet katsayisi
Fo Siirikleme kuvveti, N
Us Serbest akis hizi, m/s
Re Reynolds sayis1
v Kinematik viskozite, m%/s
P Yogunluk, kg/m®
HAD Hesaplamali akigkanlar dinamigi
CFD Computational Fluid Dynamics
\Y Anlik hiz vektoriiniin y bileseni
w Anlik hiz vektoriiniin z bileseni
d/dt Toplam tiirev
) Tiirbiilans hiz skalasi, m/s
U Ortalama hizin x bileseni, m/s
A Ortalama hizin y bileseni, m/s
w Ortalama hizin z bileseni, m/s
w Yiizey, duvar indisi
Y Yutulma
X,V,Z Kartezyen koordinat sistemi indisi
e Ti;rbﬁlans kinetik enerji yutulmasi,
m?/s3
Genel diferansiyel denklemde bir
® degisken
(0] Herhangi bir akis degiskeni
Herhangi bir akis degiskeninin
yp ortalama
bileseni
A Viskozite sabiti
n Laminar viskozite, Pa.s
peff Efektif viskozite, Pa.s
LES Large Eddy Simulation
RNG Renormalization-Group
:’z(: AL Normal gerilmeler, N
:?z, Yz, Kayma gerilimleri, N
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ABSTRACT

Hydrogen can be produced by many processes, by a series of chemical reactions many of which have been known for centuries.
However, most of these reactions raise severe environmental and safety problems, while availability of raw materials is a critical
problem. One of the partial solutions is solar hydrogen. It appears that cracking of carbon-rich materials is the right solution for
this energy. In this context comes this numerical simulation of the methane cracking phenomenon. In the simulation, we have taken
in to account the existence of carbon as a homogeneous powder. The mixture is considered to be biphasic formed by a gaseous
phase with methane, hydrogen gases and carbon black powder solid phase. This powder is formed by solid particles with same
diameter (d=50nm). The cracking phenomenon of the methane into hydrogen and carbon black takes place in a cylindrical cavity
of 16 cm in diameter and 40 cm in length under the heat of concentrated solar radiation without any catalyst. A commercial
calculation code "ANSYS FLUENT" is used to simulate the cracking phenomena. Two cases were studied: the first one applying
amaximum solar radiation of 16MW/m? on the side wall of the reactor and the second one a maximum solar radiation of 5 MW/m?.
The CH4 flow rate used at the inlet of the reactor is 0.4 L/min and the low Reynolds K - ¢ turbulence model was applied. A time
step of 0.04s has been used.The cracking rate exceeds 90% with a maximum solar radiation of 16MW/m? and this rate does not
reach 85% with a maximum solar radiation of 5SMW/m2.The dimensions of the cavity are important and it allows going from the
experimental scale to the industrial scale. Working without any catalyst facilitates the separation of the elements after cracking.

Keywords: Hydrogen production, concentrated solar energy, methane, cracking.

1. INTRODUCTION

Solar energy is an abundant source of energy that can be
utilized in two ways: (i) to convert sunlight into
electricity through a photovoltaic system and (ii) to
generate heat using concentrating collectors. Today,
among theproblems are climate change and ecological
degradation, which are direct consequences of
greenhouse gas emissions. Although any flammable
material can theoretically be used as fuel, only a few are
practically realistic. Some of them have low energy
content and / or produce toxic gases and other polluting
vapors during combustion, such as the pyrophoretic
burning of iron particles [1]. The solution consists in the
gradual introduction of clean energies. These energies are
diverse and hydrogen is considered as one of these
solutions, knowing that the combustion of hydrogen with
pure oxygen results only in heat and water. Hydrogen can
be produced by many processes, by a series of chemical
reactions many of which have been known for centuries.
However, most of these reactions raise severe
environmental and  safety  problems;besides,the
availability of raw materials is a critical problem.

One of the partial solutions is solar hydrogen. According
to Experimental works in the field of solar hydrogen
production, it now appears that cracking of carbon-rich
materials is the right solution for this energy for the
following reasons:

*Sorumlu Yazar (Corresponding Author)
e-posta : rabahgomri@yahoo.fr

e Thermolysis (dissociation of water) can be
considered as a perfect process but it requires
special equipment to withstand the high
temperatures required and to separate the two
gases produced (O2, Hz) which form a highly
explosive mixture [1-5] and its cost compared to
the output is still a major problem.

e Thermo-chemical cycles [2, 5-13] with two
steps taking place under moderate temperatures,
require the preparation of the metal oxides or
others used in chemical reactions. These cycles
also require special equipment and major
problems of contamination are posed.

e Gasification or reforming of carbon-rich
materials also generates greenhouse gases such
as CO; and toxic gases such as CO [1, 5, 15].

The cracking of carbon-rich materials such as methane
[1- 3, 16 -18] allows us to produce hydrogen without
releasing greenhouse gases and without toxic
components. Improved combustion by minimizing
emissions of environmentally hazardous gases by
injecting hydrogen into Gas networks and the availability
of methane in the world are sufficient criteria to propose
this study of the

e simulation of the cracking of methane in a
tubular reactor under concentrated solar heat.
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Table 1. Materials properties (all properties are given by ANSYS FLUENT database)

materials Molecular weight Density (kg/m°) Specific heat Thermal Viscosity
(kg/kgmol) (J/kg-Kk) condutivity (kg/m.s)
Methane 16.04303 0.669 0.033 Piecewise 1.087e-05
polynomial
Hydrogen gas (H,) 2.01594 0.08189 polynomial polynomial polynomial
Carbone-solid 12.01115 2000 Piecewise 0.33 1.72e-05
e Biomass-to-hydrogen processes, including Parameters of simulation and flow rate choice:

gasification, pyrolysis, and fermentation, are
less well-developed technologies. These
processes offer the possibility of producing
hydrogen from energy crops and from biomass
materials such as forest residue and municipal
sewage. Solar energy can be used to produce
hydrogen from water and biomass by several
conversion pathways. Concentrated solar
energy can generate high temperatures at which
thermochemical reactions can be used to split
water.Photoelectrochemical water splitting and
photobiology are long-term options for
producing hydrogen from water using solar
energy. All these technologies are in the
development stage[1,19].

2. THERMODYNAMY AND THEORY

Kinetic scheme:
We consider that the cracking is governed only by the
chemical reaction given by Equation (1):

CH, - C(s) + 2H, 1)

The constant rate in the forward direction of the reaction
is calculated using the Arrhenius expression

_ B a—E,/RT
kf,r - ArT € (2)
Where

Ar : Pre- exponentiel factor (s?)

T: temperature (K)
B, : Temperature factor (-)

E, : Activation energy (J/kgmol)
R : Universel gas constant (J/kgmol.K#)

Carbon is considered as a solid powder. The constant rate
of progress of the chemical reaction is calculated by
applying the Arrhenius law. Assuming that reaction (1)
is of order 1 (B, =0) and according to [16], the activation

energy is equal to 147x108 J/mol and the pre-exponential
factor is equal to 1x10° s1[16]. The flow is reactive and
moreover it is inverted for geometrical reasons which
allow us to consider it turbulent despite the low Reynolds
number.

The prpperties of materials used in this study are given in
Table 1. We chose to work under high temperature and
under atmospheric pressure because these conditions
favor the cracking of methane [14].

3. CRACKING GEOMETRY AND BOUNDARY
CONDITIONS

Reactor Geometry:

The geometry of the cavity in which cracking takes place
and the chosen boundaries conditions are shown in
Figure 1. The mesh is made by mesh software “Gambit”.
The wall effect is taken into consideration. The reactor
chosen in this simulation is a cylindrical cavity in which
is placed a core containing a tubular void allowing
injection of the methane.

Figure 1. Form of the reactor assumed to be filled by the
polyphase mixture

The side opposite to the inlet of the methane is subjected
to solar radiation whereas Figure 2 shows only the
volume of the gas mixture resulting from the chemical
reaction of the cracking taking place in the reactor under
the effect of the solar heat. The problem is considered
two-dimensional. For reasons of symmetry with respect
to the axis of the cavity, the meshed surface represents
half of a longitudinal section taken along the reactor (in
dashed lines).
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Mesh surface (circled dashed)

4- Inner longitudinal walls (adiabatic):these walls
represent the limits of the reactor core so they are
considered adiabatic (no heat exchange in the radial
direction from the axis of symmetry)

c )=0

ay y=3 and 20 mm

Reactor output : no conditions imposed on the reactor
outlet

Symmetry :The flow is supposed to be independent
of the angle of rotation along the axis of
symmetry,this allowsus to reduce the mesh of 3
dimensions to a mesh of two dimensions according to
a plan of longitudinal section which is symmetrical
vis a vis the axis of rotation of the reactor.

Lateral wall (adiabatic): these walls represent the
limits of the reactor core so they are considered
adiabatic (no heat exchange in the axial direction

~N
1

Figure 2. Internal volume of the reactor occupied by the half- aT )=0
section mixture oxlx=3g0mm’
. 400 mm R
3
i‘ A ™
oy g
< 1 0X | 1] = S
—_— - E - - -— @
£ 3 ™ >‘_2_
Rimm o A -
1 /I % -
\ -/ <
e I I g ~
CH: flow 20 mm
6 >

Figure 3. Geometry of the calculation domain

Calculation domain and boundary conditions:

Figure 3 shows geometry of the calculation domain and
boundary conditions.

Where:

1- orifice ( methane inlet):orifice of methane injection
when Q =0.4 L/min

Wall subjected to solar radiation:it is assumed that
there are 3 zones, the first zone is a circle of 6mm in
diameter is subjected toflux radiation g, the second
is annular of 3mm of inner radius and 20mm of outer
radius, is subjected to flux radiation g, while the third
is also annular with 20mm inner radius and 80mm
outer radius, is subject to flux radiation g3

Outer longitudinal walls (adiabatic): the reactor is in
a very hot atmosphere, so we neglect any heat
exchange between the external walls of the reactor

and this atmosphere (a—T| )=0.
yly—gomm

2-

Flow rate :

In this simulation, we operated with a flow rate used in
the experimental work used by Flamant [14 - 15] when Q
=0.4 L/min and applying the low Reynolds K - ¢
turbulence model. A commercial calculation code
"ANSYS FLUENT" is used to simulate the cracking
phenomenon.

Firstly, 16MW/m? thermal solar radiation at the reactor
focus is used assuming that the carbon powder is
homogeneous with an average diameter of 50nm for its
particles. To choose an average diameter of 50nm, we
based on [14] when the carbon powder collected in the
filter was amorphous and the diameter of particles was in
the range 20-100 nm.

4. RESULTS AND DISCUSSION

As shown in Figure 4, at time t =5seconds most of the
methane is converted to hydrogen.At this time, the
quantity of methane injected is not important, for this
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reason, the methane is almost completely converted to

hydrogen.

Table 2 summarizes the hydrogen mass fractions
obtained by simulation while applying a maximum
radiation of 16 MW/m? to the side wall of the reactor, as

shown in Figure 4, bearing in mind that we used [11-14]
to choose values between 16 and 1 MW/m?

Outer longitudinal wall {adiabatic)

T.02e-01
B 53e-01

Detail

6. 03e-01
5. 5401 CHs
5 (=01
4 Sde-0
4.05e-01
355601
3 Ofie-01

2 56e-01
B oo

Table 2: Hydrogen mass fractions obtained at the reactor outlet

calculates each phase separately. It is clear that at the
reactor inlet, the fraction of the carbon is equal to zero
and as at t=27s, the reactor becomes entirely hot, which
allows the cracking of methane before reaching the wall
subjected to concentrated solar radiation.

Detail

|

qs = IMW/m?

gz = 5SMW/m?
q: = 16MW,/m?
gz =5MW/m?

gs = IMW/m?

Figure 4. Hz Contour in the zone for cracking a biphasic mixture at t = 5seconds

t (s) H; Fraction t(s) H. Fraction t (s) H: Fraction
4 0.99358989 12 0.91048795 20 0.90799227
5 0.98986295 13 0.90584034 21 0.91100136
6 0.97666023 14 0.90250364 22 0.91407602
7 0.96304818 15 0.90082000 23 0.91651239
8 0.95060989 16 0.9003958 24 0.91877511
9 0.93956432 17 0.9011825 25 0.9214575
10 0.92897375 18 0.9029467 26 0.92427511
11 0.91810557 19 0.90528852 27 0.92692068

Figure 5 shows the mass fraction of carbon through the
reactor at time t = 27s, knowing that ANSYS FLUENT

Outlett

CHy 3 !
= — S50

4 S0e-01

4 00001

3 50e-01

3 00e-01

Outlet 2 506-01
2 00e-01

1 50e-01

Dtail I

0.000+00

Detail

Figure 5. Contours of mass fraction of carbon — solid at time 27s
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Figure 6 summarizes the percentage of hydrogen
obtained by simulation by applying a maximum radiation
of 16MW/m? on the side wall of the reactor as shown in
Figure 4, based on work of [16-19] to select values
between 16 and 1 MW/m?2. Initially (t = 0s) the reactor is
empty, any quantity of the gas will be cracked but over
time these quantities become important and they require
more energy which influences the conversion of methane
and cracking rate decreases but it resumes when the time
goes by under the effect of the transport of energy by the
flow (see Table 1).At 27 seconds, the permanent regime
is reached. An average value of H; fraction of about 92%
is obtained.By applying the same solar concentration and
the same flow rate, Flamant [14 -15] (page 85 Table 3)
obtained a maximum cracking rate of 91.4%.

1.0 -

08 1 —055
—10s
— 155
< 06 A1 - =20s
2 21s
] —22s
L 94 23s
e « 2s
~ 255
26s
02 4 --.27s

00 T T T T
0.02 0.04 0.06 0.08

Y - Axis (outlet)inm

Figure 6. H2 mass fraction profiles obtained by simulation
between 5and 27 seconds with maximum solar
radiation of 16MW/m?

Figure 7 gives the profiles of the static temperature of the
gas phase obtained by simulation between 1 and 27
seconds along the reactor.

2000 -
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X - Axis (L1-LI1)inm

Figure 7. Profiles of the static temperature of the gas phase
obtained by simulation between 1 and 27 second
along the reactor with maximum solar radiation of
16MW/m?

Figure 8 summarizes the percentage of hydrogen
obtained by simulation while applying a maximum
radiation of 5SMW/m? on the side wall of the reactor as
shown in Figure 4, based on work of [11-16] to select
values between 5 and 1 MW/m? (gi=5MW/m?
02=2MW/m? and g3=1MW/m?). As the previous case and
initially (t = 0s) the reactor is empty, the first quantities
of methane will be cracked (between 0 and 5seconds) and
with time these quantities become important (between 10
and 40seconds) and the conversion of these
methanequantities, require more energy and therefore the
cracking rate decreases but this cracking rate resumes and
increases again from the 40" second under the effect of
the transport of energy by the flow.At time about 90
seconds the permanent regime is reached. Anaverage
value of H,fraction of about 81% is obtained.

1,0

0,9
0,8

0,7 ////_\
06 ~ —o055s

c
Sl = — 108
Q ¥
@ —20S
L.04 30S
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01 —80s
—90s
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0,02 0,03 0,04 0,05 0,06 0,07 0,08
Y Axis (outlet) in m

Figure 8. Hzmass fractions profiles obtained by simulation
between 5 and 90 seconds with maximum solar
radiation of 5SMW/m?

Figure 9 gives the profiles of the static temperature of the
gas phase obtained by simulation between 5 and 90
seconds along the reactor.

Figure 10 shows the difference in temperature along the
reactor for the mentioned cases. We chose to compare the
temperature of the two cases at the same moments (5, 10,
20 and 27 seconds). It can be seen that the temperatures
of the case where the maximum radiation is 16 MW/m?
are greater than those in which the maximum solar
radiation is 5SMW/m2.Since the reaction is endothermic,
it consumes the energy needed for cracking and the rest
of the energy is used to heat the mixture after cracking
and likewise this energy will be transported by the flow.
This explains that the energy transported in the case of
16000 suns is greater compared to the case of 5000 suns
and this explains the difference of the temperatures of the
two cases and consequently we obtain the difference in
the cracking rates as shown in the next figure (Figure 11).
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Figure 9. Profiles of the static temperature of the gas phase
obtained by simulation between 5 and 90 seconds
along the reactor (maximum solar radiation of

5MW/m?)
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Figure 10. Comparison of the static temperature profiles
obtained by simulation between 5 and 27 seconds
along the reactor

In Figure 11, it is clear that the cracking rate depends on
the solar radiation whatever the cracking time. Itis shown
that the cracking rate exceeds 90% with a maximum solar
radiation of 16MW/m? after a time of 27 seconds and this
rate does not reach 85% after a time of 90 seconds with a
maximum solar radiation of 5SMW/m?2.by applying the
same solar concentration and the same flow rate, Flamant
[14 -15(page 85 tabl 3] obtained a maximum cracking
rate of 91.4%.
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Figure 11. Comparison of the fractional profiles of the
hydrogen obtained by simulation at the reactor
outlet

CONCLUSIONS

In this paper a detailed comparative study of two phase
methane cracking using concentrated solar energy is
carried out for flow rate of methane of 0.4L/min.The
temperatures of the case where the maximum radiation is
16 MW/m? are greater than those in which the maximum
solar radiation is 5MW/m? and consequently the
difference in the cracking rates is obtained. The cracking
rate exceeds 92% with a maximum solar radiation of
16MW/m? and this rate does not reach 85% with a
maximum solar radiation of 5SMW/m2,
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ABSTRACT

This study carried out to determine the combustion properties of the sessile oak wood (Quercus petraea L.) which impregnated
with wood preservative and subjected to surface treatments. For this purpose, the samples, which were prepared from sessile oak
wood according to ASTM-E 160-50 combustion principles, impregnated with wolmanit-CB (WC) and tanalith-E (T) in accordance
with ASTM-D 1413-76 and then synthetic (St) and Water-based (wb) varnishes were applied according to ASTM-D 3023. The
combustion test was carried out in 3 stages, combustion with flame (CWF), self-combustion without flame source (CWOF) and
ember combustion stage (ECP). It was aimed to determine the combustion temperature values in CWF, CWOF and ECP stage,
weight loss, total combustion time and demolition time.

As a result, impregnation applications have increased the total combustion time to between 15-18% and reduced the demolition
period. The exact opposite results were obtained for the varnish types, the total combustion time was reduced by 19-21% and the
demolition time increased by 10-22%. In CWF stage, the highest temperature was obtained in water-based varnished samples (490
°C), the lowest in non-varnished samples (458 °C); in CWOF stage the highest temperature in water-based varnished samples (572
°C), the lowest in synthetic varnished samples (544 °C); and in ECP stage the highest temperature in non-varnished samples (306.5
°C), the lowest in the samples with the synthetic varnished (262.7 °C).

Anahtar Kelimeler: Combustion, wood, impregnation, varnish, Wolmanit-CB, Tanalith-E.

Ahsap Koruyucularin Sapsiz Mese (Quercus Petreae
L.) Agacinin Yanma Ozelliklerine Etkileri

oz

Bu calisma, ahsap koruyucu ile emprenye edilmis, Gist yiizey islemleri uygulanmig sapsiz mese (Quercus petraea L.) odununun
yanma Ozelliklerini belirlemek amaciyla yapilmistir. Bu maksatla ASTM-E 160-50 ‘ye gore hazirlanan sapsiz mese drnekleri
ASTM-D 1413-76 ‘ya gore tanalith-E ve wolmanit-CB ile emprenye edilmis, ASTM-D 3023’ e gore sentetik ve su bazli vernik ile
verniklenmistir. Yanma deneyi, alev kaynakli yanma (CWF), kendi kendine yanma (CWOF)ve kor halde yanma (ECP) olmak
lizere 3 agsamada gergeklestirilmistir. Yanma deneyi ile agirlik kaybi, toplam yanma siiresi, yikilma siiresi ve CWF, CWOF ve ECP
periyotlarindaki yanma sicaklik degerleri belirlenmesi amaglanmigtir.

Sonug olarak; emprenye uygulamalari toplam yanma siiresini %15-18 arasinda arttirmig, yikilma siiresini azaltmistir. Vernik
cesitlerin tam tersi sonuglar elde edilmis, toplam yanma siiresi %19-21 arasinda azalmis, yikilma siiresi %10-22 arasinda artmigtir.
Alev kaynakli asamasinda yanma sicakligi en yiiksek su bazli vernikli (490 °C), en diisiik vernik uygulanmayan orneklerde (458
°C), alev kaynag1 olamadan kendi kendine yanmada en yiiksek su bazli vernikte (572 °C), en diisiik sentetik vernik uygulanan
orneklerde (544 °C), kor halde yanmada en yiiksek sicaklik vernik uygulanmayan 6rneklerde (306.5 °C), en diisiik sentetik vernik
uygulanan 6rneklerde (262.7 °C) elde edilmistir.

Keywords: Yanma, aga¢, emprenye, vernik, Wolmanit-CB, Tanalith-E.
1. INTRODUCTION
Wood is a rapidly decreasing raw material source, which

physical and chemical degradation [1]. It is not only the
protective properties of wood preservatives, physical,
mechanical and chemical

is a construction material that could insulate heat and
electricity well and is esthetic, eco-friendly and light.
Despite of all its positive aspects, being an inflammable
matter restricts its areas of use.

Wood preservatives extends the serve life of the wooden

material by protecting it from fire, mechanical
weathering, weather conditions, biological hazards,

*Sorumlu Yazar (Corresponding Author)
e-posta : ssyasar@gumushane.edu.tr

effects are also being
investigated. For example in a study the compression
strengths of impregnated wood with tanalith-E was
investigated. The compression strength values were
decrease with tanalith-E to control samples [2]. There are
many ongoing researches to increase the resistance of
wood especially against combustion and the
environmental factors in the wood’s place of use [3-6].
Water-based solutions prepared from water-borne salt
like oil-based creosote, petrol solution
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pentachlorophenol and CCA, ACQ, CCB, CCP and CBA
are commonly used wood preservatives [7]. That recent
preservatives are eco-friendly and they are not harmful
for human health, also matter considerably not just their
resistance against environmental factors, their adsorption
onto wooden material and their activity level.
Environmental Protection Agency (EPA) suggested that
label changing of arsenic, pentachlorophenol and
creosote is convenient by taking assuasive precautions in
2008 [8].

Many different fire retardants developed in order to
hinder the wooden material from combustion. Romans
wet the wood with alum and vinegar and covered it with
various materials [9]. Nowadays; boron, ammonium,
phosphor and nitrogen compounds are used to prevent
wooden material and its composites from combustion
[10-19].

Normally, wood does not ignite by itself, but it can ignite
with the help of a strong heat source and it creates a self-
isolated coal layer during combustion [20]. In thermal
analysis, pyrolysis of hemicellulose and cellulose occurre
rapidly, it is founded that weight loss of hemicellulose is
mainly between 220-315 °C and weight loss of cellulose
is mainly between 315-400 °C [21]. Many different
methods like thermo gravimetric analysis (TGA), cone
calorimeter, fire spreading tests, smoke density tests and
oxygen index tests are used in order to identify the
combustion behaviors of the material [21, 22-26].

Application methods of impregnation materials affect
combustion behaviors. While examining the combustion
behaviors of Oriented Strand Board (OSB), treated with
materials like potassium, carbonate, borax and wolmanit-
CB, flaming fire is observed as 1180 secs in the samples
in which wolmanit-CB is applied with brush method
while flaming combustion observed as 587 secs in
dipping method [27].

According to the control samples in thermal analysis of
oriental beech wood impregnated with materials like
Adolit KD-5, Wolmanit CX-8 and Tanalit-E with 0.25, 1
and 4.7 concentration, all impregnation materials
decreased the maximum heat degradation while
increased the amount of residual coal [28].

Various thermal behaviors are observed after the treating
scots pine wood with fixed concentrated (4%) wood
preservatives. Samples treated with Wolmanit-CB
decreased the initial heat of weight loss during pyrolysis,
the maximum pyrolysis heat and the weight loss after
combustion in contrast with the control samples [29].

In this study, the effects of wood preservatives and
varnish on combustion behaviors of oak wood examined.
For this purpose, it was determined temperatures in the
combustion stages, weight loss, total combustion and
demolition times

2. MATERIAL AND METHOD
2.1. Material

The sessile oak wood (Quercus petraea L.), which is a
widely used tree species in furniture production, was
obtained from Trabzon province timber management
completely randomly. The wood materials selected
especially from those that did not suffer from damaged
by pests and which does not included growth defect, fiber
deterioration and knots.

Tanalith-E and Wolmanit-CB commercial wood
protectors were used as impregnation material. Tanalith-
E has a water-based copper triazole solution that does not
contain chromium and arsenic [30]. Wolmanit-CB
contains copper sulphate, potassium bichromate and
boric acid in its composition [31]. Wolmanit-CB
supplied from Emsan A.S. (Korusan) Tanalith-E from
Hemel Impregnated Products.

Solvents of synthetic resin varnishes are known to be
harmful to human health [32]. In the varnishing of the
test specimens, water based varnish and synthetic varnish
were applied according to the ASTM D-3023 principles
[33]. Marshall-Wood Art and Jansen-Aqua Compact
Lasur are used as synthetic and water based varnishes.

2.2. Method
2.2.1. Preparation of the test samples

Combustion test samples were prepared with dimensions
of 13 x 13 x 76 mm (radial x tangent x length) according
to the ASTM E 160-50 principles [34]. The samples
were waited at 20 + 2 °C before impregnation and at 65%
relative humidity until reaching constant weight (12%
moisture). Concentration amounts of impregnated
materials affect the combustion values [29]. While the
combustion properties of Wolmanit-CB and Tanalith-E
measured at different concentrations, the combustion
properties increased as the amounts of concentration
increased, and concentration over 3% was suggested for
Wolmanit-CB [35]. In this study, with the advice of the
manufacturers, the concentration amounts of Tanalith-E
and Wolmanit-CB, was determined as 2.4% and 4%. PH
value measured 9.9 for Tanalith-E and 4.3 for Wolmanit-
CB. Experiment samples were treated in a vacuum of 600
mm Hg for 30 minutes and at a pressure of 0.6 MPa for
60 minutes according to impregnation materials ASTM
D 1413 76 [36] principles.

After the impregnation procedure was applied, the
samples were kept until they reached the constant weight
at a temperature of 20 + 2 °C and 65% relative humidity
so that they could be ready for surface treatment. The
amount of varnish was determined by weighing with 0.01
sensitive scales according to the manufacturer's
recommendations. The solid amount of the varnish types
used in the study was determined as 47% in synthetic
varnish and as 33% in water-based varnish according to
TS 6035 EN 1SO 3251 [37]. After the varnishing, the
samples were kept for 15 days until they reached constant
weight.
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2.2.2. Combustion Experiments

The test pieces, which are ready after the varnishing,
were performed combustion experiments in accordance
with ASTM-E 160-50. Before the combustion, each test
group weighed to be 24 pieces and placed on the wire
stand. In Combustion With Flame (CWF) stage the
pressure gauge was set at 0.5 kg/cm?, was continued for
3 minutes, and the flame source was extinguished. After
CWF stage self-Combustion Without Flame source
(CWOF) and Ember Combustion Stage (ECP) were
carried out. The temperature changes (°C) measured in
thermometry on a regular basis for 15 seconds in CWF
and 30 seconds in the other combustion stages. During
the combustion test, temperatures of CWF, CWOF and
ECP stage, weight loss, total time of combustion and
demolition time were determined.

3. RESULTS AND DISCUSSION

The retention amount of sessile oak wood is identified as
2.4 kg/m?® for Tanalith-E while as 2.49 kg/m® for
wolmanit-CB.

3.1. Weight Loss in Combustion

Results for variance analysis of weight loss after
combustion given in Table 1.

Apart the impregnation material, all interactions turned
to be significant. According to impregnation material and
varnish type, the mean, maximum, minimum and
standard deviation values of weight loss are as shown in
Table 2.

3.2. Total Time of Combustion and Demolition Time

Results for variance analysis of the types of impregnation
material and varnish related to the total time of

Table 1. Results of variance analysis related to the changes in weight loss

Factor Degree of freedom Sum of squares Average of squares F Value P
| 2 0.665 0.332 2.586 *0.103
V 2 0.957 0.479 3.723 0.044
1+V 4 29.622 7.406 57.596 0.000
Error 18 2.314 0.129
Total 26 33.559
Table 2. Average minimum, maximum, standard deviation weight loss values
Factor Application M (%) Max (%) Min (%) SX
WC 86.26 87.56 84.65 0.34
Impregnation Material T 85.92 87.64 83.99 0.41
Ni 85.92 87.42 83.82 0.42
St 86.03 87.42 84.65 0.31
Varnish Type Wb 85.80 86.78 83.99 0.34
Nv 86.26 87.64 83.82 0.49
Table 3. Variance analysis results related to the changes in total combustion and demolition time
Factor [?egree of Sum of squares Average of F P
reedom squares Value
| 2 379940.625 189970.313 23.256 0.000
Total time of \Y 2 833287.500 416643.750 51.005 0.000
combustion I+V 4 771778.125 192944531 23.620 0.000
Error 18 147037.500 8168.750
Sum 26 2132043.750
| 2 7087.500 3543.750 2.719 *0.093
\Y 2 146559.375 73279.688 56.234 0.000
Demolition Time I+V 4 163012.500 40753.125 31.273  0.000
Error 18 23456.250 1303.125
Sum 26 340115.625

I: Impregnation Material, V: Varnish Type, P: a<0. 05, *: insignificant

2.2.3. Analysis of The Data

Data of Experiments analyzed with SPSS 20.0. statistical
evaluation program. While multiple variance analyses
(UNIVARIATE) applied, differences between groups
compared with the Duncan test.

combustion and demolition time of experimental stand
are given in Table 3

Except from the effect of impregnation material on
demolition time, all interactions are significant.
According to impregnation material and varnish type, the
mean, maximum, minimum and standard deviation
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values of the combustion periods are as shown in Table
4,

material and varnish type, the mean, maximum,
minimum and standard deviation values of the

Table 4. The mean, maximum, minimum and standard deviation of total combustion and demolition time

Factor Procedure M (sn) Max (sn) Min (sn) SX
wcC 1763 2265 1410 97.59
Impregnation Material T 1711 2310 1275 118.75
Total time of combustion NI 1490 1600 1380 26.63
St 1512 1630 1380 30.65
Varnish Type Wb 1550 1725 1275 51.82
Nv 1902 2310 1380 120.06
wC 902 1005 825 20.58
Impregnation Material T 872 1005 735 30.43
Demolition time Ni 910 1170 660 57.24
St 988 1170 885 33.35
Varnish Type Wh 887 1005 735 30.86
Nv 808 875 660 24.98

WC: Wolmanit-CB, T: Tanalith-E, Ni: Unimpregnated, St: Synthetic varnish, Wb: Water based varnish, Nv: Unvarnished, M: Mean, Min:

Minimum, Max: Maximum, Sx: Standard Error of Mean

Table 5. Results of variance analysis on temperature of combustion with flame

Factor Degree of freedom Sum of squares Average of squares F Value P

| 2 199.500 99.750 2.997 *0.075
\% 2 5301.375 2650.687 79.650 0.000
1+V 4 2586.000 646.500 19.426 0.000
Error 18 599.028 33.279

Total 26 8685.903

I: Impregnation Material, V: Varnish Type, P: a<0.05, *: insignificant

The highest total time of combustion was determined in
the unvarnished samples (1902 secs) and the lowest in
unimpregnated samples (1490 secs). The highest period
of demolition time was determined in varnished samples
(988 secs) and the lowest in unvarnished samples (808
Secs).

combustion with flame temperature are as shown in
Table 6

The highest temperature in combustion with flame was
determined in water-based varnish samples (490 °C) and
the lowest (458 °C) in unvarnished samples. Wolmanit-
CB kept temperature values highest in combustion with

Table 6. Mean minimum, maximum, standard deviation values of temperature of combustion with flame

Factor Procedure M (°C) Max(°C) Min (°C) SX
WC 474 492 453 4.56
Impregnation Material T 468 505 429 8.53
Ni 469 493 451 493
St 463 470 453 1.92
Varnish Type Wh 490 505 481 249
Nv 458 482 429 6.09

WC: Wolmanit-CB, T: Tanalith-E, Ni: Unimpregnated, St: Synthetic varnish, Wh: Water based varnish, Nv: Unvarnished, M: Mean, Min:

Minimum, Max: Maximum, Sx: Standard Error of Mean

3.3. Combustion Temperatures
3.3.1. Temperature of Combustion with Flame

The results of multiple variance analysis of the effect of
impregnation material and varnish type on combustion
with flame temperature are given in Table 5.

Except for of impregnation material, all interactions were
found to be significant. According to impregnation

808

flame.

3.3.2. The temperature of self-combustion without
flame source

The results of multiple variance analysis of the effect of
impregnation material and varnish type on self-
combustion without flame source temperature presented
in Table 7.
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Table 7. The results of variance analyses on the temperature of self-combustion without flame source

Factor Degree of freedom Sum of squares Average of squares F Value P

| 2 136.500 68.250 1.586 *0.232
Vv 2 4041.375 2020.687 46.951 0.000
1+V 4 6280.500 1570.125 36.482 0.000
Error 18 774.694 43.039

Total 26 11233.069

I: Impregnation Material, V: Varnish Type, P: 04<0.05, *: insignificant

Table 8. Mean minimum, maximum, standard deviation values of the temperature of self-combustion without flame source

Factor Procedure M (°C) Max(°C) Min (°C) SX
wcC 557 573 540 3.73

Impregnation Material T 552 599 504 10.66
Ni 557 577 532 5.14
St 544 552 532 2.28

Varnish Type Wb 572 599 559 4.57
Nv 549 577 504 8.59

WC: Wolmanit-CB, T: Tanalith-E, Ni: Unimpregnated, St: Synthetic varnish, Wh: Water based varnish, Nv:

Unvarnished, M: Mean, Min: Minimum, Max: Maximum, Sx: Standard Error of Mean

Table 9. Results of variance analysis on the temperature of ember combustion stage

Factor Degree of freedom Sum of squares Average of squares F value P

I 2 409.500 204.750 2.008 *0.163
\ 2 8715.375 4357.687 42.740 0.000
1+V 4 15651.000 3912.750 38.376 0.000
Error 18 1835.250 101.958

Total 26 26611.125

I: Impregnation Material, V: Varnish Type, P: a<0. 05, *: insignificant

Table 10. Mean minimum, maximum, standard deviation values of the temperature of ember combustion stage

Factor Procedure M (°C) Max(°C) Min (°C) SX
wcC 280.5 293 261 3.69

Impregnation Material T 289 330 269 7.78
Ni 288.5 376 235 17.02
St 262.7 277 235 4.57

Varnish Type Wb 288.7 330 257 8.33
Nv 306.5 376. 271 12.58

WC: Wolmanit-CB, T: Tanalith-E, Ni: Unimpregnated, St: Synthetic varnish, Wb: Water based varnish,
Nv:Unvarnished, M: Mean, Min: Minimum, Max: Maximum, Sx: Standard Error of Mean

Except from the effect of impregnation material, all
interactions were found to be significant. According to
impregnation material and varnish type, the mean,
maximum, minimum and standard deviation values of the
temperature self-combustion without flame source are as
shown in Table 8.

The highest temperature in the combustion without flame

source was determined in water-based varnished samples
(572 °C) and the lowest in unvarnished samples (544 °C).

3.3.3. The Temperature of Ember Combustion Stage

The results of multiply variance analysis of the effect of
impregnation material and varnish type on the
temperature of ember combustion shown in Table 9.

Except from the effect of impregnation material, all
interactions were found to be significant. The mean,
maximum, minimum and standard deviation values of the
temperature of ember combustion stage in terms of
impregnation material and varnish type are as shown in
Table 10.

The highest temperature of ember combustion stage was
determined in water-based varnished samples (306.5
°C) and the lowest temperature is in synthetic varnished
samples (262.7 °C).

The effects of the impregnation material and varnish

types on the combustion temperature are shown in Figure
1.
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Figure 1. Impact of impregnation material and varnish type on
combustion temperature

The impregnated materials showed close values at the
combustion temperatures. Synthetic varnish showed
minimum values on maximum and minimum combustion
temperatures. Waterbased varnish increased
temperatures at CWF and CWOF stage.

4. CONCLUSION

Varnish types affected weight loss and temperatures
occurring during combustion. Water based varnish the
most decreased the weight loss. The impregnation
materials raised the total time of combustion between 15-
18% and reduced the demolition time. The chemical
structure of the impregnation materials and the small size
of the test samples may have affected the combustion and
destruction times. In future studies; wood preservatives
can be tested on samples in different sizes by applying
different concentrations and pressures.

The varnish types reduced the total time of combustion
between 19-21% and raised the demolition time between
10-22% [3-6, 38]. Wolmanit-CB raised the average
temperature values in combustion with flame and
combustion without flame, kept the minimum
combustion temperatures high. Tanalith-E increased the
maximum combustion temperature value. Water based
varnish raised the average, maximum and minimum
temperature values. Wolmanit-CB increased the average
temperatures in the combustion with flame and
combustion without flame, while it reduced temperatures
of ember combustion phrase. In the case of ember
combustion phrase, varnish types reduced the
combustion temperatures. During all combustion stages
varnish types reduced temperatures and synthetic varnish
type showed the lowest temperatures. Synthetic varnish
may be recommended if varnish application is to be done
in a place where there is a risk of fire.
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ABSTRACT

Vibration behavior of a bar with variable cross-section, which its material properties vary with temperature, is investigated in this
study. In the analysis, not only theoretical solution but also numerical solution is performed for validation. The numerical analysis
is overcome by SolidWorks program based on finite element method. Four types of effects on the bar are investigated. These are
effects of temperature variation, geometric ratio, slenderness ratio and mode numbers variation. The temperature is increased from
22 °C to 250 °C. The geometric ratio is varied from 0 to -1/L at intervals of 0.25/L. The slenderness ratio is varied from 1/10 to
1/20 by increasing the length of bar from 200 mm to 400 mm. As for the mode numbers, the first three mode shapes are examined
in the analysis. The boundary condition of the bar is taken as clamped-free. According to the results, the natural frequency decreases
with increasing the temperature. The natural frequency also decreases with decreasing the slenderness ratio. But, it increases with
decreasing the geometric ratio and also increases with increasing the mode number. When the theoretical and numerical results are
examined, it is seen that the results are in harmony.

Anahtar Kelimeler: Bar, temperature, vibration, variable cross-section.

Degisken Kesitli Sicakliga Bagimli Cubugun Boyuna
Titresimi

oz

Bu ¢aligmada malzeme 6zellikleri sicaklikla degisen, degisken kesitli bir gubugun titresim davraniglar1 aragtirilmistir. Analizde,
dogrulama i¢in sadece teorik ¢oziim degil ayn1 zamanda sayisal ¢éziimde yapilmistir. Sayisal analiz, sonlu elemanlar esas alan
SolidWorks programu ile yapilmistir. Cubuga etkiyen dort tip etki aragtirilmustir. Bunlar, sicaklik degisiminin, geometrik oranin,
narinlik oraninin ve mod sayisinin degisimin etkileridir. Sicaklik 22 °C’den 250 °C’ye kadar artirilmigtir. Geometrik oran, 0.25/L
araliklarla 0’dan -1/L’ye degistirilmistir. Narinlik orani, ¢gubugun boyu 200 mm’den 400 mm’ye artirilarak, 1/10°dan 1/20’ye
degistirilmistir. Mod sayilarina gelince, analizde ilk {i¢ mod sekli incelenmistir. Cubugun sinir kosullar1 ankastre-serbest olarak
alinmugtir. Sonuglara gore sicakligin artmasiyla dogal frekans diiser. Dogal frekans, narinlik oraninin diismesiyle de diiger. Fakat
geometrik oranin diismesiyle ve mod sayisinin artmasiyla artar. Teorik ve sayisal sonuglar incelendiginde, sonuglarin uyum iginde
oldugu goriiliir.

Keywords: Cubuk, sicaklik, titresim, degiken kesit.

1. INTRODUCTION (GIRiS)

The structural elements such as bars, beams, plates, are
widely used in the engineering applications. Therefore,
many studies have been made on the vibrations of

applied the differential transform method to the axial
vibration problems of compound bars. They have showed
the accuracy, simplicity and efficiency of the differential
transform method. Ma [5] has presented a new finite

structural elements [1, 2]. Among these structural
elements, the bar element has a wide application area in
the machine and civil engineering such as mechanisms
and frame structures. Some of the studies on vibration of
the bar elements are given below.

Li [3] has studied on the free longitudinal vibration
analysis of multi-step non-uniform bars. He has reduced
the differential equations of the free longitudinal
vibrations of bars with variable distributed mass and
stiffness to Bessel’s equations and he has derived an
analytical solution to determine the longitudinal natural
frequencies and mode shapes. Bert and Zeng [4] have

*Sorumlu Yazar (Corresponding Author)
e-posta : edemir@pau.edu.tr

element formulation and algorithm for exact solutions of
undamped axial vibration problems of elastic bars. They
have determined the natural frequencies and the
associated vibration mode shapes with their iterative
procedure. Arndt et al. [6] have applied the adaptive
Generalized Finite Element Method to free longitudinal
vibration analysis of straight bars and trusses. They have
shown the efficiency and convergence of the proposed
method in vibration analysis of uniform and non-uniform
straight bars in their studies. Velasco et al. [7] have
recorded the sound wave in a cylindrical steel bar by
using a microphone and they have obtained resonance
spectrum of the bar by using a sound analysis software.
Ranjbaran et al. [8] have proposed a new method for
computation of longitudinal vibrations of multi-cracked
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bars. They have modelled the cracks by equivalent axial
springs. They have showed the accuracy, efficiency and
robustness of their method in their study. Akgoz and
Civalek [9] have investigated the longitudinal free
vibration analysis of axially functionally graded
microbars. They have used Rayleigh-Ritz solution
technique in their study. Bui et al. [10] have obtained the
optimal configurations of circular bars under free
torsional and longitudinal vibration. They have used
Pontryagin’s maximum principle in their study. II’gamov
[11] has investigated the longitudinal vibrations of a bar
with incipient transverse cracks. He has proposed a
model based on the assumption that the crack size is
small compared with the bar cross-section area. Lee et al.
[12] have proposed an enhanced spectral element model
to solve the axial vibration problems of functionally
graded bars.

As the literature survey is examined, it is seen that the
vibration analysis of bars with variable or constant cross-
section is examined with different methods. Because of
the difficulties in the calculation of natural frequency of
a bar which has variable material properties due to the
temperature, the material properties are assumed to be
constant in earlier studies. A study on the effect of the
temperature on the longitudinal vibration of the bars is
almost never encountered in the open literature. In this
study, free longitudinal vibration of a bar, which its
material properties vary with temperature is performed.
The effects of temperature, geometric ratio, slenderness
ratio and mode numbers on the natural frequency of the
bar are investigated. Moreover, the mode shapes of bar
obtained from theoretical and numerical solutions are
also given in the study.

2. MATERIAL AND GEOMETRIC PROPERTIES
OF THE BAR (CUBUGUN MALZEME VE
GEOMETRIK OZELLIKLERTI)

2.1. Geometric Properties (Geometrik Ozellikler)

An isotropic rectangular bar as shown in Figure 1 is

considered in this study. It is assumed that the width of

the bar varies along x direction.

As shown in Figure 1 that b, is the half width of the

clamped end of the bar and it is varied exponentially as

follow.

b(x) = b,e® (1)
In this equation, &is geometric ratio, and the width of the

bar is constant when the §is equal to zero. The length (L)
and the thickness (h) of the bar are taken as constant.

The boundary condition is assumed as clamped at one
end and free at other end.

Figure 1. Rectangular bar with variable cross-section
(Degisken kesili dikdortgen cubuk)

2.2. Material Properties (Malzeme Ozellikleri)

As in real life, it is assumed that the material properties
of the bar change with temperature in this study. A
Titanium alloy (Ti-6Al-4V) is preferred as bar material.
This material has high strength, and corrosion resistance
and low weight. So, this material is widely used
especially in medical and space industry [13]. Variation
of the material properties of some materials with
temperature is given by the following formula by Shen
[14].

Py =Py(P_s T~ '+ 1+ P, T+ P,T? 4+ P,T?) (2)

In this equation, Po, P.1, P1, P2 and P3 are constants
related to the material and given in Table 1. T is
temperature in Kelvin and P; is material properties.

Table 1. The constants for Ti-6Al-4V [14] (Ti-6Al-4V igin

sabitler [14])
Material
) Po P P1 P2 Ps
Properties
Young’s
modulus  122.56e+9 0 -4586e-4 0 O
[Pa]

It is assumed that the bar is affected by the thermal effect
in this study. The temperature is increased from 100 °C
to 250 °C at intervals of 50 °C. Moreover, the room
temperature (22 °C) is also taken into consideration.
Then, the Young’s modulus of the material is calculated
for each temperature value according to Equation (2).
According to the results obtained from the calculation,
the variation of the Young’s modulus with temperature is
shown in Figure 2.
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The density of bar is taken as constant since one varies
slightly with temperature and it equals to 4429 kg/m?
[13].

3. THEORETICAL
SOLUTIONS
COZUMLER)

3.1. Theoretical Solution (Teorik C6ziim)

The equation of motion of a longitudinally vibrating bar
is written as follows [15],

PAG)“ 52 = S(AWEM *Z7) ®

where u(x,t) is longitudinal displacement, p is density,
E(T) is variable Young’s modulus and it is calculated
from Equation (2) according to temperature, A(X) is
variable cross-section area and equal to multiply the
variable width by constant thickness.

The longitudinal displacement u(x,t) can be taken as
exponential function to find the natural frequency of the
bar as follows,

u(x, t) = U(x)el* (4)
where U(x) is mode shape, w is circular frequency and t
is time. Substituting Equation (4) into Equation (3),
reduces to,

AND NUMERICAL
(TEORIK  VE  SAYISAL

d?U(x) AU (x) _
74‘574—#2(](36)—0 0<x<L 5)
where

w?
=2 ©

The solution of the Equation (5) is,

0 = el FHE o (Bl )

where C; and C, are constants and determined from
boundary conditions.

Because the boundary conditions of the bar are clamped-
free, the following equations are applied to the Equation

).
U=0 at x=0 (8)
dU/dx =0 at x=1L 9

Applying these two conditions to Equation (7) yields the
following vector form.

[KI{C} = {0} (10)
By equalizing the determinant of the coefficient matrix

[K] to zero, the following characteristic equation is
obtained:

ool g A ) [ e
le%(—&\/m)Lé_ le%<—5+W>L\/m =0

2 2

(11)
Solution of the above characteristic equation yields the
natural frequencies.

Maple software is used to solve the above mathematical
equations.

3.2. Numerical Solution (Sayisal Coziim)

The numerical vibration analysis of the bar is performed
by using SolidWorks commercial program based finite
element method. The SolidWorks is a program that can
do both design and engineering calculations of structural
elements.

Firstly, the bar element is modelled in the drawing
section of the program. In order to do this, two-
dimensional wireframe bar model is drawn. The width of
the bar is drawn according to the Equation (1). The three-
dimensional model is obtained by extruding the
wireframe model along to thickness direction. Then the
simulation section of the program is run. In this section,
the solver type is selected as FFESolver from the Options
menu. Because the material properties of the bar vary
with temperature, a new material is defined in the
program according to the Section 2.2. Then the clamped-
free boundary condition is applied to the bar. Since the
program is based on the finite element method, the model
is meshed. The mesh density is selected as fine mesh. The
bar model after both meshing and analysis are given in
Figures 3 (a) and (b), respectively.

(a) after meshing

(b) after analysis

(aglama sonrast) (analiz sonrast)

Figure 3. The bar model (Cubuk model)

As an example, the element size, numbers of total nodes
and total elements of the bar with 3= -1/L are obtained as
1.84961 mm, 77411 and 51975, respectively.
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4. RESULTS AND DISCUSSION (SONUCLAR VE
TARTISMA)

In this study, the longitudinal vibration analysis of a bar
with variable cross-section is investigated. It is assumed
that the material properties of the bar vary with
temperature.

The thickness of the bar is constant and is assumed as 20
mm. The width of the clamped end of the beam (2b,) is
also constant and is also assumed as 20 mm. But the
width of the bar is decreasing towards the free end
according to the Equation (1). The geometric ratio of the
bar ¢ is varied from 0 to -1/L (=-1/200) with 0.25/L. In
order to see the effects of slenderness ratio, the length of
the beam is varied from 200 mm to 400 mm at intervals
of 50 mm. Five models for geometric ratio and five
models for slenderness ratio are examined in the study.

The abovementioned dimensions of clamped end of the
bar are summarized in Table 2.

Table 2. The dimensions of clamped end of the bar (Cubugun
ankastre ucunun boyutlari)

Length Width Thickness
(D[mm]  (2bo)[mm]  (h)[mm]
Values 200 20 20

The boundary condition of the bar is assumed as
clamped-free. Furthermore, as for the temperature which
affected the bar, it is increased from 22 °C to 250 °C.
Moreover, first three mode shapes are taken into
consideration for natural frequencies.

Both theoretical and numerical calculations have been
made to see these effects. It can be seen from the results
that the numerical and the theoretical results are in good
agreement. The above mentioned effects are explained in
detail below.

4.1 The Effects of Temperature (Sicakligin Etkileri)

In order to see the effects of temperature on the natural
frequency of the bar with variable cross-section, the
geometric and the slenderness ratios are taken -0.25/L (=
-0.25/200) and 1/10, respectively. The results obtained
from theoretical solution are compared with those
obtained from numerical solution in Figure 4.

6500
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—@— - Numerical-Model

= 6400

= 6350 -
-

2

£ 6300 -
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g 6250 4
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3 6150 -
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6050 -
6000

0 50 100 150 200 250
Temperature [°C]

Figure 4. The effect of temperature on natural frequency
(Dogal frekans iizerine sicakligin etkisi)

It can be seen from Figure 4 that the natural frequency of
the bar with variable cross-section (8=0.25) decreases
with increasing the temperature. It is also seen that this
decline is about linear. When the natural frequencies
obtained at room temperature and 250 °C are compared,
the difference is almost 400 Hz. Therefore, it is clear that
the effect of temperature on the material properties must
be taken into account in vibration calculations. However,
in literature, it is generally assumed that the material
properties do not change with temperature in the
vibration calculations.

When the theoretical and numerical results are examined,
it is seen that the results are in harmony.

4.2 The Effects of Geometric Ratio (Geometrik Oranin

Etkileri)

The variation of the natural frequency of the bar with
geometric ratio is represented in Figure 5. In this figure,
the temperature and the slenderness ratio are taken 22 °C,
1/10, respectively,

7600

7400 {4 | —*— Theoretical-Model

—@— - Numerical-Model

o 9 2
® =
e & o
e & o

6600

Natural Frequency [Hz|

6400

0 -0.25/L. -0.5/L -0.75/L. -1/L
Geometric Ratio (8)

Figure 5. The effect of geometric ratio on natural frequency
(Dogal frekans iizerine geometric oranin etkisi)

The geometric ratio of the bar is varied from 0 to -1/L (=-
1/200) with 0.25/L. This means that the width of the free
end of the bar is gradually decreased. But width of the
clamped end of the bar is always taken as constant. When
d is equal to zero, the cross-sectional area of the bar does
not change. It can be seen from the figure that the natural
frequency of the bar increases gradually with decreasing
the width of the free end of the bar. If high natural
frequency is desired, it is more advantageous to use the
narrowing bar. Another advantage of the narrowing bar
is that less material is used in the bar. The theoretical and
numerical results are shown in Figure 5, and they are also
in good agreement.

4.3 The Effects of Slenderness Ratio (Narinlik Oraninin
Etkileri)

The ratio of the width to the length of the bar is defined
as slenderness ratio in this study. To see the effect of
slenderness ratio of the bar, it is taken 1/10, 1/12.5, 1/15,
1/17.5 and 1/20. In order to get these ratios, the length of
the bar is increased from 200 mm to 400 mm at intervals
of 50 mm while the width was fixed at 20 mm. The
geometric ratio is 0 and the temperature is 22 °C. The
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variation of the natural frequency of the bar with
slenderness ratio is shown in Figure 6.

—=&— Theoretical-Model
—@= - Numerical-Model

2
z

4500

Natural Frequency [Hz|

1/10 1/12.5 115 1/17.5 1/20
Slenderness Ratio (b/L)

Figure 6. The effect of slenderness ratio on natural frequency
(Dogal frekans iizerine narinlik oranin etkisi)

It can be seen from the Figure 6 that the natural frequency
of the bar decreases with decreasing the slenderness ratio.
It can also seen from the figure that the curve decreases
exponentially. In the other words, the natural frequency
decreases with increasing the length of the bar.

4.4 The Effects of Variation in Mode Numbers (Mod
Sayilarindaki Degisimin Etkileri)

The first three mode shapes are taken into consideration
in the study. The normalized mode shapes of the bar with
uniform cross-section are given in Figure 7.
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Plot type: Frequency e6

Mode Shape : 6 Value = 61317 Hr
Deformation scale: 0,00640145

-
Figure 8. First mode shape (Birinci mod sekli)
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Figure 9. Second mode shape (ikinci mod sekli)
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Figure 7. Mode shapes of the bar (Cubugun mod sekilleri)

These three longitudinal mode shapes are also obtained
from SolidWorks program and given in Figures 8, 9 and
10. It can be seen from the Figure 7 that there is only one
peak in the curve of Mode 1. But, there are one peak and
one trough in the curve of Mode 2. As for the curve of
Mode 3, there are two peaks and one trough in it. The
SolidWorks results shown in Figures 8-10 are supported
the graph shown in Figure 7.
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According to the results obtained from Figures 7-10, the
results obtained from SolidWorks are in agreement with
the theoretical results.

Moreover, the variation of the natural frequency of the
bar with mode numbers is depicted in Figure 11.

35000

—@— Theoretical
30000

—@— Numerical

25000
20000
15000

10000

Natural Frequency [Hz]

5000

1 2 3
Mode Number

Figure 11. The effect of mode number on natural frequency
(Dogal frekans iizerine mod sayisinin etkisi)

In this figure, the geometric and the slenderness ratios of
the bar are taken 0 and 1/10, respectively. Besides, the
temperature is taken as 22 °C. As expected, the natural
frequency increases gradually with increasing the mode
number. It can be seen in the figure that the difference is
very large when the results obtained for modes 1 and 3
are compared. Moreover, this increase appears to be
almost linear.

In addition to Figure 11, Figure 12 shows the effect of
temperature on the natural frequency as well as the
number of modes.
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Figure 12. The effects of temperature and mode number on
natural frequency (Dogal frekans iizerine sicaklik
ve mod sayisinin etkileri)

In this figure, the geometric and the slenderness ratios of
the bar are taken as 0 and 1/10, respectively. As
mentioned before (in Section 4.1), the natural frequency
of the bar decreases with increasing the temperature. But,
it is seen in Figure 12 that this decrease is more for Mode
3. This means that the effect of temperature on natural
frequency increases with increasing the number of
modes.

The increase in natural frequency with the increase in the
number of modes is also seen in Figure 12 similar to
Figure 11.

5. CONCLUSIONS (SONUCLAR)

The theoretical free axial vibration analysis of the
temperature dependent bar with variable cross-section is
investigated in this study. Furthermore, the results
obtained theoretical solutions are supported by those
obtained from the SolidWorks program. The effects of
temperature, geometric and slenderness ratios and mode
numbers on the natural frequency of the bar are studied
and the following conclusions are drawn from the study.

e  The natural frequency of the bar decreases with
increasing the temperature.

e  The natural frequency of the bar increases as the
section of the bar narrows.

e  The natural frequency of the bar decreases with
decreasing the slenderness ratio.

e The natural frequency increases gradually with
increasing the mode number and this increase is
linear.
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oz
Bu calismada, gaz yakici cihazlardaki atik 1s1 enerjisinden faydalanmak amaci ile bir termoelektrik baca sistemi tasarlanmig ve
sistemin teorik analizi yapilmistir. Tasarlanan sistem; hermetik kombilerdeki atik 1s1 enerjisinden elektrik enerjisi elde edilmesinde
kullanilacaktir. Kalorifer konumunda hesaplamalar -20 °C ile +20 °C dis hava sicakliklar1 arasinda 5 °C lik degisimlere gore ve
kalorifer suyu sicakligiise 35 °C ile 85 °C arasinda 5 °C araliklarla hesaplanmistir. Kullanim suyu konumunda ise, dis hava sicaklig
ise -20 °C ile 35 °C arasinda 5 °C lik degisimlere gore ve kullanim suyu sicakligi ise 35 °C ile 65 °C arasinda 5 °C araliklarla
hesaplanmustir. Kalorifer konumunda, en diisiik gii¢ degeri dis hava sicakligi 20 °C ve kalorifer suyu sicakligi 35 °C’de iken 57,83
W ve en yiiksek gii¢ degeri dis hava sicakligi -20 °C ve kalorifer suyu sicakligr 85 °C’de ise 273,6 W olarak hesaplanmigtir.
Kullanim suyu konumunda ise; en diisiik gii¢ degeri dis hava sicakligi 35 °C ve kullanim suyu sicakligi 35 °C’de iken 31,19 W ve
en yiiksek gii¢ degeri dis hava sicakligi -20 °C ve kullanim suyu sicakligi 65 °C’de ise 273,6 W olarak hesaplanmustir. Dig hava
sicakliginin azalmasi, kalorifer ve kullanim suyu sicakliginin artmasina baglh olarak atik gaz sicakliginin yiikselmesi ile elde edilen

giic miktarinin arttig1 gdzlemlenmistir.
Anahtar Kelimeler: Hermetik gaz yakici cihaz, atik 1s1, elektrik enerjisi, iiretim

The Conversion to Electric Energy of Waste Heat
Enegy in Hermetic Gas Burning Devices

ABSTRACT

In this study, to use waste heat of combi boilers thermoelectric generators mounted in flue part of the system and theoretical analysis
of the system was done. The designed system will be used to generate electrical energy from waste heat in hermetic combi boilers.
Calculations were done in boiler heating mode at outside air temperatures rage of -20 °C and +20 °C with 5 °C variations and
heating water temperature is in range of 35-85 °C with 5 °C variations. In hot water heating mode, calculations were done in outside
air temperatures range of -20 °C and +35 °C with 5 °C variations and heated water temperature is in range of 35-65 °C with 5 °C
variations. In boiler heating mode, the lowest power value was calculated as 57,83 W at 20 °C outside air temperature and heater
temperature of 35 °C, and the highest power value was calculated as 273,6 W at -20 °C outside air temperature and heater
temperature of 85 °C. In hot water heating mode, the lowest power value was calculated as 31,19 W at at 35 °C outside air
temperature and supplying hot water temperature of 35 °C, and the highest power value was calculated as 273,6 W at -20 °C outside
air temperature and supplying hot water temperature of 65 °C. By decreasing outside air temperature, depending on the increase in
temperature of the heater and supplying hot water, it has been observed that the amount of obtained power increased by increasing
the flue gas temperature.

Keywords: Hermetic combi boilers, waste heat, electrical energy, generate.

1. GIRiS (INTRODUCTION)

Diinya enerji ihtiyaci; hizli nifus artig, sanayideki
gelismeler, kaynaklarin plansiz kullanilmasi ve benzeri
sebeplerden dolay: hizla artmaktadir. Enerji tiiketiminin
artmasina paralel olarak insanlarin maden ve enerji

(milyon ton esdeger petrol) olmustur. Diinya birincil
enerji ihtiyacini karsilamada, petrol kullanimi % 31,7°1ik
pay ile birinci sirada yer almaktadir. Petrolii; % 28,1’ luk
pay ile komiir, % 21,6’lik pay ile dogal gaz takip
etmektedir. Diger enerji kaynaklari ise jeotermal, giines,

kaynaklarina olan talebi de artmustir [1, 2]. Kullanim
artarak devam eden komiir, petrol ve dogalgaz tiikketimi

CO; yayilimini arttirmakta olup sera etkisine ve kiiresel
1sinmaya neden olmaktadir [3]. Diinya enerji ihtiyacinin
bliyik kismimi saglayan birincil enerji kaynaklarinin
2017 y1l1 verilerine gore kullanim miktar1 13647 MTEP

*Sorumlu Yazar (Corresponding Author)
e-posta : halilv@gazi.edu.tr

riizgar ve 1s1 enerjisi kaynaklaridir [4].

Fosil yakitlarin alternatifi olan yenilenebilir enerji
kaynaklari;  giines enerjisi, riizgar enerjisi,  jeotermal
enerji, hidrolik enerji, biokiitle enerjisi, dalga enerjisi,
gel-git enerjisi ve hidrojen enerjisi olarak siralanabilir
[1]. Yenilenebilir enerji iiretimi; yiiksek maliyetli olmas,
bakim onarim gerektirmesi ve verimlerinin diisiik olmas1
nedeniyle kisith olarak kullanilmaktadir. Ayrica tiim
enerji iretim sistemlerinde oldugu gibi yenilenebilir
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enerji sistemleri de genellikle yerlesim yerlerinin diginda
kurulmakta ve {retilen enerjinin bir kismi son
kullanicilara ulastirilirken iletim — dagitim hatlarinda
kaybolmaktadir.

Termoelektrik enerji tiretim sistemleri; sicaklik farkindan
elektrik enerjisi liretiminde (uzay araglari, otomobiller,
jeotermal kaynaklar vb.) 1s1 enerjisinin mevcut oldugu
yerlerde kullanilabilen, uzun émiirlii ve bakim-onarima
ihtiya¢ duymayan sistemlerdir. Gaz yakici1 cihazlarda
fosil gaz yakitlarin yanmasi ile 1s1 enerjisi aciga
citkmaktadir. Ortaya ¢ikan 1s1 enerjisinin biiyiik kismi1 ana
esanjor vasitastyla kalorifer veya kullanim suyunun
sitilmast igin kullanilmakta, kullanilmayan 1s1 enerjisi
ise baca gazlari ile atmosfere atilmaktadir.

Yenilenebilir enerji sistemleri ile kiyaslandiginda,
termoelektrik  enerji  iiretiminin  birgok  avantaji
bulunmaktadir. Riizgar enerjisi, jeotermal enerji, hidrolik
enerji ile biokiitle enerjisinden belirli bdolgelerde
yararlanilmakta ve iretilen enerji iletim dagitim hatlari
ile kilometrelerce uzaga tasinmaktadir. Giines panelleri
ile enerji tretiminde ¢ok fazla ylizey alanina gereksinim
duyulmakta ve giinesten giiniin belirli bdoliimlerinde
yararlanildigi  igin  yiiksek  maliyetli depolama
sistemlerine gereksinim duyulmaktadir. Ayrica bu
sistemler periyodik bakim onarim ve temizlik
gerektirmektedir. Termoelektrik sistemler ise bakim
onarim gerektirmezler ve termodinamik sistemlerin
kullanilamadig: yerlerde kullanilabilirler.

Fosil yakitlarin yanmasi ile ¢aligan sistemlerde; sistemin
tasarimina gore elde edilen 1s1 enerjisinin bir kismi sistem
tarafindan kullanilmakta, bir kismi ise baca gazlari ile
kullanilmadan ¢evreye atilmaktadir [5]. Cevreye atilan
1s1 enerjisinin geri kazanimi sistemlerin  verimini
arttiracak; buna bagli olarak enerji tasarrufu saglanacak
[6], yakit tiketimi azaltilacaktir [7]. Giiniimiizde
enerjinin biiylik ¢ogunlugu simirlt rezervlere sahip fosil
yakitlardan saglandigindan, bu kaynaklarin verimli
kullanilmas1 bakimindan atik 1silarin geri kazanim
olduk¢a  Onemlidir [8]. Konvansiyonel ve
kondenzasyonlu olarak ikiye ayrilan kombilerin 1sil
verim degerleri; gliniimiiz teknolojisinde konvansiyonel
olanlarda % 80’in, kondenzasyonlu kombilerde % 90’1n
iizerindedir [9]. Enerji kaybinin biyiikk kismi ise
kullanilmadan c¢evreye atilan sicak baca gazlarindan
kaynaklanmakta, atik 1sinin farkli bigimlerde geri
kazanimi saglanmaktadir. Giiniimiiz teknolojisinde atik
isinin bir kismu termoelektrik jeneratorler (TEJ) ile
elektrik enerjisine doniistiiriilerek, elektrik ihtiyaci
sebekeden bagimsiz olarak karsilanabilir.

Adavbiele 2013 yilinda, benzinli bir motorun atik 1s1
enerjisinin performans ve fizibilitesini degerlendirmek
amactyla, {i¢ egzoz gazina dayali TEJ ve bir su sogutucu
temelli TEJ kullanmistir. Geri doniigiimsiizliiklerin
yiiksek olmasi nedeniyle TEJ'lerin toplam verimliligin
diisiik olmasina ragmen, TEJ'lerin ¢ikis giiclinii motor
atik 1sisindan elde edilebilen bir elektrik diizeyi
olugturmustur. Genel verimlilik yalmzca % 2,18 iken,
kazanilan enerjinin kalitesini artirmak amaciyla motorun

atik 1sidan elektrik enerjisi iiretmek i¢in hala ¢ok fazla
alana sahip olundugunu ve TEJ'lerin sera gazi
azaltilmasindaki roliiniin kiiresel iklim semasinda c¢ok
onemli olabilecegini belirtmistir [10]. Baskar ve
arkadaslar1 2014 yilinda, atik 1s1 geri kazanim sisteminin
iki zamanli bir benzinli motora uyarlanmasinin
fizibilitesini incelemeyi amaglamiglardir. Birlestirilmis
1s1 ve gii¢ sisteminin gii¢ ve 1s1 Uiretimi i¢in karbondioksit
(COy), kiikiirt dioksit (SO;) ve azot oksitler (NOy)
emisyonunda azalma gibi yararlar sagladigin
belirtmislerdir. Deneysel performans testi, atik 1s1 geri
kazanim sistemi ile birlikte ve atik 1s1 geri kazanim
sistemi olmadan, iki kez c¢alistirilan benzinli motorun
genel verimliliginin sirasiyla % 29,67 ve % 29,2
oldugunu, gii¢c miktarnin 90 W oldugunu ortaya
koymuslardir. Bu deneysel calisma ile yakit tiikketiminin
% 4 oraninda azaldiginin gézlemlendigini ve atik 1s1 geri
kazanim sisteminin ¢esitli proses endiistrilerinde bosa
harcanmis enerjiyi kullanmak i¢in daha verimli oldugunu
ortaya koymuslardir [11]. Kilig 2010 yilinda, enerji
mimarh@1 ¢ergevesinde yaptigi bir deney diizenegiyle
binlerce bacadan atik olarak ¢ikan baca gazinin
olusturdugu hava Kirliliginin olumsuz etkisini, olusan
baca 1sisindan hibrit enerji elde ederek olumlu ydne
cevirmeyi amacglamistir. Termoelektrik jeneratoriin iki
ylizeyi arasinda sicaklik farki olusturmak icin bir
yilizeyinde bacadan gelen atik 1s1, diger yiizeyinde ise
cevre havasi ve sogutma suyu dongiisii kullanmistir.
Yapmig oldugu calisma sonunda, toplam faydanin
rakamsal degerinin % 12,2 oldugu sistemde, herhangi bir
1s1 kayb1 olmaksizin yapinin sicak su ve elektrik enerjisi
ihtiyacinin  verimli  bir sekilde karsilanabilecegini
belirtmistir [12]. Ozkaymak ve arkadaslar1 2014 yilinda,
termoelektrik jeneratorler kullanarak bir deney seti
olusturmuslar ve jeneratoriin sicak tutulmasi gereken
yiizeyini soba borusunda iiretilen atik gaz yoluyla 1sitarak
ve soguk olan yiizeyi ise iizerinden su gegirip sogutarak
sicaklik farki ile elektrik iiretimi saglamiglar. Yaptiklart
Olgtimlerde debinin sifir oldugu diizeyde 5,11 Volt ve
0,92 Amper {retirken, termoelektrik jeneratoriin
performansinin debinin artirilmasiyla arttigini ve debinin
0,083 It/s oldugu anda 8,69 Volt ve 1,45 Amper’lik
performans elde ettiklerini belirtmislerdir [13]. Kumar ve
arkadaslari, termoelektrik jeneratdrlerin performansini
incelemek icin egzoz gazi ile motor sogutma sivisi
arasindaki sicaklik farkina goére segtikleri 18 adet
termoelektrik jeneratér modiilii bulunan bir 1s1 esanjorii
tasarlamiglar ve farkli motor ¢alisma kosullarinda motor
test cihazinda test etmislerdir. Is1 esanjorlerinin cesitli
tasarimlar1  bilgisayar destekli tasarim program
kullanarak modellemisler ve analiz, akig, 1s1 aktarim
ozelliklerini  incelemiglerdir. TEJ’in gii¢ {iretim
verimliligini en {ist diizeye ¢ikartmak i¢in sicak ve soguk
ylizey arasinda biiyiik sicaklik farkliligt saglanmasi
gerektigini, ¢aligmanin ayn1 zamanda enjektor
egzozunda verimli bir sekilde uygulanabilecegini ve
yakin gelecekte termoelektrik jeneratorlerin alternatoriin
boyutunu azaltabilecegini veya otomobillerde alternatorii
ortadan kaldirabilecegini ortaya koymuslardir [14].
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Jadhao ve Thombare 2013 yilindaki ¢calismalarinda, igten
yanmali motorun atik 1s1sinin egzoz gazi enerjisi ile kaybi
aciklamis, igten yanmali motorlardan atik 1sinin geri
kazanilmast i¢in olast yOontemleri ve igten yanmali
motorun performansini ve emisyonlarini incelemis, atik
181 geri kazanim sisteminin atik 1s1y1 geri kazanmanin ve
yakit tasarrufu yapmanin en iyi yolu oldugunu
belirtilmislerdir. Atik 1s1 geri kazanim teknolojilerinin
kullanimu ile biiyiik enerji tasarrufu potansiyeli oldugunu
ifade etmislerdir. Egzoz gazi atik 1s1 geri kazanim ve
mekanik gii¢ doniisiimiiniin Rankine, Stirling ve Brayton
gibi termodinamik dongiiler ve buhar emme yardimu ile
miimkiin  oldugunu, atik 1s1 geri kazanimi igin
termoelektrik jeneratdrlerin diisiik verimlilikle diistik 1s1
kullandigini, termal verimlilikte ve emisyonda azalmada
ayni miktarda artis i¢in faydali oldugunu belirlemislerdir
[15].

Literatiirdeki calismalar, TEJ’ler vasitasiyla motor atik
1s1 enerjisinden elektrik elde etme ve cevresel etkileri
iizerinedir. Yapilan ¢alismanin diger ¢caligmalardan farki,
konvansiyonel gaz yakici cihazlarin atik 1s1 enerjisinden
faydalanilarak TEJ’ler vasitasiyla gaz yakici cihazin
ihtiyact olan elektrik enerjisini saglamak, atik gaz
sicakligint diistirerek ¢evresel etkilerini azaltmak ve
lilkemizin fosil gaz yakitta dis ilkelere bagimliligim
azaltmak tlizerinedir.

Bu calismada, Hermetik tip kombilerin baca borusundan
atmosfere atilan atik 1s1 enerjisi kullanilarak TEJ’ler
vasitastyla elektrik enerjisi iiretecek, atmosfere atilan 1s1
enerjisinin sicakligini diigiirecek ve gaz yakici cihazin
ihtiyaci olan elektrik enerjisini saglayacak Termoelektrik
Baca Sistemi tasarlanmustir. Fosil yakatlar ile santrallerde
elektrik enerjisi tretiminde ¢evreye CO; salindigi
bilinmektedir. Tasarlanan sistemde; sadece 1sitma amagh
kullanilan birim yakittan ayni1 zamanda elektrik enerjisi
de iiretilecegi icin gaz yakici cihazin enerji verimliliginin
artacag ve ihtiya¢ duyulan elektrik enerjisinin bir kismi
santraller yerine atik gazdan saglanacagindan CO;
salinim miktarinin diigecegi 6ngoriilmektedir.

2. TEORIK ANALIiZ (THEORETICAL ANALYSIS)

Termoelektrik jeneratorlerin soguk yiizey sicakligi (T¢),
sicak ylizey sicakligi (Th), maksimum giicii (Pmax) gibi
parametreleri ticari olarak {iretimde bulunan firmalar
tarafindan belirtilir. Maksimum giiciin elde edilmesinde
termoelektrik jenerator i¢ direnci (R), yiik direnci (Ry)
olmak tizere, yiik karsilagsmasindaki (R.=R) yiik gerilimi
(Vmax=VR) ve maksimum verimlilik (\max) olacaktir. Bu
degerler kullanilarak devrenin elektriksel parametreleri
hesaplanabilir. Bir termoelektrik jeneratoriin verimliligin
yiikksek olmasinda; Seebeck sabitinin (o) biiyiik,
elektriksel direng (R) ve termal iletkenligin («kw) disik
degerde olmasi etkilidir. Termoelektrik jeneratorlerde
kalite faktorii Esitlik — 1 ile hesaplanir [16,17].

aZ

Z= 1)

- R.K¢p

Termoelektrik jeneratoriin elektrik direnci (R) Esitlik — 2
ile hesaplanir.
Vzmax
R = RL = m (2)
TEJ’in verimliligi yiike bagli olarak degisir. Yik direnci
(Ri=m.R) oldugu varsayilir. Burada (m) yiik direncinin
i¢ dirence oramdir. Akim denklemi ise Esitlik — 3 ile
belirlenir.
o AT
=GR @)
Termoelektrik jeneratoriin - verimliligi elektrik giic
cikisinin sicak ylizeye uygulanan termal gili¢ girisine
oranidir ve Esitlik — 4 ile bulunabilir.
2Ry,

= 4)
Termoelektrik jeneratdriin termal iletkenligi Esitlik — 5
ile hesaplanir [16,17].

az

Kin = 1% (5)
Sekil 1°de basit bir mikro modiil — termo gift
modellenmigtir. Giig {iretimi ve sogutma amach

kullanilan termoelektrik modiiller ¢ok sayida termo ¢iftin
birlestirilmesiyle olusturulmaktadir. Sekil 1°de termo
¢iftin 151 kaynagi olan yiizeyine (Th), soguk yiizeyine (T¢)
sicakliklarinin uygulandigi gorilmektedir. Burada Th
sicakligi, T¢sicakligindan biiyiik oldugundan devrede bir
I akimi1 meydana gelmektedir.

Th

- o7 Te

(Akim)

Sekil 1. Basit bir termo ¢ift kat1 modellemesi (A simple solid
modeling thermocouple)

Termo ¢iftte, R yilikii olmadan A ve B noktalar
arasindaki olgiilen acik devre gerilimi; V=a.AT formiilii
ile hesaplanir. Termo ¢iftin uglarina bir yik
baglandiginda ise yiikten gegen akim Egitlik — 6 ile
belirlenir.
o AT
"~ (RcRL) ©)
Termoelektrik mikro modiile toplam 1s1 (Qh) girisi
Esitlik — 7 kullanilarak hesaplanir.

Qn = . Tyl = 5. 1% R, + K. AT @)
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Tam bir modiil bir sira termoelektrik mikro modiilden
meydana geldiginden, gergek bir modiile ait jenerator
cikis gerilimi Esitlik — 8 kullanilarak hesaplanir.

V, = ay. AT = 1. (Ry.RL) (8)
Ortalama modiil sicakligi Esitlik — 9 yardimiyla
belirlenir.

Th+Te
Tavg =1 h: ) 9)
Modiiliin gii¢ ¢ikis1 (Po), Esitlik — 10 ile hesaplanur.

P, = R,.[(ay.AT)/(Rm.Rp) 7 (10)
Sonug olarak, termoelektrik jeneratorlerin biiylik bir
kismu elektriksel olarak seri, paralel veya seri - paralel
diizende bagli olan ¢ok sayida bireysel modiilden
olugsmaktadir. Bir termoelektrik jeneratoriin i¢ yapist
Sekil 2°de goriildiigii gibi Pn adet paralel ve her paralel
kolda Sn adet seri modiiliin birlesimimden meydana
gelmektedir [17].

| [ [
S1
T
|
) : Vo %R
T |
| |
| |
Sn | |
| |
| L

Sekil 2. Basit bir termo ¢iftin seri ve/veya paralel baglanti
sekli (A simple thermocouple series and / or parallel
connection type)

3. MATERYAL VE METOD (MATERIALS and
METHOD)

Hermetik kombinin atik gaz 1s1 enerjisini TEJ’ler
vasitasiyla elektrik enerjisine doniistiirecek
Termoelektrik Baca Sistemi tasarlanmistir. Tasarlanan
Termoelektrik Baca Sistemi i¢in bundan sonraki
boliimlerde TBS sembolii kullanilacaktir.

Hermetik kombilerin i¢ baca borusu 1s1 iletim katsayisi
yiiksek olan aliiminyumdan iretilmektedir. Mevcut
hermetik kombilerin i¢ baca borusu aliiminyumdan ve
silindirik olarak imal edilmektedir. Standart i¢ baca
borusuna TEJ’ler monte edilemeyeceginden besgen
olarak tasarlanmistir. Besgen baca borusunun geometrik
sekli standart baca borusundan farklidir. Bu nedenle
besgen baca borusunun kombiye montaji igin giris ve
¢ikis kisimlart 6 cm ¢apinda standart baca borusuna
doniistiirilmistir.  Sekil 3’te tasarlanmis i¢ baca
borusunun modellenmis hali goriilmektedir.

Sekil 3. TBS i¢ baca borusunun modellenmis goriintiisii
(Modeled image of TBS interior chimney pipe)

Hermetik kombilerin i¢ baca borusu yanma igin gerekli
oksijeni atmosferden fan vasitasiyla alirken atik gazin
s1sindan faydalanarak yanma odasina isinarak girer. Bu
nedenle, TBS i¢ baca borusu besgen olarak TEJ
boyutlarina gore 4x40 cm olgiilerinde tasarlanmis olup,
I¢ baca borusuna TEJ’lerin montaj detay gériintiisii Sekil
4’teki gibi modellenmistir.

Sekil 4. Tasarlanan TBS i¢ baca borusuna TEJ’lerin montaj
detay1 (Installation details of TEJs for the designed
TBS chimney pipe)

Tasarimu yapilan sisteme ait sematik goriinim Sekil 5’te
goriilmektedir. Tasarlanan sistemde gaz yakici cihaz atik
1st sicakligl dikkate alinarak 24 kW giiciinde Baymak
marka Luna 3 model hermetik tip kombiye gore
tasarlanmugtir.

824



HERMETIK GAZ YAKICI CIHAZLARDAKI ATIK ISI ENERJISININ ELEKTRIK ENERJISINE... Politeknik Dergisi, 2018; 21 (4) : 821-830

T
P
(72
| DA
Ti R

(~]

Tb AA
HERMETIK SICAKLK SEBEKE
KOMBI OLCUM
CIHAZI
1 : Dig Hava Sensori
;ulla.:lgn w-l- 123 2 : Oda Termostasti
‘mk Y |'s Vg : TEJlerin toplam gikig gerilimi
Gkt ) —/ P\ Kullamm Soguk Su Gigi I : TEJlerin toplam gikig akimi
T0 : Ortam Sicakhgi
Gaz Girigl T1: Atk Gaz Ik Gikig Sicakligi
T T2 : Auk Gaz Son Cikig Sicakligi
7 T3 : Taze Hava lik Girs Sicakiys
TB T4 : Taze Hava Son Girig Sicakiigi

Gidig Kolleklorh
o T5 : Kullanim Sicak Su Sicakliji

T6 : Kullanim Soguk Su Sicakligi

T 7 : Isitma Suyu Gidig Sicakiig

| T8 : Isitma Suyu Don0g Sicakiig

Radyator 1 Radyator 2
b DI
| J
— -

Sekil 5. Tasarlanan sistemin sematik goriinimii (Schematic
view of the designed system)

Elektrik sebekesi, gii¢ tiretim sistemi, depolama birimi,
DA-DA konvertéor ve DA-AA invertér -elektriksel
baglantis1 Sekil 3.3’te goriildiigii gibi tasarlanmustir.
Tasarlanan sistem, 5 ana boliimden olusmaktadir. Bu
boliimler; gaz yakici cihazdan elde edilen dogru akimi
(DA) akii Tinitesine uygun hale getiren DA-DA
konvertor, elde edilen enerjinin depolandig1 akii {initesi,
depolanan enerjinin gaz yakici cihazin ihtiyag duydugu
gerilim sekli olan alternatif akima (AA) donistiiriilmesi
i¢cin kullanilan DA-AA invertér, TBS’den elde edilen
enerjinin yetersiz kalabilecegi ve enerji retiminde
herhangi bir ariza olabilmesi durumlar1 géz Oniinde
bulundurularak AA sebekeden olusmaktadir.

Sistemden elde edilen akim ve gerilim degerlerinin
Ol¢iilmesi igin dijital avometre kullanilacaktir. Atik gaz
sicakligi ve temiz hava sicakligimin Slgiilmesi i¢in 16
kanall1 Elimko E-680 model sicaklik 6lgiim cihazi ve
sicaklik 6lglimiinde kullanilacak Termokupllar ise PT
100 RTD tiptir. PT 100 RTD tip Termokupl’a ait teknik
ozellikler Cizelge 1°de goriilmektedir.

Cizelge 1. PT 100 RTD Ozellikleri (PT 100 RTD Features)
-50 ~ 400 °C (-58 ~ 752 °F )

Olgiim araligi

Kablo uzunlugu 2 metre
Prob uzunlugu 98 mm
Prob ¢ap1 5mm
Sonda malzeme Paslanmaz

Tasarlanan TBS’de kullanilacak Tecteg firmasinin
TEG2-07025HT-SS model termoelektrik jeneratoriine
ait sicaklik farkina bagh gii¢ degerleri Cizelge 2’de
verilmistir. Modiiliin yiizeyleri arasinda sicaklik farki
olustugunda, uclarinda DC akim meydana gelmektedir.
Modiil maksimum 190 °C sicakliga dayanabilmektedir.
Cizelge 2. TEG2-07025HT-SS modiiliin gesitli sicaklik
farklarinda gii¢ degerleri (Power values of

TEG2-07025HT-SS  module at  various
temperature differences)
Sicaklik Esdeger Esdeger Maksimum

Farki Gerilim Akim Gii¢
(9] () A w)
50 0,6 11 0,66
80 1,0 2,0 2,00
100 1,3 2,2 2,86
120 14 2,4 3,36
150 18 3,0 5,40
170 19 3,2 6,08
180 2,0 3,4 6,80

4. BULGULAR VE TARTISMA (FINDINGS AND
DISCUSSION)

TEJ’lerin verimi sicaklik farkina baglidir; sicaklik farki
arttikca verim yiikselir, sicaklik farki azaldikga ise verim
diser. TEJ lerin performansini belirleyen dis hava ve atik
gaz arasindaki sicaklik farkidir. Kombilerdeki kalorifer
ve kullanim su sicaklig1 arttik¢a alev boyu biiyliyecek,
yanma odasinda elde edilen 1s1 enerjisinin tamami 1s1
degistiriciye aktarilamayacak ve bunun sonucunda atik
gaz sicakligi artacaktir. Bu nedenle, tasarimi yapilan
sistemde; yaz konumunda, minmum ve maksimum
kullanim suyu sicakligi degerlerine gore degisen atik gaz
sicakligi ve dis hava sicakligi, kis konumunda ise
minimum ve maksimum  kalorifer suyu sicakligi
degerlerine gore degisen atikgaz sicakligi ve dis hava
sicaklig1 baz aliarak elde edilebilecek elektrik enerjisi
teorik olarak hesaplanmustir.

4.1. Kalorifer Konumu (Heating Position)

Sekil 6°’da kalorifer suyu sicakligina bagli olarak
TBS’den elde edilebilecek gii¢ degerleri teorik olarak
verilmistir. Hesaplamalar -20 °C ile +20 °C dig hava
sicakliklart arasinda 5 °C  lik degisimlere gore
yapilmistir. Kalorifer suyu sicakligi ise 35 °C ile 85 °C
arasinda 5 °C araliklarla her bir dis hava sicaklig
degerinde hesaplanmigtir. En diisiik gii¢ degeri dis hava
sicakligi 20 °C oldugunda ve kalorifer suyu sicakligi 35
°C’de 57,83 W ve en yiiksek gii¢ degeri dig hava sicakligi
-20 °C oldugunda ve kalorifer suyu sicakligr 85 °C’de
273,6 W olarak hesaplanmigtir. Dig hava sicakliginin
azalmasi ve kalorifer suyu sicakligimin artmasina bagh
olarak attk gaz sicakligmin yiikselmesi ile elde
edilebilecek gii¢ miktarinin artacagi gorillmektedir.
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Sekil 6. Kalorifer suyu sicakligina bagli olarak hesaplanan
TBS’den elde edilebilecek teorik giic degerleri
(Theoretical power values that can be obtained from
TBS calculated based on the water temperature of the
central heating system)

Sekil 7’de dis hava sicakliginin bir adet TEJ’in
elektriksel parametrelerine etkisi verilmistir. Dig hava
sicakligi azaldikga termoelektrik jeneratorlerden elde
edilecek ortalama akim, gerilim ve giic degerleri de
artmaktadir. Dis hava sicakligi 20 °C’de kalorifer suyu
sicakligi 35-85 °C araliginda sicaklik farki degerlerinin
ortalamasi alinarak sistemden elde edilebilecek gerilim
degerleri ortalamasi 1,21 V oldugunda, akim degerleri
ortalamasi 2,15 A ve bunlara bagli olarak gii¢c degeri de
2,59 W olarak hesaplanmistir. Hesaplanan bu degerler
minimum  elektriksel parametrelerdir. Dig hava
sicakliginin degeri -20 °C’de kalorifer suyu sicakligi 35-
85°C araliginda sicaklik farki degerlerinin ortalamasi
almarak sistemden elde edilebilecek gerilim degeri
ortalamast 1,63 V oldugunda, elde edilebilecek akim
degeri ortalamasi 2,74 A ve bunlara bagli olarak gii¢
degeri de 4,46 W hesaplanmistir. Bu degerler ise
maksimum elektriksel parametrelerdir. Elde edilebilecek
giic degerleri, sicaklik farkina bagli olarak maksimum ve
minimum elektriksel parametreler arasinda
degismektedir.

5.0
4.5 -Gerillim -®Akim -#Glig

1.0

Gerilim (V), Akim (A), Giig (W)
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Sekil 7. Dis hava sicakligmmin bir adet TEJ’in ortalama
elektriksel parametrelerine etkisi (Effect of outside
air temperature on the average electrical parameters
of one TEJ)

Sekil 8’de yiizeyler arasindaki ortalama sicaklik farkina
bagli olarak TBS’den elde edilebilecek akim, gerilim ve
glic degerleri verilmistir. Ortalama sicaklik fark,
kalorifer suyu sicakligi degistirildiginde c¢evreye atilan
atik gaz sicakligr ile yanma havasi girisindeki dis hava
sicakligina gore en diisiik ortalama degeri 98 °C, en
yiiksek ortalama degeri ise 138 °C olarak belirlenmistir.
Baca sistemine 45 adet TEJ gerilimi yiikseltmek
amaciyla birbirine seri baglanacak sekilde tasarlanmistir.

Sicaklik farkina bagli olarak ortalama gerilim degeri
54,25 V ile 73,15 V arasinda, ortalama akim degeri 2,15
A ile 2,74 A arasinda, ortalama gii¢ degeri ise 116,69 W
ile 200,67 W arasinda degistigi gortilmektedir.
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Sekil 8. Yiizeylerde olusan ortalama sicaklik farkina bagl
olarak TBS’den elde edilebilecek akim, gerilim ve
gii¢ degerleri (Current, voltage and power values that
can be obtained from TBS depending on the average
temperature difference on the surfaces)

Sekil 9°da dis hava sicakliginin -20 °C ile 20 °C arasinda

her 5 °C’lik farki igin, kalorifer suyu sicakliginin 35 °C

ile 85 °C arasinda aldig1 degerlerin ortalamasi alinarak
elde edilen akim ve gerilim degerleri verilmistir. Akim
degeri 2,15 A iken gerilim degeri 1,21 V degerinde, akim
degeri 2,74 A iken gerilim degeri 1,63 V degerindedir.

Akim degeri arttikca gerilim degeri de artmistir. Buna

baglt olarak TEJ’lerden elde edilen giic miktarinin da

arttig1 goriilmektedir.

3.0 4

Alkim (Amper)

1.6

: T T T )
1.0 1.1 12 1.3 1.4 1.5 1.6 1.7
Gerilim (Volt)

Sekil 9. Akim — Gerilim Egrisi (Current - Voltage Curve)

Sekil 10°da iiretilen gii¢ degerine bagli olarak azalan CO>
salmimi miktar1 verilmistr. Gaz yakict cihazlarda fosil
yakitlarin yanmasi ile 1s1 enerjisi elde edilmekte bu
enerjinin bir kismi kullanilmadan baca gazlari ile ¢cevreye
atilmaktadir. Tasarlanan sistemde atik gaz ile elektrik
enerjisi iiretileceginden, elde edilen enerjinin santrallerde
iretilmesi sonucunda ¢evreye atilan CO; gazlan
olusmayacaktir. Termik santrallerde 1 kWh elektrik
enerji Uretimi i¢in ¢evreye ortalama olarak 0,4 kg CO»
salinir. Fakat tek tek yakitlara baktigimizda yerli komiirli
santrallerde bu deger 0.59 kg COz’ye ulasir [18]. Sekil
6.5teki degerler 1 kWh elektrik iiretimi i¢in 0,4 kg CO>
salmacagr kabul edilerek hesaplanmistir.  Grafik
olusturulurken gaz yakici cihazin ve TBS’nin émrii 15
yil, gaz yakici cihazin 6 ay boyunca giinde ortalama 6
saat ¢alistig1 kabul edilmistir.
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Sekil 10. TBS’den elde edilen giice bagli olarak azalan CO2
salinimi grafigi (Decreasing CO2 emission graph
based on TBS)

Kalorifer suyu Sicaklig1 35 °C’de iken bir adet hermetik
gaz yakict cihazin TBS wvasitasiyla omrii boyunca
ortalama 1936,51 kW elektrik enerjisi iiretebilecegi ve
buna bagli olarak atmosfere 774,6 kg CO salinimi
engellenebilecegi tespi edilmistir. Kalorifer suyu
sicakligl 85 °C’de iken bir adet TBS vasitasiyla omrii
boyunca ortalama 3299,38 kW elektrik enerjisi liretecek
ve buna bagli olarak atmosfere 1319,75 kg CO» salinimu
engellenecektir. Hermetik gaz yakict cihazlar ile
kalorifer suyu sicakligt 35 °C — 85 °C arasinda
degismektedir. Bu degerler arasinda g¢alisan bir adet
hermetik gaz yakici cihazin ortalama 2614,35 kW
elektrik enerjisi liretecegi ve atmosfere 1045,74 kg CO>
salinimi engellemis olacagi agikardir.

4.2. Sicak Su Konumu (Hot Water Position)

Sekil 11°de kullanim suyu sicakligina bagli olarak
TBS’den elde edilebilecek gilic degerleri verilmistir.
Hesaplamalar -20 °C ile +35 °C dis hava sicakliklari
arasinda 5 °C lik degisimlere gore yapilmistir. Kullanim
suyu sicakligi ise 35 °C ile 65 °C arasinda 5 °C araliklarla
her bir dis hava sicaklig1 degerinde hesaplanmistir. En
diistik gii¢c degeri dis hava sicaklig1 35 °C oldugunda ve
kullanim suyu sicakligi 35 °C’de 31,19 W ve en yiiksek
giic degeri dis hava sicakligi -20 °C oldugunda ve
kullanim suyu sicakligt 65 °C’de 273,6 W olarak
hesaplanmistir. Dis hava sicakliginin azalmast ve
kullanim suyu sicakliginin artmasia bagli olarak atik
gaz sicakliginin yiikselmesi ile elde edilebilecek giig
miktar1 da artacaktir.
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Sekil 11. Kullanim suyu sicakligina bagli olarak TBS’den elde
edilebilecek teorik gii¢ degerleri (Theoretical power
values that can be obtained from TBS depending on
the usage water temperature)

Sekil 12°de dis hava sicakliginin bir adet TEJ’in
elektriksel parametrelerine etkisi verilmistir. Dig hava
sicakligi 35 °C’de kullanim suyu sicakligi 35-65 °C
araligindaki sicaklik farki degerlerinin ortalamasi
almarak sistemden elde edilebilecek gerilim degerleri
ortalamasi 1,03 V oldugunda, akim degerleri ortalamasi
1,87 A ve bunlara bagl olarak gii¢ degeri de 1,93 W
olarak hesaplanmistir. Dig hava sicakliginin degeri -20
°C’de kullanim suyu sicakligi 35-65 °C araligindaki
sicaklik farki degerlerinin ortalamasi alinarak sistemden
elde edilebilecek minimum gerilim degeri ortalamasi
1,63 V oldugunda, elde edilecek akim degeri ortalamasi
2.74 A ve bunlara bagl olarak gii¢ degeri de 4,46 W
hesaplanmistir. Bu degerler ise maksimum elektriksel
parametrelerdir.
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Sekil 12. Dis hava sicakliginin bir adet TEJ’in elektriksel
parametrelerine  etkisi(Effect of outside air
temperature on the electrical parameters of one TEJ)

Sekil 13°de yiizeyler arasindaki ortalama sicaklik farkina
bagli olarak TBS’den elde edilebilecek akim, gerilim ve
giic degerleri goriilmektedir. Ortalama sicaklik farki,
kullanim suyu sicaklifi degistirildiginde ¢evreye atilan
atik gaz sicakligi ile yanma havasi girisindeki dig hava
sicakligina gore en digiik ortalama degeri 70,2 °C, en
yiksek ortalama degeri ise 125,2 °C olarak
belirlenmistir. Baca sistemine 45 adet TEJ gerilimi
yiikseltmek amaciyla birbirine seri baglanacak sekilde
tasarlanmistir. Sicaklik farkina bagli olarak ortalama
gerilim degeri 46,37 V ile 73,16 V arasinda, ortalama
akim degeri 1,87 A ile 2,74 A arasinda, ortalama gii¢
degeri ise 86,85 W ile 200,66 W arasinda degistigi
goriilmektedir.
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Sekil 13. Yiizeylerde olusan ortalama sicaklik farkina bagl
olarak TBS’den elde edilebilecek akim, gerilim ve
gii¢ degerleri (Current, voltage and power values
that can be obtained from TBS depending on the
average temperature difference on the surfaces)
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Sekil 14’de dis hava sicakliginin -20 °C ile 35 °C
arasinda her 5 °C’lik farki ig¢in, kullanim suyu
sicakliginin 35 °C ile 65 °C arasinda aldig1 degerlerin
ortalamasi alinarak elde edilen akim ve gerilim degerleri
verilmistir. Akim degeri arttik¢a giic degeri de artmustir.
Buna bagli olarak TEJ’lerden elde edilebilecek giig
miktar1 da artmstir.

Akim (Amper)
::

1.0 1,1 1,2 1.3 1.4 1.5 1.6 1.7
Gerilim (Volt)

Sekil 14. Akim — Gerilim Egrisi (Current - Voltage Curve)

Sekil 15°de iiretilen gii¢ degerine bagli olarak azalan CO»
salinimi miktar1 goriilmektedir. Grafik olusturulurken
gaz yakici cihazin ve TBS’nin émri 15 yil, gaz yakict
cihazin 1 yil boyunca giinde ortalama 2 saat calistig
kabul edilmistir.
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Sekil 15. TBS’den elde edilen giice bagl olarak azalan CO2
salmimu grafigi (Decreasing CO2 emission graph
based on TBS)

Kullanim suyu sicakligi 35 °C’de iken bir adet hermetik
gaz yakici cihaz TBS ile 6mrii boyunca ortalama 990,74
kW elektrik enerjisi iiretecegi tespit edilmis ve buna bagl
olarak atmosfere 396,3 kg CO, salimmi engellenmis
olacaktir. Kullanim suyu Sicakligi 65 °C’de iken bir adet
hermetik gaz yakici cihaz TBS ile omrii boyunca
ortalama 2201,71 kW elektrik enerjisi liretecegi tespit
edilmis ve buna bagl olarak atmosfere 880,69 kg CO,
salmmmi engellenmis olacaktir. Hermetik gaz yakici
cihazlar ile kullanim suyu sicakligt 35 °C — 65 °C
arasinda degismektedir. Bu degerler arasinda ¢alisan bir
adet hermetik gaz yakici cihaz ile ortalama 1581,78 kW
elektrik enerjisi Ttretilecegi ve buna bagli olarak
atmosfere 632,71 kg CO, salimmi engellenmis olacag:
agikardir.

5. SONUC VE ONERILER (CONCLUSION AND
RECOMMENDATIONS)

Kalorifer konumunda elde edilebilecek minimum giic,
dis hava sicakligi 20 °C’de ve kalorifer suyu sicakligi 35
°C’de iken 57,83 W olarak hesaplanmistir. Kalorifer
konumunda elde edilebilecek maksimum gii¢ ise dis hava
sicakligi -20 °C’de ve kalorifer suyu sicakligl 85 °C’de
273,6 W olarak hesaplanmistir. Kalorifer konumunda
sicaklik farkina bagli olarak ortalama gii¢c degeri 119,54
W ile 203,67 W arasinda degistigi gorilmiistiir.
Tasarlanan TBS’nin kalorifer konumunda ortalama
verimi minimum % 3,33 ve maksimum % 5,55 olarak
tespit edilmistir.

Kalorifer konumunda yapilan hesaplamalara gore, bir
adet hermetik gaz yakici cihazin 6mrii boyunca ortalama
2614,35 kW elektrik enerjisi iiretecegi ve buna bagh
olarak atmosfere 1045,74 kg CO; salinimi engellenmis
olacag tespit edilmistir.

Kullanim  sicak suyu konumunda elde edilebilecek
minimum gii¢ dis hava sicaklig1 35 °C ve kullanim suyu
sicakligi 35 °C’de 31,19 W olarak hesaplanmustir.
Kullanim sicak suyu konumunda elde edilen maksimum
giic ise dis hava sicakligi -20 °C ve kullamim suyu
sicakligi 65 °C’de 273,6 W olarak hesaplanmustir.

Kullanim sicak suyu konumunda yapilan hesaplamalara
gore ortalama gili¢ degerleri 91,74 W ile 203,86 W
arasinda degisirken, bir adet hermetik gaz yakici cihaz ile
ortalama 1581,78 kW elektrik enerjisi iiretilecegi ve buna
baglt olarak atmosfere 632,71 kg CO> saliimi
engellenmis olacagi belirlenmistir. Tasarlanan TBS’nin
kullanim suyu konumunda ortalama verimi minimum %
2,56 ve maksimum % 5,66 olarak tespit edilmistir.

Tasarimi yapilan TBS vasitastyla hem kalorifer hem de
kullanim suyu konumunda gaz yakici cihaz Omrii
boyunca toplam 4196,13 kW elektrik enerjisi
iiretilebilecegi ve bunun sonucunda atmosfere atilan
1678,45 kg CO, salinimi1 engellenmis olacagi agikardir.

Cizelge 2’de en diisiik elektriksel parametreler 50 °C
sicaklik farkinda; gerilim 0,6 V, akim 1,1 A, gii¢ 0,66 W
ve en yiiksek elektriksel parametreler ise 180 °C sicaklik
farkinda gerilim 2 V, akim 3,4 A, gii¢ 6,80 W olarak
belirtilmistir. TBS’de ise kalorifer ve kullanim sicak suyu
konumlarinda en diisiik elektriksel parametreler 51 °C
sicaklik farkinda; gerilim degeri 0,61 V, akim degeri 1,33
A, giig degeri 1.27 W ve en yiksek elektriksel
parametreler ise 170 °C sicaklik farkinda gerilim 1,9 V,
akim 3,2 A, gii¢ 6,08 W olarak belirlenmistir. Kullanim
suyu sicakliginin 35-65 °C araligindaki ortalama
degerleri alindiginda; dis hava sicakligi 35 °C igin en
diisiik ortalama degerler olan gerilim 1,03 V, akim 1,87
A, gili¢ 1,93 watt ve dis hava sicakligt -20 °C i¢in en
yiiksek ortalama degerler olan gerilim 1,63 V, akim 2,74
A, giic 4,46 W olarak hesaplanmistir.

Literatiirde yapilan c¢aligmalarla karsilastirildiginda;
Adavbiele % 2,18, Baskar ve arkadaslar1 ortalama %
29,44 ve Kilic % 12,2 verim elde etmislerdir. Bu
calismada minimum % 2,95 ve maksimum % 5,6
ortalama verim elde edilmistir. Literatiirde yapilan
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calismalar genelde egzoz gazi sicaklifindan ve kati
yakatli soba atik gaz sicakligindan faydalanilarak TEJ ler
vasitastyla elektrik enerjisi elde etme {izerinedir. Bu
caligmada ise  kombi  atikgaz  sicakhigindan
faydalanilmistir. Sistem verimini etkileyen en Onemli
faktor atik gaz sicakligi ile sogutucu akigkan sicaklig
arasindaki sicaklik farkidir.

Sonug olarak gaz yakici cihazlardaki atik 1s1 enerjisinden
elektrik enerjisi tiretiminin miimkiin oldugu teorik olarak
tespit edilmistir. Sistemin mevcut gaz yakici cihaz baca
sistemlerinde kullanilmasi ile atik 1sidan elektrik enerjisi
iiretilebilecegi ve CO salmiminin azaltilabilecegi
Ongoriilmiistiir.

Yar1 iletken malzemelerin performansi giin gegtikce
artmakta ve yeni yar1 iletken malzemeler tiretilmektedir.
TEJ’lerin verimlerinin artmasiyla tasarlanan sistem ile
elde edilebilecek elektrik enerjisi miktar1 da artacaktir.
Elektrik tiretiminde fosil yakitlarin kullanimi sonucunda
yiiksek miktarda 1s1 cevreye atilmakta, elektrik iletim ve
dagitiminda yiliksek kayiplar meydana gelmektedir.

Bunun sonucunda fosil yakitlar verimsiz
kullanilmaktadir.  Ayrica  elektrik  iletim-dagitim
sistemlerinin kurulumu oldukga maliyetlidir.

Teknolojinin ilerlemesiyle; TBS ile PV panellerden
olusan hibrit bir sitem ile konutlarda sebekeden bagimsiz
olarak elektrik iiretimi saglanabilir. Boylece fosil yakitlar
% 90 tizerinde verimle kullanilabilir ve kullanilmadan
cevreye atilan enerji % 10 seviyelerinin altina
diigiiriilebilir.
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KISALTMALAR VE SEMBOLLER
(ABBREVIATIONS AND SYMBOLS)

KISALTMALAR

MTEP Milyon Ton Esdeger Petrol
TEJ Termoelektrik Jenerator
TBS Termoelektrik Baca Sistesi
SEMBOLLER

T Soguk Yiizey Sicakligi (°C)
Th Sicak Yiizey Sicakligi (°C)
Pmax Maksimum Gii¢ (W)

R Elektriksel Direng (€2)

RL Yiik Direnci ()

Vimax Maksimum Yiik Gerilimi (V)
Nmax Maksimum Verimlilik (%)
o Seebeck sabiti (V/°C)

Kth Termal {letkenlik (W/mK)
z Kalite Faktori
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m Yiik Direncinin ¢ Dirence Orani

Qn Termal Giig Girisi (W)

| Jenerator ¢ikis akimi (A)

Rc Termoelektrik mikro modiiliin ortalama i¢ direnci (Q)
Ke Termo Ciftin Is1 Tletkenligi (W/K)

Vo Jenerator Cikis Gerilimi (V)

oM Modiiliin Ortalama Seebeck Katsayisi (V/°C)

Rm Modiiliin Ortalama Direnci (£2)

Tavg Ortalama Modiil Sicakligi (°C)

Po Modiiliin Giig Cikist (W)

KAYNAKLAR (REFERENCES)

(1]

(2]

(3]

(4]
(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

Kog, E., Senel, M. C., Diinyada ve Tiirkiye’de Enerji
Durumu - Genel Degerlendirme. Miihendis ve Makina,
54(639): 32-44, (2013).

Kilig, A. M., Kilig, O., Tiirkiye’de Elektrik Uretiminde
Komiir Kullanimi ve Stratejik Onemi. Madencilik
Tiirkiye, 40: 74-83, (2014).

Kecebas A., Gedik E., Kayfeci M., Fosil Yakitlarin
Kullammindan Kaynaklanan Hava Kirliligi Uzerine
Jeotermal Enerji ve Dogalgaz Kullaniminin Etkisi: Afyon
Ornegi. Makine Teknolojileri Elektronik Dergisi, 7(3):
23-30, (2010).

IEA (International Energy Agency), September 2017.
Key World Energy Statistics, Paris, France.

Terhan, M., Comakli, K. Baca Gaz1 Atik Isis1 ile Kazan
Yakma Havasmin On Isitilmasmin Fizibilitesi. Miihendis
ve Makina, 56(668): 56-63, (2015).

Kara, O., Hiirdogan, E., Kaska, O. (2015). Endiistriyel bir
firinin atik 1s1s1nin enerji verimliligine etkisinin deneysel
olarak incelenmesi. Makine Teknolojileri Elektronik
Dergisi, 12(4): 95-101.

Comakli, K., Terhan, M. Sicak su iiretimi i¢in baca gazi
atik enerjinin kullanimi, Tesisat Miihendisligi Dergisi,
124: 43-51, (2011).

Comakli, K., Terhan, M., Dogalgaz Yakitli Kazandan
Cikan Atik Baca Gazinin Ekserji Analizi. Miihendis ve
Makina, 56(670): 58-64, (2015).

Yilmaz, O. T., Dogalgazli 1sitma cihazlarinda (kombi)
atik gazdan enerji kazanimi saglayan yeni nesil plakali
rekiiperatdriin  simiilasyon tabanl gelistirilmesi. 12.
Ulusal Tesisat Miihendisligi Kongresi, izmir, (2015).

Adavbiele, A.S., Generation of Electricity from Gasoline
Engine Waste Heat. Journal of Energy Technologies
and Policy, 3(5): 3-16, (2013).

Baskar, P., Seralathan, S., Dipin, D., Thangavel, S.,
Norman, C. F. I. J. and Arnold, C., Experimental Analysis
of Thermoelectric Waste Heat Recovery System
Retrofitted to Two Stroke Petrol Engine. International
Journal of Advanced Mechanical Engineering. 4(1): 9-
14, (2014).

Kilig, T., Termoelektrik Jeneratorler Kullanilarak
Yapilardaki Atik Enerjinin Geri Kazanilmas1 Uzerine Bir
Calisma, VYiiksek Lisans Tezi, Mimar Sinan Giizel
Sanatlar Universitesi Fen Bilimleri Enstitiisii, Istanbul,
79-81, (2010).

Ozkaymak, M., Bas, S., Acar, B., Yavuz, C., Boran, K.,
Tabak, S. A., Variyenli, H.I., Asal, O. (2014). Atik Baca



Halil ibrahim VARIYENLI, Koray GOKTEKIN / POLITEKNIK DERGISI, Politeknik Dergisi,2018;21(4):821-830

[14]

[15]

Gazi1 Kullanimu ile Termoelektrik Jeneratorlerde Elektrik
Uretiminin Faydali Kullaniminin Deneysel incelenmesi.
Gazi Universitesi Fen Bilimleri Dergisi Part:C Tasarim
ve Teknoloji, 2(4): 289-298, (2014).

Kumar, C. R., Sonthalia, A., Goel R., Experimental Study
On Waste Heat Recovery From An Internal Combustion
Engine Using Thermoelectric Technology. Thermal
Science, 15(4): 1011-1022, (2011).

Jadhao, J. S., Thombare, D. G., Review on Exhaust Gas
Heat Recovery for I.C. Engine. International Journal of

Engineering and Innovative Technology, 2(12): 93-100,
(2013).

830

[16]

[17]

(18]

Kunt, M. A., Tcten Yanmali Motor Atik Isilarmin Geri
Kazaniminda Termoelektrik Jeneratorlerin Kullanimi.
El-Cezeri Fen ve Miihendislik Dergisi, 3(2): 192-203,
(2016).

Bas, S., Atk Baca Gazi Kullanimi fle Termoelektrik
Jeneratorlerde Elektrik Uretiminin Faydali Kullaniminin
Deneysel Incelenmesi, Yiiksek Lisans Tezi, Fen Bilimleri
Enstitiisii, Karabiik, 36-39, (2014).

Yumurtaci, Z., Dénmez, A.H. (2013). Konutlarda Enerji
Verimliligi. Miihendis ve Makina, 54(637): 38-43,
(2013).



POLITEKNIK DERGISI

H

JOURNAL of POLYTECHNIC

H

Journal of Polytechnic
POLITEKNIK
DERGiSi

Oﬁs‘,mE Ang, b\

EMERGING ™
SOURCES

ISSN: 1302-0900 (PRINT), ISSN: 2147-9429 (ONLINE) CITATION
(@wiu"mnsimi URL: http://dergipark.gov.tr/politeknik ’L';D:-;
@ E

Benzin icin oksijenli yakit katkilar
Oxygenated fuel additives to gasoline

Yazar(lar) (Author(s)): Abdiilvahap CAKMAK', Hakan OZCAN?

ORCID': 0000-0003-4416-1685
ORCID?: 0000-0002-7848-3650

Bu makaleye su sekilde atifta bulunabilirsiniz(To cite to this article): Cakmak A. ve Ozcan H., “Benzin
icin oksijenli yakit katkilan”, Politeknik Dergisi, 21(4): 831-840, (2018).

Erisim linki (To link to this article): http://dergipark.gov.tr/politeknik/archive

DOI: 10.2339/politeknik.457956


http://dergipark.gov.tr/politeknik
http://dergipark.gov.tr/politeknik
http://dergipark.gov.tr/politeknik/archive

Politeknik Dergisi, 2018; 21(4) : 831-840

Journal of Polytechnic, 2018; 21 (4) : 831-840

Benzin i¢in Oksijenli Yakit Katkilari

Derleme Makalesi / Review Article

Abdiilvahap CAKMAK", Hakan OZCAN?

!Kavak Meslek Yiiksekokulu, Motorlu Araglar ve Ulagtirma Teknolojileri Bolimii, Samsun Universitesi, Tiirkiye
2Miihendislik Fakiiltesi, Makine Miih. Béliimii, Ondokuz May1s Universitesi, Tiirkiye

(Gelis/Received : 23.02.2018 ; Kabul/Accepted : 12.07.2018)

0z

Igten yanmali motorlardan salinan zararli egzoz gazlarini azaltmak, yakitin vuruntu direncini ve yenilenebilir yakit kullanimini
artirmak amaci ile benzine farkl oranlarda degisik oksijenli yakit katki maddeleri eklenmektedir. Sunulan bu ¢alismada, gegmiste
kullanilan yakit katkilari ile giinimiizde benzine eklenen oksijenli yakit katkilart incelenmistir. Ayrica gelecek yillarda kullanimi
miimkiin olan baz1 oksijenli yakit katkilarinin tiretim yontemleri ve 6nemli kimyasal-fiziksel yakit 6zellikleri degerlendirilmistir.

Anahtar Kelimeler: Oksijenli yakit katkilari, benzin, oktan arttiric, ikinci nesil biyoyakit, yenilenebilir yakat.

Oxygenated Fuel Additives to Gasoline

ABSTRACT

In order to reduce harmful exhaust emissions emitted from the internal combustion engines, increase the knock resistance of the
fuel and usage of renewable fuel, many different oxygenated additives are added to base gasoline. In this present study, fuel
additives used in the past and oxygenated additives are used nowadays have been evaluated. Moreover, oxygenates that likely used
in the future, their production processes and some important physical-chemical fuel properties have been assessed.

Keywords: Oxygenated fuel additives, gasoline, octane booster, second generation biofuel, renewable fuel.

1. GIRIiS (INTRODUCTION)

Buji ateslemeli motorlar hafif olmalar1 ve bakim maliyet-
lerinin disiik olmasi nedeniyle 6zellikle otomobillerin
tahrikinde yaygin bir sekilde kullanilmaktadir. Son yil-
larda motor teknolojisinde meydana gelen geligsmeler buji
ateslemeli motorlarin daha verimli, daha ekonomik ve
daha ¢evreci motorlar haline gelmesini saglamigtir. An-
cak yeni emisyon standartlari ile belirlenen kirletici emis-
yon degerlerinin saglanmasi i¢in motor teknolojisindeki
gelismeler tek basma yetersiz kalmaktadir. Bu durum
motor reticilerinin karsilagtigi en 6nemli sorunlardan
biri haline gelmistir. Bu sorunun asimi igin buji atesle-
meli motorlarda kullanilan benzinin bilesimi degistiril-
mektedir [1].

Benzinin fiziksel ve kimyasal 6zellikleri ile performan-
sini1 bilesiminde bulunan hidrokarbonlar ve katki madde-
leri belirler. Benzinin bilesiminde karbon sayis1 4-12
arasinda degisen ¢ok farkli hidrokarbon tiirii farkli oran-
larda bulunur. Bu hidrokarbon gruplar farkli fiziksel ve
kimyasal 6zelliklere sahiptir ve benzin i¢indeki miktar-
lar1 benzinin yakit 6zelliklerini, performansini ve emis-
yonlarint dogrudan etkilemektedir [1].

Benzinin bilesiminde bulunan hidrokarbonlar; parafinler
(alkanlar): izo-parafinler, aromatlar, naftenler, olefinler
(alkenler): diolefinler ve alkinler seklinde siniflandiril-
maktadir [2]. Bu hidrokarbon gruplarindan izo-parafinler
yakitin vuruntu direncini arttirdig1 i¢in benzin igerisin-
deki izo-parafin oraninin miimkiin oldugu kadar yiiksek
olmasi istenir. Aromatik hidrokarbonlar ve olefinler de

*Sorumlu Yazar (Corresponding Author)
e-posta:a.cakmak.tr@gmail.com.tr

yakitin vuruntu direncini artirmasina ragmen, aromatik
hidrokarbonlarin diizensiz emisyonlar1 (formaldehit, ase-
taldehit, benzen, toliien ve ksilen) arttirmasi, motorda
karbon birikintisine neden olmasi, olefinlerin ise yakitin
ucuculugunu arttirmasindan dolay1 benzindeki bu hidro-
karbonlarin orani sinirlandirilmagtir 1, 2].

Benzine, yakitin oktan sayisii arttirict katkr maddeleri,
oksijenli yakit katki maddeleri, buzlanma 6nleyici katki
maddeleri, deterjan bazli katki maddeleri, korozyon 6n-
leyici katki maddeleri, kdpiik dnleyici katki maddeleri,
metal deaktivatorleri, antioksidanlar, biyosidler ve boyar
maddeler gibi katkilar katilir. Bu yakit katki maddelerin-
den en 6nemlileri, yakitin oktan sayisini ve oksijen igeri-
gini arttirmak i¢in kullanilan yakit katki maddeleridir.
Oktan sayis1 yakitin vuruntuya karsi direncini karakterize
eden bir sayidir. Benzinin oktan sayisini artirmaktaki
ama¢ motorun vuruntulu ¢aligmasini 6nlemektir. Ben-
zinli motorlarin sikigtirma oraninin diisiik olmasi bu mo-
torlarin dizel motorlarina gore daha verimsiz ¢aligmasina
neden olmaktadir. Ancak benzinli motorlarda yiiksek s1-
kistirma oranlari, vuruntulu yanmadan dolay1 secileme-
mektedir. Fakat vuruntu direnci yiiksek yakit kullanarak
(oktan sayist yliksek) benzinli motorlarin verimi biraz
arttirilabilir. Cok yiiksek oktan sayili benzinin liretimi zor
ve ekonomik olmadigf i¢in kullanim agisindan bir fayda
saglamaz [3].

Motorlu tasitlarin egzozundan yayilan gazlar ciddi bo-
yutta hava kirliligine neden olmaktadir. Bu nedenle za-
rarl1 egzoz gazlarinin ¢evre ve insan saglig1 iizerindeki
etkilerini azaltmak i¢in tasitlardan salinan emisyonlar ¢1-
karilan emisyon standartlar1 ve yasalarla sinirlandiril-
maktadir. Giinlimiizde motorlu tasitlardan kaynakli
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emisyonlar yeni motor teknolojileri, motor optimizasyon
teknikleri, katalitik konvertor, NOx indirgeyici ve parti-
kil filtresi gibi sistemlerin yaninda yakitlarin bilesimi de-
gistirilerek (reformulation)  azaltilmaktadir. Fakat,
yalnizca yanma sonrasi kontrol sistemleri ve motor tasa-
rimu ile belirlenen emisyon degerlerinin karsilanmasinda
zorluklar yaganmaktadir. Bu nedenle diisiikk emisyon ve
daha iyi motor performansi i¢in yakitlarin vuruntu di-
renci yiiksek farkli oksijenli yakit katkilariyla harmanla-
narak kullanilmas: gibi alternatif ydntemler tercih
edilmektedir. Oksijenli yakit katk1 maddesi kullanimi bu
alanda arastirmalarin odak noktasi olmaktadir.

Yukarida bahsedilen nedenlerden dolay:r ilk olarak
ABD’de 1995 yilinda benzindeki hidrokarbon bilegimi
onemli Ol¢lide degistirilmeye baslanmistir [4]. Bu tiir
benzine yeniden formiile edilmis benzin (reformulated
gasolines, RFG) denilmektedir ve yeni bilesim iilkeden
tilkeye degisiklik gostermektedir [5]. Ancak genelde, ya-
kitin vuruntu direncini arttirmak, karbonmonoksit (CO):
hidrokarbon (HC) ve partikiil madde (PM) emisyonlarini
azalmak i¢in benzine oktan sayist yiiksek oksijenli yakit
katkilar1 eklenmektedir. Ayrica diizensiz emisyonlari
(formaldehit, asetaldehit, benzen, toliien ve ksilen) ve ya-
kitin uguculugunu azaltmak (buhar basinei diisiiriilmek)
i¢in yakit bilesimindeki aromatik ve olefin miktari sinir-
landirilmaktadir [4,5].

Ticari anlamda ilk olarak benzinin oktan sayisini arttir-
mak i¢in 1923 yilinda benzine kursun tetra etil eklen-
meye baslanmigtir. O yillarda aromatik hidrokarbon,
benzen gibi hidrokarbonlar ve etanol gibi bazi alkollerin
yakitin oktan sayisin arttirdigi bilinmesine ragmen {ire-
timi ucuz olmasi nedeniyle kursun tetra etil kullanimu ter-
cih edilmistir [6]. Kursun tetra etil (Tetraethyl lead:
Pb(CzHs)4) etlilen klor, kursun ve sodyumun reaksiyona
sokulmasiyla iiretilir. Yanma sirasinda olusan kursun ok-
sitler yanma hizini azaltarak vuruntuyu onler. Sikistirma
strokunun sonuna dogru artan silindir i¢i basing ve sicak-
lik etkisiyle ortaya ¢ikan OH ve HC gibi aldehit radikal-
leri ile O ve H gibi aktif dgeler yanma reaksiyonunun
baglamasia ve kimyasal reaksiyonlarin zincir seklinde
devam etmesine yol agar ve bu reaksiyonlar ¢ok hizli ger-
¢eklesirse vuruntulu yanma meydana gelir. Kursun tetra
etil, aktif 6geleri azaltici yonde etki ederek zincir reaksi-
yonlarini yavaglatir ve vuruntuyu 6nler [3]. Yakitin oktan
sayisint arttirmak i¢in 1150 litre benzine 1 litre kursun
tetra etil eklenmesi yeterli olmaktaydi [7]. 1970 yillarin
sonunda motorlu tagitlarin egzozundan salinan kursun
emisyonlari insan sagligina zararl oldugu fark edilmistir.
Yanma sonucu olugan kurgun oksitler kansere ve zihinsel
hasarlara neden olmasi, 6zellikle anne karnindaki bebek-
lerin zihinsel gelisimini olumsuz etkilemesi, katalitik
konvertdre zarar vermesi ve buji tirnaklari ile supaplarin
ylizeyini kaplamasi nedeniyle benzine katilan kursun
tetra etil miktar1 kademeli olarak azaltilmis ve 1996 y1-
linda Amerika’da kullanimi yasaklanmistir [8]. Tiir-
kiye’de ise kursunsuz benzin 2004 yilinda kullanilmaya
baglanmigtir. Kursun tetra etil giinlimiizde bazi1 ugak ya-
kitlarinda ve gelismemis bazi iilkelerde halen kullanil-
maktadir [4]. Kursun tetra etil kullaniminin

yasaklanmasiyla birlikte Ferrocene; Fe(CsHs). ve Man-
ganese tricarbonly; CH3CsH4-Mn(Co)s gibi bazi metal
esaslt yakit katkilari, yakitin oktan sayisini artirmak icin
kullanilmistir. Ancak manganez oksit pargaciklarinin
kana karisarak sinir sistemine zarar vermesi nedeniyle bu
katkilar baz iilkelerde sadece ugak yakitlarina ilave edil-
mesine izin verilmektedir [9]. Kursun tetra etil kullani-
minin sinirlandirilmasiyla birlikte 1979 yilindan itibaren
benzine yapisinda oksijen bulunan metil tersiyer biitil
eter (MTBE) eklenmeye baslanmistir. MTBE’in depo-
lama tanklarindan sizarak yer alt1 igme sularina karistigi
tespit edilmesi ve kanserojen olmasi nedeni ile 1995 yi-
lindan itibaren MTBE kullanimi sinirlandirilmis ve gii-
niimiizde Amerika’da benzine MTBE ilave edilmesi
yasaklanmistir [4]. Benzinin oktan sayisin arttirmak i¢in
kursun tetra etil ve MTBE’ye ek olarak metanol, etanol,
biitanol, tersiyer biitil alkol (TBA): tersiyer amil alkol
(TAA) gibi alkoller ve etil tersiyer biitil eter (ETBE): ter-
siyer amil metil eter (TAME): tersiyer amil etil eter
(TAEE) ve di-izopropil eter (DIPE) gibi farkli eteler kul-
lanilmig ve bunlardan bazilar1 giiniimiizde halen kullanil-
maktadir.

Glinlimiizde benzinin oktan sayisi, rafineri islemi sira-
sinda uygulanan izomerizasyon (isomerization): Katali-
tik pargalama (catalytic cracking): yeniden olusturma
(reforming: dehydrocyclization) yontemlerinin yaninda
vuruntu direnci yiiksek oksijenli maddeler (oksijenat) ek-
lenerek arttirilmaktadir [10]. izomerizasyon isleminde
diiz zincirli parafinik hidrokarbonlar izomerlerine doniis-
tiiriiliir. Katalitik parcalama igleminde yiiksek basing ve
sicaklik etkisi ile ayrica katalizor kullanarak biiyiik mo-
lekiillii hidrokarbonlar kii¢iik molekiillii hidrokarbonlara
doniistiirtliir. Daha sonra bu kii¢iik molekiillii hidrokar-
bonlardan dallanmis yapida hidrokarbon molekiilleri elde
edilir. Yeniden olusturma siirecinde ise diiz zincirli para-
finik hidrokarbonlar siklo parafinlere donistiiriilir. Bu
sekilde dallanmig yapida veya siklik yapidaki hidrokar-
bon miktar1 yiiksek tutularak yakitin vuruntu direnci art-
tirilir. Ancak bu yontemler benzinin iretim maliyetini
oldukga arttirir. Bu nedenle bu yontemlere gerek kalma-
dikca bagvurulmaz. Benzinin oktan sayisi yine rafineri is-
lemi sonunda oktan sayilar1 yiiksek olan alkol ve eter gibi
oksijenli maddeler eklenerek arttirilir [10].

Ayni zamanda rafineri siirecinde, yakit i¢indeki hafif hid-
rokarbon miktar1 azaltilarak yakitin buhar basinci stan-
dartlar1 karsilayacak sekilde ayarlanir. Yakitin buhar
basincinin ¢ok yiiksek olmasi ugucu hidrokarbon emis-
yonlarim1 (VOC: volatile organic compounds) arttirir.
Ayrica buhar basinci fazla olan yakit, yakit sisteminde
buhar tikacina yol acar. Sogukta ilk hareketin kolay ol-
masi i¢in de yakit buhar basincinin ¢ok diisiik olmasi is-
tenmez.

Giiniimiize Tiirkiye, Amerika ve Avrupa iilkelerinde ben-
zinin oktan sayisini ve oksijen igerigini arttirmak igin
benzine degisik oranlarda etanol, metanol gibi kisa zin-
cirli alkoller ile farkl eterler eklenmektedir. Eklenen bu
katki maddelerinin tiirii ve orani lilkeden tilkeye degisik-
lik gostermektedir.
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Cizelge 1°de Tiirkiye’de TUPRAS tesislerinde iiretilen
95 oktan kursunsuz benzin ile Amerika’da kullanilan
bilesimi degistirilmis benzinin 6zellikleri EN 228 benzin
standardi ile birlikte verilmistir.

Cizelge 1 incelendiginde TUPRAS benzini EN 228 stan-
dardim karsiladigi goriilmektedir. TUPRAS tarafindan
piyasaya siiriilen benzinde maksimum aromatik hidro-
karbon, olefin ve benzen miktar1 hacimsel olarak sira-
styla %35, %18 ve %1 oraninda smirlandirilmigtir.
Reformiile edilmis benzinde ise bu oranlar neredeyse yar1
yartyadir. Yine 95 oktan TUPRAS benzininin kiitlece ok-
sijen igerigi %2,7 iken reformiile edilmis benzinde bu
oran %3,7°dir. Bu oksijen igeriginin karsilanmasinda
TUPRAS benzininde hacimsel olarak maksimum %3
metanol, %5 etanol, izopropil alkol, izobiitil alkol, tersi-
yer biitil alkol ile bes veya daha fazla karbon atomlu eter-
ler harmanlanarak elde edilir. Reformiile edilmis
benzinde kiitlece %3,68 oksijen oran1 ise hacimsel olarak
%9,7 etanol ve % 0,01’den daha az MTBE ve TAME
benzinle harmanlanarak elde edilir. EN 228 benzin stan-
dardinda belirtilen kiitlece %2,7 oksijen icerigi, benzine
maksimum %S5 oraninda etanol ilave edilerek saglanir ve
eski tip araglarda kullanilmak iizere tiretilen benzindir.
Bu standarda gore bir diger benzin tiirii ise kiitlece oksi-
jen igerigi %3,7 olan ve maksimum etanol orant %10
olan kursunsuz benzindir.

alkoller (metanol, etanol) ve eterler ticari olarak

kullanilan oksijenatlardir [14].

Benzinin oktan sayisini artirmak, buhar basincini
diistirmek ve benzine oksijen igerigi kazandirmak igin
alkoller ve eterler uzun yilindan beri kullanilmaktadir.
Alkollerden metanol, etanol, izopropil alkol, tersiyer
biitil alkol (TBA): tersiyer amil alkol (TAA) agir
molekiillii alkoller; propanol, biitanol, pentanol gibi
alkoller, eterlerden metil tersiyer biitil eter (MTBE): etil
tersiyer biitil eter (ETBE): tersiyer amil metil eter
(TAME): tersiyer amil etil eter (TAEE): di-izopropil eter
(DIPE) ve di-tersiyer amil eter (di-TAE) yakit katkist
olarak kullanilabilir. Uygulamada metanol, etanol,
biitanol gibi alkoller ile MTBE ve ETBE en ¢ok tercih
edilen oksijenli yakit katkilaridir. Her bir alkol ve eterin
fiziksel ve kimyasal Ozellikleri farkli oldugundan
kullanilan katki maddesinin tiiri ve miktar1 benzinin
fiziksel ~ve  kimyasal  Ozelliklerini  dogrudan
etkilemektedir. Etanol, metanol gibi bazi alkoller hem saf
yakit olarak hem de yakit katkisi olarak kullanilabilir
[15]. Alkol ve eterlerin yakit katkisi olarak kullanilmasi
durumunda bazi avantaj ve dezavantajlar1 vardir [16].
Alkollerin en biiyiik avantaji oktan sayilarmin yiiksek
olmasidir. Bu nedenle yiiksek sikigtirma oranlar
segilerek vuruntu meydana gelmeden motorun verimi
arttirilabilir [17]. Bunun yaninda yapilarinda bulunan

Cizelge 1. TUPRAS benzininin ve bilesimi degistirilmis (reformiile edilmis) benzinin yakit 6zellikleri ile EN 228 benzin
standard1 (Specification of TUPRAS gasoline and reformulated gasoline with EN 228 gasoline standard) [11-13]

Ozellik TUPRAS Benzini Reformiile Edilmis Benzin EN 228 Benzin Standardi
Arastirma Oktan Sayis1 (RON) min. 95 - min. 95
Motor Oktan Sayisi (MON) min. 85 - min. 85
Yogunluk (kg/m?)@15 °C 720-775 720-775
Buhar Basinci (kPa) yaz:45-60/kis:60-90 yaz:50/kis:90 kis:50-80
Kursun fgerigi (mg/L) maks. 5 - -
Kiikiirt Igerigi (mg/kg) maks. 10 (stilfiir) 22,5 ppm maks. 10
Mangan Igerigi (mg/L) maks. 2 - -
Olefin miktar1 (hacimce %) maks. 18 maks. 9,55 maks. 18
Aromatik miktari (hacimce %) maks. 35 maks. 16,4 maks. 35
Benzen miktar1 (hacimce %) maks. 1 maks. 0,53 maks. 1
Oksijen Igerigi (kiitlece %) maks. 2,7 maks. 3,68 maks. 2,7

2. OKSIJENLI YAKIT KATKILARI: ALKOL ve
ETERLER (OXYGENATED FUEL ADDITIVES:
ALCOHOLS and ETHERS)

Oksijenli  yakit katkilar1  (oksijenatlar) molekiil
yapilarinda bir veya daha fazla oksijen atomu iceren
organik maddelerdir. Oksijenatlar, degisik alkoller,
eterler, esterler ve karbonatlardan olugur ancak primer

oksijen yanma verimini arttirarak CO, HC ve PM
emisyonlarini azaltir. Gizli buharlagsma 1silar1 yiiksek
olmasi nedeniyle silindire alinan karigimin veya havanin
yogunlugunu, dolayisiyla motorun hacimsel veriminin
arttirirlar  [18].  Alkollerin  kendi kendine tutusma
sicakligr (auto-ignition) ile parlama noktalari (flash
point) benzine gore daha yiiksek olmasi sayesinde tagima
ve depolama agisindan daha giivenli yakitlardir [19]. Isil
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degerleri diisiik, gizli buharlagma 1silar1 yiiksek oldugu
igin ¢evrimin tiim noktalarinda sicakliklar1 digiiriirler
boylece sikistirma isini azaltarak efektif verimin
artmasin1  saglarlar.  Alkollerin NOx ve CO>
emisyonlarina etkisi icin literatiirle farkli sonuclar
mevcuttur [20]. Fakat alkoller biyokiitleden iiretilmeleri

durumunda, alkollerin yanmasi sonucu olusan
karbondioksit (CO2 tekrardan bitkiler tarafindan
fotosentez  isleminde  kullanilacagindan  toplam

karbondioksit salinimini arttirmazlar. Ancak alkollerin
iretim maliyeti benzine gore daha yiiksektir. Isil
degerlerinin benzine gore diisiik olmasi motor giiciiniin
diismesine ve yakit tiketiminin artmasina neden
olmaktadir. Suda c¢oziinme oranlar1 yiiksektir ve
havadaki nemi ¢ekmeye oldukca yatkindirlar [21]. Bu
yiizden benzin-alkol karisiminda faz ayirimi meydana
gelir ve yakitin korozyon etkisi artar [22]. Formaldehit,
asetaldehit, benzen, ksilen, toliien ve aseton gibi diizensiz
emisyonlari arttirirlar [23]. Metal ve plastik yakit sistemi
elemanlarina zarar verirler [19]. Yiiksek gizli buharlasma
isilart  nedeniyle soguk iklimlerde motorun ilk
hareketinde sorunlara neden olabilirler [24]. Buhar
basinglar1 (Reid buhar basinci) benzine gore diisiik
olmasma ragmen benzinle karistirildiklarinda olusan
alkol-benzin azeotropik karigimlari yakitin Reid buhar
basincin arttirir [21, 22, 25].

Alkollerin yakit olarak kullanimi yeni bir durum olmay1p
100 y1l 6ncesine kadar dayanmaktadir. Fakat o yillarda
petroliin bol ve ucuz olmasi nedeni ile alkoller yerine
benzin tercih edilmistir [15]. Ancak giiniimiizde zararli
egzoz gazlarini ve fosil yakit kullanimini azaltmak icin
yenilenebilir kaynaklardan iiretilen alkol ve eterlerin
kullanimi 6nem kazanmugtir. Etanol, metanol ve biitanol
gibi alkoller biyokiitlenin fermantasyonu ile iiretilebilir
ancak bu yontemle sadece etanoliin {iretimi ekonomik
olmaktadir. Metanol ile propanol, biitanol ve pentanol
gibi biiylik molekiillii alkoller dogal gazdan veya diger
karbon kaynaklarindan (kdmiir vb.) iiretilmektedir [16].

Alkollerin kullanimi sirasinda meydana gelen faz ayirimi
ve yakit buhar basmcinin artmasi gibi énemli teknik
sorunlar nedeni ile alternatif oksijenli yakit katkilar
olarak eterler kullanilmaya baslanmistir.

Cizelge 2’de benzin ve bazi alkol ile eterlerin 6nemli
fiziksel-kimyasal yakit ozellikleri verilmistir. Cizelge
2’de gorildiigii gibi eterlerin yakit dzelikleri, benzin ile
alkollerin yakit dzellikleri arasinda yer alir. Ornegin,
eterlerin 1s1l degeri benzinin 1s1l degerinden distiktiir
fakat alkollerin 1s1l degerinden daha yiiksektir. Oktan
sayilari, benzinin oktan sayisindan yiiksek ancak
alkollerin oktan sayisindan daha disiiktiir. Yine oksijen
icerikleri alkollere goére daha azdir. Ancak eterlerin
alkollere gore bazi dnemli {istiinliikleri vardir. Eterlerin
Reid buhar basinci diisiiktir ve bu nedenle ugucu
hidrokarbon emisyonlarini arttirmazlar [26]. Benzinle
her oranda karisirlar ve faz aymrmi meydana gelmez.
Oksijen igerikleri sayesinde CO, HC ve PM
emisyonlarin1  azaltirlar. Ancak iiretim maliyetleri
yiiksektir ve depolama tanklarindan sizarak yer alt1 igme
sularini kirletebilirler[27].

Eterler, alkollerin ve petrol esasli hidrokarbonlarin asidik
bir katalizor esliginde gerceklesen reaksiyonu ile elde
edilir. MTBE, metanolun ve petrol esasli bir hidrokarbon
olan isobiitenin asidik bir katalizorle yiiksek basing ve
sicaklikta reaksiyona sokulmastyla elde edilir [28]. Ayn1
yontemle metanol yerine etanol kullanildiginda etil
tersiyer biitil eter (ETBE) elde edilir. ETBE iiretiminde
biyokiitleden elde edilen etanol kullanildig: i¢in kismen
yenilenebilir bir yakit katkisidir. Reaksiyon sonunda
ETBE ve etanol azeotropik karisimi olusur. ETBE’in bu
karisimdan  basit distilasyon yOntemiyle ayirmak
miimkiin degildir. Ayirma igslemi i¢in 6ncelikle reaksiyon
ortamina su ekleyerek olusan azeotropik molekiillerin
parcalanmasi ve ardindan isobiiten, etanol ve suyun
ortamdan uzaklagtirilarak ETBE’in  saflastirilmasi
gerekmektedir [29]. Bu saflagtirma siireci ise ETBE’in
iiretim maliyetini arttirmaktadir [26, 29]. Tersiyer amil
metil eter (TAME) metanolun bir hidrokarbon olan
izoamilen ile (Cs olefinler) asidik bir katalizor esliginde
reaksiyona sokularak elde edilir. Bu reaksiyonda metanol
yerine etanol kullanilmas: durumunda tersiyer amil etil
eter (TAEE) elde edilir. TAEE iiretiminde biyokiitlenin
fermantasyonu ile elde edilen etanol kullanildigi igin
kismen yenilenebilir oksijenli yakit katki maddesidir.
Fakat TAEE’in gilinlimiizde ticari olarak retimi
yapilmamaktadir [25]. Di-izopropil eterin (DIPE) iiretimi
ise diger eterlerin iiretiminden farklidir. DIPE iiretiminde
alkol kullanilmaz. Once propilen su ile reaksiyona
sokularak izopropil alkol elde edilir. Daha sonra
izopropil alkol propilen ile reaksiyona sokularak di-
izopropil alkol elde edilir. DIPE’nin en biyiik
dezavantaji benzinle karistirildiginda kolay patlayabilen
peroksitlerin olugmasi ve bu nedenle tasima, depolama ve
dagitma asamalarinda yangin agisindan diger eterlere
gore daha fazla risk olusturmasidir [28]. Di-tersiyer amil
eter (di-TAE) izoamilenin, izoamil alkol ile reaksiyona
sokulmay1 ile elde edilir [25]. Izoamil alkol etanol
iiretiminde yan {iriin olarak ortaya ¢ikan fuzel yaginin
yaklagik olarak %60’m1 olusturur [30]. Di-TAE ucuz
hammadden iiretilmesi ve kismen yenilenebilir olmasi
nedeni ile oksijenli yakit olarak kullanilma potansiyeline
sahiptir. Ancak giiniimiizde bu eterin ticari olarak {iretimi
yapilmamaktadir [31].

Sekil 1’de bazi eterlerin iiretim akis semasi verilmistir.
Sekilden goriildiigii gibi ETBE, TAEE iiretimlerinde
etanol kullanildig1 i¢in bu eterler kismen yenilenebilir
oksijenli yakit katki maddeleridir. Diger yakit
katkilarinin iiretiminde tamamen petrol esasli maddeler
kullanildigr i¢in yenilenebilir yakit katkilar1 degildir. Etil
eterlerin (ETBE ve TAEE) oktan sayis1t MTBE’ye gore
yiiksek ve MTBE’ye gore Reid buhar basinglar1 daha
disiiktiir [28]. ETBE’in %47’si ve etanoliin %100’
yenilenebilirdir [32].

Fosil yakit kullaniminin ve CO» saliiminin azaltilmasi
acisindan oldukca 6nemli olan tamamen yenilenebilir
ETBE’in iiretimi Almanya’da kurulu bir biyorafineride
gerceklestirilmigtir [33].
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Cizelge 2. Benzin ve bazi oksijenli yakit katki maddelerinin

onemli fiziksel ve kimyasal 6zellikleri (Important physical-

chemical fuel properties of gasoline and some oxygenated fuel additives) [14, 17, 31, 34, 35, 36]

Ozellik Benzin Metanol Etanol MTBE ETBE TAEE TAME DIPE
Kapah Formiil - CHA,OH CszOH C5H120 C6H14O C7H150 C6H14O CsH14o
Mol Kiitlesi (kg/kmol) - 32,04 46,07 88,15 102,18 116,21 102,18 102,18
Oksijen igerigi (kiit.%) - 49,93 34,8 18,2 16 13,8 16 16
Yogunluk (kg/m®) @ 20 °C 760 792 789 758 736 761 766 721
Gizli Buharlasma Entalpisi
(ki/kg) @ 20 °C 307 1103 873 340 306 - - 318
Stokiyometrik H/Y Orani 14,6 6,5 8,95 11,76 12,17 12,49 12,17 12,17
Atl Isil Deger (kJ/kg) 43000 20000 26900 35200 36000 37000 36000 39300
Reid Buhar Basinci (kPa) 41-103 31,7 143 53,8 30,2 11,8 9> 15.9>
Arastirma Oktan Sayist - 111 108 116 118 >105 >105 >105
Motor Oktan Sayist - 92 92 101 - - - -
Dogal gaz Ham petrol
Propan Biitan v %
ﬂ» Destilasyon Nafta
Fomerizasyon ﬂ

Dehidrajenasyon

[zobumn\:l Dehidrajenasyon

Katalitik pargalama Hidrokraking

/
—— Fermantasyen t——p| ETANOL

Biyokiitle Dogal gaz

S Giiniimiizde faillaonilan

KEarigmm qiani

Sekil 1. Bazi eterlerin tiretim akis semasi

3. DIGER OKSIJENLI YAKIT KATKILARI
(OTHER OXYGENATED FUEL ADDITIVES)

Yukarida bahsedilen oksijenli yakit katkilarinin gogu
giiniimiizde kullanilmasina ragmen iiretim maliyetlerinin
yilksek olmasi, uygulamada bazi teknik sorunlarla
karsilagilmasi, eterlerin yer alti sularmi kirletmesi ve
petrol esasli katkilar olmasi sebebi ile aragtirmacilar
yenilenebilir  kaynaklardan fretilebilen  (6zellikle
biyokiitle) ekonomik ve oksijen igerikli yeni yakit katki
maddeleri iizerinde ¢alismaktadirlar. Biyoyakitlar birinci
nesil ve ikinci nesil biyoyakitlar olarak iki sinifa
ayrilabilir. Gida amagh tiiketilen ve tarimsal irtinlerden
elde edilen biyoyakitlar (etanol, biyodizel ) birinci nesil
biyoyakitlardir [37]. Birinci nesil biyoyakitlarin ticari
olarak iiretimi yillardir birgok tilkede yapilmaktadir. Bu
yakitlarin gida amagli tarimsal iriinlerden elde edilmesi,
diinyada gida fiyatlarinin artmasina ve ayrica mevcut
gida krizinin biiyiimesine yol agtigindan dolay1 tepki
cekmekte ve Onemini yitirmektedir [19]. Bununla
birlikte iilkelerin hedefledigi biyoyakit kullanim oranlari
dikkate alindiginda artan niifusa ragmen tarim alanlarinin
¢ogunun biyoyakit iiretimine ayrilmasini gerektirmesi,
gida iretim alanlarinin azalmasma ve gida krizinin

Gelecelre poransivel ladamma sahip

(Production process of some ethers) [28]

derinlesmesine neden olacaktir. Bu nedenle biyoyakit
iretiminde gida amach tiiketilmeyen hammaddelerin
kullanilmasini zorunluluk haline gelmistir. ikinci nesil
biyoyakitlar gida olarak tiiketilemeyen 6rnegin; jatropa
yagl, alg (su yosunu) gibi bitkiler, seliilozik tarimsal ve
orman atiklarindan elde edilmektedir [38]. Gilinlimiizde
ikinci  nesil  biyoyakit  retimi ticari  olarak
yaptlmamaktadir. Ancak bazi {ilkeler ikinci nesil
biyoyakitlarin ticari {iretimini ve kullanimini artirmak
amaci ile baz1 yasal diizenlemeler yapmakta ve hedefler
koymaktadir. Ornegin ABD’de tarimsal iiriinlerden
etanol iiretimi yerine seliilozik bitkilerden etanol {iretimi
zorunlu hale getirilmistir. Yine AB iilkeleri 2020 yilinda
ulasimda kullanilan biyoyakit ihtiyacim tarimsal
olmayan {irlinlerden elde etmeyi planlamistir [32].
Ayrica Uluslararast Enerji Birligi (IEA) 2050 yilinda
kiiresel ¢apta ylik ve yolcu tagimaciliginda kullanilan
yakitin %27’sini ikinci nesil biyoyakitlardan karsilamayi
hedeflemistir [39].

Biyoyakit iretim teknolojisinde meydana gelen
gelismeler ve bilim insanlarmin  yogun ¢abalari
neticesinde yukarida bahsedilen oksijenatlardan farkl
olarak yakit katkisi olarak kullanilabilecek yeni oksijenli
yakit katkilar1 iretilmistir. Uzerinde ¢alismalarin
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stirdiigii ve gelecekte kullanilma potansiyeline sahip yeni
oksijenli yakit katki maddelerinden en O&nemlileri;
Gliserin tert-biitil Biitil Eter (GBTE): terpinol, di-metil
karbonat,  feniletanol, = ETBE/etanol  azeotropik
karigimlari, biitanol, etil asetat, metil asetat ve 2,5
dimetilfuran (DMF) oldugu s6ylenebilir.

Gliserin tert-biitil eter (GTBE): Gliserinin isobiiten ile
heterojen asidik bir katalizor varliginda reaksiyona
(eterlesme reaksiyonu) sokularak elde edilir [40,41].
Transesterifikasyon yontemi ile biyodizel iiretiminde
reaktanlarin kiitlece %10’u kadar gliserin yan iiriin olarak
ortaya cikar [42]. Gliserin yiiksek viskozite ve diisiik
oktan sayisina sahip olmasi ve benzin/dizel ile
karismamasi nedeni ile motorlarda dogrudan yakit olarak
kullanilamamaktadir [43]. Bunu yerine gliserinin
isobiiten ile eterifikasyonu gergeklestirilerek elde edilen
gliserin ter-biitil eterin, bugiin kullanilan MTBE ve
ETBE’e alternatif bir oksijenli yakit katki maddesi
olacag: diisiinlilmektedir [44]. Gliserinin, isobiiten ile
eterifikasyon reaksiyonu sonunda tert-mono biitil eter
(MTBG): di-tert-biitil eter (DTBG): ve tri-tert-biitil eter
(TTBQ) ile yan iiriin olarak isobiitenin dimerleri olugur.
Bu eterlerden mono-eterler benzin igin iyi bir katki
maddesi oldugu, di-eterler ve tri-eterler ise iyi karigma
karakteristikleri, ayrica yakitin sogukta akis 6zelliklerini
iyilestirdikleri i¢in dizel ve biyodizel ig¢in uygun katki
maddeleri oldugu belirtilmektedir [40, 45, 46]. Gliserin
tert-biitil eter tek bir molekiil olmay1p dallanmis yapidaki
farkli eterlerin karigimidir ve bu eter karigiminin oktan
sayist (RON:112-128, MON: 91-92) yiiksek [47] setan
sayist ise disiiktir [48]. Bu nedenle bu eterlerin
dizel/biyodizel yakit1 ile karistirllmast durumunda
standartlarla belirlenen minimum setan sayisinin elde
edilmesi i¢in setan arttirici bazi katkilarm kullanilmasi
gerekir [48]. Gliserin eter iiretiminde saflik derecesi
yikksek olan gliserin ve isobiitenin kullanilmasi
gerekmektedir [49]. Bu durum gliserin eterlerin iiretim
maliyetini arttirmaktadir [50]. Yani sira literatiirde pilot
Olcekte gliserin eter iiretimi gergeklestirilmemistir. Bu
nedenle tam anlamiyla {iretim maliyeti belirlenememistir
[40]. Gliserin eterlerin yakit katkisi olarak kullanimi
ekonomik olmasina baglidir [48]. Gliserin eter liretiminin
ekonomik olmasi ise dogrudan gliserin ve isobiitenin
miktarina baglidir. 2020 yilinda biyodizel iiretiminin 36
milyon tona ulagacagi ve bu iiretimden 3 milyon ton
gliserin elde edilecegi tahmin edilmektedir [51]. Bu
miktardaki gliserinin tamami gida, boya ve kozmetik gibi
sektorlerde degerlendirilmesi miimkiin olmamakla
birlikte ¢evresel sorunlara yol agma potansiyeline
sahiptir [43, 52, 53]. Dolayistyla gliserinin oksijenli
yakit katkisi tiretiminde kullanilmasi ile hem gliserinin
neden olacagi ¢evre sorunlariin oniine gegilecek hem de
biyodizelin {iretim maliyetini diiglirecektir  [40].
Gliserinden degisik kimyasal yontemlerle {iretilen
gliserin eter, karbonatlar, ketal ve solketallar oksijenli
yakit katkis1 olarak kullanilma potansiyeline sahiptir [40,
48, 53]. Ancak {iiretim maliyeti, yakit ozellikleri ve
dontigim verimi dikkate alindiginda GTBE’nin diger
gliserin esasli katki maddelerine gore daha avantajlidir

[48, 54]. Bu nedenle oksijenli yakit katkisi iiretiminde
gliserinin eterifikasyonu dikkatleri ¢eken Onemli bir
yontemdir [49, 55].

Isobiiten (Cs) rafineride ham petroliin katalitik
pargalanmasi ile elde edilir. Ayrica  sekerin
fermantasyonu ile de iiretilebilir [56]. Ancak isobiitenin
maliyeti gliserinin maliyetinden daha fazladir [57].
Isobiitenin yenilenebilir kaynaklardan iiretilmesi gliserin
eterin tamamen yenilenebilir yakit katkisi olmasim
saglayacaktir. =~ GTBE iiretiminde isobiitenin yerine
propilen oksit iiretiminde yan iiriin olarak ortaya ¢ikan
Tersiyer biitil alkol (TBA) de kullanilabilir [58, 59, 60].
Gliserinin aseton ile reaksiyonunda (heterojen asidik
katalizor varliginda) oksijenli bir iiriin “ketal (solketal)”
elde edilir. Solketal MTBE’in yerine kullanilabilecek
potansiyele sahip bir oksijenli bilesiktir. Aseton petrol
esasli bir madde oldugu igin solketal tamamen
yenilenebilir degildir. Ancak aseton biyokiitleden de
iiretilebilir. Bu durumda solketal tamamen yenilenebilir
bir oksijenli yakit katkis1 olacaktir. Solketalin hacimsel
olarak %5 oraninda benzine katilmasi durumunda
karigimin oktan sayisi 2,5 artar [53].

Gliserinin isobiitenin yerine rafineri islemi sirasinda elde
edilen benzin (FCC gasoline: Fluid Catalytic Cracking
gasoline) ile dogrudan yiiksek basing altinda katalizorle
reaksiyona sokularak gliserin eterlerin olusmasi
saglanmaktadir. Bu yontemle elde edilen yakitin oktan
sayis1 benzinden daha yiiksek, buhar basinct (RVP) ise
daha dusiiktiir. Distilasyon karakteristigi ise benzinin
distilasyon karakteristigine benzerdir. Bu yontemle elde
edilecek yakit miktar1 da artmaktadir [61]. Gliserin
yerine benzinin etanol ile eterifikasyonu da yapilabilir
[62]. Uriinlerde etanol bulunacag igin yakitin oktan
sayisi gliserin ile eterlesme reaksiyonuyla elde edilen
yakittan daha yiiksektir [61]. Etanol ile eterlestirilen
benzinin Reid buhar basinci benzin-etanol karisimindan
daha diisiiktiir [63]. Bu eterlesme reaksiyonunda yakit
icindeki olefinik hidrokarbonlar reaksiyona girerek
azaltllir.  Yakitin  uguculugunu arttiran  olefinik
hidrokarbonlarin rafineri islemi sirasinda ek bir maliyetle
benzin i¢indeki miktar1 sinirlandirilir. Benzinin etanol ile
eterlesme reaksiyonu sayesinde benzin igindeki olefinik
hidrokarbon miktar1 azaltilarak yiiksek oktan sayili ve
buhar basinci daha diisiik oksijenli yakit elde edilebilir
[63].

Terpinol: Benzinin oktan sayisini arttirmak i¢in
kullanilabilecek yenilenebilir oksijenli yakit
katkilarindan biridir. Terpinol ¢am agacindan elde edilen
regineye orto fosforik asit eklenmesiyle dretilir [64].
Ayrica limonenden de kimyasal yontemlerle iiretilebilir
[65]. Isil degeri etanolden yliksektir. Oktan sayis1 104
olan terpinolun vuruntu direnci hacimce %35 oraninda
etanol igeren benzine gore daha yiiksektir [66]. Terpinol,
benzinin vuruntu direncini artirmak igin yeni bir oksijenli
yakit katki maddesi olarak kullanilabilir.

Biitanol: Son yillarda benzine katki maddesi olarak

kullanilabilecek biiyiik molekiillii alkollerden biri olan
biitanol aragtirmacilarin  dikkatini ¢ekmistir [67].
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Biitanoliin enerji igerigi ve buhar basinct dikkate
alindiginda kiiciik molekiillii alkollere gore ve MTBE’e
gore oldukca avantajli oldugu goriilmektedir. 105 gibi
yiiksek oktan sayisina sahip olan izobiitanol 6zellikle
benzin i¢in belirlenen buhar basinci limit degerlerinin,
yakit igindeki hafif HC bilesenleri uzaklagtiriimadan
kargilanmasini kolaylagtirmaktadir [68].

Di-metil karbonat (DMC): Sanayide solvent olarak
kullanilan 6nemli bir kimyasaldir. Oktan sayis1 yiiksek
oldugu icin benzin katki maddesi olarak da kullanilabilir.
DMC karbondioksitin metanol ile katalizor olarak ZnO
kullanilarak gerceklestirilen reaksiyondan elde edilir
[69]. Insan ve gevre sagligi icin toksik etkiye sahip
degildir [70]. Kiitlece %53,3 oksijen icermektedir.
Kapali formiilii C3HeO3 seklindedir. Oktan sayisi
yiiksektir (101-116). Ancak 1s1l degeri (15700kJ/kg )
benzinin ve etanoliin 1s1l degerinden daha diisiiktiir [71].
Bu 6zellikleri ile DMC benzinin oktan sayisini arttiracak
oksijenli yakit katkilarinda biridir [72].

Feniletanol (2-phenylethanol): Kagit iiretiminde yan
lirlin olarak ortaya ¢ikan bir alkol tiiriidiir. Lignoselulozik
hammaddelerden de elde edilebilir [73]. Aromatik
oksijenat oldugu i¢in vuruntu direnci yiiksektir [74] ve bu
nedenle benzin i¢in uygun bir yakit katkisidir [75].
Kapali formiilii CgH100 seklindedir. Alt 1s1l degeri 36700
kJ/kg ve arastirma oktan sayisi 110’dur. Bu 6zellikleri ile
uygun bir oksijenli yakit katki maddesidir.

ETBE/etanol azeotropik karigimlart: Etanoliin isobiiten
ile reaksiyonunda ETBE elde edilir. Ancak bu
reaksiyonda doniigim verimi artikca driinlerdeki
ETBE/etanol azeotropik karigim miktar1 da artmaktadir
[29]. Uriinler icerisinde ETBE, reaksiyona girmeyen etil
alkol, isobiiten ve reaksiyon sonunda olusan su vardir.
Uriinlerde ETBE ve etanol azeotropik karigim halinde
bulunur ve bu karisimi basit distilasyon ile ayirmak
miimkiin  degildir. ETBE saflastirmak icin bu
azetroplarin kirilmasi ya da saflastirma islemi i¢in 6zel
membranlar kullanilmast gerekir [29]. Bu durum
ETBE’in iretim maliyetini arttirmaktadir [26, 29].
Yiiksek maliyetinden dolayr ETBE/etanol karisimlarini
dogrudan yakit katkist olarak kullanmak daha
avantajlidir. ETBE/etanol  azeotropik  karigiminin
ozellikleri ETBE ile etanoliin 6zellikleri arasindadir. Bu
karisimin 1s1l degeri ETBE’in 1s1l degerinden az, ancak
etanoliin 1s1l degerinden daha yiiksektir. Uguculugu ve
sudaki ¢o6ziiniirliigii etanole gore daha azdir. ETBE gore
daha yiiksek oktan sayisina sahiptir [26]. Uretiminde
biyoetanol kullanilan, saflastirma islemi gerektirmedigi
icin ekonomik olan ve yenilenebilirlik orani yiiksek
olmasi nedeniyle ETBE/etanol karistmi benzinin
bilesiminin degistirilmesinde kullanilabilecek 6nemli bir
katk1 maddesidir.

Etil asetat: Etanoliin asetik asit ile reaksiyona girmesi
sonucu elde edilen esterdir. Sanayide solvent olarak
kullanilan etil asetat benzine gore daha az ugucudur. Hos
bir kokuya sahiptir ve toksik etkisi yoktur. Endiistriyel
iiretimi ¢ok oldugu i¢in maliyeti ETBE ve MTBE’e gore

diistiktiir. Benzin ile karistirildiginda karisimin oktan
sayisint artirir [5].

Metil asetat: Metanolun asetik asit ile reaksiyonu
sonucunda elde edilir. Oksijen igerigi etil asetata gore
fazla fakat 1s1l degeri etil asetatin 1s1l degerinden
diisiiktiir. En O6nemli avantaji benzinin Reid buhar
basincim1  arttirmadan  karisimin - oktan  sayisini
yiikseltmesidir. Bu yiizden benzin icin oksijenli yakit
katki maddesi olarak kullanilabilir [5].

2,5-dimethylfuran (DMF) : Son yillarda biyoyakait tiretim
teknolojisinde meydana gelen gelismelerin bir iiriinii olan
2,5-dimethylfuran (DMF) biyokiitle esash frikktozun
katalitik doniisiimii ile elde edilir. Elde edilen bu
oksijenli yakit katkis1 benzine daha yakin, etanolden daha
iyi fiziksel ve kimyasal ozelliklere sahiptir [76].
Hacimsel 1s1l degeri, etanoliin 1s1l degerinden yiiksektir.
Arastirma oktan sayist (RON) 119 olarak tahmin
edilmektedir [77]. Vuruntu direnci yiiksek oldugu icin
yiiksek sikistirma oranlari secilerek motorun efektif
verimini arttiracagi beklenmektedir. Suda ¢oziinmez ve
depolama agisindan herhangi bir sorun teskil etmez.
Giiniimiizde ticari olarak tretimi yapilmayan DMF
benzin ic¢in oksijenli yakit katki maddesi olarak
kullanilma potansiyeline sahiptir [78, 79]. Benzer
yontemlerle musir esasli glikozdan pilot 6l¢ekte tamamen
yenilenebilir izooktan iiretimi gerceklestirilmistir [33].
Cizelge 3’te bazi oksijenli yakit katkilarinin 6nemli
fiziksel-kimyasal 6zellikleri verilmistir.

4. SONUC (CONCLUSION)

Buji ateslemeli motorlardan salinan zararli egzoz
emisyonlarini standartlarla belirlenen limitlerde tutmak,
yakitin vuruntu direncini yiikseltmek ve yenilenebilir
biyoyakit kullaniminmi arttirmak igin gelecek yillarda
benzine eklenecek yenilenebilir oksijenli yakit katki
miktarinin daha fazla olacag: agiktir. Bu yenilenebilir
oksijenli yakit katkisinin kargilanmasinda  farkli
alternatifler mevcuttur. Ancak kullanilacak yakit
katkisinin ikinci nesil biyoyakit grubunda yer almasi,
iretiminin ekonomik olmasi, insan ve g¢evre sagligi
acisindan bir tehdit olugturmamasi 6nemlidir. Bu noktada
gliserin  eterlerin  ve  ETBE/etanol  azeotropik
karigimlarinin -~ sahip oldugu avantajlar nedeniyle
oksijenli yakit katkisi olarak kullanilma potansiyeline
daha ¢ok sahiptirler. Yeni oksijenli yakit katkilarinin
iiretim tekniklerinin gelistirilmesi ve bu katkilarin motor
performans ve egzoz emisyonlarma etkilerinin kapsamli
olarak aragtirilmasi gerekmektedir.
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Gr1 Kurt Optimizasyon Algoritmasina Dayanan Cok
Seviyeli Imge Esik Se¢imi
Arastirma Makalesi / Research Article

Ismail KOC”, Omer Kaan BAYKAN, Ismail BABAOGLU
Bilgisayar Mithendisligi Boliimii, Selguk Universitesi, Konya, Tiirkiye
(Gelis/Received : 01.07.2017 ; Kabul/Accepted : 07.10.2017)
oz
Coklu esikleme, goriintii isleme ve Oriintii tanima igin 6nemli bir goriintii isleme teknigidir. Optimal bir esik degerinin segimi
goriintii esiklemede en ciddi asamalardan birisidir. Tki seviye segmentasyon esik degeri yardimiyla orijinal resmi iki alt boliime
ayirmayi igerirken, coklu segmentasyon cok esik degerlerini icermektedir. Ozellikle ¢ok seviyeli goriintii esiklemede, detayh
arastirmaya iliskin hesaplama zamani tercih edilen esik sayistyla birlikte iistel olarak artmaktadir. Zor problemler igin, siirii zekas1
basarili ve etkili optimizasyon metotlarindan biri olarak bilinmektedir. Bu ¢aligmada, dogadaki gri kurtlarin sosyal liderlik ve
avcilik davraniglarini taklit eden son zamanlarda Snerilmis siirii tabanli meta sezgisel olan gri kurt algoritmasi (GWO) ¢ok seviyeli

goriintii esikleme probleminin ¢oziimii i¢in kullanilmaktadir. Standart test resimleri {izerinde yapilan deneysel sonuglar GWO
algoritmasinin diger modern algoritmalarla karsilastirilabilir oldugunu gostermektedir.

Anahtar Kelimeler :Cok seviyeli imge esikleme, otsu metodu, siirii zekasi, optimizasyon algoritmalari, gri Kurt algoritmasi.

Multilevel Image Thresholding Selection Based on
Grey Wolf Optimizer

ABSTRACT

Multilevel thresholding is an important image process technique for image processing and pattern recognition. Selecting an optimal
threshold value is one of the most crucial phase in image thresholding. While bi-level segmentation contains separating the original
image into subdivided sections with help of a threshold value, multilevel segmentation involves multi threshold values. Especially
in multilevel image tresholding, the computational time of detailed search increases exponentially with the number of preferred
thresholds. For compelling problems, swarm intelligence is known as one of the successful and influential optimization methods.
In this paper, the grey wolf optimizer (GWO), a recently proposed swarm-based meta-heuristic which imitates the social leadership
and hunting behavior of gray wolves in nature is employed for solving the multilevel image thresholding problem. The experimental
results on standard benchmark images indicate that the grey wolf optimizer algorithm is comparable with other state of the art
algorithms.

Keywords: Multilevel image thresholding, otsu method, herd intelligence, optimization algorithms, gray wolf algorithm

1. GIRIS (INTRODUCTION)
Bir goriintiinlin benzer yogunluk, renk ve sekillere sahip

birkag on yilda literatiirde goriinti segmentasyonuna
yonelik bircok algoritma Onerilmistir. Genel olarak,

homojen pargalara bdliinmesi teknigi olan goriintii
segmentasyonu, goriintii iglemedeki temel asamalardan
birisidir. Goriinti  segmentasyonu genellikle resmi
anlamada ve resim temsilinde ilk adimi temsil eder.
Segmentasyonun sagladigi sonuglar, 6zellik ¢ikarimi,
resim tanima, semantik yorumlama ve nesne
smiflandirmast gibi daha {ist diizey uygulamalarda
kullanilir [1].

Esikleme teknikleri, basitliklerinden dolay1 gri tonlamali
goriintiilerin bdlimlenmesinde ¢ok yaygindir. Goriintii
segmentasyonu  genellikle bir gorlintiiyli  belirli
uygulamalar i¢in kullanilmak {izere parcalara bdlme
islemini basitlestirir. Goriintii segmentasyonu, Karakter
tamima [2], otomatik hedef algilama [3], video degisim
algilamasi [4], tibbi goriintiileme [5, 6] ve benzeri [7]
uygulama alanlarinda siklikla kullanilmaktadir. Son

*Sorumlu Yazar (Corresponding Author)
e-posta : ismailkoc@selcuk.edu.tr

goriintii segmentasyonu algoritmalart esikleme, bolge
bliyiimesi, kenar tabanli ve kiimeleme seklinde
smiflandirilabilir.

Esik degerleme, goriintii segmentasyonunda ¢ok 6nemli
ve etkili bir rol oynamaktadir. Goriintiiniin
histogramindan elde edilen esik degerlerine bagli olarak
goriintiiyii esiklemenin iki yolu vardir. Bunlar: (a) iki
seviyeli esikleme [8] ve (b) ¢ok diizeyli esikleme [9, 10].
Geleneksel teknikler [11] ve akilli yontemler [12] dahil
olmak {izere, goriintii segmentasyonu igin bircok
esikleme yaklagimi Onerilmistir. Histogram esikleme
teknigi, basit ancak etkili bir yontem olarak One
¢ikmaktadir.  Bu  teknik, istenen  gdriintiiniin
histogramindan bir esik degeri segerek goriinti
segmentasyonunu gerceklestirir. Coziim igin birkag
esikleme teknigi vardir. Otsu kriteri olarak adlandirilan
bu yontemlerden bir tanesi, gri seviye goriintiisiindeki
smiflar arasindaki varyans degerinin maksimizasyonunu
hedefleyerek optimal esik degerlerini seger. Bu
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caligmada esik sorunu c¢ozmek igin Otsu kriterleri
kullanmilmustir [13].

Meta-sezgisel yontemler, bir ¢éziim uzayinda etkin bir
arama yapabilmek ve lokal optimum noktasindan
kurtulabilme yetenegine sahip bir siire¢ olusturmak igin
yerel iyilestirme prosediirleri ve iist diizey stratejiler
arasinda bir etkilesim organize eden optimizasyon
teknikleridir [14, 15]. Optimum ¢ok diizeyli goriintii
esiklerini hesaplamak i¢in dogadaki biyolojik, sosyal,
kimyasal ve fiziksel sistemlerin davranislarindan
tiiretilen cesitli meta-sezgisel algoritmalar Onerilmistir.
Tim problemlerin ¢éziimiinii basariyla yerine getiren
herhangi  bir algoritma bulunmadigindan [16],
kombinatoryal veya siirekli problemler i¢in farkli
yaklagimlar  geligtirilmigtir ~ [17].  Meta-sezgisel
algoritmalarin orijinal versiyonlari, ¢6ziim kalitesini
artirmak i¢in modifiye edilir veya melezlestirilir. En
yaygin dogadan esinlenen algoritmalar, pargacik siirii
optimizasyonu (PSO) [18], diferansiyel evrim (DE) [19],
atesbocegi algoritmasi (FA) [20],[21], guguk kusu arama
(CS) [22], karinca koloni optimizasyonu [23-26], yapay
ar1 koloni algoritmasi [27-30], yarasa algoritmasi (BA)
[31], aga¢ tohum algoritmasi [32] ve insan arayici
optimizasyonu (HSO) [33-35] yontemlerini
igermektedir.

Bu ¢aligmada, gri kurt optimizasyon algoritmast (GWO),
cok diizeyli goriintii esikleme probleminin ¢éziimii i¢in
onerilmektedir. GWO algoritmasi uygulanmasi kolay ve
¢Oziim kalitesi agisindan da bagarili bir algoritmadir. Bu
nedenle, Otsu kriterlerini kullanarak ¢ok seviyeli esikleri
bulmak i¢in GWO ydntemi kullanilmigtir.

Onerilen algoritma, DE, CS gibi son zamanlarda 6nerilen
diger algoritmalar ile karsilagtirilmistir. Deneysel
sonuglar, genel olarak dnerilen GWO algoritmasinin hem
dogruluk hem saglamlik agisindan PSO, DE, CS, FA ve
(lyilestirilmis yarasa algoritmasi) IBA algoritmalarina
kiyasla daha iyi sonuglar verdigini gostermektedir.

Makalenin geri kalan kismi asagidaki sekilde organize
edilmistir. Bolim 2, c¢ok diizeyli esiklerin optimal

degerlerini aramak i¢in uyarlanmis orijinal GWO'yu
tanitmaktadir. Bolim 3, cok seviyeli esik problemini
tanimlar ve Otsu tekniginin nesnel islevlerini sunar.
Bolim 4, standart benchmark goriintiileri kullanilarak
¢ok seviyeli boliitlemeye uygulanarak elde edilen diger
algoritmalarin deneysel sonuglarimi karsilastirmali olarak
sonuclar

sunmaktadir. Son olarak, Bolim  S'te

tartigilacaktir.

2. GRi KURT OPTIMiZASYON ALGORITMASI
(GWO) (GRAY WOLF OPTIMIZER)

Gri kurt optimizasyon algoritmasi, gri kurtlarin aveilik
davranisini ve toplumsal davramiglarmi taklit ederek
onerilmistir. Toplumsal hiyerarsi ile ilgili olarak, gri
kurtlar alfa, beta, delta ve omega olarak siniflandirilir.
Alfa grubu, kurt grubu onun kurallarina uydugu icgin
hakim bir tiirdiir. Beta sinifi, kararlarda alfa'ya yardimei
olan ikincil kurtlar1 ifade etmektedir. Omega ise en diisiik
stiradaki gri kurtlar1 temsil etmektedir. Bir kurt yukarida
belirtilen herhangi bir tiire ait degilse, delta olarak
adlandirilir. Grup avlama islemi, kurtlarin toplumsal
etkilesimlerinin yam sira gri kurtlarin ilging bir sosyal
davranmigidir. GWO'nun ana béliimleri avi g¢evreleme,
avlama ve avina saldirma asamalari olugturmaktadir [36].

2.1. Sosyal Hiyerarsi (Social Hierarchy)

Aday ¢o6ziimler kurtlarin toplumsal hiyerarsisi géz 6niine
alinarak yapilandirilmistir. En iyi uygunluk degerine
sahip ¢oziimler sirastyla alfa, beta, delta ve omega isimli
kurtlar olarak kabul edilir.

2.2. Avi Cevreleme (Encircling prey)

Gri kurt, Denklem 1 ve 2’yi kullanarak avinin
cevresindeki pozisyonunu rasgele giincelleyebilir. Gri
kurtlarin kusatma davranisi su sekilde sunulabilir:

= [C.X,(t) — X(0)] @)
X(t+1)=|x,(t) —A.D| 2

Burada t degeri mevcut iterasyonu, A ve C degerleri
katsay1 vektorlerini, X, avin konum vektériinii, X bir gri
kurdun konumunu temsil etmektedir. A ve C degerleri
Denklem 3 ve 4’te sirastyla hesaplanir:

A=|2a.r —al

®)
(4)
a'nin bilesenleri yinelemeler sirasinda lineer olarak 2'den
0'a digstrilir. r; ve r, [0, 1] arasindaki rastsal bir
vektordiir. ry ve r; rastgele vektorleri, kurtlarin Sekil 1'de
gosterilen 2D ve 3D uzayindaki noktalardan herhangi bir
yere ulagsmasina izin verir. Boylece, gri kurt, herhangi bir
rasgele konumdaki avin etrafindaki bosluk igindeki
konumunu Denklem (1) ve (2)’ye gore diizenleyebilir.
Benzer sekilde, Sekil 1°de verilen 2D ve 3D uzayi, n
boyutlu bir arama uzayina genisletilebilir ve boylece gri
kurtlarin, simdiye kadar elde edilen en iyi ¢6ziim
etrafinda hiper-kiiplerde (veya hiper-kiirelerde) hareket
etmesi saglanacaktir.

C = |2a.1|

\\//

/

@, v/x /
PEXy~2%
wnxreze2) eyezeg |y \» 72 vz
el

& L*\ ey o

(Xyy 2oy

'—ﬁ’i

xx e )//f‘ yevez

Sekil 1. Gri kurtlarin 2D ve 3D uzayindaki konum vektorleri ve olast sonraki konumlari (Position vectors and possible next
positions of aray wolf in 2D and 3D space) [36]
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2.3. Avlama (Hunting)

Gri kurtlarin alfa, beta ve delta tirleri avin mevcut
konumu hakkinda olaganiistii bilgiye sahiptirler. Bu
nedenle, elde edilen ilk {i¢ en iyi ¢oziim kaydedilir ve
diger kurtlarin en iyi arama ajanlarinin pozisyonlarina
gore konumlarini giincellemeleri saglanir. Bu baglamda
Denklem 5-11 kullanilabilir [37].

Dy = |C1-Xoc - Xl (5)
Dg = |C,. X — X| (6)
Ds = |C3.X5 — X| )
X, = |Xoc _Al-Do(l (8)
X, = |Xg — A,.Dg| ©)
X3 = |X8 _A3-D8| (10)

Xy + X, +X3) (112)

Xt+1) =
2.4. Ava Saldirma (Attacking Prey)
Bu asamada, a degeri azaltilir ve bu nedenle A'nin
degisim araligi azaltilir. A, [-1,1] araliginda rasgele
degerlere sahip oldugunda, arama ajaninin sonraki
konumu, mevcut konumu ile avin konumu arasindaki
herhangi bir yerde olacaktir.
2.5. Arama (Search for prey)
Gri kurtlar genellikle alfa, beta ve delta'nin konumlarina
gore arama yapar. Avinit aramak ve avlarina saldirma
aninda bir araya gelmek i¢in birbirlerinden ayrilirlar.
Dagilimi matematiksel olarak modellemek igin, 1'den
biliyilk veya 1'den kii¢iik rastgele degerlere sahip A
parametresi  kullanilir.  Bu  islem, arastirmayi
(exploration) 6nemli hale getirir ve GWO algoritmasinin
global aramasina destek saglar.
GWO algoritmasinin akig semasi Sekil 2°de verilmistir.
Gri Kurt Populasyonunu Baglat Xi=(i=1,2,....,n)
a, A C parametrelerini ata
Her bir ajanin uygunluk degerini hesapla
Xer Xp, Ve X5 degerlerini bul
X, = Populasyondaki en iyi konuma sahip ajan
Xg = Populasyondaki en iyi ikinci konuma sahip ajan
X5 = Populasyondaki en iyi ti¢lincii konuma sahip ajan

while (t< Maksimum iterasyon sayisi)

for Her bir ajan
Mevcut arama ajanlarin konumlarint Denklem 11 ile
giincelle.

end for

a, A ve C parametlerini giincelle

Her bir ajanin uygunluk degerini hesapla
X« Xp Ve X5 parametlerini hesapla
t=t+1

end while

return X,

Sekil 2.GWO algoritmasinin sézde kodu (Pseudo-code of
GWO algorithm)

3. COKLU ESIKLEME PROBLEMI
(MULTILEVEL THRESHOLDING PROBLEM)
Esikleme teknigi, verilen resmin histogramina dayali
olarak  gorlintli  segmentasyonunu  gerceklestirir.
Islenecek bir goriintide L gri seviyeleri, 0 ve L-1

arasindaki t esik degeri, | verilen bir resmi ifade ettigi
varsayimi tzerinden, bir goriinti i¢in iki seviyeli
esikleme Denklem 12’teki gibi tanimlanabilir:

Pr={I(x,y) €110 <I(x,y)<t—1}

Py ={I(x,y) €l|t <I(x,y)<L-1} (12)
Esikleme icin segment sayisinin artmastyla, iki seviyeli
esikleme c¢ok seviyeli esiklemeye donistiiriilebilir.
Doniigiim formiili Denklem 13’te verilmistir.

B, ={I(x,y) €1|0 <I(x,y)<ty—1}
P={I(x,y) €llty <I(x,y) <t; -1}
(13)
Pnz{l(x’y) EIltn—l SI(X,y)SL—l}

Burada I(x,y) koordinat sistemindeki X, vy
koordinatlarindan elde edilen pikseli ifade etmektedir.
I(x,y) [0, 255] arasindaki degere sahiptir. Cok seviyeli
esiklemenin amaci optimal esik degerlerini (t, , t; ,..., t,
) hesaplamaktir. (P, ,P, ,..., B, ) verilen resmin farkli
kisimlarim temsil etmektedir. A N 4 = o kosulunun
saglanmast gereklidir, ve P degerlerinin hepsinin
birlegsimi | resmini olugturmaktadir.
Coklu esikleme igin az sayida en iyi esik degerini bile
hesaplamak oldukga zor iken ¢ift seviyeli esikleme igin
optimum esigin bulunmas1 hesaplama yiikii agisindan zor
degildir. Bu nedenle, belirli bir gdriintiiniin optimum esik
degerlerini hesaplamak icin sezgisel algoritmalari
kullanmak daha elverislidir.
3.1. Otsu'nun Esik Yontemi (Otsu Thresholding
Method)
Otsu metotu [38] smmflar arasindaki varyansin
maksimizasyona dayali olup, goriinti esikleme igin
énerilen en yaygin ydntemlerden birisidir. 1ki seviyeli
esik degerleme i¢in Otsu, esik degeri bulmak i¢in siiflar
arast varyansi tanimlamistir. Tim smiflar  igin
degerlendirilen ~ sigma  fonksiyonlarinin  toplami
maksimize edildiginde, iki seviyeli esik deger igin
optimum t degeri bulunabilir. Amag¢ fonksiyonunun
matematiksel ~modellenmesi  Denklem  14-19°daki
gibidir:

t* = argmax[f, (t)] (14)
fo(t) = oo+ 0y (15)
oo = woltlo — Ur)* Ve o3 = w;(py — (16)
.Ut)z

t—1 L-1

1 . 1 .

Mo=w—ozolxpive M1=w—121xm 17)

1= i=
wo = Xiopi Ve w; = YTty (18)
b=l (19)

L

X

burada, x; i. seviyesindeki toplam piksel sayisint , X
toplam piksel sayisii temsil etmektedir. p; Denklem
19’da goriildigii gibi i. gri seviyedeki olasilik seviyesini
gosternektedir. w, ve w; Denklem 18’teki 0. ve 1.
segmentlerin olugmasinin tahmin edilen olasiligini. u,
ve p,; Denklem 17°deki gibi sirasiyla 0 ve 1. siniflarin
ortalama yogunlugunu ve p, ise Denklem 16’daki gibi
resmin ortalama degerini ifade etmektedir. Son olarak
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Denklem 15°te goriildiigi gibi oy, is 0. sinifin varyansini
oy ise 1. smifin varyansini gostermektedir.
Simiflar arast varyansa dayali iki seviyeli goriintii

esikleme Denklem 20-24’teki gibi c¢ok seviyeli
esiklemeye genisletilir:
t* = argmax|[f,, (t)] (20)
- (21)
HO = o
i=0
09 = wo(lo — H)? 01 = wi(iy — > (22)
O = wp(y — #t)z
1 -1, 1 -1,
Ho =73, Z?iollei, =7 Zfitollei ’ (23)
_ 1 §yL-1;
Hn =3 Zi=ty LXPi
wo= X P = I g wp = (24)
L-1
i=t, Pi

4. DENEYSEL SONUCLAR (EXPERIMENTAL
RESULTS)

Cok seviyeli goriintii esikleme problemi, Gandomi ve
ark. (2013) [22] calismasinda belirtilen fonksiyonlari
maksimize eden [0, L - 1] araliginda optimum esikleri
elde etmeyi amaglamaktadir. Problemin boyutu, esik
sayist k sayisi kadardir ve arama uzayr ise [0, L-1]
araligindadir. Bu ¢aligmada 6nerilen GWO algoritmasi
popiilasyona dayali diger bes farkli meta-sezgisel
tekniklerle karsilagtirilmistir: PSO, DE, CS ve FA ve
IBA. PSO, DE, CS ve FA ve IBA algoritmalarin
sonuglarinin tamami ise Alihodzic ve Tuba (2014)
makalesinden alinmustir [7].

Deneysel galigmalar, elde edilen sonuglar 1s1ginda PSO,
DE, CS ve FA ve IBA algoritmalarinin sonuglari ile adil
bir karsilagtirma yapmak ic¢in 6 standart goriintii
kullanilarak gergeklestirilmistir [7]. Bu caligmada
kullanilan Barbara, Living Room, Boats, Goldhill ve
Lake gibi goriintiilerin biyikligi (512 x 512) ve
Antenna veri boyutu ise (256x256) seklindedir. Barbara
ve Boats goriintiileri http://decsai.ugr.es/~javier/ denoise/
test_images/ adresinden alinmistir. Living Room ve Lake

gorintiileri http://www.imageprocessingplace.com
froot_ files. V3/ image_databases.htm adresinde
bulunabilir. Goldhill resmi https:// ece.uwaterloo.

ca/z70wang/research/quality_index/demo.html
sitesinden secildi. Hava gorlintiisii, http://sipi.usc.
edu/database/database.php?volume=misc  adresindeki
Giiney Kaliforniya Sinyali ve Goriintii isleme Enstitiisii
resim veritabaninda mevcuttur. Bu resimlere ait orijinal
gorintiiler ve gri seviyedeki histogramlari sirastyla Sekil
3'te gosterilmektedir
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Sekil 3. Gri seviye test goriintiileri ve bunlarin histogrami ve:
(Gray level test images and their histogram and:)
(A) Barbara, (b) Oturma odasi, (c) Tekneler, (d)
Goldhill, (e) Gol, ve (f) Anten. ( (A) Barbara, (b)
Living room, (c) Boats, (d) Goldhill, (e) Lake, and (f)
Antenna)


http://decsai.ugr.es/~javier/
http://sipi.usc/
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Otsu'nun kriterleri icin GWO yontemiyle elde edilen
deneysel sonuglar diger algoritmalarin sonuglariyla
birlikte karsilastirmali olarak Cizelge 1'de verilmistir.
Ortalama degerler (Ort. Deg.) en iyi degerler maksimum
deger oldugu icin kalin olarak isaretlenmistir. Standart
sapma (St. Sap.) ise en kiiciik degerler kalin olarak
isaretlenmistir. Deneysel caligmalarda arastirilan esik
sayist 2, 3, 4 ve 5 olarak se¢ilmisgtir. Meta-sezgisel
algoritmalar stokastik &zelliklere sahip oldugundan, her
deney, her bir resim goriintiisii i¢in ve her bir k esik
degeri icin 50 kez ¢alistirilmistir. Onerilen algoritma ile
elde edilen en iyi ¢oziim fb(t)'nin uygunluk degeri,
bilinen en iyi degere ulastifinda, ¢alisma
sonlandirilmistir. Bu nedenle, tekrarlamasinda optimum
elde edilemedigi zaman ¢aligsma 2000 iterasyona ulastig1
anda calisma  sonlandirilmistir.  Ayrica,  tim
algoritmalardaki popiilasyon boyutu N = 40 alimustir.
Otsu'nun amag fonksiyonuna dayanan deneyler igin, alt1
test meta-sezgisel algoritma i¢in 50 bagimsiz ¢aligtirma
icin ortalama ve standart sapmalar hesaplanmig ve
Cizelge 1'de sunulmustur. PSO, DE, CS, FA ve IBA
algoritmalariyla elde edilen sonuglar Alihodzic and Tuba
(2014) calismasindan alinmistir [7]. Deneysel ¢aligsmalar
i5-3210M CPU 2.50 GHz CPU, Windows 10 Pro 64-bit
isletim sistemi ve 4GB RAM ozellikli bir bilgisayarda
Matlab R2014a versiyonu kullanilarak gerceklestirmistir.
Buna ek olarak, Onerilen yontemin g¢alisma zamani
(saniye cinsinden) MATLAB"1n tic ve toc fonksiyonlar
kullanarak elde edilmis ve Cizelge 2’de sunulmustur.

algoritmas1 Barbara i¢in diger algoritmalarla yaklagik
ayn1 sonucu elde ederken kararlilik agisindan
degerlendirildiginde ise GWO algoritmas1 PSO, CS ve
DE yontemlerinden daha basarili sonuglar elde etmistir.
K=5 durumunda Barbara test verisinde GWO yontemi
2891.49129 degeriyle diger algoritmalarin elde ettigi
degeri ge¢mis ve en iyi performansi sergilemistir ve ayni
zamanda bu test verisi i¢in kararlilik a¢isindan PSO ve
DE yontemlerinden de basarili olmustur. Living Room
test verisi i¢in K=5 durumu disinda tiim durumlarda
bagarili sonuglar elde etmistir. Tekneler verisi i¢in Living
Room test verisine benzer sekilde K=5 durumu disinda
iyi sonuglar elde edilmistir. Goldhill veri seti sonuglari
incelendiginde K=2, 3 ve 4 icin en iyi degerlere
ulasilmistir. K=5 durumunda ise GWO algoritmas1 IBA
ve FA algoritmalarina ¢cok yakin bir sonug elde etmistir.
Lake test verisi i¢in ise GWO bu kez sadece PSO ve DE
yontemlerinden daha kararli oldugu gostermistir. Son
olarak Antenna verisi i¢in K=2 ve K=3 durumunda en iyi
sonuglara ulagilmistir. K=4 ve K=5 durumunda ise GWO
algoritmast ¢6ziim kalitesi acgisindan IBA ve FA
algoritmalarindan sonra en basarili algoritma olmustur.
Ozetle, GWO algoritmas1 Barbara test verisinde K’nin
tiim durumlarinda en iyi performansi verirken diger test
verilerinde ise K=5 durumu disinda GWO ydnteminin en
iyi sonuca ulagtig1 goriilmiistiir. Ayrica GWO yontemi ile
IBA yoOnteminin ¢alisma siireleri Cizelge 2’de
karsilastirilmali olarak verilmistir.

Cizelge 1. Otsu'nun kriterine gore PSO, DE, CS, FA, IBA yontemlerinden elde edilen ortalama degerlerin ve standart
sapmalarin GWO yo6ntemiyle karsilagtirilmas: (Comparison of mean values and standard deviations obtained
from PSO, DE, CS, FA, IBA methods by GWO method according to Otsu's criterion)

Barbara
Ort. Deg

Boats
Ort. Deg.

Living Room

K
Als. Ort. Deg. St Sap.

St. Sap.

Amntenna
Ort. Deg. St Sap.

Goldhill
Ort. Deg. St. Sap.

Lake

Ort Deg. St. Sap.

2608.61078
278516328
28562608
289007555

162700017  0.00E - 00
176010302 2 1TE-13
1518 86438 150E-12
187198483 220E-02

1863.34672
1094 53631
2050 86622

2092.77115

0.00E -
159E-12
422E-
836E—

IGE-12
455E-12
T41E-03
309E-03

180817105 127E-12
1005 41061 1. 14E-12
195508562  7.65E+ 00
197017031 251E+ 00

00 695101  4S55E-13
1103764 136E-12
04 22053801 148E-03
03 233115848 3S6E-04

307472821
41126311
4180 88208
421604280

260861078  1.82E-12
278516200
2856.26131
2890.07135

162700017  0.00E - 00
176010302 227E-13
182885033 130E-02
18710767  134E-02

1863.34672
1994 53527
2059 86527
2002.76601

DE

0.00E -
T26E—
685E—
1TIE-

3G4E-12
455E-12
TAlE-03
J00E-03

00 695101 4S55E-13
03 221037264 136E-12
03 22953801 148E—-03
02 233115848 356E-04

307472821
41126311
418088308
411404280

180817105 2127E-12
190541061 1.14E-12
1955.08562  7.63E+00
1070.17031 2.51E+ 00

260861078  182E-12
278516328
2856.26151
280007654  485E-04

162790917  0.00E — 00
176010302 227E-13
1818 86438 150E-12
187189023 270E-03

1563 34673

Cs
2050 86618

2042 77582 1.

=1

0.ME -
1904 53631 1359E-

136E-1
3E—

180817105 227E-13
100541061  1.14E-12
105701797 0.OE - 00
1080.65104 11GE—-02

00 20695102 4S55E-13
17 11103764 136E-12
110538047 I1TE-12
2331.15524 4T76E-03

307473821
41126311
418088616
421694358

IME-12
455E-12
0.00E — 0
Q09E - 13

[

=1

2608.61078  182E-12
2785.16328
285626213 455E-13
280007661

1627.00917 O.00E-00
176010302 2.17E-12
1528 86438 150E-12
187199062  0.00E— 00

1563 34673 O0.00E

FA
2050 86628

209277352

1004 53631 1359E-1
136E—1
357E-

IGME-12
4355E-12
0.00E — 00
DORE 13

180817105 227E-13
100541061  1.14E-12
105701797 0.MOE— 00
1080.65674 9.00E-13

307473821
41116311
4180 88616
4216 94358

110374 136E-12
110538047 12TE-12
03 13311566 22TE-12

00 20695102 455E-13
2
2

2508.61078
278516328
2856.26213
2890 07661

162790917  0.00E — 00
176010302 2 1TE-13
1528 86438 2127E-12
1871.990462 0.00E — 00

1863 34673
1904 53631
2059 86628
2002 77507

0.0ME -
114E -
9.09E -
1.36E -

409E-12
AG4E-12
0.00E — 00
IME-12

1808.17105 2.27E-13
1005 41061 1. 14E-12
195701797 0.0E— 00
198065674 009E-13

00 20695102 4 55E-13
11 123764 136E-12
13 129538047 222TE-12
17 23311866 22TE-12

307473821
41126311
4180 88616
4216 94358

260911376
278561199
21856.608T7
1891.49120

162700917  G80E-13
1760.10302 5.89E-13
1818.86438 1.61E-12
187198523 191E-02

1863.34672
19904 53631
2050 56628 2

GWO

o b e ow e e w e e o o e oW ] s oW

w

208277260 643E03

1.ME-12
5.51E-12
0.OE-HHY
1.07E-03

1808.17105 6.80E-13
1905 41061 919E-13
1957.01793 2TTE-4
1980.65571 2.57E-03

20605102 1.34E-12
122037264 1.38E-12
2 119538047 2.30E-12
2331.15611 3 42E-03

307472821
41126311
415058616
421604326

Cizelge | incelendiginde ortalama degerler agisindan
k=2 durumda Barbara i¢cin GWO yontemi diger
yontemlerden daha iyi sonu¢ elde ederken. k=3
durumunda algoritmalarin perfomansi arasinda ¢ok ciddi
bir fark goriilmemistir. k=4 durumunda GWO

Cizelge 2 incelendiginde, IBA yontemi esik seviyesi 2, 3
ve 4 oldugu durumlarda ¢ok daha hizli olurken, GWO
yonteminin esik seviyesinin 5 oldugu tiim durumlarda
cok daha kisa siirede sonug firettigi gdzlemlenmistir.
Sonug olarak GWO yonteminin esik seviyesinin 5 ve
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daha yiiksek oldugu durumlarda IBA ydntemine gore
daha hizli bir sekilde sonu¢ iiretebilecegi
diigiiniilmektedir.

5. SONUC (CONCLUSION)

Bu calismada cok seviyeli goriintii esiklemeye iliskin
O6nemli bir optimizasyon problemi ele almmigtir.
Esikleme problemi iissel bir problem oldugu i¢in siirii
zekasina dayali meta sezgisel yontemlerin kullanilmasi
daha uygun olmaktadir. Dolayistyla bu problem igin gri
kurt optimizasyon algoritmasini uyarlanmis ve elde
edilen sonuglar literatiirde sikg¢a kullanilan popiilasyon
tabanl diger algoritmalarin sonuglartyla
karsilagtirilmistir. Onerilen GWO algoritmasi 6 standart
benchmark goriintii iizerinde test edilmistir. Coziim
kalitesi gdz Oniine alindiginda, GWO algoritmasinin
genel olarak diger tiim algoritmalardan belli 6l¢iide daha
iistlin oldugu kanitlanmistir. Bu sonuglar da onerilen
algoritmanin ¢ok seviyeli goriintii esikleme probleminin
¢ozlimiinde kullanilabilecegini gostermistir.

[5] Adollah R.. Mashor M. Y.. Rosline H.. and Harun N. H..
"Multilevel Thresholding as a Simple Segmentation
Technique in Acute Leukemia Images”. Journal of
Medical Imaging and Health Informatics. 2: 285-288,
(2012)

[6] Dominguez A. R. andNandi A. K.. "Detection of masses
in mammograms via statistically based enhancement.
multilevel-thresholding  segmentation. and  region
selection”. Computerized Medical Imaging and
Graphics. 32: 304-315, ( 2008)

[7] Alihodzic A. and Tuba M.. "Improved bat algorithm
applied to  multilevel image  thresholding”.
ScientificWorldJournal. 2014. 176718, (2014)

[8] Kumar S.. Kumar P.. Sharma T. K.. and Pant M.. "Bi-
level thresholding using PSO. Artificial Bee Colony and
MRLDE embedded with Otsu method". Memetic
Computing. 5:323-334, (2013)

[9] Pare S.. Kumar A.. Bajaj V.. and Singh G. K.. "A
multilevel color image segmentation technique based on
cuckoo search algorithm and energy curve". Applied Soft
Computing. 47. 76-102, (2016)

Cizelge 2. GWO yonteminin ¢aligma siireleri agisindan IBA yontemi ile karsilagtirilmasi (saniye cinsinden) (Comparison of
GWO method with IBA method in terms of processing time (in seconds))

Barbara Oturma odasi  Tekneler Goldhill Gol Anten
2 0.039 0.039 0.038 0.038 0.039 0.046
IBA 3 0.089 0.088 0.089 0.088 0.089 0.103
4 3.014 2.945 2.931 2.775 2.613 2.67
5 100.079 130.397 75.879 74.674 73.019 99.88
2 3.29 2.36 3.22 3.28 2.97 3.48
GWO 3 25.26 21.17 21.38 22.35 22.81 23.87
4 35.98 31.56 30.52 30.95 31.27 32.43
5 39.40 37.11 36.53 36.96 37.15 40.59
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Dalgacik Dontistimii ve Torbalama Karar Agaclari
Y ontemi 1le Siniflandirilmasi

Arastirma Makalesi / Research Article

Seckin KARASU, Zehra SARAC”
Biilent Ecevit Universitesi, Miihendislik Fakiiltesi, Elektrik-Elektronik Miithendisligi Boliimii, Zonguldak, Tiirkiye
(Gelis/Received : 07.07.2017 ; Kabul/Accepted : 11.09.2017)
oz
Bu ¢alismada, Gii¢ Kalitesi (GK) bozulmalarinin smiflandirilmast igin 2 Boyutlu Ayrik Dalgacik Déniisiimii (2B-ADD) yontemi
ile 6znitelikler ¢ikartilmakta ve Destek Vektor Makineleri (DVM), Yapay Sinir Aglari (YSA) ve Torbalama Karar Agaglar1 (TKA)
yontemleri ile siniflandirma islemi yapilmaktadir. Giiriiltiilii (40 dB, 30 dB ve 20 dB) ve giiriiltiisiiz durumlari igeren 11 farkli GK
bozulmast i¢in toplamda 2200 adet sinyal sentetik olarak iiretilmektedir. Sinyaller 2 boyutlu goriintii matrislerine ¢evrilmekte ve
her birine 2B-ADD uygulanmaktadir. Farkli ayrigtirma seviyesi ve istatistiksel Ozellikler uygulanarak oOznitelikler
olusturulmaktadir. Ozniteliklerden en uygun olanlari Sirali ileri Secim (SIS) ve ReliefF yontemleri ile secilmektedir. Benzetim

caligmasina gore 3 farkli siniflandiricinin bagarimi birbirleri ile kiyaslanmaktadir. Sirali ileri se¢im ile segilen 6znitelikleri kullanan
TKA yo6nteminin %99.12+0.12 orani ile en iyi basarimi veren yontem oldugu goriilmektedir.

Anahtar Kelimeler: Giic kalitesi, 2 boyutlu ayrik dalgacik doniigiimii, torbalama karar agaclar1 simflandiricisi, sirali ileri
secim, ReliefF.

Classification of Power Quality Disturbances with 2D
Discrete Wavelet Transform and Bagged Decision
Trees Method

ABSTRACT

In this study, to classify Power Quality (PQ) disturbances, attributes are extracted by 2D Discrete Wavelet Transform (2D-DWT)
method and Support Vector Machines, Artificial Neural Networks and Bagged Decision Trees (BDT) methods are used for
classification stage. 2200 signals are synthetically produced for 11 different PQ disturbances, including noisy (40 dB, 30 dB and
20 dB) and noiseless states. Signals are transformed into 2D image matrices and 2D DWT is applied to each. Attributes are created
by applying different level of decomposition and statistical properties. The most appropriate ones are selected with Sequential
Forward Selection (SFS) and ReliefF methods. BDT method, which uses selected attributes with SFS, is the method that gives the
best performance with a rate of 99.12+0.12%.

Keywords: Power quality, 2D discrete wavelet transform, bagged trees classifier, sequential forward selection, ReliefF

1. GIRIS (INTRODUCTION)

Son zamanlarda elektrik sebekesinde yenilenebilir enerji
kaynaklarmin, ileri hizli kontrol donanimlarinin ve kar-
masik sistem baglantilarinin kullaniminin artmasi, Gii¢
Kalitesi (GK) bozulmalarinda artisa sebep olmakta ve bu
durum konut, sanayi ve akademik alanlarda kritik bir so-
run olarak ortaya ¢ikmaktadir [1, 2]. GK bozulmalari,
elektrik sebekesinin ekonomik isletilmesini olumsuz et-
kilemektedir [3]. Mevcut sebekelerin akilli sebekelere
doniismeye basladig: gliniimiizde, hem {ireticilerin hem
de tiiketicilerin yiiksek GK seviyesine ulagsmalarin sag-
lamak i¢in otomatik olarak GK’nin izlenmesi, bozulma-
larin taninmasi ve siniflandirtlmasi 6nemli olmaktadir [3,
4].

*Sorumlu Yazar (Corresponding Author)
e-posta : zehrasarac@beun.edu.tr

GK bozulmalarmi ayirt etmek i¢in her bir bozulmay1
temsil edecek 6zellikler belirlenmelidir [4]. Literatiirde
sinyal isleme yontemleri ile ayirt edici 6znitelikler ¢ikar-
tilmakta ve bunlar smiflandirma asamasinda kullanil-
maktadir [4, 5]. Ayrik Fourier Doniisiimii (AFD), Kisa
Zamanli Fourier Doniisiimii (KZFD), Dalgacik Donii-
stiimii (DD), Stockwell Doniisiimii (SD), Hilbert Donii-
stimii (HD) ve Gabor Dontisiimii (GD) [4, 5] gibi sinyal
isleme yontemleri GK bozulmalarindan 6zniteliklerin ¢1-
kartilmasi i¢in kullanilmaktadir. Smiflandirma agama-
sinda olusturulacak modelin karmasikligin1 azaltmak ve
siiflandirma basarimini yiikseltmek amaciyla ¢ikartilan
Ozniteliklerden en uygun olanlar1 sec¢ilmektedir [5, 6].
Makine 6grenmesinde filtreleme ve sarmalama gibi 6z-
nitelik segme yaklagimlart mevcuttur [7]. Filtreleme yak-
lasiminda siniflandirma ydntemi uygulanmadan dnce en
uygun Oznitelikler korelasyon tabanli belirlenmektedir.
Sarmalama yaklasiminda ise siniflandirma performansi
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g0z Oniinde bulundurularak en uygun 6znitelik vektorii
belirlenmektedir. Literatiirde Bilgi Kazanci, Ki-Kare,
ReliefF, F-Skor gibi filtreleme yontemleri ile Siral ileri
Secim (SIS), Siral1 Geri Secim (SGS), Genetik Algoritma
(GA), Parcacik Siirii Optimizasyonu (PSO), Karinca Ko-
loni Optimizasyonu (KKO) gibi sarmalama tabanli 6zni-
telik se¢me yontemleri bulunmaktadir [5-7]. Karar
Agaclar1 (KA), Naive Bayes (NB), k-En Yakin Komsu
(k-EYK), Destek Vektor Makineleri (DVM), Yapay Si-
nir Aglar1 (YSA) [18], Hibrid ve Kolektif Ogrenme yak-
lagimlar1 gibi siniflandirma yontemleri mevcuttur [8, 9].

Literatiirde GK bozulmalarini temsil eden 6zniteliklerin
¢ikartilmasi asamasinda bir boyutlu sinyal isleme yon-
temleri kullanilmaktadir. Bu ¢alismanin da temelini olus-
turan sinyal igleme yontemi olarak 2B-ADD [10-12]
calismalari mevcuttur. Ece ve Gerek yaptiklari calismada
GK bozulma verisi lizerinde bir periyot boyunca degisim
gosteren dalga sekillerini 2 boyutlu goriintii matrisine ¢e-
virmiglerdir. Daha sonra 2B-ADD, GK bozukluklarini
tespit etmek i¢in kullanmiglardir. Calismada onerdikleri
yontemin gerilim yiikselmesi, gerilim kesintisi ve harmo-
nikli durumlar gibi sinyalleri ayirt etmede onemli 6zel-
likler sergiledigini gdstermis olmalarina ragmen
herhangi bir siniflandirma algoritmasi ile performans in-
celemesi yapmamislardir [10]. Shareef ve arkadaslari,
150 adet 8 ¢esit GK bozulma verisini 6nerdikleri goriintii
isleme tabanli yontem ile siniflandirmislardir. Once 1 bo-
yutlu veriyi 2 boyutlu gri goriintii verisine ¢evirmisler
daha sonra Ayrik Dalgact Doniislimii (ADD) ile Yatay,
Dikey ve Diyagonal detay katsayilarini elde etmislerdir.
[10]°daki gibi elde ettikleri 6znitelik dalga formunun bii-
yiikliigii ve siiresine bagl olarak smiflandirma yapmis-
lardir. Bu yontemin %97.33 oraninda basarim sagladigim
gostermislerdir. Sonrasinda Gama Dogrulamasi1 (Gamma
Corection), Kenar Belirleme (Edge Detection), Doruklar
ve Vadiler (Peaks and Valleys) tanima yontemleri ile
ozellik ¢ikartimi yapip bu morfolojik 6zelliklere dayali
smiflandirma yapmuslardir. Siniflandirict  basarimini
[10]°daki yontemle elde ettikleri ile kiyaslama yaparak,
smiflandirma basarimini dnerdikleri yontem ile %99.33
olarak bulmuslardir [11]. Krishna ve Kaliaperumal yap-
tiklart ¢alismada 1 boyutlu GK bozulma verisini 2 bo-
yutlu veriye cevirip, bu matrisi 2B-ADD yontemi ile
Yaklagik, Yatay, Dikey ve Diyagonal olmak {izere 4 alt
banda ayirmiglardir. Daha sonra 8 ¢esit sinif igeren 2000
veri lizerinde ¢ikarttiklar1 6zellikleri kullanarak Karar
Agaglar1 Smiflandiricist ile siniflandirma islemini yap-
muslardir. Siniflandirict basarimini 1 boyutlu ADD (1B-
ADD) ile kiyaslamiglardir. Onerdikleri ydntemin
%98,98’1ik bir basarimi oldugunu goéstermiglerdir (1B-
ADD i¢in bu oran %94.3). Daha sonra bozulma tiirlerinin
ikili veya lg¢lii olacak sekilde gerceklesmesi durumu
icinde bir ¢calisma yapmislardir. 16 farkli sinif igeren 480
veri iizerinde 1B-ADD, 2B-ADD ve 1 Boyutlu Stockwell
Doniistimii (1B-SD) yontemleri ile sirasi ile %81.04,
%97.29 ve %97.91°lik siniflandirici bagarimi elde etmis-
lerdir. Onerdikleri yontemin 1D-SD sonucuna yakin ol-
dugunu bulmuslardir. Yiiksek Ornekleme frekansinda

calisma durumunda, dagitik bilgisayarlar ve paralel is-
lemciler veya FPGA ve GPU gibi 6zellestirilmis islemci-
ler kullanilarak islem yiikiiniin azaltilabilecegini
onermislerdir [12].

Diger bir sinyal isleme yaklasimini kullanan Uyar ve ar-
kadaglar1 yaptiklart ¢alismada S-doniistimii ve yerel ikili
oriintiiler yontemi ile 8 farkli gii¢ kalitesi bozulma c¢esi-
dini ayirmak i¢in bir ¢aligma yapmiglardir. Sinyallere SD
uygulamiglar, daha sonra 6n islem yaparak gri seviyeli
goriintii elde etmiglerdir. Gri goriintiilii sinyallerden ikili
goriintiiye yerel ikili Oriintiiler yaklasimi ile gecis yap-
muslardir. Bu doniisiim ile histogram seklinde bir 6znite-
lik vektorii elde edilmigtir. YSA ile siniflandirma
yapmuglar ve 10-katlamali ¢apraz dogrulama ile olustur-
duklar1 modeli test etmislerdir. Sonugta 8 sinif igin
%98.12’lik bir basarim elde etmislerdir [13].

Bu c¢aligmada, 2B-ADD yontemi ve istatistiksel 6zellik-
ler ile gili¢ kalitesi bozulmalarindan gerekli 6znitelikler
cikartilmaktadir. Oznitelik seciminde SIS ve ReliefF
yontemleri sirasiyla uygulanmaktadir. Siniflandirma adi-
minda DVM, YSA ve TKA yontemleri ile en yiiksek ba-
sarima sahip siniflandirici olusturulmaktadir. 2B-ADD
yonteminde 1., 2. ve 3. seviye ayristirma igin SIS yon-
temi ile seg¢ilen 6znitelikleri kullanan TKA siniflandirici-
smin  genel basarim  %99.12+0.12  olarak elde
edilmektedir. 2B-ADD ve TKA ydntemlerine dayali GK
bozulmalarini siniflandiran bu modelin, literatiirdeki go-
rintli islemeye dayali modellerle kiyaslamas: yapilmak-
tadir. Onerilen modelin 11 farkli GK bozulmast ile en ¢ok
smif igeren smiflandirict modeli olmasina ragmen, diger
yontemlere gore bagsariminin oldukea yiiksek oldugu go-
rilmektedir. Calismada kullanilan yéntemler II. boliimde
aciklanmakta, farkli ayristirma seviyelerinin uygulandigi
Ve en iyi 6zniteliklerin segilerek farkli siniflandirma mo-
dellerinin basarimlar ITI. bélimde kiyaslanmakta ve I'V.
boliimde sonuglar degerlendirilmektedir.

2. MODELLER VE YONTEMLER (MODELS
AND METHODS)

2.1. Veri seti (Dataset)

Calismada, 11 farkli GK bozulma durumunu igeren 2200
adet sinyal matematiksel esitliklere dayali olarak olustu-
rulmaktadir [9]. Standartlarla belirlenmis olan GK olay-
lari, normalize genlige sahip ve 50 Hz sebeke frekansi
temel alinarak tiretilmektedir. Tek bir sinyal, satir ve sii-
tun sayist esit 2 boyutlu bir matris haline doniistiiriilebi-
len 1600 adet veri noktasi igermektedir. Sinyalin
ornekleme frekansi 8 kHz olmaktadir. Her bir sinyalde
10 periyot bulunmaktadir. Giiriiltiisiiz ve 40 dB, 30 dB ve
20 dB Gauss giiriiltli seviyesi i¢eren sinyaller esit mik-
tarda dretilmektedir. Sinyal gesitleri i¢in simf etiketleri
ve sinyal sayilar1 Cizelge 1.’deki gibi verilmektedir.
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Cizelge 1. GK bozulmalari i¢in sinif etiketleri ve sayilar (Class
tags and numbers for PQ disturbances)

Etiket Sinyal Cesidi Sinyal Adedi
Sl Siniisoidal Sinyal 200
S2 Gerilim Diismesi 200
S3 Gerilim Yiikselmesi 200
S4 Gerilim Kesintisi 200
S5 Gerilim Titresimi 200
S6 Gegici Salinimli Durum 200
S7 Harmonikli Durum 200
S8 Gerilimde Centik 200
S9 Gerilimde Ani Yiikselig 200
S10 Harmonikli Gerilim Diismesi 200
S11 Harmonikli Gerilim Yiikselmesi 200

2.2. Veri Onisleme (Data pre-processing)

Veri dnisleme, veri igerisinde giiriiltii bilesenlerinin, tu-
tarsiz, eksik veya kayip verinin temizlenmesi amaciyla
yapilmaktadir [7]. Benzetim ¢aligmasinda GK bozulma
sinyallerindeki 6zellikleri kaybetmeyen ancak giiriiltii bi-
lesenlerini azaltan Butterworth algak gegiren filtre uygu-
lanmaktadir.

2.3. Oznitelik Cikartma (Feature Extraction)

2.3.1 RMS ve THD Hesab1 (Calculation of RMS and
THD)

RMS (Kare Ortlamalarinin Karekokii) degeri, sinyal {ize-
rinde (V) N adet noktanin karelerinin toplaminin ortala-
mas1 karekokii alinarak hesaplanmaktadir. Bu ifade
Esitlik 1 ile verilmektedir.

RMS = 1)

THD (Toplam Harmonik Bozunum) hesabi, sinyal iize-
rinde n. harmonik degerinin RMS degerlerinin karesinin
toplaminin karekokii, temel frekansin RMS degerine
(Viemer) oranlanmast ile yapilmaktadir. Bu ifade Esitlik 2
ile verilmektedir.

N 2
anz(vrms(n)) )

Vtemel

THD =

2.3.2 iki Boyutlu Ayrik Dalgacik Déniisiimii (2D Disc-
rete Wavelet Transform)

2B-ADD kullanarak, iki boyutlu 6l¢eklendirme fonksi-
yonu @(x,y) ve li¢ adet iki boyutlu dalgacik fonksiyonu
vi(x,y), wV(x,y) ve yP(x,y) elde edilebilir [14]. Bu fonk-
siyonlar, her biri tek boyutlu bir 6lgekleme fonksiyonuna
(p) bagli olan dalgacik fonksiyonlaridir (y). Tek boyutlu
bu dalgacik fonksiyonlari, farkli yonlerdeki etkileri dik-
kate alinarak ayrilabilir 6lgeklendirme parametresine
bagli olarak Esitlik 3-6 ile ifade edilmektedir [12, 14].

exy) = e(x)e(y) 3)
WH(xy) = U@ o(y) 4
W (xy) = e(x)P(y) )

UP(xy) = e(x)o(y) (6)

Esitlik 4-6 ile ifade edilen dalgaciklar iki boyutlu goériintii
iizerinde yatay (y"), dikey (y"), diyagonal (y°) degisim-
leri ortaya koymaktadirlar.

Ayrilabilir iki boyutlu dlgekleme ve frekansa bagli olan
dalgacik fonksiyonlar1 Esitlik 7-8 ile yazilmaktadir.

@jmn(x,y) = 2/2@(2/x —m, 2’y — n) @)
W (6, ¥) = 27291 (2/x — m, 27y — ) (8

Esitlik 8’de i terimi H, V veya D degerlerinden birini
ifade etmektedir (i={H,V,D}). M ve N boyutlarindaki
f(x,y) fonksiyonunun ADD’si Esitlik 9-10 ile verilebilir.

M-1N-1 (9)

Wyl 1) = e Z Z £V Psmn ()
2 &

et . (10)
f IV i (6, )

III_\4E JI§

<

WiG,mmn) =

Normalde j, = 0 olsun, j=0,1,2,...,J-1 ve m,n=0,1,2,...,
27 —1 olacak sekilde m,n=0,1,2,..., 27 —1 segelim. Bu
esitliklerdeki j, 6l¢ek fonksiyonu i¢in keyfi bir baslangic
noktasini, W, (jo, m, n) katsayilari ise j, dlgeginde f(x,y)
fonksiyonu i¢in yaklasik katsayisini ve Wi, (j,m,n)
yatay, dikey ve diyagonal detay katsayilarim j> j,
kosulu i¢in ifade etmektedir [14].

2.4. Oznitelik Secme Yontemleri (Feature Selection
Methods)

2.4.1. Swrah ileri Se¢im (SiS) (Sequential Forward
Selection-SFS)

Bu yontemde, baslangi¢ Oznitelik kiimesi bos kiime
secilmekte ve sirasiyla Oznitellikler eklendikge kriter
degeri hesaplanmaktadir [6]. Bu yontemde ilk secilen en
6nemli 6znitelik olmaktadir. Her bir adimda kriter degeri
hesaplanmakta ve bu deger sifir olana kadar iterasyona
devam edilmektedir [6]. Kosul saglandiginda en uygun
Oznitelik kiimesi bulunmaktadir.

2.4.2. ReliefF Yontemi (ReliefF Method)

Bu yontem veri madencilii uygulamalarinda
smiflandirma ve regresyon analizinde Ozniteliklerin
se¢ilmesinde kullanilmaktadir [6].

ReliefF algoritmasindaki temel amag, degerleri birbirine
yakin 6rnekler arasinda ne kadar iyi ayirt edildigine gore
Ozniteliklerin  kalitesini tahmin etmektir [15, 16].
Rastgele se¢ilmis 6rnek sayisi R olmak iizere, algoritma
iki en yakin komsu i¢in arama yapmaktadir. Bunlardan
ilki ayn1 siiftan en yakin komsuyu ifade eden H ve farkli
smiftan en yakin komsuyu ifade eden M olarak
tanimlanir. Ayn1 ve farkli siniftan en yakin komsular
hesaplamak i¢in ¢ok boyutlu 6klit uzakligi kullanilmak-
tadir. R, M ve H degerlerine bagli A 6znitelikleri i¢in tah-
min edilen W[A] agirlik katsayisi giincellenmekte ve
agirlik katsayilarinin bulunmasi i¢in m kez ¢alistirilmak-

851



Seckin KARASU, Zehra SARAC / POLITEKNIK DERGISI, Politeknik Dergisi,2018;21(4):849-855

tadir [15]. Iki ayr1 6rnek igin 6znitelik degerleri arasin-
daki fark diff fonksiyonu ile hesaplanmakta ve W[A]
Oznitelik kalitesi Esitlik 11 ile verilmektedir.

diff(A, R, H)  diff(A R, M) 11
Wyeni [A] = Wegi[A] — m + m ( )
Yontem Kononenko tarafindan, tamamlanmamus,

giiriiltiili verilere toleransli ve ¢oklu sinif igeren prob-
lemlerin ¢6ziimil i¢in uyarlanmstir [17].

2.5 Simflandirma Yontemleri (Classification Methods)

2.5.1. Destek Vektor Makineleri (DVM) (Support
Vector Machines-SVM)

DVM son zamanlarda veri simiflandirma ve regresyon
problemleri i¢in kullanilan giiglii bir veri madenciligi
aracidir [5, 7]. 2 farkli DVM smiflandirict kombinasyonu
ile ¢oklu smif igeren problemlere ¢6ziim aranmaktadir
[5]. DVM, iki grubun iiyelerini birbirine en uzak olacak
sekilde ayiran sinir ¢izgisini bulmaya ¢aligmaktadir [7].

2.5.2. Yapay Sinir Aglar1 (YSA) (Artificial Neural
Networks-ANN)

Farkli karmagik ve gercek diinya problemini ¢ézmek
amactyla YSA tabanli yontemler kullanilmaktadir. Sinir
ag1 tabanli siniflandirma yontemi, kendi kendini ayarla-
yabilme, 6grenebilme yetenegine sahip, veri iliskilerini
bilmesine gerek olmadan farkli modellere uygulanabilme
gibi ayirt edici 6zelliklere sahiptir [4]. Giris ve ¢ikig ara-
sinda bir gosterimin olmadigi, Oriintii tanima, siniflan-
dirma [18], regresyon [19, 20] analizlerinde
kullanilmaktadir.

2.5.3. Torbalama Karar Agaclar1 (TKA) (Bagged De-
cision Trees-BDT)

Kolektif 6grenme yontemi olan torbalama karar agaci
smiflandiricisy, birlikte ¢alisan siniflandirma algoritma-
larin1 kullanarak bagarimi arttirmaya yonelik olarak
diizenlenmektedir [7]. Tekil Ogrenici yerine, temel
Ogreniciden birden fazla kopya bir karar agaci
olusturmakta ve siniflandirict ¢ikist oylama teknigi ile
birlestirilmektedir [7].

2.6. K-Katlamah Capraz Dogrulama (K-fold Cross

Validation)

K katlamali ¢apraz dogrulama, X veri kiimesi rastgele
olmak {izere, K tane esit biiyiikliikte pargalara

boliinmekte ve her katta biri dogrulama digerleri egitim
amacgli olarak kullanilmaktadir. Olusturulan K adet
smiflandirma bagariminin ortalamasi alinarak sistemin
genel basarimi hesaplanmaktadir [7].

2.7. Basarim Olgiitii (Performance Measure)

Olusturulan siiflandiricinin ne kadar basarili oldugunu
Esitlik 12°deki basarim 6lgiitii ifadesi ile hesaplamak
miimkiindiir [7]. Bu esitlikteki TP ve TN sirasiyla dogru
pozitif ve dogru negatifleri, FP ve FN ise yanlis
pozitifleri ve yanlis negatifleri temsil etmektedir.

Dosruluk = TP + TN (12)
OB = TP+ TN+ FP + FN
3. BENZETIM SONUCLARI (SIMULATION
RESULTS)
Benzetim ¢alismasi  icin  MATLAB  programi

kullanilmaktadir. Matematiksel esitlikler ile 2200 adet
GK bozulma verisi iiretilmektedir. 1. ve 2. dznitelikler
sirast ile RMS ve THD degerleri olmaktadir. 2B-ADD’de
Dbl (Daubechies-1) ana dalgasi kullanilmakta ve 1. 2. ve
3. seviye ayrigtirma i¢in inceleme yapilmaktadir. 2B-
ADD sonucunda olusan Yatay, Dikey, Diyagonal ve
Yaklagik katsay1 matrisleri i¢in agirlikli, harmonik ve ge-
ometrik ortalama, standart sapma, carpiklik, basiklik gibi
istatistiksel dzellikler hesaplanmaktadir. Doniisiim sonu-
cunda olusan katsayr matrisleri i¢in En Yuksek Satir
Vektori (EYSaV) ve En Yiksek Siitun Vektori
(EYSiV) olusturulmaktadir. EYSaV ve EYSiV igin
sirastyla agirlikli ortalama, standart sapma ve norm en-
tropi degerleri hesaplanmaktadir.

Zaman bolgesine dayali RMS ve THD degerleri ile 2B-
ADD analizi sonucu olusan istatistik tabanli degerler
birlikte diisiiniildiiglinde, sadece 1. seviye ayristirma igin
50 adet, 1. seviye ve 2. seviye ayristirma igin 98 adet ve
1. seviye, 2. seviye, 3.seviye ayristirma i¢in toplamda
146 adet 6znitelik olusturulmaktadir. Cizelge 2.’de tiim
Oznitelikler ve 6znitelik indisleri verilmektedir.

Ayristirma seviyesinin arttirilmasi ile amaglanan, segilen
Oznitelikler ve olusturulan farkli siniflandiricilar igin en
yiiksek bagarimi veren modeli ortaya ¢ikartmaktir. Kar-
magsikligint azaltmak ve basarimi yiiksek siiflandiric

Cizelge 2. Olusturulan 6znitelikler ve 6znitelik indisleri (Created features and their indices)

Istatistiksel Ozellikler | 1V 14 1? I

v H D A v H D A
l2 IZ IZ IZ I3 l3 l3 l3

Agirhkh Ortalama 3 15 27 39

51 63 75 87 99 111 123 135

Harmonik Ortalama 16 28 40

52 64 76 88 100 112 124 136

Geometrik Ortalama 17 29 41

53 65 77 89 101 113 125 137

54 66 78 90 102 114 126 138

4
5

Standart Sapma 6 18 30 42

Carpikhik 7 19 31 43

8

55 67 79 91 103 115 127 139

Basiklik 20 32 44

56 68 80 92 104 116 128 140

EYSaV Agirhkh Ortalama 9 21 33 45

57 69 81 93 105 117 129 141

EYSaV Standart Sapma | 10 22 34 46

58 70 82 94 106 118 130 142

EYSaV Norm Enerji 11 23 35 47

59 71 83 95 107 119 131 143

EYSiiV Agirhikh Ortalama | 12 24 36 48

60 72 84 96 108 120 132 144

EYSiiV Standart Sapma 13 25 37 49

61 73 85 97 109 121 133 145

EYSiiV Norm Entropi | 14 26 38 50

62 74 86 98 110 122 134 146

(1;RMS, 2:THD)
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modeli olusturmak icin SIS ve ReliefF yontemleri ile en
iyi Oznitelikler secilmektedir. DVM, YSA ve TKA yon-
temleri ile her bir durumda segilen 6znitelikler i¢in mo-
deller olusturulmakta ve 10-katlamal: ¢apraz dogrulama
ile siniflandirici basarimi 6l¢iilmektedir.

Sekil 1. ve Sekil 3.’te sirasiyla SIS ve ReliefF
yontemlerinin, her bir iterasyon sonucu kriter degeri
degisiminin 2B-ADD analizinde farkli ayrigtirma
seviyesi durumlarindaki degisimi verilmektedir. SIS
yontemi icin genel olarak iterasyon sayisinin arttirilmasi
ve 3. seviye ayristirmanin da dahil edilmesi ile kriter
degerinin azaldig1 ve en diislik kaldig1 goriilmektedir.

fonksiyonlar1 ~ Tan-Sigmoid, Soft-Max olarak
secilmektedir. Egitim asamasinda Momentumlu Gradyan
azalan algoritmasi kullanilmakta ve Epoch sayis1 1000
olarak almmaktadir. Kolektif oO6grenme yontemi
Torbalama (Bagging) yontemi ve temel 6grenicisi Karar
Agaglar1 siniflandirici olan TKA i¢in 30 adet 6grenici
kopyas! olusturulmaktadir. iki farkli yontemle secilen
Oznitelikler ve farkli ayristirma seviyeleri igin DVM,
YSA ve TKA yontemleri ile siniflandirma bagarim
sonuglari Cizelge 3.’teki gibi verilmektedir.

0.6 T T T
= ].seviye
\ ———2.seviye
0.5+ 3.seviye |
04r b
5
en
3
§ 03 b
k=
N
021 ]
" \ 7
0 . . . . . .
0 2 4 6 8 10 12 14

Secilen 6znitelikler
Sekil 1. SIS yontemi icin her bir iterasyondaki kriter degeri
degisimi (Change of the criterion value in each
iteration for SFS method)
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3.seviye i¢in secilen oznitelikler
Sekil 2. SIS yontemi icin agirlik degerlerine gore siralanmig
Oznitelikler (Features ordered by weights for SFS
method)
ReliefF yontemi i¢in iterasyon sayisinin arttirilmasi ile
kriter degeri azalmakta ancak 1. seviye i¢in kriter degeri
en diisiik kalmaktadir. Her bir iterasyonda sirasiyla
secilen 6zniteliklerin indisleri SIS ve ReliefF yontemleri
icin sirastyla Sekil 2. ve Sekil 4.’te verilmektedir.

DVM ig¢in ¢ekirdek fonksiyonu Polinom ve ¢oklu sinif
modeli Bire Bir (One vs One) olarak secilmektedir. YSA
igin giris katmani néron sayisi 1 ile 14 arasinda, gizli
katman noron sayisi 1 ile 60 arasinda degistirilmekte ve
¢ikis katmani néron sayist 11 olmaktadir. Aktivasyon
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degisimi (Change of the criterion value in each
iteration for ReliefF method)
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3.seviye igin segilen 6znitelikler
Sekil 4. ReliefF yontemi i¢in agirlik degerlerine gore siralanmis
Oznitelikler (Features ordered by weights for ReliefF
method)

Cizelge 3. Siniflandirma yontemlerinin bagarimlart
(Performances of classification methods)

2B Oznitelik Siiflandirma Yoéntemleri
ADD Segme DVM TKA YSA
Analizi Yontemleri

1- Sis 97.94+0.11 | 98.54+0.13 | 98.2340.11
seviye ReliefF 97.90+0.14 | 98.17+0.21 | 98.09+0.15
1ve2- Sis 98.62+0.10 | 98.75+0.14 | 98.5340.08
seviye ReliefF 94.21+£0.22 | 93.63+0.34 | 92.07+0.46
1,2, 3- Sis 98.41+£0.11 | 99.124+0.12 | 98.60+0.05
seviye ReliefF 97.28+0.19 | 97.75+0.22 | 97.10+0.07
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Cizelge 3.’ten, genel olarak SIS ile secilen 6zniteliklerin
ReliefF yontemi ile segilenlere gore yiiksek basarim
sagladi goriilmektedir. DVM yonteminin en yiiksek
basarimi, 1. ve 2. seviye ayristirma igin SIS ile secilen
Ozniteliklerin kullanildigr durumda %98.62+0.10 olarak
bulunmaktadir. YSA yonteminde ise en yiliksek basarimu,
1., 2. ve 3. seviye ayristirma icin SIS ile secilen
Ozniteliklerin kullanildigi durumda %98.60+0.05 olarak
ortaya cikmaktadir. YSA yoOnteminin DVM’ye gore
ayristirma  seviyesi arttirilldiginda  basarim  olarak
yakaladig1 goriilmektedir. 1., 2. ve 3. seviye ayristirma
icin iiretilen ve SIS ile secilen Oznitelikler i¢in TKA
yontemi, %99.12+0.12 oram ile en yiiksek siiflandiric
basarimini yakalamaktadir. Cizelge 4.’te en iyi modelin
giris olarak aldig1 Ozniteliklerin hangi ayristirma
seviyelerinden  geldigi  goriilmektekdir. ~ Zaman

bolgesinden 2 adet ve ADD analizinde 1. seviye
ayristirmadan 6, 2. seviyeden 4 ve 3. seviyeden 2 adet
olmak iizere toplamda 14 adet 6znitelik SIS ydntemi ile
secilmektedir. Cizelge 5.’te ise en iyi model olan TKA
yontemi i¢in siniflandirma basarim karigiklik matrisi ile
sunulmaktadir. Bu yontem, S2 smifint %97.5 orant ile en
diisiik oranda, S1, S7 ile S8 siniflarini ise %100 oraninda
siiflandirmaktadir.

Cizelge 6.’da c¢alismada ortaya cikan smiflandiricinin
basariminin, iki boyutlu goriintii islemeye dayali olarak
onerilen diger yontemlerle kiyaslanmasi yapilmaktadir.

Literatiirdeki sonuglara goére olusturulan model, 11 farkli
GK bozulmasi ile en ¢ok sinif igceren siniflandirici modeli
olmasina ragmen, diger yontemlere goére basariminin
oldukgca yiiksek oldugu goriilmektedir.

Cizelge 4. 2B-ADD analizinde 1., 2. ve 3. seviye ayristirma seviyeleri icin SIS yontemi ile secilen znitelikler (Selected
features by SFS method for 1st, 2nd and 3rd level decompositions in 2D-DWT analysis)

Istatistiksel Ozellikler | 1Y 3 1P 14 Iy 1 12 12 Iy I b4 13
Agirlikh Ortalama 3 15 27 39 51 63 75 87 99 111 123 135
Harmonik Ortalama 4 16 28 40 52 64 76 88 100 112 124 136
Geometrik Ortalama 5) 17 29 41 58] 65 77 89 101 113 125 137
Standart Sapma 6 18 30 42 54 66 78 90 102 114 126 138
Carpiklik 7 19 31 43 55 67 79 91 103 115 127 139
Basiklik 8 20 32 44 56 68 80 92 104 116 128 140
EYSaV Agirhikh Ortalama 9 21 33 45 57 69 81 93 105 117 129 141
EYSaV Standart Sapma | 10 22 34 46 58 70 82 94 106 118 130 142
EYSaV Norm Enerji | 11 23 35 47 59 71 83 95 107 119 131 143
EYSiiV Agirlikh Ortalama | 12 24 36 48 60 72 84 96 108 120 132 144
EYSiiV Standart Sapma | 13 25 37 49 61 73 85 97 109 121 133 145
EYSiiV Norm Entropi | 14 26 38 50 62 74 86 98 110 122 134 146
Secilen 2 2 2 3 1 1 1

(1:RMS, 2:THD)

Cizelge 5. En iyi model olan TKA i¢in karigiklik matrisi (Confusion matrix for the best model BDT)

o

s2
s3 1
s4
s5
s6| 4

Gergek Sinif

57
S8
S9 1
510
511

: 19

s1

Cizelge 6. Onerilen yontemin literatiirdeki ¢alismalar ile kiyaslanmasi (Comparison of the proposed method with the studies

in the literature)

S2

S3 S4 S5 S6 S7 S8 S9 S10 si1
Tahmin Edilen Sinif

Calismalar Simf Sinyal isleme Yontemi Simiflandirma Basarim
[10] 4 adet 2B-ADD -
[11] 8 adet Gama Dogrulamasi, Kenar Belirleme, Doruklar Vadiler %99.33
[12] 7 adet 2B-ADD %98.98
[13] 8 adet 1D S-Déniisiimii, Yerel Ikili Oriintiiler %98.12
Bu cahsma 11 adet 2B-ADD %99.12+0.12
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4. SONUC (CONCLUSION)

Bu ¢alismada, farkli parametrelere dayali matematiksel
esitlikler yardimi ile rastgele iiretilmis 2200 adet GK
bozulmasmmin 2B-ADD ile ayrit edici 6zellikleri
olusturulmakta, SIS ve ReliefF yontemleri ile olusturulan
Ozniteliklerden en uygun olanlar1 segilmekte ve DVM,
YSA ve TKA yontemleri ile siiflandiriimasi
yapilmaktadir. Sinyallerden dogrudan alinan RMS ve
THD degerleri de 6zniteliklere eklenmekle birlikte, ADD
analizinde 1., 2. ve 3. seviye ayristirma ile sirastyla 50,
98 ve 146 adet Oznitelik istatistiksel 6zelliklere dayali
olarak olusturulmaktadir. Her bir adimda SIS ve ReliefF
yontemleri  olusturulan  &zniteliklere  uygulanarak
smiflandirma basarimini yiiksek tutabilecek olanlari
secilmektedir. Zaman bolgesinden 2 adet ve ADD
analizinde 1. seviye ayrigtirmadan 6, 2. seviyeden 4 ve 3.
seviyeden 2 adet olmak iizere toplamda 14 adet 6znitelik
SIS yéntemi ile secilmektedir. Bu &znitelikler icin
simiflandirma asamasinda TKA yonteminin
%99.12+0.12 orani ile en iyi bagarimi veren ydntem
oldugu goriilmektedir.
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oz
SNC grubundan Mars meteoritleri ~1 pm yiizeysel ¢oziiniirliiklii sinkrotron-tabanli FTIR spektroskopi ile orta-kizilotesi alanda
incelendi (4000-850 cm-1). EET A79001, ALH 84001, ve Nakhla meteoritlerinde silikat aralig1 belirgin ii¢ band1 ortaya koyarken,
Chassigny farkli bir spektral profile sahiptir. Orneklerden bazilarmin alifatik tip organik molekiiller ve OH igerdigi kizildtesi

spektra ile gosterilmistir. Yiizeysel olarak ¢oziimlenen dagilim haritalarinda bu molekiillerin 6rnekler iginde heterojen olarak
dagildiklari gériilmektedir. Bu durum ana-cisimde kompleks siireclere isaret etmektedir.

Anahtar Kelimeler: Kizilotesi spektroskopi, sinkrotron-isinimi, meteoritler, mars, organikler.

Synchrotron-Based FTIR Micro-spectroscopy of
Martian Meteorites

ABSTRACT

Martian meteorites from SNC group were studied with synchrotron-based FTIR spectroscopy with ~1 um spatial resolution in the
mid-infrared region (4000-850 cm-1). Silicate region in EET A79001, ALH 84001, and Nakhla present three prominent bands,
while Chassigny has a different spectral profile. The infrared spectra reveal that some of the grains contain aliphatic type organic
molecules as well as OH. According to the spatially resolved distribution maps, these molecules appear to be heterogeneously

distributed in the samples. This points to complex parent body processes.
Keywords: Infrared spectroscopy, synchrotron-radiation, meteorites, martian, organics.

1. INTRODUCTION

Martian meteorites originate from the planet Mars as a
result of collisions between various bodies and the
surface of Mars. Martian meteorites recovered on Earth
consist of shergottite, nakhlite, and chassignite
meteorites (SNCs), which have different chemical,
mineralogical, elemental compositions [1]. The
shergottites include subgroups of basaltic, olivine-phyric,
and lherzolitic meteorites [2], and the distinction is based
on their chemistry as well as textures [3]. In addition to
SNCs, the martian meteorite collection also includes an
orthopyroxenite sample Allan Hills 84001 (ALH 84001)
[2], in which signatures of ancient martian life may have
been [4]. Several spectroscopic methods have been used
to study martian meteorites in the laboratory. For
instance, Raman spectroscopy was used by [5] in order
to investigate carbonate globules in ALH 84001. [6] used
Mossbauer spectroscopy to interpret remote sensing data
from Mars. In addition, x-ray spectroscopy was used to
understand chemistry of phyllosilicates and sulfates on
Mars [7]. Infrared spectroscopy is a particularly helpful
technique for the study of martian meteorites [e.g., 8, 9,

10, 11, 12]. It was shown by [13] that synchrotron-based
Fourier Transform infrared spectroscopy (FTIR) is able

* Sorumlu yazar (Corresponding Author)
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to resolve organic and inorganic features in meteorites
with ~1 pm spatial resolution.

Martian rocks provide a record of Mars’s evolution [9].
Composition of Mars has been studied mostly through
remote sensing techniques where an orbiter collects data
from the surface of the Mars, although with a much larger
pixel size. Future samples return missions to Mars will
potentially provide pristine martian samples for study,
until then martian meteorites recovered on Earth are the
best possible martian samples to study in the laboratory
in order to understand geologic history of Mars.
According to the Meteoritical Bulleting Database, there
are 197 approved martian meteorites in our collection,
composed mainly of shergottites, with minor
contribution from nakhlites and chassignites.

Here, we report spatially resolved FTIR spectroscopy of
a total of 12 grains from 4 martian meteorites, ALHA
84001 (orthopyroxenite), Chassigny (chassignite),
Nakhla (nakhlite), and EETA 79001 (shergottite). In
addition to their mid-infrared spectra, chemical
distribution images of silicates, aliphatic hydrocarbons,
and OH content were generated for all grains with ~1 pm
spatial resolution.

2. MATERIALS and METHODS

We have received small chips of meteorites from the
Smithsonian Institution (SI) as well as NASA’s Johnson
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Space Center (JSC) (Table 1). The chips were ground
down to powder size in the laboratory. FTIR imaging
experiments were conducted at the Synchrotron
Radiation Center, University of Wisconsin in Madison,
using the IRENI (InfraRed Environmental Imaging)
synchrotron beamline [14]. In IRENI, a matrix of rays
from 12 synchrotron beams was arranged to illuminate
the sample under the microscope. This arrangement
results much brighter light source than conventional
thermal light sources, which then homogeneously
illuminate 4096 pixels of the commercial focal plane
array (FPA) detector. A Bruker Hyperion 3000 IR
microscope with a 74X magnification objective was
coupled to a Bruker Vertex 70 FTIR spectrometer for our
infrared measurements and a condenser of 0.60
numerical aperture was used to match the aperture of the
objective, which corresponds to a pixel size of 0.54 um
X 0.54 um. Infrared spectra were collected in the 4000—
850 cm-1 with 4 cm-1 spectral resolution and 128 scans
were co-added. Before each measurement, a sample-free
region of the diamond window was used for the
collection of reference spectrum.

Table 1. Samples investigated in this work.

Meteorite Name Type Source
EET A79001 Shergottite JSC
Nakhla Nakhlite Sl
Chassigny Chassignite Sl
ALH 84001 Orthopyroxenite JSC

3. RESULTS AND DISCUSSION

Results show that 1180-850 cm-1 region in the spectra
of EET A79001 and ALH 84001 contains three peaks at
1043, 942, and 878 cm-1, which can be attributed to Si-
O stretching vibrations in silicates. These peaks appear
more prominent and at ~20 cm-1 higher frequencies in
the spectra of Nakhla. While it is a single peak in others,
the peak near 878 cm-1 is a doublet in the spectra of
Nakhla with positions of 918 cm-1 and 878 cm-1. Based
on the infrared spectra, Chassigny appears to have a
different silicate peak profile than other meteorites
studied here, the observed peaks include a shoulder peak
near 1017 cm-1, a sharp peak at 965 cm-1 and a broad
peak at 882 cm-1.

Higher frequency part of the spectra include contribution
from organic molecules and OH. Small but sharp peaks
at 2961, 2924, and 2852 cm-1 are due to C-H stretching
vibrations in aliphatic moieties. Infrared spectra of most
grains present a broad band between 3750 cm-1 and 3000
cm-1 due to O-H stretching vibrational modes of
adsorbed and/or interlayer water. The spectral region
between 1600-2600 cm-1 was omitted here because the
infrared spectra for the investigated meteorites are
featureless in this region.

Infrared images of meteorite grains provide spatial
distribution of absorbance at specific wavelengths. These
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spatial distribution maps can be useful for the
interpretation of relationships of particular functional
groups within the local heterogeneity of samples. In other
words, relative compositional distribution of organic
molecules and mineral species can be obtained, and
relative amounts of them can be inferred. In the studied
meteorites, silicates appear to be the main component in
the grains. Aliphatic hydrocarbons are not present in all
grains, however the OH content is present in most grains.
The aliphatic and OH content seem to be heterogeneously
distributed across the grains (e.g., grains 1 and 2 in ALH
84001 and Chassigny).

w
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Figure 1. Top: Mid-infrared absorbance spectra of EET
AT79001 grains. Numbers represent different
grains in the field of view, and spectra are
offset for clarity. Bottom: Visible images of
the studied grains (), spatial distribution of
silicates (b, 1180-850 cm-1), aliphatics (c,
3000-2800 cm-1), and OH content (d, 3750—
3000 cm-1). Colors of infrared maps indicate
absorbance, red being the highest and violet
being the lowest. Distribution images from
bottom to top correspond to infrared spectra
from bottom to top.
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Figure 2. Top: Mid-infrared absorbance spectra of
Nakhla grains. Numbers represent different grains in the
field of view, and spectra are offset for clarity. Bottom:
Visible image of the studied grains (a), spatial
distribution of silicates (b, 1180-850 cm-1), aliphatics (c,
3000-2800 cm-1), and OH content (d, 3750-3000 cm-1).
Colors of infrared maps indicate absorbance, red being
the highest and violet being the lowest. Distribution
images from bottom to top correspond to infrared spectra
from bottom to top.
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Figure 3. Top: Mid-infrared absorbance spectra of
Chassigny grains. Numbers represent
different grains in the field of view, and
spectra are offset for clarity. Bottom: Visible
image of the studied grains (a), spatial
distribution of silicates (b, 1180-850 cm-1),
aliphatics (¢, 3000-2800 cm-1), and OH
content (d, 3750-3000 cm-1). Colors of
infrared maps indicate absorbance, red being
the highest and violet being the lowest.
Distribution images from bottom to top
correspond to infrared spectra from bottom
to top.
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Figure 4. Top: Mid-infrared absorbance spectra of ALH
84001 grains. Numbers represent different
grains in the field of view, and spectra are
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offset for clarity. Bottom: Visible image of the
studied grains (a), spatial distribution of
silicates (b, 1180-850 cm-1), aliphatics (c,
3000-2800 cm-1), and OH content (d, 3750-
3000 cm-1). Colors of infrared maps indicate
absorbance, red being the highest and violet
being the lowest. Distribution images from
bottom to top correspond to infrared spectra
from bottom to top.

6. CONCLUSION

Spectral investigation of martian meteorites in the
infrared may shed light on the mineralogy of Mars, and
can also be used to interpret the remote sensing data
obtained from orbiters and landers. We presented here
that synchrotron-based FTIR spectroscopy can provide
invaluable information on meteorites with high
resolution. Spectra of the martian meteorites studied here
show that some of the grains contain aliphatic type
organic moieties as well as OH, although indigeneity of
these molecules needs to be confirmed via future
experiments. Silicate mineralogy of Chassigny differs
from other meteorites presented here. Chassigny was
reported to be olivine-rich meteorite with regions of
olivine + pyroxene combinations [15]. We believe
silicate peaks in the spectra of Chassigny show infrared
features due to both olivine and pyroxene, in agreement
with [15]. We note that slight spectral differences for
each meteorite may be attributed to orientation effects in
the crystal structure of minerals. ALH 84001 is an
orthopyroxenite meteorite, meaning that the mineralogy
is dominated by the mineral orthopyroxene, and the
differences in the spectra of this meteorite may be
partially due to pyroxene minerals of different
compositions (e.g., high-Ca vs. low-Ca pyroxenes).
Spatial distribution maps present that aliphatic moieties
and OH are distributed heterogeneously, indicating
complex parent body processes.
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ABSTRACT

The bending behaviour of two-directional functionally graded beams (FGBs) subjected to various sets of boundary conditions is
investigated by using a shear and normal deformation theory and the Symmetric Smoothed Particle Hydrodynamics (SSPH)
method. A simply supported conventional FGB problem is studied to validate the developed code. The comparison studies are
performed along with the analytical solutions and the results from previous studies. The numerical calculations in terms of
maximum dimensionless transverse deflections, dimensionless axial and transverse shear stresses are performed for various
gradation exponents, aspect ratios (L/h) and sets of boundary conditions. The effects of the gradation exponents on the accuracy
and the robustness of the SSPH method are also investigated for the two directional functionally graded beams which are having
clamped-free boundary condition..

Keywords: Meshless method, Functionally graded beam, SSPH method, Shear and normal deformation theory.

Dort Bilinmeyenli Kayma ve Normal Deformasyon
Teorisi Kullanilarak Iki Yonlii Fonksiyonel
Derecelendirilmis Kiriglerin Egilme Analizleri

0z

Kesme ve normal deformasyon teorisi ve Simetik Diizgiinlestirilmis Parcacik Hidrodinamigi (SSPH) kullanilarak, g¢esitli smir
kosullarina tabi tutulmus iki yonlii fonksiyonel derecelendirilmis kirislerin (FGBs) egilme davranisi arastirildi. Gelistirilen kodun
dogrulanmast i¢in basit mesnetlenmis bir fonksiynel derecelendirilmis kiris problem iizerinde ¢alisildi. Karsilastirma ¢alismalari,
analitik ¢ozlimler ve daha 6nceki ¢aligmalarin sonuglar vasitasiyla gergeklestirildi. Cesitli {ist dereceleri, en-boy oranlari (L/h), ve
sinir kosullart i¢in maksimum boyutsuz ¢okme degerleri, boyutsuz eksenel ve kayma gerilmeleri seklinde numerik hesaplamalar
yapildi. Ankastre-serbest ug seklinde sinir kosullarina sahip iki yonlii fonksiyonel derecelendirilmis kirisler i¢in, iist derecelerinin,
SSPH yonteminin dogrulugu ve giicii lizerindeki etkileri de arastirildi.

Anahtar Kelimeler: Agsiz yontem, Fonksiyonel derecelendirilmis kiris, SSPH yontemi, Kayma ve normal deformasyon

teorisi.
1. INTRODUCTION assumption which is Functionally Graded Materials

In recent years, the use of the structures which are made ~ (FGMS) are composite materials which can be classified
of composite materials have been increasing in many a5 advanced materials. The FGMs are inhomogeneous

modern engineering applications such as aerospace, and made up of two (or more) different materials
marine, automotive, and civil engineering due to combined in solid states with varying properties as the

attractive properties in strength, stiffness and lightness. dimension changes. There is a rapid increase in the use
. . of these materials especially in the following areas; the
Researchers have been developed various beam theories

) . . aerospace, biomedical, defense, energy, optoelectronics,
for analysis of the structural behaviour of the composite P gy, op

. . ! automotive, turbine blade, reactor components and etc.
beams during the last decade, the review of these theories Since the FGMs have lower transverse shear stresses
IS given In [1]. The EuIer-Bernqulll bea”! theory (EBT) high resistance to temperature shocks and no interface
is widely used to solve the bending behaviour of the thin problems through the layer interfaces, they have
beams. When the beam is t.h'Ck or short, the effect of the advantages over the conventional and classical composite
transverse shear deformation cannot be neglected and materials
refined shear deformation theories are needed. One of the '

theories which have been developed to eleminate the ~Dué to the significant shear deformation effects
especially for the thick FGBs, three main theories that are

first-order shear deformation theory, higher-order shear
deformation theory and shear and normal deformation

* Sorumlu Yazar (Corresponding Author )
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theory have been employed by the researchers to predict
and to understand the static, vibration and buckling
responses of these structures during the last decade [1-
24]. On the other hand, the conventional FGMs (or 1D-
FGM) with material properties which vary in one
direction used in practical engineering applications are
not efficient to fulfill the technical requirements such as
the temperature and stress distributions in two or three
direction for aerospace craft and shuttles [25].

A new type FGM with material properties varying in two
or three directions is needed to overcome this deficiency
of the conventional FGM. To eliminate the drawback of
the conventional FGM, the mechanical and thermal
behaviours of two-directional FG structures have been
investigated so far. 2D steady-state free and forced
vibrations of two-directional FGBs by using the Element
Free Galerkin Method are analyzed in [26]. The state-
space based differential quadrature method is employed
to obtain the semi-analytical elasticity solutions for
bending and thermal deformations of FGBs with various
end conditions [27]. A symplectic elasticity solution for
static and free vibration analyses of two-directional
FGBs with the material properties varying exponentially
in both axial and thickness direction is presented in [28].
The buckling of Timoshenko beams composed of two
directional FGM is studied in [29]. The static behavior of
the two directional FGBs by using various beam theories
is presented in [30]. The flexure of the two directional FG
sandwich beams is analyzed in [31].

As it is seen from above discussions, the studies
employing a shear and normal deformation theory which
includes both shear deformation and thickness stretching
effects related to static and dynamic analysis of the two-
directional FGBs are very limited according to the author
knowledge. Since, thickness-stretching effect becomes
very important especially for the thick two directional
FGBs, a shear and normal deformation theory should be
considered for this complicated problem with various end
conditions, aspect ratios and gradation exponents. One
may easily show that the numerical methods such as
finite element methods (FEM), meshless methods,
GDQM, etc. can be used to overcome this problem which
have complex governing equations.

Meshless methods are the most promising and have
attracted considerable attention for the analysis of
engineering problems with intrinsic complexity.
Meshless methods are widely used in static and dynamic
analyses of the isotropic, laminated composite and FGM
beam problems [32-38]. However, the studies are very
limited regarding to the analysis of two directional FG
structures by employing a meshless method [26, 30, 39-
41].

The main novelty of this paper is that the flexure behavior
of the two directional FGBs is analyzed based on a quasi-
3D theory by using the SSPH method with four different
end conditions. Moreover, the weight (kernel) functions
used for the numerical computations by employing the
SSPH method given in [30, 42-45] cannot provide

satisfactory results for the solution of these complex
engineering problems. To overcome this deficiency, a
weight function [46] which is used for the interpolation
by employing the compactly supported radial basis
function is introduced. And finally, the thickness
stretching effect is important and should be considered
especially for the thick beams.

In section 2, the formulation of the basis function of the
SSPH method is given. In section 3, the homogenization
of material properties of the two directional FGB is
presented. The formulation of the shear and normal
deformation theory is given in Section 4. In Section 5,
numerical results are given for the problems with four
different boundary conditions which are simply
supported (SS), clamped- simply supported (CS),
clamped-clamped (CC) and clamped-free (CF).

2. FORMULATION OF SYMMETRIC
SMOOTHED PARTICLE HYDRODYNAMICS
METHOD

Taylor Series Expansion (TSE) of a scalar function for
1D case can be given by

1
f@ =fO)+E=0f () + 5 =)7f"00) +

5 € =0 + D) +

SE =05 M@ + 2 € =0 D+ )

where f(£) is the value of the function at & located in near
of x. If the seventh and higher order terms are neglected,
the Eq. (1) can be expressed as

(&) =P x)Q(x) )
where
ow=[fe2e ew

P(E,x) = [1, (E_x); (f _x)Z'm'(f_x)G] (4)
The order of the governing equations play an important
role to define the number of terms assigned in the Taylor
series expansion. If the number of terms in the TSE is
increased, there will be an increment in the CPU time and
one may expect that the accuracy will increase. However,
in some cases it may not be true and determination of the
number of terms depends on the researcher’s experience.
To determine the unknown variables given in the Q(x),
both sides of Eq. (2) are multiplied with W(, x)P(E, x)T
and evaluated for every node in the CSD. In the global
numbering system, let the particle number of the j
particle in the compact support of W(E,x) ber (j ). The
following equation is obtained

N(x)

Z FEDYW(ED, x)P(e7D, %)
=1

_ Z?’ff) [P(Szr(j)’ x) W(ErD, x)P(rD, x)] Q(x) (5)

where N(x) is the number nodes in the compact support
domain (CSD) of the W(E, x) as shown in Figure 1.
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Then, Eg. (5) can be given by

C(,)Q(x) = D(§, x)FX(§,x) (6)
Where C(§x) = P(E,x)TW(E x)P(E x) and D(Ex) =
P(,x)T W(E x).

The solution of Eq. (6) is given by

Q(x) = K, x)F(§) (N
where K® (£, x) = C(§,x)"'D(§ x).

Compact
Support
Domain

/

Figure 1. Compact support of the weight function W(E, x) for
the node located at x = (x;, y;)-

Eg. (7) can be also written as follows

QI(X) = Z_IIW=1 KI]F] ) I = 1,2, ...,7 (8)
where M is the number of nodes and F; = f(&)). Seven
components of Eq. (8) for 1D case are written as

) = Q@) = ) KyF,
J=1

d M
9 e = ]Z;KZJF]

d*f(x) N

YD _ 2,00 - Z!ZKwFJ

d*f (x) N

— =310, = 3!;’(415

d*f(x) 3

LI b1y = 4!;1(5/5

d>f(x) N

— =510 = 5!;K61F1

LID = 61Q,(x) = 6! )1 Ky F ©)

Details of the SSPH method can be found in [30, 42-45].

3. HOMOGENIZATION OF MATERIAL
PROPERTIES

We assume that the two-directional functionally graded
beam of length L, width b, thickness h is made of two
different constituents. Further, the material properties
vary not only in the z direction (thickness direction) but
also in the x direction (along the length of the beam) as
shown in Fig. 2. The rule of mixture is used to find the
effective material properties at a point. According to the
rule of mixtures, the effective material properties of the
beam, Young’s modulus E and shear modulus G can be
given by In Figure 2.

E(L,h/2) b

X h

E
L |

“1

le
e

Figure 2. Geometry and coordinate of a two-directional FGB.

The stress-strain relationship of a k™ orthotropic lamina
in the material coordinate axes is given by:

E(x,z) = E\Vy(x,2) + E;V,(x, 2)

G(x,z) = GV, (x,z) + G,V,(x,z) (10)
where E;, E,, G, and G, are the material properties of two
constituents, V; and V,are volume fractions of the

constituents. The relation of the volume fractions can be
expressed as follows;

Vilx,z) +Vo(x,z) =1 (11)
According to the power law form, the volume fraction of
the constitute 1 can be given

neen =(1-5)" (+)" )

where p, and p, are the gradation exponents (power-law
index) which determine the material properties through
the thickness (h) and length of the beam (L), respectively.
When the p, and p, are set to zero then the beam
becomes homogeneous. The effective material properties
can be found by using the Egs. (10), (11) and (12) as
follows
E(x,2) = (B, — B (1 x)px(1+z)pz+E
(x,2) = (E; 2) 2L 27T 2

G(x,2) = (G, - G) (1 - ;‘—L)p" G+ i)pz +G, (13)

Fig.3 illustrates the variation of the dimensionless
modulus of elasticity through the depth of the beam for
various values of the gradation exponent (p,) in the z
direction. The variation of the dimensionless modulus of
elasticity through the length of the beam for different
gradation exponent (p,.) in the x direction is presented in
Fig. 4.
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Figure 3. Variation of the dimensionless modulus of
elasticity through the depth of the beam for various
values of the gradation exponent (p,) in z direction
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Figure 4. Variation of the dimensionless modulus of
elasticity through the length of the beam for
different gradation exponent (p,) in x direction
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4. MATHEMATICAL FORMULATION

The axial and transverse displacements of a beam by
using the present shear and normal deformation theory
[17] including both shear deformation and thickness
stretching effects are given by

dwy(x) 423 dw,(x)

U(x,z) = u(x,t) _ZT_W P

= u(x) — zwp (x) — f(2)ws (x) (14a)
W(x,z) = wy(x) + we(x) + (1 - %) w, (x)
= wp (%) + ws(x) + g(2)w,(x) (14b)

where u,w,,wsand w, are four variables to be

determined.

The only nonzero strains associated with the

displacement field given in Eq. (14) can be written by:
au

& = - = u' —zwy — f(2)wy' (15a)
9 /
&= =g @w, (15b)
ow ou ! ’
Yez = 57 + Pz 9(@)(ws +wy) (15¢)

The following linear elastic constitutive equation can be
written by using the related stresses and strains:

Oy 1 v 0 Ex

UZI _ E(X.ZZ) v 1 0 |:£z ]
1-v 1-v

Oxz 0 0 — Yxz

2

(16)

To obtain the governing equations, the virtual strain
energy of the beam can be written as:

U = [ [, (0,88 + Oy Yz + 0,9'6e,)dAdx  (17)

The stress resultants N,, M2, M3, Q,, and R, can be
written respectively as follows:

N, = f_Jr://zz bo,dz (18a)
MP = ff:/j bo,zdz (18b)
M = f_*h"/jbaxfdz (18c)
Qe = [y boysgdz (18d)
R, = fj:/;bazg'dz (18¢)

Using the Eq. (18), one can rewrite the Eq. (17) as:

SU = [[[N,6u' — MESwy — MESw,' + Qu, (5w +
éw,) + R, 6w, ]dx (19a)
The virtual potential energy of the transverse load q(x)
is given by

8V = — [ q(8w, + Swy)dx (20)
Since the total virtual work done equals zero and the

coefficients of du, Sw,, Sw, and w, are zeroin 0 < x <
L, one can obtain the following governing equations,

Tx=0 (21a)
L g =0 (21b)
T 2% 4 g0 =0 (1)
Lz _R,=0 (21d)

Using Eq. (16), the stress resultants given in Eg. (18) can

be expressed as,

N, [A B B, X 0] u'

M? B D D, Y 0 —wy

fl ooy olf o)

%)

©n

M; B; Dy H ¥

lezJ X v v, Z 0“ w, J
R, 0 0 0 0 AJd\wg+w,
where

(A,B,Bs,D,Ds,H,Z) =
+h/2 E(x,z)b

nj2 1z Lz f.z% fz,f? g')dz (23a)
_ (th/2E(x2)b 5
As = —h/2 2(1+v) (23)
+h/2 E(x,Z)vb
X,v,Y) = f—h/z f_—zvzvg 1,z f)dz (23c)

The governing equations of the quasi-3D theory can be
obtained by substituting Eq. (22) into Eq. (21) as:

Au" + A'u' — (Bw})" + B'wy)) — (Bsw," + B,/'wy') +
Xw, +X'w, =0 (24a)
Bu" + 2B'w" + B"u' — (Dw" + 2D'w}" +

D"wy) — (Dsw™ + 2D'w!" + Dg"'wi') + Yw} +
2Y'w, +Y"w,—q=0 (24b)
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Bou" + 2B,/u" + By"u’ — (D;w"" + 2D5'w;!" +
Dy"wy!) — (Hw! + 2H'W!" + H"w') + Y,w) +
2Y.'w) + Y 'w, + A;(w! +wy) + A (wl +wy) —
q=0 (24c¢)

—Xu' +Yw} +Yow! + A, (W] +w)) + A (w] +
w,) —Zw, =0 (24d)
The natural boundary conditions are given as follows:

du: N, (25a)
Swy: M2’ (25h)
swj : M2 (25c¢)
Swg: M + Q,, (25d)
dwy : M3 (25e)
SWy: Q. (25f)

5. NUMERICAL RESULTS

The static behaviour of the two directional FGBs is
investigated by using a quasi-3D shear deformation
theory. The numerical results are obtained by using the
SSPH method for various gradation exponents in both
direction, x and z respectively, different aspect ratios and
boundary conditions. Since there is no available previous
results based on a higher order shear deformation theory
and a shear and normal deformation theory for the
bending analysis of two-directional FGBs with power
law rule, as the first, the developed code is verified by
solving a simply supported conventional FGB problem
subjected to uniformly distributed load. The numerical
solutions are compared with the solutions from previous
studies [16-17] along with the analytical solutions. The
dimensionless maximum transverse deflections, axial
and shear stresses are calculated to make the comparisons
on a fair ground. For each problem studied here, the
physical parameters of the beam are L=2m and b=0.1m.
Two different two aspect ratios (L/h), 5 and 20 are
considered for the boundary conditions defined as SS, CS
and CC. The numerical solutions could not be obtained
for the aspect ratio (L/h) which is greater than 5 for the
boundary condition defined as CF. The possible reasons
behind this case are discussed in section 5.2.4. The
distributed load g, is set to 10000 N/m. The material
properties of the two constitutes are given

Ceramic (Al,0;) :E; =380GPaandv, =0.3
Metal (Aluminium) : E, = 70GPa and v, = 0.3

The following non-dimensional quantities are used for
the representation of the results;

Non-dimensional maximum transverse deflection of the
beam:
3
w= %W(x, 0) for SS,CS and CC beams w =
qo

100E,bh3
qoL*

W(L,0) for CF beam (26)

Non-dimensional axial and shear stresses of the beam:

bh L
O-xqu_LO-x(E'Z)
_ bh L
0'z=qO—LO'z(5;Z)

— bh
Oxz = qO_LO-XZ(O' Z) (27)

5.1 Verification and Comparison Studies

To verify the developed code, a simply supported FGB
under uniformly distributed load is considered. For
numerical calculations to be performed by the SSPH
method uniformly distributed 201 nodes for the SS, CS
and CC beams and 247 nodes for the CF beam are used
in the problem domain x € [0, 2]. As a weight function,
the following function proposed in [46] is used,

a\’ a\° a\°® a\*
W e) = {(1 - ;) 35 (;) +245 (;) +720 (;) +
0
3 2
1120 (%) +928(%) +336(%) +48 0=d<p
p p p d>p
0

where d = |x — &|/h, h is the smoothing length and p is
the scaling factor that determines the size of the support
domain. The numerical calculations are performed
according to the following meshless parameters; the
radius of the support domain (p) is chosen as 8 and the
smoothing length (h) equals to 1.1A where A is the
minimum distance between two adjacent nodes for SS,
CS and CC beams. For CF beam, the radius of the support
domain (p) is chosen as 5.302 and the smoothing length
(h) equals to 1.2A. All the meshless parameters are found
by using the trial and error method. The maximum non-
dimensional transverse deflections, axial, normal and
shear stresses obtained based on the present shear and
normal deformation theory, various aspect ratios and
various gradation exponents in the z direction are given
in Table 1-4 along with the results from previous studies
and the analytical solution of the problem. It is clear that
the results obtained by using the SSPH method agree
completely with those of previous papers [16-17]. Table
1-4 show that the results obtained by the SSPH method
are in excellent agreement with the results given in [16-
17]. And finally, because of stretching effect, the
transverse deflections computed based on the shear and
normal deformation theory are slightly smaller than those
obtained from TBT. Due to this agreement, the
verification of the developed code is established.

(28)
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Table 1. Verification studies of the developed meshless code for SS FGB, dimensionless maximum transverse
deflections for various gradation exponents.

Method Theory g, p=0 p=1 p=2 p=5 p=10
L/h=5
Li et al. [16] TBT =0 3.1657 6.2599 8.0602 9.7802 10.8979
) TBT =0 3.1654 6.2594 8.0677 9.8281 10.9381
Vo et al. [17] Navier
Present *#0 3.1397 6.1338 7.8606 9.6037 10.7578
TBT =0 3.1654 6.2590 8.0668 9.8271 10.9375
Voetal. [17] FEM
Present #0 3.1397 6.1334 7.8598 9.6030 10.7572
SSPH Present #0 3.1402 6.1343 7.8602 9.6041 10.7571
L/h=20
Li et al. [16] TBT =0 2.8962 5.8049 7.4415 8.8151 9.6879
) TBT =0 2.8962 5.8049 7.4421 8.8182 9.6905
Vo et al. [17] Navier
Present #0 2.8947 5.7201 7.2805 8.6479 9.5749
TBT =0 2.8963 5.8045 7.4412 8.8173 9.6899
Voetal. [17] FEM
Present *0 2.8947 5.7197 7.2797 8.6471 9.5743
SSPH Present #0 2.8952 5.7215 7.2826 8.6485 9.5745

Table 2. Verification studies of the developed meshless code for SS FGB, dimensionless axial stress 6,((%,2) for various
gradation exponents.

Method Theory g, p=0 p=1 p=2 p=5 p=10
L/h=5
Li et al. [16] TBT =0 38020 5.8837 6.8812 8.1030 9.7063
_ TBT = 3.8020 5.8836 6.8826 8.1106 9.7122
Vo et al. [17] Navier
Present  *0  3.8005 5.8812 6.8818 8.1140 9.7164
TBT =0 38040 5.8870 6.8860 8.1150 9.7170
Voetal. [17] FEM
Present  *0  3.8020 5.8840 6.8860 8.1190 9.7220
SSPH Present  #0  3.8005 5.8815 6.8821 8.1145 9.7170
L/h=20
Li et al. [16] TBT =0 150130  23.2054  27.0989  31.8112 38.1372
_ TBT =0 150129 232053  27.0091  31.8130 381385
Vo et al. [17] Navier
Present  *0 150125  23.2046  27.0988  31.8137 38.1395
TBT =0 150200 232200  27.1100  31.8300 38.1600
Voetal. [17] FEM
Present  *0 150200  23.2200  27.1100  31.8300 38.1600
SSPH Present  #0 160147 232099  27.1122  31.8070 38.1252

Table 3. Verification studies of the developed meshless code for SS FGB, dimensionless transverse shear stress
7,,(0,0) for various gradation exponents.

Method Theory € p=0 p=1 p=2 p=5 p =10
Lh=5

Li et al. [16] TBT —0 07500 _ 07500 06787 05790 0.6436

Voetal, [17] Navier —TBT —0 07332 07332 06706 05905 0.6467

Present =0 07233 07233 06622 05840 0.639

TBT —0 0733 07335 06700 05907 0.6477

Voetal [I7]FEM  —5 ot 20 0.7291 0.7291 0.6661 05873 0.6439

SSPH Present =0  0.7246  0.7234 06618 05840 0.63%
L/h=20

Li et al. [16] TBT —0 07500 07500 06787 05790 0.6436

Voetal, [17] Navier —1BT —0 07451 07451 06824 _ 06023 0.6596

Present =0 07432 07432 06809 _ 0.6010 0.6583

TBT —0 07470 07470 06777 06039 0.6682

Voetal [I71FEM - —5 et 20 0.7466  0.7466 06776 0.6036 0.6675

SSPH Present =0 07425 07432 06789 0.6037 0.6606
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Table 4. Verification studies of the developed meshless code for SS FGB, dimensionless normal stress &, (%g)

for various gradation exponents.

Method Theory g, p=0 p=1 p=2 p=5 p=10
L/h=5
Vo et al. [17] Navier Present #0 0.1352 0.0670 0.0925 0.0180 -0.0181
Voetal. [17] FEM Present #0 0.1352 0.0672 0.0927 0.0183 -0.0179
SSPH Present #0 0.1352 0.0671 0.0925 0.0182 -0.0180
L/h=20
Vo et al. [17] Navier Present #0 0.0337 -0.5880 -0.6269 -1.1698 -1.5572
Voetal. [17] FEM Present #0 0.0338 -0.5874 -0.6261 -1.1690 -1.5560
SSPH Present #0 0.0338 -0.5880 -0.6266 -1.1706 -1.5589

Table 5. Boundary conditions used for the numerical computations.

BC x=0 x=L

SS u=0,w,=0,w,=0w,=0M:=0M= u=00rN,=0,w, =0,w, =0,w,=0,M2 =0,M =
CS u=0w,=0w,=0w,=0,w," =0,w,’ =0 u=00rN,=0,w, =0,w,=0,w,=0,M2 =0,M$ =
CcC u=0,w,=0,w,=0,w,=0,w," =0,w,’" =0 u=0,w,=0,w,=0,w,=0,w," =0,w,"=0

CF u=0,w,=0,w,=0,w,=0,w,’ =0,w;/ =0 N,=0,M:=0,MS=0,M"=0,M'+Qy, =0,0,, =0

Table 6. Dimensionless maximum transverse deflections of the SS two-directional FGB for various gradation
exponents in both directions and aspect ratios.

Aspect Ratio Px
(L) P 0 1 2 5 10

3.1402 3.9791 4.9566 8.2264 12.2258
6.1343 7.2342 8.3430 11.2590 14.0759

5 2 7.8602 8.8636 9.8333 12.3067 14.6466
9.6041 10.4721 11.3126 13.4239 15.3073

10 10.7571 11.6165 12.4207 14.2924 15.8037

0 2.8952 3.6662 4.5679 7.6257 11.4111

5.7215 6.7299 7.7469 10.4640 13.1101

20 2 7.2826 8.1853 9.0653 11.3622 13.5589
8.6485 9.4397 10.2153 12.2531 14.0626

10 9.5745 10.3974 11.1716 12.9851 14.4938

Table 7. Dimensionless axial stress 5x(§,§) of the SS two-directional FGB for various gradation exponents in

both directions.

Aspect Ratio Px
(L/h) P 0 1 2 5 10

3.8005 3.7945 3.7703 3.6740 3.6146
5.8815 5.6196 5.3454 4.6207 3.9726

5 2 6.8821 6.4155 5.9789 4.9475 4.0813
8.1145 7.4802 6.8933 5.4784 4.2515

10 9.7170 8.8501 8.0301 6.0444 4.4015

0 15.0147 14.9895 14.8909 14.5014 14.2517

23.2099 22.1731 21.0861 18.2136 15.6904

20 2 27.1122 25.2728 23.5505 19.4770 16.1494
31.8070 29.3394 27.0385 21.5344 16.7800

10 38.1252 34.7636 31.5736 23.9702 17.3768
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5.2 Elastostatic Analysis of Two-Directional FGBs

Four different boundary conditions, SS, CS, CC and CF
are considered respectively for the bending analysis of
two directional FGBs subjected to uniformly distributed
load. The transverse deflections, axial, normal and shear
stresses are computed based on the present quasi-3D
theory for different gradation exponents in both
directions and aspect ratios. The details of the boundary
conditions (BCs) used for the numerical analysis are
given in Table 5.

5.2.1 SS Two-Directional FGB

A simply supported two directional FGB under
uniformly  distributed load is analyzed. The
dimensionless transverse deflections and stresses are
computed for various gradation exponents in both
directions and different aspect ratios.

As it is seen from Table 6, the computed transverse
deflection value decreases as the aspect ratio increases.
With the increasing of the gradation exponents in both
directions, the deflection values are increasing. In Table
7, the dimensionless axial stress values are presented. It
is clear that the stress decreases as the gradation
exponents in both directions increases. The maximum
dimensionless shear stress value is obtained when p; is
set to zero and px is set to 5 as shown in Table 8. It is
found in Table 9 that the dimensionless normal stress
almost vanishes when the aspect ratio is 20 and the
gradation exponent in the z direction is set to zero.

Figs. 5 and 6 are plotted for different aspect ratios to
show the variation of the dimensionless axial and normal
stresses through the thickness for different values of the
gradation exponent in the x direction, when the gradation
exponent in the z direction is determined as 2. The
maximum axial stress value is observed at the top surface
of the beam. The axial stress increases as the gradation
exponent in the x direction decreases. The beam with
p-=2 and py=0 yields the maximum normal stress as seen
in Figs. 5 and 6. In Figs. 5 and 6, it is also clear that the
computed shear stress values are zero on the top and the
bottom surfaces of the beam, as it is expected. The
minimum shear stress value is obtained when the p; is set
to 10.

5.2.2 CS Two-Directional FGB

The dimensionless maximum transverse deflections and
the axial, normal and shear stresses of the clamped-
simply supported FGBs are investigated. The computed
results are given in Table 10 and Figs. 7-8. It is clear in
Table 10 that the transverse deflections increase as the
gradation exponent increases. Lower aspect ratio has the
larger dimensionless transverse deflections than the
higher one.

In Figs. 7-8, the axial, normal and shear stresses are
presented for various gradation exponents and aspect
ratios. It is found that the maximum axial stress increases
as the gradation exponent in the x direction increases.

The maximum normal stress is obtained at the bottom
surface of the beam. The normal stress values are
decreasing as the gradation exponent in the x direction is
decreasing at the bottom surface of the beam. The
maximum shear stress is observed for p,=1 when the py
is setto 2.

5.2.3 CC Two-Directional FGB

The dimensionless maximum transverse deflections and
the axial, normal and shear stresses of the clamped-
clamped FGBs are considered. The results are given in
Table 11 and Fig. 9 for different gradation exponents and
aspect ratios. It is clear from Table 11 that, as the
gradation exponents increase, the transverse deflections
increase. The computed results are in very well
agreement along with the previous study.

The axial and normal stresses are plotted in Fig.9 for
various gradation exponents in the x direction as the
aspect ratio is set 5 and pz=0. As the gradation exponent
set to zero in the z direction, the maximum axial stresses
obtained for px=0 and px=1 are almost indistinguishable.
The maximum normal stress values are seen on the top
surface of the beam and they are also indistinguishable.
The maximum normal stress is found for px=10. As it is
expected, the shear stress values are zero at the bottom
and top surface of the beam. The maximum shear stress
is observed for pz=1.

5.2.4 CF Two-Directional FGB

Finally, the results of elastostatic analysis of the CF
FGBs under uniformly distributed load are given for
various gradation exponents and aspect ratios. For this
example, accurate and agreed results cannot be obtained
when the aspect ratio is greater than 5 and the gradation
exponent is x direction greater than 2. However, the
results found by using the aspect ratio lower than 6 are
acceptable and agreed along with the analytical solutions.
This point is important to determine future studies based
on the present shear and normal shear deformation theory
and the SSPH method. It is not clear that increasing the
gradation exponent in the x direction deteriorates the
accuracy of the present shear and normal deformation
theory with higher aspect ratios. The robustness and
accuracy of the SSPH method could be lost by using the
gradation exponent in the x direction greater than 5 with
CF boundary conditions as well.

As it is seen from Table 12, the transverse deflections
increase as the gradation exponents increase. Three
different aspect ratios are employed to investigate the
inefficiency of the theory and the numerical method. It is
not found a concrete reason that may explain the loss of
accuracy when the aspect ratio is set to above 5.
However, the computed results agree very well along
with the analytical solutions based on the TBT.
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Table 8. Dimensionless transverse shear stress a,,(0,0) of the SS two-directional FGB for various gradation
exponents in both directions.

Aspect Ratio Px
(Lh) Pz 0 1 2 5 10
0 0.7246 0.7923 0.8484 0.9278 0.9195
1 0.7234 0.7780 0.8186 0.8662 0.8560
5 2 0.6618 0.7017 0.7290 0.7582 0.7523
5 0.5840 0.6001 0.6099 0.6203 0.6200
10 0.6396 0.6457 0.6494 0.6542 0.6557
0 0.7425 0.8125 0.8718 0.9580 0.9467
1 0.7432 0.7993 0.8415 0.8901 0.8778
20 2 0.6789 0.7199 0.7486 0.7792 0.7740
5 0.6037 0.6223 0.6364 0.6385 0.6414
10 0.6606 0.6686 0.6749 0.6738 0.6791

Table 9. Dimensionless normal stress a, (%g) of the SS two-directional FGB for various gradation exponents in
both directions.

Aspect Ratio Px
(Lh) P 0 1 2 5 10
0 0.1352 0.1350 0.1346 0.1331 0.1328
1 0.0671 0.0553 0.0498 0.0636 0.1085
5 2 0.0925 0.0583 0.0422 0.0577 0.1110
5 0.0182 0.0108 0.0205 0.0772 0.1253
10 -0.0180 0.0157 0.0498 0.1176 0.1396
0 0.0338 0.0338 0.0337 0.0333 0.0331
1 -0.5880 -0.6015 -0.5864 -0.4229 -0.1163
20 2 -0.6266 -0.7108 -0.7197 -0.5044 -0.1138
-1.1706 -1.1012 -0.9656 -0.5067 -0.0843
10 -1.5589 -1.2682 -0.9862 -0.3459 -0.0493
T
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Figure 5. Dimensionless axial Ex(g, z), normal Ez(g, z) and shear stress 6,,(0,z) through the thickness of the SS FGB for
pz=2 and px=2, L/h=5

869



Armagan KARAMANLI / POLITEKNIK DERGISI, Politeknik Dergisi,2018;21(4):861-874

Table 10. Dimensionless maximum transverse deflections of the CS two-directional FGB for various gradation exponents in
both directions.

Aspect Ratio P Px
L/h “
(L/h) 0 1 2 5 10
0 1.4497 1.7984 2.1844 3.3256 44754
5 1 2.7943 3.2536 3.7003 47672 5.6600
2 3.6053 4.0375 4.4382 5.3676 6.1134
5 45443 4.9024 5.2356 5.9811 6.5451
10 5.1527 5.4762 5.7665 6.3852 6.8235
0 1.2572 1.5297 1.8335 2.7508 3.6922
20 1 2.2574 2.6612 3.0403 3.8831 47242
2 2.8623 3.2657 3.6266 43313 4.9949
5 3.2451 3.6310 3.8925 45933 5.2977
10 3.8213 4.1552 4.3400 4,9688 5.6261
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Figure 6. Dimensionless axial Ex(g,z), normal Ez(g,z) and shear stress a,,(0,z) through the thickness of the SS FGB for
pz=2 and px=2, L/h=20
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Table 11. Dimensionless maximum transverse deflections of the C-C two-directional FGB for various gradation exponents
in both directions.

Aspect Ratio Voetal. [17] Px
(Lih) P Py =0 0 1 2 5 10
0.8327 0.8349 1.0660 1.3187 2.0188 2.6766
1.5722 1.5868 1.8836 2.1655 2.8106 3.3063
5 2 2.0489 2.0810 2.3585 2.6100 3.1762 3.5770
2.6929 2.7180 2.9393 3.1597 3.5873 3.8630
10 3.1058 3.1104 3.3217 3.4988 3.8290 4.0292
0.5894 0.5898 0.7532 0.9315 1.4187 1.8575
1 1.1613 1.1630 1.3754 1.5737 2.0112 2.3388
20 2 14811 1.4906 1.6764 1.8510 2.2307 2.5065
1.7731 1.7762 1.9474 2.1065 2.4409 2.6534
10 1.9694 1.9734 2.1479 2.2997 2.5867 2.7617
15 0.15
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Figure 9. Dimensionless axial c‘rx(é, z), normal c‘rz(é, z) and shear stress a,,(0,z) through the thickness of the CC FGB for
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Figure 10. Dimensionless axial 6X(§,Z), normal Ez(é;z) and shear stress G,,(0,z) through the thickness of the CF FGB

for p=1 and px=2, L/h=5

Table 12. Dimensionless maximum transverse deflections of the C-F two-directional FGB for various gradation exponents

in both directions.

Aspect Li et al. [16] Voetal. [17] Py
Ratio = =
wn o o 0 : 2 5 10
0 38.4079 35.2697 38.8074 43.3814 58.5072 83.8566
1 73.6361 67.7056 72.5379 78.1133 94.2687 116.6278
2 2 96.4165 - 87.2699 91.4037 96.5571 109.5350 128.8880
5 124.3960 109.6762 113.0652 116.5574 126.9298 141.5556
10 143.2723 124.4861 127.9787 135.0984 137.1212 151.2053
0 32.4211 30.8511 33.7188 37.1688 49.7066 70.9790
63.5249 59.6712 63.7506 68.1217 81.3383 100.2031
3 2 82.3200 - 75.7549 80.0420 84.1371 96.7912 111.4601
101.9579 92.9652 96.3159 100.7895 107.7395 122.6167
10 114.9451 105.4147 109.0172 112.5187 119.6471 131.2405
29.3558 28.5524 27.6636 30.4944 33.6062 44,5715 63.7455
1 58.3481 56.2002 56.7975 60.2980 64.0033 75.5193 93.3406
5 2 75.1027 71.7295 71.6238 75.2135 78.7156 88.8993 103.9447
90.4697 86.1201 86.5866 89.8121 92.9513 102.7237 114.2047
10 100.3961 95.7582 97.6667 101.0233 104.1912 1135742 123.2930

It is observed in Fig. 10 that the dimensionless axial
stress values computed by using the shear and normal
deformation theory formulation increases as the
gradation exponent in the x direction decreases. It is
clear that the maximum normal stress values are found
at the top surface of the beam. As the gradation
exponent in the x direction decreases, the maximum
normal stress increases. The dimensionless shear stress
values are shown in Fig. 10. As it is seen, the minimum
shear stress value is obtained when the gradation
exponent in the z direction is set to zero. The shear
stress values are zero at the bottom and top surfaces of
the beam.

6. CONCLUSION

The SSPH basis functions are employed to analyze the
elastostatic behaviour of the two directional functionally
graded beams subjected to different sets of boundary
conditions and uniformly distributed load by using strong
formulation of the problem. A shear and normal
deformation theory which includes both shear
deformation and thickness stretching effect is used to
evaluate the transverse deflections, axial, normal and
shear stresses of two directional FGBs. The developed
code is verified by studying a simply supported FGB
problem and comparing the results with previous studies
and the analytical solutions. Four different boundary
conditions (SS, CS, CC and CF) are considered with
different gradation exponents in both directions and
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various aspect ratios. The effect of the normal strain is
investigated and it is found that it is important and should
be considered in the static behavior of the two directional
functionally graded beams including sandwich structures
which may be a subject of the future studies.

Another important point is that for CF beam, the
computed results for the aspect ratio which is higher than
5 are not agree very well with the previous studies as the
gradation exponent in the x direction is set to higher than
2. At least within the scope of this work, it may be told
that by using the SSPH method and present shear and
normal deformation theory, it is not recommended to use
a gradation exponent in the x direction greater than 2 as
the aspect ratio increases with CF boundary condition
and this should be investigated in future studies.

It is found that the SSPH method provides satisfactory
results at least for the problems studied here. Based on
the results of the four numerical examples, it is
recommended that the SSPH method can be applied for
solving linear two directional functionally graded beam
problems by employing different shear deformation

theories including shear and normal deformation
theories.
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oz
Merih-2, Ozyegin Universitesi Rover Takimi tarafindan University Rover Challenge 2016 ve European Rover Challenge 2016’ya
katilmak ve Mars kosullarinda gbrev yapmak igin tasarlanan gezgindir. Siiriis icin Merih-2’nin 6 adet 6zel tasarim tekeri
bulunmaktadir. Yiiksek ¢ekis i¢in biitiin tekerler elektrik motorlariyla tahrik edilmistir. Gezginin ilerlerken yon degistirmesi, 6n ve
arka tekerlerin beraber yonlerinin degistirilmesiyle miimkiin kilinmistir. Tekerlerden en az dordiiniin yere basmasini saglayan bir
Kiilbiitdr-Boji mekanizmasi ve bu mekanizmanin dengeleyicisi bir diferansiyel bulunmaktadir. Merih-2 ayrica, gevredeki objelerin
manipiilasyonu igin 4 serbestlik dereceli bir robot kola sahiptir. Bu robotik kola ¢ok fonksiyonlu bir tutucu takilmig ve tornavida
alma, salterleri agma ve kapama gibi astronotlara yardim gorevlerini yapmasi planlanmistir. Bu makalede; Merih-2’nin tasarim

ayrintilari, iretilen prototipten elde edilen kazanimlar ve gezginin operasyon ve yasanan olumsuzluklari ortadan kaldirabilecek
oneriler anlatilmaktadir.

Anahtar Kelimeler: Gezegen gezginleri, kara robotlari, robot mekanik tasarimi.

Mars Rover Prototype Merih-2

ABSTRACT

Merih-2 is designed to serve under the Mars conditions and to join the University Rover Challenge 2016 and the European Rover
Challenge 2016 by the Ozyegin University Rover Team. For locomotion, the Merih-2 has 6 specially designed wheels. All wheels
are driven by electric motors for high traction. The steering of the rover is provided by changing the directions of the front and rear
wheels together. A Rocker-Bogie Mechanism that allows at least four wheels to keep ground contact, and a differential that assumes
the task of balancing this mechanism is used. Merih-2 also has a 4-degree-of-freedom robot arm for manipulating objects in the
surroundings. This robotic arm is equipped with a multifunctional holder and is intended to assist astronauts in tasks such as tool
retrieval, turning on and off of switches. This article describes the design details of Merih-2 and the gains from the prototype
produce. Moreover, the article focuses on the test results that are obtained at ERC 2016 and discusses the roadmap for a better
prototype.

Keywords: Planetary rovers, field robots, mechanical robot design.

1. GIRIS (INTRODUCTION)

Akilli sistemler uzay arastirmalarinin bel kemigini olus-
turmaktadir. Insanli gdrevlerin beraberinde getirdigi
maddi yiikler ve insan hayat1 {izerinde olusturdugu risk-
ler, gok cisimlerine (gezegen, kuyruklu yildiz, uydu vb.)

Ay'in ylizeyine ulasmast ile saglanmistir. Gezginler gon-
derildikleri gok cisminin yapisi ve gonderilme gerekge-
leri olan bilimsel gorevin gerektirdigi kosullara gore
sistemsel degisiklikler gostermektedirler. Bu araglarin
gelistirilmesi biiyiik biitgeli projelerdir. Ilki doksanl1 y1l-

yonelik gerceklestirilen gorev ve arastirmalarin insansiz
cihazlar ile siirdiirilmesine neden olmustur. Arastirilan
gok cisimlerinin Diinya'ya olan uzakliklarindan 6tiirii
gercek zamanli kontroliin miimkiin olmamasi, sistemde
olusabilecek her tiirlii aksakligin yine sistemin kendi ta-
rafindan giderilme ihtiyacindan 6tiirii, uzay robotigi ce-
sitlilik ve tasarim zorluklarini igerisinde bulundurmay1
stirdiiren bir aragtirma alanidir. Yakin uzayda arastiril-
masi gerekli gezegen ve uydularin biiyiikliigii, mobil ro-
botlarin  uzay robotiginde kullanim ihtiyacim
dogurmustur [1].

Gezegen gezginleri (Planetary Rovers) Ay ve Mars tize-
rinde aragtirma amactyla 1970'i yillardan itibaren farkli
gorevlerde kullanilmistir. Bu baglamda ilk basarili gorev
olarak 1970 yilinda SSBC'nin Lunokhod 1 adli aracinin

*Sorumlu Yazar (Corresponding Author)
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larda olmak iizere simdiye kadar Mars yiizeyinde dort
gezgin kesif yapmaktadir [2]-[5].

Gonderilen robotlara olan ilgiyi arttirmak ve uzay mii-
hendisligine 6grencilerin ilgisini ¢ekmek i¢in Mars gez-
gini temali yarismalar da diizenlenmektedir [6]-[9].
Universiteler arasi gezgin yarismalar1 2007 senesinde
ABD'de University Rover Challenge (URC) ile baslamis
olup Mars yiizey kosullarina benzer 6zelliklere sahip yii-
zeylerde gerekli gorev simiilasyonlarinin gergeklestiril-
mesinin amaglandig1 organizasyonlardir. URC'yi takiben
European Rover Challenge (ERC) 2012 ve United King-
dom University Rover Challenge (UKURC) yarismasi da
2016 senesinden itibaren benzer amacla ancak farkli go-
rev yapilanmalari ile diizenlenmektedirler. Yarigmalar s1-
rasinda olasi insanl1 bir Mars gérevine yonelik senaryolar
Ozglin platformlarla denenmektedir.

Merih-2, Ozyegin Universitesi Rover Takimi tarafindan
University Rover Challenge (URC) ve European Rover
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Challenge (ERC)’ya katilmak ve Mars kosullarinda go-
rev yapmak icin tasarlanan gezgindir. Bu yarismalarda,
kesif yapmak ve astronotlara yardim etmek amacryla kur-
gulanmig gorevler bulunmaktadir. Gorevlerin ¢ogu yari-
otonom veya otonom olarak, uzaktan ve kismi olarak ku-
manda ile yapilabilen gorevlerdir.

Merih-2 bu yarismalar i¢in gérev odakli olarak tasarlan-
mis ve ERC 2016'yva katilmigtir. Merih-2'nin ERC
2016'da olugturulan yapay Mars yiizeyi iizerindeki fotog-
rafi Sekil 1'de goriilebilir. Bu makalede, Merih-2'nin me-
kanik tasarimi, elektronik altyapisi ve denetim sistemi
ayrintilartyla verilmistir.

Sekil 1. Merih-2'nin European Rover Challenge yarigmasinda
olusturulan Mars yiizeyi simiilasyon sahasinda ¢ekil-
mis fotografi (Merih-2's photo taken on the simulated
Mars surface during the European Rover Challenge
contest)

2. SISTEM GEREKSINIMLERI (SYSTEM REQU-
IREMENTS)

Merih gezegen gezgini prototipleri, Ozyegin Universitesi
Rover Takimi (OzU Rover) tarafindan yarigsmalarin be-
lirledikleri teknik kisitlamalara gore gelistirilmektedir.
Merih-2, yetenekleriyle yarigabilmek ve ayni zamanda
gezgin siifina iiye olabilmesi i¢in bazi sistem gereksi-
nimleriyle donatilmis ve bu dogrultuda tasarlanmistir. En
temel gereksinimi kendi basina ayakta durabilmesi ve bir
yere fiziksel olarak bagliligi olmadan hareket edebilme-
sidir.

2.1. Mekanik Kisitlar (Mechanical Restrictions)
Uretilecek olan gezginin galisma aninda higbir sekilde bir
yere bagli olmamasi veya bir yerden destek almamasi ge-

rekmektedir. Bir bagka gereksinim ise agirlik sinirlama-
sidir. Merih-2'nin i¢inde bulunmus oldugu gezgin sinifi
belli bir agirlik sinirina gereksinim duymaktadir. Yaris-
maya katilan gezginler 50 kg agirlik sinirin1 gegmeyecek
sekilde tasarlanmalidir [10]. Ayni zamanda bir bagka sis-
tem gereksinimi ise hiz ile alakalidir. Hiz limiti 3 km/h
olarak belirlenmis ve bu gereksinime gore donanim ta-
sarlanmalidir. Gezginlerin asil kullanim amaci astronot-
lara destek vermek ve gerekli gorevleri yerine
getirebilmektir. Bu gorevlerden en fazla 6nem arz edeni
bulundugu ortamdan &rnek toplayip, onlar1 muhafaza
edilmis bir sekilde istenilen yere ulastirilmasidir, bu ge-
rekge ile toplanan orneklerin zarar gormemesi adina, ta-
sinma sirasinda izole bir sekilde drneklere uygun sekilde
tasarlanmig bir muhafazada saklanmalidir. Bu muhafaza
en az 3 bolmeden olugmali ve her kosula dayanikli ol-
makla birlikte kullanilacak muhafaza en az 100 gr tas or-
negi ve/veya 200 gr toprak 6rnegi tastyabilmelidir.

2.2. Elektronik Kisitlar (Electronic Restrictions)

Gezginin lizerinde bir gii¢ tinitesi bulunmalidir, gezgine
harici bir kablo yoluyla gii¢ beslemesi yapilamaz. Aym
sekilde gezgin kablosuz olarak kontrol edilebilmeli ve
denetim masasiyla haberlesebilmelidir. Denetim sistemi
tasarimi gezginin 100 m ¢apinda bir alanda operasyo-
nunu destekleyecek bicimde olmalidir. Otonom gorevler
esnasinda gezginler denetim masasindan yonlendirile-
mez, gezgine sadece gorev igin tetikleyici komutlar
(basla, bekle, siirdiir, dur vb.) yollanabilir. Robot ve de-
netim masasi arasindaki haberlesme WiFi ile saglandigi
takdirde, sinyal frekansi 2,4 veya 5,6 GHz olmali ve ya-
yin yapilan kanal kolayca ayarlanabilmelidir. Yaym en
yiiksek 100 mW mertebesinde yapilabilir. Acil durum-
larda herhangi bir kazaya sebebiyet vermemek i¢in, gez-
ginin aktivitesini durduracak bir acil durum butonu
gezgin lizerinde hazir bulunmalidir.

3. MERIH-2'NiN TASARIMI (DESIGN OF MERIH-
2)

Merih-2 biitiinlesik bir sistem olarak tasarlanmistir ve
birgok alt bileseni bulunmaktadir. Biitiin robotik veya
mekatronik sistemler gibi iki ana baslik altinda bu bile-
senler irdelenebilir. Tasarim sirasinda gezginin dncelikle
mekanik aksami tamamlanmistir. Elektronik aksam bu
yapiya uygun olarak tasarlanmis ve eyleyiciler se¢ilmis-
tir. Yazilim da son olarak bu mekatronik sistemin dene-
timi i¢in hazirlanmistir.

3.1. Mekanik Tasarim Ve Uretim (Mechanical Design
And Production)

Merih-2'nin mekanik tasarimi yarigmanin belirledigi he-
defler dogrultusunda olusturulmustur. Bu hedefler irde-
lenerek en temel tasarim parametresi olan robotun 6lgiisti
belirlenmistir. Daha sonra asagidan yukariya dogru bir
tasarim mimarisi planlanmis ve dncelikle tekerler, erte-
sinde diferansiyel sistemi, sonrasinda govde ve kol tasar-
lanmistir. Bu  bilesenler asagida ayrintili  olarak
anlatilmaktadir.
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Yén Motoru

) Dénils Dislileri

Tekerlek

Sekil 2. Merih-2 Tekerinin Montaj Cizimi (Assembly drawing
of Merih-2 Wheel).

3.1.1. Tekerlek (The Wheel)

Merih-2'nin siiriis sisteminde 6 adet 6zel liretim tekerlek
bulunmaktadir. Bunlarin 6n ve arkadaki toplam doért
adedi yon ekseninde de donebilme kabiliyetine sahiptir.
Bu 6zellik gezginin yonlendirilmesi igin kullanilmakta-
dir. Mars ylizey kosullar1 kumdan keskin taslara kadar
farkli ylizey Ozellikleri gostermektedir. Aracin yiizeyle
bulusmasini saglayan boliimii olan tekerlekler, bu cesitli-
lige uyum gosterecek yapida olmak zorundadir. Yarisma
ve genel olarak gezginlerin ¢aligma prensipleri goz
oniinde bulunduruldugunda havali tekerlekler yerine 6zel
tasarim tekerleklere ihtiyag duyulmustur. Faal gezgin sis-
temleri incelendiginde, karsilasilan tasarimlarda kati ya-
piya sahip ve yiizeye temas alani biiyiik tekerleklerin
yaygin olarak tercih edildigi goriilmektedir [S]. Merih-2
icin de kat1 yapili bir tekerlek sistemi gelistirilmistir. Kati
tekerler segilirken sik¢a kullanilan havali tekerleklerin
aksine bolgesel hasarlarin biitiin tekerlek yapisini etkile-
miyor olusudur. Tekerlegin tasarim siireci dis teker, jant
ve yon sistemi olarak ii¢ asamada incelenebilir. Sekil 2
'de Merih-2'nin teker tasarimi gdsterilmektedir.

Merih-2 gezgininde bir soniimlendirici sistemi bulunma-
maktadir. Yiizeydeki ¢ukur, tiimsek ve benzeri yapilarin
hareket sirasinda araci etkilememesi igin gerekli soniim-
lendirici ve yay Ozellikleri tamamen tekerler tarafindan
saglanmaktadir. Cesitlilik gosterebilen yiizey kosullari
bir araya geldiginde bu sartlar tekerlegin tasarimini zorlu
bir siire¢ haline getirmistir. Gezginin temel olgtileri, go-
rev ve sinirlamalar tizerinden ¢ikarildiktan sonra tekerlek
bagina 3 kg agirlik sinirlamasi getirilmistir. Karsilagilabi-
lecek en kotii senaryonun 1 metrelik serbest diisiis olaca-
gina karar verilmis ve durumun sistemde olusturacagi
etkilere gore CAD modellerine Sonlu Elemanlar Analizi
(SEA) uygulanmustir. En kritik parcalar Sekil 2'de gorii-
len jantlar olmustur. Bunlarin maruz kalacagi en yiiksek

von Mises stresleri analiz ile 23,8 MPa olarak bulunmus-
tur. Tekerleklerin siirekli hareket halinde olmasi nede-
niyle ayn1 parcalarin  dayamiklilik  kisitlamalari
hesaplanmis ve tasarim giivenlik katsayist 3,36 olarak
bulunmustur. Elde edilen sonuglar dogrultusunda teker-
legin ana sekli ortaya ¢ikmistir. Uretim yapilmadan énce,
uygun cekisi saglayabilecek bir teker yiizeyi elde edilip
edilmedigini géormek adina tasarim farkl: teker kanallari
denenerek 3 boyutlu yazict ile tretilmistir. Test sonu-
cunda edinilen bilgiler degerlendirilerek tekerlegin dis
yiizeyi azdirma tezgahinda et kalinligina uygun en biiyiik
freze kesici modiilii ile sekillendirilerek tekerlerin yiizeye
tutunmasi arttiracak nitelikte olan Nylon 6/6 malzemeden
iiretilmistir. Tekerleklerin kenarlarina egim verilerek ke-
narlarda olusabilecek stres yogunlugu azaltilmis ve teker-
lerin yiizey temasi arttirilmustir.

.. Kuvvet/Tork - 2

~_Sensbrii ~25 17

Sekil 3. Yon torkunun belirlenmesi ig¢in kurulan diizenegin
parga taslar lizerinde testi (Test of the installed base
on the stone pieces to determine directional torque.)

Diizenekte, Sekil 2'de goriinen alt boliim OptoForce
HEX-70-CE-2000N alt1 eksen kuvvet-tork sensoriine
baglanarak ii¢ farkli zemin {izerinde tekere uygulanan
agirlik (F;) degistirilerek yon torku (T,) Olciilmiistiir.
Toprak zemin, pargali tag zemin ve ¢im zemine ait 6l¢iim
grafikleri Sekil 4'de gosterilmektedir

Dis tekerin iiretimine paralel olarak yay gorevi gorecek
olan jantlarin tasarim ve imalat1 ger¢eklestirilmistir. SEA
sonucunda elde edilen tasarim iizerinden jantlar CNC La-
zer Tezgahinda iiretilmistir. Imalat sonrasinda yon siste-
minde kullanilmak iizere gerekli motor segiminin
yapilmast i¢in Sekil 3'de gosterilen deney diizenegi ku-
rulmustur. Deneyde amaglanan ¢ikt1 tekerin farkl yiizey-
lerde hareketi sirasinda ihtiyag duyacagi yon torkunu
bulabilmektir. Gerekli sonuglari elde edebilmek
adina gorevi yerine getirmek i¢in gerekli olacak eyleyici-
den miimkiin oldukca biiyiik bir eyleyici kullanilarak te-
kerlek yon ekseninde hareket ettirilmistir. Eyleyiciye
rampa girdisi verilerek eyleyicinin tam olarak harekete
gectigi nokta bulunmaya calisilmistir (Coulomb siir-
tiinme). Ayn1 sekilde sistem hareket etmeye basladigin-
dan sonraki degerler ile de sistemin hareket esnasinda
hizina bagh olarak yonde ugrayacag: tepki gozlemlen-
meye ¢alisilmigtir. Caligma sirasinda z eksenindeki kuv-
vet de ele almarak yon torku ile tekerlege binen yiik
arasindaki baglanti incelenmistir.
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Sekil 4. Yon i¢in farkli agisal hizlar verilerek toprak, ¢im ve ¢akilli yiizeylerde yapilan yon torku deneylerinin sonuglar (Results
of direction torque tests performed on soil, turf and gravel surfaces with different angular velocities for direction

Test sonuglari tizerinden y6n motorunun maruz kalacagi
stirtinme modellenirken beraberinde de sistem {izerinden
olusabilecek en yiiksek tork ihtiyacglart ortaya ¢ikarilmis-
tir. Olgiimler sonucunda torkun en yiiksek degerinin 3,63
Nm oldugu gézlemle nmis ve sistem igin giivenli olan
Dynamixel MX-64 servo motorlarin kullanilmasina karar
verilmistir. Ancak saha testleri sirasinda yaganan aksak-
liklar1 aza indirerek sistemin gilivenirligini arttirmak
adina, tasarima 3:1 oranli rediiktor digli sistemi eklenmis-
tir. Boylece dis etkenlerden gelebilecek torklarin olustu-
racagi sorunlara kars1 sistem giivenceye alinmigtir.

3.1.2. Siispansiyon (Suspension)

Merih-2 tasariminda Kiilbiitér-Boji (Rocker-Bogie mec-
hanism) Mekanizmasi kullanilmistir (Sekil 5). Bu meka-
nizma Ozetle gezginin ylirliyen aksamidir. Merih-2’nin
Kiilbiitor-Boji tasariminda tekerlekler, diferansiyel ¢u-
buk ve ana govde arasindaki baglantiy1 en iyi sekilde
yapmak hedeflenmistir. Kiilbiitor ve boji birbirine serbest
doniis yapan bir saft ile baglanmistir. Zorlu ve egimli yii-
zeylerde gezginin yer ile baglantisinin kesilmemesi he-
deflenip ve gezginin denge mekanizmasint saglamak
amact ile, sag ve sol Kiilbiitor-Boji birbirine diferansiyel
cubuk ile baglanmistir.

Merih-2'nin tasariminda kullanilan Kiilbiitér-Boji meka-
nizmasinin ¢ok énemli 2 avantaji vardir. Bunlardan ilki,
Merih-2 ilerledigi yiizeylerde engelleri agarken sag ve sol
kiilbiitor bojiler orantisal sekilde doniis yaparak Merih-
2’nin tekerleklerinin her zaman yiizey ile baglanti kurma-
sini1 saglar [11]. Kiilbiitér-Boji tasariminin diger 6nemli
avantaj1 ise, Merih-2’nin yiik dagilimini 6 tekerlege esit
sekilde paylastirmasidir [12]. Kiilbiitoriin ana gévdeye
monte edilecegi konum, diferansiyel ¢ubugun kuvvet da-
g1lim1 yapabilmesi ve {izerine binen strese dayanabilmesi
i¢in gerekli uzunluklarda tiretilmesi tasarimin en dnemli
hususlari olmustur.

Sekil 5. Merih-2 Kiilbiitor-Boji mekanizmast ve Merih-2’nin
modeli (Merih-2’s rocker-bogie mechanism and
model of Merih-2)

Merih-2 Kiilbiitér-Boji tasarimi CAD ortaminda gergek-
lestirilmigtir. Sistemin her bacaginda iki temel serbestlik
noktas1 bulunmaktadir. Bunlar sistemin merkez safti ile
Kiilbiitor ile Bojiyi birbirine baglayan ikince yardime1
safttir. Sistem tlizerindeki ana kesme gerilimleri bu iki
nokta tagimaktadir. Gezgin duragan pozisyondayken sis-
tem agirliginin yarisini ve yine 1 metrelik serbest diisiis-
lerde olugsan sokun yarisin1 ana saftlar tagimaktadir.
Sistemin geometrik sinirlamalar1 yarisma kisitlamalari
baz alarak ¢ikarildiginda Kiilbiitor-Boji’nin tasarimina
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bu iki tasiyici saftin tasarim ve analizi ile baglanmistir.
Ana saft gezginin icine girerek olast bir hizasizligin
ontine gegmek icin {i¢ rulmanli bir sistem ile desteklen-
mistir. Benzer bir sekilde ikinci destek saft1 da bisikletme
mekanizmasi ile karsilikli iki rulman ile desteklenecek
sekilde tasarlanmustir.

Sistemde toplam dort adet uzun baglant1 bulunmaktadir.
Kiitle dayaniklilik g6z oniine alinarak baglantilar silindir
biciminde yapilmistir. Baglantilarin ara pargalarla birles-
mesi i¢in baglantilarin u¢ kisimlarina traglama yapilmis-
tir. Yapilan bu islem stresi bu bdlgelerde yogunlastirmis-
tir. SEA ile GF’ii 4 olacak sekilde bu baglantilar tasarlan-
mustir.

Kiilbiitor ve boji modiilerlik goz oniinde bulundurularak
dilendigi zaman sistemden tamamen ¢ikarilacak sekilde
tasarlanmustir.

3.1.3. Diferansiyel (Differential)

Merih-2 Kiilbiitér-Boji mekanizmasinin yaninda bir ¢u-
buk diferansiyel sisteme sahiptir. Otomobillerde kullani-
lan diferansiyel sistemler, her iki aks ayni zamanda
calisirken tekerlere devir dengesi saglamak icin tretil-
mistir. Merih-2’de bu sistemin goérevi iki Kiilbiitér-Boji
arasindaki moment farkini esitleyerek gezginin dengede
kalmasini saglamaktir [13]. Digli diferansiyel sisteminin
gezginin i¢inde yer kaplamasi, mekanik bosluklar1 ol-
masi ve gerekli serbestlik derecesini saglayamamasindan
dolay1 tercih edilmemistir. Bu nedenle, bu tiir bosluklar-
dan kaginan, basit bir yapist olmakla beraber 5 serbestlik
derecesi saglayabilen ¢ubuk diferansiyel sistemi kullanil-
mustir (Sekil 5). I¢i bosaltilmus 7000 serisi aliiminyumdan
tiretilmis kollar ile Kiilbiitér-Boji sistemine hareket yatay
diizlem kullanilarak aktarilmigtir [14]. Mars kosullarina
uygun ve tamamen mekanik olan diferansiyel ¢ubuk sis-
temi, Kiilbiitor-Boji mekanizmasini destekler ve hareket-
leriyle uyumlu olarak galisir. Gezgin i¢in ayn1 zamanda
slispansiyon gorevi goren sistem, gezgini her tiirlii ara-
zide dengeli bir sekilde tutmaktadir.

Merih-2 diferansiyel sistemine CATIA v5 ortaminda
SEA uygulanmustir. Kiilbiitér-Boji'nin moment farkini
dengelemek amaci ile yiike maruz kalan elemanin (Sekil

Von Mises stress (nodal values).1
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On Boundary

6) modeline SEA yapilarak yer degistirme ve von Misses
Stres analizleri yapilmustir (Sekil 5). Bunun sonucunda
en yliksek yer degistirme 0,0016 mm ve en yiiksek stres
2,34 MPa olarak bulunmustur. Bu degerler 6n goriilen
giivenlik katsayis1 olan 3’ saglamaktadir.

3.1.4. Robot Kol (Robotic Arm)

Cevredeki objelerin manipiilasyonu, salter agma/kapama
gibi astronotlara yardim gdrevlerinin yapilabilmesi i¢in
bir manipiilatére ihtiyac duyan Merih-2, 5-¢ubuk
mekanizmasi ile caligan 4 serbestlik dereceli bir kola
sahiptir (Sekil 5 ve Sekil 11). 5-¢ubuk mekanizmasi, 1.
ve 2. serbestlikleri tahrik eden motorlari ayni eksende
calistirmak ve agirliklar1 kolun kaidesine yakin tutmak
amact ile PHANToM projesinden esinlenilmistir [15].
Dort serbestlik derecesi sirast ile yunuslama, yunuslama,
yuvarlanma, yunuslama seklindedir (Sekil 10). Ugiincii
ve dordiincii serbestlikler ¢ok fonksiyonlu tutucunun
takilmas1 sonucu kazanilmistir. Tutucu iki parmakl
olmak tizere ¢esitli gérevlerde kullanilmaktadir.

Kol, Merih-2’nin sasesine 45 derece egim saglanarak
takilmistir. Béylece uzayda daha fazla noktaya, daha kisa
baglantilarla erisim saglanabilmektedir. ikinci serbestligi
harekete gegirmek i¢in kullanilan uzuv, bu ekseni tahrik

eden motorun govdeye daha yakin olmasim
saglamaktadir. Boylece  kasnak/kayis  sisteminin
kullanilmastyla gii¢ kaybi yasanmamustir. Ayrica,

elektrik motorunun bu eksen yerine merkeze yakin
pozisyonlanmastyla birinci ekseni tahrik eden motor i¢in
gerekli olan donme momenti ihtiyaci da azalmaktadir.

Kolun temel tasarimi belirlenen ozelliklerle gorevler
sirasinda yapilmasi gereken islemlerin gerektirdigim
hacimleri tarayabilecek sekilde yapilmistir. Sistem
tasarlanirken diger mekanik bdliimlerde oldugu iizere 5
kg limiti izerinden yola ¢ikilarak ihtiya¢ duyulacak yap1
ortaya cikarilmigtir. Kolun 5-cubuk mekanizmasi
kargilikli plakalar kullanilarak olusturulmustur. Plaka
kesimleri lazer ile yapildiktan sonra karsilikli tornada
iretilen baglantilar ile birlestirilmistir bu siiregte 6000
serisi aliminyum sistemde kullanilmig olup malzeme

Translational displacement
vector.1

1 0000755

On Boundary

Sekil 6. Merih-2 Diferansiyeli Alt Uzun Saft Yer Degistirme ve von Misses Stres Analizleri (Merih-2 Differential Lower

Shaft’s displacement and von Misses stress analysis)

879



Baris BALCI, Mehmet C. YILDIRIM, Ozkan BEBEK / POLITEKNIK DERGISI, Politeknik Dergisi,2018;21(4):875-885

ihtiyac1 ve geometrik sekillere SEA sonucu karar
verilmigtir.

Iki parmakli tutucu sisteminin merkezinde VEX Robotic
Clawbot Kit’inin tutucu mekanizmasi sistemin
gerektirdigi tork degerleri igin modifiye edilerek
kullanilmigtir. Bu iglem igin prototipi iiretilen sistem
farkli objeler ile teste tabi tutulmustur.

3.2. Elektronik (Electronics)

Merih-2’nin elektronik sistemi temel olarak iki ana
bolimden olusur; haberlesme ve denetim. Haberlesme
biriminin temel gorevi gezgin ve yer istasyonu arasinda
veri transferinin gergeklesmesini saglamaktir. Denetim
birimi ise motor siiriigiiniin saglanmasi ve sensor
verilerinin  toplanmasindan sorumludur. Elektronik
sisteminin veri-gii¢c akig semasi Sekil 7'de goriilebilir
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Sekil 7. Merih-2 veri-gii¢ akis semast (Merih-2 power-data
flow diagram).

=RASPBERRY PI 3

o —— — T
8. Merih-2’nin elektronik bilesenleri
components of Merih-2).

Sekil (Electronic

3.2.1. Haberlesme (Communication)

Merih-2 haberlesme birimi, merkezi iglem birimi (CPU),
giic kaynagi, 4 kamera ve antenden olugmaktadir. Islemci
olarak Raspberry Pi 3 kullanilmigtir. Kullanicidan gelen
veriler CPU aracilifiyla Merih-2 denetim {initesinde
bulunan mikro denetleyicilere (MCUs) gonderilir.
Merih-2, WiFi ag1 tizerinden bagli oldugu 4 adet ELP-
IP1881 IP kamera ile etrafim gozetlemekte, gerektigi

takdirde yiiksek c¢Ozintrlikli video ve fotograf
cekebilmektedir. IP kameranin secilme nedeni, CPU
iizerinde bir islem olmaksizin, goriintiiniin ag lizerinden
iletilmesine olanak saglamasidir. Robotun iizerinde 2.4
GHz frekansla ¢alisan bir MikroTik Metal 2SHPn L4
WiFi modemi bulunmaktadir. Bu modemde, 6 dBi'lik
kazanci olan ¢ok yonlii bir harici anten yer almaktadir ve
bu sayede kotii sartlarda bile gezgin ile yer istasyonu
arasinda diizgiin veri iletimi saglanmaktadir.

Haberlesme biriminin giicii 18,5V, 8 Ah, 30C kapasiteli
bir Li-Po pilden saglanmaktadir. Pil kesintisiz olarak
islemciyi ve WiFi modemini 2 saat calistirabilmektedir.
Cikis voltaji bir ag-kapa butonu ile denetlenir ve 6zel
olarak tasarlanmuis bir regiilator baski devresi araciligiyla
5 V seviyesine indirilerek gezgin iizerinde bulunan
CPU'nun beslenmesi saglanir. WiFi modem ise dogrudan
pil iizerinden beslenmektedir.

3.2.2. Denetim (Control)

Denetim birimi 3 mikro denetleyici (MCU), gii¢ kaynagi,
toplamda 18 DC ve servo motor, gli¢ dagitim panosu ve
sensorlerden olusur. Kablo karigikligimi 6nlemek ve
elektronik ekipmanlarin  kapladigi alan1 azaltmak
amaciyla sistem Ozel tasarlanmis baski devrelerden
olusmaktadir. Sekil 8’de Merih-2'nin elektronik sistemini
gostermektedir. Merih-2 {izerindeki mikro denetleyiciler
robotun denetiminden sorumludur. Tim mikro
denetleyiciler USB kablo araciligiyla Raspberry Pi 3’¢
baglidir ve bu sekilde veri iletimi saglanmaktadir. Mikro
denetleyicilerden biri Arduino Mega'dir ve Merih-2’nin
motor silirlisiinii  gerceklestirir. Arduino Mega 06zel
tasarlanmig bir baski devreye (Siiriis Baski Devresi)
montelenmigtir ve bu devre sayesinde motor siiriiciiler ile
baglant1 kurabilmektedir. Baskili devre 5V ile galisip
motor siiriiciilere gerekli enerjiyi saglar. Baski devre
buna ek olarak tizerindeki islemsel yiikseltecler (op-amp)
ile pil voltajmin gosterilmesini saglamaktadir. Ayrica
Merih-2 iizerinde gorevlerde kullanilmak iizere pil
voltajin1  goésteren 2 tane 7 bolmeli gosterge de
bulunmaktadir. Bunun yani sira yine gorevlerde
kullanilan 1s1 ve toprak nem sensorleri de Siirlis Baski
Devresi'ne baglidir. Geri kalan 2 mikro denetleyici,
Atmel Atmega 328p, gezginin kolunu kontrol etmekte
kullanilan ve ArmDuino olarak adlandirilan baski
devreye entegre edilmistir. ArmDuino (Sekil 8) bir Atmel
mikrodenetleyici, kolda kullanilan motorlarin frenlerini
acip kapama islemini gerceklestiren bir role ve kodlayici
verilerini okumak i¢in bir hat siiriiciiden (line driver)
olusur. Boyle bir devre tasarlanmasinin nedeni hem
yerden tasarruf etmek hem de kullanim kolaylig:
saglamaktir.

Merih-2 denetim biriminin gii¢ kaynagi 14,8 V, 8 Ah,
30C kapasiteli 4 Li-Po pilden olusur. Elektronik
ekipmanin g¢aligmasi igin gerekli enerji, giic dagitim
panosu araciligiyla ilgili birimlere iletilir. Gii¢ kaynag,
robotun denetim birimini normal akim degerleri altinda 2
saate yakin bir siire galistirmaya yetmektedir. Robotta Li-
Po pil kullanilmasinin sebebi, Li-Po pillerin yiiksek
desarj kabiliyetine sahip olmalaridir. Bu durum, 6zellikle

880



MARS GEZGINI PROTOTIPI MERIH-2... Politeknik Dergisi, 2018; 21 (4) : 875-885

stirlis sisteminde kullanilan motorlarin anlik yiiksek akim
cekme ihtiyaclarinin rahatlikla karsilanabilmesine olanak
vermektedir. Motorlarin zorlanmasi durumunda ihtiyag
duyabilecekleri akim degerleri rahatlikla saglanabildigi
literatiirde de yer almistir [16].

Cizelge 1. Merih-2’de kullanilan firgali DC ve servo motor

sayilarinin bilesenlere dagilimi (Distribution of
brushed DC and servo motor numbers used in

Merih-2)
Bilesen Motor Adedi
DC Servo

Kol 2 3
Stirlis 6 4
Kamera agis1 - 2
Ornek kutusu - 1
Toplam 8 10

Cizelge 1’de verildigi lizere Merih-2'de iki farkli motor
cesidi esit sayilarda kullanmilmustir. Yiiksek hassasiyet
gereken eksenlerde (sag-sol doniisler, tutucunun takildigi
bilek eksenlerinde) dahili kodlayicili servo motorlar, geri
kalan eksenlerde ise DC motorlar tercih edilmistir.

3.2.3. Giivenlik (Safety)

Merih-2 ve benzeri tasarimlar olasi insan ile etkilesim
senaryolarini g0z oniinde bulundurarak
gelistirilmektedir. Bu nedenle muhtemel kazalar
Onlemek amactyla gii¢c dagitim panosuna giden enerjiyi
kesen bir acil durum butonu vardir. Haberlesme birimini
besleyen hat ile motorlart besleyen hat birbirinden
bagimsiz oldugundan, acil durumda enerji kesildiginde
(Sekil 7) gerekli uzaktan kontroller i¢in CPU ile yer
istasyonu arasindaki haberlesme baglantisi koparilmamis
olmaktadir. Bu sayede sistem kendini yeniden baslatmak
zorunda kalmaz ve sorun giderildiginde gezgin kaldigi
yerden gorevine devam edebilir.

3.2.4. Yazihim (Software)

Merih-2’nin denetim sistemi Robot Isletim Sistemi'ne
(ROS-Robot Operating System) dayanmaktadir [17].
Robotun ¢alismasini saglayan kodlar Python ve C dilinde
yazilmistir. Merih-2 robotun iizerindeki Raspberry Pi 3
ve denetim masasindaki Linux bilgisayar ile denetim
edilmektedir. Raspberry Pi 3’lin iginde kurulmus olan
isletim sistemi Ubuntu Mate 16.04 LTS'dir ve ROS'un
Kinetic Kame versiyonu kullanilmaktadir. Linux
bilgisayarin isletim sistemi ise Ubuntu 14.04 LTS tir ve
sistem ROS Indigo Igloo kullanir. Bu iki sistem
birbirlerine 2,4 GHz frekansla, 20 dBmW giiciinde iletim
yapan modemlerle WiFi lizerinden baglant1 kurmaktadir.

Merih-2 denetleme sistemi yoneten-yonetilen (Master-
Slave) iligkisi iizerine kuruludur. Biitiin kullanici
komutlar1 kullanic1 bilgisayar1 vasitasiyla toplanir ve
robota aktaritlir. Bu durumda kullanic1 bilgisayar
yoneten, gezgin iizerindeki Raspberry Pi 3 yonetilen
roliindedir. ROS bu iliskinin tam ters yonde olmasina da
olanak vermektedir. Kontrol bilgisayarinin ydneten
olarak secilmesinin nedeni ise fazla islem giicii
gerektiren operasyonlarin tamaminin Raspberry Pi 3"

etkilemeyecek sekilde gerceklestirilmek istenmesidir.
Baska bir neden ise gezginin operasyonu esnasinda
kodlarmm  degistirilmesi  gerekirse bunun  kontrol
bilgisayar1 iizerinden daha kolay bir sekilde
gerceklestirilebilmesidir. Komutlar yoneten kontrol
bilgisayarindan aga aktarildiktan sonra, Raspberry Pi 3
gelen komutlar1 degerlendirir ve gerekli motor
hareketleri i¢in MCU'larla haberlesir. Bu durumda ise
Rasberry Pi 3 yoneten olurken, MCU'lar yonetilen
gorevindedir. MCU'lar Raspberry Pi 3 ile USB kablolar
araciligr ile baghdir. Veri aligverisi seri haberlesme
protokolii iizerinden saglanir.

Sekil 9 Merih-2'nin  kullandigt ROS haberlesme
haritasim1  gostermektedir. Sekilde Merih-2 iizerinde
calisan diigiimler ile bu diigiimlerin yayin yaptigi ve
abone oldugu basliklar goriilebilir.

Merih-2'yi kontrol etmekte kullanilan oyun kumandasi
icin olusturulmus ROS bashig ile, siiriig, kol ve servo
digiimleri arasinda baglant1 kurulmustur. Bu diigiimler
gerekli manipiilasyonlar1 tamamladiktan sonra, yeni
ROS bagliklar1 araciliyla Raspberry Pi 3 {izerinden
mikrodenetleyicilere gonderilmistir.

arm_joint_1

;

;goal |_pos|

KinematicsNode
/KinematicsNode -pgoal J)OS1}'4

PWM2Arduino

/PWM2Arduino
Angle2Dxl

Sekil 9. Merih-2 ROS Diigiim Semast (Merih-2 ROS Node
Diagram)

arm_joint_2

:

joy_node locomotion

/fioy_node fioy

[locomotion

I

Dxl|Drive

!

ROS'un Merih-2 iizerinde kullanilmasinin nedeni birgok
ayogit1  kolayca  bagliklar  {izerinden  birbirine
baglayabilmesi ve her programin ag iizerindeki veriye
kolayca ulagabilmesidir. Bununla beraber ROS
biinyesinde  bulunan kiitiphane ve programlar
gelistirmenin daha hizli olmasini saglamaktadir.

3.2.5. Hareket Sistemi (Locomotion System)

Siirlis sistemi iki ana fiziksel operasyonu gergeklestirir:
ileri-geri hareket ve doniis hareketi. Ileri-geri hareket
motor siiriiclilere baglanmis olan 6 DC motor tarafindan
gerceklestirilir. ROS agindan gelen kumanda kolu
verilerini Raspberry Pi 3’ten toplayan Arduino Mega,
motor siiriiclileri dogru rotasyona getirerek ve darbe
genislik moderasyonu (PWM) sinyalleri {ireterek
motorlarin denetimini saglar. Arduino 8 bitlik darbe
genislik moderasyonu sinyalleri almaktadir. Bu deger
denetim kolu degerlerine gore hesaplanir. Ayrica ileri —
geri gidislerde yiizey sekillerine gore 4 farkli cekis modu
(normal, 6n ¢ekis, arka ¢ekis, dort ¢ceker) olusturulmustur
ve her modda tekerlere beslenen sinyal degerleri
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farklidir. Yine robotun doniig hareketi sirasinda biitiin
tekerleri ayn1 hizda dondiirmek Kiilbiitor-Boji sistemine
kaldiramayacagi bir gii¢ yiikleyecegi i¢in, ROS’tan gelen
doniis agisina  oranla  sanal bir  diferansiyel
olusturulmustur. Bdylelikle igeride kalan tekerler
disarida kalan tekerlere gore daha yavas donmektedir.
Déniis hareketi ise 6n ve arka iki tekerdeki 4 Dynamixel
MX-64 servo motorlari ile saglanir. Bu servo motorlar
yazilim gelistirme ortami olarak Phyton’t destekleyen
ROBOTIS USB2Dynamixel ile denetim edilir. Servo
denetimi i¢in yazilan kodlar Dynamixel adli kiitiiphanede
yazilmistir. Tekerlerin doniisii icin 3 farkli ag1 segenegi
belirlenmistir: 15°, 30°, 45°. Bu acilar kumanda kolu
iizerindeki 3 Dbuton sayesinde ayarlanabilir. Bu
butonlardan biri arti yonde, biri eksi yonde doniisii
saglarken diger buton da tekerlerin sifir dereceye
gelmesini saglar. Belirli ag1 araliklarinin secilme nedeni
sistemdeki gecikmelerden kaynakli kullanici kaynakli
salinimlar1 engellemektir. Kullanict ROS {izerinden
servo motorlarin agisina karar verebilir ve gerektigi
durumda tek tek manipiile de edebilir.

3.2.6. Robotik Kolun Denetimi (Control Of Robotic
Arm)

Merih-2’nin robotik kolu, klasik bir geri besleme
denetleyicisi olan oransal-integral-tiirevsel (OIT) ile
denetlenir. 2 DC motor sayesinde kolun motor eksenleri
yunuslama ekseninde hareket edebilir, bu da kolun
ucunun yukari-asagt ve ileri-geri hareketini saglar.
Robotun agirlik problemi diisiiniilerek ligiincii yon ekseni
eklenmemistir. Yapilan testlerde de robotun doniis
kapasitesi sayesinde {iglincii eksenin eksikligi de
hissedilmemistir. Kolun ucunda 6rnek almak ve gerekli
destek gorevlerinde kullanilmak iizere tutucu ve kepge
takilmistir. Bu tutucunun hareketleri robot isletim
sisteminden gelen ag1 degerleri ile eksenleri ¢akigik 2
servo motor tarafindan gergeklestirilir. Bu servolarin
doniisleri kumanda kolundan veya gerekli olursa
kullanici ara yiizii lizerinden saglanabilir.

Merih-2'nin  kolunun kinematik yapis1 Sekil 10'da
gosterilmistir. Ters kinematik (TK) operasyonu ve PID
robot kolun Kkontroliiniin temelini olusturur. Ters
kinematik i¢in denklemler literatiirden [15] alinmustir.
Robot kolun kontrol dongiisii baslatiimadan 6nce robot
kol frenleri agilmak suretiyle daha énceden belirlenen
baslangi¢ pozisyonuna getirilir. Kolun ¢alisma alaninda
en ¢ok kullanilan noktalar g6z oniine alinarak baslangig
pozisyonuna karar verilmistir. Kolun g¢alisma alan1 ise
kolun iki ana eksende hareketini saglayan DC motorlara
takili ¢cozlimleyicilerden toplanan verilerle
hesaplanmugtir. ki eksenin iki ayr1 yonde limit agilari
tespit edildikten sonra ters kinematik kullanilarak kolun
en uc¢ noktasinin ulasabilecegi nokta bulutu
olusturulmustur. Hesaplanan c¢alisma alami gerekli
olandan daha genis oldugundan, robotun ¢aligma alani
siirlayict bir kutu ile ihtiyaca gore belirlenmistir.
Sinirlayicr  kutu ayni zamanda kolun sinirlarinin
zorlanmasi ve istenmeyen hareketlerin gerceklesmesi
ihtimallerini  azaltmigtir. Kolun ¢aligma alam1 ve
sinirlayict kutu Sekil 11'de goriilebilir.

Sekil 10. Dort serbestlik dereceli Merih-2 Robot Kolunun
kinematik yapisi. (Kinematic structure of the four
degrees of freedom Merih-2 Robot Arm).

1O O O

i i L | 1
-0.8 06 -04 -0.2 ] 0.2

Sekil 11.

Merih-2’nin kolunun ¢aligma alani noktalarla,
sinirlandirilmig ¢aligma alan1 da kesik ¢izgiyle
gosterilmistir (The working area of Merih-2's arm
is shown with dots, and the limited working area is
shown with dashed lines.).

Robotik kol bir oyun kumandasi ile kontrol edilmektedir.
Oyun kumandasindan génderilen referans verileri kolun
en u¢ noktasinin iki boyutlu uzaydaki koordinatlarini
degistirmektedir. Bu referans degisikligi
gerceklestiginde ters kinematik islemi devreye girer.
Islemler sonucunda hedef nokta sinirlayict kutu
icerisinde ve hesaplanan agilar limitler arasinda ise hedef
acilar ROS iizerinden yayinlanir. Hedef agilar bahsedilen
gerekliliklere uygun degilse kol sinirlarda hesaplanan
noktalar i¢in hedef ag1 yayinlar.

Daha sonra bu referans bilgisi motorlara iletilir. Bu islem
Merih-2 igin Ozel tasarlanan ArmDuino’lar ile
gerceklestirilir. Hedef agilar ROS iizerinden yayinlanir
ve ArmDuinolar bu yaymdan aldiklar1 veriye gore
motorlar1 hareket ettirir. ArmDuino igerisindeki PID
kontrol dongiisii i¢in Arduino PID kiitiiphanesi
kullanilmistir. Dongii ROS {izerinden gelen hedef agi,
kendi bilinyesinde tuttugu anlik a¢1 ve ¢ozlimleyici
iizerinden gelen ag¢1 degisimi verilerini kullanarak
motorlara beslenmek iizere bir PWM sinyali belirler.
Hedef ag1 ile anlik ac1 arasindaki fark 0,5 derece oluncaya
kadar bu dongii devam eder. Her motor igin ayr1 bir
ArmDuino olmast DC motorlarin servo motor gibi
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kullanilabilmelerini saglamistir. Bu 6zellik ayn1 zamanda
iki kontrol dongiisiiniin e zamanli olarak ¢aligabilmesine
de olanak saglamistir. PID igin denetim sabitleri deneme
yanilma yolu ile tayin edilmistir.

Sistemdeki karmasikligi diisiirmek ve kullaniciya daha
fazla kontrol alan1 sunmak adina tutucu tizerindeki servo
motorlar ters kinematik iglemlerine eklenmemistir. Ana
eksendeki hareket tamamlandiktan sonra kullanici
kamera goriintiilerini kullanarak gerekli
manipiilasyonlar1 oyun kolu ve kullanic1 ara yiizii yoluyla
yapabilmektedir.

X OzU Rover Team

Robotic Arm Stats

Merih 2
Dashboard GoalPos T
J1 nfa n/a ’
Check Devices J2 n/a n/a ‘
J3 nfa n/a ‘
Launch RaspberryPi 3
G-P nfa n/a ‘
Ping: No Connection GR|n/a - }
Steering Servo Positions e L5 -
100 100
100 100

//\
7

Active ROS Nodes
Empty

L

Kill Node

Q Photo Capture

STOP

Sekil 12. Merih-2’nin kumandas1 igin gelistirilen kullanict
araytizii (User interface developed for the control of
Merih-2).

3.2.7. Kullanic1 Ara Yiizii (User Interface)

Robot isletim sisteminin rahat denetimi i¢in 6zel olarak
tasarlanmig kullanict ara yiizii kullanilmaktadir (Sekil
12). Servo denetimi kumanda kolunun yani sira, kullanici
ara yiizii lizerinden servo numarasi ve agist girilerek
manuel olarak da saglanabilir. Ayrica kullanict ara yiizii
iizerindeki 4 yon butonu ile hareketli kameranin yoni
ayarlanir. Fotograf ¢ekmek i¢in de bir buton
bulunmaktadir. Boylece belirli bolgeler ve toplanan
numuneler fotograflanabilir (Sekil 13). Ayn1 zamanda
ara yliz iizerinden istenildigi zaman kolun o anki
pozisyonu ve o an istenilen pozisyonu goriintiilenebilir.

4. KAZANIMLAR (OUTCOMES)

Kendi bagina ayakta durabilen ve fiziksel bagimsizlik ile
hareket edebilen Mars Gezgini Merih-2, Agustos 2016'da
tamamlanmigtir. Nylon 6/6'dan iiretilmis dis tekerlere
sahip olan gezgin dis darbelere karsi yay gorevi gorecek

olan jantlara sahiptir. Ancak, s6z konusu jantlarda vida
gevseme problemi yasanmustir. Probleme etki eden
nedenlerden biri, zorlu yiizey kosullarinda elektrik
motorunun uyguladigi yiiksek donme momentidir. Bu
sebeple bir dahaki tasarimlarda yekpare jantlar
kullanilmasina karar kilinmustir.  Merih-2  tekerinin
tasariminda siirlis i¢in kullanilan elektrik motorlarinin
pozisyonlanmalarinin hatali oldugu saha testlerinde fark
edilmistir. S6z konusu motorlar siiriis arazisine ¢ok yakin
oldugundan dolay1 ¢esitli tas ve kaya gibi engellerde
problem teskil etmektedir. Gezginin tekerleklerinin
daimi olarak yiizey ile baglanti kurmasini saglayan
Kiilbiitor-Boji disa dogru ag1 ile tasarlanip, gezginin
zorlu arazi kosullarinda devrilmesini engellemigtir. 5
serbestlik derecesi saglayan ve iki Kiilbiitor-Boji
arasindaki moment farkini egitleyen diferansiyel sistemi,
gezgini ¢esitli arazi tiplerinde dengede tutmaktadir.
Gezginin sasesine 45 derece egim ile montaji yapilan
robot kol, 5 ¢ubuk mekanizmasi ile ¢aligir 4 serbestlik
derecesine sahiptir. Boylece kisa baglantilar kullanilarak
uzayda daha fazla noktaya erisilebilmektedir.

Sekil 13. Merih-2’nin IP kameralardan alinan sahanin
goriintiisii (Image of the scene taken from the IP
cameras of Merih-2).

Elektronik olarak, kablo karigikligin1 6nlemek amaciyla
kolun denetimini saglayan bir devre tasarlanmistir.
Kolun hareketini saglayacak yiiksek torklu servo
motorlar bulunamadigi igin, DC motorlar gelistirilen
strlici devresi ve yazilim ile servo motor gibi
kullanilmistir. Robotun uzaktan ve hizli kumandasi igin
yeni bir kullanic1 ara yiizii olusturulmustur. Bdylece
yalnizca robotun kullanisi kolaylagmakla kalmayip,
denetim sirasinda zamandan da tasarruf edilmistir.
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5. SONUCLAR (CONCLUSION)

Bu makalede bir mars gezgini prototipi olan Merih-2’nin
tasarim ayrintilart verilmistir. Bir ¢ok bilesenden olusan
bu gezgin robotun tasariminda biitiin bilesenler ayri
6nem tasimaktadir. Merih-2'nin ana bilesenleri ii¢
baglikta  toplanabilir: ~ Siirlis Mekanizmasi, Kol
Mekanizmast ve Denetim Modiilii. Bu bilesenler bir
biitiin olarak degerlendirildiginde Merih-2 ERC ve URC
yarigmalarmin  sistem  gereksinimlerini  saglayarak
gorevlerini yerine getirebilen bir Mars gezgini
prototipidir. Bu bilesenler, ERC 2016 yarismasindaki
performans g6z Oniine alinarak ayr1 olarak da
degerlendirilebilir.

Siirtis mekanizmasi iginde bulunan Kiilbiitor-Boji ve
diferansiyel tasarimlarina uygun olarak islevlerini yerine
getirmis ve bu sistemlerde herhangi bir sorunla
kargilagilmamigtir.  Tekerlek-motor  baglantisindaki
tasarim siiriis performansini diisiiren tek faktér olarak
tespit edilmistir. Kol mekanizmasi, siiriis mekanizmasina
benzer olarak tasarim beklentilerini karsilamistir. Tutucu
etrafinda kullanilan 3B baski ile imal edilmis pargalar,
kol mekanizmasinin denetim hassasiyetini diigiirmiis ve
kolun operasyonunu zorlastirmistir. Metalden imal
edilen parcalarla ilgili hassasiyet problemi yasamamuistir.
Gezginin operasyonunu kontrol eden denetim modiili
kablosuz olarak tiim sistemi yoOnetebilmis ve gezgini
kontrol edebilmistir. Ortaya ¢ikan yazilim-donanim
uyumsuzluklari, yazilimin kompleksligi diisiiriilerek
kontrol  edilmeye calisilmistir.  Ancak  gelecek
tasarimlarda bu uyumsuzlugun oniine gegilmesi, gezgine
fiziksel olarak zarar verecek operatdr hatalarina izin
vermeyen bir yazilimin  yaratilmasina  olanak
saglayacaktir.

Yarigma sirasinda elde edilen tecriibeler 15181nda sistemin
basarili calismast icin her bilesenin giivenirliginin biiyiik
O6nem tasidigi anlasilmigtir. Bazi goérevlerde basit
algoritmalarin veya bilesenlerin ¢ok daha karmasik
yapiya sahip rakiplerini geride biraktigi goriilmiistiir.
Probleme sonug odakli yaklasildiginda yalin sistemlerin
daha giivenilir oldugu ve basariy: artirdigr goriilmiistiir.
Ancak fazlastyla ¢ok bileseni olan Merih-2’nin yalin bir
sistem olmaktan ¢ok uzaktir ve tasarim sirasinda bilesen
bazinda sistemin giivenirliginin yiiksek tutulmasi Merih-
2’nin basarili olmasimmi saglamis ve Merih-2, 2016
European Rover Challange'da 44 takim arasindan 10.
olarak yarigmay1 tamamlamustir. Ayrica sistem Ozerk
Siirlis Gorevinde diger yarigmaci takimlart geride
birakarak tam puan almis ve bu kategoride birinci
olmustur.

Yarigmadaki ilk dokuz takim incelendiginde sistemin
daha da iyi bir derece yapamamasindaki temel etken
olarak daha Once yapilan saha c¢alismalarinda
karsilasilmayan saha engelleri 6n plana c¢ikmaktadir.
Belirtildigi iizere Mars ylizey kosullart genis bir
yelpazede degisiklik gosterebilmekte ve organizatorler
her yil farkli bir yiizey engeline odaklanarak araziyi
olusturabilmektedirler. Bu yil yapilan yarigmada daha
once benzer yarismalardan farkli olarak ince kumlu bir

yilizey secilmistir. Merih-2’nin &zellikle bu yilizey i¢in
saha c¢aligmalarinda testlerinin yetersiz oldugu yarisma
sirasinda ortaya cikmistir. Basta tekerleklerin yiizey
alanlarinin yetersiz olmasindan 6tiirii ve yine agik janth
sistemden dolay: siirtiste verimsizligi diistirecek sekilde
kumun etkileri gozlemlenmistir. Bu sorunlar yarigmanin
gorevleri arasinda ekipmanlar1 tekrar tekrar sokiilerek
temizlenmesine ve zaman iginde modilerlige uygun
olmayan sistemlerde tasarlanan siirecten Once
yipranmalara ve kirilmalara neden olmustur. Yarigma
stirecindeki liretim ekipman ve kaynaklarinin kisitlilig
nedeniyle de tam verimli olarak bu sorunlar
giderilememistir.

Benzer sorunlar ile karsilagilmamasi adina gelecekte
benzer ¢aligmalar i¢in profesyonel ekiplerin kullandigina
benzer yapay bir Mars sahasi yapilmasi diisiiniilmektedir.
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oz
Bu ¢alismada, Starking Delicious elma gesidinin dilimlenerek ve rendelenerek 1s1 pompali bir kurutucuda kurutulmasi deneysel
olarak incelenmistir. Kurutulan rendelenmis elma toz haline getirilmistir. Kurutma proseslerinin sonunda elma cipsi ve toz elma
elde edilmistir. Ulkemizde uzun yillardan beri {iretimi yapilan elmanin énemli yetistiricilik alanlar1 Kuzey Anadolu, Karadeniz kiy1
bolgeleri ile I¢ Anadoludur. Tarimsal iiriinlerin degerlendirilmesinde kullanilan bir yéntem olan kurutma 5 mm kalinhiginda
dilimlenmis ve rendelenerek esit bir kalinlikta tepsiye serilmis elmalara uygulanmustir. Elmalara herhangi bir on islem
yapilmamustir. Deneyler 40°C kurutma havasi sicakliginda ve 1 m/s hava hizinda yapilmistir. Deneyler sonucunda tiim sistem
performans katsayisi (COPws) degerleri ortalama olarak elma dilimleri i¢in 2,82 rendelenmis elma icin ise 3,02 olarak

hesaplanmustir. Elma dilimleri 9 saatte 5,06 gsu/gkati madde nem miktarindan, rendelenmis elmalar ise 4 saatte 5,06 gsu/gkati
madde nem miktarindan 0.17 gsu/gkat1 madde nem miktarinakadar kurutulmustur.

Anahtar Kelimeler: Kurutma, elma cipsi, rendelenmis elma, elma tozu, 1s1 pompasi.

Production of Powder Apple and Apple Chips with
Heat Pump Drying Technique: Performance Analysis

ABSTRACT

In this study, drying of the Starking Delicious apple variety by slicing and grated in a heat pump dryer was experimentally
investigated. The dried grated apple was powdered. At the end of the drying process, apple cips and powder apples were obtained.
The most important cultivation areas of apple, which has been produced in our country for many years, are North Anatolia, Black
Sea coastal regions and Central Anatolia. Drying, which is a method used in the evaluation of agricultural products, was sliced to
a thickness of 5 mm and grated and applied with a uniform layer of padded apples. No pretreatment had been done with the
handmade. Experiments were carried out at a drying air temperature of 40°C and air velocity of 1 m/s. As aresult of the experiments,
all system performance coefficients (COPws) were calculated as 2.82 for apple slices and 3.02 for grated apple. The apple slices
were dried from a moisture content of 5.06 g water / g solid matter at 9 hours, and the grated apples were dried at 4 hours from
5.06 g water / g solid matter to a moisture content of 0.17 g water / g solid matter.

Keywords: Drying, apple cips, grated apple, apple powder, heat pump
1. GIRIS (INTRODUCTION)

Kurutma, {iriindeki nemin 1s1 ve kiitle aktarimi
yardimiyla uzaklagtirilmasi islemidir. Kurutma sistemi

Uriinlerin hasadindan tiiketimine kadar gecen siirede
birgok {irlin kayb1 s6z konusudur. Bu nedenle gidalarin
kurutularak muhafaza edilmesi yontemi, yilizyillardir uy-

ise belli zaman araliginda kurutulmasi istenen maddenin
icerdigi nemin istenen kuruma degerine gelmesini
saglayan ve nem alma, 1sitma, buharlama gibi degisik bi-
rimlerden olusan {initelerin biitiiniidiir [1].

Kurutma isleminde kullanilan sistemler ¢imento, gida,
kereste,kagit, kimya, boya ve ilag endiistrisi gibi birgok
sanayi dallarinda uygulanmaktadir [2].

Tarim iiriinlerinin igerdigi bazi organik maddeler ve
yiiksek yiizdeli su (%60-80) kimyasal ve mikrobiyolojik
bozulmalara neden olmaktadir [3].

*Sorumlu Yazar (Corresponding Author)
e-posta : mltmtkdmr@gmail.com

gulanan bir koruma yontemidir [4].

Tiirkiyede gida maddelerinin ¢ogu dogal kurutma yont-
emi ile kurutulmaktadir. Kurutulan gida maddelerinde bu
durum, ekonomik olarak dis ve i¢ pazarda kalite ve deger
kaybi gibi problemlereneden olmaktadir [5]. Ayrica agik
havada kurutulan gida maddeleri, bocek ve zararlilarin
yani sira toz, toprak gibi dis etkilere maruz kalmaktadir.
Bu nedenlerle giiniimiizde kurutmanin kapali ortamda
kontrollii yapilmasi, {iriin kalitesinin artmasimni, isgilik,
irin kaybinin ve kurutma zamanmin azalmasini
saglamistir [6].

Tiirkiyede gida maddelerinin ¢ogu dogal kurutma yont-
emi ile kurutulmaktadir. Kurutulan gida maddelerinde bu
durum, ekonomik olarak dis ve i¢ pazarda kalite ve deger
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kayb1 gibi problemlereneden olmaktadir [5]. Ayrica agik
havada kurutulan gida maddeleri, bocek ve zararlilarin
yani sira toz, toprak gibi dis etkilere maruz kalmaktadir.
Bu nedenlerle giliniimiizde kurutmanin kapali ortamda
kontrollii yapilmasi, {iriin kalitesinin artmasini, is¢ilik,
irin kaybinin ve kurutma zamanmin azalmasini
saglamistir [6].

Kurutma isleminin amaglari; iriinlerin taginmasi,
kullanilmas:1 ya da daha sonra uygulanmasi gereken
islemlerin ekonomik olmasi i¢in hacim veya agirliginin
azaltilmasi, ekonomik degeri daha fazla olan bir iiriin
elde etmek, Uriinleri sterilize etmek veya korumak,
¢ozeltiler veya atik sulu karisimlardan yan iriinleri geri
kazanmaktir [7]. Kurutmay1 belirleyen fiziksel faktorler
bagil nem, sicaklik, basing ve hava hizidir. Bunlarin ku-
rutma parametrelerini karsilayacak sekilde belirlenmesi
ve uygulanmasi, kurutucu performansinda ve son iiriin
kalitesinde etkilidir [3].

Kurutma iglemi kurutulan maddenin cinsine, sekline ve
katinin sicakligina baglidir. Bu nedenle endsiitride birgok
durumda kurutma islemi, suyun kaynama sicakliginin
altinda bir sicaklikta yapilmaktadir [7].

Endiistride kurutma isleminin yapildig1 proseslerde top-
lam maliyetin biiyiik bir kismi1 kurutma maliyetidir. Bu
nedenle kurutma sanayisinde hedef, istenilen 6zelliklerde
kuru iiriin elde etmek i¢in en iist diizeydeki suyu en az
enerji kullanimi ile uzaklagtirmaktir [8].

Diinyada yenilenemez enerji kaynaklarinin azalmasi ve
elektrik enerjisinin maliyetli olmasi kurutma iglem-
lerinde 1s1 pompali kurutucularin tercih edilmesini
saglamigtir. Is1 pompali kurutucularin hemotomatik
kontroliiniin kolay uygulanbilir olmasithem de enerji
verimli olmasi sanayilesmis tlkelerde kurutma dahil
bir¢ok alanda kullanilmasinin 6niinii agmistir [9].

Ulkemizde uzun yillardan beri iiretimi yapilan elma, gii-
lgillerden olup humusca zengin ve nemli topraklarda
yetismektedir. Elmanin anayurdu, Tirkiye’yide kapsa-
yan Giiney Kafkaslardir [10]. Ulkemizde pek ¢ok elma
cesidinin yetistiriciligi yapilmaktadir. Bu nedenle
iilkemiz ekonomisinde 6nemli yere sahiptir. Tarim Ba-
kanlig1 verilerine gore elma 2013 yilinda 3.128.450 ton
ile diinya iretiminde %3,9°Iuk bir pay ile 3. sirada, 2014
yilinda ise 2.480.444 ton ile diinya iiretiminde %3 ’liik bir
pay ile 5. sirada yer almistir. TUIK ve Tarim Ba-
kanligi’nin 2016 verilerine gore ise 2015 yilinda iiretilen
elma miktar1 2.569.759 ton ile yaklasik %130 yeterlilik
oranina ulagsmistir [11].

Elma icerdigi vitaminler ve minareller sayesinde beslen-
mede 6nemli bir yer almaktadir. ElImada yaklasik olarak
%85 su, %12 seker, %0,45 protein, %0,4 yag, %1 azotlu
maddeler, pektin, organik asitler, kalsiyum, demir,
potasyum, magnezyum, silisyum, sodium, manganez,
¢inko, bakir, fosfor ve A, B1, B2, B5,B6, B9, C, G, E, K
ve PP vitaminleri bulunmaktadir [12].

Ulkemizde iiretilen elmanin bir kismi taze elma, elma ku-
rusu, elma piiresi, elma suyu seklinde hasattan hemen
sonra piyasaya siiriiliirken, bir kismi depolanmaktadir.
Tiirk Standartlar1 Enstitiistiniin 2007 yilinda yayinladigi

standarda gore elmamn ihracati yapilmaktadir. Istanbul
Ihracat¢1 Birlikleri Genel Sekreterligi tarafindan hazir-
lanan rapora gore 2014 yilinda elma kurusu ihracat
miktar1 2.542.323 kg ile 5.297.294 dolarken 2015 yilinda
3.252.340 kg ile 5.417.094 dolar olmustur. Degerdeki
degisim %2,26 ve paydaki degisim ise %0,40 olarak be-
lirtilmistir [13].

Literatiirde gida firiinlerinin kurutulmasi esnasinda,
havanin akis hizi, bagil nem, hava sicaklig1 gibi paratmel-
erin kuruma Ozelliklerine etkilerinin  incelendigi
aragtirmalar mevcuttur. Ozgen [4], konvektif bir kurutma
sistemi tasarlamig ve bu sistemi elma kurutulmasinda
kullanmistir. Hava sicakligi ve hava hizinin kuruma za-
mani tizerindeki etkisini incelemistir. Heybeli ve Ertekin
[3], sanayi tipi prototip rafli kurutucuda elma dilimleri
kurutmuslardir. Belirledikleri kurutma havasi
sicakliginin degisimi ile iriiniin kuruma hizi, kurumasii-
resi, hacimsel biiziilme, hacim agirlig1, yeniden su alma,
duyusal ve renk Ozellikleri iizerine etkisini
incelemislerdir. Abuska ve Dogan [6], cekirdeksiz
iizimiin kurutulmasi iizerinde ¢alismiglardir. Bunun i¢in
endiistriyel tip 1s1 pompali kurutucu kullanmiglardir. Ce-
kirdeksiz iizimlerin kurutulmasinda ortalama 1sitma tesir
katsayisini COPsistem degerini 2,81 olarak bulmuslardir.
Ceylan ve digerleri [2], 1s1 pompali kurutma odasinda
elma kurutulmasini deneysel olarak incelemislerdir. Ku-
ruma igleminde nem degisimini agirlik 6l¢iim metodu ile
belirlemiglerdir. Kuruma sonrasi kurutulan {iriiniin
fiziksel 6zelliklerini duyusal olarak incelemislerdir. Den-
eyde kullanilan elmalar 4 mm kalinliginda dilimlenmis
ve 2.8 m/s hava hizinda elmalarin kuruma siiresi 3.5 saat
olarak bulmuslardir. Aktas ve digerleri [1], kurutma
firmlarinin  findik  kurutulmasina uygulanabilirligini
arastirmislardir. Findik i¢in kurutma havasi parametleri
belirlenerek, agirlik, nem ve sicaklik kontrolli nem
yogusturmali bir findik kurutma firininin modellemesini
yapmuglardir. Aktas ve digerleri [9], portakal kabugu ku-
rutmuslar ve kurutma sonucunda elde edilen sonuglari
irdelemislerdir. Kurutma islemi i¢in 1s1 pompali bir ku-
rutucu kullanmiglardir. Deney sonucunda COPys dege-
rini ortalama olarak 3,83 olarak bulmuslardir. Tarhan ve
digerleri [5] Amasya elmasi kurutmuslardir. Farkli ku-
rutma sartlarinin Amasya elmasimin kurutma kalitesi ve
siiresi lizerine etkilerini incelemislerdir. Giirlek ve
digerleri [8], 1s1 pompali kurutucularin gida ku-
rutulmasinda kullaniminit ve elma kurutulmasinda uygu-
lanmasini incelemislerdir. Huang ve digerleri [14],
patatesin ve elmanin karistirilarak yenidenyapilan cipsle-
rinin, doku, renk, rehidrasyon, duyusal, mikroyap1 ve
diger kalite parametreleri tizerinde dort farkli kurutma
yontemini uygulamiglar ve sonuclarini
karsilagtirmiglardir. Sacilik ve Elicin [15], yaptiklar
arastirmada organik elma dilimlerini konveksiyonlu
sicak hava kurutucusunda kuruma hava sicakliginin 40-
60°C araliginda 5 ve 9 mm kalinliklarinda tek kat olarak
kurutmuslardir. Kurutma havasi sicakligimmin ve dilim
kalinliginin  kurutma 6zellikleri ve kurutulmus elma
dilimlerinin kalite parametreleri iizerindeki etkisini belir-
lemislerdir. Shyu ve Hwang [16], Onislem ve isleme
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kosullarinin vakum altinda kurutulmug elma pargalarinin
kalitesi tizerine etkilerini aragtirmiglardir. Teeboonma ve
Soponronnarit [ 17], 1s1 pompas1 kullanarak kurutulan pa-
paya ve mango sekerlemelerinin matematiksel model-
lerini deneysel olarak gelistirmiglerdir. Fatouch ve
digerleri [18], cesitli bitkilerde kurutma 6zelliklerini den-
eysel olarak arastirmak igin 1s1 pompast destekli bir ku-
tucu tasarlamig ve yapmislardir. Aktas ve digerleri [19],
kapali devre 1s1 pompasi kurutucusunda kurutulann defne
yapraklarinin performans analizini ve modellemesini
yapmuslardir. Darici [20], dilimlenmis kivi drneklerine
kurutma havast hizinin kurumaya etkisini incelemek
amaciyla kurutma havasmin farkli hizlari i¢in deneyler
yapmugtir.

Teknolojinin gelismesiyle birlikte gida iiriinlerinin toz
haline getirilerek gida katki maddesi olarak kullanimi ile
ilgili aragtirmalar siirmektedir. Toz haline getirilen ku-
rutulmus elmanin gida katki maddesi olarak tatlandirici,
cay, kek gibi firiinlerin igine eklenerek kullanilmasi
kullanim alanini genisletecektir.

Yapilan deneylerde agik g¢evrim 1s1 pompali bir kurutma
sistemi kullanilmigtir. Sistemde bagil nem kontrolii
saglanmis, yogusturucudan atilan 1s1 kurutma havasinin
1sitilmasinda kullanilmustir.

Bu ¢alismada, elma dilimlerinin ve rendelenmis elmanin
kurutulmasinda kullanilan kurutucunun performans ana-
lizi yapilmistir.

2. MATERYAL VE METOD (MATERIAL and
METHOD)

2.1. Metot (Method)
2.1.1. Nem icerigi (Moisture content)

Nem igerigi, kurutulacak maddenin igerdigi bagli nemin
bir 6l¢iistidiir. Asagidaki esitlik yardimiyla hesaplanmak-
tadr.

_ Mi-Mg
MCy, = ",
2.1.2. Nem oram (Moisture ratio)
Nem orani agagidaki esitlik yardimiyla hesaplanmaktadir
[22].

MR =

)

M—M,
Mo—Me

@

Burada M nem igerigini, M. denge nem igerigini, Mo ise
baslangigtaki nem igerigidir. Bununla birlikte, taze
iriiniin yiiksek nem igerigi nedeniyle asagidaki esitlik
yazilabilir [22].

M
MR = M_u (3)
2.1.3. Kuruma hizi (Drying rate)

Kurutma deneyleri boyunca {irlinlerin kuruma hiz1
asagidaki Es. 4 ile hesaplanmaktadir .

_ MCi_q¢—MCt
DR = —=S— 4)

2.1.4 Su aktivitesi (Water activity)

Su aktivitesi (aw) Es. 5 yardimiyla hesaplanmaktadir [2].
Su aktivitesi degeri, ¢evre havasi bagil neminin (CBN)
100’e boliinmesi ile bulunmaktadir.
CBN

aw = 100 (5)
Gidalarin kurutulmasinda su aktivitesi degeri dnemli bir
faktordiir. Kurutulan {iriinlerde mikrobiyolojik veya
biyokimyasal bozulmalarin meydana gelmemesi i¢in su
aktivitesi degerinin yardimiyla bulunan su oraninin altin-
daki bir degere kadar kurutmak gerekmektedir [2].

130 10°G -

100 |

Su orani g H,0fg kuru agilk)

o.40[

0.00

' T '
0.1 o2 03 04 a5 06 0T 08 09 10

Su aktivitesi

Sekil 1. Farkli sicakliklardaki elmanin su oram - su aktivitesi
degerleri (The Water activity values - water content
of the apple at different temperatures) [2]

2.1.5. Is1 Pompal Kurutucu (Heat pump dryer)

Ist pompasinda kompresor, yogusturucu (kondenser),
genlesme vanasi ve buharlastirict (evaparatér) bulun-
maktadir. Kurutma sisteminde, yogusturucudan kurutma
havasina verilen 1s1 miktar1 Q asagidaki Es. 6 ile
hesaplanmaktadir [9].

Qkx = Myg " ¢ (Toa — Tia) (6)
Mig = Pig " Vi (7
Bir 1s1 pompast sisteminde 1s1tma tesir katsayist (COPyy,)
asagidaki esitlik yardimiyla hesaplanmaktadir [9].

Q
COPy,, = W—’Z (8)

Tiim sistem i¢in 1sitma tesir katsayisimin (COP,,¢) bulun-
masinda Es. 9 kullanilmaktadir [9].

COP,s = —K )

Wc+Wf

Ozgiil nem ¢ekme oran1 (SMER) 1 kg nemi buharla-
stirmak i¢in harcanmasi gereken enerjidir [9]. Es. 10 ile
gosterilmistir.

SMER =24 (10)
Wc

Tiim sistem igin 6zgiil nem ¢ekme orani (SMERy) ise
Es. 11 ile hesaplanmaktadir.

SMERys = #‘jﬂf

(11)
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2.1.6. Belirsizlik Analizi (Uncertainty analysis)

Yapilan deneylerin sonuglarina ait sistematik hatalarin
bulunmasi i¢in gelistirilen bir yontemdir. Es. 12 ile
hesaplanmaktadir [22].

2 2 21"
Wy = [(g—iwl) +(;7R2W2) + o +(:%m) ] * (12)
Es. 12°de n bagimsiz degisken sayisi, R 6l¢iilmesi gere-
ken biiytikliik, x de bagimsiz degiskendir.

2.2. Materyal (Material)

Kurutma islemi Gazi Universitesi Teknoloji Fakiiltesi
Enerji Sistemleri Bolimii Laboratuvarinda
gerceklestirilmigtir.  Deneylerde  Starking Delicious
¢esidi elma kullanilmistir. Boyut ve Renk olarak ayni
olanlar se¢ilmistir.

Kurutma iglemine baslamadan Once elmalarin nem
iceriginin belirlenmesi i¢in etiiv yontemi kullanilmistir.
Etiivde 70°C sicaklikta kurutulan elmalarin kurutma
islemi boyunca agirligindaki degisimler  Olgiilerek
kaydedilmistir. Son iki tartim arasindaki fark %l
oluncaya kadar deneye devam edilmistir. Kurutma den-
eyi 2 kez tekrar edilmistir.

Agirlik dlglimlerinde Mettler Toledo marka 0,01g has-
sasiyette dijital agirlik Olger kullanilmigtir. Yapilan
6l¢iimler sonunda nem igerigi yas baza gore 0,835 gsu/g
yas agirlik olarak, kuru baza gore 5,06 gsu/g kuru agirlik
olarak hesaplanmistir.

Ist pompali kurutucu kullanarak kurutma islemine
baglanmadan o6nce elmalar ortam sicakliginda
bekletilmistir. Daha sonra elmalarin kabuklari soyulmus
ve g¢ekirdekleri temizlenmistir. Elmalara herhangi bir 6n
islem yapilmamigstir. Birinci deneyde elmalar 5 mm
kalinliginda kesilmistir. Ikinci deneyde ise elmalar ren-
delenmis ve 50x13 cm’lik 3 bolmeli elege serilmistir. Her
iki deneyde de elmalar hava akigma dik sekilde
asilmigtir. Kurutma islemine baslanmada once sistem 45
dakika kadar caligtirilarak sistemin kararli hale gelmesi
saglanmustir.

Yapilan deneylerin akim semasi Sekil 2 ile gdsterilmistir.

Elma

Dilimleme

t:I\

Is1 Pompali Is1 Pompali
Kurutma Kurutma
Teknigi Teknigi
1 Cipsi Toz ll'lahne

getirme

| Elma tozu |

Sekil 2. Elma tozu ve elma cipsi iiretimi akim semast (Flow
chart of apple powder and apple cips production )

Deneylerin yapildig1 giinler ¢evre havasi ortalama 20°C
sicaklikta ve ortalama % 50 bagil nemdedir.

Deneylerde bu deger baz alimarak kurutma
yapilmistir.Deney setinin goriiniimii sekil 3° de ver-
ilmektedir.

Sekil 3. Deney seti ( The test set)

Deney seti dijital agirlik 6lger, kurutma kabini, kontrol
iinitesi termostat, ayarli damper,buharlastirict (evapo-
rator),kompresor, yogusturucu (kondenser), fan ve gen-
lesme valfinden olusmaktadir. Kullanilan sistem
elemanlarmin teknik 6zellikleri Cizelge 1° de verilmistir.
Deney siiresince dl¢iilen parametrelerin farkli degisken-
ler nedeniyle ortaya ¢ikan toplam hatalar1 Es. 12
yardimryla hesaplanmis ve Cizelge 1°de sunulmustur.

Cizelge 1. Sistem elemanlarinin teknik 6zellikleri (Technical
specifications of system components)

Sistem eleman Teknik zellider  Dogruluk Belirsizlik
Hava akist ilcim cihaz Hiz0-20mss 1001m’s £.0173ms
Elektk dlcer v % 141%
Stcaklik ve bagl nem dlgim cihaz 0-100% bagdnem, +2% £173%
A0t +70Cye  RHA1C RH=141°C
Tl gift Skala 0-70°C, H04C H42C
besleme 24V-DC,
plhig 4-20mA
Dijtal tartr Maksimum dlgim ~ +001g 023
kapasitesi, 6100 g

Bubharlastirici kurutma odasindan ¢ikan havanin isisint
¢ekmistir. Yogusturucudan atilan 1s1 kurutma havasinin
sitilmasinda kullanilmaktadir. Yogusturucuda sivi faza
gegen sogutucu akigkan genlesme valfinden gegerek
tekrar buharlastirictya gelmektedir. Ayni ¢evrim deney
stiresince devam etmektedir. Deney siiresince kurutma
kabininde yer alan agirlik 6lger ile elmalarin agirlik
degisimi gozlemlenmis ve her 10 dakikada bir not
edilmistir. Kurutma sistemi hava akisinin taslak psikro-
metrik diyagrami her iki deney igin ¢izilerek Sekil 4 ve
5’te gosterilmistir.

890



ISI POMPALI KURUTMA TEKNIGI ILE TOZ ELMA VE ELMA CIiPSi URETIMI: PERFORMA ... Politeknik Dergisi, 2018; 21 (4) : 887-894

10.030
0025 Nemierigi

(kg nemkg
kuru hava)

10.020
0015
0010

10.005

b 000

Sicaklik (°C)

Sekil 4. Elma dilimi kurutulmasi deneyi taslak psikrometrik
diyagrami1 (Apple slice drying experiment draft
psychrometric diagram)

10.030

0025 Nem

j0.015
10010

10.005

Sicaklik (°C)

Sekil 5. Rendelenmis elmanin kurutulmas: deneyi taslak
psikrometrik  diyagrami(Grated apple drying
experiment draft psychrometric diagram)

Deney sisteminde “A” taze hava girisi, “B” kondenser
¢ikigi, “C” kurutma kabini ¢ikisi, “D” buharlastirict
¢ikigindaki havanin sicaklik ve bagil nem degerleridir.

3. DENEY VE ANALIiZ SONUCLARI (EXPERI-
MENT AND ANALYSIS RESULTS)

Kurutma iglemi igin once elmalarin nem igerigi Es. 1.
5.06 9su/0 kuru madde olarak hesaplanmustir. Deneyler 40°C
kurutma havasi sicakliginda ve 1 m/s hava hizinda yapil-
mistir. Kurutma deneyleri sonrasi elmalarin goriiniimii
Sekil 5 ve 6 ‘da verilmistir. Kurutulan dilimlenmis elma-
larin gértiniimiinde renk degisimi olmazken, rendelenmis
elmalarda kararmalar meydana gelmistir. Kurutulan ren-
delenmis elmalar ayrica havanda doviilerek toz haline ge-
tirilmistir.

Sekil 6. Kurutma oncesi elmalarin goriiniisii (Appearance of the
apples before drying)

891

10020 (kg nen/

Sekil 7. Kurutma islemi sonrasi elmalarin goriiniisii (Ap-
pearance of the apples after the drying process)

Ist pompali kurutucuda yapilan bu deneyler sonucunda

elma dilimleri ve rendelenmis igin ayr1 ayri nem

iceriginin zamana gore degisimi hesaplanmis ve Sekil

8’de gosterilmistir.

MC

~o~¢lma dilimi =s-rendelenmis elma

Nem igerigh
(g su/ g kuru madde)

Zaman (dakika)

Sekil 8. Zamana goére nem igeriginin degisimi (Change of
moisture content according to time)
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Sekil 8’de goriildiigii gibi deneylerin son nem igerigine
ulagmalar1 elma dilimi i¢in 9 saat siirerken, dilimlenmis
elmada 4 saat stirmiistiir.

Ayrt ayrt hesaplanan MR degerleriEs. 2 kullanilarak
bulunmus ve zamana goére degisimi hesaplanmstir.
Hesaplanan MR degerleri Sekil 9°de ¢izelge olarak ver-
ilmistir.

MR

==l dilim

=t qendelennis eln

m Oran (MR)

Ne

0 6 160 il 0 L] 60
Taman (dakika)

Sekil 9. Zamana gére nem oranmnin degisimi (Change of
moisture ratio according to time)

Deneylerin nem oranlarindaki degisim 1 gsu/Qkat madde’den
baslayarak 0.17 gsu/Qkati madde’ Y€ kadar stirmistiir.
Deneyler siiresinde her 10 dakikada bir o&lgiimler
yapilmistir. Olgiimler sonucu kuruma hiz1 degerleri Es 4
ile hesaplanmistir. Sekil 10’da zamana gére DR degerleri
verilmigtir

DR

|06t
i dili

~a-rendelenmi
elua

| oo

nadde”dakika)

su/g kurn b

[

00H

0001
-4 L] 160 260 360 140 %0

Zaman (dakika)

Sekil 10. Zamana goére kurutma hizinin degisimi (Change of
drying rate according to time)

Sekil 10 yardimiyla elma diliminin ve rendelenmis
elmanin  kurutma hizinin zamana goredegisimi
goriilmektedir. Yiizey alami fazla olan rendelenmis
elmanin kurutma hizi elma dilimine gére daha fazladir.
Her iki deneyde 150. dakikada kurutma hiz1 esitlenmistir

ve yaklasik olarak ayni olmustur. Uzaklastirilmasi gere-
ken nem miktar1 azaldikca kurutma hizi da
azalmistir.Elma diliminin kurutma hizi zamanla azalarak
kurutma siiresinin 9 saat siirmesine neden olurken rende-
lenmis elma 4 saatte kurutulmustur. Rendelenmis
elmanin kurutulmasinda daha kisa siirede daha fazla nem
uzaklastirilmagtir.

Deneylerde tiiketilen enerjilerin karsilagtirmast Sekil 11
ile gosterilmistir.

Enerji Titketimi

=t—elma dilimi

1435
- rendelenmis
elma

& =

]

Harcanan Enerji (kwh)
s B

5

100 200 300 460 500 0
Zaman (dakika)

Sekil 11. Zamana goére harcanan enerji degisimi (Energy
exchange by time)

Sekil 11 ile goriilen zamana gore harcanan enerji grafi-
kleri deney siiresince her 10 dakikada bir sayagtan okuna-
rak ¢izilmistir.

Deney setinde 1sitma tesir katsayist (COPp,) Es. 8
yardimiyla hesaplanmistir. Zamana gore degisimi Sekil
12’ de gosterilmistir.

COPhp

i

3 ——¢lma dilimi

34 =S-rendelenmis

dm
33
PR
&
03
32
318
il
308
3
95
0 100 00 300 00 500
Zaman (dakika)

600

Sekil 12. Zamana gére COPhp’nin degisimi (Change of COPrp
by time)
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Deney sisteminde 1s1 pompasi icin ortalama COP
degerleri elma dilimi igin COPp 3.17 bulunurken, rende-
lenmis elmanin COPrp’si 3.39 olarak bulunmustur.

Tiim sistem i¢in 1sitma tesir katsayist (COP,s) Es. 9
yardimiyla hesaplanmistir. Zamana gore degisimi Sekil
13 ile gosterilmistir.

COPws

—+—¢lma dilimi

—-renelenmi
elna

COPws

0 100 20 300 00 500
Zaman (dakika)

Sekil 13. Zamana gore COPws’nin degisimi (Change of COPws
by time)

Es. 9 yardimiyla hesaplanan COPys degerleri ortalama
olarak elma dilimi i¢in 2.82 bulunurken, rendelenmis
elma igin ise 3.02 olarak hesaplanmigtir. COPys
degerlerlerininCOPpy degerlerinden daha kiigiik ¢ikmasi
sistemde bulunan tiim tiiketim cihazlarinin hesaplamaya
katilmasindan dolayidir.

4. SONUC (CONCLUSION)

Kurutma islemlerinin sonucunda asagidaki verilere
ulagilmustir.

e Elmadilimlerinin 5,06 gsu/Qkuru madde miktarindan
0,17 gsu/Qkuru magde miktarina gelmesi 9 saat
stirmiistiir. Ayn1 sartlarda rendelenmis elmanin
5,06 gsu/Ukuru madde miktarindan 0,17 gsu/gkuru madde
miktarina gelmesi ise 4 saat stirmiistiir.

e Es. 9 yardimiyla yapilan hesaplama sonucunda
elma dilimlerinin kurutulmasindaki ortalama
COPws 2,82 olarak, rendelenmis elmanin ku-
rutulmasindaki COPws ise 3,02 olarak bulun-
mugtur. Bulunan COPws degerleri ile elmanin
rendelenerek kurutulmasimnin daha  verimli
oldugu goriilmiistiir.

e Kuruma siireleri rendelenmis elma i¢in az ol-
masina ragmen rendelenmis elmanin hazirlama
asamas1 dilimlenmis elmaya gore daha uzun
stirmektedir.

e Rendelenmis elmanin kuruma hizi dilimlenmis
elmaya gore daha yiiksektir. Bunun nedeni
ylizey alaninin genis olmasidir.

e Rendelenmis elmanin kuruma siiresi daha az
oldugu i¢in dilimlenmis elmanin kurutulmasina
gore daha az enerji harcanmustir.

e Sekil 6’da goriildiigii gibi rendelenmis elma-
larin  kurutulmasinda kararma meydana
gelmistir. Bu nedenle rendelenmis elmalardan
iiretilen elma tozunun da rengi kurutma dncesin-
deki elmaya gore ¢ok farklidir. Bu durumun
iriinlerin  pazarlanmasinda ve tiiketiyinin
olumsuz yonde etkileyecegi diisiiniilmektedir.

e Toz haline getirilen elmanin hem depolanmasi
hem de taginmasi elma cipsine gore daha ko-
laydir.

e Deney sisteminde farklt maddeler de kurutula-
bilir.

e Sisteme giines enerjisi eklenebilir. Boylece en-
erji tasarrufu saglanabilir.

e Sistemde kurutulacak yas maddelerin hareketi
saglanarak daha kisa siirede kurumalar1 saglan-
abilir.

SIMGELER (SYMBOLS)

a,,: Su aktivitesi

c¢: Havanin 6zgiil 1sis1, kJ/kg°C

COPyy: Is1 pompasinin performans katsayist

COP,,,: Biitiin sistemin performans katsayisi

CBN: Cevre havasi bagil nemi

DR: Kurutma hizi, g su/ g kuru madde dakika

MCg4p: Nem igerigi, g su/ g kuru madde

M;: Baglangictaki yas agirlik, g

mg: Buharlastirilan su miktari, kg/h

M: Kuru agirlik, g

MC,: t anina gore nem igerigi, g su/g kuru madde

MCyy 4¢: tHdt anina gore nem igerigi, g su/g kuru madde
MR: Nem orani

M: Uriiniin herhangi bir seviyede ve zamandaki nem
icerigi, g su/ g kuru madde

M, : Denge nem igerigi, g su/ g kuru madde

M,: Baslangigtaki nem igerigi, g su/ g kuru madde

m;,: Havanin kiitlesel debisi, kg/s

p: Havanin yogunlugu, kg/m®

SMERy,: Ist pompasmin 06zgiil nem c¢ekme orani,
kg/kWh

SMER,: Tiim sistemin 6zgiil nem ¢ekme orani, kg/kWh
T;q: Giris havasi sicakligi, °C

T,qa: Cikis havasi sicakligi, °C

V: Hava debisi, m*h

Q: Yogusturucudan kurutma havasina verilen 1s1 giicil,
kw
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W,.: Kompresor giicii, kW
Wj: Fan giicii, kW
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Fizyolojik Sinyallerin Askeri Amacgh
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oz
Insan beynindeki néronlar viicut fonksiyonlariyla iliskili olarak elektriksel aktivite iiretirler. Olusan potansiyel dagilimi, sagh deri
tizerine yerlestirilen elektrotlar ile 6l¢iilebilmektedir (elektroansefalografi, EEG). EEG sinyalleri; spontan, olaya iliskin veya
uyarilmig potansiyel kayitlari ile iligkili olabilmekte ve tetikte olma, dinlenme veya uyku durumlarinda degismektedirler. p ve P300
dalgalarinin islenmesiyle dis diinya ile iletisim kurulabilmekte ve bilgisayar ya da bagka bir cihazin kontrolii yapilabilmektedir.
Bu sistemler insan beyin ara yiizleri ya da etkilesimleri (BCI) olarak genis uygulama alan1 bulmaktadir. Beyindeki oksijenlenme
fonksiyonel kizilalti spektroskopisiyle (fNIRS) gozlemlenebilmektedir. Bu sistemlerin kullanimiyla yiiksek dikkat gerektiren
gorevlerde ¢alisan personelin beyin fonksiyonlarimin takibi miimkiin olabilmektedir. Bu ¢aligmada EEG ve fNIRS’in askeri amaglh
olarak kullanilabilecegi dnerilmektedir. Bask: altinda hizli ve dogru karar vermek zorunda kalinan ve biling kaybinin yasanabildigi
jet pilotlugu gibi gorevlerde, hassas bolge ya da cihazlar i¢in takip ve kontrol gérevi yapan personelin durumlari, bir merkez
tarafindan izlenerek gerektiginde ikaz edilebilmeleri, gérevin tam olarak yapilmasini destekleyecektir. Ayrica EEG sinyallerinin,

savas sonrasinda gazilerin beyin travmalarinin incelenmesinde, beyin fonksiyonlar1 normal olan ancak konusma ve hareket zorlugu
cekenlerin yagamlarimi kolaylastirmak igin iletisim ve kontrol i¢in kullanilmas1 miimkiindiir.

Anahtar Kelimeler: Elektroensefalografi, EEG’nin askeri uygulamalari, fonksiyonel yakin kizilalt: spektroskopisi.

Usability of Physiological Signals for Military
Purpose: Examples of Electroencephalography and
Near Infrared Spectroscopy

ABSTRACT

The neurons of the human brain generate electrical activities related to body functions. The generated potential distribution can be
measured with elctrodes placed on the scalp (electroencephalography, EEG). EEG signals can be related to sponteneous, event
related or evoked potential recordings. The EEG pattern change in stiuations of alertness, resting or sleep. It is possible to
communicate with the environment and control a computer or another device, by using p and P300 waves. These systems are called
brain computer interfaces or interactions, and widely used. Oxygenation in the brain can be observed with functional near-inrared
spectroscopy (fNIRS). By using these systems, brain functions of people whose work require attention, can be monitored. In this
study, EEG and fNIRS are proposed for some military purpose. A person whose task requires high alertness can be monitored
using their brain functions. Observance of a person by a command center in some critical tasks such as the jet piloting where it is
required to give rapid and correct decisions under stress or under the risk of loss of conscious, or the surveillance of critical areas
or devices would highly support the performance of the mission. Inaddition, it is possible to use EEG signals to make easier the
lives of veterans who have normal brain functions but suffer from physical or speech disabilities or in the investigation of their
brain trauma.

Keywords: Electroencephalography, EEG in military applications, functional near-infrared spectroscopy

1. GIRIS (INTRODUCTION) gl.llebll.mektedlr (Elektrqepsefalograﬁ, EEG)..]:%.eym akti-
. i o o ) vitesi ile EEG sinyallerinin frekansi1 ve genligi arasinda
Insan be}’“}“d?kl sinir hgcrelerl; 1$1t.rr.1e, gorme veya QO- bir iligki vardir. Aktivite arttik¢a frekans yiikselmekte bu-
kunma gibi viicut fonksiyonlaryla iliskili olarak beyin-  nunla birlikte genlik diismektedir. EEG’nin spektral ana-
deki farkli bolgelerde elektriksel aktivite lretirler. Bu iz incelendiginde bu ayrim daha agik olarak
aktiviteler sonucunda olusan elektriksel potansiyel  ggrijlebilmektedir. ik kayit edildiginden (Berger, 1929)
dagilimy, sagli deri yilizeyine yerlestirilen elektrotlarla 61- giiniimiize, EEG ile ilgili temiz sinyal alma, yiiksek ¢o-
ziniirlikkte analiz i¢in ¢cok kanalli kayit ve sinyal siniflan-

*Sorumlu Yazar (Corresponding Author) dirma konularinda ¢alismalar yapilmaktadir.
e-posta : abulent.usakli@karatay.edu.tr
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Genel olarak, insan beyninin elektriksel sinyalleri ve
ozellikleri asagidaki gibidir.

Delta (0,5-4 Hz, <100 puV): Derin uykuda, siit gocugu ¢a-
ginda ve ciddi organik beyin hastaliklarinda, cerrahi
anestezi ve uykuda ortaya ¢ikmaktadirlar. Bu dalgalar,
beyinin alt bolgelerinden bagimsiz olarak, dogrudan be-
yin kabugunun aktiflesmesiyle ortaya ¢ikarlar.

Teta (4-8 Hz, <100 uV): Ozellikle gocuklarda parietal ve
temporal bolgelerde, psikomotor epilepsi, siit ¢ocukla-
rinda ve yetiskinlerde ise gerginlik durumlarinda goriil-
mektedirler.

Alfa (8-13 Hz, ~10 pV): Uyanikken, sakin ve tam din-
lenme durumunda, oksipital bolgede ortaya ¢ikarlar,
uyku durumunda goériilmemektedirler.

Beta (13-30 Hz, nadiren 50 Hz, <20 uV): Dinlenme du-
rumunda merkezi bdlgede baskindirlar. Gerginlik duru-
munda ve merkezi sinir sisteminin aktivasyonunda,
yogun mental aktivite donemlerinde gozlenmektedirler.

Gama (22-30 Hz, <2 pV): Yiksek dikkat durumunda
veya uyarim esnasinda ortaya ¢ikmaktadirlar.

Hareket veya harekete niyet edildiginde azalan p dalga-
lar1, alfa bandinda olmasina ragmen motor korteks iize-
rinde motor davranglariyla iligkili dalgalardir. p
dalgalar1 ve P300 dalgalar1 beyin-bilgisayar arabirimle-
rinde (BCI) kullanilmaktadir. BCI, EEG sinyalleri kulla-
nilarak; sadece beyin fonksiyonlar1 olan felgli hastalar
icin dig diinya ile iletisim kurabilmelerinde yeni bir ha-
berlesme kanali olugturmaktadir.

Teshis amagli EEG kaydinin genel olarak kullanildig:
baglica alanlar: 1) Beyin lezyonlarimin tespiti ve yerleri-
nin belirlenmesi (EEG izlerinde asimetri veya diizensiz-
likten), 2) Epilepsi ¢aligmalart (ndbetlerin ve epileptik
bolgenin tespiti), 3) Biling durumu incelemesi, uyustu-
rucu ndbeti incelemeleri, 4) Koma durumu ve menenjit
gibi bulasict hastaliklarin incelenmesi, 5) Sizofreni, alz-
heimer ve parkinson gibi hastaliklarin teshisi, 6) Depres-
yon, dikkat toplayamama durumlariyla ilgili beyin
bolgelerinin arastirilmasi, 7) Uyku bozukluklarinin ince-
lenmesi, 8) Beyin 6liimii ya da anestezi derinligi tespiti,
9) Uyarn algilamalarinin gézlenmesi ve 10) Beyin hari-
talanmas1 ve kaynak yeri tespitidir. Ayrica EEG sinyal-
leri kullanilarak kisilik bozukluklari ile ilgili ¢aligmalar
yapilabilmektedir.

Bu ¢aligmada uygulamasi kolay, noninvaziv, diisiik ¢6-
ziiniirliikte EEG ve fNIRS’in askeri amagli olarak kulla-
nilabilirligi tartisitlmistir. Gelecekteki savaslarda kritik
personel i¢in viicut sicakligi, kalp atim hizi, biling ve algi
durumu gibi fizyolojik 6zelliklerinin anlik takibi; kaginil-
maz olarak degerlendirilmektedir. Askeri personelin
6zellikle muharebe sartlarinda gorevini yaparken kendi-
sine ve komutanlarin hizli ve dogru kararlarinda etkili
olabilecek anlik EEG verisinin kullanilabilirligi iizerinde
durulmus ve gergeklestirilen bir 6lgme sisteminden bazi
durumlar i¢in alinan gercek kayitlar verilmistir.

2. ASKERI UYGULAMALAR
(MILITARY APPLICATIONS)

Gelisen teknolojiyle beraber giindeme gelen Ag Merkezli
Savas (AMS)’1n bir girdisi olarak savascilarin muharebe
performanslarina yonelik olarak, nabiz, viicut sicakligi,
dikkat durumlarini anlik 6lgebilecek elbiseye monteli; gi-
yilebilir kiigiik elektro fizyolojik 6lgme sistemlerinin ge-
listirilmesi miimkiindiir. Olgiilen biyolojik sinyaller
simiflandirilarak personelin fizyolojik durumu takip edi-
lebilecektir. EEG sinyallerinin askeri amagl uygulama-
larinda  sinyallerin  siniflandirilmasi
cikmaktadir. EEG sinyalleri askerin dikkat durumu, bi-
linci, yorgunluk ve uykusuzlugu takip edilerek muhare-
bede karar vermeye destek olarak kullanilabilecektir.
Olgiilen her bir sinyalden belirgin 6zellik ¢ikarilmasina
yetecek sayida kullanilacak sézgelimi bagliga monteli
elektrotlarla; yiiksek hassasiyet gerektirecek gorev yapan
personelin, zihinsel etkinligine dayali eylemleri takip
edilebilecektir.

konusu One

Gelistirilen akilli bagliktan alinan EEG ve gogiis lizerin-
den alinan elektrokardiyograf (EKG) sinyalleri islenerek
yasam sinyallerinin takip edilebildigi ¢alismada [1] ve
muharebe alanlarinda kullanilmak {izere gelistirilen ve
iizerinde gomiilii elektrotlarin bulundugu baslik kullani-
larak beyin yaralanmalarinin hizli tespiti amaglanmig
boylece tedavinin gabuklastirilmasi hedeflenmistir [2].
Bu ¢aligmada uyarilmig potansiyeller kullanilmistir. Pi-
lotlara yonelik bir ¢alismada [3], pilottan kaynaklanan
osilasyonlarin siniflandirilmasi yapilmstir. Bu ¢aligmada
ucus esnasinda kuru tip elektrotlardan alinan EEG sinyal-
leri stniflandirilmustir.

Amerika Birlesik Devletlerinin ileri Arastirma Projeleri
Ajanst (DARPA)’nin 1970’li yillarin basindan beri beyin
bilgisayar arabirimleri (BCI) {izerinde arastirmalar yap-
t1g1 agik kaynaklardan bilinmektedir. Non-invaziv yon-
tem olarak EEG‘nin yani sira kafatasi agilarak beyin
kabuguna elektrotlarin yerlestirilerek sinyal alinan inva-
ziv bir yontem olarak elektrokortigorofi (ECoG) kullani-
lan diger etkili bir yontemdir. Ayrica beynin ilgilenilen
bolgelerine elektrotlarin yerlestirildigi cerrahi miidahale
gerektiren yontemler kullanilmaktadir. Kafatasinin altin-
dan dogrudan beyin kabugundan ya da beyinin derinlik-
lerinden alinan sinyaller sagli deri iizerinden alinan EEG
sinyallerine gore daha yiiksek Sinyal-Giiriiltii Oranina
(SNR) sahiptir. Dolayisiyla bu sinyallerin siniflandiril-
malar1 daha kolay yapilabilmektedir.

Uykusuz kalmis insanlarin EEG kayitlarinda dinlenmis
durumdakine gore farklilik ortaya ¢ikmaktadir. Bu du-
rumda EEG sinyallerinin spektral analizi yapildiginda,
uykusuzluk durumunda alfa bandinda (8-13 Hz), delta
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bandina gore (<4Hz) yiikselme oldugu Sekil 1°de goriil-
mektedir [4]. Uzun siireli konvoy yolculuklarinda, 6n-
deki aracgla ayni mesafeyi korumak zorunda olan ve
monoton bir siiriig rejimi igerisinde kalan siiriiciilerin be-
yin sinyallerinin takip edilerek uykulu duruma gegtikle-
rinde ikaz verebilecek bir sistemin ara¢ igerisinde
bulunmasi kazalar1 dnleyecektir. Bu konuda Sandia La-
boratuvarinda gerceklestirilen deneylerde (Sekil 2) basa-
ril1 sonuglar alinmistir [5].

Genlik

Frekans (Hz)
25—

Sekil 1. Tetikte (sol) ve uykusuzluk ¢ekilirken (sag) alinan EEG
kayitlart. Uykusuzluk durumunda alfa bandindaki
yiikselme goriilmektedir [4].

Sekil 2. Siiriiciiniin beyin sinyallerinin takip edildigi aracin test
suiriisii [5].

Bu c¢alismada siiriiciiniin beyin sinyallerinin takip edil-
digi bir sistem gelistirilmistir. Sistem, siiriiciiniin uykulu
duruma geg¢mesi durumunda ikaz vermektedir. Calig-
mada kullanilan ¢ok kanalli EEG basliginin uzun siireli
kullaniminda sikinti vereceginden, siiriicliniin rahatligi
bakimindan sistemin baglikla biitiinlestirilmis bir kag ka-
nall1 ve kablosuz olarak tasarlanmasinin miimkiin oldugu
degerlendirilmektedir. Uykusuzlugun tespiti ile ilgili

baska bir ¢alismada da yapay sinir aglart kullanilarak be-
yin sinyallerinden ger¢ek zamanli olarak uyart iiretilebil-
mektedir [6].

Ucus esnasinda pilotun EEG sinyallerindeki degisimin
gozlemine dayali ¢aligsmalar uzun zamandir yapilmakta-
dir. EEG kayitlari ile askeri jet pilotlarinin diigiisleri ara-
sindaki iligkinin incelendigi bir c¢aligmada, diisme
oraninin EEG’si anormal olarak isaretlenen pilotlarda,
normallere gore ii¢ kat daha fazla bir diislis oran1 tespit
edilmigtir. Bu oran pilotaj hatasi olarak kabul edilen du-
rumlarda daha da belirleyici olmaktadir [7]. Jet pilotla-
rinda, ivmelenme aninda yasanan baskinin EEG
sinyalleri tizerindeki etkisinin analiziyle; biling kaybinin
Onlem alinmasi i¢in uygun bir siire dnceden tespiti i¢in
yapilan ¢alismada, EEG sinyalleri 6zbaglanimli (auto-
regressive) siire¢ kabul edilerek spektral kestirim yon-
temi Onerilmistir [8]. Pilotlarin ugus esnasindaki
solunum, kalp atis hizi, gdz hareketleri ve beyin dalgalari
gibi fizyolojik dl¢limleri ugusla ilgili bilgi vermektedir.
Bu konuda yapilan ¢aligmalarda ugus esnasinda pilottaki
fizyolojik 6l¢timlerdeki farklilasma gozlemlenmistir [9].
Laboratuvar ve ugus aninda yapilan deneylerde, EEG sin-
yallerinin izlenmesi ile merkezi sinir sistemi ve g kuvveti
etkisinin performans iligkisini ortaya ¢ikaran basarili so-
nuglar alinmusgtir [10].

Glinliimiizde yiiksek teknoloji iiriinii modern askeri sis-
temler, muharebe sartlarinin agir baskisi altinda bile kul-
lanicilarin yiiksek algilama yetenegini gerektirmektedir.
EEG tabanli sistemlere alternatif olarak yakin infrared
spektroskopisi (fNIRS) de ucuz ve pratik bir sistem ola-
rak kullamlabilmektedir. Infrared goriintiileme ile beyin
kabugu (korteks) tizerindeki hemodinamik (kan akisi ile
ilgili) degisiklikler goriintiilenebilmektedir. Beyin kabu-
gundaki oksijen harcama miktari ile beyin fonksiyonlar
arasinda bir iligki vardir. Beyindeki aktivasyon bir kag
saniye icerisinde serebral kan akigini dolayisiyla oksijen
harcanmasint artirmaktadir. Oksijen harcanmasindaki
fark, beyin fonksiyonu hakkinda bilgi vermektedir [11].
Bu ¢aligmadaki sistem Sekil 2°de gosterilmistir. Bir silah
sisteminin kullanilmasi esnasinda beyinde ortaya ¢ikan
aktivasyondan kaynaklanan oksijen harcama farki,

Kontrol Devresi
fNIR Yiikseltec ve DAQ
Filtreler

h

| Bilgisayar |

Sekil 2. Fonksiyonel yakin infrared (fNIRS) goriintiileme
icin veri toplama sistemi[11].
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ozellik ¢ikarma ve oOriintii algilama algoritmalartyla ayirt
edilebilmesi miimkiindiir. Usta avc1 ya da keskin niganct
egitimlerinde bu yaklasgimin 6nemli bir pozitif etki
yaratabilecektir.

Cesitli nedenlerle travmatik beyin yaralanmasi gegiren
yaralillar i¢cin EEG sinyallerinden elde edilen indeks
ayirtedici 6zellik olarak kullanilabilmektedir. [12] Askeri
amacl olarak yapilan bir caligmada askeri bilgisayar
oyunu oynayan deneklerin P300 dalgalar1 6l¢iilmustiir.
Calismanin ikinci asamasinda deneklere kontrolli
olarak; kokain, amfetamin ve Ozellikle methilfenidate
gibi merkezi sinir sistemini etkileyen uyaricilar
verildiginde P300 sinyalleri 6lgiilerek her iki durumda
benzer kayitlar elde edilmistir [13]. Modern muharebe
sartlarinda komutanlara hizli karar vermeye yardimct
olacak sekilde cesitli algilayicilardan gelen veriler
kullanilmaktadir. Gelecekte ag merkezli savasta (AMS)
kullanilan algilayicilarin sayis1 ve c¢esidinin artacagi
ongoriilmelidir. Savasan askerlerin stres, yorgunluk,
uykusuzluk ve dikkat gibi durumlarinin anlik olarak
izlenmesi miimkiindiir. Personelin tek tek durumlarinin
takip edilerek hizli ve dogru karar verilmesine destek
olusturmasi gelecekteki harekatlarda onemli bir katki
saglayacaktir.

Askerin  muharebe dayali
performans Olciileri olarak: 1) Tetikte olma durumu, 2)
Tepki siiresi, 3) Reaksiyon se¢enekleri igerisinden dogru
olanin se¢ilmesi, 4) Dikkat durumu ve 5) Yasanan olayin
tekrar sayilabilir. Savas gemisinde
komutanin goreviyle ilgili egitiminde, tetikte olma, algi
durumu ve hafiza konulari ile iligkili indeks elde etmek
tizere gelistirilmis bir EEG sisteminde 6grenme, hafiza
ve algiya dayali bagarili sonuglar alimmustir [14]. Dogru
ve yanlis tercihlerin anlagilmasinda degisen beyin
sinyalleri ileri seviye egitimlerin verilmesinde 6nemli bir
girdi olabilecektir.

sartlarindaki  algisina

hatirlanmasi

3. EEG KAYITLARI (EEG RECORDINGS)

EEG sinyalleri ortalama 100 pV’tan kiigiik ve 0,5-70 Hz
arasinda sinyallerdir. Bu sinyallerin zaman, frekans
analizi kolayca yapilabilmekte ve olusan potansiyel
dagilimina gore beyin haritasi ¢izilebilmektedir. Beyinde
ortaya cikan aktivite ile baglantili olarak modellenen
akim dipolleri viicut fonksiyonu ile iligkilidir. Bu
modeller kullanilarak kiiresel ya da gercekci kafa
modelleri kaynak goriintiilemesi
yapilabilmektedir. Bu analizler olusan aktivitenin yerinin

tzerinde

dogru bir sekilde tespiti i¢in Onemlidir. Sekil 4’te,
gelistirilen elektriksel kaynak goriintiileme amaglhh EEG
veri toplama sisteminden [15] alinan 6rnek bir EEG
kaydi, frekans spektrumu ve isitsel bir uyarici i¢in ¢izilen

beyin haritas1 gosterilmistir. Sekil 5’te ise bazi viicut
fonksiyonlariyla iliskili olarak alman kayit drnekleri
gosterilmistir.

4. SONUC ve TARTISMA
(CONCLUSION and DISCUSSION )

Modern savas teknolojileri, muharebe ortamryla ilgili
olarak algilayicilardan karargahlara daha hizli bilgi
akmasini saglamaktadir. AMS kapsaminda bir agla
birbirine bagli unsurlar, gelecekte daha fazla sayida
algilayicidan alinan verinin etkili bir diizenlemeyle
karargaha ulastirilarak, komutanlarin dogru ve hizli karar

vermesinde etkili olacaktir. Akan verinin  sadece
muharebe  sahasi ile smirh  kalmayip tek tek
savaggilarin ~ ve hassas gorev yiirliten  personelin

fizyolojik durumlarinin takibi kacinilmaz bir sekilde
giindeme gelecektir.
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Sekil 4. EEG kaydi. a) Spontane EEG kayd1 (27 yasindaki

erkek denegin sol kulak iizerinden alinan 1 s’lik
sinyal. b) Spontane bir EEG dalgasinin frekans
spektrumu. c) Sol kulaktan verilen isitsel uyar1 (klik)
i¢in beyin haritasi.
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Sekil 5. Bazi viicut fonksiyonlarryla ilgili olarak farkli
kanallardan alinan EEG kayitlart (27 yasmdaki
erkek denegin sol kulak iistiinden): a) Yaklasik 1~2
saniye araliklarla dislerin sikilmasi durumu. b)
Diglerin stirekli sikilmasi durumu. c) Gozlerin
araliklarla acilip kapanmasi durumu.

Gelistirilen prototip sistemle insan viicuduna ait bazi
fonksiyonlarin beyinde olusturdugu EEG sinyalleri,
basarili bir sekilde 6l¢iilmiistiir. Daha az sayida kanal
sayisi ile daha hafif olacak sekilde tasarlanacak sistemle
EEG kayitlarinin askeri amaglhi farkli durumlar igin
gelistirilecek deneylerde Slglimlerin alinmasi ve analizi
gelecekte yapilmasi planlanan c¢alismalardir. Ayrica
etkili ve hibrid beyin-bilgisayar arabirimi gelistirme
caligmalarindan basarili sonuglar alimmugtir [16] ve etkili
sistem  gelistirmeye yonelik c¢aligmalar devam
etmektedir. Bu tiir calismalarda uygulamaya 6zel
tasarimin, donanim ve yazilimiyla biitinlesik ve
kullanimi kolay olmasi gerekmektedir. Elektronik
giriltiiniin  azaltilmasi, uygun bir sayisallagtirma,
kablosuz veri iletimi ve mimkiin olan en az giig
sarfiyatimin saglanmasi 6nemlidir.

Beynin elektriksel sinyalleri ya da oksijenlenme
seviyesine yonelik sinyaller; etkili 6znitelik ¢ikarma ve
yiiksek basarimli hizli siniflandirma algoritmalariyla
islenerek personelin durumuyla ilgili bilgi vermesi gorev
performansinin takibi agisindan 6nem arz etmektedir.
Askeri bagliga monte edilebilecek elektrotlarla fazla gii¢
harcamayan hafif ve giyilebilir cihazlarla beyin
sinyallerinin gerektiginde izlenmesi ve kablosuz olarak
gonderilmesi miimkiindiir. Bu sekilde tek er seviyesinde
personel takibi, ugus gibi dikkat gerektiren hassas
gorevin yiriitilmesi ve nisancilik egitimine benzer
konularda zihinsel fonksiyonlar anlik izlenebilecektir ve
bdylece basarinin yiikseltilmesine katki saglanabile-
cektir.
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Zemin-Su Gegis Karakteristik Egrileri I¢in Bir
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oz

Zemin-su karakteristik egrisinin (ZSK egrisi) histeretik dogasi, deneysel veya literatiirdeki uyum denklemleri ile elde edilebilen
bakir 1slanma (su tutma) ve bakir kuruma egrilerinin bir rejimden digerine gegis sirasindaki olasi tiim degerleri sinirladig1 varsayimi
yapilarak elde edilmistir. Bakir ZSK egrileri arasindaki rejim degisimleri olan gegis egrileri geometriye dayali iliskilerle elde
edilmistir. Bu iliskiler literatiirde verilmis cesitli deney datasinin sekilleri gozlemlenerek elde edilmistir. Onerilen iliskiler
infiltrasyon ve buharlasma gibi olaylar ile ilgili fiziksel problemlerin modellenmesinde artimli olarak kullanilabilir. iliskilerde

verilen K parametresi i¢in ampirik bir denklem Onerilmistir. Boylece gelistirilen denklemler ile sadece bakir kuruma ve 1slanma
ZSK egrileri ve rejim gecis noktas: kullanilarak gegis egrileri modellenebilir.

Anahtar Kelimeler: Zemin-su karakteristik egrisi, su tutma egrisi, gecis egrisi, histeresis.

A Formulation for Scanning Soil-water Characteristic
Curves

ABSTRACT

The hysteretic nature of soil water characteristic curve (SWCC) is captured assuming the virgin drying and virgin wetting (a.k.a.
imbibition) curves; which can be obtained from experiments or various fitting equations in the literature, bound all possible values
during transition from one regime to the other. The scanning curves (transitions between virgin wetting and drying SWCC) are
modelled by using geometry-based relations, which are devised by means of the observations on the shapes of graphs of
experimental data found in the literature. The proposed relations can be used in incremental form to predict suction in different
frameworks (e.g. infiltration, evaporation) and related physical problems. An empirical equation is proposed for power parameter
(K), which is introduced in the relations. Only virgin wetting and virgin drying SWCCs and regime reversal point suffice to model
a scanning curve in the developed formulations.

Keywords: Soil-water characteristic curve, retention curve, scanning curve, hysteresis.

1. INTRODUCTION

The relationship between the soil water pressure
(suction) and water content is described by soil-water
characteristic curve (SWCC) (also called ‘“retention
curve”) for partly saturated soils. One of the most
significant features of the SWCC is its hysteretic
behaviour (Fig.1). The drying path (e.g. decrease of water
content, usually due to evaporation) differs from the
wetting path (e.g. increase of water content due to
imbibition or infiltration). Experimental studies have
shown closed hysteresis loops emerge between wetting
and drying branches of the SWCC during variation of
water content [1,2,3,4,5,6]. These transition curves are
called scanning curves. The hysteretic nature of SWCCs
complicates modelling of various unsaturated soil
mechanics problems since there can be endless number
of possible transition paths between virgin drying and
virgin wetting curves depending on the wetting-drying
history, initial water content and soil type.

*Sorumlu Yazar (Corresponding Author)
e-posta : melih.kenanoglu@metu.edu.tr

901

Hysteresis models were proposed in the literature in order
to trace scanning curves [7,8]. In this study, novel
formulations for scanning curves were developed in the
incremental form.

o virgin drying curve
Outmted | | L
o 040 [emrapped air T~
5 —_— 3 wetting & drying
z ===} S~ . h o
g 030 \\—“ \\ / scanning curves
5 N
=\ D
_—
2 020 ) S \\ S
2 el | —
S - | T —
0.10 virgin wetting curve
000
1 10 100 1000

soil suction, y (kPa)

Figure 1. Schematic illustration hysteretic nature of SWCC and
scanning curves.
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2. FORMULATION

The hysteretic nature of SWCC is captured assuming
virgin drying and virgin wetting curves (which can be
obtained from experiments or various fitting equations in
the literature) bound all possible values following regime
reversals. Two seperate formulas (one for drying and
another for wetting) were developed for modelling of
scanning soil-water characteristic curves. Formulas were
developed by interpolation of a power of volumetric
water content ratios over ratios of logarithms of suction,
devised from the observations on the shapes of graphs of
experimental data (Equ. 1).

a cfe “

M

b dif
The point of regime reversal and a ultimate point
constitute the extent of a scanning curve. The residual
state of soil water is considered as ultimate point in case
of drying; however, entrapment of air complicates
defining a ultimate point during wetting. The ultimate
point, which is between the saturated water content of
virgin drying and maximum water content of virgin
wetting SWCC, is determined by interpolation between
these water content values of zero suction, based on
regime reversal water content (Equ. 2).

0.—0
0 — 9 sat max,w 8 _ 0
max max,w + gsat _ gres ( T res) 2

where, Omax is the maximum volumetric water content of
wetting scanning curve, Omaxw IS the maximum
volumetric water content of the virgin wetting curve, Gsa
is the drying saturated volumetric water content of the
virgin drying curve, 6 is the residual volumetric water
content and &y, is the value of volumetric water content at
the begining of this cycle of wetting.

For each point on the scanning curve, the suction values
on the virgin drying and virgin wetting SWCC
correspond to preceding and current water content are
determined. Unknown suction value for current water
content should lie in between these suction values and
following relations are devised. The proposed relations
are given in the form such that subscript j refers to
temporal variation. In the following Fig.2 variables of the
developed relations are illustrated.

The relation of scanning curve in the direction of wetting

is given in equation [3].
0.-0) (p
max — 7j |Og W_iv (3
gmax _0j—1 Vi )

Iog[l/livlj
w l//l'*1
log(y;) =log (v ) + ——

IOQ[TJ
where, log(%)) is the logarithm of unknown suction value
at present, log(¥") is the logarithm of corresponding
value of suction on virgin wetting curve for 6;, %1 is the

Via

value of suction at previous time step, ¥%.1 is the
corresponding value of suction on virgin wetting curve
for 6.1, W41 is corresponding value of suction on virgin
drying curve for, 6.1 ,6max is ultimate wetting saturated
water content and it can be determined by using equation
[2], 6;is the water content at present condition, 6.1 is the
water content at previous condition, ¥4 is the
corresponding value of suction on virgin drying curve for
6;, ¥"; is the corresponding value of suction on virgin
wetting curve for 8; and K is the power-type parameter,
which controls the flatness of the scanning curve. It
should be noted that virgin drying and virgin wetting
curves can be in the form of retention curve equations
such as Van Genuchten (1980), [9].

832[
0 Busax
I, w [—
e

z f a (01, Fi1)

E [} —

: N

s C

< 64

g N

=

E N

E Orr

= T~

S O

LT RIS SRS
(a) matric suction
(01, )
£
£ B =
s d
5 ¢ a
" gl
£ d
=
g il ™~
§ Ores r—
R PR I (R SRS
® matric suction

Figure 2. Schematic illustration of variables used in the
formulations for wetting (a) and for drying (b).

Similarly, the scanning curve equation in the direction of

drying is given equation [4].
0.-0. ) (v
i~ Yres IOg l//_\]N (4
aj—l _eres Vi )

d

Via
log(y;) =log (v} )-——
2.1. Calibration of Proposed Hysteresis Model
Proposed scanning curve equations are fit onto
experimental data found in the literature, using the power
(K) as fitting parameter (Fig. 3-14). Least square

Via
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regression method was used

in the calculations.

Coefficient of determination (R?) values were determined
by setting logarithm of suction values as independent
variable in the regression analysis.
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Figure 3. The proposed hysteresis model for a scanning loop
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(experimental data from [10]), the R? values for
drying and wetting scanning curves are 0.890 and
0.917, respectively.
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Figure 4. The proposed hysteresis model for a scanning loop
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(experimental data from [4]), the R? values for
drying and wetting scanning curves are 0.924 and
0.993, respectively.

*

>

] *
virgin drying VG fit
a=38.4, n=4.6, m=1619.3
virgin wetting VG fit n
a=6.1, n=3.8, m=2.1

virgin drying A

oy

virgin wetting n A
drying I scanning A
drying 1I scanning b 4
drying I scanning model,
K=5.7

drying II scanning model,
K=17.6

matric suction (kPa)

Figure 5. The proposed hysteresis model for drying scanning

curves (experimental data from [11]), the R? values
for drying | and drying Il scanning curves are 0.970
and 0.992, respectively.
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Figure 6. The proposed hysteresis model for wetting scanning
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curves (experimental data from [12]), the R? values
for wetting | and wetting Il scanning curves are 0.889
and 0.956, respectively.
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Figure 7. The proposed hysteresis model for a scanning loop

(experimental data from [13]), the R? values for
drying and wetting scanning curves are 0.980 and
0.991, respectively.
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Figure 8. The proposed hysteresis model for a scanning loop

(experimental data from [14]), the R? values for
drying and wetting scanning curves are 0.956 and
0.923, respectively.
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curves (experimental data from [15]), the R? values
for drying I and drying Il scanning curves are 0.935
and 0.822, respectively.
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curves (experimental data from [16]), the R? values
for wetting 1, wetting Il and wetting Il scanning
curves are 0.958, 0.955 and 0.971, respectively.
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Figure 11. The proposed hysteresis model for scanning loop

(experimental data from [17]), the R? values for
drying |, wetting | and drying Il scanning curves are
0.860, 0.908 and 0.901, respectively.
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Figure 13. The proposed hysteresis model for scanning loop

(experimental data from [17]), the R? values for
wetting | and drying | scanning curves are 0.979
and 0.838, respectively.

0.9 T
w g 0
08 Bt e
+ virgin drying \“ s b
0.7 -
£ 0 = virgin wetting e ]
"E & drying scanning '.
205 ) ‘
% ® wetting scanning ' %
0.4 L]
g ) drying scanning model, .‘
203 K=20.9
= wetting scanning model, .
0.2 K=3.5
- virgin drying VG fit
a=2.0, n=18.1, m=03 .
0.1 virgin wetting VG fit - .
" a=1.3, n=9.0, m=0.7 8
0.1 1 10

matric suction (kPa)
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(experimental data from [18]), the R? values for
drying and wetting scanning curves are 0.979 and
0.934, respectively.
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(experimental data from [10]), the R? values for

K=0.825, K=1.65, K=3.3, K=6.6 and K=13.21

are 0.548, 0.867, 0.980, 0.875 and 0.648,

respectively.

The sensitivity of scanning curves to the power parameter
K is investigated (Fig. 15). The variation of the power
parameter, K only marginally changes the shape and
accuracy of the generated scanning curves.

2.2. An Empirical Equation For Parameter K

The power parameter, K in the relations appears to
depend on various properties, such as regime (drying or
wetting), soil type and regime reversal water content (0y).
A relationship was found between the K and the ratio of
the difference between 6, and the initial value of water
content on the virgin curve of that regime direction (e.g.
Ores for wetting and s for drying) to the entire water
content range of that virgin curve. An empirical equation
based on this relationship was proposed to estimate K
parameter for given soil (Fig. 16, Equ. 5-a for wetting
regime and Equ. 5-b for drying

200 1 * e
2.219(ratio) 2% B wetting
s R> = 0.849
g
< 100 - K = 1.537(ratio)9-°1?
< R?=10.723
5.0 4
[]
]
0.0

000 010 020 030 040 050 060 0.70 0.80

ratio of differences in specified water contents

Figure 16. Proposed empirical equations for parameter K.

9 9 -0.919
K =1.537| —res (5-a)
max,w eres
9 8 -0.989
K =2.219[ sat ) (5-b)
Hsat T Ules

regime). Therefore, proposed scanning curve equations
only require the two virgin soil-water characteristic
curves and regime reversal water content value.

2.3. Validation

The proposed scanning curve equations (Equ.3, Equ.4,
Equ.5-a, Equ.5-b) were validated by employing
empirical equation for K parameter to fit experimental
data. R? values of both least square fitting and empirical
equation based fitting were listed in Table 1. It is seen
that results are very close to each other in general.

Table 1. Comparison of R? values of least square fitting and
empirical equation based fitting.

Reference Regime R? value R? v_a_lue
(least square) | (empirical)
Fig.3, [10] Wetting 0.917 0.897
Fig.3, [10] Drying 0.890 0.875
Fig.4, [4] Wetting 0.993 0.993
Fig.4, [4] Drying 0.924 0.924
Fig.5, [11] Drying | 0.970 0.969
Fig.5, [11] Drying Il 0.992 0.991
Fig. 6, [12] Wetting | 0.889 0.748
Fig. 6, [12] Wetting 11 0.956 0.941
Fig.7, [13] Wetting 0.991 0.990
Fig.7, [13] Drying 0.980 0.951
Fig.8, [14] Wetting 0.923 0.897
Fig.8, [14] Drying 0.956 0.901
Fig. 9, [15] Drying | 0.935 0.933
Fig. 9, [15] Drying Il 0.822 0.724
Fig.10, [16] | Wetting | 0.958 0.858
Fig.10, [16] | Wetting Il 0.955 0.822
Fig.10, [16] | Wetting IlI 0.971 0.946
Fig.11, [17] Drying | 0.860 0.859
Fig.11, [17] | Wetting | 0.908 0.899
Fig.11, [17] Drying Il 0.901 0.901
Fig.12, [17] | Wetting | 0.929 0.926
Fig.12, [17] Drying | 0.787 0.780
Fig.12, [17] | Wetting Il 0.899 0.884
Fig.13, [17] | Wetting | 0.979 0.951
Fig.13, [17] Drying | 0.838 0.728
Fig. 14, [18] Drying | 0.979 0.905
Fig. 14, [18] | Wetting | 0.934 0.933

3. CONCLUSION

A formulation for scanning curves was developed, based
on interpolation over logarithmic scale of suction and a
variable exponent (K) of water contents. An empirical
equation for K was devised, based on calibration against
experimental data found in several sources from the
literature. Consequently, only virgin wetting and virgin
drying SWCCs and the point of regime reversal suffice
to define the scanning curve. Equations [2], [3] and [5-a]
can be merged to model wetting regime scanning curve,
whereas equations [4] and [5-b] together define the
drying scanning curve. The proposed relations can be
used in incremental form to predict changing suction in
different frameworks (e.g. elastoplastic constitutive
models, infiltration and evaporation models) and related
physical problems.
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Soguk Metal Transfer1 ile Birlestirilen AA5754
Alasimi Ince Saclarin Korozyon Davranisi

Arastirma Makalesi / Research Article

Hiilya DURMUS!, Nilay COMEZ?*
L. 2Miihendislik Fakiiltesi, Metalurji ve Malzeme Miih. Béliimii, Manisa Celal Bayar Universitesi, Tiirkiye
(Gelis/Received : 17.08.2017 ; Kabul/Accepted : 02.10.2017)
oz
AA5754 aliiminyum alagimi, otomobillerin i¢ ve dis panellerinde yaygin olarak kullanilmaktadir. Bu c¢aligmada, soguk metal
transferi (CMT) ile birlestirilen 2 mm kalinligindaki AA5754 levhalarin, kaynak islemi sonrasi korozyon hizinin arastirilmasi
amaclanmistir. Kaynak islemi ER5356 dolgu teli kullanilarak 73.97, 86.18, 108.99 J/mm 1s1 girdisi degerlerinde

gergeklestirilmistir. Is1 girdisinin korozyon hizina etkisi Tafel ekstrapolasyon yontemi ile belirlenmistir. Is1 girdisinin artmasiyla
korozyon hizinin arttigr tespit edilmistir. Korozyona ugramus yilizeyler taramali elektron mikroskobu (SEM) ile incelenmistir.

Anahtar Kelimeler: AA5754, CMT kaynagi, korozyon.

Corrosion Behavior of AA5754 Thin Sheets Welded
with Cold Metal Transfer Method

ABSTRACT

AA5754 aluminium alloy are widely used in outer and inner panels of automobiles. Present study aimed to investigate the corrosion
rate of cold metal transfer (CMT) welded 2 mm thick AA5754 sheets. Welded sheets were produced with 73.97, 86.18, 108.99
J/mm heat input values using ER5356 filler wire. Effect of heat input on corrosion rate was determined by Tafel extrapolation
method. It was determined that corrosion rate increased with increasing heat input. Corroded surfaces were viewed by SEM.

Hardness test was applied and maximum hardness values were observed in weld metal.

Keywords: AA5754, CMT welding, corrosion
1. GIRIS (INTRODUCTION)

Daha az yakit tiiketen ¢evre dostu araclar giderek énem
kazanmaktadir. Bu gelismeyi takiben, otomotiv
iireticileri otomobillerin agirligint azaltmak i¢in yogun
¢aba harcamaktadirlar [1, 2]. Son zamanlarda, 6zellikle
otomobil endiistrisinde AAS5754 aliiminyum alagimu,
hafifligi, yiiksek 0zgiill mukavemet ve kolay geri
doniigiim avantajlarindan dolayr araglarin agirhigini
azaltmak i¢in yaygin olarak kullanilmaktadir [2, 3, 4].

Otomotiv endiistrisindeki hizli gelismeler, ince saclardan
olusan hafif yapilarin mekanik 6zelliklerini iyilestirmek
icin yeni kaynak yontemlerine olan ihtiyact da
artirmaktadir [S]. Gilinlimiizde, ince saclarin kaynagi i¢in
soguk metal transferi (CMT) kaynagi, AC darbeli ark ve
darbeli ¢ift elektrot ark kaynagi gibi ydntemler
onerilmektedir  [6]. CMT  yontemi, otomotiv
endiistrisinde (KIA, Opel, Volkswagen, Ford, BMW ve
Volvo) ve havacilik endiistrisinde yogun olarak
kullanilmaktadir, ¢iinkii diisiik 1s1 girdisi ile farkli
metallerin ve ince saclarin estetik bir goriiniime sahip
olacak sekilde birlestirilmesine olanak tanimaktadir [7,
8]. CMT prosesi diisiik akim, diislik voltaj ve diisiik 1s1
girdisi ile karakterize edilmektedir ve kisa devre

*Sorumlu Yazar (Corresponding Author)
e-posta : nilay.comez@cbu.edu.tr

(daldirma-dip transferi) modunda ¢aligmaktadir. Bununla
birlikte malzeme transferi, daldirma transfer modunda
elektriksel olarak kontrol edilirken, CMT prosesinde
mekanik olarak desteklenen yontemin yani sira hem kisa
devrenin baglatilmast hem de siiresi ile kontrol
edilmektedir. CMT yonteminin geleneksel gaz metal ark
kaynagindan en 6nemli farki kaynak isleminin tamamen
dijital kontrollii olmasidir [9, 10].

Cesitli kaynak yontemleriyle birlestirilen AAS5754
alasiminin  mekanik ozellikleri literatiirde pek ¢ok
arastirmaci tarafindan incelenmistir [11, 12, 13]. Bununla
birlikte AA5754 alagiminin kaynak islemi sonrasi
korozyon davranmigindaki degisim hakkinda literatiirde
siurlt sayida bilgi bulunmaktadir. AA5754 aliiminyum
alasiminin  korozyon oOzellikleri hakkindaki mevcut
calismalar genellikle alasimin kaynaksiz durumuna aittir.
Ornegin, Halambek ve ark. (2013), inhibitér Laurus
nobilis L. yaginin, %3 NaCl soliisyonunda AA5754
aliminyum alagiminin korozyonu iizerindeki etkisini
arastirmislardir [14]. Afseth ve ark. (2001), AA5754
alasiminin korozyon davranisi lizerine yiiksek sicaklikta
1s1l islem ve yiizey iyilestirmenin etkisini incelemislerdir
[15].

Kaynak igleminin, olusan baglantinin korozyon
davramigini etkiledigi bilinmektedir. Bu ¢alismada, CMT
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kaynak parametrelerinin AA5754 alagiminin korozyon
davranigi lizerindeki etkisi incelenmistir.

2. MATERYAL VE METOD (MATERIAL and
METHOD)

2 mm kalinliginda AA5754 (Cizelge 1) levhalar, alin
pozisyonda soguk metal transfer kaynag ile Cizelge 2°de
verilen parametrelerle birlestirilmistir. Kaynak iglemi
icin 1.2 mm capinda ER5356 (Cizelge 1) dolgu teli
kullanilmistir.

Numuneler parlatildiktan sonra mikroyapisal incelemeler
icin  Weck’s c¢ozeltisiyle daglanmistir. Mikroyapi
goriintiileri Clemex yazilimi kullanilarak Nikon Eclipse
LV150 optik mikroskop ile ¢ekilmistir. CMT kaynakl
AAS5754 aliminyum alagimlarinin oda sicakliginda
agirlikga %3.5°lik NaCl ¢ozeltisindeki elektrokimyasal
korozyon hizi, Tafel ekstrapolasyon yontemi ile AutoLab
korozyon test cihazt kullanilarak belirlenmistir.
Korozyon testinden dnce, diiz bir yiizey elde etmek igin
kaynak dikisleri zimparalanmustir.

3. BULGULAR VE TARTISMA (FINDINGS AND
DISCUSSION)

3.1. Mikroyapi incelemeleri (Microstructural
Investigations)

55-A  ve 55-C  numunelerinin  kaynak  dikis
geometrilerinin verildigi Sekil 1, 1s1 girdisinin kaynak
dikis  boyutuna  etkisini = gOstermektedir.  55-C

numunesinde, kaynak dikisi genisligi ve yiiksekligi 55-A
numunesine kiyasla daha fazladir.

Sekil 2°de kaynakli birlestirmelerin ve AAS5754 ana
metalinin mikro yapist goriilmektedir. Kaynak metali
(KM)/ ana metal arayiizleri (Sekil 2a ve 2b), AA5754 ana
metali (Sekil 2¢) ile karsilastirildiginda AA5754 ince
saclarmin CMT kaynagi sonrasinda 1s1 tesiri altindaki
bolgede tane kabalagsmasi gézlenmemistir.

1450 pm

6261 pm
¥ i

1904 pm

3405 pm
Sekil 1. Kaynak dikisi geometis: a) 55-A, b) 55-C (Weld bead
geometry: a) 55-A, b) 55-C)

Kaynak metalinde az miktarda gozenek olusumu
gozlenmistir (Sekil 3). Gozeneklilik, hidrojenin siv1 ve
kat1 haldeki aliiminyum igerisindeki ¢Oziiniirliigiinde
meydana gelen biiylik degisimden kaynaklanir ve
aliminyum alagimlarinin  kaynaginda yaygin bir
sorundur. Hidrojen ergimis haldeki aliiminyumda yiiksek
bir ¢oziniirliige sahipken, ¢Oziliniirliik katilagsma
olustugunda 20 kat azalmaktadir [16, 17, 18]. AA5754
ana malzemesinden alinan EDX analizinde, intermetalik
pargacigin Al-Fe-Mn ve eser miktarda Si igerdigi
goriilmistir (Sekil 3).

Sekil 2. Mikroyap: goriintiileri: a) 55-A, b) 55-C, c) AA5754
ana malzemesi (Images of microstructure: a) 55-A, b)
55-C, ¢) AA5754 base metal )
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Cizelge 1. AAS5754 alasiminin ve ER5356 kaynak telinin kimyasal kompozisyonu (% ag.) (Chemical compositions of
AA5754 base metal and ER5356 filler wire (wt. %))

Element Mg Si Cr Cu Fe Zn Mn Ti Al
AA5754 | 3.14 | 0.22 - - 0.35 - - - Rest
ER5356 5 0.1 <0.07 | <0.01 | <0.2 | <0.03 | <0.1 | <0.06
Cizelge 2. Kaynak parametreleri ve 1s1 girdisi (Welding parameters and heat input)
Numune Akim (A) Voltaj (V) | Kaynak hizi (m/min) | Isi girdisi (J/mm)
55-A 103 13.3 1 73.97
55-B 114 14 1 86.18
55-C 87 11.6 0.5 108.99
z
1E8 a
" ! 4I]:“:temial ap:;\iﬁed ) o o ’
Element wt.%
Al 63.93
Si 0.51
Mn 344 2= i
Fe 3211 g
Total:  100.00 g
Sekil 3. 55-B numunesinin SEM goriintiisii ve intermetalik .
fazin EDX analizi (SEM image of 55-B and EDX s i
analysis of intermetallic phase) b
3.2. Korozyon Hiz1 (Corrosion Rate) . I | : ‘
AAS5754 gibi 5xxx serisi alagimlarinda ana metal, kismi Potential appliad (V)
ergime bolgesi ve ergime bolgesi boyunca meydana } ‘ ' ' '
gelen kompozisyon gradyanlart demir ve mangan gibi
yiiksek ergime noktasina sahip safsizliklarin, yeni olugsan oo
kati kaynak metalinden, katilagmanin baslangicindaki
ergiyige dogru itilmesinden kaynaklanmaktadir. Bu 2
durum, alagimin korozyon davranisini degistirmektedir g | |
[19]. ;:J
- g
12 M korozyon hizi 200
_ 09 M isi girdisi €
N .9 £ =
cSos - 100 = c
> U. ~
ST m 7397 W 868 @ . e =
S E 0.3 -g Potential applied (V)
S, 00 ik |, | Sekil 5. AAS754 kaynakls baglantilarimin Tafel erileri (Tafel
- plots of AA5754 joints)
55-A 55-B 55-C

Sekil 4. CMT kaynakli AAS5754 alasimlarinin 1s1 girdisi-
korozyon hizi iligkisi (Heat input-corrosion rate
relation of CMT welded AA5754 alloy)

Korozyon hizi ve 1s1 girdisi arasindaki iliski Sekil 4'te
verilmektedir. Buna gore artan 1s1 girdisinin korozyon
direncini azalttig1 goriilmektedir. En diisiik korozyon hizi
55-A numunesinde tespit edilirken, en yiiksek 1s1 girdisi
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ile tretilen 55-C numunesinde bu deger 1 mm/yil
degerini agmustir.

Tafel egrileri incelendiginde (S$ekil 5), 55-A ve 55-B
numunelerinin  korozyon akim degerlerinin 55-C
numunesinden daha diisiik oldugu belirlenmistir. Bu

durum, korozyon hizinin da daha diisiik olacagina isaret
etmektedir [20].

AA5754

IYTEMAM

Sekil 6. 55-B numunesinin korozyona ugrayan yiizeyi
(Corrosion surface of 55-B)
AA5754 ana malzemesinde meydana gelen korozyon
cukurcuklarinin, Sekil 3’te EDX analizi yapilan
intermetalik parcaciklar etrafinda meydana gelmesi
beklenmektedir. Bununla birlikte, korozyonun tane
sinirlarinda meydana geldigi tespit edilmistir (Sekil 6 ve
Sekil 7). Magnezyum igeriginin % 3—4’i gectigi Al-Mg
alasimlarinda, B (AI8Mg5 ya da AlI3Mg2) faz,
aliminyumca zengin o fazimin tane sinirlarina kiigiik
araliklarla siirekli bir ag olusturarak ¢okelme
egilimindedir. Ozellikle alasgimin 400 °C iizerindeki
sicakliklardan yavas olarak sogumasi, diger bir deyisle
uzun siire 1stya maruz kalmasi, p fazinin tane sinirlarina
¢okelmesini tetiklemektedir. B fazi, kendisini ¢cevreleyen

o fazma gore elektrokimyasal olarak daha anodiktir ve
deniz suyu gibi korozif ortamlarda secgici korozyona
ugramaktadir [14, 21, 22, 23, 24]. Ozellikle 1s1 girdisinin
yiksek ve kaynak dikisinin genis oldugu 55-C
numunesinde, Mg icerigi AA5754 ana malzemesine gore
daha yiiksek olan kaynak telinde, katilasma esnasinda
anodik karakteristige sahip  fazinin daha fazla ¢okelmis
oldugu disiiniilmektedir. Dolayisiyla, artan 1s1 girdisiyle
genisleyen kaynak dikisi, korozyon ol¢iimii yapilan
alandaki B fazi miktarmi artirmaktadir ve yiiksek 1s1
girdisi bu fazin ¢okelmesi igin gerekli sicaklik
kosullarmmin  daha uzun siireli etki etmesini
saglamaktadir. Buna bagli olarak da 55-C numunesinde
korozyon hizinin arttig1 tahmin edilmektedir. Sekil 7a’da
55-C numunesinin korozyona ugrayan yiizeyinde ¢ok
sayida cukurcuk olustugu  goriilmektedir. 55-A
numunesinin hem kaynak dikisi daha dardir (Sekil 1)
hem de diisiik 1s1 girdisi sebebiyle daha az B faz1
cokelecegi diistiniilmektedir. Bunun yami sira kaynak
1s1s1 diisiik oldugunda katilasma da nispeten hizli
gercekleseceginden, kaynak metalinde korozyon
davranisini olumsuz yonde etkileyen mikrosegregasyon
olusumu da azalacaktir. Bu sebeplerden dolayr 55-A
numunesinde korozyon hizi ¢ok distiktiir.

H- Korozyon

cukurcuklari

AA5754

0 | BSEL )00 x | 82.9 ym | 10.9 mm | 4.48e-4 Pa

Sekil 7. 55-C numunesinin korozyona ugrayan yiizeyi: a)
KM/AAS5754 ana malzemesi arayiizeyi, b) kaynak
metali (Corrosion surface of 55-C: a) interface of
weld metal/AA5754 base metal, b) weld metal)

5. SONUCLAR (CONCLUSIONS)

2 mm kalinhigindaki AAS5754 alasimindan levhalarin
CMT kaynagi tam niifuziyet saglanarak basarili bir
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sekilde gerceklestirilmistir. Kaynak metalinde az
miktarda gézenek olusumuna rastlanmistir. Is1 girdisinin
yiikselmesi ile kaynak dikisinin boyutu artmistir. Artan
1s1 girdisi, kaynakli baglantinin korozyon direncini
azaltmistir. AAS5754 alasiminin kaynak islemi sonrasinda
yeterli korozyon direncine sahip olabilmesi i¢in 85 J/mm
1s1  girdisinin  altindaki  degerlerde  birlestirilmesi
onerilmektedir. Ayrica korozyon dayanimimi azaltan f
faz1 olusumunun sinirlandirilmasi i¢in Mg icerigi daha
diisik olan kaynak tellerinin kullamimi tavsiye
edilmektedir.
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ABSTRACT

The gas generated by anaerobic fermentation of organic wastes is called biogas. Since it contains methane, it can be burnt and so
it can be used as an alternative energy source. The production of biogas is an anaerobic treatment process, it is important to
understand the basic biochemistry and microbiology of anaerobic systems. This study demonstrates the kinetic study to find out
the best microbial kinetics which will be necessary for the design of an anaerobic fermenter. For this purpose, chicken manure and
chicken manure with inoculation culture were used. Experiments were operated under mesophilic conditions in laboratory type
glass fermenters each having a volume of ten liters.

Keywords: Biogas, renewable energy, chicken manure, microbial kinetics.

Tavuk Giibresi Kullanilarak Biyogaz Uretiminde
Kinetik Calismalar

oz
Organik atiklarin anaerobik fermentasyonu ile olusan gaza biyogaz denir. Biyogaz, metan i¢erdiginden yanabilir ve alternatif bir
enerji kaynagi olarak kullanilabilir. Biyogaz iiretimi bir anaerobik aritma siirecidir, anaerobik sistemlerin temel biyokimyasini ve

mikrobiyolojisini anlamak dnemlidir. Bu ¢alisma bir anaerobik fermentoriin tasarimi i¢in gerekli olan en iyi mikrobiyal kinetigi
bulmak i¢in kinetik ¢alismay1 gostermektedir. Bu amagla, as1 kiiltiiri ile tavuk giibresi ve tavuk giibresi kullanilmistir. Deneyler,

her biri on litre hacimli laboratuvar tipi cam fermenterlerde mezofilik kosullar altinda ¢alistirilmusgtir.

Anahtar Kelimeler: Biyogaz, yenilenebilir enerji, tavuk giibresi, mikrobiyal kinetik

1. INTRODUCTION

The energy crisis in the last years resulted in the growth
of researches and applications on the new energy sources.
So, for the past two decades, many researches have been
studied rapid depletion of fossil fuel resources and
gradual climate changes resulted from excessive
greenhouse gases emissions have increasingly attracted
people’s attention, worldwide [1]. In today’s energy
demanding life style, need for exploring and exploiting
new sources of energy which are renewable as well as
eco-friendly is a must [2]. Biogas production and
utilisation is an emerging alternative energy technology
[3]. Biogas is produced in different environments, e.g., in
landfills, sewage sludge and biowaste digesters during
anaerobic degradation of organic material [4]. Anaerobic
digestion converts plant biomass, crop residues, animal
manures, and other organic wastes into methane-rich
biogas, which is widely used as a source of renewable
energy [5]. Methane, which is the main component of
biogas, is a valuable renewable energy source, but also a
harmful greenhouse gas if emitted into the atmosphere.

*Sorumlu Yazar (Corresponding Author)
e-posta : ahulukardesler@gmail.com

Methane, upgraded from biogas, can be used for heat and
electricity production or as biofuel for vehicles to reduce
environmental emissions and the use of fossil fuels [4].

Biogas generally contains between 40% and 70%
methane, with the balance of the gas consisting of carbon
dioxide and anywhere from 100 to more than 3000 ppmv
of hydrogen sulphide (H2S). Owing to the high levels of
methane, biogas can be used as a heating fuel, and can
even be used in an engine to generate electricity [6]. This
process can be carried out at two different temperature
ranges, namely mesophilic (35-40°C) and thermophilic
(55-60°C) [7]. Conventional anaerobic digestion is
carried out at mesophilic temperatures, that is, 35-37°C.
Although thermophilic temperature range is worth
considering because it will lead to give faster reaction
rates, higher gas production, and higher rates of the
destruction of pathogens and weed seeds than the
mesophilic temperature range, it is more sensitive to
environmental changes than the mesophilic process [8].

In order to fully model the anaerobic digestion process,
the kinetics of bacterial growth, substrate degradation
and product formation have to be taken account [9].
Markowski et al., used the Monod approach to find the
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optimal diameter of the two cylinder-separated stages of
the reactor that maximizes the amount of biogas
produced per unit of time [10]. Mathematical model
based on the kinetic parameters obtained from the growth
kinetics of separated acidgenic and methanogenic
bacterial consortia has been developed by Biswas et al.
[11]. Some researchers studied the chemical kinetics of
the biogas production. Yusuf and Ify developed the
chemical kinetics of biogas yield from the co-digestion
of cow dung and water hyacinth. The use of first order
kinetics and maximum biogas yield in reactor design may
compliment other design approach available in literature
[12]. Kinetic modeling revealed the reaction to generally
proceeds by first order Kinetics with respect to the
substrate concentration was studies by Abdullahi et al.
They obtained that, rise in both temperature and seeding
parameters enhanced biogas production, with
temperature effect outweighing by at least 25 % [13]. For
the biogas fermentation co digestion salvinia molesta and
rice straw in a batch anaerobic digesters at mesophilic
range, Cone model was used to design the anaerobic
batch digester volume and develop the kinetic model of
volatile solid degradability rate by Syaichurrozi [14].

In present study, biogas production from chicken manure
was investigated. Microorganism growth kinetics and
substrate consuming and gas production rates should be
determined to design an anaerobic fermenter. So, in order
to obtain kinetic model of the microorganisms, the results
of the experiments done with chicken manure and
chicken manure with inoculation culture were tested to
the six different microbial kinetics indicated in literature.
The best fitted model relating the specific growth rate of
microorganisms was determined by using nonlinear
regression method.

2. MATERIAL and METHOD

The laboratory set up is consisted of a rectangular prism
heating room, control elements and fermenters. An
agitation system has two electrical motors and
constructed to mix the fermenter contents. The
compositions of the produced biogas was measured using
infra-red gas analyzer purchased from Geotechnical
Instruments, U.K. The details of the experimental set-up
can be found in literature [15,16].

During the experiments chicken manure and chicken
manure mixed with inoculation culture was used as
organic matter. Inoculation culture was maintained from
an anaerobic wastewater treatment system of a yeast

factory in 1zmir. The amount of produced biogas and its
compositions were recorded daily. By this way, the
produced biogas amount in grams were calculated with
respect to time. Standard methods given in literature [17]
were used to calculate the initial substrate (Sp) and
microorganism (Xg) amounts, as the organic contents of
solid waste and inoculum sludge. The operating
conditions and the calculated values was given in Table
1.

3. KINETIC STUDY (MICROORGANISM
GROWTH KINETICS)

There exist two ways to investigate the kinetics of
microorganisms growth. First one is measuring the
substrate concentrations during experiment [18].
However, measuring substrate concentration is bothering
and requires long time. Second way is measuring the gas
production rates during experiments. This method is
easier then the first one and also measuring time is shorter
[16]. Firstly material balances should be written around
the batch fermenter.

Microorganism Balance: Accumulation=Net growth;
dX/dt =uX (1)
Substrate Balance: dS/dt =—consumed (2)

Substrate consumption rate can be written using the
growth yield constant for microorganisms as follows:

dS pX
= 3)
dt Y
Then by using Equations 1 and 3
Y = _d_x (4)
ds
is obtained.

After Equation (4) is integrated using initial conditions
and applying total material balance, Equation (5) is
obtained. The details of the calculations can be found in
literature [9, 10].

ds dG

—_— =0 —

dt dt
The specific growth rate equations used in modeling
studies are given in Table 2. An example of the procedure
in the development of the mathematical models is given
step by step in [16]. Equation (6) is derived for the mass
gas production rate of Contois Equation and it includes
three kinetic parameters (um, B, K).

(®)

Table 1. Specifications of manure and inoculation culture

. Inoculation Dry Solid Organic Dry Solid
Material Volume (L) (mL) 3(/%) 9 (%)y So(g) | Xo(g)
Chicken 7 - 26.975 337 28177 | -
manure
Inoculation 7 20 10.9 51.42 28177 | 1.121
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1 S —aG)(X. + Yoi manure was calculated using the volumetric gas

d—G = _|:“'m S, —aG)X, oG) (6) production rates for the experiments. Gas production rate

dt Yo| BX;+S,+aG(K-1) (dG / dt) is calculated by taking the first derivative G

using the method of numerical differentiation. The results
Table 2. Specific growth rate (model) and derived equations
Name Model Derived equation
Monod L= S(K +S)71 d_G: “m(so _OCG)(XO +YO +YOLG)
Equation m s dt Ya(K, +S,aG)
Monod
Equation dG 1 M (S _ OLG)

; = K 1 — = | Em0 T b (X, + YoG
With u [HmS( s +S) b] dt YOL|:KS +So oG ( 0 a )

Decay
Rate

Contois W= S(BX + S)_l d_G _ i LSy —aG)(X, + YaG)
Equation m dt  Ya| BX,+S;+aG(K-1)
Contois

Equation dG 1 i (S —aG)

- — -1 — _—— m 0 - b x + Y(X.G
e H=[unS(EX+9) 7 ~b] dt YOL[BXO +S, +aG(K—-1) X, )
Decay
Rate

dG X, +YaG
Substrate -1 m 0
= 1+ (K. /S)+(S/K, —_— =

ihibition | Hull+ (K, 19)+ (STK)] dt Yo, K, N Sy —aG
Substrate
Inhibition B dG 1 m

witn | B=p [+ (K /S)+(S/K)IT=b | —m=T T 5. oG " (Xo +YaG)

1+ S+
pecay S,—aG K,
Rate

4. RESULTS and DISCUSSION

The model equations for gas production for all specific
growth rates presented in Table 2 are derived by using
the same method and can be seen also in Table 2. The
mass of gas produced by the fermentation of chicken

were applied to the model equations presented in Table 2
using nonlinear regression technique and the best fit
model relating the specific growth rate of microorganism
for each waste was determined. The results of the
modeling studies and the kinetic parameters obtained
from the best model equation for the waste are presented

Table 3. The kinetic parameters calculated for the best fit model equations.

Kinetic parameters

Waste Best fit model equation
o Hm B K b Ks Ki
Chicken manure Contois equation with decay rate | 7 | 0.3 | 15 1 0.5 - -
Chicken manure with inoculation Substrate inhibition 0.7 - - - 236.91 | 100
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in Table 3. Figure 1 and Figure 2 shows the results of the
experimental study and model equations for the best
fitted models.

AVI-CT94-0005 entitled on “Integrated Concept For The
Fermentation Of Sewage Sludge And Organic Waste As
A Source Of Renewable Energy And For The Use Of The
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Figure 1. Results of the experimental study and model equation for chicken manure.
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Figure 2. Results of the experimental study and model equation for chicken manure with inoculation rate

5. CONCLUSION

In order to investigate the correlations between substrate
concentrations and gas production rates, the equations
presented in Table 2 were derived. For the organic
matters used in the experiments which were chicken
manure and chicken manure with inoculation culture the
kinetic models were determined. For chicken manure
contois equation with decay rate was obtained as best
fitted model whereas for chicken manure with
inoculation culture substrate inhibition was obtained.
Degree of integration between the experimental and
model results were quite well as shown in Figure 1 and
Figure 2. Also, related Kinetic parameters were
calculated.
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NOMENCLATURE

B coefficient of Contois Equation “)
Ki inhibition coefficient (g/L)
Ks saturation concentration (g/L)
S substrate concentration (/L)
X microorganism concentration (g/L)
Y growth yield of microorganism (9/9)

Greek Letters
u specific growth rate of
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microorganism (day™)
Um maximum specific growth rate (day™)
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ABSTRACT

SnTe thin film layer was fabricated by magnetron sputtering technique on n-Si substrate, and the electrical properties of the
In/SnTe/Si/Ag diode structure was investigated by using temperature dependent forward bias current-voltage (1-V) measurements.
The main diode parameters were calculated according to the thermionic emission (TE) model and they were found in an abnormal
behavior with change in temperate in which zero-bias barrier height (®z,) increases and ideality factor (n) decreases with
increasing temperature. Therefore, the total current flow though the junction was expressed by the Gaussian distribution (GD) of
barrier height. The plot of @z, vs q/2kT showed the existence of inhomogeneous barrier formation and evidence for the application
of Gaussian function to identify the distribution of low barrier height patches. The mean barrier height was found as 1.274 with the
0.166 eV standard deviation. From the modified Richardson plot, Richardson constant was calculated as 119.5A/cm2?K? in very
close agreement with the reported values. Additionally, the effects of the series resistance (Rg) were analyzed by using Cheung’s
function. Distribution of the interface states (D;;) were extracted from the |-V characteristics and found in increasing behavior with
decreasing temperature.

Keywords: Sputtering technique, barrier height, Gaussian distribution, interface states.

In/SnTe/Si/Ag Diyotunda Homojen Olmayan Engel
Yiiksekligi Analizi

SnTe ince film katman1 magnetron sagtrima teknigi ile n-Si alttas lizerine biiyiitiildii, ve In/SnTe/Si/Ag diyot yapisinin elektriksel
ozellikleri, sicaklik bagiml diiz besleme akim-voltaj (1-V) 6l¢timleri kullanilarak incelendi. Temel diyot parametreleri termiyonik
emisyon (TE) modeli temel alinarak hesapland: ve sicaklik artisi ile sifir-potansiyel engel yiiksekliginin (@) artisi ve idealite
faktoriiniin (n) azalis1 gibi ideal olmayan bir davranigta olduklar1 bulundu. Bu nedenle, eklemdeki toplam akim iletimi, engel
yiiksekliginin Gauss dagilimi (GD) ile agiklandi. @y VS q/2kT egrisi, yapidaki homojen olmayan engel olusumunu ve GD
kullanilarak diisiik bariyerli local bolgelerin dagiliminin agiklanabilecegini gosterdi. 0.166 eV standart sapma ile birlikte ortalama
engel yiiksekligi 1.274 eV olarak bulundu. Etkin Richardson egrisinden, Richardson sabiti, literatiirdeki degerlere yakin bir
degerde, 119.5A/cm?K? olarak hesaplandi. Ayrica, Cheung fonksiyonu kullanilarak yapidaki seri direng (Rg) etkisi analiz edildi.
Arayiizey durumlarin yogunlugu (D;,) diyot yapisinin [-V karakteristiginden elde edildi ve azalan sicaklik degerlerine gore artis
yoniinde bir davranis gosterdigi bulundu.

Anahtar Kelimeler: Sacturma teknigi, engel yiiksekligi, Gauss dagilimi, arayiizey durumlari

1. INTRODUCTION (GIRIiS)

In recent years, chalcogenide Sn-based thin film
structures have attracted considerable interest due to their
promising properties in a wide range of device
applications including microelectronics, batteries and
photovoltaics [1, 2]. Especially, these binary IV-VI
compounds have been point of interest due to their
electrical and optical properties. Although there
arestandard current-voltage (I-V) analysis under the
consideration of determining intrinsic and contact

parameters of Si-based diode structures, SnS, SnSe and
SnTe have generated a great deal of interest as an

*Sorumlu Yazar (Corresponding Author)
e-posta : desrayildiz@hitit.edu.tr

important narrow band gap 1V-VI layered compounds
for efficient solar energy conversion through solar cells
[5,6]. According to the concern in supply of constituent
elements in large scale applications, their major
advantage is the abundance of Sn [7]. Among these new
compounds (SnSe and SnS), for efficient solar energy
conversion through solar cells, SnTe have a great
potential in device applications to construct high-
performance, broadband photodetectors with a spectrum
range from ultraviolet to infrared [8]. Although SnTe thin
film layer can be evaluated as a candidate on photovoltaic
device applications with its large photocurrents
responsivity, it has been popular as a topological
crystalline insulator in photodetectors for near-infrared
detection [8-10].
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In this work, SnTe thin film layer was deposited on
mono-crystalline n-Si wafer substrate by magnetron
sputtering technique. Since Si has been widely used in
photovoltaic devices, photodetectors, and imaging
devices, In/SnTe/Si/Ag structure was introduced as a
preliminary step toward forming a SnTe-based diode. In
a better understanding of electrical properties of this
structure, experimental investigation was focused on the
temperature dependence of 1-V characteristics of
In/SnTe/Si/Ag structure.

2. MATERIAL and METHOD (MATERYAL VE
METOD)

The In/SnTe/Si/Ag structure was fabricated by sputtering
of SnTe film layer on 600 pm thick, (111) oriented n-type
(P-doped) crystalline Si wafer with the resistivity value
of 1-10 (Q-cm). Before deposition processes, Si
substrates were chemically etched to remove native oxide
and then rinsed in deionized water. The back ohmic
contact on the Si wafer was formed by elemental Ag
evaporation onto the whole back surface of the wafer and
subsequent annealing treatment at 450°C under the
nitrogen atmosphere. The SnTe film was deposited on n-
Si wafer substrate using RF magnetron sputtering system
from a high-purity SnTe target. During the deposition
process, the substrate temperature was kept constant at
200°C and the deposition rate was controlled at around
1.0 A/s. The rate and thickness values were monitored
and controlled by Inficon XTM/2 deposition monitor and
the final thickness was measured by Vecoo Dektak 6M
thickness profilometer. Atomic composition of the film
layer was determined by Quanta 400 FEG model
scanning electron microscope (SEM) equipped with
energy dispersive X-ray spectroscopy (EDS) system. The
surface morphology of thin films was monitored by
means of AFM analysis using Veeco Multimode V.
Electrical characteristics of the film was evaluated by
using Keithley 2400 sourcemeter to apply bias voltage
and also to measure the resultant current.

In addition, a shadow mask in circular dot contact shape

100°C under the nitrogen atmosphere. The diode
characteristics were analyzed by temperature dependent
I-V using a Keithley 2401 sourcemeter as a
source/measure unit and CTI-Cryogenics Model 22
refrigerator system combined with Model SC helium
compressor to scan the diode temperature from 220 to
360 K with the help of Lakeshore DRC-91C controller.

3. RESULTS AND DISCUSSION (SONUCLAR VE
TARTISMA)

From EDS analysis, the chemical composition of the film
confirms the presence of Sn and Te in the structure with
a stoichiometric composition in 1:1 ratio of component
elements. The final thickness of the deposited film layer
was measured by profilometer and it was found as about
350 nm. AFM morphological surface characterization is
used to study the surface of the thin film and it was
observed as being a smooth, compact, and densely
packed morphology. In addition, AFM imaging reveals
that the root-mean-square (RMS) roughness of the film
surface was about 1.66 nm. From the XRD spectrum of
the film, deposited film layer was found in
polycrystalline structure along (111) orientation direction
exhibiting cubic crystal geometry [9]. Applying four-
point probe technique, |-V measurements at room
temperature showed that the deposited film layer is in
high resistive characteristics with the value of about 102
Q.cm.

The experimental forward and reverse bias I-V
characteristics of the In/SnTe/Si/Ag diode carried out at
the ambient temperature range of 220-360 K under dark
condition is presented as semi-logarithmic I-V plot in
Fig.1.

I-V measurements are used in order to investigate the
rectifying behavior of the fabricated diode, determine the
main diode parameters ad identify the conduction
mechanisms in current transport through the junction.
From Fig.1, the rectifying behavior in I with V can be
evaluated as an indication of a typical junction diode [11]

Table 1. Calculated diode parameters of In/SnTe/Si/Ag diode by using TE model

Temperature (K) Ideality factor (n)

Saturation current

(Io) Barrier Height (®5,)
360 1.928 6.39x10”7 0.827
340 2.080 3.05x10”7 0.799
320 2.440 8.67x10°® 0.783
300 3.350 4.70x10°® 0.747
280 3.926 4.22x10® 0.696
260 4.196 2.11x10°® 0.659
240 5.096 1.88x108 0.607
220 5.769 1.23x108 0.561

of 2 mm diameter was used to deposit 200 nm In top
contact layer onto SnTe film surface by thermal
evaporation; then the complete structure was annealed at

and these characteristics show about two order in
magnitude of rectification factor (ratio of forward to
reverse current).
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In (1(A)

viv)

Figure 1. Semi-logarithmic I-V plots of In/SnTe/Si/Ag diode
at different ambient temperatures

The current through the junction barrier at forward bias
region can be expressed with the deviation from ideality
as;

qV

I=1, [exp (m) - 1]
where [, is the reverse-saturation current, g is the
electronic charge, V is the voltage value in the forward
bias region, k is the Boltzmann constant, n is the ideality
factor and T is the diode temperature. This expression
was applied in the case of V > 3kT/q in order to neglect
the reverse current contribution [12]. According to the
thermionic emission (TE) theory, unity in n corresponds
to the ideal case, on the other hand, a deviation from pure
TE model is usually observed in which n > 1 indicates
the contribution of the other conduction mechanisms to
the carrier transport in the junction region.

The temperature dependent I-V analysis was carried out
under the assumption of predominant effect of TE to
determine the diode parameters of the In/SnTe/Si/Ag
diode, as @g,, n and I, as a function of temperature.
Therefore, 1o values were calculated at forward bias
region under the assumption of homogeneous barrier
height as,

—qP
Iy = AA*Tzexp( C]ICTBO) )
where A is the effective diode area and A* is the effective
Richardson constant, @, is the barrier height at zero bias
point. With TE assumptions on I-V behavior, A* can be
described according to the nearly free electrons in
vacuum and it is reported as 112 A/cm?K? for n-Si [11].
By using Eq.2, I, values were obtained from the straight
line intercept value of In(I) at zero-applied voltage for
each temperature step and tabulated in Table 1.

Based on TE model, the apparent &g, values were
estimated at each temperature according to the
Richardson constant of n-Si layer from Eq.2. As listed in
Table 1, these values show an abnormal behavior in
which they are directly proportional to change in
temperature. This temperature dependence indicates the

@

inhomogeneous barrier formation in the diode, and the
current flow can be explained by the existence of low
barrier height patches [13,14]. In this case, charge
carriers gain enough energy to overcome the higher
barrier with increase in ambient temperature whereas
they can pass over the lower barriers that triggers the
current flow through patches having lower barrier height
[15]. Therefore, this barrier differences over the whole
temperature can be explained with TE modified under the
consideration of barrier inhomogeneity.

n is evaluated as an expression of the barrier in the diode
structure which is expected to be uniform for
homogenous barrier formation and increases for an
inhomogeneous barrier [16]. According to the Eq.1, it
can be written as,
_a( 4 (€
T <dln(1))

The values were calculated from the slope of the linear
region of the forward bias semi-logarithmic I-V plot, and
found as to be greater-than-unity which indicates non-
ideal diode behavior deviated from TE (Table 1). The
high value of n can be attributed to presence of a
particular distribution of interface states localized at the
junction interface and barrier inhomogeneties with a
wide distribution of low barrier patches [15, 17].
Consideration of the deformation of the barrier
distribution and thus modifying TE model can explain the
behavior of n with temperature.

The higher values of n can be evaluated as a result of the
deformation of spatial barrier distribution when a bias
voltage is applied and related to this fact, a linear
correlation between @z, and the n dependent on
temperature as shown in Fig.2 [18]. As listed in Table 1,
&g, decreases and n increases, with increase in
temperature. It was approximated by an examination of
the degree of barrier height variation under the
consideration of Tung’s model and a linear relationship
between &g, and the n [19]. The extrapolation of the
straight line shown in Fig.3 for n =1 indicates a
homogeneous barrier height around 0.88 eV. As a result,
the decrease of @, and increase of the n especially at
lower temperatures can be explained by the possible
causes depending on the inhomogeneity in barrier height
[20]. The same behavior of the ideality factor is observed
in the literature and has been interpreted in terms of
interface state density distribution (D;;) [21].

o

X} @y, = -0.0672n+0.9519
08 L=

074

@ (eV)

064 Lo

Figure 2. Barrier height vs. ideality factor for In/SnTe/Si/Ag
diode
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The obtained non-ideal 1-V characteristics in TE theory
can be analyzed by considering the fluctuations due to the
barrier inhomogeneity and suggesting Gaussian
distribution (GD) in barrier height, @y [13-15]. This
model estimated to analyze the transport properties of
In/SnTe/Si/Ag diode, helps to explain the barrier
differences and also n with their temperature dependence.
According to the Werner’s model, these observed
potential fluctuations is assumed to be a continuous
barrier distribution at the interface [22]. In this approach,
the diode with &5 was approximated to be made of
parallel diodes with different barrier heights which effect
the current transport in the junction independently [14].
Therefore, the total current flow through the barrier at
forward bias can be re-written as,

— *m2 _ﬂ) = _q;‘oz (4)
I—AATexp[( T Ppg kT

<em () [t o (-3
P\ kT P\

with modified reverse saturation current expression as,

ql(f;p> (5)

In this relation given in Eqg.4, barrier height distribution
is expressed in terms of Gaussian function with a
standard deviation around a mean &g, and standard
deviation oy in temperature dependence of barrier height.
In addition, g, is used to measure the deviation from the
homogeneity of barrier height in the junction [14], and
@, and ng, are the apparent barrier height and apparent
ideality factor, respectively.

By using the Gaussian function to explain the
inhomogeneous barrier height formation in the diode, the
temperature variation of &g, distribution can be
represented as,

I, = AA*T?exp (—

498 ©
2kT

from the modified barrier height expression [24]. The
®po VS q/2kT (Fig.8) indicates the expected linear
relation given in Eg.6 and from the intercept and slope,
®p, and o, Were calculated. The value of g, is found to
be 0.166 eV which is about 13% of ®g,, 1.274 eV. It
shows that the investigated the fabricated In/SnTe/Si/Ag
diode has an interfacial layer with inhomogeneities
having a GD of barrier heights [22]. The single straight
line observed in Fig.3 also verifies a presence of a single
GD of barrier height [15].

d)ap = 530 -

09

o, =-0.0276 (q/2KT)+1.274
m. =
el =,=0.166
.
g ] L
]

9 -,

0.6 Ll

0.5 T T T T T T T T T T

16 18 20 22 24 2 28
QI2KT (1/eV)

Figure 3. Plot of barrier height vs q/2kT of In/SnTe/Si/Ag
diode

The assumption on GD functions in barrier height
expression can be related with n, and the voltage effect
in n values can be formulated by the bias dependent
Gaussian coefficients as,

1 qps ()
- —1)== ars
<nap ) T

where n,, is the voltage independent [13-15]. Use of
(n™* —1) predicts a general understanding on the
dependence of n of the diode structure with
inhomogeneous barrier formation in which it is expected
to be inversely proportional to temperature. The barrier
distribution and the identification of the voltage
deformation of the this distribution can be discussed in
terms of n,, with the parameters, p, and p5; and they
also express the bias dependence of @z, and oy,
respectively.

The temperature dependence of n was investigated by
linear fitting of the relation observed in Fig.4. Thus, the
linear relation found in (n™'—1) vs q/2kT plot
confirms voltage deformation of the GD of the barrier
height in terms of calculated n values[15]. The voltage
coefficients were calculated from the slope and intercept
as, p, = 0.0346 V and p; = 0.0315, respectively.

-0.4

-0.5
. (n"-1)=-0.0346(c/2KT) - 0.0315
p,=0.0346

06 $,=0.0315

(')

0.7 n

0.8 a

0.9 T T T T T

QKT (1/eV)

Figure 4. Plot of (n™t — 1) vs q/2kT of In/SnTe/Si/Ag
diode
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The Richardson plot under the assumption of TE model
deviates from linearity with the inhomogeneity of the
barrier.  Therefore, the value of this constant was
approximated from the modified current relation given in
Eq.4 as,

Iy q’al _ . q®go ®)
(F) <2k2T2 = In(@A49 =7

According to this relation, the modified Richardson plot
is presented in Fig.5. The values obtained from this
analysis show a good linear relationship. The slope of the
straight line directed to @5, and extrapolation value was
used to determine A* for a given diode area, A. The result
of the fitting process in Fig.5 pointed approximately
same @p, value as about 1.274 eV and A* was found as
119.5 A/cm?K? which is in close agreement with the
expected value of 112 A/cm?K? [11].

40 I
T Il Tl f2KCT = 1. 274{/KT) + 0.5834
< ™ e A*=119.5 Acm’K?
< S,
o -50 4
= .
A .
& ;
“ 5 55
e “m,
o N
T 80
—e -
-65 - ...
.
-70 T T T T
30 35 40 45 50 55

/KT (1/eV)

Figure 5. In(ly/T?) — (¢%02)/(2k?*T?) vs q/kT of
In/SnTe/Si/Ag diode

The series resistance (R,) values that is the resistance
effect in the direction of the current flow in the diode
structure, were calculated with using the model proposed
by Cheung and Cheung [23]. This model is used to
examine the effect of R under the TE approximation in
I-V characteristics, and this values can be expressed by
Cheung’s function as,

dav _ IR+ (kT) 9
d(ny ~ s T
and

H(I) =V —-n (%T> In <ﬁ> (10)

= TlCDBO + [RS

As shown in Fig.6, both of dV /d(Inl) vs I and H(I) vs
I plots show linear characteristics for the data of
downward curvature region in the forward bias I-V.
According to these two relations (Eq.9 and Eq.10), R;
values were calculated from the slope of the
corresponding figures; and the temperature dependent
values are listed in Table 2 and also presented in Fig.7.
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Figure 6. dV /d(Inl) vs I (a) and H(I) vs I (b) plots of
In/SnTe/Si/Ag diode

As shown in Fig. 7, the obtained R, are in decreasing
behavior with increasing temperature. This variation in
R, values with temperature is one of the reason for
increase of n and lack of free carrier concentration at low
temperatures [24]. As given in this figure, the results are

Table 2. Series resistance, R, and density of interface states, D;; obtained from In/SnTe/Si/Ag diode

R, (kO R. (k00 Diy (eV-icm-2
Temperature (K) (v /d1ns(§) " plot) (H(I)sv(s I ;100 ol :
360 3543 2.565 T06x107
340 5.408 4539 112x107
320 6.887 7.346 1235107
300 7.12%5 8613 1.36x107
280 8.772 9.633 2 20x107
260 8.762 10.465 2.70x107
240 10.385 11.047 6.93x10%
220 11.963 12177 7.35x107
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in a good agreement with each other and confirms the
consistency of Cheung’s function [23, 25].

12 L
L]
» .
10
.
[} [ ] .
8 n
A .
[=] n
=
“ 6
14 u
.
4
u dvidingl) -
)
L]
24

T T T T T T T T
200 220 240 260 280 300 320 340 360
T(K)

Figure 7. Plot of temperature dependent R, values for
In/SnTe/Si/Ag diode

The presence of insulator layer at the interface can be
affected on the barrier height distribution in the junction
[13-14] and this charge density can arise through a net
charge in interface states or through mobile carriers
accumulated at the junction interface [24, 25]. The
interface states are determined as to exist at the Si-SiO»
interface [26]. According to the Card and Rhoderick, the
density distribution curves of the interface state D;; in
equilibrium with the semiconductor can be determined
from the forward bias |-V characteristics at each
temperature [12]. Fig.8 illustrates distribution profiles of
D;; values as a function the energy of interface states with
respect to the conduction band, E,—E,, for each
temperature, extracted from the forward bias I-V
characteristics taking into account both the bias
dependence of the effective barrier height and with and
without R, obtained from the forward bias 1-V
characteristics of the diode. It was observed that the
values of D;; increase with decreasing temperature [27].

1,4x10"

220K
240 K

1,2%10™
260 K
] 280 K
X 300K
320K
e 8,0x10" 4 340 K
5 360K
=
L sox10™ |
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20x10" 4 meide o ‘A" A .
i A 4'*#.“:

T
0.3 04 ,7 0.8

Ec E. (eV)
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Figure 8. D;; as a function of E,.
In/SnTe/Si/Ag diode

— E,, obtained from

6. CONCLUSION (SONUC)

In this study, the temperature dependence of I-V
characteristics of the In/SnTe/Si/Ag diode structure was

analyzed under the assumption of GD of the barrier
height to explain the temperature dependence of @, and
n. Main diode parameters as n, ®z,, R and D;, of the
fabricated diode structure were calculated from the
forward bias 1-V measurements. Variation in diode
parameters with ambient temperature was explained by
barrier inhomogeneity with low barrier patches. The
distribution of the inhomogeneous barrier height was
represented by the existence of Gaussian type function on
barrier heights around 1.274 eV mean value. GD
approach also achieved to provide a satisfactorily
explanation and Richardson constant from the modified
In(ly/T?) — (q20¢)/(2k*T?) vs q/kT plot, was found
in a close agreement for the reported values as 119.5
Alcm?K?. R, values were approximated by the help of
Cheung’s function and found in decreasing behavior with
increase in temperature. In addition, taking into account
of the presence of insulator layer at the junction interface,
distribution profile of the density of interface states was
investigated.
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ABSTRACT

Full-Heusler FesM (M=Al, Ga, Si and Ge) alloys whose crystal structure is DOs-type disordered structure which conforms to
Fm3m space group, have been investigated by using Local Spin Density Approximation (LSDA) and Generalized Gradient Spin
Approximation (GGSA) in the Density Functional Theory (DFT) as implemented in VASP (Vienna Ab initio Simulation Package)
software. After the examination of ground states of our materials in DOz-type structure, their full structural, mechanical properties
and electronic band structures have been investigated and made comparison between LSDA and GGSA. The calculated electronic
band structures and total electronic density of states (DOS) within both of two approximation show that these alloys have metallic
behavior. The calculated elastic constants and estimated mechanical properties depended on these constants indicate that these
alloys are stable mechanically and have anisotropic behavior.
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[k Prensipler ile DOs-tipi FesM (M=Al, Ga, Si ve Ge)
Tam Heusler Alasimlarimin Incelenmesi

0z

Kristal yapis1 DO3-tipi diizensiz yapida olan ve Fm3m uzay grubuna uyan tam-Heusler Fe3M (M=Al, Ga, Si and Ge) alasimlari,
Yogunluk Fonksiyonel Teorisi (DFT) altinda Yerel Spin Yogunluk Yaklagimi (LSDA) ve Genellestirilmis Gradient Spin Yaklagimi
(GGSA) kullanilarak VASP (Vienna Ab initio Simulation Package) yazilimi ile incelenmistir. DO3-tipi yapida olan
malzemelerimizin taban durumlarinin incelenmesinden sonra tam yapisal, mekaniksel 6zellikleri ve elektronik band yapilar
incelenmis ve GGSA ve LSDA arasinda karsilagtirma yapilmigtir. Her iki yaklagim iginde hesaplanan elektronik band yapilar ve
toplam elektronik durum yogunluklari (DOS) bu alagimlarin metalik davranisa sahip olduklarini gostermektedir. Hesaplanan elastik
sabitler ve bu elastik sabitlere bagl olarak tahmin edilen mekaniksel ozellikler bu alagimlarin mekaniksel olarak kararli ve
anizotropik davaniga sahip olduklarina isaret eder.

Anahtar Kelimeler: Tam-Heusler, Ab initio hesaplamalari, elastik sabiti, elektronik band yapisi.

1. INTRODUCTION

Heusler type alloys which are ternary intermetallics, were
discovered first by Friedrich Heusler in the early 20th
century [1]. There is two type Heusler alloys which are
called half-Heusler are given XYZ and full-Heusler
alloys are given X2YZ general formulas, respectively.
Some researchers have worked on these type alloys and
investigated that the composition, chemical order and
magnetic properties of these alloys are related with each
other [2,3]. In recent years, some scientists have shown
great interest in these materials due to the diverse and
attractive physical phenomena such as magnetic shape
memory effect, magnetocaloric effect, magnetothermal
conductivity, magnetic superelasticity, exchange bias,
and half-metallic ferromagnetism exhibited by them [4-
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9]. Moreover, Heusler alloys can be used such as half-
metallic ferromagnets, semiconductors and
superconductors [10-13].

The full-Heusler alloys have a fully ordered L2, type face
centered cubic structure which conform Fm3m space
group at room temperature [14]. There are four
interpenetrating sublattices which have face centered
cubic (fcc) structures, in the unit cell of these type alloys.
Atomic positions with Wyckoff notation in full-Heusler
alloys are (0 0 0) for X1, (1/2 1/2 1/2) for X», (1/4 1/4 1/4)
for Y and (3/4 3/4 3/4) for Z atom abbreviated A, B, C
and D sites, respectively. X and Y elements in
compositions are usually a transition metal, Z element
can be either a semiconductor or a non-magnetic metal.

When the X, Y and Z atoms are located in their original
positions, this type structure of a crystal is called L2,
ordered structure. The partially disordered structure is
called B2-type structure which in the X; and X, atoms are
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positioned in (0 0 0) and (1/2 1/2 1/2) atomic positions
with respectively and Y and Z atoms are randomly sited.
If there is the distribution of X and Y or X and Z atoms
randomly, this crystal behaves DOs-type disordered
structure of full-Heusler alloys [15]. The crystal structure
of FesSi is ordered DOs-type as seen in Fig.1. This alloy
possesses two non-equivalent Feac in A and C sites and
Feg in B sites since magnetic moments of Fe atoms in
these sites are different from each other. Therefore, this
material sometimes referred to as Fe4CFeBSi. This is
similar to fully ordered full-Heusler alloy in ordered L2;
crystal structure [16]. Ordered crystal structures show
considerable mechanical, electrical, magnetic and
physical properties. The type and degree of the atomic
order are affected on the electronic band structure of
Heusler alloys. A partially disordered crystal structure
can lead to seriously changing in their electronic band
structure, magnetic and transport properties [17-20].
Therefore, this type of alloys is much important for the
technological applications.

In this view, we have examined full-Heusler FesM
(M=Al, Ga, Si and Ge) alloys in DOs-type structure and
also made comparison between two approximation which
are LSDA and GGSA. The computational details are
given in the next section. The examined and calculated
some structural, mechanical properties and also
electronic band structure with density of states (DOS) of
these alloys are discussed in the third section. Finally, we
have concluded our calculations in the last section. To the
extend we know, there is no detailed study especially for
the FesGa and FesGe alloys.

2. COMPUTATIONAL DETAILS

In this work, the calculations have been made with VASP
(Vienna Ab initio Simulation Package) [21,22] package
and utilized linear augmented-plane-wave basis set and
psuedopotential approximation. We have used Projected
Augmented Wave (PAW) [23,24] with the Perdew-
Zunger correlation [25] type pseudopotentials for all
atoms in the framework of Local Spin Density
Approximation (LSDA) and Perdew, Burke and
Ernzerhof (PBE) [26] type pseudopotentials in the
framework of Generalized-Gradient Spin Approximation
(GGSA) within Density Functional Theory (DFT)
[27,28], to approximate exchange-correlation potential.
The crystal structure of full-Heusler FesM (M=Al, Ga, Si
and Ge) alloys has been examined in Fm3m space group.
14x14x14 k-point mesh has been automatically
generated and used to irreducible Brillouin zone yielding
280 k-points centered at T-point. Brillouin-zone
integrations have been performed following the
convention of Monkhorst-Pack [29] scheme. The kinetic
energy cut-off value has been took 1100 eV for wave-
functions in plane wave basis sets expansion of
eigenfunctions. The crystal structure of DOs-type full-
Heusler FesM (M=Al, Ga, Si and Ge) alloys in cubic
(Fm3m) phase with 4-atom primitive cell is presented in
Fig.1. The ionic relaxation process has been went on until

the forces on ions are less than 10 eV/A. The lattice
parameters and atomic positions of atoms in the primitive
cell of the crystal have been optimized by minimizing of
the forces and the pressure on these systems.

3. RESULTS AND DISCUSSION

Firstly, it is determined the primitive cells of FesM
(M=Al, Ga, Si and Ge) full-Heusler alloys in DOs3
structure which are modeled by four atoms and whose
three dimensional (3D) crystallographic representation is
shown in Fig.1.

Fig. 1. The three dimensional (3D) crystallographic
representation FesM (M=Al, Ga, Si and Ge)
full-Heusler alloys in DOs-type structure with
Fm3m space group.

FesM (M=Al, Ga, Si and Ge) alloys can be viewed as full-
Heusler alloys in DOs-type structure with Fm3m space
group as seen in Fig. 1. The A, B and C sites have been
occupied by Fe atoms and the D sites have been occupied
by M atoms in this crystal system. These alloys have been
optimized by using two different type approximation
which are LSDA and GGSA. In the next step, the
calculated energy and volume datas for our materials
have been plotted as a graphic by fitting to Vinet [30]
equation of state. After this process; the structural,
mechanical properties and also electronic band structures
with density of states (DOS) of these sytems have been
calculated by using LSDA and GGSA.

3.1. The Calculated structural properties by using
GGSA and LSDA approximation

The calculated structural properties of FesM (M=Al, Ga,
Si and Ge) full-Heusler alloys by using LSDA and
GGSA, have been presented in this section. To examine
structural stability of these alloys, the cohesive energies
(Econ) [31,32] of them which is given in Eq.1, have been
calculated. The cohesive energies of any crystal which
has the chemical formula AxBy, can be calculated by the
following,

Econ = Etor — (XEx + YEg) 1)

where, E. is the total energy of the unit cell of the
crystal. Eaand Eg are the energies of the isolated A and
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B atoms as seen in Eq. 1. The calculated cohesive
energies of these alloys by using two different type
approximation have been presented in Table 1. The
calculated cohesive energies within both LSDA and
GGSA show that, our materials are structurally stable and
synthesizable due to the negative values.

After the optimization processes of FesM (M=Al, Ga, Si
and Ge) alloys within GGSA and LSDA, energy-volume
graphs are plotted by fitting to Vinet equation of state
[30] which is given by

9BV,

E(V) =E, + =

[1+ {81 —x) — Jexp{s(1 -} (2)

where E, and V, are the ground state energy and volume,
respectively, x = (V/V,)*/3and € = (3/2)(B’ — 1), B is
the bulk modulus and B’ is its pressure derivative. These
fitted curves and also calculated some structural
parameters of our alloys within GGSA and LSDA are
presented in Fig. 2 and in Table 2 with respectively. It
has been obtained a well-converged ground state for
these alloys with both of GGSA and LSDA due to the
asymptotic standard errors in fitting the Vinet equation of
state are less than about 1%

The calculated some structural parameters of FesSi alloy
in DOs structure by using GGSA (a=5.608 A, B = 204.79
GPa) and LSDA (a=5.462 A, B = 268.93 GPa), are very
close to the experimental (a = 5.646 A [16], B = 187 GPa
[33]) and theoretical results (a = 5.630 A [34], B = 199
GPa [34] within GGA and a = 5.490 A [34], B = 242 GPa
[34] within LDA). The obtained lattice parameter (a) and
bulk modulus (B) of this alloy within GGSA are different
% 0.67 and % 9.5 from experimental results and % 0.39
and % 2.9 from theoretical results, respectively and also
within LSDA are different % 3.3 and % 43 from
experimental results and % 0.51 and % 11 from
theoretical results, respectively. Similarly, the calculated
lattice parameters of FesAl alloy in DOj3 structure within
GGSA (a = 5.748 &) and LSDA (a = 5.560 A), are very
close to the experimental (a = 5.789 A [35]) and
theoretical results (a = 5.761 A [35] with GGA and a =
5.718 A [36] with LDA). The obtained lattice parameter
(a) of this alloy within GGSA is different % 0.7 from
experimental result and % 0.22 from theoretical result,
respectively and also within LSDA is different % 3.9
from experimental results and % 2.7 from theoretical
result, respectively. Also calculated bulk modulus by

Table 1. The calculated cohesive energies of full-Heusler FesM (M=Al, Ga, Si and Ge) alloys within GGSA and

LSDA.
Material GGSA LSDA
Ecoh (eV) Ecoh (eV)
FesAl -27.711 -31.170
FesGa -26.521 -30.268
FesSi -29.897 -33.778
FesGe -28.114 -32.029
26 -28
28 =30 r
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Fig. 2. Total energies as a function of volume of full-Heusler FesM (M=Al, Ga, Si and Ge) alloys within GGSA

and LSDA.
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using GGA (B=160.99 GPa) is very close to theoretical
result (B = 167 GPa [35]). The calculated lattice
parameter of FesGa alloy in DOg structure within GGSA
(a=5.772 A) are very close to the other theoretical result
(a =5.761 A [37] within GGA) too. It is obviously seen
that, the

also the obtained magnetic moments within GGSA is
more closer than within LSDA as seen in Table 3.

3.3. The calculated elastic constants and estimated
mechanical properties

Elastic constants of a crystal which can be calculated in

theoretically by using the “stress—strain” method [38]

Table 2. The optimized structural parameters of full-Heusler FesM (M=Al, Ga, Si and Ge) alloys within GGSA

and LSDA.
. GGSA LSDA
Material . .
a(A) B (GPa) B’ a(A) B (GPa) B’

FesAl 5.748 160.99 4,375 5.560 213.96 4,598
FesGa 5.772 163.40 4,656 5.575 223.96 4,822
FesSi 5.603 205.31 5.122 5.461 268.95 4.886
FesGe 5.733 177.59 5.296 5.568 242.73 5.072

calculations of structural parameters for FesM (M=Al,
Ga, Si and Ge) alloys within GGSA seems more accurate
than LSDA.

3.2. The calculated magnetic moments within GGSA

and LSDA

It can be seen as an fcc Bravais lattice with a basis
consisting of four atoms, A, B, C and D, associated with
each lattice point for the ordered FesM (M=Al, Ga, Si and
Ge) alloys crystallized in the DOg3 structure. For these
alloys, Fe atoms which are equivalent, are located at the
A (Fea) and C (Fec) sites. Also the B-sublattice is located
with iron atoms (Feg) whereas M atoms (M=Al, Ga, Si
and Ge) occupy the D sites. The centre of the cube is
occupied with Feg atom whereas four Fea and four Fec
atoms are located at the corners of cube. So, Feg is
eightfold coordinated with the other Fe atoms, and the
point symmetry is cubic. Therefore, the calculated partial
magnetic moment with of Fea and Fec are equal with
each other and the partial magnetic moment of Feg is
different from them. Moreover, the partial magnetic
moments we compute are compatible with the
experimental work (for FezAl and FesSi alloys) [36] and

within ab initio method, can be used to estimate its some
mechanical properties and also to examine dynamical
stability of it. The calculated elastic constants of a
material can give more and detailed information about its
mechanical and dynamical behaviors such as stability,
hardness or stiffness of it. Ci1, Ci2 and Cas are three
independent elastic constants of a cubic crystal [39]. The
calculated second order elastic constants of full-Heusler
FesM (M=Al, Ga, Si and Ge) alloys within both GGSA
and LSDA are presented in Table 4. The mechanically
stability of a crystal depends on its elastic constants
which is called Born’s stability criteria [40]. This criteria
tell about strain energy of this crystal against any
homogeneous elastic deformation and this energy value
must be positive [41]. For a cubic crystal, Born’s
mechanical stability criterias are given by

Ci1 —Cq2 > 0;C4; +2C1, > 0;C4 > 0;Cs >0 (3)
The calculated elastic constants within both GGSA and
LSDA show that FesM (M=Al, Ga, Si and Ge) alloys in
DOjs structure are stable mechanically due to satisfy these
stability criteria.

Table 3. The total magnetic moment (u) and partial magnetic moments of the atoms of full-Heusler FesM
(M=Al, Ga, Si and Ge) alloys in DOs—type structure within GGSA and LSDA.

GGSA LSDA
Material
Heot (Mp) Matom (Hp) Heot (Mp) Matom (Mp)

Mre, o = 1.883 Hpe, = 0.888

FesAl 6.073 Hpey = 2.369 3.827 Hpep = 2.071
pa  =-0.061 pwy  =-0.020
Hre,c = 1.914 Hrey = 1471

Fe;Ga 6.075 Hrey = 2.398 5.005 Hpep = 2.143
Wga =-0.151 Pga =-0.079
HFepc = 1.320 HFepc = 0.788

FesSi 5.110 Hpey = 2.517 3.838 Hpep = 2.271
ug;  =-0.047 psi  =-0.009
Hrey = 1.500 Hpey = 1.160

FesGe 5.450 Hpe, = 2.528 4.670 Hpe, = 2.390
Uge =-0.078 Pge =-0.041
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Additionally, some mechanical properties of a crystal
such as bulk (B) and shear moduli (G), Young’s modulus
(E) and Poisson’s ratio (v), can be estimated by using its
elastic constants. Voigt [42] - Reuss [43] - Hill [44]
relations can be used to estimate the bulk (B) and shear
moduli (G) of a crystal. Voigt approximation can be used
to calculate the upper limits (By, Gv) and Reuss
approximation can be used to estimate the lower limits
(Br, Gr) of B and G values of a crystal as in Eq.4-6,
respectively.

By =Brp =B = (Cn + 2Cq, )/3 (4)
Gy = (Cy1 — Cq2 +3Cyy)/5 )

Gr = 5(Cy1 — C12)C4s/(4C4q +3C11 —3Cy2)  (6)
Hill approximation can be used to calculate the average
values of bulk and shear moduli of a crystal which are
given by B=(1/2)(By+Bg) and G = (1/2)(Gy +
Ggr), respectively. As seen in Eq.4, upper (Bv), lower
limits (Bgr) and average value (B) of a cubic crystal are
equal to each other.

Moreover, the estimated bulk and shear moduli can be

used to calculate Young’s modulus (E) [41] and

Poisson’s ratio (v) [41] of a cubic crystal as given by Eq.7

and Eq.8, respectively.

E = (9BG)/(3B + G) @)
v = (3B —2G)/[2(3B + G)] (8)

The calculated bulk modulus (Bv, Br and B), shear

modulus (Gv, Grand G) and Young’s modulus (E), B/G
and k = G/B (Pugh’s ratio) ratios [45] and the calculated

Poisson’s ratios (v) of FesM (M=Al, Ga, Si and Ge)
alloys in DOj structure within GGSA and LSDA are
shown in Table 5 and 6, respectively.

The stiffness of a crystal can be determined with its
Young’s modulus (E) which is given as the ratio of stress
and strain. The calculated shear and Young’s moduli of
our materials suggest that FesM (M=Al, Ga, Si and Ge)
alloys in DOjs structure are rather hard materials.
Moreover, the calculated B/G and Pugh'’s ratios (k=G/B)
indicate that these alloys are ductile materials.

It is known that if B/G of a material is ranging from 1.7
to 5.6 and Poisson’s ratio is ranging from 0.25 to 0.42,
this material show metallic behavior [46]. Therefore,
Poisson’s ratios and B/G values of FesM (M=Al, Ga, Si
and Ge) alloys in DOj3 structure show that the bonding
character of our materials are close to metallic.

To determine anisotropic or isotropic behavior of a
crystal, shear anisotropy factors [47] can be used. The
shear anisotropy factors (A and A_) in {100} and {110}
planes of a cubic crystal can be calculated as in Eg.9 and
Eq.10, respectively [47]:

A =2C4/(Ciq — Cypp) )
A_ = Cyy(Cp +2C1, + C11)/(CLCyy — C%z) (10)
whereas C;, = C44 + (C11 + C13)/2.

These calculated values within GGSA and LSDA for
FesM (M=Al, Ga, Si and Ge) alloys are presented in
Table 7 and 8, respectively. The shear anisotropy factors
A and A_ of our alloys show that for (100) plane, are
greater than that for (110) plane as seen in Table 7 and
Table 8. All of our alloys in this study show largely
mechanical anisotropy.

Table 4. The calculated second order elastic constants of full-Heusler FesM (M=Al, Ga, Si and Ge) alloys

within GGSA and LSDA.

Material BG4 LSDA

C11(GPa) C12(GPa) Ca4 (GPa) C11(GPa) C12(GPa) Cu4(GPa)
FesAl 208.46 158.80 140.75 305.42 205.67 171.50
FesGa 187.63 153.97 122.10 271.71 198.18 170.37
FesSi 290.21 185.52 145.11 358.84 230.34 175.56
FesGe 187.27 152.37 129.57 296.68 194.57 146.62

Table 5. The estimated bulk moduli, upper and lower limits, average values of shear moduli, Young’s moduli
and Poisson’s ratios of full-Heusler FesM (M=Al, Ga, Si and Ge) alloys in DOg structure within GGSA.

Material B (GPa) Gy (GPa) Gy (GPa) G (GPa) E (GPa) B/G k (G/B) v

FesAl 175.35 94.38 49.09 71.73 189.38 2.44 0.409 0.320
FesGa 165.19 79.99 34.86 57.43 154.40 2.88 0.348 0.344
FesSi 220.42 108.01 84.92 96.46 252.54 2.29 0.438 0.309
FesGe 164.00 84.72 36.30 60.51 161.65 271 0.369 0.336
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Table 6. The estimated bulk moduli, upper and lower limits, average values of shear moduli, Young’s moduli and
Poisson’s ratios of full-Heusler FesM (M=Al, Ga, Si and Ge) alloys in DOs structure within LSDA.

Material B (GPa) Gy (GPa) Gg(GPa) G (GPa) E(GPa) BI/G k (G/B) v

FesAl 238.92 12285  86.81 104.83 27437 228 0439  0.309
FesGa 222.69 11693  69.44 93.18 24533 239 0418  0.316
FesSi 273.17 131.03  103.70 117.37 30799 233 0430  0.312
FesGe 228.61 10839  83.84 96.12 25290 238 0420  0.316

Table 7. The calculated anisotropy shear factors (A and A_) and longitudinal (vi), transverse (i), and average (Vm)
wave velocities in crystal and also Debye temperatures (®p) of full-Heusler FesM (M=Al, Ga, Si and

Ge) alloys in DOj structure within GGSA.

Material A A_ v; (m/s) ve (M/s) Vi (M/S)  Op (K)
FesAl 5.668 2.823 6298.2 32404 3628.8 474.4
FesGa 7.255 3.081 5407.4 2635.5 2960.8 386.0
FesSi 2.772 1.975 6878.2 3615.9 4043.6 541.3
FesGe 7.425 3.121 5357.2 2664.1 2989.6 392.2

Table 8. The calculated anisotropy shear factors (A and A_) and longitudinal (vi), transverse (vy), and average (Vm)
wave velocities in crystal and also Debye temperatures (®p) of full-Heusler FesM (M=Al, Ga, Si and

Ge) alloys in DOs structure within LSDA.

Material A A_ vy (M/s) ve (m/s) Vi, (M/s)  Op (K)
FesAl 3.439 2.226 7043.9 3706.1 4144.2 562.1
FesGa 4.634 2.581 6125.6 3174.6 3553.5 480.9
FesSi 2.733 1.958 7336.2 3834.3 4289.4 589.5
FesGe 2.872 2.013 6222.1 3229.6 3614.6 486.7

It can be used Navier’s equation [48] to calculate
longitudinal and transverse wave velocities of a crystal.
These values of FesM (M=Al, Ga, Si and Ge) alloys are
calculated by using Eq.11 and Eq.12 and also the average
wave velocities [49] of these alloys were calculated by
using Eq.13.

1/2

v = [(B+ (4G/3))/p] (11)
Vi = [G/P]I/Z (12)
vm={am[e)+ (W) a9

where p is the density of the material. The sound velocity
of FesSi alloy is highest while FesGa alloy has lowest
value as seen in Table 7 and Table 8.

Many physical properties such as specific heat and
melting temperature has relation with the Debye

temperature (®p) of a crystal. Therefore it is an
important fundamental parameter [50] and also in this
study, we were calculated the Debye temperatures (®p)
of our alloys by using Eq.14 [51].

Op = (h/K)[(Bn/4m)(Nap/M)] vy, (14)
where h is the Planck’s constant, k the Boltzmann’s
constant, Na is the Avogadro’s number, M is the
molecular weight and n is the number of atoms in the
molecule. The calculated Debye temperatures (®p) of
FesM (M=Al, Ga, Si and Ge) alloys are presented in
Table 7 and Table 8. This value of FesSi alloy is higher
than the others while FesGa has lowest Debye
temperature as seen in Table 7 and Table 8.
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3.4. Electronic band structures

The electronic behavior of a material is determined the
calculated electronic band structure and the density of
states (DOS) of it. The plotted electronic band structures
and total density of states (DOS) of FesM (M=Al, Ga, Si
and Ge) alloys in both majority (up) and minority (down)
spin channels within LSDA and GGSA are presented

along the high symmetry lines in the first Brillouin zone,
respectively, in Fig. 3. It can be clearly seen that, our
materials show metallic behavior due to there is no band
gap neither for up nor for down spin channels in
electronic band structures within both LSDA and GGSA.
Additionally, our materials have ferromagnetic nature
and this situation is well in agreement with total magnetic
moments of our alloys as seen in Table
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Fig. 3. The calculated energy band structures and the total density of electronic states (DOS) within GGSA for
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Fig. 4. The total and orbital projected partial density of electronic states of atoms within GGSA for (a) FesAl, (b)

FesGa, (c) FesSi and (d) FesGe alloy.
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Fig. 5. The total and orbital projected partial density of electronic states of atoms within LSDA for (a) FesAl, (b)

FesGa, (c) FesSi and (d) FesGe alloy.

The calculated orbital projected partial density of
electronic states of atoms within GGSA and LSDA in
FesM (M=Al, Ga, Si and Ge) alloys are given in Figs. 4-
5, respectively. For all of our materials, 3d states of Fe
atoms cross the Fermi level (Ef), yielding a metallic
behavior. In addition, we see that the p orbitals of M
(M=Al, Ga, Si and Ge) atoms has no remarkable effect
on bonding features of these systems. In this respect, the
metallicity and the bonding properties of these systems
can be attributed to d-orbitals of Fe atom in our
compositions.

4. CONCLUSION

The structural, magnetic, mechanical properties and
electronic band structure of full-Heusler FesM (M=Al,
Ga, Si and Ge) alloys in DOs-type structure which
conforms to Fm3m space group, have been examined in
detail in ferromagnetic order and also showed differences
between GGSA and LSDA. Especially, the calculated
structural parameters for FesM (M=Al, Ga, Si and Ge)
alloys within GGSA are more accurate than within
LSDA. The calculated spin-polarized electronic band
structures within both GGSA and LSDA of our alloys
show that all of our materials have metallic character and

also are ferromagnets due to the differences between
majority (up) and minority (down) spin channels. The
calculated elastic constants and estimated mechanical
properties of these alloys show that these alloys are stable
mechanically and have largely anisotropic character.
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oz
Bu calismada oncelikle ii¢ boyutlu Lorentz Uzayda L% kuaterniyon ve pseudo-kuaterniyonlar gozoniine alinarak bir uzay-

kuaterniyonik egri i¢in Serret-Frenet Formiilleri elde edildi. Daha sonra bunlar kullanilarak bir Kuaterniyonik Lorentz Egrisi
L‘& i¢in Serret-Frenet Formiilleri yeniden tiiretilmistir.

Anahtar Kelimeler: Regle yiizeyler, Lorentz uzayi, Minkowski uzayi, distribusyon parametresi, Laplacian ve D’Alembert
operatorii.

On a Study of the Quaternionic Lorentzian Curve

ABSTRACT

In this study, Serret-Frenet Formulas for a space-quaternionic curve were obtained by considering quaternions and pseudo-
quaternions in three-dimensional Lorentz Space L%. The Serret-Frenet Formulas for a Quaternionic Lorentz Curve L‘a were then

re-derived using them.
Keywords:

D’Alembertian operator.
1. INTRODUCTION

First of all, some basic definitions and concepts related
to the algebra of Lorentzian curve are given. Hence,
using this relations, the Serret-Frenet vectors of a
Lorentzian curve is rederived. Moreover, some
relationships between the Euclidean curve and the
Lorentzian curve are obtained.

Definition 1.1 Let Vx = Y4_; X484,y = Y421 V4 €4 €
V, be any two element of V then, Lie Operation is defined
as follows

xyl =X (xiy; — xj¥i)@x (€Y)
where, (i, j, k) is the circular permutation of (1,2,3) [1].

Definition 1.2 Let Sand T be defined as;

3
Sx = E Xi€i, Tx =x,€,

i=1

for Vx= Yi_, Xp€4 EV )

Itisclearthat ST =TS =0and S+ T =1 [1].

Definition 1.3 Let a:V — V be defined as
a=-S+T

a linear transformation, for vx € V/,

*Sorumlu Yazar (Corresponding Author)
e-posta : muge.karadag@inonu.edu.tr

Ruled surfaces, lightlike curves, lightlike surfaces, Minkowski space, distribution parameter, Laplacian and

ax = — Yo, X6 + X468, = —Sx + Tx. 3)

Here if a? =1 then «a is called involutory linear
isomorphism [1]. S and T, defined as in (2) are called
spatial and temporal projections on V, respectively. a
involutory isomorphism which given by (3) is called
Hamilton Conjugation on V [1].

Definition 1.4 The two bilinear forms on V, are defined
as; for vx,y € V then

glx,y) = 213=1 XiYi — X4Yar h(x,y) = Zj:l XaVa- (4)

In this definition; g and h are non-degenere, real, and
symmetric bilinear forms. Furthermore; S and T are
defined as in (2) with (3) and they are self-adjoint with
respect to bilinear forms defined as in (4).

That is, for each x,y € V,

9(Sx,y) = g(x,Sy) = h(x,Sy) = h(Sx,y) 5)
9(Tx,y) = g(x,Ty) = —h(x,Ty) = —h(Tx,y)  (6)
g(ax,y) = g(x,ay) = —h(x,y) (7
[3].

Definition 1.5 Let b be any symmetric bilinear form
on V.If," o' isabinary operation than define Vvx,y €
V 1)

xoy =[x, y] + %45y + ¥aSx — b(x,y)é,. 8

In this condition, (V,°) is a real algebra (In generally, it
is non-associative and non-commutative). For this real
algebra, if b = h then the quaternion is called pseudo-
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quaternionic algebra, if b = g then the quaternion is
called real-quaternionic algebra on V' [1].
In the quaternionic condition; binary operation is denote
- " and the pseudo-quaternionic condition is stand for
“x ', Letusconsiderany x € V,thus N(x) is defined as
x o ax € V. Itis clear that for each x,y € V/,
N(x) = —b(x, ax)é,. 9)
Again, it is clearly seen that,
Nx+y)—NX)—N@y)=xcay+yoax =
—{b(x,ay) + b(y, ax)}é,. (10)
Since « is respect to both g and h self-adjoint then; we
have there exist two following equations
(x-ay+y-ax) = -2g(x,ay)é, = 2h(x,y)é,
(quaternionic condition)
(x*ay+y+*ax) =—-2h(x,ay) e 4

=2g9(x,y) e’ 4

(pseudo — qaternionic condition) [2].

Definition 1.6 Let x € V. The norm of x, N(x) is
defined as (9). In the quaternionic condition, N(x) is
defined as h(x, x)é,. If the another pseudo-quaternionic
condition then N(x) is defined as g(x,x)é,. Hence;
N (x), are used to be, is equal to Euclidean norm N(x) =
lx|I?€,. In the pseudo-quaternionic condition for each
x € V, then x is called

g(x,x) ) 0 then space — like
g(x,x) =0 then null

g(x,x) (0 then time — like
[2].

(11)

Definition 1.7 A quaternion x is called a unit quaternion
if [|x]|, = 1 then, in addition a pseudo quaternion x is
unitory whenever N(x) is either +&, or —&, [4].

Definition 1.8 If two quaternions x and y (or pseudo-
quats) are satisfied x -ay +y-ax =0, (x *ay +y *
ax = 0) then they are called ortogonality. Another
equvalent condition for ortogonally is

h(x,y) =0 or g(x,y) =0. (12)

Now we define the relationship between quaternionic and
pseudo-quaternionic multiplications: Let x and y be two
elements of V. By making use of findings (5) and (8) for
x *y —x -y, we obtain

x+y—x-y={g(x,y) — h(x,y)}é,. (13)

As a result of equation (13), we have;
X*Y = XY= 2X44€,4

[1].
In this study L% denotes the 4-dimensional pseudo-
quaternionic Lorentzian space.

Definition 1.9 Let M c L} be a curve which has s —
arc parameter at Lorentzian space. If the velocity vector
of M is x then

g(x,%) < 0then x(s) iscalled time-like curve
g(x,%) > 0then x(s) is called space-like curve

g(x,x%) = 0then x(s) iscalled null curve
[4].

Definition 1.10 Let M c L} be a curve. If the Serret-
Frenet frame field is {V; (s), V5 (s), V5(s), V4(s)} thenthe
k; function which is defined as

ki():I > 1R ,s=>ki(s)= g((V) (5),Vigs (5))

(15)
is called, i—th curvature function of M curve
and, k;(s), 1<i<3 real number is called i—th
curvature of this curve at the point M(s) [4].

Now we study on pseudo-quaternionic Lorentzian Space
with the use of these relations.

(14)

2. MATERIAL and METHOD

2. 1. The Serret- Frenet formulae of the Pseudo
space Quaternionic Lorentzian curve on L%2

Let us show 3-dimensional pseudo-quaternionic
Lorentzian space with L. Let M be a pseudo-space
quaternionic time-like curve.

Let g and L?‘2 be shown Lorentzian binary operation as,
for vx,y € L,

G0o,y) = Xy Xi ¥i — X3Y3

then, " o’ binary operation in L7 is defined as

xoy =[x,y] + xSy + y.Sx — b(x,y)é,.

If we review the last equation for L3; b = § and if we
consider * =’ instead of " o " binary operation, we obtain
x*xy =[x, y] = gx,y)é,. (16)
Let X:1 — LZ be a time like space-quaternionic curve.
Hence; X = t then, N(t) = —1. So, N(t) be defined as
N() =gt t) =t*at.

If we derive this equation with respect to s; we obtain
txat+txa t=0. (%))

As a result of this;

tis g-orthogonal to t. That is, §(t, t) = 0.

t*xa

tis a time-like quaternion.

Hence, we define n, space-quaternion and k scalar

function as they satisfy the following conditions when &
is a pseudo-quaternion:
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t=kn,, k=N(@. (18)

n, is g-orthogonal to t from (i) there is a n, space-
quaternion which is satisfy

(19)
Here, we can write t xn, = —n; = —n, *t and n, *
n, = —t = —n, * n,. Hence, t,n,,n, are mutually g-
orthogonal unit pseudo space-quaternion in L.

t*n1=n2=—n1*t.

We have derived from (19) and obtained;
n, = (t*n;)’, N, =t*(=kt+n,) (20)
Thus; 1, — kt is g-orthogonal to ¢ and n,.

%

NG is unit space-quaternion and

TL1=

n, € Sp{t,n,,n,}

As a result of this, we can write
n, = AMt+2A;n; +23n,
Hence; ||n, || is

g(nyny) = A 8(t,0y) + 2,8(ny, ) + A38(nz, 0y),
360 = —1.

Namely, X is a time-like pseudo-space quaternionic
curve. In addition, in a similar way

gl = B(0y,H) = ;g(t, n,) = —key 4 = -k,

— =
&o 0

A, = —gok and t is a time like then
&y = —1. Because of; it obtained 4, = k.
In addition, 4, = g(n,,n,) = 0 and

A; = g(04,n,) = g1, hence gisg(n,,n;) = 1. Namely,
if n, is space-like then g, = 1 and A; = r. So we obtain

n, =kt + rn,. (21)
By substituting (5) in (6), we find

n, = t* (—kt+n,)

n, = —rn, (22)

(19), (21) and (22) equations are called Serret-Frenet
Formulae of a curve which is time-like pseudo space-
quaternionic curve in L. (t,ny, ny k,7) is called Frenet-
Apparatus of this curve.

The matrix form for this Serret-Frenet Apparatus of this

curve is given by
ko]t
0 ||
-r 0lln;

t 0
[flll = [k (23)
il Lo
4].

[

2.2. The Serret- Frenet formulae of Pseudo-

Quaternionic Lorentzian curve on L‘}2
Now, by making use of the Serret-Frenet formulae of a
pseudo space-quaternionic Lorentzian curve at LY,. We
have rederived this formulae for one pseudo-quaternionic
curve on Ly: let X = Y4 qa(s)é, be atime-like curve.
The pseudo-quaternionic Lorentzian multiplication is
shown by g. We have

T=KN, K=N(T),
N (N =-1

If we derive N(T) = —1, then we obtain
g(T,T) = 0. Here by making use of (24) we have

Nl*OlT-I-T*aNl:O.

For a result of them,

N, is g-orthogonal to T.

t = N; * oT is a space-quaternion.

Here, T and N; have unit then t has unit length.

From t = N; = aT then, the vector N, can choosen as
equal to t = T along the curve. Namely this can be written
as

N, =tx*T. (25)

If we derive equation (25) and and use Egs. (19), (24) and
(25), we obtain,

N (T) = -1,
(24)

Here N, is
N2 = n1 * T (27)

The characterization of N, is given as follows:

N, is unit.

T, N, and N, are mutually g-orthogonal.

Now, in the derivation of N, = n, * T by making use of
(21), (23) and (24) we have the following result;

N2=ﬁ1*T+n1*T

Nz = k Nl + (T - K)N3 (28)

Here, N; is taken N; =n, *T. According to this
condition; the characterization of N5 is given as follows:
The norm of N5 is N(N;) = 1.

T,N;,N, and N; are mutually g-orthogonal.

As a result of these, the derivation of N5, by making use
of (2.0), (24) and (25) we obtain,

Ny =1,*T+n, *TN; = —(r — K)N, (29)

The equations of (24), (26), (28) and (29) are called The
Serret-Frenet  Formulae of X time-like pseudo-
quaternionic  Lorentzian curve at L}. Thus,
(T,N,,N,, N5, K, k,r —K) is called Serret-Frenet
Apparatus of this Lorentzian curve.

The matrix form of this Serret-Frenet Apparatus for
this Lorentzian curve is given by
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IrT_1I 0 K 0 0 T

N |k 0k 0 N,

{Nz “lo kK o r—K|[|N, (30)
y,) Lo 0o -k 0 N,

[4].

3. CONCLUSIONS

Lorentzian curves have been studied by many
mathematicians, but a different study has been done with
the terminology of quaternions for a quaternionic
Lorentzian curve. Thus the Serret-Frenet formulas of
space quaternionic curves are re-derived.
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Secici Katalitik Indirgeme (SCR) Sistemi Ve Araclara
Adaptasyonu

Arastirma Makalesi / Research Article

Nilgiin ANAR", Pinar BAYRAM
TOFAS Tiirk Otomobil Fabrikas1 A.S. Istanbul Cad. Bursa, Tiirkiye
(Gelig/Received : 06.09.2017 ; Kabul/Accepted : 01.03.2018)
oz

Giinlimiizde artan diinya niifusu ve bununla paralel olarak artis gosteren tasit sayisinin olusturdugu egzoz gazlarinin ¢evreye ve
insan sagligia olumsuz etkilerini en aza indirebilmek igin her gecen giin daha siki denetimler yapilmakta ve simirlandirmalar
getirilmektedir. Bu kapsamda otomobil ireticilerinin yeni teknolojiler gelistirerek zararli gaz salinimlarini azaltmalari
gerekmektedir. Bu ¢alismada zararli egzoz gazi salmimlarinin insan sagligi ve ¢evre tizerindeki negatif etkilerinden bahsedilmis,
otomotiv iireticilerinin bu salinimlarin azaltilmasi igin yapmakta oldugu ¢alismalar ve uygulanan teknolojiler incelenmistir. Dizel
araglarda aci8a cikan zararli azot oksit miktarini sinirlandirmak i¢in uygulanan en yeni ve gelismis teknoloji olan SCR (Selective
Catalytic Reduction) olarak adlandirilan segici katalitik indirgeme metodu analiz edilmis, azot oksit miktarinin minimize edilmesi
icin gercgekli olan sartlar ve sonucunda olugan kimyasal reaksiyon ile ilgili bilgi verilmistir. Ayrica yontemin diger teknolojilere
gore avantaj ve dezavantajlar1 incelenirken, araglara uygulanmasindaki kritiklikler ele alinmigtir.
Anahtar Kelimeler: Segici katalitik indirgeme metodu, SCR sistemi, dizel, emisyon, azot oksit, iire, amonyum.

Selective Catalytic Reduction (SCR) System and
Adapting On the Vehicles

ABSTRACT

More challenging controls are being carried out every day and limitations are brought to reduce the negative effects of the exhaust
gases generated by the number of vehicles that is increasing in parallel with world population on the environment and human
health. Because of this reason, automotive companies need to develop new technologies to reduce harmful gas emissions. In this
research, negative effects of harmful exhaust gases on human health and environment, new technologies and studies that automotive
manufacturers are performing to reduce these emissions have been discussed. Selective catalytic reduction (SCR) method which is
the most advanced technology applied to limit the amount of harmful nitrogen oxides in diesel vehicles has been analyzed, required
conditions for minimizing the amount of nitrogen oxide and the chemical reactions are explained. Also the advantages and
disadvantages of the method compared to other technologies have been examined and criticalities in adaptation on the vehicles
have been discussed.

Keywords: Selective Catalytic Reduction method, SCR system, diesel, emission, nitrogen oxide, urea, ammonia.

karbondioksit (CO2), hidrokarbon (HC) ve azot oksit

1. GIRIS (INTRODUCTION) (NOx) emisyonlarini azaltmaya zorlanmaktadir.

Diinya genelinde 6zellikle biiyiik sehirlerde otomobiller,
olusturdugu egzoz gazlar1 sebebiyle dogayir en fazla
kirleten  etmenler igerisinde  yer  almaktadir.
Otomobillerin 6zellikle insan sagligina en fazla zarar
verdigi ortam, yogun trafikte ara¢ motorlarinin rélantide
calistigi zamanlardadir. Bunun sebebi tasitlarin, yakit
tiplerine goére egzoz borularindan ¢ikan zararli gaz
bilesenlerinin farklilik géstermesidir. Diinya genelinde,
icten yanmali motorlarda yakit-hava karigiminin
yanmasi sonucu agiga ¢ikan ve atmosfere salinan zararl
gaz miktariin smirlandirilmasi ig¢in emisyon standartlari
ve emisyon degerlerinin kontrolleri her sene daha
zorlayic1 hale gelmektedir. Bu kapsamda motor
iireticileri, partikiil madde (PM), karbon monoksit (CO),

NOx, degisik miktarlarda azot ve oksijen iceren fazlaca
reaktif bir gazdir. Hava yakit karigimi i¢indeki NOX,
yanma odasi sicaklig1 yaklasik 1800 °C ye yiikseldiginde
azot (N2) ve oksijenin (02) birlesmesiyle olusur. Eger
sicaklik 1800 °C’nin iistiine yiikselmez ise, N2 ve 02,
NO gazini meydana getirmeden egzoz sisteminden digari
atilir. Azot ve oksijen gazlarinin degisik molekiillerinin
birlesmesi ile NO, NO2, N20, N203 vb. gibi cesitli
gazlar ortaya g¢ikar ki bunlarm hepsine birden “azot
oksitler” denir ve NOx olarak ifade edilir. Dizel
motorlarin ¢alisma prensibi ¢ok hava — az yakittir. Bu
calisma prensibi ve havada bulunan azot miktarinin
yiiksek olmasi sebebiyle; dizel motorlarin, benzinli
motorlara gore NOx olusturma oram1 daha fazladir.
Benzinli motorlarda atmosfere atilan 1 ton egzoz gazinin

*Sorumlu Yazar (Corresponding Author)
e-posta : nilgun_anar@hotmail.com

yaklagik 18,42 kg't NOx iken, dizel motorlarda bu miktar
yaklagik 123,71 kg'a ulagmaktadir. [1]
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Dizel motorlu tasitlarda agiga ¢ikan azot oksit miktarini
siirlandirmak i¢in uygulanan en gelismis teknoloji, SCR
(Selective Catalytic Reduction) olarak adlandirilan segici
katalitik indirgeme sistemidir. Bu teknoloji ile agiga
cikan azot oksit, sisteme dahil edilen kimyasal ile
reaksiyona girerek havada dogal halde bulunan,
soludugumuz nitrojen, su buhart ve simirli miktarda
karbondioksite doniiserek egzoz borusundan disar atilir.
Bu yontem ile %90’1n lizerinde azot oksit eliminasyonu
miimkiin olmaktadir.

[lkilig ve dig. [1] ‘Dizel Motorlarinda Azot Oksitlerin
Olusumu ve Kontrol Yontemleri’ isimli arastirma
raporlarinda dizel motorlardan kaynaklanan ve gevre ile
canlilarin saghigi ilizerinde olumsuz etkileri olan NOx
emisyonlarinin kontrol altina alinarak azaltilmasi igin
yanmadan Once, yanma sirasinda ve yanmadan sonra
aliabilecek 6nlemler ele almislardir. Dizel motorlarinda
NOx  emisyonlarmin  azaltilmasinda  kullanilan
yontemlerden sadece EGR uygulamasi ile NOx
emisyonlarinda %75’lik bir azalma elde edilmektedir.
NOx emisyonlarinin azaltilmasinda kullanilan mevcut
yontemler yakit ekonomisi, yanmamis hidrokarbon ve
partikil madde emisyonlar1 gibi diger parametreleri
kotiilestirebilmektedir. Bu nedenle NOx  kontrol
yontemlerinin birkagi beraber kullanilarak hem NOx

emisyonlart hem de diger parametreler optimize
edilmelidir.
Sher [2] calismasinda igten yanmali motorlardan

kaynaklanan hava kirliliginin insan sagligi iizerindeki
etkilerini incelemis, emisyon kontrol yontemleri ve bu
yontemlerin verimliligini aragtirmistir. Bunlarin yani sira
kullanilmakta olan yakit tiplerinin emisyon degerleri
lizerine etkileri lizerinde durmus ve alternatif yakit
¢Oztimlerini incelemistir.

Uyumaz ve dig. [3] c¢aligmalarinda tasitlardan
kaynaklanan egzoz emisyonlarini tarif ederek, bu
gazlarin azaltilma yontemlerini incelemislerdir. Tasit
kaynakli agiga ¢ikan egzoz emisyonlarini azaltmak igin
kullanilan en giincel ve teknolojik sistemler
arastirllmistir.  Tasit kaynakli egzoz emisyonlarinin
azaltilmasinda en etkin yontemler arasinda katalitik
konvertorler, segici katalitik indirgeme ve partikiil tutucu
filtreler yer almaktadir. Bunun yaninda alternatif yanma
tiirleri ve yakitlar ile yapilan caligmalar tasit kaynakli
emisyonlarin azaltilmasinda dnemli bir yer tutmaktadir.
Bununla birlikte ileride sifir emisyon amaci i¢in elektrikli
tasitlar, hidrojen kullanimi, farkli yanma modlar1 gibi
alternatiflerin uygulanabilecegi belirtilmistir.

Ayberk ve Cetin [4] hazirladiklar1 raporda azot oksitlerin
tanimin1 yapmakta, etkilerinden bahsetmekte ve azot
oksit emisyonuna neden olan kaynaklar ve uzaklastirma
yontemlerini tanitmaktadir. Bunun yani sira Kocaeli
ilinde yapilan 6l¢iimlere yer verilmistir.

Yadav [5] katalitik konvertorleri inceledigi ¢alismasinda
her gegen giin sayisi artan tagitlarin gevre kirliligine olan
etkilerini ele almig, 1991 yilindan itibaren Hindistan’da
uygulamaya gegen emisyon ile ilgili  yasal
diizenlemelerden bahsetmistir. Iki yollu ve ii¢ yollu

katalitik konvertor tiplerini agiklamis ve konvertorlerle
ilgili en sik yasanan problemleri incelemistir.

Johnson [6] 2014 yilin1 kapsayan calismasinda tasit
emisyon regiilasyonlari ve teknolojilerindeki
gelismelerden bahsetmistir. NOx ve sera gazi ile ilgili
regiilasyon beklentilerini kargilamak igin benzinli ve
dizel motorlardaki yenilikler {izerinde durulmus, NOx
emisyon degerlerinin azaltilmasi i¢in uygulanmakta olan
SCR ve LNT adi verilen NOx absorbe edicilerin
kullanildigr sistem teknolojileri ile ilgili bilgi verilmistir.
Schnitzler [7] hazirlamig oldugu arastirma raporunda
partikiil ve NOx indirgeme i¢in kullanilmakta olan
emisyon teknolojilerini ve bu teknolojilerin emisyon
diigiirme iizerindeki etkilerini incelemistir. Arastirmada
SCR’nin ¢ogunlukla agir tagitlarda tercih edilen teknik
bir ¢6zlim olmasindan bahsedilirken hafif tagitlarda LNT
sisteminin alternatif bir secenek oldugu belirtilmistir.
LNT teknolojisiyle ilgili olarak gozlenen en biiyiik
sorunun uzun vadede istikrar saglamamasi oldugu
belirtilmistir. SCR teknolojisiyle ilgili en Onemli
handikaplar ise sistemin ihtiya¢ duydugu komponent
yerlesimlerinin zorlayict olmasi ve sistemin ¢aligmasi
icin gerekli sicaklik seviyesinin saglanmasindan
kaynaklanacak zaman kaybidir.

Jablonska ve Chmielarz [8] raporlarinda azot oksit
olusumunun baslica kaynaklari, bunlarin ¢evre ve insan
yasamu lizerindeki etkileri ile NOx’in giderilmesi i¢in
kullanilan farkli teknolojilerden bahsetmistir.  Bu
kapsamda titanyum bazli bazi katalitik konvertorler de
dahil olmak iizere farkli tipteki konvertorler
incelenmigtir. Tungsten ve molibden igeren katalizorler,
NOx indirgeme siirecinde en iyi performansi sergilemesi
nedeniyle piyasada yogun olarak tercih edilmektedir.
Titanyum igeren katalizorlerin dezavantajlart nedeniyle
farkli trend arayist i¢ine girilmekte ve hidrotalkit benzeri
materyallerden elde edilen bakir igeren karigik metal
oksitlerin  kullanilmasinin  potansiyel bir ¢dziim
olabilecegi belirtilmektedir. Bununla birlikte rapor
sonucunda ger¢ek calisma kosullarinda daha fazla
uygulama yapilmasina ihtiya¢ oldugu belirtilmistir.

Tasic ve dig. [9] hazirladiklart arastirma raporunda
benzinli ve LPG’li tasitlarin emisyonlarini incelemis ve
birbirlerine gore farkliliklarini ele almiglardir. Buna gore
normal sehir trafigi ve yogun sehir trafiginde LPG’li
tagitlarda benzinli araglara kiyasla CO, HC, NOx ve CO2
emisyonlarinin daha disik oldugu gozlenmistir.
Kiyaslama yapildiginda CO orani benzinli araglara gore
normal sehir trafiginde %30; yogun trafikte %10 daha az
iken HC orani sehir trafiginde %30; yogun trafikte %51
daha azdir. Bunun yani sira NOx oram sehir trafiginde
%41; yogun trafikte %77 ve CO2 orani sehir trafiginde
%10; yogun trafikte %11 daha azdir. Tiim zararh gaz
salmimlarinin yaklasik %12’sinin kisisel tasitlardan
iiretildigi diislintildigiinde LPG’nin uygun bir alternatif
yakit oldugu ve gelecegin kisisel ulagim ¢oziimii
olabilecegi sonucuna varilmustir.

Posada ve dig. [10] hazirladiklar1 aragtirma raporunda
agir hizmet tipi dizel motorlu araglarda son ABD ve
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Avrupa standartlarimi karsilamak i¢in kullanilan emisyon
kontrol teknolojisinin iiretim maliyetlerini
incelemislerdir. Bu maliyet tahminleri ile sadece son
yillarda imalat siireglerindeki yenilik ve gelismeler degil
ayni zamanda belli emisyon kontrol teknolojilerinin
araglar tizerine uygulanmasi i¢in de kullanilabilmektedir.
Arastirmada edinilen verilere gore US 1994 veya EURO
II standartlarma kiyasla ara¢ bagma maliyet 7000$
artmakla birlikte NOx emisyonlarinda %95; partikiil
emisyonlarinda ise %98’lik bir azalma saglanmistir.
Ozellikle agir tasitlarda yakit tiketimi ve sera gazi
salmiminin  azaltilmast igin bu siki  standartlar
uygulanmaya baglamstir.

Balland ve dig. [11] SCR sistemlerinde tim siiriis
kosullarinda NOx doniistirme performansindan &diin
verilmeksizin NH3 kagaginin dnlenebilmesi i¢in uygun
bir iire enjeksiyon kontrol yazilimmin gerekliliginden
bahsetmektedir. Tim sistemin NOx doniistiirme
veriminin en iist diizeye ¢ikartilabilmesi i¢in SCROF
icerisinde yiiksek miktarda NH3 bulunmasi ve taban alt1
SCR iinitesine NH3 gecisine miisaade edilmesi
gerektiginden bahsedilmistir. Buna gdre aracin ani
ivmelenmesi gibi durumlar da igeren tiim siiriis
kosullarinda egzoz ¢ikis borusundan NH3 ¢ikisinin
engellenebilmesi igin  her iki katalizordeki NH3
seviyesinin hesaplanabildigi bir yazilim ihtiyaci ortaya
¢tkmaktadir.

Trautwein [12] dizel motorlu ticari araglarda NOx
emisyonun azaltilmasi i¢in AdBlue ticari isimli sulu iire
¢ozeltisinin kullanilmasi ile ilgili hazirladigi arastirma
raporunda  SCR/iire  tekniginin  mekanizmasin
aciklamakta, AdBlue sivisinin fiziksel, kimyasal ve
cevresel Ozelliklerinin yani sira iiretim yontemlerinden
bahsetmektedir. Bu teknigin teknik ve lojistik
gereksinimlerini aragtirmak igin yiiriitiillen laboratuvar ve
saha testlerinden bahsedilmekte ayrica AdBlue servis
istasyonlarinda kazanilan ilk deneyimler anlatilmaktadir.
Raporda AdBlue tiiketiminin 100 km’de 2 litreden az
olmast nedeniyle dagitim aginin ¢ok sik olmasinin
zorunlu olmadigindan bahsedilmistir.

Hsieh [13] dizel motorlarda uygulanan SCR sistemlerini
konu aldigi  calismasinda  yeni, verimli ve
genellestirilebilir bir iire dozajlama metodolojisinden
bahsetmis, yiiksek verimli bir NOx indirgeme i¢in SCR
iinitesine dahil edilmesi gereken amonyak oraninin
tahmin yontemlerine deginmis, NOx indirgemenin yani
sira egzoz borusundan amonyak kagaginin 6nlenebilmesi
icin SCR kontrol sistemlerinin modellenmesi iizerine
calismustir.

Czerwinski ve dig. [14] ¢alismalarinda segici katalitik
indirgeme sistemi ve SCR kaplamali dizel partikiil
filtresinin (SDPF) bir Iveco F1C motoru fizerinde
uygulanmasi sonucu edinilen bulgulardan
bahsetmislerdir. Bu ¢calisma SDPF’nin gaz emisyonlarina
ve nano-partikiillere olan etkilerinin arastirildigr ilk
calisma olma 6zelligi tasimaktadir. Sinirli gaz emisyon
bilesenlerinin yan1 sira NH3, NO2 ve N20O miktarlar
FTIR (Fourier Doniigiimlii Infrared Spektrofotometre),

ile hesaplanmis ve nano-partikiil emisyonlarinin analizi
SMPS (spektrometre) ve CPC (yogunlastirmali partikiil
sayaci) ile gerceklestirilmistir. Calismada, NOx azalma
hizina bagl olarak SDPF’nin emisyon davranisi ve en st
NH3 degerinin, dikkatli bir sekilde yiiriitiilen 6zdes test
prosediirlerinde bile dalgalanma gosterdigi tespit
edilmigtir.

Balogh ve dig. [15] makalelerinde bir dizel motor
tarafindan iiretilen NOx emisyonunun azaltilmasi icin
motora monte edilen SCR {initesi {izerinde yapilan bir
deneyi konu almaktadir. Yapilan bu deney ile kritik
emisyon noktalar1 ve bu noktalardaki SCR sistemi
davranis1 ile ilgili bilgi saglanmis olup binek
otomobillerin gelistirilmesi agisindan faydali bir kaynak
olusturulmustur. Deney, motorun belli bir devir, hiz ve
sicaklikta c¢alismasi esnasinda bir o (NH3/NOx)
degiskenine gore gerceklestirilmistir. Yapilan deney
sonucuna gére NOx oraninin  %61,1 azaltilmasi
sonrasinda tekrar artiga gectigi gdzlenmistir. Bu
problemin, daha biiyilik bir katalizor ve yiliksek sayida
kanal olusturarak, reaksiyonun tiim yiizey boyunca
gerceklesecegi ve amonyagin gegmeyecegi bir karistirma
cihazinin monte edilerek ¢oziilebilecegi belirtilmistir.
Tulasiram ve Logachander [16] calismalarinda normal
calisma kosullarinda ve 200 bar enjeksiyon basincinda,
enjeksiyon zamanlamalarin1  degistirerek  motorun
performans ve emisyon degerleri {iizerine etkilerini
incelemislerdir. Buna gore SCR sisteminin gecikmeli
enjeksiyonda %36; ilerlemis enjeksiyonda %8; normal
enjeksiyon zamanlamasinda ise %17 NOx indirgemesini
sagladif1 gozlenmistir. On oksidasyon katalizérii HC ve
CO emisyonlarinit belli bir seviyeye kadar distiriirken
CO2 oranini artirmaktadir.

Hesser ve dig. [17] hazirladiklart g¢aligmada NOx
doniisiimiinii saglayan SCR sistemini incelemislerdir.
Raporda  gelecekteki NOx  yasal degerlerinin
kargilanabilmesi igin gerekli olan son islemlerden
bahsedilmistir. SCR sisteminin giiniimiizde en verimli
NOx azaltma teknolojisi olmasinin yani sira araca
adaptasyonunda yasanilan giicliikkler ve {irenin donmasi
gibi sorunlar da ele alinmistir. Calismada ayni1 zamanda
giiniimiizde ve gelecekteki siki emisyon diizenlemelerine
uyum i¢in kullanilmakta olan ve kullanilacak BOSCH
firmasinin SCR ¢6ziimleri incelenmistir.

Nahavandi [18] hazirladigi raporda V205 / TiO2
katalizorii lizerindeki katalitik filtre ve petek yapili bir
reaktor araciligryla NOx doniistimiiniin tahmini i¢in SCR
kinetik yapisinin  verilerine dayanan sayisal bir
modelleme ve simiilasyon calismasindan bahsetmistir.
NH3 ve SCR sistemi tanitilarak egzoz gazi sicakligy, hiz,
NH3/NOx oram1 gibi parametrelerin SCR prosesi
iizerindeki etkileri incelenmis ve buna gore optimum
caligma kosullar belirlenmistir. Simiilasyon sonuglarina
gore SCR sisteminin performansinin, tepkimeye giren
kimyasal madde yogunlugu ve caligsma sicakligina bagh
oldugu gozlenmistir.
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1.1.Tasitlardan Kaynaklanan Zararh Gaz
Salimmlarinin Cevre ve insan Saghgma Etkileri
(The Effects of Harmful Emissions from Vehicles on
the Environment and Human Health)

Dizel ve benzinli motorlarin ¢aligsmasi esnasinda, yakitin
hava ile karigmasi sonucunda hidrokarbon, siilfiir dioksit
ve su ac¢iga ¢cikmaktadir. Bu gazlar ayn1 zamanda akciger
ve kalp hastaliklarina yol agan azot oksit gazlari, karbon
dioksit ve karbon monoksit gazlarmi da icermektedir.
Hidrokarbonlar, azot oksitlerle giines 15181 altinda
reaksiyona girerek zemin seviyesinde ozon olugmasina
sebep olurlar. Olusan bu ozon, géz, burun ve bogazi
tahris eder ve akcigerlere zarar verir. Havada bulunan bu
ince parcaciklar hemen her yerde devamli olarak hareket
halinde olduklar igin ve istemsiz bir sekilde insanlarin
bu pargaciklara maruz kalmasi sebebi ile diinya ¢apinda
insanlar1 tehdit eden 6nemli bir ¢evresel risk faktoridiir.
Ayni zamanda solunan bu maddeler miyokart enfarktiisii,
inme ve kalp yetmezligi riskini arttirmaktadir. Karbon
monoksit zehirli bir gazdir ve bulunulan havada

konsantrasyonu artarsa kana gecmektedir. Kanda
oksijenden daha kolay bir sekilde hemoglobine
baglanabilmesi sebebiyle dokulara oksijen

taginamayacak ve hiicre Olimii meydana gelecektir.
Ozellikle kalp rahatsizligi olan kisiler i¢in bu durum
tehlike arz etmektedir. Bunun yani sira hidrokarbonlarin
kanserojen etkisinin oldugu bilinmektedir.

Dizel ve benzinli motorlar farkli emisyon degerlerine
sahiptir. Motorlu araglarda kullandigimiz katalitik
konvertorler yardimi ile emisyon degerleri mevcut
teknolojilerle miimkiin olan minimum seviyeye
indirilmektedir. Benzinli otomobil emisyonlari, karbon
monoksit zararli maddelerini karbon dioksit gibi daha az
zararli maddelere doniistiren {i¢ yollu Kkatalitik
konvertorlerin -~ kullanilmasiyla ~ 6nemli  dlgiide
azaltilmigtir. Katalitik konvertorli benzinli araglarda
karbon monoksit, hidrokarbon ve azot oksit emisyonlari
diistik miktardadir. Dizel yakitlar i¢in ise iki yollu
katalitik konvertor kullanilmaktadir. Dizel araglara
kiyasla karbon monoksit ve hidrokarbon salinimi
benzinli araglarda daha fazladir.

LPG (stvilagtirilmig petrol gazi) ve CNG (sikistirilmig
dogal gaz) ile ¢alisan araclarda karbon monoksit salinimi
benzinli araglara kiyasla ¢ok daha disiiktir. CNG
araglarda aciga cikan karbon monoksit miktart dizel
araglar ile hemen hemen aynidir. Bununla birlikte CNG
araglarda meydana gelen hidrokarbon salinimi,
dogalgazin ana bilegeni olan metan nedeniyle nispeten
yiiksektir. Metan, disiik seviyeli ozon olusumuna ve
kiiresel 1sinmaya sebep olmaktadir. LPG ve CNG
araclarda azot oksit ve partikiil emisyonu dizel araglara
kiyasla daha diistiktiir.

1.2. Katalitik Konvertorler ve Ozellikleri (Catalytic
Converters and Specifications)

Katalitik konvertorler (katalitik doniistiiriiciiler) motorun
calismasi esnasinda ortaya ¢ikan zararli egzoz gazlarinin
cevreye zararsiz hale doniistiiriilmesini saglayan
dontstiirticiilerdir. Katalitik konvertére ayni zamanda

‘oksidasyon katalizatorii’ de denmektedir. Otomotiv
sektoriinde emisyon degerlerinin saglanmasi amaci ile
katalitik konvertorlerin kullanilmasi zorunludur.

Katalitik konvertdr, egzoz gazinda bulunan ve zararli
olan yanmamis hidrokarbonlari1 (HC), karbon monoksiti
(CO), nitrojen oksitleri (NOx) kimyasal reaksiyona
sokarak zararsiz hale getirir.

Iki tip katalitik konvertor vardir. Bunlar;

e Ug yollu katalitik konvertér (TWC: Three-Way
Catalytic Converters)

e iki yollu katalitik Konvertdr (Two-Way Catalytic
Converters)

U¢ yollu Kkatalitik konvertorler, benzinli motorlarda
kullanilirlar. Ug farkli egzoz gaz1 olan, karbon monoksit,
hidrokarbonlar ve nitrojen oksitleri ayn1 anda zararsiz
hale ¢evirebilen katalitik konvertorlere, ti¢ yollu katalitik
konvertdr  denir. Asagida  belirtilen yanma
reaksiyonlarini gergeklestirirler [19].

e Karbon monoksitin yakilarak karbon dioksite

cevrilmesi: 2C0 + 0, — 2C0, 1)
e Azot oksitlerin oksijen ve azota indirgenmesi:
2NOx — x0, + N, 2)

e Yanmamis hidrokarbonlarin karbon dioksit ve suya
doniistiirilmesi: 2CxHy + (2x +y/2)0, -
2xC0, + yH,0 3

Dizel motorlarda kullanilan katalitik konvertore, dizel
oksidasyon katalizorii (diesel oxidation catalyst -DOC)
ad1 verilir. Dizel oksidasyon katalizoriinde, katalizor
olarak; platinyum, paladyum ve aliiminyum oksit
kullanilir. Bu katalizorlerin ii¢li de oksidasyon islevini
yerine getirir; yani HC (hidrokarbon) ve CO (karbon
monoksiti), oksijen ile yakarak, su (H20) wve
karbondioksite (CO2) dondstiriir. Bu tip katalitik
konvertorlere “iki yollu katalitik konvertdr denir, ¢ilinkil
azot oksidi (NOx) indirgeyemezler ve sadece asagidaki
iki yanma reaksiyonu gerceklestirilir [19]:

e Karbon monoksitin yakilarak karbon dioksite
¢evrilmesi: 2C0 + 0, - 2C0, 4

e Yanmamus hidrokarbonlarin karbon dioksit ve suya
doniistiirilmesi: 2CxHy + (2x +y/2)0, -
2xC0, + yH,0 5)

Dizel motorda, NOx (nitrojen oksit) emisyonunu
azaltmak i¢in, katalitik konvertdor (dizel oksidasyon
katalizorii) tek basina yeterli degildir. Dizel motorlar, ok
hava- az yakit ile calistigi igin, egzoz gazlarinda da
yiiksek oranda azot oksit bulundururlar. Dizel motorlarda
NOx emisyonunu azaltmak igin iki yontem kullanilir,
bunlar EGR sistemi (exhaust gas recirculation: egzoz
gazi resirkiillasyonu) ve SCR (Selective Catalytic
Reduction: Segici Katalitik Indirgeme) sistemleridir [46].
Secici katalitik indirgeme sistemlerinde NOx doniistimii,
SCR filtresi (SCROF) igerisinde gergeklestiginden iki
yollu katalitik konvertor kullanilmaktadir.
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1.3. Emisyon Degerleri ve Yasal Zorunluklar
(Emission Values and Valid Obligations)

Sehirlerde kullanilan ara¢ sayisi arttikca soludugumuz
havanin kalitesini artirmak i¢in motorlu araglarda
miisaade edilen emisyon degerleri sinirlandirilmistir.

Amerika Birlesik Devletlerinde Cevresel Koruma
Kurumu (Environmental Protection Agency, EPA)
tespitine  gore, zorunlu motorlu tasit kirliligi

kontroliinden o6nce 1960 yilinda kilometre basina
yaklasik 6,6 gram hidrokarbon; 52,5 gram karbon
monoksit ve 1 gr azot oksit dretildigi tahmin
edilmektedir. Araglardan salinan Kkirletici madde
miktarinin 6nemli 6l¢lide azaltilmasina ragmen niifusun
ve arag¢ sayisinin siirekli artmasi, emisyon yasal
sartlarinin daha zorlayici hale gelmesini ve otomotiv
sektoriinde emisyon kontrol teknolojilerinin
gelistirilmesini zorunlu kilmaktadir.

Emisyon kontrol standartlar1 baslangicta Japonya,
Amerika Birlesik Devletleri ve Avrupa Birligi
merkezlerinde kuruldu. Bunlarm her biri spesifik
gerekliliklere gore uyarlanmis olsa da, bu bdlgeler
emisyon azaltilmasinda benzer yaklasimlara sahiptir.
Euro ismi ile adlandirilan Avrupa regiilasyonlar1 (Euro 1
— Euro 6) ile Sekil 1’de de goriilebilecegi gibi son 20
yilda  emisyonlarn %83  oraninda  azaltilmasi
saglanmustir.

Eurol

Emissions, g/km

(ot I T )
o o @ @
[ I B R
P = |

2003
2005
2007
2009

2001
2011
2012
2015
2017
2019

Sekil 1. Tagitlardaki zararli egzoz gazlarinin yillara goére
azalma durumlar1 (Decrease of harmful exhaust gases

in vehicles within years) [20]

1.4.Dizel Araglarda Emisyon Kontrolii (Emission
Control for Diesel Vehicles)

Dizel yakat, silindir icerisinde ¢ok yiiksek bir sicaklikta
yanarsa olusan kurum miktart az olacaktir ancak agiga
cikan azot oksit miktar1 fazla olacaktir. Daha diigiik
yanma sicakliklarinda ise azot oksit emisyonu diisiik
ancak partikiil (kurum) miktar1 artacaktir. Agiga c¢ikan
zararli azot oksit miktarini sinirlandirmanin yollarindan
biri egzoz gazi geri g¢evrim (EGR — Exhaust Gas
Recirculation) sistemidir. Bu sistemde egzoz gazinin bir
kismu tekrar silindir i¢ine gonderilir. Gonderilen bu atil
gazlar alinan temiz hava ile karigsarak yanma verimini
(s1cakligini) diisiiriir ve boylelikle tepkime sonucu ortaya
¢ikan azot oksit miktar1 azalmig olur. Dizel araglarda

emisyon seviyelerinin diisliriilmesinde karbon monoksit
ve yanmamig hidrokarbon oksidasyonunu saglamak i¢in
oncelikle dizel oksidasyon katalizorii (DOC — Diesel
Oxidation Catalyst) kullanilir. Sonrasinda kalan gaz ve
partikiiller (karbon, siilfat, kiil, yag) dizel partikiil
filtresinde (DPF — Diesel Particulate Filter) toplanarak
hedef alinan basing ve sicaklik degerlerine ulasildiginda
filtrede biriken maddelerin yanmasi gergekleserek
rejenerasyon saglanir. Tipik bir EGR sisteminin ¢alisma
prensibi Sekil 2°de gosterilmistir.

Control
Unit

Coolant

EGR Cooler

]

EGR Control Valve

(=

Intake

<)

Cylinder Head

Exhaust [

Sekil 2. EGR calisma prensibi (Working principle of EGR)
[21]

Azot oksit emisyonlarini azaltmanin ikinci yolu ise SCR
katalitik konvertorii ile egzoz gazi aritimint saglamaktir.
Bu yontem ile agiga ¢ikan azot oksit miktarinin yaklasik
%090’1 yok edilebilmektedir ve uygulamaya bagli olarak
daha yiiksek oranda emisyon kontrolii bile miimkiindiir.

2. SECICI KATALITIK iNDIRGEME SISTEMi
(SELECTIVE CATALYTIC REDUCTION
SYSTEM)

SCR (Secici Katalitik Indirgeme - Selective Catalytic
Reduction) yontemi dizel motorlarda kullanilan gelismis
bir emisyon kontrol teknolojisidir. Motorun optimize bir
sekilde ateslenmesiyle egzoz emisyonlarinin aritilmasi
sistemini birlestirerek nitrojen oksit (NOx) gibi kirletici
emisyon diizeyinin azaltilmasini  amaglamaktadir.
AdBlue ticari ismi ile anilan dizel egzoz sivisi, nitrojen
oksit ile kimyasal reaksiyona girerek havada dogal halde
bulunan, soludugumuz nitrojen, su buhar1 ve sinirh
miktarda karbondioksite doniiserek Sekil 3 ve 4°de
goriilebilecegi gibi egzoz borusundan disart atilir
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Motordan ¢ikan
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partikdl filtresi
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Dizel egzoz sivisi Katalizor
sistem igerisine icerisinde NOx
puskartaltr indirgenmesi

Sekil 3. Segici katalitik indirgeme sistemi ¢aligma prensibi (Working principle of selective catalytic reduction system) [22]

Sekil 4. Secici katalitik indirgeme sistemi ile meydana gelen
kimyasal reaksiyon (Chemical reaction in the
selective catalytic reduction system) [23]

SCR sistemi uzun yillardir diinya ¢apinda agir tasitlar,
gii¢ santralleri, yolcu gemileri, kargo gemileri, feribotlar
ve romorkoérler de dahil olmak {izere bir ¢ok alanda
kullanilmaktadir. SCR sistemi nadir bakim gerektirmesi,
ara¢ dmrii boyunca kullanilabilmesi, aracin bakim ve yag
degistirme araliklari1 etkilememesi, yiiksek motor
giicline elverisli olmasi ve motorun yaglama veya
sogutma sistemine ya da yakit sistemine takviye
edilmesine gerek olmamasit gibi avantajlar sunmaktadir
[11].

2.1. Dizel Egzoz Sivis1 — AdBlue (Diesel Exhaust Liquid

- AdBlue)

AdBlue “VDA - Verband der Automobilindustrie”
sirketinin tescilli markasidir. AdBlue’nun aktif maddesi
iire, dogalgazdan elde edilmektedir. Ure, 1sitildiginda
amonyaga doniisen bir azot bilesigidir. Bu madde dogada
da bulunan beyaz, kristal zerrecikli bir tozdur. AdBlue
dayanikli, renksiz, kokusuz, zehirsiz ve yanici olmayan
bir sividir. Zehirsiz ve dayanikli oldugundan rahatca
saklanip nakledilebilir. DIN 70070 veya ISO 22241-1
kalite standartlarina gore iiretilmektedir. %32,5 oraninda
iire igeren dizel egzoz sivisi (geri kalan %67,5’lik kismi
iyonu giderilmis sudur) SCR Kkatalitik konvertori
tarafindan egzoz gazi sistemine enjekte edilir. Ure
miktarinin %32,5 olmasinin en dnemli sebebi en diisiik
donma noktasinin (-11°C) bu seviyede elde edilmesidir.

Ayrica bu oranlarla iire ve su aym oranda donarak
¢oziilme esnasinda sivinin yogunlagsmasinin ya da
seyrelmesinin Oniine gecilmig olur. Sivinin donmasi ve
¢oziilmesi bozulmaya yol agmaz. Dizel egzoz sivisinin
donma — ¢6ziinmesi arasinda %7’lik bir genlesme farki
vardir. Tank ve sistemler bu genlesmeye miisaade edecek
sekilde tasarlanir. Mevcut normlara goére sivinin
donmasini engelleyecek, kullanimi uygun bir katki
maddesi bulunmamaktadir. Bu nedenle ve sistemin
¢aligmasi igin {ire oraninin hassas olmasi sebebiyle depo
icerisine  herhangi bir antifriz katki maddesi
eklenmemelidir. [24]

SCR sistemine enjekte edilecek dozaj, egzoz gazi akis
miktaria gére motor kontrol {initesi tarafindan belirlenir.
SCR katalitik konvertoriin arkasinda bulunan bir NOx
sensorii  tarafindan bilgilendirilen motor yonetimi,
dozajin hassas bir sekilde ayarlanmasint saglar. Soguk
havalarda (ara¢ calistirildiginda) tank 1sitilarak dizel
egzoz sivisinin donmast Onlenir. Baglant1 ve hortumlar
da sicak tutularak 1s1 sabitlenir. Arag -11°C’nin altinda
park halinde kalirsa sivi donar, fakat motor ¢alistirildig:
anda 1sinmaya baslar ve belli bir zaman sonra ¢oziliir.
Dizel egzoz sivisi, ancak motor ve egzoz sistemi normal
calisma 1sisina eristiginde tam filtreleme yapmaya baslar.
Bu sebeple yapilan emisyon 6l¢timlerinde sistemin tam
calismaya baslamasi referans alinir.

Dizel egzoz sivist (AdBlue) SCR emisyon kontrol
sisteminin ayrilmaz bir pargasidir ve aracin siirekli
calismasint saglamak igin tankta her zaman mevcut
olmalidir. Depodaki sivi seviyesi bitmeye yakin
oldugunda aracin bir sonraki seferinde kilitlenerek, sivi
takviyesi yapilmadan ¢aligmasi engellenebilir. Bir tasitin
dizel egzoz siv1 tiiketimi, tiiketilen dizel yakitin yaklasik
%?2'si olacaktir [24]. Tasitlarda AdBlue depo dolum
agizlari, yanhslkla yakit konulmasimin engelleyecek
sekilde tasarlanir. Genellikle Sekil 5’de de goriilebilecegi
gibi yakit dolum haznesinde yer alan ayri bir hattan siv1
dolumu gergeklestirilir. Dolum agzinda yer alan kapak
iizerinde AdBlue yazis1 bulundugundan, farkli bir madde
ile dolum yapilma riski oldukga distiktiir.
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 AdBlue

Sekil 5. AdBlue sivist ve dolum lokasyonu (AdBlue liquid
and filling location) [25]

Dizel egzoz sivist zehirli degildir ancak caligilirken
alinmast gereken Onlemler arasinda deri ve gozlerle
temas etmesinden kaginmak bulunmaktadir. Goz ile
temasinda goz bol su ile yikanmalidir. Ayrica, eger
zemine dokiiliirse kayma tehlikesi arz eder. Yaklasik 9.0
pH degeriyle kismen alkalindir ve bu nedenle
aliminyum, piring, yumusak celikle dogrudan temas
ettirilmesi durumunda korozyona yol acacaktir. Yiiksek
yogunluklu polietilen tanklarda depolanmasi
Onerilmektedir.

Dizel egzoz sivisinin raf omrii ortam sicakligina bagl
olarak degiskenlik gostermektedir. Giines 15181 ve sicaga

maruz kalmast durumunda zamanla bozulacaktir. -10°C
ila +30°C arasinda depolanmasi durumunda raf omri
yaklasik 1 yildir. Maksimum sicaklik 24°C’yi agmaz ise
raf Omrii 2 yila kadar uzayabilir.

2.2. Secici Katalitik indirgeme Sisteminin Arag
Uzerinde Uygulanmasi1 (Applying Selective Catalytic
Reduction System on the Vehicles)

Segici katalitik indirgeme sistemi asagidaki otomobil
iireticileri tarafindan araglarda uygulanmaya baslamstir.
Bu marka ve modeller Cizelge 1 de gosterilmektedir.

SCR sisteminin araglara uygulanabilmesi i¢in ilave
edilmesi gereken komponentler dizel egzoz siv1 deposu,
dolum borusu, sivi iletim hatti, sivi 1sitma sistemi
(genellikle boruya entegre olarak temin edilir), enjektdr,
SCR katalizorii, NOx sensorii (giriste ve ¢ikista olmak
lizere 2 adet), SCR kontrol fiinitesi, sicaklik kontrol
{initesi, enjektdr sogutma pompast ve borularidir. flave
edilen bu komponentler sebebiyle arag {lizerinde motor
bolmesinde yer alan pargalarda, dis trim (ve/veya ig trim)
pargalarinda ve taban alti yerlesiminde degisiklikler
yapilmasi da gerekebilmektedir.

Cizelge 1. Segici katalitik indirgeme sisteminin uygulandig: tasitlarin marka ve modelleri (Vehicle brands and models that
selective catalytic reduction system is being used) [26]

MARKA MODELLER

AUDI Q3, A4 Avant, A5, A6 Avant, A7, A8 Limousine, Q5, Q7, A6 Saloon, A4 Saloon, A8
Saloon

BMW X5, X6, 5 series Saloon, 5 series Gran Turismo, 5 series Touring, 7 series Saloon
Berlingo Multispace, C3, C3 Picasso, C4, C4 Cactus, C4 Picasso, C5, C5 Tourer, DS

CITROEN 3 Cabrio, DS 4, DS 4 Crosshack, DS 5, Grand C4 Picasso, New DS3, New Berlingo,
C Elysee, Jumpy

INFINITI Q50

JAGUAR XE, XF, XJ

LAND ROVER Discovery Sport, Evoque, Range Rover Sport, Range Rover

MERCEDES GLE SUV W166, ML W166, Sprinter, Viano, Vito W447, GLE coupe W166, G-class
cabriolet W463, S-class Saloon W221, S-class Saloon W222, S-class W222, GL,
GLC SUV, G-classBreak long W463, E-class Coupe C207, C-class Saloon C205, C-
class Saloon w204, CLS Coupe C218, CLS shooting break C218, E-class Saloon
W212, E-class Cabriolet C207, R-class W251, E-class W213, GLC Class Coupe

PEUGEOT 208, 308, 2008, 3008, 5008, 508 SW, Partner, Travaveller, Partner Panel Van, 508
Saloon

RENAULT Trafic

SKODA Superb, Yeti

TOYOTA Land Cuiser

VAUXHALL Movano, Insignia, Zafira Tourer 2016, Vivaro, Zafira Tourer 2017

VOLKSWAGEN Caddy, California, Caravelle, Crafter Van, Multivan, Passat SW, Sharan, Tiguan,
Touareg, Transporter, Passat Saloon, New Passat Alltrack, New Touran
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Araglarda yer alan AdBlue depo hacimleri 8 litreden 24
litreye kadar olabilmektedir. En sik kullanilanlar1 ise 12
— 17 litre olanlaridir. [26] Depolar ara¢ mimarisine gore
farkli lokasyonlarda olabilmekle birlikte genellikle yakit
depolarinin  yakinina ya da motor bosluguna
konumlandirilir. Depolarin arag tizerinde
konumlandirmasi yapilirken, olasi kaza durumlarinda
deponun zarar gormesini engelleyecek bir bolgede
olmasma dikkat edilmesi gereklidir. Kaza sonrasi
deponun zarar goriip i¢erisinde yer alan sivinin bosalmasi
durumunda hafif hasarl bir kaza olsa bile ara¢ hareket
etmeyecektir. Bu nedenle depolar korunakli bolgelere
konumlandirilmali  ve  gerekli ise delinmesini
engelleyecek ilave dnlemler alinmalidir. Dolum agizlari
ise genellikle yakit dolum haznesinde bulunmaktadir.
Bununla birlikte tireticiler Sekil 6’da da goriilebilecegi
gibi farkli dolum lokasyonlarini tercih edebilmektedir.

SCR sisteminde AdBlue dolum deposundan enjektore
isitmali  iire hatti  vasitasiyla dizel egzoz sivisi
pompalanir. SCR katalizérline sivinin enjekte edilmesi
ile egzoz gaz1 icerisinde var olan azot oksidin yaklasik
%90°1 (yiiksek sicakliklarda) katalizor igerisinde azot ve
suya doniistiiriiliir. Ikinci katalizorde geriye kalan %5-
8’lik azot oksit donisiimii saglanir. Sonrasinda CUC
(Clean Up Catalyst) olarak adlandirilan temizleme
katalizoriinde NH3 Slip olarak tanimlanan NH3
kagaginin oksidasyonu gerceklestirilerek egzozdan NH3
¢ikisi engellenmis olur. NH3 kacagi, amonyagin SCR
katalizoriiniin iginden tepkimeye girmeden ¢ikmasidir.
Bunun sebebi fazla enjekte edilme, reaksiyon sicakligina
ulasilamamasi veya katalizoriin aktif olmamasidir. NH3
kagagi alt bilesenlerin zarar gérmesi ile sonuglanabilecek
amonyum siilfat olusumuna yol acabilir [27].

MERCEDES S CLASS W222

VOLKSWAGEN TIGUAN

3. SONUCLAR (CONCLUSION)

Sonug olarak tagitlardan kaynaklanan zararl egzoz gazi
emisyonlarinin azaltilmasi i¢in diinya genelinde her
gecen  sene  daha  zorlayier  siirlandirmalar
getirilmektedir. Bu baglamda Avrupa ve Amerika
regiilasyonlarinin  birbirine paralel sinirlandirmalar
getirdigi gozlenmistir. Buna gbére son 20 yilda
emisyonlarin %83 oraninda azaltilmasi saglanmustir.
Emisyon degerlerinin yakalanabilmesi icin tasitlarda iki
yollu ve ¢ yollu katalitik konvertorlerin kullanilmasinin
yani sira dizel araglarda agia ¢ikan yiiksek miktardaki
azot oksit miktarinin azaltilmasi i¢in EGR ve SCR
teknolojileri kullanilmaktadir. SCR sistemi ile egzoz gazi
igerisinde var olan zararli azot oksit miktarinin %90°dan
fazlas1 egzoz gazi igerisine NH3 enjekte edilerek nitrojen
gazi ve suya doniistiiriiliir. Boylelikle dizel motorlu
araglarda siki emisyon kurallarina uyum saglanmis olur.
Yakit ekonomisine dogrudan bir etkisi olmamakla
birlikte egzoz sistemine artt olarak getirdigi NOx
soniimleme kapasitesi sayesinde silindir i¢i yanma
sicakliklarimin ~ artmasina imkan vererek, yanma
veriminin artmasina katki saglar. Bu avantajlarina
ragmen sistemin calisabilmesi i¢in AdBlue deposu,
enjektor, ilave borular, SCR katalizorii gibi ekstra
komponentlerin gerekli olmasi sebebiyle aracin agirligim
ve maliyetini negatif yonde etkilemektedir. Ayrica -
11°C’de AdBlue sivisinin donmasit sebebiyle 6zellikle
soguk havalarda sistemin tam performansl galisabilmesi
i¢in sivinin dnceden 1sitilmasi zorunludur. Bu avantaj ve
dezavantajlara bakilarak gilinlimiizde dizel motorlu
araglarda emisyon kurallarii kargilamak icin NOx
indirgenmesini saglayabilecek en gelismis teknolojinin
SCR sistemi oldugu goriilmektedir

PEUGEOT TRAVELLER

AdBlue

JAGUAR XE

|

Sekil 6. Farkli marka ve modellerde AdBlue dolum lokasyonlar1 (AdBlue filling locations for different vehicle brands and
models) [26]
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KISALTMALAR (ABBREVIATIONS)

CNG Sikistirilmis dogalgaz

Cco Karbon monoksit

COo2 Karbondioksit

CPC Yogunlastirmali partikiil sayaci

CcucC Temizleme katalizorii

DOC Dizel oksidasyon katalizorii

DPF Dizel partikiil filtresi

EPA Cevresel koruma kurumu

FTIR Fourier doniisiimlii kizil6tesi
spektrofotometre

EGR Egzoz gazi resirkiilasyonu

HC Hidrokarbon

H20 Su

LNT Azot oksit absorbant

LPG Sivilastirilmis petrol gazi

NH3 Amonyak

NOx Azot oksitler

PH Hidrojen giicti

PM Partikiil madde

SCR Secici katalitik indirgeme

SCROF  Segici katalitik indirgeme filtresi

SMPS  Spektrometre

TiO2 Titanyum dioksit

TWC Ucg yollu katalitik konvertor

V205  Vanadyum pentoksit
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Performans Uzerindeki Etkisinin Incelenmesi
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oz
Bu caligmada, fonksiyonel kademelendirilmis plakalarda kalinlik boyunca bilesenlerin hacimsel degisim siirekliliginin, balistik

performans tizerindeki etkisi sayisal olarak incelenmistir. Sayisal analizler eksplisit dinamik analiz yapabilen LS-DYNA sonlu
elemanlar yazilimi kullanilarak yapilmistir.

Seramik (SiC) ve metal (Al) bilesenlerden olusan fonksiyonel kademelendirilmis plakalarimda kademelendirilmis bolgedeki lokal
malzeme 6zelliklerinin hesaplanmasinda, mikro mekanik model olarak Mori-Tanaka semasi kullanilmistir. Plakalarin elasto plastik
davraniglarinin modellenmesi i¢in de, iki farkli bilesene sahip yapilarda bilesenlerin, tek eksenli gerilme-sekil degistirme
degerlerini kullanarak kompozit malzemenin gerilme sekil degistirme egrisinin olusturulmas1 i¢in gelistirilmis olan TTO model
kullanilmigtir.

Anahtar Kelimeler: Fonksiyonel kademelendirilmis malzemeler, balistik performans, sonlu elemanlar yontemi.

An Investigation of the Ballistic Performance of
Functionally Graded Plates have Different
Compositional Gradation Through the Plate Thickness

ABSTRACT

In this study, the ballistic performance of functionally graded plates (FGSPs) which have different layer numbers have been
investigated numerically. Numerical analyses were performed using LS-DYNA finite element software which can perform an
explicit dynamic analysis. The functionally graded sandwich plate is composed of a mixture of ceramic (SiC) and metal (Al)
constituents, Mori-Tanaka scheme was used to determine the effective material properties at any point inside functionally graded
plates. In order to define the elasto-plastic behavior of the functionally graded layers, the TTO (Tamura-Tomota-Ozawa) model
was used.

Keywords: Functionally graded materials, ballistic performance, finite element method.

1. GIRIS (INTRODUCTION)

Fonksiyonel kademelendirilmis malzemeler
(Functionally Graded Materials=FGMs) belirli bir
pozisyonda malzeme kompozisyonunun siirekli olarak
degistigi yapilar olarak tanimlanirlar. Genellikle
seramik-metal bilesiminden olusan bu malzemeler kotii
calisma sartlarina sahip uygulamalar icin son derece
uygundurlar. Ornegin, agir asindirici  pargalarin
tasinmasinda asmmmaya kars1 astar olarak, roket 1s1
koruyucularinda, 1s1 degistirici tiiplerde, termoelektrik
jeneratorlerde, 1s1  motoru pargalarinda, flizyon
reaktorlerinin - koruyucu ylizeylerinde ve elektrik
yalittminda kullanilmaktadir [1].

Fonksiyonel kademelendirilmis malzemeler, seramik-
metal baglantilarin ara ylizeylerinde termo-mekanik
uyumsuzluklarin azaltildig1 ideal yapilardir ve boylece

*Sorumlu Yazar (Corresponding Author)
e-posta : aydin@erciyes.edu.tr

yiiksek sicaklik ortamlarinda calisan yapilarda olusan
arttk  gerilmeleri de azaltabilirler. Fonksiyonel
kademelendirilmis malzemelerdeki 1sil  gerilmeler
kompozisyonel ve mikro-yapisal dagilimm kontrol
edilmesiyle azaltilabilir. Yine de fonksiyonel
kademelendirilmis malzemeler, kompozisyonundaki
strekli makroskopik degisimler nedeniyle artik
gerilmelere sahiptirler ve bu artik gerilmeler fonksiyonel
kademelendirilmis malzemenin mekanik 6zelliklerini de
etkiler.

Fonksiyonel kademelendirilmis malzemeler zor g¢alisma
sartlarina sahip darbeli ortamlarda veya balistik amagh
olarak da kullanilabilirler. Bu nedenle bu malzemelerin
darbe dayanimlariin da belirlenmesi oldukca 6nemlidir.

1.1. Biinye lliskileri ve Karisim Teorisi

Seramik (SiC) ve metal (Al) bilesenlerden olusan
fonksiyonel kademelendirilmis plakalarin en alt ylizeyi
metal, en ist ylizeyi ise seramik olup her iki yiizey
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arasinda, bilesenlerin hacimsel oranlar1 kademeli olarak
degismektedir (Sekil 1a). Soz konusu bu degisimin

Sekil 1. a) Fonksiyonel kademelendirilmis dairesel plaka, b) Sayisal analiz sinir sartlar1 ( a- A functionally graded

circular plate and b- boundary condition)

stirekli olmasi katmanlar arasi artik gerilmeyi ve termo-
mekanik uyumsuzluklar1 azaltacaktir. Fonksiyonel
kademelendirilmis plakayr olusturan her bir katman
kendi igerisinde homojen olup, her bir katmanin ihtiva
ettigi seramik (c) ve metal (m) bilesenlerin hacimsel
oranlari arasindaki iliski;

VetV =1 1

Denklemi ile ifade edilir. Bilesenlerin hacimsel
oranlarmin, plaka kalmligi (h) boyunca konumun
fonksiyonu olarak degistigi fonksiyonel
kademelendirilmis plakalarda, bu degisim, Vc(z) ve
Vm(z) sirasiyla seramik ve metal bilesenin herhangi bir z
mesafesindeki hacimsel oranlar1 olmak {izere,

@ =(1-2) ve V.@=1-0Ww 2

h

esitlikleri ile ifade edilir. Bu denklemlerde, h plaka
kalinligi ve n bilesenlerin hacimsel degisimini lineer
veya lineer olmayan sekilde kontrol eden istiir. Cesitli n
degerleri i¢in plaka kalinligt boyunca bilesenlerin
hacimsel oranlarindaki degisim Hata! Basvuru kaynagi
bulunamadi.a’da gosterilmistir. Bu ¢aligma kapsaminda
yapilan sayisal analizlerde, bilesenlerin plaka kalinlig
boyunca hacimsel oranlarindaki degisimin lineer oldugu
(n=1) kabul edilmistir.
Analizlerde fonksiyonel kademelendirilmis plakalarin
sayisal modellemesi i¢in gerekli olan, kademelendirilmis
bolgedeki lokal malzeme ozelliklerinin
hesaplanmasinda, mikro mekanik model olarak Mori-
Tanaka semasi kullanilmigtir [2,3]. Bu modelde,
fonksiyonel kademelendirilmis malzemenin etkili hacim
modiilii K ve kayma modiilii G su sekilde ifade edilir;

K-K,, V.
K.— K 3(Kc—Km) 3
¢ " [1 +@A-Vo) 3K, +4Gy, ]
G—-G, V.
G Go—Gm 4
G.— G, [1+(1 V)(a +f)
fi= G.(9K,, + 8G,,) 5

6(Ky +2G,,)
Elastisite modiilii E ve Poisson orani »’yii hesaplamak
igin;
_ 9KG
" 3K+6

o 3K-26 5
Ve YT26K+6)

esitlikleri kullanilmistir. Lineer karisim kuralina gére her
bir katmanin yogunlugu, p ise asagidaki denklem
kullanilarak hesaplanmistir.

P=Vipm +Vcpc 7

1.2. Tamura-Tomota-Ozawa (TTO) Model

Fonksiyonel kademelendirilmis malzemelerin lineer-
elastik davranislar1 klasik Hooke kanunu ile tariflenirken,
elasto-plastik davraniglarim1 modellemek igin Tamura ve
digerleri [4] tarafindan ortaya atilan ve metal-seramik
esashi fonksiyonel kademelendirilmis malzemelerin,
hacimsel oranlarini temel alan TTO model kullanilmustir.
TTO model iki fazli kompozitlerde, iki bilesenin,
ortalama tek eksenli gerilme ve sekil degistirme degerleri
kullanilarak elde edilen, tek eksenli gerilme (o) ve sekil
degistirme (¢) degerleriyle iliskilidir,
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c=V,oo.+V,0, ve =V +V, €, 8

Bu esitlikte, oc ve om sirasiyla seramik ve metal
bilesenlerin ortalama gerilme ve ¢ Ve en sirastyla seramik
ve metal bilesenlerin sekil degistirme degerlerini ifade
etmektedir. TTO model, ilave bir parametre olan,
gerilme-gekil degistirme transfer orani, Q’yu ise su
sekilde tanimlar:

0,—0
1 2 0<g<oo 9

T el
g parametresinin  degeri, bilesenlerin malzeme
ozelliklerine ve kompozit yapi igerisindeki mikro yapisal
etkilesimlerine baglidir. Ornegin, g=c iken bilesen
elemanlarin yiikleme dogrultusundaki deformasyonlari
Ozdestir, halbuki q=0 iken bilesen elemanlar ayni gerilme
seviyelerine sahiptirler. Genellikle, kompozit yap1
icerisindeki bilesen elemanlar, karmasik mikro yapilari
(tane sekillerindeki fark, dogrultu, hacimsel oran vb.)
nedeniyle, farkli gerilme ve sekil degistirme degerlerine
sahiptirler. g’nun sifirdan farkli, sonlu bir degeri,
yaklagik olarak bilesenlerin etkilerini yansitabilir.
Calisma kapsaminda yapilan sayisal analizlerde
0=4,8GPa olarak alinmistir s6z konusu deger Giines ve
arkadagslari [5] tarafindan deneysel olarak hesaplanmuistir.
Seramik-metal kompozitlerin plastik deformasyonu
uygulamalarinda TTO model, metal bilesen akmaya
baslayinca, kompozitin aktigin1 varsayar ve kompozitin
akma gerilmesi oy su sekilde tariflenir
q+EnE,

oy = 0y [Vm + ma(l - Vm)] 10

Burada oo, metalin akma gerilmesidir. Yukaridaki
denklem gostermektedir ki, kompozitin akma gerilmesi;
metalin akma gerilmesi, metalin hacimsel oran,
bilesenlerin elastisite modiilleri ve (¢ parametresine
baglidir. Kompozitin akma noktasindan sonraki gerilme-
sekil degistirme (6—¢) egrisini veren parametrik denklem

& V1E (]

_ (q +V2E1)E gy (02)"" 11
& q+Eyoy (q+EE; oy\gg
6 Vyq+E 0, (ViqE1) oy (02)"" 12
Oy q+E, oy (q+Ey)E; oy\og

seklinde tariflenir. Burada &y = a"/ g kompozitin akma
sekil degistirme degeri, Ng ise metal bilesenin sertlesme
katsayisidir. Metal bilesen igin sertlesme katsayisi, no en
kiigiik kareler metodu ile Denklem 13. kullanilarak
hesaplanmustir.

a"‘)no 13

g =&, [—
m m(ao

Burada ¢y = ao/ E, metal bilesenin akma sekil
degistirmesidir. Hata! Basvuru kaynag
bulunamadi.b’de TTO Model ile tariflenen kompozitin,
gerilme-gekil ~degistirme egrisini sematik olarak
gosterimi verilmistir.

Fonksiyonel kademelendirilmis malzemelerin iiretimi,
genel olarak toz metaliirjisi ile kademelendirilmis
yapinin elde edilmesi ve daha sonra sinterlenmesi esasina

dayanir [6-8]. Bu malzeme konseptinde,
kademelendirilmis yapt olusturulurken katmanlar
olugturan  bilesenlerin  hacimsel oranlar1  belirli

dogrultularda siirekli olarak degismesi ile mekanik
ozellikler de degisecektir.

1|||\|\|.+*1 = T 1 T [ T T 11

Az )

Seramik bilesenin hacimsel orani (V)

I
oL -
0 0.2 04 0.8 0.8 1
Boyutsuz plaka kalinlig (z/h)
@)

Metal bilegen

Gerilme ()

Sekil dedistirme (g)

(b)
Sekil 2. a) Fonksiyonel kademelendirilmis dairesel plakanin
kalinlig1 boyunca farkli kompozisyonel gradyantlarda
seramik bilesenin hacimsel orani (V)

b) TTO Modelin sematik gerilme-gekil degistirme egrisi.
(a- Through the thickness distribution of the volume
fraction of the ceramic phase in the functionally graded
circular plate, b- Schematic of the stress—strain curve of
the TTO model)

Yiiksek sicaklik ortamlarinda c¢alisan fonksiyonel
kademelendirilmis malzemelerde, katmanlar arasi
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mekanik Ozelliklerin ani degisimi sebebiyle 1sil
gerilmelerin olustugu ve katman ara yiizeylerinde termo-
mekanik uyumsuzluklar meydana geldigi rapor edilmistir
[9-12]. Bahse konu bu olumsuzluk, plaka kalinligi
boyunca miimkiin oldugunca ¢ok katman kullanilarak
giderilebilir, bu sayede yapiy1r olusturan katmanlarin
incelmesi ile bir ylizeyden diger bir yiizeye, mekanik
ozellik degisimi kademeli degil siirekli olacaktir. Toz
istifleme, toz piiskiirtme dokiim, santrifiij, lazer kaplama
ve diflizyon gibi ¢esitli yontemler kullanilarak iiretilen
fonksiyonel kademelendirilmis  malzemeler igin,
olusturulabilecek minimum katman kalnlig1 iiretim
yontemi ile direkt olarak iliskilidir. Ornegin toz istifleme
sicak presleme yontemi kullanilarak tiretilen fonksiyonel
kademelendirilmis bir malzemenin katman kalinlig
biiyiik (>1mm) ve orta (100-1000m) dlgekte olabilirken
santrifiij yontemi ile ¢ok ince film (<10xm) katmanlar ile
stirekli bir degisim elde edilebilir [8]

Havacilik, uzay, otomotiv ve enerji gibi birgok 6zellikli
alanlarda kullanilan fonksiyonel kademelendirilmis
malzemelerden yapilmis plakalarm farkli yiikleme ve
sinir sartlarinda lineer olmayan mekanik davraniglarinin
tespiti ve bu bilgiler 1s13inda gerilmeleri minimize
edecek ve kullanim dmriinii uzatacak optimum malzeme
kompozisyona sahip yapilarin belirlenmesi son derece
onemlidir. Literatiirde termal yiikler altinda fonksiyonel
kademelendirilmis malzemelerin tretim
optimizasyonunun yapildigi birgok ¢alisma mevcut olup
balistik darbe yiikleri altindaki davranislarinin
incelendigi calismalar oldukga sinirli sayidadir.

Bu calisma ile fonksiyonel kademelendirilmis dairesel
plakalarda, plaka kalinlig1 boyunca bilesenlerin hacimsel
oranlarmin degisim siirekliliginin balistik performans
tizerindeki  etkisi sayisal olarak  incelenmistir.
Fonksiyonel kademelendirilmis plakalarin mikro yapisi
esas alinarak olusturulan numerik modelin sayisal
analizleri bir sonlu elemanlar yazilimi olan LS-DYNA
program ile yapilmustir.

2. PROBLEM TARIFi (PROBLEM DESCRIPTION)

Calisma kapsaminda gergeklestirilen sayisal analizlerde,
acik dinamik analiz yapabilen LS-DYNA sonlu
elemanlar yazilimi kullanilmig olup 15mm kalinliga
sahip fonksiyonel kademelendirilmis plakalar Sekil
1b’de gosterilen ve dis ¢apt 90mm ve i¢ ¢apt 70mm olan
bolgelerden ankastre olarak mesnetlenerek merkezi

carpma ylikiine maruz birakilmislardir. Analizler, plaka
kalinlig1 boyunca 4 farkli katman sayisina sahip (5,10, 15
ve 20) fonksiyonel kademelendirilmis plakalar ve 500m/s
ile 750m/s mermi hizlar1 i¢in tekrarlanmistir. Analizlerde
modellemesi yapillan 4 farkli fonksiyonel
kademelendirilmis plaka tipi i¢in her bir plakay:
olusturan katmanlarin ihtiva ettigi seramik ve metal
oranlar1 Sekil 3a’da verilmis olup plaka kalinligi boyunca
bilesenlerin hacimsel degisim oranlari da Sekil 3b ile
verilen grafikte goriilmektedir.

Balistik darbe analizlerinde 2,85g kiitleye sahip vurucu,
STANAG 2920 [13] ve MIL-DTL-46593B (MR) [14]
standartlar1 ile tamimlanmis ve geometrisi Sekil 4’te
verilmis olan ISI 4340H ¢eliginden firetilmis, 0,3 kalibre
parcactk benzetimli mermi (Fragment Simulating
Projectiles, FSP) dikkate alinarak modellenmistir. Bu
standartlar ile tanimlanmig pargacik benzetimli mermiler
isabet ettikleri hedef iizerinde patlamali silah
mermilerinin olusturacaklar1 deformasyonuna benzer
etki olusturmalar1 sebebiyle gercek test sartlar1 simule
edilmis olacaktir. Fonksiyonel kademelendirilmis
plakalar kompozisyonu kalinlik boyunca degisen
seramik (Silisyum Karbiir-SiC) ve metal bilesenlerden
(Aliminyum-Al) olusmaktadir. Seramik ve metal
katmanlar arasinda kalan fonksiyonel kademelendirilmis
bolgenin  mekanik  6zelliklerinin  hesaplanmasinda
1.Bo6liimde tanimlanan, Mori-Tanaka semasi1 ve TTO
model kullanilmistir.

Sayisal analizlerde, vurucu i¢in plastik kinematik (Plastic
Kinematic) ve fonksiyonel kademelendirilmis plakalar
i¢in pargali lineer plastisite (Piecewise Linear Plasticity)
malzeme modelleri kullanilmis olup fonksiyonel
kademelendirilmis plaka ve pargacik benzetimli mermi
mekanik Ozellikleri Cizelge 1°‘de verilmistir. Sonlu
elemanlar modeli Sekil 5’te gosterilen fonksiyonel
kademelendirilmis plaka ve 0,3 kalibre parcacik
benzetimli mermi i¢in 8 diiglim noktal, her bir diigiimde
9 serbestlik dereceli bulunan SOLID 164 eleman tipi
tercih edilmistir. Model i¢in ag bagimsizlig1 yapilarak,
yaklasik olarak 1570000 eleman kullanilmstir.

Carpma analizlerinde temas modelinin olusturulmasi
oldukga kritik bir adimdir. Sayisal analizlerde mermi ile
fonksiyonel kademelendirilmis plaka arasinda, diigiim
noktalarinin temas ettigi ylizeye, temasla birlikte penetre
oldugu durumlarda kullanilan
CONTACT_ERODING_NODE_TO_SURFACE temas
algoritmasi kullanilmstir.

Cizelge 1. Fonkisonel kademelendirilmis plaka bilesenleri ve mermi mekanik o6zellikleri (Mechanical properties of
constituents of functionally graded circular plate and projectile.)
Elastisite Poisson Yosunluk Akma Tanjant
Malzeme Modiilii Oram (kg i) | Gerilmesi | Modiili
(GPa) g (MPa) (MPa)
Al 6061 67 0,33 2702 95 -
SiC 302 0,17 3100 - -
Celik (AISI 4340) 200 0,29 7850 970 470
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Sekil 3. a) Farkli katman sayilarina sahip fonksiyonel kademelendirilmis plakalarin her bir katmaninin ihtiva ettigi seramik
ve metal hacimsel oranlar1 b) Plaka kalinlig1 boyunca seramik bilesenin hacimsel oraninin degisimi
(a- volumetric ratios of ceramic and metal for all layers of each functionally graded plates, b- volume fraction of the
ceramic phase in each layers of the functionally graded circular plates)
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3,4544
+0,000

8,636

275184
+0,0000
-0,0254

Sekil 4. 0,3 kalibre parcacik benzetimli mermi (0.3 caliber
fragment simulating projectile)

Bu temas tipi genellikle iki yilizey arasinda meydana
gelen genel temaslarda ve yiizeylerden biri ya da her
ikinde de hasar olugmasi durumlarinda, temasin yiizey
altindaki elemanlar iizerinde de etkili olmasina izin
verildigi kat1 elamanlara penetrasyon problemlerinde ve
diger ylizey hasarina ugrayan problemlerde kullanilir.
Ayrica mermi ve plakaya ait elemanlarda olusacak
bozulmalar1 engellemek icin 5. tip HOURGLASS
tanimlanmustir.

Fonksiyonel kademelendirilmis silindir  plakalar,
kalinliklart boyunca 5,10,15 ve 20 katman olarak
modellenmis olup mermi ile fonksiyonel
kademelendirilmis  plakalar arasinda siirtiinmenin

olmadigi, fonksiyonel kademelendirilmis plakalarin
soniimleme etkisinin ihmal edildigi, ¢arpma boyunca
yercekimi ivmesinin olmadigi, katman ara ylizey
baglarinin milkemmel oldugu, her bir katmanin kendi
icerisinde homojen oldugu kabulleri yapilarak sayisal
analizler gerceklestirilmistir.

3. NUMERIK SONUCLAR (NUMERICAL
RESULTS)

Sayisal analizlerde 2,85g kiitleli 0,3 kalibre parcacik
benzetimli mermi sabit 500m/s ve 750m/s ’lik hizlarda
Sekil 3a’da gosterilen kalinligi boyunca 4 farli katman
sayisina sahip fonksiyonel kademelendirilmis plakalara
carptirilmistir. Analizlerde fonksiyonel
kademelendirilmis plakalarin en ist katmani (¢arpma
yiizeyi) %100 SiC olup plaka alt yiizeyi de %100
aliminyumdur, ara katmanlar ise, kompozisyonu
bilesenlerin hacimsel oranlarindaki degisime bagli olarak
bir kuvvet kanununa goére tamimlanmistir. Seramik
malzemeler, balistik sistemlerde kullanilacak bir
malzemeden beklenilen yiiksek sertlik, termal direng ve
basma dayanimina sahip olsa da kirilgan bir yapiya sahip
olmalarindan dolaytr tek basina bu amag¢ igin
kullanilmazlar.

Sekil 5. Fonksiyonel kademelendirilmis plaka ve 0,3 kalibre parcacik benzetimli mermi sonlu elemanlar modeli (Finite
element model of the functionally graded circular plate and projectile
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Zirh sistemlerinde genellikle 6n yiiz malzemesi olarak
kullanilan seramikler, merminin delici ucunu deforme
ederken arka yiizeyde kullanilan stinek (metal, polimer
vs.) malzemeler enerjiyi absorbe ederek merminin
durdurulmasim1  saglamakta, mermi ve parcaciklar
tutarak tam niifuziyeti engellemektedir [15-16].

Hata! Basvuru kaynagi bulunamadi.’da iki farkli hiz
icin 0,3 kalibre pargacik benzetimli merminin sahip
oldugu kinetik enerjinin zamana goére degisim grafikleri
verilmistir. Grafikler incelendiginde her iki hiz degeri
icin, fonksiyonel kademelendirilmis plakanin sahip
oldugu katman sayisinin, mermi kinetik enerjisi degisimi
iizerinde neredeyse etkisiz oldugu goriilmektedir. Mermi
hizinin artmasi ile penetrasyon siireleri artmis ve
mermilerin sahip olduklar1 kinetik enerjinin (sirastyla
364,88] ve 820,97J)) tamamu plaka deformasyonu igin
harcanmistir ancak plakalarda delinme (perforasyon)

olmamustir.
364.88; T T T
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Sekil 6. 0.3 kalibre pargacik benzetimli mermi kinetik
enerjisinin zamana gore degisimi (Kinetic energy
histories of 0.3 caliber fragment simulating
projectile)

Hata! Basvuru kaynag bulunamadi.’de iki farkli hiz
i¢in 0,3 kalibre parcacik benzetimli merminin, plakalar

icerisine niifuziyetinin zamana gore degisim grafikleri
verilmistir. Her iki grafikte de mermi niifiiziyeti 5 kat-
mana sahip plaka i¢in diger plakalara kiyasla 6nemli ol-
mayan mertebede biraz daha fazla olmustur. 15 mm
kalinliga sahip fonksiyonel kademelendirilmis plakalara,
500m/s hizda carptirilan 0,3 kalibre parcacik benzetimli
mermi, 5 katmana sahip plaka igerisine toplamda
8,23mm, 10 katmana sahip plaka igerisine toplamda
8,11lmm, 15 katmana sahip plaka igerisine toplamda
8,06mm ve 20 katmana sahip plaka igerisine toplamda
8,04mm niifuz edebilmistir.
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Sekil 7. 0.3 kalibre pargacik benzetimli mermi penetrasyonu-

nun zamana gore degisimi (Penetration histories
of 0.3 caliber fragment simulating projectile)

Merminin 5 katmana sahip fonksiyonel kademelendiril-
mis plaka niifuziyeti ile 20 katmana sahip plaka niifuzi-
yeti arasinda 0,17mm seviyesinde dnemsiz sayilabilecek
bir fark olmustur. 750m/s mermi hizi i¢in de benzer so-
nuglar gézlemlenmis olup, plakalara 750m/s hizda garp-
tirtlan 0,3 kalibre parcacik benzetimli mermi, 5 katmana
sahip plaka igerisine toplamda 16,4mm, 10 katmana sa-
hip plaka igerisine toplamda 14,7mm, 15 katmana sahip
plaka igerisine toplamda 14,4mm ve 20 katmana sahip
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plaka icerisine toplamda 14,3mm niifuz edebilmistir. Bu
hiz degeri i¢in merminin, 5 katmana sahip fonksiyonel
kademelendirilmis plaka igerisine toplam niifiiziyeti ile
20 katmana plaka icerisine olan niifuziyeti kiyaslanacak
olursa aradaki fark toplamda 2,1mm olmustur. Yukarida
bahsi gecen niifuziyet degerleri merminin, plaka st yii-
zeyine olan mutlak mesafesidir. Oyle ki 750m/s hiza sa-
hip mermi, kalinligit 15 mm olan 5 katmanh plaka
igerisine 16,4mm niifuz etmesine karsin tam delinme ger-
¢eklesmemistir, ¢linkii plaka arka yiizeyinde ¢arpma et-
kisi ile 2,49mm sisme meydana geldiginden dolayi, plaka
arka yiizeyinin, carpma oncesi plaka on yiizeyi arasindaki
toplam mesafesi 17,49mm olmustur.

Grafiklerde, plaka kalinlig1 boyunca degisen katman sa-
yisinin balistik performans iizerindeki etkisinin mermi
hizi1 ile iligkisi incelenecek olursa; her iki mermi hizinda
10, 15 ve 20 katmana sahip fonksiyonel kademelendiril-
mis plakalardaki mermi niifuziyetinin neredeyse ayni ol-
dugu goriilmektedir. 5 katmana sahip plakalardaki mermi
niifuziyeti diger plakalara kiyasla ¢ok az miktarda daha
fazla olmakla birlikte mermi hizinin artmasi ile s6z ko-
nusu bu farkin da belirgin olmayan bir oranda arttig1 go-
rilmektedir.

Sekil 8 ve Sekil 9°da sirastyla 500m/s ve 750m/s hizla-
rinda, 0,3 kalibre pargacik benzetimli mermi tesiri al-
tinda, 4 farkli katman sayisina sahip fonksiyonel
kademelendirilmis plakalarda carpmasi sonrasinda olu-
san deformasyon kesit goriintiileri verilmistir. Goriintiiler
incelendiginde 500m/s hiza sahip merminin (Sekil 8),
plakalar icerisinde yaklasik olarak 8mm ilerleyebildigi
goriilmekte olup carpma etkisi ile plaka arka yiizeylerin-
deki sisme miktarlar1 da yaklasik olarak 0,45mm’dir. Ay-
rica grafikler agik bir sekilde gostermistir ki 0,1, 0,5 ve
Ims zaman degerlileri igin plaka ve mermilerde olusan
deformasyon hizlar1 neredeyse birbirilerinin aynidir.
750m/s hizina sahip mermi (Sekil 9) ise plakalar igeri-
sinde yaklasik olarak 14,5mm ilerleyebilmis ve plaka ice-
risinde kalmistir. 10, 15 ve 20 katmana sahip plakalarin
arka yiizeylerinde meydana gelen sisme miktarlar: yakla-
stk olarak 1,75mm seviyelerinde iken 5 katmana sahip
plaka arka yiizeyinde olusan sisme miktar1 yaklasik ola-
rak 2,49 mm olmustur. Bu mermi hiz1 i¢in, plaka kalinlig:
boyunca artan katman sayisinin mermi penetrasyon de-
rinligi ve plaka arka yiizeylerinde olusan sigme miktarlar
iizerinde belirgin bir etkisinin olmadig1 ve ayni zamanda
0,3 kalibre parcacik benzetimli mermi deformasyonlari-
nin da ¢ok benzer oldugu goriilmiistiir.

Aydm ve arkadaglari [17] tarafindan rapor edilmis olan
deneysel ¢alisma, bu makalede elde edilen sayisal analiz
sonuclarinin  dogrulanmasint  miimkiin kilmaktadir.
Aydin ve arkadagslar s6z konusu ¢aligmalarinda, kalinlik
boyunca farkli sayida katmana (5, 10, 15 ve 20 katman)
sahip fonksiyonel kademelendirilmis sandvi¢ plakalarin
balistik performanslarini deneysel olarak incelemislerdir.
Calismalarinda toz istifleme-sicak presleme yontemini
kullanarak tirettikleri Al/SiC fonksiyonel
kademelendirilmis sandvig plakalara, tek kademeli gaz
silah sistemi ile 0,3 kalibre pargacik benzetimli mermi

kullanarak  yaklagitk  710+5 m/s hizda atis
gerceklestirmiglerdir. Balistik test sonrasinda plakalarin
hasar ve deformasyon mekanizmalarini inceleyen Aydin
ve arkadaslar1 plaka kalinligi boyunca artan katman
sayisinin balistik performans {izerinde Onemli bir
etkisisin olmadigini ortaya koymuslardir. Bu caligmada
da ayn1 sekilde plaka kalinlig1 boyunca 5, 10, 15 ve 20
katmana sahip fonksiyonel kademelendirilmis plakalarin
yine 0,3 kalibre pargacik benzetimli mermi isabeti altinda
sonlu elemanlar modeli olusturularak sayisal analizleri
yapilmis ve benzer sonuglara ulagiimistir.

4. SONUCLAR (CONCLUSION)

Bu ¢alismada fonksiyonel kademelendirilmis plakalarda
kalinlik boyunca bilesenlerin hacimsel degisim
strekliliginin, balistik performans iizerindeki etkisi
sayisal olarak incelenmigstir. Bu kapsamda, kalinligi
boyunca farkli katman sayilarina (5,10, 15 ve 20 katman)
sahip Al/SiC fonksiyonel kademelendirilmis plakalarin
balistik ¢arpma yiikii altindaki davraniglari, LS-DYNA
sonlu elemanlar yazilimi kullanilarak analiz edilmistir.
Lineer olmayan davranisa neden olan geometri, malzeme
ve temas sonrasindaki etkilesimin karakterleri dikkate
almarak gergeklestirilen analizlerde, 0,3 kalibre pargacik
benzetimli mermi, seramik zengin yiizey, carpma yiizeyi
olacak sekilde konumlandirilan 4 farkli plaka {izerine
carptirilmigtir. Analizler 500 ve 750m/s olmak tizere iki
farlt mermi hizt igin raporlanmig olup 300 ile 850 m/s
araliginda degisken mermi hizlarinda da benzer sonuglar
elde edilmistir.

90mm ¢ap ve 15mm kalinliga sahip plakalarda, seramik
(SiC) ve metal (Al) katmanlar arasinda kalan,
fonksiyonel kademelendirilmis bdolgenin - mekanik
Ozellikleri, plaka kalinligi boyunca siirekli olarak
bilesenlerin hacimsel oranlarindaki degisime bagli olarak
bir kuvvet kanununa gdre degistigi varsayilmustir.
Analizlerde iki farkli bilesene sahip yapilarda
bilesenlerin, tek eksenli gerilme-sekil degistirme
degerlerini kullanarak nihai malzemenin gerilme sekil
degistirme egrisinin olugturulmasi i¢in gelistirilmis olan
TTO model kullanilarak elasto-plastik davraniglar
modellenmistir.

Analiz sonuglar1 gostermistir ki, kademelendirilmis
bolge boyunca katman sayisinin artmasi mermi
penetrasyon derinligi  lizerinde Onemli bir rol
oynamamuistir. Katman sayisinin artmasi ile mermi
penetrasyonu ve plaka arka yiizeylerinde olusan sisme
miktarlart ihmal edilebilir bir oranda azalmistir Sonug
olarak bu c¢alisma, fonksiyonel kademelendirilmis
malzemeler i¢in belirli bir pozisyonda degisen malzeme
kolmpozisyonunun kademeli ya da siirekli olarak
degismesinin, her ne kadar termal yiiklemeler agisindan
onemli olsa da, balistik performans agisindan O6nemli
olmadigin1 agik¢a ortaya koymustur, bu sonug
fonksiyonel kademelendirilmis plakalarin daha fazla
katman sayis1 ile iiretilmesinin plaka dayanimina ilave
bir katki saglamayacagi seklinde yorumlanabilir.
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5 KATMAN 10 KATMAN 15 KATMAN 20 KATMAN

Sekil 8. 0,3 kalibre pargacik benzetimli mermi (V=500m/s) ¢arpmasi sonrasinda, farkli katman sayisina sahip fonksiyonel
kademelendirilmis dairesel plakalarda olugsan deformasyon kesit goriintiileri (Deformations on the cross-section of
the impact region of functionally graded plates have different layer number caused by 0.3 caliber fragment simulating
projectile (V=500m/s))

5 KATMAN 10 KATMAN 15 KATMAN 20 KATMAN

t=0,1ms

t=0,5ms

Sekil 9. 0,3 kalibre pargacik benzetimli mermi (V=750m/s) carpmasi sonrasinda, farkli katman sayisina sahip fonksiyonel
kademelendirilmis dairesel plakalarda olusan deformasyon kesit goriintiileri (Deformations on the cross-section of
the impact region of functionally graded plates have different layer number caused by 0.3 caliber fragment simulating
projectile (V=750m/s))
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ABSTRACT

This paper proposes a synchronous reference frame (SRF) based high performance output voltage controller for the 3-level 3-phase
4-leg (3P4L) advanced T-type neutral point clamped (AT-NPC) inverter operated in stand-alone mode. 3-phase inverters for stand-
alone operation are required to provide 3-phase balanced nominal voltage under different load types such as unbalanced linear and
non-linear loads. 3P4L inverters working with these types of load allow controlling zero sequence voltage by additional fourth leg.
The main contribution of this work is the control of the 3-level 3P4L AT-NPC inverter with an LC-type filter modeled based on
the output voltage and capacitor current feedback in the synchronous coordinate system. According to obtained capacitor current
decoupled model, double loop PI controller is adopted to control the output voltage of the inverter. An inner capacitor current
feedback loop is employed to provide fast dynamic response and active damping of the capacitor current. Finally, transient and
steady state operation performance of the controller have been tested with PSIM simulation studies considering different load types.
Simulation results validate that the proposed SRF based double loop PI controller ensure high dynamic response and high quality
output voltage with less than 3% total harmonic distortion (THD) value for the 3-level 3P4L AT-NPC inverter.

Keywords: 3-level, 4-leg, AT-NPC inverter, carrier-based PWM, voltage control.

3-Seviyeli 3-Fazli 4-Kollu AT-NPC Eviricinin SRF
Tabanl1 Cikis Gerilimi Denetimi

oz

Bu ¢alisgma bagimsiz modda ¢aligan 3-seviyeli 3-fazli 4-kollu (3P4L) gelismis T-tipi notr noktasi baglantili (AT-NPC) evirici igin
senkron referans yapi (SRF) tabanli yiiksek performanslt ¢ikis gerilim denetleyicisi 6nermektedir. Bagimsiz isletim igin 3-fazli
eviriciler, dengesiz dogrusal ve dogrusal olmayan yiikler gibi farkli yiik tiirleri altinda 3-fazli dengeli nominal gerilim saglamak
zorundadir. Bu tiir yiiklerle ¢alisan 3P4L eviriciler, ilave dordiincii Kol tarafindan sifir sirali gerilimi kontrol etmeye izin verirler.
Bu c¢alismanin ana katkisi, senkron koordinat sisteminde ¢ikis gerilim ve kondansator akim geri beslemesine dayali olarak
modellenmis LC tipi filtreye sahip 3-seviyeli 3P4L AT-NPC eviricinin kontrol edilmesidir. Elde edilen kondansator akimi
ayristirllmig modele gore, eviricin ¢ikis gerilimini kontrol etmek i¢in ¢ift gevrimli PI denetleyicisi adapte edilmistir. Hizl1 dinamik
cevap ve kapasitor akimmin aktif sontiimlenmesi i¢in kapasitor akim geri beslemeli bir i¢ dongii kullanilmigtir. Son olarak,
denetleyicinin gegici ve kararli durum ¢aligma performansi, farkl yiik tiirleri dikkate alinarak PSIM benzetim ¢aligmalari ile test
edilmigtir. Benzetim sonuglari, 6nerilen SRY tabanli ¢ift dongiilii PI denetleyicinin, 3-seviyeli 3P4L AT-NPC evirici igin %3’den
daha diisiik toplam harmonik bozulma (THD) degerine sahip yiiksek dinamik cevap ve yiiksek kaliteli ¢ikis gerilimi sagladigini
dogrulamaktadir.

Anahtar Kelimeler: 3-seviye, 4-kol, AT-NPC evirici, tasiyic1 tabanh PWM, gerilim kontrolii.

requires huge capacitance to handle the neutral current

1. INTRODUCTION [3]. Another way to obtain neutral point for the zero

Inverters have been widely used in many power
electronics applications, such as uninterruptable power
supply (UPS), renewable energy systems and electrical
vehicle, which need converting DC power to AC power.
In several 3-phase inverter applications, 3-phase 4-wire
(3P4W) inverters are employed to supply 1-phase,
unbalanced and non-linear loads [1], [2]. In 3-phase
inverter applications, these load types result in zero
sequence voltage and current. To handle zero sequence
current, conventional split DC-link capacitors can be
used at the DC side of 3P4W inverter. In this case, neutral
current flows throughout the DC-link capacitor, which

*Corresponding Author
e-mail: mehmetucar@duzce.edu.tr

sequence current in 3P4W inverter is that a delta/star or
delta/zigzag connected transformer is used at the load
side. However, this is not chosen in many applications
because of transformer’s dimensions, losses and cost [2].
Therefore 3-phase 4-leg (3P4L) inverter, generated with
an additional fourth leg (or neutral leg), is employed in
3-phase applications to provide neutral connection and to
control zero sequence voltage.

Other challenging tasks for today’s inverter applications
are high efficiency, low complexity and low cost. Even
though the complexity and cost concerns are partially
satisfied with 2-level topology, low efficiency and high
filter requirements are disadvantages for this topology.

961



Emre AVCI, Mehmet UCAR / POLITEKNIK DERGISI, Politeknik Dergisi,2018;21(4):961-966

For these disadvantages, 3-level topologies are a good
solution. Among the 3-level topologies, neutral-point
clamped (NPC) inverter is well-known topology and
widely preferred in industrial applications [4], [5]. The
classical 3-level NPC topology is widely used for
medium voltage applications. Because it is necessary to
place switching devices in series in the topology, higher
conduction losses occur due to the increase in these
devices in the conduction path. Another type of the NPC
topology is T-NPC, which is more convenient for low-
voltage applications and more efficient than the NPC
inverter [6], [7]. Compared to the 3-level NPC topology,
the T-NPC employs an active bidirectional switch to the
dc-link voltage midpoint and gets along with two diodes
less per bridge leg. The T-NPC topology combines the
positive aspects of the 2-level converter such as low
conduction losses, small part count and a simple
operation principle with the advantages of the 3-level
converter such as low switching losses and high output
voltage quality [4]. In T-NPC topology, a bidirectional
switch at the midpoint leg is formed by using two
conventional insulated gate bipolar transistors (IGBTS)
with two antiparallel diodes. Power dissipation in these
switches is high since there are two semiconductors in the
current path as an IGBT and a diode at the midpoint leg.
On the other hand, a bidirectional switch can be designed
with only two RB-IGBTSs, which do not require diodes
[8]. The disadvantage of the T-NPC topology can be
removed using an AT-NPC topology due to the
employment of the highly efficient RB-IGBT at the
midpoint leg. The advanced type of T-NPC (AT-NPC)
was proposed in literature with high efficiency and
reliability [9]. Because of these advantages, 3-level 3P4L
AT-NPC inverter structure, whose detailed analysis and
principles are excluded from the scope of this study, is
employed with the LC-type filter as in Figure 1. As can
be shown in the figure, the additional fourth leg is
employed to provide neutral point for 1-phase loads and
to control zero sequence voltage under unbalanced or
non-linear load conditions.

Voe/2 =

7 — v,

T3, 22 a L

B Ty ] lay v

Py T, ek Vi
T3, AZ b L ==
n{— c
el _!—741, — 1 v Iy [
T3 S < L I W T ]
_é K f ‘——
Lo
% Lo

Voe/2 ==

Figure 1. 3-level 3P4L inverter structure

To control the 3-level 3P4L AT-NPC inverter system
with low total harmonic distortion (THD) under 1-
phase/3-phase, linear/non-linear and
balanced/unbalanced load  types, double-loop
proportional-integral (PI) controller is designed in this
study. Although, P1 controller has the advantages such as
widely used and easy to implement, it does not enable to
track sinusoidal reference signal and has not enough

controller band width to satisfy high dynamic response in
inverter applications. For these reasons, double-loop PI
controller based on coordinate transformation in
synchronous reference frame (SRF) [10] is used to
eliminate steady-state error [11], [12]. In multi-loop
based voltage control, either output filter inductor or
output filter capacitor current is sampled for inner current
loop variable to obtain fast transient response in
literature. In reference [13], different feedback and
feedforward multi-loop voltage control of 2-level 3-
phase 3-leg inverter for the capacitor and the inductor
currents feedback are analyzed and it indicates that
capacitor current based control is the superior
performance. Moreover, reference [14] proves that
capacitor current based model is more independent of
load variation than inductor current based. Therefore, in
this paper, capacitor current based control is adopted as
in reference [15] to control 3-level 3P4L AT-NPC
inverter with high controller bandwidth and low THD
under aforementioned load types.

2. MODELING AND OUTPUT VOLTAGE
CONTROL OF THE INVERTER

A proper model of the inverter system should be obtained
to achieve high performance output voltage control. The
switching-model can represent detailed dynamics and
characteristics of the inverter. However, the average-
model of the inverter system is more ideal than the
switching-model for controller design employed in this
study, because the switching-model contains the non-
linear structure of the power switches. For the proposed
system given in the Figure 1, output voltages (v;s), pole
voltages (vj, ) and offset voltage (v, ) can be written as:

Vi = ?n’.- (1)
{dj' — df )= ?dﬂ' @)
where j € { a, b, ¢ } and d; is duty ratio of each leg that

range from 0 to 1. According to Egs. (1) and (2), matrix
form of output voltage can be expressed as:

Var dll‘f
[ubf] = di‘f (3)
1-‘._-;' n"”_

From the Figure 1, Eqgs. (4)-(6) can be easily written
using the Kirchhoff voltage and current laws.

ra | by

Vif = Vin-Vin =

ra | by

P Ig p T, Vaw _ daf
L Ia]: | En]— [“aw + = |dps (4)
t dt 2
Ir n uf.‘.’ df_,l'-
vav] | [fea
E U_E-_".'r = E Ifi}' (5)
Vew I
*rr:+*ri:l+:r: _Ir! (6)

where ¥y, Var , Vi are capacitor voltages, I, I3, I are
filter inductor currents, I, is neutral filter current and
filter inductors L, Ly, L. have same value L.
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The obtained time-varying a-b-c coordinate model is

transformed to d-g-0 coordinate (SRF) by using T
matrix and Eq. (8).

cos(wt) '3'3'5{1-*'*—51?] cos{wi +§n]
Ir = ; —sin(wt) —sin{wt —% 7} —sin(wt + %;r]
E L L
()
dXzbe ., T dXa.00
Tr it =Tr i }c'dq.ﬂ,-l——dr (8)

Using Egs. (4)-(6) with Egs. (7), (8), SRF based model of
the inverter is obtained as:

-Id dd Vg Iq.
Ll=%cd,|-¢|vg| +w|-I
ge| 7T 2 i | +wl—lg €)
Iy dg Vo Iy
¢ [ Vg 1 Iea
d_ Wp|l=w |:—1.-‘d:| + - IEE:' (10)
t c
.VD ':I IEI.'
/L 0 0
=0 1/L 0 (11)
0 0 /(L + L)

In the above model, it can be concluded that d-channel
and g-channel have capacitor current cross coupling
terms with wCl7;, -wCV; and have inductor voltage cross
coupling terms with -wLI,, wLI;. The state-space model

including the cross coupling terms can be obtained as Eq.
(12);

BaVyl, VT =a=[1av 1, %] +8+[psD,]"

vl =cs[igvr,v] (12)

In Eqg. (12), the model has 4x4 state matrix (A) and
output matrix (B) and has 4x2 input matrix (C),
moreover; it has  four transfer  functions
va/dg. vgldg valdg v, /dg, the last two of which are
coupling transfer functions. If the channels can be
coupled completely, the coupling transfer functions
would be zero. To simplify the controller design, the
decoupling of inductance voltage terms is omitted,
because the effect of it is little. Additionally, capacitor
current decoupling terms can be added to capacitor
current references for the decoupling. Hence the
capacitor current based state-space model can be
simplified as in Eq. (13);

1] = [F17Ae —/H] [l o e

o = [0 1] HE]

,where R represents output load impedance, Dy
represents duty ratio of each channels. The inverter
produces the output voltage based on reference signals (
vy, vy, vg). The reference signals for the reactive and
zero components of the output voltage (vz, v;) are set to
zero, thus the reactive and zero components of the output

(13)

voltage are regulated to zero. Therefore, only the active
component (¥z) contributes to the actual output voltage.
According to this simplified model, Pl controller is
employed in outer closed-loop voltage control for each
channel in the control structure. Although zero steady-
state error is achieved with integrator of the outer voltage
loop, control bandwidth is so low that cause slow
transient response under unbalanced voltage and load
disturbance. To improve performance of the controller,
inner closed-loop current feedback is employed with
proportional gain. The outputs of the proportional
controller are transformed to a-b-c coordinate and used
as each phase’s line to neutral reference voltages (Vay,

Vs , Vz5) as can be seen in Figure 2.

Carrier-Based
3-level PWM
Generator

Figure 2. SRF based proposed control block diagram

In Figure 3, double loop voltage control strategy is given.
In there, Gy (57} is outer loop voltage controller transfer
function, Gz-(s) is inner loop current controller transfer
function and G, (s) = H;(s) = H,(s) is simplified plant
transfer function, where C is capacitance of the filter, L
is inductance of the filter and R is equivalent resistance
of the filter inductance.

Gre(s) = Kpy +2 (14)

Gecls) = K, (15)

Gy (s) = H(s) + H,(s) = () {S—:L;%_T) (16)
== _Plant_ _

Vago

I
+ €y | |
L v & — |

Inner Loop

Outer Loop

Figure 3. Double loop voltage control strategy

The controller parameters are designed according to
requirements of stability and high dynamic response. In
voltage loop, the gain K, and &; are obtained as 0.8 and
30, respectively. In current loop, the gain Kj; is obtained
as 60. Using these parameters, the frequency response of
the open loop voltage control system with the controllers
is given in Figure 4. It shows that the gain and phase
margin are sufficient to fulfill the requirement of high
dynamic response and stability.
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Figure 4.Frequency response of open loop voltage control
system with controllers

After obtaining the voltage reference signals at the output
of the controller, the carrier-based 3-level pulse-width
modulation (PWM) method is used to generate switching
signals is depicted in the Figure 5. Since the 3P4L
topology has not current path between n point and f point
as shown in the Figure 1, which is different from 3P4W
with split DC-link capacitors topology, there is extra
degree of freedom in the selection of vy, [16]. Thus,
selection of the offset voltage gives some advantages,
which are higher DC-link voltage utilization,
optimization of switching losses and reduced DC-link
capacitor. The offset voltage selection can be achieved by
controlling of gate signal of the fourth leg [1], [5]. To
utilize the advantages that are mentioned above, offset

voltage can be calculated as in Eq. (17).

Vmin

- Vmax = 0
o Vinger 2
Vin = s Vi =0 n
Vinint Pmar
_ ‘min*Pmax elsewhere

The calculated offset voltage is added to phase reference
voltages to obtain modulation signal of each leg as can

be seen in Figure 5. And then, modulation signals are
compared with triangular carrier wave that yields 3-level
PWM signals for each leg.

. + V. 32
Va‘ an

A — th._%
Vit

x

V:f : +N V‘ﬂ
—[ offset Voltage
_)E Calculation | v

K+

Figure 5. 3-level carrier-based PWM technique

3. SIMULATION RESULTS

The performance of the control algorithm designed for 3-
level 3P4L AT-NPC inverter system is extensively
evaluated for the different load types in PSIM software
simulations. The results of the simulations are presented
for three different load types, which are unbalanced load,
1-phase or 2-phase load and non-linear load. PSIM
simulation block diagram of the 3-level 3P4L AT-NPC
inverter system is shown in Figure 6. The inverter system
is created with Fuji Electronic 4MBI300VG-120R-50
RB-IGBT module and with LC-type filter as can be seen
in this figure. The inductor value in the LC filter is
designed with the consideration of limiting the current
ripple to 20% of the rated amplitude. The required
minimum inductance is calculated as in (18), [17]. For
the design of the LC filter capacitance value, the cut-off
frequency of the LC filter is selected typically about
1/10~1/5 of the switching frequency fa, to attenuate the
switching ripple. The parameters of the system are
summarized in Table 1.

(18)

Fuj Eleckic AMBI3NIVG- 1201 50 1GET)

Fuji Eleckic MBI VG- 1201 50 (GBT-RE)

L. ﬂ&ﬁ | By A
o] @ ! A 7
Bfmﬁ* I M R !
L Eéﬂ e --f—o
lssss LE.
RS e

A A N Y 9 of] o] & Telels
T ¥ 88§ §§ ¢§ %1 G 53 3 FER R

Figure 6. PSIM simulation block diagram of the 3-level 3P4L AT-NPC inverter system
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Table 1. System parameters van  Vbn n
Parameter Value & Unit 23: ( ™
Rated Power S 35 kVA o a /
Output Voltage Vin 220 Vems 400 i L N L N
Output Frequency f 50 Hz lLoadA  lLoadE  ILoadC (a)
DC-Link Voltage Vdc 700 V 100 '
DC-Link Capacitor Cdc 2200 pF
Filter Capacitance Cs 30 pF
Filter Inductance L¢ 2mH
Simulation Step Time Ts 20 ps
Switching Frequency fs 5 kHz

In the first case, the control algorithm is tested under
linear unbalanced load type. The load connected to the
inverter output is 10 Q, 5 Q and 12 Q for each phase leg.
Figure 7 shows performance of the system under
unbalanced linear load. As can be seen in the Figure 7a,
the output voltages of each phase are balanced and its
THD values are 1.58%, 1.56% and 1.55%, respectively.
The neutral current caused by unbalanced load flows
throughout fourth leg.

Van Vbn Ven

ILoadA ILoadB

Figure 7. Simulation result of the 3-level 3P4L AT-NPC
inverter system with unbalanced 10 Q, 5 Q and 12 Q
loads (a) output voltages (b) inverter currents
(c) neutral current

In the second case, 1l-phase or 2-phase loads are
connected at the output of the inverter. In this case, the
system start with unbalanced 2-phase loads and then one
of the loads is disconnected at 0.06 s. The result about
this case is shown in Figure 8. It shows that, the designed
controller has fast dynamic response and it provides the
3-level 3P4L AT-NPC inverter system working with 1-
phase or 2-phase loads. Moreover, the output voltage is
balanced and its THD values are 1.80%, 1.74% and
1.76%, respectively.

In the final test case, 1-phase rectifier with RC load is
connected to each phase leg of the inverter output. The
load currents have 80.1% THD value. As can be seen in
Figure 9, the controller provides the 3-level 3P4L AT-
NPC inverter system to work balanced output voltage
under non-linear load type. For this case, THD values of
the inverter output voltages are 2.58%, 2.55% and 2.58%,
respectively.

] 0.02 0.04 0.06 0.08 0.1 012
Time (s)
C

Figure 8. Simulation result of the 3-level 3P4L AT-NPC
inverter system with 1-phase or unbalanced 2-phase
loads (a) output voltages (b) inverter currents
() neutral current

400
200
o |
200 |
400

ILoadA ILoadB ILoadC (a)

100 |
@0
-100

100
o
100 f--
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Figure 9. Simulation result of the 3-level 3P4AL AT-NPC
inverter system with non-linear loads (a) output
voltage (b) inverter currents (c) neutral current

All these results show that SRF based control technique
used in this study fulfills the requirement of high
dynamic response and large stability margin in the 3-
level 3P4L AT-NPC inverter system. Additionally, the
system achieves to work with or without 2-phases. In all
test conditions, the system supply high quality output
voltage with less than 3% THD for the different loads.

4. CONCLUSION

In this paper, SRF based high performance output voltage
controller is proposed for stand-alone operation of high
efficient 3-level 3P4L AT-NPC inverter. For the
controller design, capacitor current decoupled model of
the inverter with LC-type filter is described. The
controller is designed with an outer voltage loop to
ensure zero steady state error and with an inner current
loop to increase dynamic response of the system. The
steady state and dynamic performance of the controller
has been evaluated with PSIM simulation studies. The
results show that the 3-level 3P4L AT-NPC inverter
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system assures high quality balanced nominal output
voltage for balanced/unbalanced, linear/non-linear and 1-
phase/3-phase load types with less than 3% THD value
and provides fast dynamic performance.
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oz
Altin oran, siirekli yeni fikirler iiretilen biiyiileyici bir konudur. Altin yapr ile donatilmig bir Riemann manifoldu altin Riemann
manifoldu olarak isimlendirilecektir. Tam olarak sdyleyebiliriz ki, m-boyutlu (M, §) Riemann manifoldu iizerindeki (1,1) tipinde
bir P tensor alani, Id, M iizerinde birim déniisiim oldugu yerde, eger P2 = P + Id , denklemini saglarsa bir Golden yapidir.
Ayrica, Riemannian metrik g(P X,Y) = g(X, P Y), denklemini sagladiginda P-uyumludur denir ve (M,g,P) de Golden
Riemannian manifold olarak isimlendirilir. Bu makalenin asil amaci, Golden yapilariyla donatilmig Riemannian manifoldlarinin
geometrisini incelemektir. Bu amagla, biz Golden Riemannian manifoldlarinin tamamen umbilik yari-invaryant altmanifoldlarini

calistik. Ayrica yapraklanmalarin geometrisini inceledik ve distribiisyonlarin integrallenebilirlik sartlarini elde ettik.
Anahtar Kelimeler: Yari-invaryant altmanifoldlar, Alim Riemann manifoldlar, tamamen umbilik altmanifoldlar.

On a Study of the Totally Umbilical Semi-Invariant
Submanifolds of Golden Riemannian Manifolds

ABSTRACT

The Golden Ratio is fascinating topic that continually generated news ideas. A Riemannian manifold endowed with a Golden
Structure will be called a Golden Riemannian manifold. Precisely, we can say that an (1,1)-tensor field P on a m-dimensional
Riemann manifold (M, g) is a Golden structure if it satisfies the equation P2 = P + Id, where Id is identity map on M.
Furthermore, g(P X,Y) = g(X,P Y), the Riemannian metric is called  P-compatible and (M,g,P) is named a Golden
Riemannian manifold. The main purpose of the present paper is to study the geometry of Riemannian manifolds endowed with
Golden structures. For this purpose, we study totally umbilical semi-invariant submanifold of the Golden Riemannian manifolds.
Also, we obtain integrability conditions of the distributions and investigate the geometry of foliations.

Keywords: Semi-invariant submanifolds, Golden Riemannian manifolds, totally umbilical submanifolds

Golden Riemannian manifolds were introduced by
1. INTRODUCTION Crasmereanu and Hretcanu [3] by using Golden ratio.
The Golden proportion, also called the Golden ratio,  The authors also studied invariant submanifolds of a
Divine ratio, Golden section or Golden mean, has been  Golden Riemannian manifold and obtained interesting
well known since the time of Euclid. Many Objects alive results in [4]’ [6] The |ntegrab|||ty of such Golden
in the natural world that possess pentagonal symmetry,  stryctures was also investigated by Gezer, Cengiz and
such as inflorescence of many flowers and phyllotaxis  salimov in [5]. Moreover, the harmonicity of maps
objects have a numerical description given by the  petween Golden Riemannian manifolds was studied in
Fibonacci numbers which are themselves based on the  [7].

Golden proportion. The Golden proportion has also been  sypmanifolds of Riemannian manifolds endowed with
found in the structure of musical compositions, in the  some structure (complex, contact, product etc.) have rich
ratios of harmonious sound frequencies and in  geometric properties. In this way, CR-submanifolds have
dimensions of the human body. From ancient times ithas  peen studied by many authors see: [2], [3], [7] and they
played an important role in architecture and visual arts.  fgynd many intersting results.

The Golden proportion and the Golden rectangle (which  The structure of this article is following: In Preliminaries,
is spanned by two sides in the Golden proportion) have e give some fundamental concepts and definitions
been found in the harmonious proportions of temples,  needed for this paper. In Section3, we investigate totally
churches, statues, paintings, pictures and fractals. umbilical semi-invariant submanifold of the Golden
Riemannian  manifolds, furthermore, we find
*Sorumlu Yazar (Corresponding Author) integrability conditions of the distributions and analyze

e-posta : ferdogan@adiyaman.edu.tr the geometry of foliations.
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2. PRELIMINARIES

Let (M, g) be a Riemannian manifold. Then M is
called Golden Riemannian manifold if there exists
an (1,1) tensor field P on M such that

P2 =P +1d, @)
where Id is identity map on M . Also,
gPX,Y)=gX,PY). @)

The Riemannian metric (2) is called P -compatible and
(M, g,P) isnamed a Golden Rimannian manifold [3]. It
is known [3] that a Golden structure ¢ is integrable if the
Nijenhuis tensor N,, vanishes. In [5], the authors show
that a Golden structure is integrable if and only if V,,= 0,
where V is Levi-Civita connection of g.

Let M be a Golden Riemannian manifold isometrically
immersed in M and denote by the same symbol g the
Riemannian metric induced on M Let TM be the Lie
algebra of vector fields in M and TM* the set of all vector
fields normal to M. Then the Gauss and Weingarten
formulas are given by

V.Y = VY + h(X,Y),VX,Y € [(TM) 3)
forall X € I'(TM),N € I'(TM%)

where {V,Y,AyX} and {h(X,Y),V{#Y} belong to
['(TM) and I'(TM%), respectively. V and V+ are linear
connections on M and (T M%), respectively. The second
fundamental form h is a symmetric F (M)-bilinear form
onT(TM) with values in I'(TM*') and the shape operator
Ay s linear endomorphisim of T'(TM). Also we have,
for N e r(TMY)

Let M be a submanifold of Riemannian manifold (M, P )
if there is a smooth vector field H € I'(TM*) on M,
called the curvature vector field of M, such that, for all
X,Y € T(TM),

h(X,Y) = Hg(X,Y). (6)
Hence, M is totally umbilical submanifold.

Definition 2.1 Let (M,P) be a Golden Riemannian
manifold and M a real submanifold of M . Then M is
called a semi-invariant submanifold of M, if it is
endowed with the pair of orthogonal distributions
(D, DY) satisfying the following conditions:

(a) TM = D®D* @)

(b) The distribution D is invariant
PD, = D,, (8)

for each x € M.
(c) The distribution D+ is anti-invariant,

PD* c T, M*, (9)

foreach x € M.

The distributions D and D+ are called the horizontal
distribution and vertical distribution on M, respectively.
A semi-invariant submanifold M is said to be invariant
and anti-invariant submanifold if we have D} = 0 and
D, = 0, respectively, for each x € M We say that, M is
proper semi-invariant submanifold if it is a semi-
invariant submanifold, which is neither an invariant nor
an anti-invariant  submanifold. The projection
morphisims of TM to D and D+ are denoted by T and R
respectively. Then, we have

X =TX +RX, (10)

PN = BN +CN, (11)
for X e I'(TM) and N € I'(TM*), where BN and CN
denote the tangential and normal components of PN,
respectively. Applying P to (10), we obtain

PX=PTX+PRX (12)

If weput PTX =SX and P RX = LX, we rewrite (12)

PX=SX+LX, (13)
where SX € I(TD) and LX € I'(TM*). We obtain
complementary distribution to PD+ in I'(TM*) by p,
then, we have
TM* = P(DY)®u. (14)
PROPOSITION 2.1 Let M be a semi -invariant
submanifold of the Golden Riemanniann
manifold(M, P ). Then, the distribution y is invariant
with respect to P, [9].

COROLLARY 2.1 Let M be a semi -invariant
submanifold of the Golden Riemanniann manifold
(M, P). Then the projection S given by (13) is a Golden
structure on M [9].

However, there is no guarantee for the projection L.

THEOREM 2.1 Let M be a semi-invariant submanifold
of Golden Riemannian manifold (M,P). Then, D
distribution is integrable if and only if

h(X,PY) = h(Y, PX)
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forall X,Y € r'(D) [9].

LEMMA 2.1 Let M be a semi-invariant submanifold of
Golden Riemannian manifold (M, P ). Then, we have

ApxY = —ApyX (15)

forall X,Y € P(D4)[9].

THEOREM 2.2 Let M be a semi-invariant submanifold
of Golden Riemannian manifold (M,P). Then, Dt
distribution is integrable if and only if

PAPXY = APXY (16)

has no components in D for all X,Y € r'(D4), [9].

THEOREM 2.3 Let M be a semi-invariant submanifold
of Golden Riemannian manifold (M,P). Then, D
distribution defines a totally geodesic foliation if and
only if

PAP2X _Asz (17)
has no components in Dt for all e (D) and Z €
r(oH[9].

3. TOTALLY UMBILICAL SEMI-INVARIANT
SUBMANIFOLDS (TOTAL UMBILIK YARI-
INVARYANT ALT MANIFOLDLAR )

In this section, totally umbilical semi-invariant
submanifolds of Golden Riemannian manifolds are
studied.

Totally umbilical M implies the following result which
shows that the submanifold is foliated by D.

THEOREM 3.1 Let M be a totally umbilical
submanifold of a Golden Riemannian manifold M. Then,
the distribution D is always integrable.

PROOF: Let M be a totally umbilical submanifold of a
Golden Riemannian manifold M. Then, for all X,Y €
r(D), from (1), (2) and (6), we have

h(PX,Y) = g(PX,Y)H

h(PX,Y) = h(PX,PY) — h(X,Y). (18)
In a similiar way, we obtain
h(X,PY) = h(PX,PY) — h(X,Y). (19)

Thus, from (18) and (19), the proof is completed.

LEMMA 3.1 Let M be a totally umbilical submanifold
of a Golden Riemannian manifold (#,P ). Then, we
have

gV, 2)g(H,PX)+ g(X,Z)g(H,PY) =0
for all X,v,Z € r'(DY).
PROOF: From Lemma 2.1 , we get
9(ApxY,Z) = —g(ApyX,Z),

gV, 2)g(H,PX)+9g(X,Z)g(H,PY) =0

THEOREM 3.2 Let M be a totally umbilical
submanifold of a Golden Riemannian manifold (M, P ).
Then, D+ is integrable.

PROOF: From Theorem 2.2, it is known that [9], D+
distribution integrable if and only if,

PAPXY = APXY

has no componentsin D. Then forall X,Y € I'(D') and
Z € I'(D) , we have
PApyY,Z
9P AnY — Any,7) = {9 AP0 D)

—9g(ApxY,Z)

_ (g(h(Y,PZ),PX)
g(PApxY — ApxY,Z) = {_g(h(y, Z), PX)}
_ {g(Y, PZ)g(%, PX)}
—-g(Y,2)g (¥, PX)
g(PApxY — ApxY,Z) = 0,

which completes proof.

THEOREM 3.3 Let M be a totally umbilical
submanifold of a Golden Riemannian manifold (i, P ).
Then D is integrable for all X,Y € I'(D).

PROOF: From (VxP)Y = 0, we have

{ V4PY + h(X, PY) }_ 0
—PV,Y — Ph(X,Y)J ~

VxPY + h(X, PY)
—SVyY — LVyY
—Bh(X,Y) — Ch(X,Y)

=0

VxPY + g(X,PY)H
—SVyY — LVyY =0,
—BHg(X,Y) —CHg(X,Y)
taking the normal parts of the equation, we get

g(X,PY)H — LVyY — CHg(X,Y) = 0.

Interchanging X and Y above equation, we can be
obtained
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g(Y,PX)H — LVyX — CHg(Y,X) = 0.
Thus, we find

which implies that
L[X,Y] =0,
then [X,Y] € I'(D), which completes the proof.

THEOREM 34 Let M be a totally umbilical
submanifold of a Golden Riemannian manifold (M, P )
and D1 be integrable. Then 7 € T'(u) forall X,Y,Z €
r(pb).

PROOF: From (5), (6) and (16), we have
9(h(X,Y),PZ) = g(g(X,Y),PZ)
9(PApzX,Y) = g(X,Y)g(H,PZ).

Thus, we obtain
g(ApzX,PY) = g(X,Y)g(H,PZ),

0= gX,Y)g(H, P2).
By virtue of g(X,Y) # 0,

0= g(H,P2Z).
Hence, we get
9H,PZ) = g(PH,PZ) — g(H, 2),

g(H,PZ) = g(PH,PZ) =0,

namely, we obtain ' € I'(w).
Thus, the proof is completed.

4. CONCLUSION

In the last few years, the Golden proportion has played
an increasing role in modern physical research and it has
a unique significant role in atomic physics. The Golden
proportion is found to govern the transition from
Newtons physics to relativistic mechanics and the
Golden rectangle has been used to derive the dilation of
time intervals and the Lorentz contraction of lengths in
special relativity. The Golden proportion has also
interesting properties in topology of fourmanifolds, in
conformal field theory, in mathematical probability
theory and in Cantorian spacetime as well as in the El
Naschie’s field theory.

The classification of the submanifolds is an important
part of the application, while the geometry of the
submanifolds is examined. By examining the geometry
of the submanifolds, a lot of information about the main
manifold can be obtained.

In this paper, we study totally umbilical semi-invariant
submanifold of the Golden Riemannian manifolds. Also,
we obtain integrability conditions of the distributions and
investigate the geometry of foliations.

We hope that the current work contributes to motivate
this research in both mathematics and physics.
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Tiirkiye’deki Kent I¢ci Rayli Ulasim Sistemlerinin
Performanslarinin Veri Zarflama Analizi ile
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oz
Toplu tagima tiirleri arasinda kent i¢i rayli sistemler, daha rahat, giivenilir, temiz enerji kullanimi ve sonucunda daha az hava
kirliligi, yiiksek tagima kapasitesi ve hizli erisim saglamalari sebebiyle gitgide daha fazla tercih edilmektedir. Biitiin bu olumlu
ozelliklerine karsilik kent i¢i rayli sistemler oldukca yiiksek maliyetli yatirimlar gerektirmekte ve bu ylizden de planlamanin ve
uygulamanin en iyi sekilde gergeklestirilmesi gerekmektedir. Bu caligmada, Tiirkiye’de isletmede olan kent i¢i rayli ulagim
sistemlerin performanslar1 Veri Zarflama Analizi ile kargilagtirilarak bir degerlendirme yapilmigtir. Uygulamada kullanilan veri

seti Ulagim Dairesi Bagkanliklarindan ve ilgili literatiirden toplanmgtir. Uygulama sonucunda her bir kentin rayli ulagim sisteminin
etkinlik degeri ve etkin olmayan kentler i¢in tavsiye edilen iyilestirme Onerileri sunulmustur.

Anahtar Kelimeler: Veri Zarflama Analizi, kent i¢i rayl ulagim sistemleri.

A Comparison of Performances of Urban Rail Systems
In Turkey By Data Envelope Analysis

ABSTRACT

Urban rail systems among the public transport types are increasingly preferred due to the use of more convenient, reliable, clean
energy and resulting in less air pollution, higher carrying capacity and faster accessibility. In contrast to all these positive features,
the urban rail systems require highly costly investments and therefore the planning and implementation must be carried out in the
best possible way. In this study, an evaluation was made by comparing the performances of urban rail transportation systems
operated in Turkey with Data Envelopment Analysis. The data is collected from the Transportation Department Presidency and
related literature for this study. As a result of the implementation, the recommendation for the efficiency value of each city's rail

transportation system and the recommended improvement for the ineffective cities are presented.
Keywords: Data Envelopment Analysis, urban rail transportation systems.

1. GIRiS (INTRODUCTION)

Kiiltiirel, sosyal veya daha oOnemlisi teknolojik
gelismelerden dolay1, sanayi devriminden sonra hizli bir
sekilde yogun niifus artisi ile birlikte kentler de hizli bir
sekilde biiyiimeye baslamistir. Ozellikle bu dénemde
gelismekte olan iilkelerde ¢arpik ve plansiz kentlesmenin
sonucunda sehirlerdeki ulasim en biiyiik sorunlardan biri
olarak ortaya ¢ikmustir. Ulagimin asil amaci, insanlarin
daha kisa siirede, daha ekonomik, ¢cevreye duyarli, rahat
ve giivenilir bir sekilde tagimasini saglamaktir.

Sehirlerdeki hizli nufiis artis1 ile birlikte 6zel arac
sahipligi de hizla ¢ogalmaktadir. Bu nedenle kent i¢i
ulasimi 6nemli bir sorun olarak ortaya c¢ikmistir.
Neredeyse diinyanin ¢ogu kentlerinde ulasim biiylik
sorunlara  yol agmaktadir. Bu sorunlarin en
onemlilerinden biri ulasimda kullanilan araglarin hava
kirliligine yol agmasidir. Diger ciddi sorunlar ise; zaman,

*Sorumlu Yazar (Corresponding Author)
e-posta : ma_soumi@yahoo.com

enerji kaybi ve insan sagligini da ¢ok ciddi sekilde tehdit
eden hava kirliligidir. Bu ciddi tehditlere karsi en iyi
¢ozlim toplu tagima sistemlerini tercih etmektir [1].

Kent i¢i toplu tagima sistemleri arasinda raylt sistemler,
yatirirm maliyetlerinin yiiksek olmasina ragmen, isletme
maliyetlerinin diisiik olmasi, temiz enerji kullanimi ve
sonucunda daha az hava kirliligi ile hizli erisim saglamas1
ve daha az zaman kaybi ve daha az trafik sikisiklig
yarattig1 i¢in diger sistemlere gore daha fazla tercih
edilmektedir [1].

Toplu tagima yatirimlar1 kentlerde uzun siireli ve kalici
bir etkiye sahiptir, 6zellikle de rayl1 sistemlerin yatirim
maliyetlerinin yiiksek olmasindan dolayr daha fazla
etkiye sahiptir. Bu yilizden kent i¢i rayl sistemlerin daha
verimli ¢alisabilmesi i¢in planlama ve etiit calismalarinin

¢ok oOnemli oldugu gorilmektedir. Fakat diinya
orneklerine bakildiginda bazilarmin yolcu kapasitesinin
diisiik oldugu ve bu ylizden trafik sikigikligina bir ¢6ziim
olmadig1 goriilmektedir.
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Swami tarafindan yilinda yapilan calismada (2015),
Multimodal baglamda Veri Zarflama Analizi Yontemini
kullanarak Delhi’deki Metro istasyonlarinda
kargilagtirmali bir degerlendirme yapilmistir. Caligsma
alan1 sar1 ve kirmizi metro hatlarmi igermektedir.
Kullanilan veriler banliydde yasayan insanlardan
(demografik, seyahat zamanmi ve kalite algilama
parametreleri) anket yardimi ile toplanmustir. Sar1 ve
kirmizi hatlar, yedi koridora boliinmiis 6zel istasyonlarda
verimlilik analizi yapilmistir. Sonuglar ortaya ¢ikarak,
etkinlik skorlar1 ve etkin olmayanlarin zaaflarini
iyilestirmek igin stratejiler Onerilmistir. Koridorlar
arasinda, sar1 hattaki Jahangirpuri’den Kashmere
kapisina kadar olan ve kirmizi hattaki Inderlok’tan
Kashmere kapisina kadar en iyi performansi gosterdigi,
Ozel istasyonlar arasinda ise sar1 hatta G.T.B. Nagar,
Rajiv Chowk, Malviya Nagar ve Ghitorini, kirmiz1 hatta
ise Pulbangash ve karsilama istasyonunun daha iyi
performans gosterdigi degerlendirilmistir [2].

Tirkiye’deki rayli sistem yatirimlar1 ve performanslari
iizerine yapilan caligmalarin olduk¢a sinirli oldugu
goriilmektedir. Ulastirma Denizcilik ve Haberlesme
Bakanligi’'nda (2014) yapilan bir tez calismasinda,
Tiirkiye’deki rayli ulagim sistemleri diinyadaki metropol
kentlerinin rayli sistemleri ile karsilagtirilmistir. Bu
karsilagtirma yapisal agidan, yatirrm maliyeti, gelir-
gider, kullanim ve ¢eken ve gekilen araglar agisindan
yaptlmigtir. Bir kapasite hesabi yapilarak tasarlanan
sistemlerin verimli caligmadigi, isletme maliyetlerinin
taginan yolcu sayilar1 géz Oniine alindiginda yiiksek
kaldigr tespit edilmigtir. Ayn1 giizergah izerinde paralel
toplu tagima tiirlerinin varligi, yolcularin rayl: sistemleri
kullanmak yerine sahsi araglarina  yOnlenmesi,
istasyonlara yolcu tagtyan ring servisler bulunmamasi
verimliligi etkileyen en 6nemli faktorlerdir [1].

Bu calismada, literatiire bir katki olarak Tiirkiye’deki
rayli sistem yatirnmi bulunan kentlerin birbirleriyle
kargilagtirmasi yapilmaktadir.

2. YONTEM (METHODOLOGY)

Arastirma kapsaminda veri setine ulagilan kentlerdeki
rayli sistem performanslart ve etkinlik diizeyleri Veri
Zarflama Analizi yontemi kullanilarak analiz edilmis ve
kargilagtirtlmigtir. Etkin olmayan kentlere 6rnek olacak
sekilde etkin kent degerleri iizerinden etkinlik artirict
degerler belirlenmistir.

Veri Zarflama Analizi (VZA) dogrusal proglamamanin
0zel bir uygulama sekli olup, ayni amaglara sahip
isletmelerin  goreceli olarak verimliligi 6lgmede
kullanilan bir yontemdir. Bu parametrik olmayan,
dogrusal programlama tabanli yontemde benzer
girdilerin kullanilmasiyla ayni gesitte ¢ikt1 ya da ¢iktilar
iretilmekte ve sorumlu karar noktalarmin goreli
etkinlikleri 6l¢tilmektedir [3, 4].

Veri Zarflama Analizi (VZA) daha 6nce de belirtildigi
iizere belirli ve se¢ilmis Karar Verme Birimlerinin
(KVB) goreli etkinlik o6l¢limii i¢in kullanilan bir
yontemdir.

Caligmada VZA analizi i¢in asagidaki asamalar takip

edilmistir:

« Karar Verme Birimlerinin se¢imi: Veri Zarflama
Analizinin saglikli ve kullanilabilir olmasi agisindan
Karar Verme Birimlerinin ayn1 kararlara sahip olmasi
gerekmektedir. Bu uygulamanin ilk agamasi homojen
karar verme birimlerinin se¢imidir. Diger bir anlamda
birbirlerine benzer girdiler kullanarak benzer ¢iktilar
iireten KVB’inin, karsilagtiriimali goreli
etkinliklerini 6lgmek {izere se¢ilmesidir. Bu agsamada
dikkat edilmesi gereken diger bir konu ise birimlerin
sayisidir. Bu konuda bir ¢ok varsayim bulunmaktadir.
Yapilan uygulamanin giivenilir olmas1 agisindan eger
kullanilan girdi sayis1 “I” ve ¢ikt1 sayis1 “O” ise bu
durumda karar verme biriminin (DMU) sayisi1 en az
“I+O+1” olmalidir [4]. Calismada kullanilan Karar
Verme Birimleri, veri setine ulasilan kentlerdir:
Ankara, Antalya, Adana, Istanbul, Izmir, Bursa,
Kayseri, Konya, Samsun, Eskisehir ve Gaziantep.

* Modelde kullanilacak olan Degigkenlerin (Girdiler ve
Ciktilar) belirlenmesi: Karar Verme Birimlerinin
se¢iminden sonra ikinci asama modelde kullanilacak
Girdi ve Ciktilarin belirlenmesidir. Uygulamanin
sonunda 6nemli sonuglarin elde edilebilmesi ve etkili
yorumlarin yapilabilmesi i¢in degiskenlerin se¢imine
son derece onem ve dikkat vermek gerekmektedir.
Bir yandan da Girdi ve Ciktilarin sayist da ¢ok fazla
olmamalidir ¢iinkii fazla sayida olursa gozlem
kiimesinin homojenliginin bozulmasina ve sonugta
VZA’i modelinin ayristirma yeteneginin diigmesine
neden olmaktadir [5]. Caligmada kullanilan Girdiler;
hat uzunlugu (km), istasyon sayisi, sefer sikligi
(dakika), ticari hiz (km/saat) ve sehir niifusudur. Cikti
ise senelik tagian yolcu sayisidir (Cizelge 1).

* Veri kiimesinin giivenilirligi ve elde edilebilirligi:
VZA’i uygulama calismalarinda tg¢ilincii asama ise
secilen girdi ve ¢iktilara ait veri kiimesinin elde
edilmesidir. Eger her hangi birim i¢in giivenli veriler
elde edilemez ise hem birime ait etkinlik degeri ve
hem diger birimlerin etkinlik degerleri goreli etkinlik
Olciimiinden dolayi, tim etkinlik degerlerini
cekigmeli hale getireceginden dolayr uygulamadan
cikartilmasi gerekecektir [6]. Veri kiimesi, bilgilerine
ulagilabilen kenteri kapsamaktadir. Caligmada
kullanilan bilgiler, ilgili Biiyiiksehir Belediyeleri’nin
web sayfalart ve Ulagim Daire Bagkanliklari’ndan
resmi yazi ile elde edilen giivenilir rakamlardir.

+ Kullanilacak VZA’i modelinin belirlenmesi ve goreli
etkinligin Ol¢lilmesi: Karar Verme Birimleri ve
degiskenlerin se¢iminden sonra caligmaya en uygun
VZA’ i modeli segilir ve etkinlik 6l¢iimii KVB’leri
icin yapilir. Bu yontemde kullanilan modeller iki
farkli sekilde yapilabilmektedirler: girdiye ydnelik,
¢iktrya yonelik. Girdi yonlii model, en atkin sekilde
minimum
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Cizelge 1. Girdi ve ¢ikti degerleri (2016 yil1) (Inputs and Outputs)(by the year 2016)

Girdiler Cikt

Kentler Hat uzunlugu i Sefer sikligt Ticari hiz hir niif Senelik taginan
(km) stasyon sayist (dakika) km/saat Sehirndfusu 010y sayiss

Ankara 64,2 55 5 40 5.270.000 109.256.000
Antalya 15,7 26 7 27 2.328.555 13.620.000
Adana 13,5 13 10 40 1.737.000 9.410.000
Istanbul 147 142 5 32 14.800.000 717.628.374
[zmir 156 57 7 40 2.848.000 230.000.000
Bursa 48 61 7 27 2.340.000 75.443.501
Kayseri 33,7 55 10 30 1.062.000 36.323.522
Konya 56 40 5 27 1.221.000 30.809.550
Samsun 31 21 8 30 605.319 18.200.000
Eskisehir 45 61 13 25 844.842 47.760.000
Gaziantep 26,5 29 7 22 1.974.244 18.000.000

girdiyi kullanarak maksimum ¢iktiyr elde edilebilmek gozle kiimesinden daha kiicik bir grupla

i¢in kullanilan bir modeldir. Cikt1 yonlii model ise belirli
girdileri kullanarak maksimum ¢iktiy1 elde etmeye caligir
[7]. Veri Zarflama Analizi tablolar halinde hazirlanan
veri kiimesini kullanarak KVB leri’nin etkinlik
Olciimiinii tespit etmektedir. Bu yontem dogrusal
programlama tabanli oldugundan dolayi, modeli ¢6zmek
icin bazi paket programlari, bilgisayar yazilimlar1 ve
VZA’ne bazi 6zel yazilimlar kullanilmaktadir. GAMS,
LINDO, QSB, EMS, IDEAS, DEAP, ETAKS vs. Bu
calismada Veri Zarflama Analizi yontemini kullanarak
yapilan girdi yonlii CCR modeli CRS varsayimi altinda
ele alinmistir. Yapilan analiz sonucunda CCR modeline
gore ortaya ¢ikan sonuglar degerlendirilmistir. Yazilim
olarak EMS’den yararlanilmistir.

+ Etkinlik degerlerinin belirlenmesi: Charnes, Cooper
ve Rhodes’un etkinlik a¢iklamalarinda herhangi bir
birimin 100% etkin olabilmesi i¢in ancak asagidaki
durumlarda gergeklesebilir: Her bir karar birimi igin
0 ile 1 (veya ylizde) arasinda elde edilir. Etkinlik
smir1 etkin olan KVB yani etkinlik degerleri 1
olanlan tarafindan belirlenir. Etkin olmayan Karar
Verme Birimlerinin etkinlik degeri ise 0 ile 1 arasinda
olur [8].

» Referans gruplari: VZA, goreli olarak verimli
birimlere uygulanan yonetsel veya organizasyonel
yontemleri uygulayarak verimli olmayan karar verme
birimlerinin ayni seviyede etkinlige ulasabilecegi
varsayimina dayanir [9]. Veri Zarflama Analizi etkin
olan bir grup karar birimini referans olarak belirtir ve

karsilagtirmanin  yapilmasini saglar. Veri setini
olusturan kentlerin etkinlik degeri ve referans
kiimeleri Cizelge 2’de verilmektedir.

Etkin olmayan birimler i¢in stratejilerin belirlenmesi:
Veri Zarflama Analizi ile yapilan karsilastirma, karar
verme birimlerinin benzerliklerinden hareket etmeye
baslar, bunun biiyilk faydasi ise etkin olmayan
birimlerin etkin hale getirebilmek {izere bazi dnemli
stratejiler  (etkin olmayan birimlerin referans
grubunda olan etkin birimlere ait agirlikli
katsayisidir) saglar. Analizin sonunda elde edilen
sonuglar, etkin birimlerin elde edilebilen giris ve ¢ikis
icerdigini  varsaymaktadir. Ayni anda etkin
olmayanlar icin de bu girdi ve ¢iktilara ulagmasinin
varsayar. Fakat bu her zaman dogru olamaz ve
sonunda iyilestirme ¢abalar1 sonugsuz kalabilir [10].
Bu ¢alismada da etkin olmayan birimler belirlenmis
ve Bulgular bdliimiinde 6zetlenmistir.

Sonuglarin degerlendirilmesi: Veri Zarflama Analizi
uygulamasinda yapilan son asama ise, girdiler ve
¢iktilarin hepsi yapilan uygulamada
degerlendirildikten sonra elde edilen sonuglar1 karar
birimlerine gére degerlendirilir ve sonunda
yorumlanir [9]. Uygulamada belirlenen hedeflere
ulagilmas1 zor olsa da bu bilgilerin daha sonra
kullanilabilir olmas1 ve iyilestirmelere agik olmasi
faydali bir gelismedir. Calismayla ilgili sonuglar,
Tartisma ve Oneriler béliimiinde 6zetlenmistir.

Cizelge 2. Girdi yonlii CCR etkinlik degerleri ve referans kiimeleri (CCR Efficiency scores and reference sets)

Girdi yonlii CCR etkinlik degerleri ve referans kiimeleri

Kentler Etkinlik degeri Referans kiimeleri
Ankara %42,48 4 (0,1452) 10 (0,1053)
Antalya %17,77 4 (0,0190)

Adana %14,32 4 (0,0131)

Istanbul %3100,00

[zmir %89,72 4 (0,1221)

Bursa %64,60 4 (0,0841) 10 (0,3155)
Kayseri %64,12 4 (0,0183) 10 (0,4862)
Konya %49,97 4 (0,0309) 10 (0,1803)
Samsun %54,30 4 (0,0032) 10 (0,3329)
Eskisehir %100,00

Gaziantep %18, 69 4 (0,0240) 10 (0,0156)
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Cizelge 3. Analizden elde edilen degisken artiklar1 (Variable residues obtained from the analysis)

Sehirler 1.girdideki 2.girdideki 3.girdideki 4.girdideki 5.girdideki Ciktidaki
fazlalik fazlalik fazlalik fazlalik fazlalik azlik
Ankara 2,0232 0 0,0286 9,7100 0,0015 0,0531
Antalya 0 1,9252 1,1490 4,1907 132899,7 0,0001
Adana 0,0061 0 1,3667 5,3096 54724,08 0,0167
Izmir 0 23,0405 5,6701 31,982 748623,3 0,5546
Bursa 6,9683 19,2577 0 6,8629 0,0009 0,0444
Kayseri 0,9351 20,033 0 6,4968 0 0,0007
Konya 16,7651 10,9078 0 7,9947 0,0009 0,1083
Samsun 4,0439 2,2921 0 7,8645 0,0006 0,0125
Gaziantep 0 1,6005 0,9852 2,9524 0 0,0006
Girdiler Cikti
Kentler Hat uzunlugu i Sefer sikligt Ticari hiz hir niif Senelik taginan
(km) stasyon say1st (dakika) km/saat Sehir niifusu yoleu sayisi
Ankara 64,2 55 5 40 5.270.000 109.256.000
Antalya 15,7 26 7 27 2.328.555 13.620.000
Adana 135 13 10 40 1.737.000 9.410.000
Istanbul 147 142 5 32 14.800.000 717.628.374
Izmir 156 57 7 40 2.848.000 230.000.000
Bursa 48 61 7 27 2.340.000 75.443.501
Kayseri 33,7 55 10 30 1.062.000 36.323.522
Konya 56 40 5 27 1.221.000 30.809.550
Samsun 31 21 8 30 605.319 18.200.000
Eskisehir 45 61 13 25 844.842 47.760.000
Gaziantep 26,5 29 7 22 1.974.244 18.000.000
3. BULGULAR (FINDINGS) azlik  degerlerine  gdore  yapilmaktadir. VZA’i
Tiirkiye’deki kentigi rayh sistemlerin performanslarmmn ~ Sonuglarindan —elde  edilen ve etkin  olmadigi

VZA ile karsilagtirildigt ¢alisma sonucu asagidaki
bulgulara ulagilmustir:

. Bulgular, Veri Zarflama Analizini kent i¢i rayli
sistemlerin  performanslarint ~ karsilastirarak  goreli
etkinliklerini 6lgmek ve etkin olmayanlar igin
performanslarini yiikseltmek amaciyla, nasil
kullanilabilecegini gostermektedir.

. Karar Verme Birimleri (kentler) arasinda
Istanbul ve Eskisehir’in kent ici rayli sistemlerinin
etkinlik skoru % 100 (veya 1) oldugu i¢in etkin olduklar1
degerlendirilmektedir. Etkinlik degerleri %100 degerinin
altinda olan ve performanslarmin etkin olmadigi
degerlendirilen kentler ise Ankara, Antalya, Adana,
Izmir, Bursa, Kayseri, Konya, Samsun ve Gaziantep’dir.

. Etkin olmayan birimlerin (kentlerin)
etkinliklerini artirabilmeleri i¢in, etkin olan kentler
arasindan hangisinin referans alinabilecegini belirlemek
miimkiindiir. Ornek olarak; Ankara kenti’nin % 42,48
etkinlik degeri ile etkin durumda olmadig:
goriilmektedir. Bu sehrin etkinligini arttirabilmek veya
etkin olabilmesi igin etkin olan Istanbul kentini % 14 ve
Eskisehir kentini % 10 oraninda referans almasi gerektigi
goriilmektedir.

4. TARTISMA VE ONERILER (DISCUSSION AND
SUGGESTIONS)

Veri Zarflama Analizi’nden elde edilen diger bir ¢ikt1 da
degiskenlerin artik degerleridir. Bu degerler aslinda etkin
olmayan kentlerin girdilerini ve giktilarin1 ne degerde
azaltmast ve arttirmas1 gerektigini gostermektedir.
Azaltma girdilerdeki fazlalik ve arttirma ise ¢iktilardaki

degerlendirilen 9 kente ait degisken artik degerler
Cizelge 3’de verilmistir.

Bu birimlerin etkin hale gelebilmeleri i¢in, girdilerdeki
fazlaligi azaltmak ve ¢iktidaki azligi arttirilmasi
gerekmektedir. Incelenen kentlerde rayli sistemlerin
verimliligini artirmak i¢in, iyilestirme tablosunda (Tablo
3) elde edilen degisken artiklarina gore:

. Sefer sikliklarin1 Ankara’da 0,0286 dakika,
Antalya’da 1,1490 dakika, Adana’da 1,3667 dakika,
Izmir’de 5,6701 dakika ve Gaziantep’te 0,9852 dakika
azaltmak,

. Ticari hizi  Ankara’da 9,7100 km/saat,
Antalya’da 4,1907 km/saat azaltmak, Adana’da 5,3096
km/saat, Izmir’de 31,9820 km/saat, Bursa’da 6,8629
km/saat, Kayseri’de 6,4968 km/saat, Konya’da 7,9947
km/saat, Samsun’da 7,8645 km/saat ve Gaziantep’te
2,9524 km/saat azaltmak,

. Senelik taginan yolcu miktarini Antalya’da
132.900 kisi, Adana’da 5.724 kisi ve Izmir’de 748.623
kisi artirmak

gerekmektedir.
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oz

Yiiksek sicaklik ve vakum altinda metal ve yar iletkenlerin siki kontak edilmesi durumunda olusan metal-yar iletken kontaklar
iizerinde hala ¢ok sayida teorik ve deneysel ¢alisma yapiliyor olmasina ragmen metal ve yari iletken arasindaki bariyerin olusumu
ve iletimi mekanizmalart heniiz tam olarak aydinlatilmamustir. Bu yapilar hakkinda yapilan ilk detayli ¢calismalar W. Schottky
tarafindan yapildigindan, bu metal-yar1 iletken kontaklar genellikle Schottky diyotlar/yapilar olarak bilinir. Gegmisten giiniimiize
farkli fiziksel, kimyasal ve elektriksel 6zelliklere sahip cesitli malzemeler kullanilarak arayiizey tabakalar olmaksizin veya yalitkan,
polimer ve ferroelektrik gibi arayiizey tabakalar igeren Schottky yapilarin performansi arttirilmaya ¢alisilmigtir. Cok yiliksek
frekanslarda ve disiik ileri 6n gerilimde ¢alisabilmesi ve ¢ok hizli anahtarlama kabiliyeti gibi diger diyotlarda bulunmayan
ozellikleri, elektronik teknolojideki yaygin kullanimi ve gelisime acik teknolojiye sahip olmas1 bilim insanlarini Schottky yapilari
iizerinde caligmaya tesvik etmektedir. Bu ¢alismada, metal yariiletken ve arayiizey tabakasina sahip metal yariiletken Schottky
yapilarim bu alanda yapilan bilimsel ¢aligmalar da g6z Oniine alinarak incelenmesi, zaman igindeki gelisiminin gézlenmesi ile
birlikte diinya ve Tiirkiye’de bu alanda yapilan akademik ¢aligmalarin istatistiksel analizi yapilmustir. Sonugta, Tiirkiye'nin bilimsel
caligmalar bakimindan diinyanin neresinde oldugunu ag¢iga ¢ikartmak amacglanmistir. Aym1 zamanda farkli MY yapilar iizerine
yapilmis bilimsel ¢aligmalarin Tiirkiye ve diinyada ne oranda karsilik gordiigii de ortaya konulmustur. Web of Science veri
tabaninda Science Citation Index (SCI) tarafindan taranan ve hem Tiirkiye’de hem de tiim diinyada yapilan akademik ¢aligmalarin
analizi veri madenciligi ile otomatik veri toplama yontemleri ve Structured Query Language (SQL) sunucu yonetim stiidyosu
programi kullanilarak yapilmustir. Istatistiksel analiz sonuglar1 her alanda Schottky yapilar iizerine Tiirkiye ve diinyada yapilan
akademik ¢aligmalarin nerede ise her sene artig gosterdigini gostermektedir.

Anahtar Kelimeler: Schottky yapi, MY schottky yapilar, arayiizey tabakali schottky yapilar, veri madenciligi,
istatistiksel analiz.

Review and Analysis Study on Schottky Structures

ABSTRACT

Although quite a few number of theoretical and experimental studies are still carried out on metal-semiconductor contacts which
forms in case of a tight contact of metal and semiconductor under high temperature and vacuum, the formation and transmission
mechanisms of the barrier between metal and semiconductor have not yet been fully elucidated. Since the initial detailed studies
about these structures were made by W. Schottky, these metal-semiconductor contacts are generally known as Schottky
diodes/structures. It has been tried to improve the performance of the Schottky structures without or with interfacial layers such as
insulator or polymer and ferroelectric by using various materials with different physical, chemical and electrical properties from
past to present. The significant features not found in other diodes, such as its ability to operate at very high frequencies and low
forward bias, and very fast switching capability, the widespread use in electronic technology, and the fact that its technology is
open for development encourage scientists to study on Schottky structures. Together with the investigation of the metal-
semiconductor and the metal-semiconductor with interfacial layer Schottky structures by considering the scientific studies on
Schottky structures, the observation of its progress over time, the statistical analysis of academic studies in this area over the world
and Turkey have been made in this study. Ultimately, it is aimed to reveal the situation of Turkey over the world in terms of
scientific studies. At the same time, to what extent the scientific studies on distinct MS structures get reciprocity in the world and
in Turkey is set forth. The analysis of the academic studies which are scanned by Science Citation Index (SCI) in Web of Science
database and made in Turkey as well as all over the world were performed with data mining by utilizing automated data collection
methods and SQL Server Management Studio program. The statistical analysis results indicate that the academic studies made for
every type of Schottky structures over the world and Turkey increase for almost every year

Keywords: Schottky structures, MS schottky structures, interfacial layered schottky structures, data mining, statistical
analysis

- teknolojisinde Onemli bir yer edinmistir. Yiksek
IGIRIS (.I NT'R'ODUCTION) frekanslarda ¢alisarak iletkenlik ile yalitkanlik durumlari
DUS.u.k 1le':r1 gerlllmlerde calisan ve ¢ok hizli anahtarlama arasindaki gegcislere hizli cevap verebilmesi gibi dnemli
kabiliyetine sahip olan Schottky yapilar elektronik avantajlar1 sayesinde metal ile yariiletkenin siki kontak

*Sorumlu Yazar (Corresponding Author) edilmesiyle o!usturulan “Sch'oFtky yapilarin {iretimi ve
e-posta ; serhatorkuntan@karabuk.edu.tr kullanimi yariiletken endiistrisinde hizla yayginlasmistir.
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Bu yaygimn kullaniminin geregi olarak metal-yariiletken
(MY) ve araylizey tabakali metal-yalitkan-yariiletken
(MYY) yapilarla ilgili teorik ve deneysel birgok
arastirma yapilmaktadir [1-10]. Metal ile yariiletkenin
arasinda araylizey tabaka olarak polimer kullanildiginda
metal-polimer-yariiletken (MPY), ferroelektrik
kullamldiginda  metal-ferroelektrik-yariiletken  veya
metal-ferroelektrik/yalitkan-yariiletken (MFY/MFYY)
yapilar ve oksit tabaka kullanildiginda metal-oksit-
yariiletken (MOY) yapilar elde edilmektedir. Metal ile
yariiletken arasina farkli yontemlerle biiyiitiilen yalitkan,
polimer, ferro-elektrik gibi ince bir tabaka hem metali
yariiletkenden izole eder hem de onlar arasindaki yiik
gecislerini diizenler. MY yapilar yariiletken tabanli devre
elemanlarinin  temelini olusturmasinin  yaninda bu
alandaki elektronik cihazlarin daha iyi anlasilmasina
imkan saglamaktadir. Bu yapilar bir metal ile bir
yariiletkenin aralarinda baska bir madde olmaksizin
kontak durumuna getirilmesiyle meydana gelir [11,12].

MY ve arayiizey tabakali MYY veya MPY ve
MFY/MFYY gibi yariiletken aygitlar dogru 6n gerilim
altinda akimi iletirken ters On gerilim altinda ise
yariiletken malzemeye bagl olarak az miktarda sizinti
akimi gegirirler. Dogru ve ters 6n gerilimler altindaki
akimlarin ~ oram1  dogrultma  oranim1  (RR=I¢/IR)
vermektedir. Diyot performanst bu oranin ne kadar
yiiksek olmasina baglidir. Ideal bir Schottky diyotta
yeterince ileri/dogru ve ters gerilimlerdeki akim oranlari
>10% civarindadir [1]. Arayiizey tabakali ve tabakasiz
MY yapilar hazirlanirken, metal ile yariiletken arasinda
bir potansiyel engel yiiksekliginin olugmasi i¢in
yariiletkenin is fonksiyonuna uygun is fonksiyonlu
metaller secilmelidir. Genellikle yiiksek saflikta altin
(Au), giimiis (Ag) ve aliiminyum (Al) gibi metallerden
olusan bu tip kontaklara Schottky veya dogrultucu 6n
kontaklar denilir. P-tipi bir yariletken de dogrultucu
kontak olugmast igin metalin i fonksiyonu (¢pm)
yariiletkenin i fonksiyonundan (¢s) kii¢iik olmasi
(¢ps>@m) gerekir. Arka omik kontak olusturmak igin p-
tipi yariiletkende ¢m>¢s durumu gegerlidir ve bu
kontagin diigiik direngli olmasi i¢in mutlaka kaplandiktan
sonra uygun sicaklikta tavlanmasi gereklidir. N-tipi
yariiletkende dogrultucu kontak olusumu i¢in ¢m>gs,
omik kontak olusumu igin ise ¢s>¢pm olmasi
gerekmektedir [1]. Yariiletken aygitlarin yapiminda,
genelde hammaddesi dogada ¢ok bulunan, daha
ekonomik ve yiiksek sicakliklarda daha kararli oldugu i¢i
silisyum (Si) kullanilmaktadir.

MY diyotlar ile yapilan ilk dogrultma islemi 1874’te
Braun tarafindan kursun silfit ve demir silfit
yariiletkenleri  {lizerinde metal nokta kontaklar
kullanilmas ile gerceklestirilmistir [2]. Ik MY yap1 olan
bu kontaklarin gelistirilmis hali olan Schottky engel
diyotlarinda metal ile yariiletken arasinda vakum olup
eklem bolgesindeki kontak potansiyeli ve akim dagilimi
homojendir. MY  yapilar ile yapilan pratik
uygulamalardan c¢ok sonra 1914 yilinda Schottky
tarafindan bulunan metal- vakum sistemlerde imaj
kuvvet etkisiyle engel algalmasi olay1 bu yapilarin teorik

olarak acgiklanmasini saglamistir. Metal ile yariiletken
arasinda olusan engelin hesaplanmasi ayni yillarda
Schottky ve Mott tarafindan birbirinden bagimsiz olarak
ispatlanmugtir [1-4]. Schottky ve Mott’un bu bulusu
yaklagik elli yil kadar sonra 1964 yilinda Sze ve
arkadaglar1 tarafindan dogrulanmistir [13].Schottky,
Stormer ve Waibel 1931 yilinda yaptiklar: bir arastirma
ile akim etkisi ile kontagin biitiiniinde meydana gelen
gerilim diisiimiinii bir engel yiiksekliginin varlig: ile
aciklayarak MY kontaklarin daha iyi anlasilmasina
imkan saglamislardir [13].

MY Schottky yapilarin elektrik alan altindaki akim-
iletim mekanizmalarini belirlemek son derece 6nemlidir.
Schottky  yapilarin  performansini  etkileyen MY
arasindaki arayiizey tabaka, polarma yonii, sicaklik,
yariiletken ¢esidi, seri direng ve arayiizey durumlari gibi
unsurlar g6z Online alindiginda hangi akim-iletim
mekanizmasinin kullanilacagim belirlemek
zorlagmaktadir. MY ve araylizey tabakali MY yapidaki
kontaklarda baslica  akim-iletim  mekanizmalari,
termiyonik emisyon (TE) teorisi, difiizyon teorisi,
termiyonik emisyon-difiizyon (TED) teorisi, kuantum
mekaniksel tiinelleme (termiyonik alan emisyonu (TAE),
alan emisyonu (AE) ve ¢ok katli tiinelleme), uzay yiik
bolgesinde rekombinasyon olarak siralanabilir. TE
teorisi potansiyel engelin tepesini yeteri kadar termal
enerji kazanarak asan elektronlarin iletimi seklinde ifade
edilebilir. Diflizyon teorisi yogunluk farki bulunan
bolgeler arasinda, yiiklerin yogunlugunun g¢ok oldugu
bolgeden az oldugu bdlgeye gegmesi mantigl ile
olusturulmustur. Bu modelde doyma akim yogunlugu
voltaja bagli olarak daha gabuk degisir fakat sicakliga
baglilig1 TE teorisindeki doyum akim yogunluguna gore
daha kiigiiktiir. TED teorisi metal-yariiletken arayiizeyi
yakininda tanimlanan termiyonik rekombinasyon hizinin
siir sartlarindan faydalanilarak elde edilmistir. TAE
veya AE mekanizmasi yiiksek katkilanmis yariiletkenler
ve diisiik sicakliklar i¢in uygun bir modeldir. Uzay yiik
bolgesinde birlesme yiiksek katkili yariiletkenler ile cogu
omik kontaklar i¢in uygun bir modeldir ve dogal bolgede
enjeksiyon mekanizmasini ifade eder [1,2]. Richardson
tarafindan TE olaymin metal vakum sistemleri i¢in
bulunmasindan sonra MY yapilarda uygulanabilirligi
1942 yilinda Bethe tarafindan agiklanmigtir [14]. 1966
yilinda ise Crowel ve Sze, Schottky’nin termiyonik
emisyon ve Bethe’nin difiizyon teorilerini derleyerek
TED teorisi adi altinda tek bir teoriyi olusturmuslardir
[15].

MY arayiizeyinin karakteri ile baglantili olarak
olusturulan  kontaklarmm davranigt Schottky veya
dogrultucu kontak ve omik kontak olmak {iizere iki
sekilde gerceklesmektedir. Olusturulan kontaklarda
elektronlarin hareketi kontak durumlarini da belirler.
Hem MY hem de MIY tipi Schotkky yapilarda, bir
yondeki elektron hareketi diisiik potansiyel engeli
neticesinde (dogru ongerilim) oldukc¢a kolay olurken
diger yonde potansiyel engelin artmasi neticesinde (ters
ongerilim) oldukg¢a zorlagiyorsa “dogrultucu kontak”
durumu, her iki yonde de elektronlar serbest hareket
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edebiliyor ise “omik kontak” durumu meydana
gelmektedir. Ancak p-n eklem ftiretiminde bir¢ok farkli
yontemin gelistirildigi 1950°li yillarda MY kontaklar
akim iletiminde omik kontak olarak degerlendirilmistir.
1960°1ar ise Schottky yapilarin gelisimi {izerine yapilan
arastirma c¢aligmalarin bir hayli arttigi yillardir. Bu
yillarda Schottky engel diyotlarin uygulama alam
genislemigtir. Bu gelisimin en 6nemli 6rnegini 1964
yilinda silisyum transistdrle Schottky engelini birlestiren
ve Schottky engel kapilt MY alan etkili transistorii bulan
Baird vermistir [16]. Schottky yapilarin arayiizey
hallerinin g6z 6niine alindigr ilk teorik ¢alismada 1965
yilinda Heine metal tipine bagl iki olasi araylizey
durumun varligina isaret etmistir. Bu durumlardan ilkini
yariiletkenden kaynakli gercek durum ikincisi ise
metalden kaynakli zahiri durum olarak adlandirmistir
[17]. Bu durumu takiben 1969 yilinda Crowell ve
Roberts Au/n-Si Schottky yapilarda arayilizey halleri
enerji dagilimlar1 egrilerini kapasitans-voltaj (C-V)
karakteristiginden elde etmisler ancak bu egrilerin akim-
voltaj (I-V) karakteristik egrisi ile uyumunu dikkate
almamiglardir [18]. 1970’ler daha o6nceki g¢alismalarin
is1ginda Schottky  engel  diyotlarin  elektronik
teknolojisinde  kullamimina  ydnelik  endiistriyel
iiretimlerin gergeklestirildigi yillardi. Ayn1 zamanda bu
yillarda MY arayiizeyinin daha iyi anlagilmas: adina
calismalar hiz kazanmistir. Schottky ve Mott engel
olusumunun mekanizmasin1 izah etmisler ve engel
yiiksekliginin ve seklinin hesaplanmasi admna yeni
modeller o6nermislerdir. 1971 yilinda yaptiklan
calisgmalarda Card ve Rhoderick diiz beslem I-V
verilerini kullanarak idealite faktorii (n) degerine bagh
araylizey hallerinin metal veya yariiletken ile dengede
oldugunu ortaya koymuslardir [19]. Yine ayn1 y1l Levine
calismasinda Schottky engel yiiksekligi ve arayiizey
halleri enerji dagilimlarinin kontroliiniin uygulanan
gerilim ile saglanabilecegini One siirerek [-V
karakteristiginden =~ Au/n-GaAs yapilarin arayiizey
durumlart enerji dagilimlarinin egrilerini elde etmistir
[20]. 1977 yilinda ise Borrego ve arkadaslari, I-V ve C-
V verilerini birlikte degerlendirerek metal ile dengede
olan arayiizey halleri enerji dagilimlarini belirlemek igin
arayiizey tabakasi etkisinin goz ardi edildigi bir metot
gelistirmiglerdir [21]. Cowley ve Sze’nin arayiizey
tabakasi teorisi 1980 yilinda Wu tarafindan gelistirilerek
potansiyel engelin pozitif ylizeyde yiik artisi ile azaldigi
ve arayiizey tabakasi iizerindeki potansiyelin idealite
faktoriinde artisa neden oldugunu bulmusglardir [22]. MY
yapilarin karakteristigini 1983 yilinda sicakligin bir
fonksiyonu olarak 6lgen Chandra ve Prasad, bu yapilar1
sicakligin belirlenmesi amaciyla kullanmiglardir [23].
Arayiizey halleri yogunlugu belirlenmesi amaciyla
Gomila ve Rubi, 1997 yilinda yariiletken eklemdeki
tagtyicilarin yer degisimlerini inceleyerek bir baginti
ortaya ¢ikarmiglardir. Bu baginti ile idealite faktorii igin
dogru beslemde tiim beslem boyunca gegerli olacak bir
analitik ifade bulmuslardir [24]. 50 MeV Ni iyon
isimasinin Au/n-GaN Schottky diyotuna etkisi akim
voltaj karakterizasyonu ile Baranwall ve arkadaslar

tarafindan 2009 yilinda incelenmistir. Iyon 1sinlamasi ile
Schottky ~ parametrelerinin degisimi, 1sinlama
akiskanligm 5x10° ila 5x10'! iyon cm? arasinda
degistirerek tartisilmigtir. Sonug olarak metal-yariiletken
arayliziinde hizli agir iyon (SHI) isinlamasmin enerji
kayb1 mekanizmalarina dayandigi seklinde
yorumlanmugtir. [25]. 2014 yilinda Hamdaoui ve
arkadaslar1 Metal /n-InAlAs Schottky diyotlarin -V
karakteristiklerini  90-300 K sicaklik araliginda
belirlemis ve doyma akimu, idealite faktorii ve seri direng
degerlerini hesaplamiglardir. Sonugta sicaklik artigi ile
birlikte Schottky engel yiiksekliginde artis ve idealite
faktoriinde azalma tespit edilmistir. [26]. 2017 yilinda
Vali ve arkadaslari, elektron demeti 1sinlamasinin (EBI)
Al /n-Si Schottky yapiya etkisini oda sicakliginda I-V
karakterizasyonu ile incelenmislerdir. MY arayiiziiniin
davranisi, Schottky engel yiiksekligi, idealite faktorii ve
seri direng gibi MY temas parametrelerindeki
varyasyonlar vasitasiyla analiz edilmis ve bu
parametrelerin 7.5 meV sabit bir enerjiye sahip EBI
dozuna bagli oldugu bulunmustur. Dikkat ¢ekici bir
sekilde, engel yiliksekliginin ayarlanmasi EBI dozunun
bir fonksiyonu olarak gézlemlenmistir. MY arayiiziinde
Schottky temas davranisina katkida bulunan kalinlik
degisimi tartistlmistir. Bu galisma, elektron demeti ile
1sinlanmig n-Si tabakalar iizerindeki metal birikimi ile
Schottky temas parametrelerini ayarlamak i¢in yeni bir
teknigi aciklamaktadir [27].

Metal-Yalitkan-Yariiletken (MYY) yapilar, dogal
yontemler kullanilarak ya da yapay oksidasyon yontemi
ile metal ve yariiletken tabakalar arasinda yalitkan bir
tabaka olusturulmasi suretiyle elde edilmektedir. Bu
yalitkan tabakanimn kalinhig: yaklasik 100-200 A altinda
ise MYY, istiinde ise metal oksit yariiletken (MOY)
yapilar veya kapasitorler olarak adlandirilmaktadir.
MOY yapilar MYY yapilardan farkli olarak arayiizey
tabakanin kalinhigindan dolay1 genellikle kapasitor
ozelligi gostermektedir. Bagka bir ifadeyle, yikleri
iletmekten ziyade depolarlar ve ¢ok miktarda yiik
depolamas1 ¢ok miktarda enerji depoladigi anlamina
gelmektedir. Genellikle silisyum-dioksit (SiO,), kalay-
dioksit (SnO;) gibi bilesikler metal ile yariiletken
arasinda yalitkan gorevini istlenerek metal ve
yariiletkeni birbirinden izole ederken, yiik gegislerinin de
diizenlenmesini saglamaktadir [28-33]. Hudait ve
Krupanidhi, 2000 yilinda yaptiklari ¢aligmada galyum
arsenik (GaAs) tabanli MYY Schottky yapilarin I-V ve
C-V ozelliklerini MY diyotlar ile kargilagtirmigtir. MY'Y
yapilarin 1-V karakteristiginde 1.17 idealite faktorii ve
0.97 eV engel yliksekligi ideal olmayan davrans
gosterdigi belirlenmistir. Ayrica doyum akimindaki
azalmanin, ince bir oksit tabakasindan ve artan engel
yiiksekligi ve Richardson sabitindeki azalmanin
kombinasyonundan kaynaklandigi belirtilmistir [34].
Kiligoglu ve Asubay 2005 yilinda oksit ara yiizeye sahip
MOY tipi Schottky engel diyotun tiim elektriksel
parametrelerinin referans diyottan yiiksek oldugunu
rapor etmislerdir [35]. 2009 yilinda Tataroglu ve Altindal
yaptiklart ¢alisma ile Au /SiO2/n-Si (MYY) Schottky
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yapilarin 300-400 K sicaklik araliginda ileri ve ters
beslem |-V karakteristiklerini ol¢miislerdir. Idealite
faktorii, engel yiiksekligi ve seri direng gibi elektriksel
parametrelerin sicaklik bagimliligini diiz beslem I-V
Olciimlerinden  ¢ikarmuglardir.  Ayrica, yariiletken
ylizeyinde araylizey durumlar1 enerjisi ile iletkenlik
bandmin bir fonksiyonu olarak arayliz durumlan
yogunlugunu I-V olglimlerinden elde etmiglerdir.
Deneysel sonuglar ile bu parametrelerin sicakligin
kuvvetli bir fonksiyonu oldugunu ortaya koymuslardir
[36]. 2012 yilinda Chen ve arkadaslar1 La;Os izalator
kullanarak MY'Y tabanli Schottky-diyot hidrojen sensorii
imal etmiglerdir. Akim voltaj 0&zellikleri, engel
yiiksekligi gibi elektriksel dzellikler ve hidrojen algilama
performanst 25 °C ile 300 °C arasinda farkli
konsantrasyonlarda Hj'ye karsi incelenmis ve sonug
olarak 260 °C ¢aligma sicakliginda cihazin hassasiyetinin
10.000 ppm hidrojen gazina gore maksimum 4,6
degerine ulasabilecegini ve tepki siiresi 20 saniyeye
ulagtigimi gostermiglerdir [37]. 2015 yilinda Tuan ve
arkadaglar1  Pt/SiO2/n-tipi indiyum galyum nitriir
(InGaN) MOY diyotlar iizerine yaptiklar1 arastirmada
MOY diyotlarin elektriksel 6zelliklerini I-V ve C-V
Ol¢limleri kullanilarak belirlemislerdir. Sonug olarak azot
ortaminda 15 dakika boyunca 400 °C' de tavlama
sonucunda, Schottky engel yiiksekliginin 0.67 eV'ye (I-
V) ve 0.82 eV'ye (C-V) yiikseldigini gostermisler ve
kagak akiminda Onemli Ol¢lide distiigiinii ortaya
koymuslardir [38]. 2016 yilinda Tan ve arkadaslar
tirettikleri Au/ZnO/n-GaAs MY'Y tipi Schottky yapisinin
oda sicakliginda farkli 151k yogunluklart altinda akim-
voltaj 6zelliklerini incelemislerdir. Ters ve dogru beslem
akimlarindaki davraniglar incelendiginde imal edilen
diyotun fotodiyot ozelligi sergiledigini belirtmislerdir.
Aydmlatmadan sonra idealite faktoriindeki artist MY
arayiiziindeki homojensizlige atfetmigler ve arayiizey
durumlarinin  enerji dagilimmin artan aydinlatma
seviyesi ile arttig1 ve seri dirence bagl olarak degistigi
gozlemlenmistir [39].

MPY ve MFY/MFYY yapilarin elektriksel 6zellikleri
metal yariiletken arasindaki arayiizeysel ozelliklere,
yalitkan/polimer arayiizey tabaka olusumuna, Schottky
engel yiiksekligindeki homojensizlige ve seri dirence de
baglt oldugundan MYY yapilar ile benzerlik
gostermektedir [4]. Yart iletken yiizeyi ve metal
yariiletken arasi yalitkan/organik/ferroelektrik tabakanin
kalitesi yiik gegislerinin diizenlenmesini sagladigi gibi
Schottky engel diyotun performansini da dnemli 6lgiide
etkilemektedir. Arayiizey tabakasi olarak genellikle
yiiksek dielektrik sabitli, ylizeyi pasifize edebilecek,
kontrollii akim iletim mekanizmasina sahip ve sizinti
akimini en aza indirecek malzemelerin se¢imine dikkat
edilmelidir [40-43]. Bu ozelliklere sahip yalitkan
malzemelere SiO,, TiO,;, SnO, ve SisN4, organik
malzemelere ise poli-indol, poli-anilin ve poli-vinil alkol
(PVA) ornek verilebilir. Schottky yapilarin elektriksel
Ozelliklerinin modifikasyonu amaciyla son yillarda
yapilan bircok arastirmada arayilizey malzemesi olarak
organik yariiletkenler tercih edilmigtir [44-48]. Organik

yariiletkenlerin tercih edilmesindeki en dnemli sebepler
farkli kaplama teknikleriyle tek seferde oldukga fazla
iiretim yapilabilmesi, ucuz maliyeti, esnek ve biikiilebilir
yapisi, zarar esiginin ylksek olmasi ve yiiksek
nonlineerlik olarak siralanabilir. Bu 6nemli 6zellikleri ile
organik yariiletkenler Schottky yapilarin yansira organik
alan etkili transistdrler (OLED), organik 151k yayan
diyotlar (OLED), giines pilleri gibi elektronik ve
optoelektronik alanlarindaki uygulamalarda yaygin
olarak kullanilmaktadir. [47,48]. Yakuphanoglu ve
arkadaslar1 2008 yilinda Schottky yapilarda organik
arayiizey tabakasi kullanildiginda diyotun elektriksel
parametrelerinin ve diyotun arayiizey Ozelliklerinin
degistigini gostermiglerdir [49]. Vural ve arkadaslar
(2010), yaptiklar1 ¢alismada Al/Rhodamine/n-GaAs
MPY yap1 kullanilmig ve 80-350 K sicaklik araliginda I-
V karakteristigi incelenmistir. Sicaklik artiglart ile
birlikte idealite faktdriinde azalma, engel yiiksekliginde
artma oldugu gozlemlenmistir [50]. Tecimer ve
arkadaslar1 (2013), ¢inko (Zn) katkili PVA organik
arayiizey kullanilmis ve ileri ve ters ongerilimlemede 80-
350 K sicaklik araliginda 30K araliklarinda I-V
karakteristigi incelemislerdir. Sicaklik artiglart ile
birlikte idealite faktorii 12.85'ten 2.8 'e diistiigii, engel
yiiksekliginin =~ de  0.145'ten  0.606'va  ¢iktig1
gozlemlenmistir [41]. Cigek ve arkadaslar1 2016 yilinda
yaptiklar1 ¢aligmada genis aydinlatma siddeti araliginda
oda sicakliginda Au/n-GaAs MY Schottky, Au/ PVA/n-
GaAs ve Au/Gr-doped PVA/n-GaAs MPY Schottky
yapilarin I-V Karakteristiklerini incelemisler ve grafen
katkili PVA arayiizeyinin Schottky yapimin kalitesini
onemli 6l¢iide gelistirdigini gozlemlemislerdir [48]. Alan
etkili  transistorlerin  (FET) c¢esitli  ferroelektrik
malzemelerin Si lizerinde bilyiitiilmesi ile direk veya bir
dielektrik tabakanin eklenmesiyle dolayli olarak elde
etmek admna 1950°li yillarin sonlarmma dogru MFY ve
MEFEYY yapilar siklikla arastirilmistir [51-53]. Dikkat
cekici fiziksel oOzellikleri sayesinde ferroelektrik
malzemeler iizerine yapilan aragtirmalar son on yilda
yogunluk kazanmustir. Ferroelektrik ince filmler ile
gelistirilen ve FeRAM (ferroelectric random-access
memories) kararli hafiza ortami gii¢ kaynagina ihtiyag
kalmadan bilgi saklayabilir [54]. Tipik bir ferroelektrik
malzeme olan bizmut titanat (BisTi3O12), piezoelektrik,
optik hafizalar, FERAM’lar ve elektro-optik cihazlarda
tercih edilmektedir [55,56]. MOY yapilarin gesidi olan
MFY yapilarin olusturmalarindaki  uyusmazliklar
sebebiyle yiizey problemlerine ¢6ziim olarak i¢
difizyonu onleyen, yik gegislerini diizenleyen ve
elektrik alanda azalmayi1 engelleyen SiO2, SisNs, SnO;
vb. ince yalitkan tabakalar dogal ya da yapay bir
oksidasyon yontemi ile BTO/Si arayiizeylerine eklenerek
MFYY vyapilar olusturulmustur. MFYY yapida bulunan
ferroelektrik tabakanin MOY kapasitore hafiza 6zelligi
kazandirdigi  bilinmektedir [57,58]. Okuyama ve
arkadaslar1 2001 yilinda yaptig1 ¢aligma ile bir MFYY
yapisinin yalitkan ve ferroelektrik tabakalar igerisindeki
akimlar1  dikkate alarak elektriksel ozelliklerini
arastirmak i¢in basit bir model tiiretmislerdir. Modele
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dayali simiilasyonlar ile MFYY’ deki ferroelektrik
tabaka icin Schottky bariyer yiiksekliginin hafifce
artmastyla hafiza tutma Ozelliklerinin ¢ok daha iyi
olabilecegini gosterdi [59]. 2008 yilindaki bir baska
calismada ise MFYY yapilarmin arayiizey durum
yogunlugu (Nss) ve seri direncin (Rs) etkileri Altindal ve
arkadaglar tarafindan sicakligin bir fonksiyonu olarak
arastirilmistir. 80- 400 K sicaklik araliginda ileri ve geri
dogru ongerilim C-V ve kondiiktans-voltaj (G/w-V)
ozellikleri 6l¢iilmiistiir. Deneysel dlglimler ve analizler
hem kapasitans hem de iletkenliklerin 6zellikle yiiksek
sicakliklarda sicaklik ve voltaja oldukca bagli oldugunu
gostermektedir. Sicakliga  bagh C-V  ve Glw-V
ozellikleri, Rs ve Nss’ in MFYY yapilarinin elektriksel
ozelliklerini giicli  bir sekilde etkileyen Onemli
parametreler  oldugunu teyit etmektedir [60].
AU/BisTiz012/SiO2/ n-Si (MFYY) yapisinin arayiiz
durumlariin dagilim profilleri ve durulma zamani 2011
yilinda Biilbiil ve arkadaslarinin yaptigi ¢alisma ile C-V
ve Glw-V ozelliklerinden elde edilmistir. Yapinin iyi
rektifiye edici Ozelliklere sahip oldugu ise I-V
karakteristiginden elde edilen deneysel degerler ile
ortaya konulmustur. Arayliz durumlarinin yogunlugu ve
dinlenme zamani, valans bandinin tabanindan Si’ nin orta
bosluguna kadar artan enerji ile artmaktadir [61]. 2017
yilinda Cetinkaya ve arkadaslarinin yaptigi calismada
elektriksel parametrelerin dagilimini belirlemek i¢in ayni
p-Si yapt tizerinde toplam 58 diyot Al/BisTizO12/p-Si
(MFY) yapist seklinde hazirlandi. Literatiirle uyumlu
olarak, C-V verileri, I-V verilerine gore daha yiiksek
(bariyer yliksekligi) BH degerlerini ortaya koymustur. 58
diyot verilerinin istatiksel analizi sirasiyla 0.716 eV ve
0.818 eV olarak BH’ nin ortalama degerlerini
vermistir. Bahsedilen bulgularla birlikte, Ry’ nin makul
ortalama degeri Al/BisTi3012/p-Si’ nin umut verici bir
diyot yapist oldugunu diigiindiirmektedir [62].

Bu o6nemli o6zellikleri ile elektronik teknolojisinde
gelisime acik bir alan oldugundan gerek Tiirkiye’de
gerek diger tilkelerde Schottky yapilar iizerine yapilan
akademik c¢alismalar her yil artis gostermektedir.
Ozellikle son yillarda hem MY yapilar hem de arayiizey
tabakali MYY, MOY, MPY VE MFY/MFYY yapilar
iizerine birgok akademik ¢aligma literatiire eklenmistir
[63-70]. Bu calismanin 6nemli bir diger amaci da
Schottky yapilari incelerken ayni zamanda Schottky
yapilar tizerine yapilmig akademik ¢alismalardan elde
edilen verilerin istatistiksel dagilimint  gOstermek
suretiyle arastirmalarin artma oranini, yayin yillarini ve
son yillarda daha fazla odaklanan alanlari bulmak igin
Tiirkiye'de ve diinyada bu alandaki akademik ¢aligmalari
analiz etmektir. Bu analiz ile birlikte Tirkiye'nin bilimsel
caligmalar bakimindan diinyanin neresinde oldugunu ve
farkli yapilar tizerine yapilmis bilimsel calismalarin
Tirkiye ve diinyada ne oranda karsilik gordiigiini
saptamak miimkiin olacaktir. Web of Science veri
tabanindan veri elde etmek icin Otomatik Veri Toplama
Yontemleri kullanilmis ve SQL sunucu yonetim
stiildyosu programu ile istatistiksel analizler yapilmistir.
Schottky yapilarin farkli yapilar1 iizerine yapilan

akademik ¢aligmalarin her yil artig gostermesi Tiirkiye'de
arastirmacilarin bu alana gosterdigi ilgiyi de ortaya
koymaktadir.

2. MATERYAL VE METOD (MATERIAL and
METHOD)

Web of Science veri tabanindaki verilere bagh olarak,
bilginin otomatik olarak alinmasi, herhangi bir yeni veri
yerlestirildiginde periyodik olarak panoyu okumak ic¢in
veri toplama programuini kullanan bir veri alma yontemi
ile yapilmigtir. Program araciligiyla, her yeni veri
aramasinda, Onceden belirlenmis kriterlere uyulup
uyulmadigi kontrol edilmektedir. Buna ek olarak,
program Olgiitleri karsiliyorsa, verilere dayali bir web
tabanlt arama gerceklestirilerek  veri alimi
bagslatilmaktadir. Kriterler karsilanmazsa, program veri
alimin1 gergeklestirilemez [71]. Web of Science veri
tabanindan veri ¢ikarimi ve SQL sunucu ydnetim
stiidyosu ile istatistiksel analiz, Otomatik Veri Toplama
Yonteminin ¢aligma mantig1r araciliiyla yapilmustir.
Akilli gebeke iizerinde yapilan aragtirmalarin istatistiksel
dagilimlar1 ve verilerin analiz degerleri Excel Power
Pivot'a aktarilarak analiz sonuglar1 goriintiilenmistir.
Web of Science'dan yapilan veri toplama isleminin
sematik gosterimi Sekil 1°de verilmistir [71].

Sekil 1. Web of Science'dan yapilan veri toplama isleminin
sematik gosterimi (Schematic representation of data
collection from Web of Science) [71].

Calismada odaklanilan anahtar kelimeler, bu alandaki
herhangi bir yayin1 atlamamak adina Web of Science veri
tabanina MY ve arayiizey tabakali MYY ve MPY
yapilara ek olarak MOY vyapilar i¢in olasi tiim sdzciik
dizilerinin kombinasyonu seklinde girilmistir.

3. SONUCLAR VE TARTISMA (RESULTS AND
DISCUSSION)

Birgok elektronik devreler ve cihazlar Schottky kontak
veya omik kontak olarak MY arayiizeyini
kullanmaktadirlar. Gegmiste mikro dalga diyotu ve radyo
ve radar dedektorii olarak gelistirilen MY yapilar
simdilerde metal-yariiletken alan etkili transistorler
(MESFET) gibi aktif devre elemanlarinin yansira giines
pilleri, varaktorler ve anahtarlama devreleri gibi birgok
alanda yaygin  olarak  kullanilmaktadir.  Farkl

981



Serhat Orkun TAN / POLITEKNIK DERGISI, Politeknik Dergisi,2018;21(4):977-989

malzemeler ve yapilar olugturularak gelisime acik olmasi
ve uygulama sahasimin her gegen zaman genislemesi
aragtirmacilart  Schottky yapilar {izerine c¢aligmaya
yonlendirmektedir. Diinya iizerinde MY Schottky yapilar
iizerine yapilan akademik caligmalarin sayist her gegen
yil artig gostermektedir. Sekil 2’de diinya {izerinde
gecmisten gliniimiize MY Schottky yapilar {izerine
yapilan ve Web Of Science veri tabaninda yer alan
akademik ¢aligma sayilarmin yillara goére dagilimi
verilmistir.

alan akademik calisma sayilarinin yillara goére dagilim
verilmigtir.

Ozellikle son 10 yilda Tiirkiye’de MY Schottky yapilar
lizerine yapilan akademik g¢alismalarin artig gdsterdigi
Sekil 3’te agikca goriilmektedir. 2014 ve 2015 yillarinda
en st seviyeye ulasan Tiirkiye’de yapilmis yaym
sayilarinin diinya geneline oranla geride kaldigt
gozlemlenmistir. Ancak son 10 yila bakildiginda,
diinyada bu alandaki Web of Science veri tabaninda yer
alan her yliz yayindan besinin Tirkiye’den ¢iktig

<
3000 o S
Hﬂ-“‘ﬂ”’ﬂﬂ
— o~
& 2500 ~ 00BN S N
=T Dmmmmm‘_'f\]
= 2000 —e S TR oD
= o Bin@o SRS SRS
=< 1500 . h‘:‘x—igggHHHHH
v =HOH Mo S DS
| M i
< 1000 IR T
= LT e O e EO T
= oo —g Mo =t
S 500 SEmmiemeededeaed
0
O o o W 0 O NS W 0 O o O 00O s WO
G0 00 00 00 0O O W O h  ©O O O O O o o = o
O h g h Oy O O Oh O O O O 0 O O O o O
ke R [ et i it et Rt R . G B S s S s
YILLAR

Sekil 2. Diinyada MY Schottky yapilar iizerine yapilan ve Web Of Science veri tabaninda yer alan akademik ¢alisma sayilarinin
yillara gore dagilimlart (Distribution of the number of Web of Science database indexed academic studies on MS

Schottky structures in the world by years).

Sekil 2°de acikca goriildiigii tizere 2018 yilina ait
yayinlarda dikkate alinirsa MY Schottky yapilar iizerine
kirk bini agkin yaymin Web of Science veri tabaninda
tarandig1 gozlemlenmektedir. Ayrica diinya {izerinde
2000°1i yillar ile birlikte bu alanda yapilan ¢alismalara
ilginin artt1ig1 ve yapilan yayinlarin hemen hemen her yil
artig gosterdigi goriilmektedir. Tiirkiye, Schottky yapilar
ile ilgili bilimsel arastirmalarin ve akademik ¢alismalarin
yogun olarak yapildigi bir {ilke olarak dikkat
cekmektedir. Sekil 3’te Tiirkiye’de MY Schottky yapilar
lizerine yapilan ve Web Of Science veri tabaninda yer

belirlenmistir.

Metal yariiletken arasina yalitkan tabaka eklendiginde
MYY yapilar olusmakta olup organik polimerlerin ve
ferroelektrik malzemelerin arayiizey tabakasi olarak
kullanildigi zaman MPY ve MFY/MFYY yapilar olarak
isimlendirildigi bilinmektedir. Diinya ¢apinda, MYY,
MPY ve MFY/MFYY Schottky yapilar {izerine yapilan
ve Web Of Science veri tabaninda yer alan akademik
caligmalarin yillara gore dagilimi Sekil 4.a ve Sekil 4.
b’de gosterilmektedir
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Sekil 3. Tiirkiye’de MY Schottky yapilar iizerine yapilan ve Web Of Science veri tabaninda yer alan akademik ¢alisma
sayilarinin yillara gére dagilimlari (Distribution of the number of Web of Science database indexed academic studies

on MS Schottky structures in Turkey by years)
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Sekil 4. Diinyada a) MYY b) MPY ve MEY/MFYY Schottky yapilar iizerine yapilan ve Web Of Science veri tabaninda yer
alan akademik ¢aligma sayilarinin yillara gére dagilimlart (Distribution of the number of Web of Science database
indexed academic studies in the world on a) MIS b) MPS and MFS/MFIS Schottky structures by years).

Sekil 4’te goriildiigii lizere MY yapilarda oldugu gibi
MYY yapilar iizerine yapilan akademik caligmalarin
say1s1 2000’11 yillar ile birlikte artis gdstermis ve dzellikle
2000 yil1 ve sonrasinda her yil belirli sayida ¢aligmalara
devam edilmistir. Ancak MY yapilar iizerine yapilan
calismalara oranla MYY {izerine yapilan akademik
calismalarin sayisi bir hayli az oldugu goriilmektir. Bu
durum arayiizey tabakasindan kaynaklanan ve Schottky
yapimun kalitesini olumsuz etkileyen faktorlerden dolayi
aragtirmacilarin MYY yap1 iizerine ¢alismayr daha az
tercih etmesi olarak aciklanabilir. Ote yandan diinyada
ozellikle MPY yapilar {izerine yapilan akademik calisma
sayist her ne kadar son yillarda artsa bile bir hayli az
oldugu goriilmektedir. Bu durum MY yapilarda arayiizey

tabakasi organik polimer kullaniminin yeni bir alan
olmasma atfedilmek ile birlikte gelecek yillarda bu
alanda yapilacak ¢aligmalarin artacag diisiiniilmektedir.
Diinya iizerinde MFY/MFYY yapilar iizerine yapilan
akademik caligma sayisi ise 2000 yili ile birlikte artig
gostermesine ragmen son yillarda yapilan yayin
sayllarinin azalmasiyla bu alana olan ilginin azaldig:
diigiinilmektedir.

Arayiizey tabakasina sahip Schottky yapilar {izerine
yapilan ve Web of Science veri tabaninda taranan
Tiirkiye’deki akademik ¢alismalarin yillara gore dagilimi
MYY, MPY ve MFY/MFYY yapilar i¢in Sekil 5. a ve
Sekil 5. b’de gosterilmektedir
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Sekil 5. Tiirkiye’de a) MYY b) MPY ve MFY/ MFY'Y Schottky yapilar lizerine yapilan ve Web Of Science veri tabaninda
yer alan akademik c¢alisma sayilarinin yillara gére dagilimlari (Distribution of the number of Web of Science database
indexed academic studies in Turkey on a) MIS b) MPS and MFS/MFIS Schottky structures by years).

Sekil 5°te goriildiigii tlizere Tirkiye’de araylizey
tabakasina sahip MYY, MPY ve MFY/MFYY yapilar
iizerine bir hayli az sayida akademik calisma yapildig
goriilmektedir. Bu durumun diinya ¢apinda araylizey
tabakali Schottky yapilara gosterilen ilgi ile dogru
orantili oldugu agiktir. MYY yapilar iizerine Web of
Science’da diinya ¢apindaki 4701 akademik yayina kars1
Tiirkiye’de 210 akademik caligma yer almaktadir.
Sonugta MY yapilarda oldugu gibi MY'Y yapilar iizerine
yapilan akademik c¢alismalarin yaklasik olarak %4’
Tiirkiye’den ¢ikmaktadir. MPY ve MFY/MFYY yapilar
icin ise Tirkiye’de yapilan yayinlarin diinya geneline
gore dikkat g¢ekici bir sayida oldugu goriilmektedir.

Diinya iizerinde bu zamana kadar MPY yapilar {izerine
Web of Science’da taranan 85 yayin tespit edilmis olup
bunlarin 25 tanesi Tirkiye’den ¢ikmistir. MFY/MFYY
yapilar iizerine ise diinya genelinde Web of Science veri
tabaninda 2017 yilina kadar 543 yayin tespit edilmis olup
bu yayinlarin 17 tanesi Tiirkiye’den yaymlanmistir. Son
bes yilda MPY yapilar iizerine yapilan yayinlarin 6nemli
bir kismu Tiirkiye’den ¢ikmis oldugu gozlemlenmistir.
Ancak MFY/MFYY yapilar iizerine yapilan yaymlar g6z
Oniine alindiginda Tiirkiye bu alanda yapilan akademik
calismalarin diinya genelinde yapilan galisma sayilarini
bir hayli gerisinde kaldig1 goriilmektedir.
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Daha once bahsedildigi iizere metal ile yariiletken
arasina dogal veya termal oksidasyon gibi yontemleri ile
yalitkan arayiizey tabakasi eklenmesi sonucunda MY'Y
ve MOY yapilart meydana gelmektedir. Metal ve
yariiletken tabakalar1 izole eden yalitkan tabakanin
kalinh@: yaklasik olarak 100 A altinda ise MYY yapi,
iistiinde ise MOY yap1 olugsmaktadir. Bu sekilde iiretilen
MOY yapilar iizerine diinya genelinde ve Tiirkiye’de
yapilan c¢aligmalarinda istatiksel analizi sirastyla Sekil
6.a ve Sekil 6.b ‘de verilmistir
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Science veri tabani baz alindiginda akademisyenlerin
MYY yapilara kiyasla MOY yapilar iizerine daha fazla
calisma yaptig1 ancak Tiirkiye’de diinya geneline kiyasla
MOY yapilar iizerine arastirmacilarin daha az ¢alismasi
oldugu ve MYY yapilara MOY yapilardan daha fazla ilgi
gosterdikleri goriilmektedir.

Diinya ve Tirkiye’de yapilan toplam yayinlart ve
belirtilen sayisal degerleri ve oranlart daha agik bir
sekilde gdrmek ve karsilagtirmasini yapmak adina Web
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Sekil 6. MOY Schottky yapilar {izerine yapilan ve Web Of Science veri tabaninda yer alan a) Diinyada b) Tiirkiye’de
yapilmis akademik c¢alisma sayilarinin yillara gore dagilimlari (Distribution of academic studies by years on MOS
Schottky structures and indexed in Web of Science database a) in the world b) in Turkey).

Sekil 6.a’da goriildiigli iizere diinya genelinde MOY
yapilar iizerine yapilan akademik ¢aligsma sayilart MY'Y
yapilar lizerine yapilan c¢aligma sayilarindan bir hayli
fazladir. Ancak Tiirkiye’de MOY yapilar iizerine yapilan
akademik ¢aligma sayilart MY'Y yapilar iizerine yapilan
akademik ¢aligma sayilarimi gerisinde kalmistir. Diinya
genelinde MOY {izerine yapilan 20327 adet akademik
calismanin Web of Science veri tabaninda tarandigt ve
bunlarin ancak 143 tanesinin Tiirkiye’ye ait oldugu
belirlenmistir. Sonug¢ olarak diinya genelinde Web of

of Science veri tabanina kayith yaymlarin MY ve
araylizey tabakali MY yapilar i¢in toplam yayin sayilari
Cizelge 1°de verilmistir. Sekil 7.a ve Sekil 7.b’de
diinyada ve Tiirkiye’de 1975 ile 2017 yillar1 arasinda
Web Of Science veri tabaninda yer alan MY ve araylizey
tabakali MY yapilar iizerine yapilmis toplam akademik
calisma sayilarinin yilizdelik olarak gdsterimi verilmistir
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Cizelge 1. Diinya ve Tiirkiye’den Web of Science veri tabanina kayitli yayinlarin MY ve arayiizey tabakali MY yapilar igin
1975 ile 2017 yillar1 arasindaki toplam yayin sayilari (The total number of academic studies indexed in Web of
Science database between 1975 and 2017 on MS and interface layer MS structures in the world and in Turkey).

MY yapilar MYY yapilar MPY yapilar MFY/MFYY yapilar MOY yapilar
Diinya 40616 4701 85 543 20327
Tiirkiye 1284 210 25 17 143
MOY yapilar Dﬁn\"a (ﬂ)

30,67%

MFEY/ MFYY yapilar
0,82%

MPY yapilar
0,13%

MYY yapilar
7,09%

mm MY yapilar - MNYY yapilar MPY yapilar

KMOY yapi Iar-l-l':l rkiye

MFY,/ MFYY yapilar 852%

1,01%

MPY yvapilar
1,49%

MYY yapilar
12,51%

- MY yamlar

- VIYY yapilar

MPY yapilar

m MFYS MPYY ywapilar

m MEY/ MEYY yapilar

MY yapilar
51,29%

= MOY yapilar

(b)

MY yapilar
T6.47%

- MOY yapilar

Sekil 7. 1975 ile 2017 yillar1 arasinda MY ve arayiizey tabakalt MY yapilar lizerine Web Of Science veri tabaninda yer
alan a) Diinyada b) Tiirkiye’de yapilmis toplam akademik ¢aligma sayilarinin yiizdelik olarak gosterimi (Percentage
distribution of total number of academic studies indexed in Web of Science database between 1975 and 2017 on
MS and interface layered MS structures a) in the world b) in Turkey).

Sekil. 7°de agikga goriilmektedir ki araylizey tabakasiz
MY yapilar iizerine hem diinyada hem Tiirkiye’de
onemli 6l¢iide akademik ¢aligma yapilmistir. Tiirkiye’de
MOY yapilar iizerine yapilan akademik ¢aligmalar diinya
geneline oranla daha azdir. Hatta MY'Y yapilar {izerine
yapilan akademik calismalarin da gerisinde kaldig
goriilmektedir. Ote yandan MPY ve MFY/MFYY yapilar
iizerine yapilan akademik c¢aligmalarin ytlizdelik
oranlarmin diinya geneline oranla daha yiiksek oldugu
goriilmektedir.

6. SONUC (CONCLUSION)

Metal yariiletken ve arayiizey tabakasina sahip metal
yariiletken Schottky yapilarin  genis bir literatiir
arastirmasinin, tarihsel gelisiminin ve farkl tiplerde elde
edilen bu yapilarin genel 6zelliklerinin incelendigi bu
calismada ayn1 zamanda diinya ve Tiirkiye iizerinde bu
alanda yapilan akademik ¢aligmalarin istatistiksel analizi

yapilmigtir. Analiz sonuglarma gére 2000’li yillar ile
birlikte MY Schottky yapilar iizerine yapilan ¢aligmalara
ilginin arttig1 ve yapilan yayinlarin hemen hemen her yil
artis gosterdigi goriilmektedir. Tiirkiye’de de son on
yilda MY Schottky yapilar iizerine yapilan akademik
calismalarin artiy gosterdigi ve diinya genelinde bu
alanda yayinlanmis ve Web of Science veri tabaninda yer
alan yaymlarin yaklasik %5’inin Tiirkiye’den c¢iktig1
gdzlemlenmistir. Ote yandan diinya genelinde ve
Tiirkiye’de MY yapilar iizerine yapilan c¢aligmalara
oranla MYY, MPY ve MFY/MFYY fizerine yapilan
akademik c¢aligmalarin sayisinin bir hayli az oldugu
goriilmektir. Bu durum, Web of Science’da taranan
yayinlar 6zelinde Schottky yapinin kalitesini olumsuz
etkileyen arayiizey tabakasindan kaynakli faktorler ve
organik polimer kullaniminin yeni bir alan olmast gibi
nedenler ile arastirmacilarin bu yapilar {izerine daha az
calismasit olarak agiklanabilir. MYY yapilar iizerine
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yapilan Web of Science’da taranan akademik
calismalarin  yaklastk olarak %4’  Tirkiye’den
cikmaktadir. Web of Science veri tabaninda yer alan
MPY yapilar iizerine diinyada yapilmis 85 yaymndan 25
tanesi Tiirkiye’den ¢cikmustir. Ozellikle son yillarda MPY
iizerine yapilan akademik calismalarin 6nemli sayidaki
kismu Tiirkiye’den ¢ikmig olup diinya genelinde yapilan
yayinlarin ~ %29.4’iniin ~ Tirkiye’den  yapildig
belirlenmistir. Ayrica, diinya genelinde Web of Science
veri tabaninda taranan MFY/MFYY yapilar iizerine
yapilan c¢aligmalarin MPY yapilar {izerine yapilan
calismalardan daha fazla oldugu belirlenmistir. Ancak
Tiirkiye’de bu alanda fazla yayin yapilmadigi hatta MPY
yapilar lizerine yapilan akademik c¢aligmalarin gerisinde
kaldig1 g6zlemlenmistir. Bu durum Web of Science veri
taban1 baz alindiginda Tiirkiye’de yapilan yayinlarda
polimer araylizey tabakasinin ferroelektrik arayiizeye
gore daha fazla tercih edildigi seklinde yorumlanmistir.
Yine Web of Science veri tabant géz oniine alindiginda
MOY yapilar iizerine MYY yapilara kiyasla oldukca
fazla yayin yapildigi ancak Tiirkiye’de bu durumun
aksine MOY yapilar iizerine aragtirmacilarin daha az
calismasi oldugu tespit edilmistir.

SIMGELER VE KISALTMALAR (SYMBOLS AND
ABBREVIATIONS)

Semboller (Symbols)

Ag: Glimiis (Silver)

Al: Aliminyum (Aluminium)

Au: Altin (Gold)

BisTiz012/BTO: Bizmut Titanat (Bismuth Titanate)
GaAs: Galyum arsenik (Gallium Arsenide)

InGaN: Indiyum Galyum Nitriir (Indium Gallium
Nitride)

®;: Yariiletkenin Is Fonksiyonu (Semiconductor’s Work
Function)

®p: Metalin Is Fonksiyonu (Metal’s Work Function)

n: Idealite Faktorii (Ideality Factor)

Nss:  Arayiizey Durum Yogunlugu (Interface State
Density)

Rs: Seri Direng (Serial Resistance)

Si: Silisyum (Silicon)

SiO;: Silisyum-Dioksit (Silicon-Dioxide)
SnO,: Kalay-Dioksit (Tin-Dioxide)

Zn: Cinko (Zinc)

Kisaltmalar (Abbreviations)
AE: Alan Emisyonu (Field Emission)

BH: Engel yiiksekligi (Barrier height)
C-V: Kapasitans-Voltaj (Capacitance-Voltage)

EBI: Elektron Demeti Isinlamasi (Electron Beam
Irradiation)
FeRAM:  Ferroelektrik  rastgele-erisimli ~ hafiza

(Ferroelectric random-access memory)
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G/o-V: Kondiiktans-Voltaj (Conductance-Voltage)

I-V: Akim-Voltaj (Current-Voltage)

MY': Metal-Yariiletken (Metal-Semiconductor)

MYY: Metal-Yalitkan-Yariiletken (Metal-Insulator-
Semiconductor)

MPY:  Metal-Polimer-Yariiletken
Semiconductor)

MFY/MFYY: Metal-Ferroelektrik/Yalitkan-
Yariiletken(Metal-Ferroelectric/Insulator-
Semiconductor)

MESFET: Metal-Yariiletken Alan Etkili
(Metal-Semiconductor Field Effect Transistor)

MOY: Metal Oksit (Metal-Oxide-
Semiconductor)

OLED: Organik Isik Yayan Diyotlar (Organic Light
Emitting Diodes)

PVA: Polivinil Alkol (Polyvinyl Alcohol)

RR: Dogrultma Orani (Rectifiying Ratio)

TAE: Termiyonik Alan Emisyonu (Thermionic Field
Emission)

TE: Termiyonik Emisyon (Thermionic Emission)

TED: Termiyonik Emisyon-Difiizyon (Thermionic
Emission-Diffusion)

(Metal-Polymer-

Transistor

Yariiletken
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ABSTRACT

In this paper, optimization of the influence of the process parameters of ground source heat pump (GSHP) with the double U tube
heat exchanger for space heating applications was performed. The coefficient of performance (COPsys) in GSHP system was
investigated during experimental measurements with various process parameters; space air inlet/outlet temperatures (Tisa and To,sa)
and soil inlet/outlet temperatures (Tiwa and Towa). Taguchi method performed for obtained the optimum process conditions on the
COPsys in GSHP system. Taguchi experimental design considered as L16 orthogonal array. The most influence of process parameter
on the COPsys in GSHP system was evaluated by using analysis of variance (ANOVA) and signal/noise (S/N) ratio. The optimum
process parameter was determined as A4B1C1D1 for COPsys in GSHP with ANOVA analysis. The optimum levels were computed
as Tisa at Level 1 (32 °C), the Tosa at Level 2 (17°C), the Tiwa at Level 2 (6°C) and and the Towa at Level 1 (9°C). The most
significant parameter on the COPsys for space heating applications of GSHP system were found as Tisa and Tosa With 48.4 %..

Keywords: Taguchi method, ANOVA, ground source heat pump, COPsys, heating applications absorbent, refrigeration.

1. INTRODUCTION

Ground source heat pump (GSHP) systems of the space
heating and cooling applications were one of the
promising technologies as regards evaluations ground
energy [1-3]. GSHP system was drawn energy stored
under the ground during winter months for space heating
applications. The absorbed ground temperature was
higher than the ambient temperature. Therefore,
coefficient of performance (COPsys) of GSHP obtained
higher than the system performance [4-5]. Also, ground
heat exchangers (GHX) provided connection between the
heat pump and the ground and affected of the efficiency
of GSHP. GSHP systems was the most important for
space heating systems in winter months, as the systems
reduced significant electric consumption in the place.
GSHP system with these advantages can be evaluated
parametrically and the efficiency can be increased. In
previous studies, the optimal utilization of the space
cooling and heating of the GSHP systems were evaluated
with some optimization techniques. The various process
parameters of vertical ground coupled heat pump
(VGCHP) system were performed by Esen and Turgut
[6]. The process parameters in VGCHP for varying depth
of boreholes and temperatures of condenser and
evaporator were optimized by using Taguchi method.
The author computed COP with helping ANOVA and
S/N ratio. Ramniwas et al. [7] investigated effect of the
process operation of a ground coupled heat pumps
(GCHP) system with Taguchi method for space heating
applications. The author was determined the most
important parameter of the value COP of a GCHP system

*Sorumlu Yazar (Corresponding Author)
e-posta : mbozdemir@gazi.edu.tr

as the condenser outlet temperature. The optimization of
ground heat exchanger parameters of GSHP for space
heating applications with Taguchi method was evaluated
by Sivasakthivelet. al., [4]. The GSHP systems to utilize
ground energy for space heating and cooling applications
was set up and performed by Pandey et. al., [8]. Also, the
author performed by using Taguchi method to determine
optimum length of GHX for heating and cooling
applications. Sivasakthivel et al. [9] presented the
optimum process parameters of a GSHP system for both
heating and cooling operations. The author obtained the
best COP for the case of heating and cooling situations
during experimental measurements. The influence of the
parameters a solar assisted GCHP system was performed
with Taguchi method for heating application by Verma
and Murugesan [10]. Also, the optimum solar collector
area and ground heat exchanger length for COP in GSHP
systems was determined. Ozdemir and Ozkaya designed
vertical ground source heat pump system with the single
tube heat exchanger for Ankara conditions. They
reported that R407c and water+antifreezewere used as
working fluids for heat pump system and single

U-tube heat exchanger, respectively. According to the
experimental results, they found out the performance of
the system as 3.12 for the heating season [10]. Hu et al.,
conducted energy and exergy analyzes under different
control strategies to improve the performance of a ground
source heat pump system for a building in Wuhan, China.
According to their analysis, the use of flow control and
variable flow pump has shown to improve the
performance of the system [11]. Xia et al,
experimentally investigated a vertical and horizontal type
ground source heat pump and made an optimization for
control. Experimental results suggest that the energy
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consumption of the system increases with the use of a
variable speed pump and the energy consumption
decreases by about 8% during the heating and cooling
season [12]. Verma and Murugesan in the performance
of solar assisted ground source heat pump a different
mass flow rates were determined for the Indian winter
conditions. 0.23, 0.28, and 0.33 kg / s mass flow rate
throughout the day in experiments have determined that
the COP value reaches the maximum value at low flow
rates [13]. Sivasakthivel et al. investigated the soil heat
exchanger in a ground source heat pump system as single
and double U-tube. The thermal performance analysis of
single and double U-tube heat exchangers has been
discussed in this paper by focusing on its effectiveness,
ground temperatures, heat extraction-injection rate and
its effects on surrounding ground formations. The
calculations according to the experimental results show
that the average efficiency of the single U-tube heat
exchanger in the heating and cooling modes is 0.34 and
0.40 respectively, 0.46 and 0.57 for the double U-tube,
respectively [14].

In this work, optimization of the process parameters was
performed in GSHP systems with the double U tube heat
exchanger for space heating applications using Taguchi
experimental design method. The obtained results were
analyzed using a signal-to-noise (S/N) ratio and ANOVA
method to determine the percentage contribution of each
parameter on COPsys in GSHP systems. The main
objective of the present study was to optimize the process
parameters in the GSHP systems using Taguchi
experimental design method.

/ N\

2. MATERIALS AND METHOD
2.1 System Descriptions

The main objective of this work is to heat a space by
means of the GSHP sytems. A schematic view of the
GSHP system is shown in Figs. 1 and 2.

Figure 2. General view of the experimental setup used for space
heating applications in GSHP

Sl

=3 b,
P
COMPRESSOR a

DRYER
HEATEXCAHNGER 7  SIGHT GLASS
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§  CHECKVALVE
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Figure 1. Schematic diagram of GSHP for space heating applications
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The working fluid was water-antifreeze mixture. In the
heating cycle, the water-antifreeze mixture circulated in
the soil transfers heat from the soil to the evaporator, after
the refrigerant vaporizes in the evaporator. It is
compressed by the compressor into the condenser and the
refrigerant circulated through the condenser enters the
expansion valve after condensing due to heat transfer.
After the pressure of the refrigerant is reduced at the
expansion valve, the cycle is completed when the

Table 1. Main components and characteristics in GSHP

W, +Wy +W,,
The Qc of the GSHP system is calculated by the
following equation:

Qc :ma Cp,a (Ti,sa _To,sa) )

Place: Ankara, Turkey (Latitude 39.56 °K; Longitude 32.14 °D

Annual average weather information:
Average outside temperature
Average soil temperature (1 m)
Cooling ambient information:
Volume

Comfort temperature

Heat pump information:
Capacity

Compressor type / power
Evaporator type

Condenser type

Condenser fan

Refrigerant

Soil heat exchanger information:
Heat exchanger type

Double U-tube material
Borehole length

Double U-tube diameter
Borehole diameter

Circulation pump information:
Type

Powers

287.5K
288.6K

21 md
293 K

1.85 kW
Hermetic/ 1 HP, 0.736 kW
HS 10; Kontherm
AC30-30EQ Plate heat exchanger
1046 m3/h
R407c

Vertical
Polythene, SDR-11
40 m
32 mm
180 mm

Rio-C25-70
40,62, 83 W

refrigerant returns to the evaporator. The air that contacts
with the condenser and is blown into the room with the
help of a fan, heats the room. The main components of
the system and characteristic information are given in
Table 1. The air flow rate was determined viaa TESTO
435 air speed meter.

2.2 Thermodynamic Analysis

The COPsys of the GSHP system for heating applications
is calculated by the following equation [11-12]:

Table 2. Uncertainty of measurement devices in GSHP

where Qc is an amount of heat transferred from the

condenser to the space depending on the air flow rate
passing through the fan on the condenser and the inlet and
outlet temperatures of the air to the condenser. The
amount of heat transferred to the soil by the mixture of
water and antifreeze circulated in the soil heat exchanger
is calculated by Eq. 3 [11-12].

QSHE =My, Cpwa (To,wa —Tj wa ) 3)

Uncertainty types (W)

Uncertainty of measurement and calculation

Mass flow (ria)

Space air outlet temperatures (Tosa)
Space air inlet temperatures (Tisa)
Specific heat (cp,a)

Total energy consumption (Wr)

The performance of system (COPsys)

+2x105 kg st
+0.1 °C
+0.1 °C
+0.01 kJ kgloC!
+0.01 kW
+2.146 % kW
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2.3. Uncertainty Analysis

In experimental studies, the accuracy of measurement
data is as important as experimental results. The
measurement devices used in the experiments have
measurement sensitivities. During measurement, the
uncertainties due to the measurement sensitivities of

the devices must be calculated. In this study, sensitivity
and uncertainty of measurement devices uncertainties
were given Table 2. The uncertainty was performed using
the following equation [13-14]:

3. EXPERIMENTAL DESIGN AND
OPTIMIZATION

In this paper, the effects of the air inlet/outlet
temperatures and soil inlet/outlet temperatures of COPsys
in GSHP systems were performed. The full factorial
experimental test was designed for the four factors and
levels with as L16 orthogonal array as shown in Table 3
and Table 4. The control factors and their corresponding
levels were given as shown in Table 3.

Table 3. Assignment of the levels to the factors in GSHP

Process Levels
Symbol p t
arameter 1 2 3 4
A Tis 26 28 30 32
B Tosa 17 19 21 23
c To,wa 9 95 10 10.5
D Ti, wa 6 6.5 7 7.5

Table 4. Experimental design using L16 orthogonal array
in GSHP

Experimentno. A B C D

=
P oo~vour~wNek

= e
A w N

H
o1
P NWRANPEDOWWOWRARPRPND WNPRE

A DA PRAD WWWWNDNMNDNDNEPRPPREPRE
A WODNPEFE PAPODNEPARAODNMNPE R ONDPR
W AP NEPNOANEPRROPRODNPRE

=
»

The factor and levels for COPsys for heating applications
in GSHP systems were considered as Tisa, To,sa, Tiwaand
Towa. The main of the optimization was decreased test
time and cost. Therefore, Taguchi design proposed and
performed to investigate the full parameter with a small
number of experimental tests in order to decrease the
experimental tests. The Taguchi method provided a
simple, efficient and systematic approach to specifying
the optimum process in GSHP systems. The experimental
design can determined the effect of the control factor in
GSHP systems. The design can be provided of
determining the optimal process conditions of highest
COPgys in GSHP systems for heating system [15-21]. The
test results were evaluated with a signal-to-noise (S/N)
ratio to evaluate of quality characteristics with desired
values. The quality characteristics in S/N ratio were
debated with three categories, i.e. the lower the better, the
higher the better, and the nominal the better. This study
aimed to optimize the best COPgys in GSHP systems.
Therefore, a higher- the-better has been performed to
measure the S/N ratio. The-higher-the-better quality
formula used for calculating S/N ratio was given below
[16, 17-20]:

1& 1
i=1

Yi

where? is the S/N ratio for the higher-the-better case
(unit: dB), and yi represents the COP in GSHP systems
obtained from the experimental results and n the humber
of repetitions in a trial [16, 17-21]. The S/N ratios were
presented in Table 5.

Also, ANOVA analysis was performed to determine of
the effect the design process on quality characteristic [16,
18-21]. The ANOVA analysis can be determined the
most significant factors in GSHP system. The COPsys
values for space heating applications were evaluated by
ANOVA analysis. The percent contribution ratios (PCR)
were compute by ANOVA analysis. The PCR for COP
values for space heating applications can be indicated the
degree of influence of the process parameter in GSHP
system. The PCR formula was given below [16-20]:

per =| Sa=(e)W) 40 (6)
SS;
where SSa is the sum of squares for parameter A, V. is

the variance of error, Ua s the degrees of freedom of
parameter A, and SSr is the total sum of squares [16-22].
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Table 5. Experimental results and S/N ratio, (), for COPsys of space heating system in GSHP

Experiment A B Cc D COPsys
no. °C) (°C) (°C) (°C) Measured S/N
(dB)
1 26 17 9 6 2,95306 9,4054
2 26 19 9,5 6,5 2,34127 7,3890
3 26 21 10 7 1,72948 4,7583
4 26 23 10,5 75 1,31769 2,3962
5 28 17 9,5 7 3,56485 11,0408
6 28 19 9 75 2,95306 9,4054
7 28 21 10,5 6 2,34127 7,3890
8 28 23 10 6,5 1,72948 4,7583
9 30 17 10 75 4,17664 12,4165
10 30 19 10,5 7 3,56485 11,0408
11 30 21 9 6,5 2,95306 9,4054
12 30 23 9,5 6 2,34127 7,3890
13 32 17 10,5 6,5 4,58844 13,2333
14 32 19 10 6 4,17664 12,4165
15 32 21 9,5 75 3,56485 11,0408
16 32 23 9 7 2,95306 9,4054

4. RESULTS AND DISCUSSION
4.1. Experimental Results

In this study, the characteristics properties of GSHP
located in Ankara, Turkey were investigated. The tests
for space heating applications in GSHP were conducted
between January and February of 2016 winter season. To
determine of the COPsys in GSHP, the Tisa, Tosa, Tiwa and
Towa Vvalues were continuously obtained during
experimental periods of the ambient conditions. The
obtained temperature values of GSHP were presented in
Fig. 3.

‘ +Tiwa BMTows ATisa .TD,SE‘

¥ . . . .
S0 — — — —
§15 . . . .
E
210 ' n ™ n
By e ¢+ 3 7 . * T N
Sle ¢ ¢ + . + Y e b, +

1 2 3 4 5 6 7 8 El o0 11 12 13 14 15 16

Experiment numbers

Figure 3. The temperature variations corresponding
experimental measurements in GSHP

The most important parameter in GSHP system was
found as average of T; wa and To,wa temperatures. The

average of T, wa and To wa temperatures were measured
as 6.75 °C and 9.75 °C respectively. On the other hand,

the average of T; ;5 and T, ¢, was obtained as 29 °C and
20 °C for space heating applications in GSHP. The best
COPys value in GSHP system was obtained that the T; sa

and T ¢, temperatures were 17 °C and 32 ° C. The

COPsys, soil temperature Tss4om, and ambient air
temperature Te change obtained from experimental tests
were given as shown in Fig. 4.

At a depth of 40 meters (Tsa4om), the temperature is
measured at between 11 °C and 12 °C the experimental
tests were determined as 2.95, 1.45 and 11.37 °C,
respectively. As investigated in Fig 4., the COPgys value
in GSHP system was obtained as between 4.58 and 1.36
values.. The average COPsys value, environmental
temperature and temperature of the soil of the GSHP
system during

4.2.0ptimization Results

The results of COPys for space heating applications in
GSHP system of each test were presented in Table 6. The
test results were converted into S/N ratio using Eq. (5).
The S/N ratio was given in Tables 5 for all responses. The
main effect for mean and S/N ratio was illustrated in Figs.
5. The effect of process parameters on COPsys for space
heating applications in GSHP system was presented as
shown in Table 6 and Fig. 5. It can be seen that the
optimum values corresponds to process parameters were
given as peak point as shown in Fig. 5.
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The optimum process parameters and levels on the
COPgys for space heating applications of GSHP system
was found to be AsB1CiD; as shown in Table 6. The
optimum process parameters on the COPsys for space
heating applications of GSHP system were computed as
the Tisaat Level 1 (32 °C), the Tosaat Level 2 (17°C), the
Tiwaat Level 2 (6°C) and and the Towaat Level 1

(9°C). The improvement in S/Nratio from the initial
process parameters to the level of optimal process
parameters was 6.6199 dB.

1204
10,5

9,0

7,59
6,0

1204

Mean of SNratios

10,54

9,0

7,59

6,0

9,0 9,5 10,0 10,5 6,0 60 70 75

Signal-to-noise: Larger is better
Figure 5. Mean S/N ratio graph for COPss for space
heating applications in GSHP

derived from ANOVA results for COPgys for space
heating of GSHP system was calculated as 1.88 % as
presented in Table 7.

5. CONCLUSIONS

This paper presented the optimization of process
parameters : in GSHP systems with the double U tube
heat exchanger for space heating applications with by
using the Taguchi method and ANOVA analysis. The
main results drawn from this work were as follows

The COPss values for space heating
applications of GSHP system were as between
458 and 131 during experimental
measurements.

Tisa and Tosshas the greatest influence with 48.4
% on the COPsys for space heating applications

of GSHP system followed by Tg 5 -

Quality characteristics depend on parameters
and levels combination with by using the S/N
ratio was investigated and derived experimental
results. The optimum process parameters for
COPsyss in GSHP systems were determined to

be A4B1C1D;.
Table 6. Results of confirmation tests for COPgys in GSHP
Initial process Optimal process parameters

parameters Prediction Experimental
Level AB3C,D4 A4B.C1D; AsB.C1D;
COPgys 2.14127 4.68844 4.58843
S/N ratio (dB) 6.6134 14.8115 13.2333
Improvement of S/N ratio 6.6199 dB (100%)
Prediction error (dB) 1.5782

Improvement of S/N ratio for COP = 6.6199 dB (50.75%).

The degree of importance of each process parameter was
determined using Eq. (6) for Tisa, Tosa, Tiwa and Towa
corresponding each response. The PCR on the COPsys for
space heating applications of GSHP system was given in
Tables 8. It can be observed from Table 8 that Tis, and
Tos ahave the greatest influence on the COPgys for space

heating applications of GSHP system followed by TO wa

. The contributions process parameters, PCR, on the
COPgys for space heating of GSHP system were computed
as Level A (48.40 %), Level B (48.40 %), Levels C (1.31
%) and D (<0.01 %). In addition, the residual error

Table 7. Results of ANOVA for COPsys in GSHP

Tisa at Level 1 (32 °C), theTos at Level 2
(17°C), the Tiwaat Level 2 (6°C) and the Towaat
Level 1 (9 °C) with ANOVA techniques for
COPsyss in GSHP systems were determined the
best process parameters conditions.

The improvement in S/Nratio of COPsys in
GSHP from the initial process parameters to the
level of optimal process parameters was 6.6199
dB.

Taguchi experimental design methodwas
applied to reduce maximum cost and time. This

Source DoF SS MS F-test P- PCR (%)
coefficient

A 3 69.133 23.0443 129.51 0.001 48.40

B 3 69.133 23.0443 129.51 0.001 48.40
C 3 2.388 0.7959 4.47 0.125 1.31
D 3 0.534 0.1779 1.00 0.500 0.00
Residual error 3 0.534 0.1779 1.88
Total 15 141.721 100

DoF: Degrees of freedom; SS: Sequential sum of squares;
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method was an efficient and effective method
for optimization of COPsys in ground source
heat pumps.

SUBSCRIPTS

GSHP

SHE

- ground source heat pump

- soil heat exchanger
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NOMENCLATURE

COPsys - performance of whole system, [-]

Tisa - space air inlet temperatures, [°C]

Tosa - space air outlet temperatures, [°C]
Tiwa - soil inlet temperatures, [°C]

Towa - soil outlet temperatures, [°C]

Q. - heat transferred from the condenser to

the space, [kW]
' - power of compressor, [kW]

Wgs - power of fan, [kW]
ch - power of circulation pump, [kW]

- total energy consumption, [kW]

m, -air flow rate, [kg 5]

QSHE -heat transferred from the condenser to the
soil, [kwW]

My  -flow rate of mixture of water and antifreeze,
[kgs7]

Cpa -specific heat of the air, [kj kg™ °C?]

SIN -signal-to-noise, [-]

U _ SIN ratio, [-]

Cpwa -specific heat of mixture of water and
antifreeze, [kj kg °C1]

PCR - percent contribution ratio, [-]
SSa - sum of squares, [-]

SSr - total sum of squares, [-]

Ve . variance of error, [-]

Up

is the degrees of freedom, [-]
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ABSTRACT

Content Delivery in mobile networks are gaining popularity with an increasing demand by new mobile subscriptions. Reduction
of the outgoing traffic is becoming an important issue, which is proposed to be reduced by a futuristic Content Delivery System
(FCDN) for Mobile Operators. The proposed system utilizes the idea Device-to-Device Communication (D2D), with a dynamic
resource allocation support of SDN-NFV based systems and the locating of a content. The approach is to use the content of a node
as close as possible to a mobile user, which may reduce the cost of communication, and power consumption while increasing the
Quality of Experience. While the energy consumption can be reduced by proposed model upto 8 fold according to the current state
of the art, enabling the users to use 5G based systems, it reduces the energy consumption by a factor of 50 fold in the proposed
solution. The simulation results demonstrate that the use of proposed method outperforms the current state of the art systems in

power consumption.

Keywords: Energy consumption, mobile networks, content delivery networks, 5G.

1. INTRODUCTION

By the tremendous demand increase of multimedia
services, mobile networks has an overloaded usage for
years. By far, these demands could not be met with the
current architecture and the capacity of the mobile
networks [1]. Newly designed architectures are designed
to cope with this demand, which utilizes all-in-one design
for the components and separates control and data planes.

Mobile content distribution network (mobile-CDN)
studies are limited when compared to CDN studies [2]. A
mobile-CDN is proposed by Yousaf et al. with the
assumption that future mobile networks will have
multiple gateways to the Web and 70\% of the internet
traffic would be short videos in 2016 and using the TCP
protocol as the service layer.

In [3], it is indicated that the increasing demand for
higher bandwidth cannot be satisfied using typical
content delivery systems. The existing problems are
proposed to be solved mostly in similar with [4]. For
instance, Oztoprak et al. proposed a P2P-based
communication for a scalable multimedia delivery
systems. [4] was adapted in mobile communication
networks by using device-to-device (D2D) instead of
P2P. All available frequency spectrum were used by
researchers in D2D [5,6], whereas none of these studies
contains an orchestrator framework to control/coordinate
the user device communication for content delivery.

In existing literature, the proposals either do not provide
feasible solutions or come up with incomplete solutions
for mobile devices and content management issues.
Furthermore, they do not offer a way of guaranteeing the
validity of the resources obtained from mobile devices.

*Sorumlu Yazar (Corresponding Author)
e-posta : kasim.oztoprak@karatay.edu.tr

They are far from addressing the source of motivation in
order to share the content they already have.

In previous study [7], a content delivery system for
mobile operators (MCSDN) was proposed. The system
employed D2D to achieve the maximum capacity of the
physical environment, while bringing a novel solution to
manage the communication infrastructure as well as
mobile devices utilizing software-defined networks
(SDN). It utilizes the mobile video delivery orchestrator
effectively: (i) to maximize the throughput; (ii) to
maximize the overlay network capacity; and (iii) to
provide higher quality streams effectively. In the study, a
video streaming system is designed to use multiple
description coding (MDC) in video delivery. In this
setting, the delivery of the video is guaranteed, by
sending a single description through the content cache
located in the cellular node (eNB) of the mobile network
or CDN server either within the operator or CDN
providers. In order to increase the quality of experience
with higher throughput of the content delivery network,
additional streams are collected through the D2D overlay
network. Guaranteed high availability, higher quality of
experience, and less energy consumption has been
demonstrated in a limited scope.

In this study, a novel Future Content Delivery Network
(fCDN) is proposed. The power consumption analysis
given in [7] is also analyzed and elaborated. In contrast
to most studies in the literature, the power usage is
calculated quantitatively rather than measuring the
battery usage for an interval. The method of video coding
assumed is Scalable Video Coding (SVC) (rather than
MDC) in accordance with the massive usage of HTTP
based streaming. In addition to the improvements, a new
method is proposed in which the CPU resources of the
mobile devices are used for trans-coding of the video into
different bitrates, which also means to have data center
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node in the mobile devices specifically processing the
video as part of the CDN.

In the following Section I, related works about mobile
content delivery systems, D2D systems, software defined
networks, and power consumption are briefly surveyed.
In Section IlI, the proposed fCDN is explained. The
experimentation and the results are listed in Section 1V
and concluded in Section V.

2. RELATED WORK

Packet data network gateway (P-GW) is the bottleneck
within the mobile networks, since it is a bridge between
Internet and the mobile network. According to [2], high
speed mobile device radio access is provided by radio
base stations (eNB). The main problem of this system is
the P-GW use as a central Internet access point. In order
to solve the bottleneck issue, some studies proposed to
distribute the Internet access. This may provide a shorter
path for the users to access the outer network. Another
critical issue in mobile networks is the unavoidable
traversal of the P-GW to access the resources by using
the Internet Protocol (IP). mSCP was proposed by
Yousaf et al. [2], which concentrates more on TCP/HTTP
traffic. Mainly, two new ideas were proposed: (1) in
order to solve the trust issue, CDN data content is to be
controlled by the same authority. (2) The infrastructure
can be designed to include CDN as an integrated part.
CDN infrastructure is proposed to have its edge nodes
dispersed accross every eNB together in coordination
with the central CDN servers. A similar proposal was
made by Wang et al. [1] as "cooperative cell caching",
where the popular content is cached in base stations.

QoE-based transport optimized Mobile CDN platform
was proposed by Amram et al. [8], which pushes the
popular content to peering/and or sibling caches
proactively. Additionally, in order to reduce the mobile
network load, an exchange mechanism between caches is
proposed as a peer-to-peer model together with a network
aware redirection of user requests dynamically to the
appropriate cache in order. Similarly, [9,10,11] proposed
systems for the mobile users to share the existing content
with others in the network. Additionally, [11]
emphasized on the energy consumption in D2D
communication for increasing the mobile device
lifetimes.

D2D communication studies mostly concentrate on the
device contributions in a CDN to improve throughput, to
increase the energy and spectral efficiency, delays and
fairness. [5,6] surveys the D2D studies under two main
categories: (1) mobile operator inband sharing, (2)
outband sharing. Whereas the D2D and the cellular
communications in inband channel are on the same
cellular channels, outband usage is to utilize all channels
such as Wi-Fi, Bluetooth etc.

According to [13,14], content distribution and
multimedia transmission in cellular networks is
commonly performed by D2D communication. [13]
proposes a scheme to keep track of locations for the users.

Hence, a nearby node can be identified and data can be
transferred from them directly. The weakness of the
method is the higher power consumption and control
overhead while tracking the location of the nodes.
Similarly, [14] proposes a method to reuse the content
located in the mobile devices by utilizing D2D
communication. It was assumed to use extreme capacity
formed by mobile infrastructure and user devices without
any consideration related to energy consumption.
Although, several studies [15] try to solve sustainability
problem of stream by utilizing multiple peer or device,
the current state of the art does not solve the reputation
management problem. In other words, there is no
mechanism guaranteeing the quality and correctness of
the data obtained from the other devices/peers.

Caching is a proven method to reduce the mobile data
traffic by two thirds [1]. [1] proposes a content caching
and delivery method for 5G networks. It is mentioned
that the Internet will be using a content-centric
networking (CCN). By using the CCN architecture, every
network node stores data, data is transported as chunks
and with a receiver oriented transfer.

The literature surveyed so far indicates that mobile
network nodes and devices can be used to cache the data
and forward in order to minimize the energy consumption
and maximize the throughput. Mainly the missing part
for most studies is an orchestrator to control and
coordinate the CDN. It is further commented that SDN is
a new concentration to solve the problem by separating
the data and control planes.

As highlighted in [3], centralized data plane functionality
may create a scalability problem in LTE. It is further
suggested to be using SDN to overcome the scalability
issue. However, SDN adaptation might be a challenging
issue because of the radio resources management,
resource scarcity addressing , and the user mobility. In
addition, it is highlighted that the SDN is being used to
solve network configuration management problems. A
method is proposed to improve the efficiency of the
content management by using the SDN based solutions
in a Wireless Mesh Network (WMN) in [16]. SDN is
used to provide a content caching identifier, performing
the location decision in the cache, as well as cache
distribution. The authors pointed out that the proposal
was very effective when the users are locally converged.
Similar solutions are attracting both operators and
network vendors around the world by the motivation of
having the ability to automate resource allocation
anywhere in the system dynamically in addition to
flexibility and agility. The idea behind the SDN
philosophy can be summarized as; i) using white label
hardware to get rid of vendor lock-in as much as possible,
ii) allocating necessary resources through Network
Function Virtualization (NFV) whenever requested, and
iii) having a centralized automation/orchestration
mechanism to control and coordinate all assets and
configuration of the network.In contrast to having many
studies on this area, there is still a need for a framework
to control, orchestrate and automate all mobile devices
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as a part of the network infrastructure and as a content
delivery platform, especially in the coming era of 5G.

3. FUTURE CONTENT DELIVERY NETWORKS
- fCDN

3.1. Motivation Behind the Study

The energy consumed for mobile communication is one
of the main interest area of the researchers among
decades. The main concern in those studies are to
optimize the total power consumed per bits transmitted.
[17] starts from the basics of wireless communication and
derives the total energy consumed for different type of
communication. Similarly, [18,19] worked on power
optimization in mesh of wireless sensor networks. It is
clear that the total energy consumed is the sum of i) the
energy consumed during the transmission, ii) energy
dissipation during the reception, and iii) the energy spent
for the amplification in the sender side in order to
compensate the propagation distance. [18] calculates the
total energy in order to transmit k-bit message below;

Erx(k,d) = Erx — elec(k) + Erx — amp(k, d)
Erx(k,d) = Egiec * k + &qmp * k * d? )

and to receive the above message, the total energy spent
becomes;

Erx(k) = Egrx — elec(k)
ERx(k) = Eelec * k (2)

It is obvious from Equations (1) and (2) that, the energy
consumed to transfer a bit is directly related with the
distance between communicating parties. Although, [17]
indicates that the order of the distance is in between 2.7
and 3.5, [18,19] use it as 2. In this study, it will be used
as 2 as depicted from Equations (1) and (2).

In addition to the above, Fodor et al. [12] proposed to use
the D2D communication in a cellular network. The
results of the experiments conducted shows that knowing
the location of a mobile device can reduce the energy
consumption of mobile devices by 25 fold when
communicating with the ones geographically very close.
The results are very similar to the studies in [18,19].

In most of the content delivery networks, DASH
(Dynamic Adaptive Streaming over HTTP) is becoming
the de-facto standard method for streaming media files
over HTTP [20]. DASH is based on adaptive streaming
in order to improve the Quality of Experience (QoE) of
the users by adjusting the bit-rate of the streams. Each
stream is divided into small Group of Pictures (GoP) (of
2-10 seconds each). Those group of segments were coded
in different resolution and bit-rate by using Scalable
Video Coding (SVC). According to the experience
obtained from the network the most appropriate chunk is
delivered to the viewer. Studies using the resources from

a device is becoming more popular in video streaming
while the rate of the streaming remains same. On the
other hand, the rapid evolution in edge computing
because of the increasing capacity of mobile devices
enables us to utilize video trans-coding in order to serve
to the receiver the video content in different speeds. This
approach brings trans-coding operation from the cloud to
the edge.

The features of the proposed method are defined in the
following subsection.

3.2. Features of the Proposed Solution

The proposed fCDN is composed of the following
components: (i) a CDN server farm located in the data-
center or the core of the mobile operator as the main
source of the content seed. This is valid only when the
operator also acts as a content provider. Otherwise, the
origin CDN server stays outside of the operator; (ii)
content caching application located in the cellular base
station in order to perform network assisted caching in
order to keep to content as close as possible to the mobile
users; (iii) the mobile devices (users) with the capability
of D2D communication preferably with multiple radio
network interfaces (i.e. Multiple LTE Channels,
Bluetooth and Wi-Fi); and iv) the management software
of the proposed energy aware content delivery platform
is designed to optimize the usage of the capacity of the
system, energy consumption as well as tracking the
locations of the mobile devices (users) across the system.
The system promotes the use of the resources of the
nearby nodes in order to get better QoE as well as the
least energy consumption. The reliance to the content
shared among 5G system have a critical role in the
effectiveness of such systems, otherwise, the gain in
energy consumption and faster access is lost with
improperly advertised content.

3.3. Proposed Method

The proposed model starts with building a discovery
mechanism for the content replicated throughout the
mobile devices which is identical to the served content
by the CDN servers. The overlay management software
responsible from the content discovery operation
performs indexing all the content and registering
available CPU cycles into its resource pool either in the
CDN server or in the mobile devices connected to the
system.

The system is assumed to allow users to acccess and
share video contents encoded by using SVC [20] with
four different streaming capacity as follows: 100 Kbps,
200 Kbps, 400 Kbps and 800 Kbps. All video contents
are assumed to exist in a CDN server either in the data-
centers of the Mobile operator or through a CDN
providers outside of the operator.

In order to reduce the latency and optimize the uplink
capacity, caching application is onboarded to the virtual
eNB node in the mobile base stations with the
functionality of caching the most frequently used content
in its cell area. Although the idea of caching content for
a cellular area in base stations is offered by several

1001



Kasim OZTOPRAK / POLITEKNIK DERGISI, Politeknik Dergisi,2018;21(4):999-1006

studies [5,6] previously, the massive usage of this
approach will be used after having the caches installed in
eNBs in a virtual network function. The aim of this
approach is bringing the intelligence of the systems as
close to the edge as possible which is consistent with the
telecommunication trends for 5G era. The proposed
caching application is located in the cellular base station,
which is the closest point to the users in the mobile
network.

The proposed method aims to minimize the power
consumption as well as guaranteeing the service quality
above some levels. In addition to the lower power
consumption,the propagation delay is less in a
communication with closer nodes.

Figure 1. A Mobile system with CDN server, content cache in
eNB as well as mobile devices

The proposed system depicted in (Figure 1) has two main
resource pool. Although a content cache and a CDN
server is located in the system, the main motivation is to
utilize the content located in the neighbor devices. The
system benefits from the devices three folds. Those are
faster access to data, lower power consumption for the
access, and more scalable streaming capacity with many
devices in the system. The proposed method is
summarized in Algorithm (1):

In the proposed algorithm (1), when a user queries the
fCDN system for a content, the discovery system returns
with the location of the devices having the content and
other resources to share. In order to guarantee continuous
streaming, the content cache (or from the CDN server in
the worst case) located in the eNB nodes will be used as
emergency resource.

The remaining GoPs are taken from the devices (through
the stream collection part of the discovery system) based
on the availability of the content and the distance
between the user and the candidate device. By selecting
devices that are as close as possible to the user, power
consumption is reduced and throughput is increased.

If the client could only locate a GoP with higher
bandwidth, it can pay the cost for transcoding the
available rate into required one and then downloads into
its buffer if the time permits for it.

When there is an inability to locate a GoP through D2D
system, the content cache is searched for the GoP. If it's
not found there either, the content is pulled from the
CDN. In this case, the content in the cache servers located
at the eNBs are updated accordingly.

3.4. Locating the Content

Locating the searched content is one of the critical
problem to be addressed in this study. Although
centralized content indexing is the fastest solution to the
problem, it has scalability problems which forces us to
use distributed content index in each eNB. This can easily
be performed by using NFV based systems with the
ability of installing series of Virtual Network Functions
(VNF) at least; i) eNB; ii) index server; and iii) content
cache. SDN/NFV based infrastructure on the mobile edge
enable us to easily deploy cache and content servers and
allocate enough resources to the system dynamically.

1. Input: S (set of nodes), T (set of content), N (set
of nodes returned with searched content), Interest
(S=>T1). B

2. A node X queries for a content t EspiT.

3. Output: System returnsall n € Ls_%_ij, nt € (the
total number of devices having the searched
content and CPU resources)
4. while (N satisfies selected quality) do
a. Select node ni €< closest to X with the
searched GoP di in specified rate which will
minimize the use of power pi and increases
the throughput

b. If a node has higher rate for a GoP (which is
unavailable in others) and having CPU
resources available, utilize transcoding

5. A node X connects to Content Cache or CDN for

acontentt: € T if there is a missing GoP in D2D

6. end while
7. Play out the content

8. Input: S (set of nodes), T (set of content), N (set
of nodes returned with searched content), Interest
(S=>T1).

9. Output: System keeps track of all returns s €

ISEP'S, St € (all devices and content associated to
them, as well as CPU resources)
10. while (forever) do
a. A node S arriving to the system registers its
contentt £ T.
b. A node S already within the system updates
its status and location within every y seconds
11.end while

Algorithm 1. fCDN with caching and SLA guarantee

Algorithm 2. fCDN registration

In the proposed model, all participating device within the
base station area registers themselves and their content to
the index server located as a VNF in the same physical
system of the base station. The index server acts as a
gateway for the subscribers of the system not only
keeping the records of the content hold by the devices
within that base station area but also acts as a proxy
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initiating searches to foreign systems (CDN, etc.) for the
content could not be located within the area of that base
station.

In addition to keeping track of the content shared by the
devices, it is necessary to keep the location of the devices
holding resources within the system in order to optimize
the use of energy. All devices joining to the system
should register to the index server, and update the status
and location through hearthbeat messages as depicted in
Algorithm (2).

3.5. Outbound Communication Alternatives

It is indicated that D2D can occur either through inband
or outband channels. Although using inband allows the
system to control and manage the subscribers through
licensed cellular system, total communication capacity is
limited to the capacity of the cellular system. On the other
hand, subscribers have the flexibility to use unlicensed
spectrum through cellular communication mediums as
well as Wifi.

In addition to the link capacity Miettinen et al. [21]
demonstrated energy usage characteristics of different
systems including wifi and 3G systems. The simulation
results indicate that, energy consumption of 3G for
transferring data from short distance is twice more than
transferring and processing same document through wifi.
It becomes three times more for when performing the
comparison between transferring from far node in 3G and
Wifi system.

This fact leads us to use Wifi whenever available
allowing us to reduce the energy consumption more than
50%.

4. EXPERIMENTAL STUDIES

In the simulation study, the maximum radius of the cell
station is assumed to be 500 meters. There are a total of
100 users in the macro cell, of which 60 are uniformly
distributed into 6 different clusters within 50 meters of
the cluster centers, whereas the remainings are randomly
positioned within the range of the macro cell. The
distance between clusters are assumed to be 150 meters
while individual nodes without belonging to a cluster is
assumed to be 300 meters away from the clusters on
average. In the case of devices outside of the clusters are
assumed to be 200 meters away from each other on
average while the average distance of those subscribers
to the base station is assumed to be 400 meters. The total
power to transmit and receive a bit is assumed to be as
100 nj and propagation of a bit for 1 $meter$ is assumed
to be as 50 nj as proposed by [18], while transcoding a
video part into half rate is assumed to be 48 nano joule as
calculated from the proposal by [22]. The parameters for
the simulation are given in Table (1).

4.1. Simulating Constant Speed Video Delivery

In the first part of the experiments, a video with the length
of 200 seconds is assumed to be distributed among the
devices with several probabilities. The video is split into
100 consecutive Group of Pictures (GoP) which form a

whole video. During the experiments, the availability rate
(percentage) for a GoP in a mobile node is assumed to be
X% out of 100 nodes. For example; if the availability rate

Table 1. Environmental parameters for the Simulation

Parameters Value
Cellular Station radius 500 meters
Cluster Radius 50 meters
Number of Users 100
Average Number of Users in Clusters 10
ETx+ERx 50 nj/bit
€amp 100 pj/bit/m2
Etranscode 28 nj/bit

for a GoP is 1% in the system, it means that the related
GoP is only available in only one mobile node throughout
the whole system. The system is assumed to have
multiple different quality levels which can be trans-coded
into lower quality by processing. In the experiments, the
client requesting the video to play out is assumed to be in
one of the clusters. Although there is a cost for locating a
suitable GoP for a client, for this study, that cost is
assumed to be negligible.

The client is allowed to fetch all GoPs during the
experiment. The main concern of the candidate selection
was on the distance to the source device, as well as the
power consumption directly related to the distance. The
energy consumption during a transaction is based on total
energy consumed within the system without calculating
consumption for transmitter and receiver nodes
seperately. The simulations are performed with varying
probability of existence for a GoP from 1% to 4%
respectively.

Tables (2) and (3) summarizes the results of the
simulation. In Table (2), the numbers 9, 45, 68 means that
finding the content searched within the cluster is 9\%,
within another cluster is 45\% and within other devices is
68%. As it can see from Table (2), when the existence

Table 2. Locating GoPs from the same cluster, within
clusters and total D2D systems for single data rate for
varying existence probabilities

Avail | 100Kbps 200Kbps 400Kbps 800Kbps
1% 9,45,68 10,45,68 9,45,68 13,45,68
2% 19,74,88 19,74,88 17,73,87 | 15,73,87
3% 27,93,100 | 29,89,98 | 29,93,100 | 27,93,100
4% 37,99,100 | 43,100,100 | 37,99,100 | 33,95,100

probability increases, locating any GoP within the same
cluster increases from 9% to 37% for 100 Kbps speed as
obvious. When the existence probability goes beyond
2%, the need for connecting to content cache and/or CDN
server becomes useless since all the necessary content
can be obtained through the system.
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In parallel to the above, it is clear from Table (3) that
whenever the client locates the resource from the D2D

Table 3. Energy consumption for a video request with
single data rate for varying existence probabilities
within D2D system

Avail 100Kbps | 200Kbps | 400Kbps | 800Kbps
CDN/Cache 160J 320J 640J 1280J
1% 82.22] 164.05) | 328.90J | 651.40J
2% 49.80J 99.60J 200.00J | 403.20J
3% 31.88J 61.35J 125.90J | 255.00J
4% 23.73] 45.85] 94.90J | 189.00J

system, the energy consumption decreases dramatically.
The energy consumption saving becomes more than three
fold in any speed when the probability increases from 1%
to 4% respectively. It is almost 8 times less when
compared with traditional CDN-cache server usage for
video access in lower quality and similar benefits for
higher quality.

4.2 . Simulating Varying Speed Video Delivery

In the this part of the experiments, same video from the
first experiment is assumed to be distributed among the
devices with different quality levels which are 100Kbps,
200Kbps, 400Kbps and 800Kbps with the probabilities
of 0.4, 0.3, 0.2 and 0.1 respectively. Similarly, the client
requesting the video to play out is assumed to be in one
of the clusters.The client is allowed to fetch all GoPs
during the experiment. The simulations are performed
with varying probability of existence for a GoP from 1%
to 4% respectively for different clients with all video
speeds consecutively.

Tables (4) and (5) summarizes the results of the second
part of the simulation. Similar to the first experiments

Table 4. Locating GoPs from the same cluster, within
clusters and total D2D systems with variable data
rate GoPs for varying client rates

Avail | 100Kbps 200Kbps 400Kbps 800Kbps
1% 9,44,61 6,29,44 2,18,26 1,6,10

2% 18,71,86 10,51,72 6,31,46 1,10,19
3% 29,86,96 18,65,83 9,42,59 3,16,26
4% 37,96,100 | 23,80,93 11,51,71 4,20,33

Table 5. Energy consumption for a video request with
variable data rate GoPs for varying client rates

Avail 100Kbps | 200Kbps | 400Kbps | 800Kbps
CDN/Cache 160J 320J 640J 1280J
1% 99.37J 233.70J | 531.87J | 1203.36J
2% 66.34J 169.04J) | 442.49) | 1129.08J
3% 49.06J 134.42) | 382.13) | 1052.48]
4% 42.76] 103.37J | 323.93] | 990.48J

when the existence probability increases, locating any
GoP within the same cluster increases for all speeds and
existence probabilities as depicted in Table (4).
Secondly, since the distribution differs for all speeds
(0.4,0.3,0.2,and 0.1 respectively), the impact on the
existence probability can obviously seen from the Table
4).
In parallel to the above it is clear from Table (5) that
energy consumption dramatically increases even if we
have same total success rate for the same video. This is
because either from utilizing transcoding to convert the
speed into suitable rate which requires additional energy,
or having worse quality video in the system which would
not be possible to use. The latter will lead the client to
connect either to a node far from him or connect directly
to the content cache or CDN server. This lead us dramatic
increase in energy consumption for higher quality. While
the increase is in between 60%-90% for 100 Kbps client
rate, it goes up to 90\%-400% for 800 Kbps streaming
quality. As explained before the energy saving goes up to
4 times. In Tables (5) and (6) the first line gives the total
energy consumption of the system to fetch and playout
the video either from the centralized cache server located
in the base station or from the CDN server.
4.3. Simulating Varying Speed Video Delivery in the
Existence of Wifi
In addition to less power consumption and cheaper cost
for streaming through D2D system, there is another
benefit of performing streaming through the contribution
of the D2D system. Since D2D communication can use
out-of-band capacity other than licensed capacity of
mobile network, it also overcomes the potential
congestion in the mobile network because of the high
bandwidth demand of the applications. In addition to
overcome congestion problems incurring in the network,
it also reduces use of energy as proposed in
\cite{hotcloud} where the energy transmission and
reception cost halves for close distance compared with
cellular ones while it goes down 3 to 3.5 fold for the
distant communication. In the experiments, the
propagation cost change is left untouched while the
transmission cost is halved. As depicted in Table (6) the
results of the simulations indicate that the energy saving
is around 1% less when heavily accessing outside of the
cluster. The saving becomes more than 50% when using
resources heavily from the same cluster.
In this experiment, an SDN-NFV based Wifi access
device is installed around the center of clusters. It reduces
the radius of the distance to half of previous one, as well
as eliminating the transcoding effort since the cache
installed in those devices can keep copies of the content
in multiple quality forms. When the system is heavily
populated with those hotspots even it saves energy more
than 50\% when compared with Wifi based solution. as
depicted in in Table (6).
Although there are some improvements in the SDN-NFV
based system proposal, the improvement in the
performance seen in Table (6) does not fit into
expectations from the customers of telecommunication
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systems in the future. First of all, the experiment did not
consider the increase in the cache hit rate although it
should be. Secondly, although a SDN based cache server

Table 6. Energy consumption for a video request with
variable data rate GoPs for varying client rates in
the use of Wifi

Avail 100Kbps | 200Kbps | 400Kbps | 800Kbps
CDN/Cache 160J 320J 640J 1280J
1% Cellular | 85.63J 218.31) | 522.20J | 1210.08J
1% Cellular | 85.43J 218.01J | 521.91) | 1209.94)

Wifi
1% Cellular 85.01J 217.51) | 521.55J | 1209.88J

Wifi+SDN
1% 5G 2.49] 5.04] 9.97J 25.40)
10%Cellular | 11.77J 35.92) 134.08) | 649.04)
10%Cellular | 10.36J 33.93J 131.82) | 647.10J

Wifi
10%Cellular 9.18J 32.44) 130.21J | 646.30J

Wifi+SDN
10% 5G 2.34) 5.70J 12.43)] 24.18]
50%Cellular 4.64] 10.84J 33.87J 158.76
50%Cellular 2.38] 6.49J 26.56J 151.80J
5 Wifi
10%Cellular 1.33] 4.32) 22.92) 148.90J
Wifi+SDN
50% 5G 1.31] 2.84] 7.64) 19.11)

and Wifi access point to the clusters are placed, the
internet link of them has not been considered for the third
experiments. This conflicts with the idea of Wifi
offloading, and 5G plans. Table (6) has lines identified
with 5G, and you can see the amazing change when we
utilize both cache hit rate increase and internet access
through 5G. These numbers indicate that the future of
telecommunication sector can be defined as “the closer
to the subscriber, the better” .

The results depicted in Table (6) gives some hints about
achieving the promises of 5G. Although the energy
saving is achieved by providing shorter distance for the
devices, it also utilizes the use of Wifi to access to the
internet which consumes half of what cellular
communication is consuming. One of the main findings
from the table is the results of 5G network which seems
loosely coupled with the availability rate since the cost of
transferring data from Wifi hotspot is very cheap
compared with transferring it through cellular
infrastructure from cache servers or CDN. Distributed
Internet access also overlaps with one of the main desires
of [2]. Besides, while the proposals in [2,3] propose to
use base stations as caching point for a system, the
proposed method goes one step further to organize the
resources actively to the field next to consumers.

While the motivation behind sharing content with other
nodes is not covered in this study, the nodes allowing the
others to use their resources should be promoted. This
mechanism shall also cover the use of CPU resources in

addition to the usage of network resources. The use of
CPU resources forms and edge computing system
through mobile nodes.

5. CONCLUSIONS

In this study a futuristic content delivery system for
mobile operators (fCDN) is proposed to control and
coordinate the video streaming by utilizing both CDN
assisted cache and D2D network. The proposed solution
was inspired from the idea of using D2D communication,
and with the framework of mobile device management
and locating the content as well as benefiting from the
improvements in the telecommunication world especially
in SDN/NFV technologies and the effectively using
them. The enabling technology of this architectural
proposal is the migration of conventional systems into
SDN-NFV based systems.

The main motivation of the proposed system is "using the
content from the node as close as possible to the mobile
user". This will enable the users to achieve minimal
energy usage, while maximizing the throughput as well
as minimizing the cost.

The results obtained from the study clarified two things;
i) D2D contribution is necessary for scalability, and ii)
architecting the mobile networks ready for 5G will allow
users to access data with cheaper cost.

In the future, the studies should head towards the
availability of consecutive GoPs in a mobile node or
throughout the system in order to simulate the trace of a
previous playout of a video as well as the monetization
effect of the methods proposed and the balance between
QOE and cost.
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oz
Bu ¢aligmada tek merkezden SCADA ve PLC sistemi ile izleme-raporlama, enerji yonetimi ve enerji tasarrufu saglanmasi
amaglanmaktadir. Giiniimiizde teknolojinin gelismesine bagh olarak elektrikli aletlerin kullaniminin ¢ok hizli bigimde artmasi hem
sebeke parametrelerini ciddi bigcimde bozmakta hem de enerji tiiketimini hizla artirmaktadir. Bu degisim enerji kalitesi ve enerji
verimliliginin 6nemini gittikge artirmaktadir. Bundan dolay1 enerji yazilimlari da giin gegtikge daha elzem hale gelmektedir.
Ozellikle sanayi bolgelerinde, saglik merkezlerinde, biiyiik aligveris merkezlerinde yaygin olarak kullanilmakta olan enerji
yazilimlar1 genel itibariyle sebekedeki parametreleri takip etmek ve argivlemek i¢in kullanilmaktadir. Bu baglamda, bir tesisin
sadece elektrik enerji parametrelerini izleme ve raporlama degil ayni zamanda enerji yonetimi saglamak, ariza tespiti, maliyet ve

tiim sistemlerin verimli ¢alismasi i¢in 6nemlidir. Ayn1 zamanda tesislerdeki enerji tiiketimini azaltmak i¢in SCADA yaziliminda
rapor sayfalari olusturarak tasarruf stratejileri olugturmak maliyet ve sebeke kararlilig1 agisindan katki saglayabilir.

Anahtar Kelimeler: Enerji izleme, otomasyon, PLC, SCADA.

Sample Laboratory Work for Energy Management with
SCADA Supported by PLC

ABSTRACT

In this study, it is aimed to provide monitoring and reporting, energy management and energy saving with SCADA system
supported by PLC from a single center. Today, due to the development of technology, the rapid increase in the use of electrical
appliances seriously disturbs the network parameters and increases the energy consumption rapidly. This change is increasing the
importance of energy quality and energy efficiency. Therefore, energy software is becoming more and more essential. Energy
softwares, which are widely used in industrial areas, health centers and large shopping malls, are generally used to track and archive
the parameters in the network. In this context, it is important for a plant not only to monitor and report electrical energy parameters
but also to provide energy management, fault detection, cost and efficient operation of all systems. At the same time, creating
savings strategies by creating report pages in SCADA software to reduce energy consumption in the facility can contribute to cost
and network stability.

Keywords: Energy monitoring, automation, PLC, SCADA.

1.GIRIS (INTRODUCTION) bozulumlar, giiriiltii ve EMI gibi bir¢ok enerji kalitesi

Kesintisiz, kaliteli ve ucuz enerjinin temini, ayni
zamanda enerjinin optimum sekilde kullanilarak tasarruf
saglanmasi gelisim ve kalkinmanin temellerini olusturur.
Verimi arttirmanin en etkin yolu tiiketilen enerjiyi
kontrol etmektir. Yaygin enerji kaynaklarimm kisith
olmasina karsin tiiketimin hizla artmasi verimli enerji
tiketiminin Onemini ortaya koymaktadir. Sekil 1,
Tirkiye’'nin  2017-2037  yillar1  arasindaki talep
projeksiyonu talebin her gegen giin hizla arttigini ve
artacagint gostermektedir. Enerjinin kalitesi, enerji
tasarrufunun yaninda, iiretimde verimi arttirmak ve ariza
sikligin1 azaltma yoniinden de ¢ok kritiktir. Burada
sebekedeki reaktif giic varligl, gerilim
diismesi/ylikselmesi, transients (1 saykildan daha kisa
stire i¢inde ortaya ¢ikan ¢ok hizli degisimler), harmonik

*Sorumlu Yazar (Corresponding Author)
e-posta : ustunsoy.furkan@gmail.com

problemi de karsimiza ¢ikmakta ve hem iireticiyi hem de
titketiciyi maddi/manevi zararlara ugratmaktadir. Tiim
bu riskleri minimize etmek ve enerji verimliligi i¢in
enerjinin Uretiminden tliketildigi son noktaya kadar
izlenmesi ve en uygun senaryoya gore kontrol edilmesi
gerekmektedir. Bu da iretim, iletim ve dagitim
noktalarina kapsamli enerji otomasyon sistemleri
kurmakla miimkiin olacaktir.

Glic kalitesi problemleri analizi ve bu analizlerin
SCADA ile izlenmesi ve arsivlenmesi isletmenin enerji
dagitim sistemini izlemek amaciyla kurulmus olan enerji
otomasyonlar1 ile gergeklestirilmistir. Ornegin, enerji
izleme sistemi igin igletme i¢i kritik noktadaki analizor
ile 6lgiilen enerji parametrelerinin takibi, arsivlenmesi ve
grafik ortama aktarilmasi [2], biyiik olgekli bir
endiistriyel tesiste elektrik altyapisini giivenilir hale
getirmek i¢in Ornek bir uygulama olarak tesis edilmis
decoupling ve yik atma sistemlerinin yapilar1 [3],
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Sekil 1.Tiirkiye’nin Elektrik Talep Projeksiyonu [1] (Turkey's Electricity Demand Projections)

SCADA (Denetleyici Kontrol ve Veri Toplama)
sistemlerinin temel kavramlarini ve SCADA' nin gii¢
sistemi alaninda nasil Onemli bir rol oynadig1
incelenmistir [4]. Bir baska calismada, giic kalitesi
problemlerinin belirlenebilecegi, anlik akim ve gerilim
degerlerinin Sl¢iimiinii yapan, harmonik analizlerini ve
reaktif  glic  hesaplamalarim1  gergeklestirebilen,
gerektiginde uzun donemli raporlandiran, diisiik
maliyetli bir izleme sistemi tasarlanmistir [5]. PLC
kullanarak pik saatler boyunca endiistride yiik kontroliini
saglamak ve SCADA kullanarak bilgisayar iizerinden
motorlarin tiim yiik parametrelerini izlemek hedeflenmis
[6], bir baska makalede de SCADA sistemlerinin genel
yapist iletisim protokolleri ele alinmis, enerji iletim ve
dagitim altyapilarinda kullanilan SCADA sistemlerinin
giivenli c¢alismasi i¢in alinmasi gereken Onlemler
vurgulanarak, Tiirkiye’deki durum irdelenmistir [7].
Diger bir ¢calismada enerji izleme sistemi ile endiistrideki
enerji kullanimini denetleyerek giic kesilmesi problemi
iizerine basit ve etkili bir ¢dziim sunulmus olup [8], bir
digerinde dagitim sirketinde uygulamasi yapilacak olan
SCADA/DMS sistemi genel bir sekilde ele alinmigtir [9].
Transformator giivenligini saglamak amaciyla yapilan
calismada ise transformatér merkezinde meydana gelen
olaylarin kontrol merkezine ve ilgili kisilere aktarilmasi
icin  GSM temelli bir wuzaktan kontrol sistemi
gelistirilmistir [10]. Izlenebilir enerji dagitim sisteminin
bilgi giivenligi i¢in yapilan ¢aliymada kurulu enerji
dagitim  sistemine ait elektriksel  parametreleri
goriintiileyen ve saklayan enerjisi izleme sisteminin
giivenlik riskleri incelenmistir [11]. Sayag¢larin uzaktan
okunmasini saglamak ve kullanicilar i¢in anlik fatura
bilgisi saglayabilmek icin yapilan ¢aligmada GSM ile
saya¢ okuma sisteminin gelisimi sunulmustur [12].

Literatiir incelendiginde ¢aligmalarin cogu elektrik enerji
parametrelerini  izleme ve arsivleme amaglarina
yonelmistir. Bu c¢aligmada ise tiim bunlarla beraber
kompanzasyon ve jenerator gibi tiim sistemi denetleyerek
ve kontrol ederek arizalart minimize etmek
amaclanmistir. Bunu yaparken kompanzasyon sistemi
kontroliiniin PLC ile saglanmas1 hedeflenmistir. Ayrica
enerji kesintisi yasandiginda oncelik durumuna gore bir
yik alma algoritmasi devreye girerek yiike oOncelik
sirasina gore enerji verilmesi saglanmistir. SCADA
sistemi ile ise tlim parametrelerin izlenmesi, cihazlarin ve
sistemlerin durumunun takip edilebilmesi ayrica SCADA
ara ylizlinde anlik enerji bedeli hesaplayarak tiiketim
maliyetinin anlik hesaplanmasi saglanmistir. Mevcut
sisteme Modbus, Profibus, Ethernet TCP/IP gibi
haberlesme  protokollerinden  birini  desteklemesi
durumunda UPS (Uninterruptible Power Supply) cihazi
da PLC iizerinden izleme yazilimina entegre edilebilir.

2. SISTEM MIMARIiSIi VE UYGULAMA
MATERYALLERIi (SYSTEM ARCHITECTURE
AND APPLICATION MATERIALS)

Bu c¢alisma endiistriyel otomasyon laboratuvarinda
kiigtik giiclerde gergeklestirilmigtir. Ancak tiim yazilim
ve algoritmalar endiistriyel bir tesisin enerji izleme ve
kontrolinii saglayacak sekilde tasarlanmigtir. Sistem
topolojisi ele alindiginda, enerji dagitim ¢ikislarinda
konumlandirilmis sebeke analizorleriyle elde edilen
veriler, PLC’ye aktarilarak hem kontrol hem de PLC’ye
bagl bilgisayarda parametrelerin takibi, arsivlenmesi ve
grafik ortama aktarilmasi saglanmistir. PLC ile sebeke
analizorli arasindaki baglanti, ek modiil kullanilmadan
MODBUS RTU protokolii ile saglanmistir. Ek modiil
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kullanillarak MODBUS TCP/IP, Profibus, ProfiNET,

Canbus gibi farkli protokollerle de haberlesme
saglanabilir.
Bilgisayar ile PLC arasindaki baglanti Ethernet

arayiiziiyle saglanmugstir. Sekil 2° de enerji tiiketimdeki
pik saatler i¢in yiik kontrolii, reaktif gii¢ kontrolii,
jenerator transferi ve tim bunlarin SCADA ile hem
izlenmesi hem de kontroliinii saglayacak topoloji
goriilmektedir.

Sistem kontrolii Schneider marka M 241 serisi PLC ile
saglanmistir.  Enerji  analizoriindeki tiim  veriler
Somachine yaziliminda olusturulan Modbus
konfigiirasyonuyla anlik PLC’ ye aktarilmis ve bu sayede
gereksiz komut kullanimi engellenmistir. Dolayisiyla
sistemin daha hizli cevap vermesi saglanmistir. Enerji
analizorlerinden gelen veriler floating point formatinda
oldugundan desimal formata doniisiim i¢in alt program
olusturulmus ve tiim veriler i¢in kullanilmistir. SCADA
programi ise Schneider PLC ile uyumlu Vijeo Citect

yazilimidir. Bu programla tiim gorsel arayiizler, raporlar,
alarmlar ve trendler olusturulmustur.

3. SISTEM ALGORITMALARI (SYSTEM
ALGORITHMS)

Otomasyon  sistemi, jeneratér  transferini  ve
kompanzasyon sistemini kontrol edecek sekilde
tasarlanmigtir. Transfer, sebeke enerjisi kesildiginde
jeneratoriin paralel baglanma sartlar1 yerine geldiginde
sisteme baglanmasi seklinde saglaniyor. Daha sonra ise
yiikler dncelik sirastyla belirli bir 6ncelik algoritmasina
gore en hizli sekilde devreye alinabiliyor. Yiiklerin
devreye girmesi enerji kesildigi andaki son tiiketim
degerleri ve jeneratoriin kapasitesi i¢in esik deger baz
alinarak saglanmaktadir.

Ana ve alt program algoritmalar1 Sekil 3 ve Sekil 4’ te
verilmistir. Ayrica eger reaktif giic tiiketimi tespit edilirse
kompanzasyon sistemi algoritmasi devreye girmektedir.
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Sekil 2.Sistem Mimarisi (System Architecture)
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SISTEMI CALISTIR

Jeneratorda cahstir. Yiuk alma
algoritmasi devrede
(Kompanzasyon sistemi devre

disi)

Tum cikislan denetle. Hawir
Sebeke devrede mi ?

Evet

Jenerator off

Kompanzazyon sistemi
calistir. Kompanzasyon
algoritmas dewvrede.

Reaktif glg tiketimi
istenilen degerdemi ?
{(0,95<cos )

Evet

TumM VERILERI ANALIZORLERDEM AL;
VRN, VRS IR, THDw , P
WEMN  WRT 15, THS @
VTN, WET  IT, , cos @, S

Verileri SCADA" ya aktar

Tum sebeke parametreleri Hawir Ilgili gebeke parametre degeri
misaade edilen yasal sinir Y misaade edilen siniri agti.
icersinde mi ? Alarm cikisi akdtif.

Ewvet

rrocramsonul - ANA PROGRAM

Sekil 3. Ana Program Algoritmas1 (Main Program Algorithm)
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TG-TTG=KG
T3 gikig aktif
DT3=DT2-T3
Tam gikiglar aktif Hayir
DT3=DT2
Hayir T3 ¢ikig off
DT1=TG-T1
DT4=DT3-T4
T1 gikigi aktif Evet T4 gikig aktif
DT1=TG-T1 DT4=0 DT4=DT3-T4
Hayir Hayir
DT1=TG DT4=DT3
T1 cikigi off T4 cikigi off
DT2=DT1-T2
Jenerator gikiglan Hayir Jeneratte Senkron
paralel bagl Degi
gartlanini saghiyor mi

T2 gikigs aktif BELIRLENEN
DT2=DT1-T2 CIKISLARIAKTIF ET

PROGRAM SONU
dos A ANA PROGRAMA DON
DT2=DT1
T2 gikig: off
TG:Toplam jeneratdr gici.
KG:Kalan gig.

TTG:Anlik toplam tiketilen gig.
T1: 1. dncelikli linye hatti.
T2: 2. 6ncelikli linye hatti.
DT3=DT2-T3 T3: 3. oncelikli inye hatt.
T4: 4. oncelikli linye hatti.

Evet

ALT PROGRAM

Sekil 4.Alt Program Algoritmasi (Subprogram Algorithm)
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Jenerator devreye girdiginde ise reaktif giic tiikketimi ne
olursa olsun kompanzasyon sisteminin devre disi kalmasi
saglanmistir. Bu kontrol mekanizmasinin yaninda izleme
bilgisayarma aktarilan veriler SCADA yaziliminda
gorsel olarak izlenmekte ve arsivlenmektedir. Burada
sadece akim, gerilim, aktif-reaktif gii¢ tiiketimleri, faz
acist gibi veriler degil bununla beraber akim ve gerilim
icin ayrt ayrt THD (Toplam Harmonik Distorsyon)
degerleri ve belirli mertebeye kadar harmoniklerin takibi
ve argivlenmesi saglanmustir. Bu sekilde ¢ok kapsamli bir
enerji izleme ve yonetim otomasyonu
gerceklestirilmistir.

4. ENERJi IZLEME-KONTROL SiSTEMi VE
TASARIMI (ENERGY MONITORING-
CONTROL SYSTEM AND DESIGN)

Enerji yazilmu, tiim ¢ikiglarin sebeke ve jeneratoriin
biitiin enerji verilerinin gerek liste halinde gerekse grafik
olarak anlik izlenebilecegi, raporlanabilecegi ve
planlanan senaryolara gore alarm olusturup listelenecegi
sekilde tasarlandi. Sekil-5 laboratuvar ortaminda

olusturulan drnek sistemi gostermektedir.

PLC TABANLI SCADA ENERJI
iZLEME VE KONTROL TEST
DUZENES

Sekil 5. Sistem Diizenegi (System Implementation)
SCADA arayiizii giivenlik veya bakim durumlarinda

sistem kontroliiniin saglanmasina imkan vermektedir

PLC ile kontrol edilen kompanzasyon sisteminin de tiim
durumu anlik izlenebilmekte ve bakim siiresiyle ilgili
gerekli alarmlar anlik takip edilebilmektedir. Bununla
beraber gerek maliyet gerekse enerji verimliliginde katki
saglayan anlik fatura takibini miimkiin kilacak tasarim da
gerceklestirilmigtir.  Sekil 6, SCADA ana ekrania
yerlestirilen fatura dokim butonu ile Microsoft Excel
dosyasinda reaktif tiikketim bedelleri, toplam tiiketim
bedeli, reaktif tiiketim ceza durumlar1 gibi tiim detaylarin
goriilebilecegi bir dokiim sayfasinin alinabilecegini
gostermektedir. Sekil 7 SCADA ana sayfasini, Sekil 8 ise
bilgi ekranlar1 gostermektedir.

Tesks Elektik Enerji Tiketio Aukk Fafura Bedel Reakt{ Gl Tilketim Bedell
1k Enceks 155 ik Endeks _[son Endeks [Toplam Tiketi [Anik Yazdeler
S0 Endels 155 [Endakaf Bl 51 1] 10,00%)
Toptam Taketim|lowh) 0 apasist ] | 3 0]
i Fiya 021964 Topiam Ceza Bedel Q3104
21963

Bk Fin | @i P g W [Enci T ket m Gurum Readif Tiketim Yasal S|
Dajgtm bedel [REEH 11085 [apost Taketim Durumu
i sal vz BEL o
Pt SAY. OXLL BED.
7,555 kL BeD. o
eneRuiFony M
TRT P 12
L TOC VR, ]
[ov raic | Jamaar |
oV %18 | lLsmm0es |
[TOPLAMFATURA BEDELI] Jassmes |

Sekil 6. Fatura Dokiim Sayfasi (Invoice Casting Page)

i3 e
gE
— e
[=1 O Ll e
oiaa ) A5 e cE 4R
==t [ J [ }
B o :!.. ;._é = %‘ e -~ ]
S ——

Sekil 7. SCADA Ana sayfas1 Anlik Goriintii
(SCADA Home Page Snapshot)

T T T T

YUK-2

YUK-3

Sekil 8. Bilgi Ekranlar1 Anlik Goriintiisti (Information Displays Snapshot)
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Enerji analizériinden PLC’ ye aktarilan veriler izleme
bilgisayarma aktarilmaktadir. Burada 6l¢tim hassasiyeti
analizoriin  Ozelligine baghi olup IEC 61557-12
standardindadir. Analizérden alinan veriler gercek
zamanli olarak SCADA arayiiz ekranma anlik olarak
yansitilmakta ayrica, 2 saniyelik zaman araliklariyla veri
tabanina kaydedilmektedir. SCADA arayiiz tasarimi igin
Vijeo Citect yazilimi kullanilmistir. Grafik ekran
tasarlanmadan 6nce I/O server, trend server, alarm server
ve rapor server izleme bilgisayarina kurulmustur. Tim
serverlar ayn1 bilgisayarda calisacak sekilde tanimlanmig
ve kullanilan Schneider marka TM241CE40T/U model
PLC icin ilgili stirticii kurulumu saglanmistir. PLC ve
izleme bilgisayar1 arasindaki haberlesme Ethernet
TCP/IP protokolilyle saglanmigtir. Sonraki siirecte ilgili
variable tags, trend tags ve alarmlar tanimlanarak tiim
grafik ekranlarin tasarimi gerceklestirilmistir.

Sebekede enerji kesintisi yasandiginda tesiste asir1 motor
yikii olmasi veya istenmeyen arizalar olusmasi
neticesinde asirt yiiklenmesi durumunda jeneratdriin
gorevi reddetmemesi i¢in yiik alma algoritmasi devreye
girmekte ve Oncelik sirasina gore c¢ikislara enerji
verilmektedir.

Sekil 9° da tiim c¢ikislarin jeneratdriin ve sebekenin
devreye girme-cikma anlari, Sekil 10’ da jenerator
devreye girdikten sonra yiik atma durumu goriilmektedir.

Ea e

Sekil 9. Jeneratoriin Devreye Girme Durumu
(Engaging the generators status)

Sekil 10. Yiik Atma Durumu (Loading Status)

Sekil 9’ da sebekenin devreden cikmasiyla otomatik
olarak jenerator calistir ¢ikis1 aktif hale gelmistir. Paralel
baglanma sartlarinin yerine gelmesi i¢in beklenen siire
sonunda jenerator devreye almmustir. Sekil 10’ da ise

jeneratoriin devreye girmesinden kisa siire sonra yiik-1’
in aktif gii¢ tiiketiminin yaklasik iki katina ¢iktig1 ve
algoritma geregi hizl bir sekilde yiik-2 ve yiik-3 i¢in yiik
atma isleminin gergeklestigi gozlenmistir. Bu grafikler
incelenirken trend sayfalar1 i¢in 6rnekleme siiresinin 2
saniye secildigi g6z oniinde bulundurulmalidir.

Uygulama yapilirken laboratuvar ortaminda
kompanzasyon sistemi kurulmamustir. Fakat reaktif giic
kompanzasyonunu saglayacak PLC yazilimi tasarlanmig
ve ¢ikislar fiziksel olarak izlenmistir. Burada PLC
yazilimimin igerisinde kompanzasyon sistemi simule
edilmistir. Sekil 11’ de sebeke icin gergek reaktif giic
degeri ile simiilasyon sonucu {iiretilen reaktif giic degeri
karsilastirilmigtir.

o =

=

Sekil 11. Reaktif Gii¢ Gergek ve Simiilasyon
(Reactive Power Reality and Simulation)

SCADA sistemi i¢in rapor sayfast da tasarlanmig olup
ayrica trend server i¢in tanimlanan dosya altinda da tiim
trend taglarinin ge¢mise doniik biitiin degerlerini rapor
halinde goriintiilemek miimkiindiir.

5. SONUCLAR VE ONERILER (RESULTS AND
RECOMMENDATIONS)

Gelecekteki akilli sebekeler, belirsiz kosullar altinda
giivenilir ve verimli enerji iletimi i¢in esnek,
gozlemlenebilir ve kontrol edilebilir bir sebeke mimarisi
gerektirir [13]. Bu durum enerji yonetim yazilimlarinin
Snemini ortaya koymaktadir. Ozellikle fosil kokenli
yakitlarin azlig1 ve ¢evresel faktorlerden dolayi elektrikli
araglar giinlimiizde yayginlagsmaya baslamakta ve bu

konudaki c¢alismalar her gecen giin gelisme
gostermektedir.  Elektrikli araglarin igten yanmali
motorlarin  yerini alabilmesi i¢in {ilkelerin enerji

altyapilart da degismelidir. Altyapi olarak bir¢ok bolgede
sarj istasyonlar1 kurulmalidir. S6z konusu sarj
istasyonlari, araci sarj ederken aktarilan enerji
iicretlendirilmeli ve kayit altina alinmalidir. Ayrica
dagitim sirketleri gii¢ elektronigi doniistiiriiciilerinden
kaynakli harmoniklerin sebekedeki varligini kisitlayici
Onlemler almali hatta hiikiimetler konuyla ilgili
mevzuatlar ¢ikarmalidir. Bu durum enerji dagitim
merkezlerinde THD ve harmoniklerin izlenmesi,
arsivlenmesi ve buna bagli algoritmalarin gelistirilmesini
zorunlu kilacaktir. Ayrica ozellikle iilkemizde kagak
elektrik kullanimi hem maddi kayiplara sebep olmakta
hem de enerji tiiketimini gereksiz artirmaktadir. Nitekim
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bu calisma, kagak kullanim sorununu ¢ézmek amaciyla
daha once yapilmis arduino tipi mikrodenetleyici ve
GSM modiilleri ile kagak elektrik kullaniminin takibi igin
prototip ¢caligmasina [14] katk: saglayabilir ve daha sonra
yapilacak c¢aligmalarla uygulanabilir bir model ortaya
konulabilir. Ornegin bu calismada gelistirilen enerji
yazilimmin bir bolgedeki dagitim trafo merkezlerine
kurulmasi ve kablosuz veri akisi saglanmasi ile hem tek
merkezden Kagak kullanimlar tespit edilebilir hem de
otomatik olarak kagak kullanilan ¢ikiglar kapatilarak
kontrol saglanmig olur. Boylelikle kacak elektrik
kullaniminin belli oranlarda Oniine gegilebilir. Bu
baglamda yapilan calisma kapsamli elektrik enerji
yazilim1 ve kontroliiniin gelecek projeksiyonda dnemini
ortaya koymaktadir.

Bu calisma Gazi Universitesi otomasyon laboratuvarinda
kiigiik giiglerde yapilmis olup sistem, endiistriyel
uygulanabilirligi  olacak  sekilde  tasarlanmistir.
Caligmada bir tesisin enerji yonetimi ve akim, gerilim,
giic faktori, cos¢ (ana harmonik i¢in gii¢ faktorii), giic,
frekans ve harmonikler gibi degerlerinin izlenmesi ve
arsivlenmesi saglanmistir. Bu sayede calisma, gergek bir
enerji sisteminde minimum ariza olusumuna ve olusan
arizalarin aninda tespitine, enerji tasarrufu ile verimliligi
arttirmaya, gii¢ tiiketiminin yogun ve pahali oldugu
zaman araliklarindan ucuz oldugu araliklara kaydirilarak
maliyetin azaltilmasina, kritik yiliklere kesintisiz ve
kaliteli bir sekilde enerji aktarimina katki saglayacaktir.
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